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Towards more effective simulation of CIP and
CIL processes. 2. A population- balance-based
simulation approach

by W. STANGE*, R.P. KING*, and L. WOOLLACOTT*

SYNOPSIS
Although several models for the carbon-in-pulp (CIP) or carbon-in-Ieach (Cll) processes have been published,

most of these models do not consider in detail the way in which the carbon phase flows on large-scale plants.
This paper illustrates the importance of these details if the GIP or Cll process is to be modelled correctly. An
appropriate model, based on population-balance techniques, is then derived. Suitable mathematical techniques
for the solution of the model equations are also described. Finally, a method for estimating the model parameters
for a full-scale plant is described.

SAMEVATTING
Hoewel dear verskeie modelle vir die koolstof-in-pulp (KIP)- of koolstof-in-Ioogproses (KIL) gepubliseer is, skenk

die meeste van hierdie modelle nie in besonderhede aandag aan die wyse waarop die koolstoffase in grootskaalse
aanlegte vloei nie. Hierdie referaat illustreer die belangrikheid van hierdie details vir die korrekte modellering van
die KIP- of Kll- proses. Daar word 'n geskikte model wet op populasie-balanstegnieke gebaseer is, afgelei. Verder
word geskikte wiskundige tegnieke vir die oplossing van die modelvergelykings ook beskryf en ten slotte word dear

'n metode vir die raming van die modelparameters vir 'n volskaalse aanleg beskryf.

Introduction
This series of papers introduces a new simulator for

carbon-in-pulp (CIP) and carbon-in-Ieach (CIL) opera-
tions. The first in the series' considered adsorption, and
an evaluation was made of the available quantitative
models that predict the rate of adsorption of gold onto
activated carbon and the rate of leaching that can occur
concurrent with the adsorption. It was shown that the
use of the simple film-diffusion adsorption model in its
various forms is justified. With regard to leaching, four
models were described and two were found to adequately
fit the leaching-rate data.

In this paper, attention is focused on detailed model-
ling of the process configuration, that is the way in which
carbon is contacted with the slurry. The nature of the CIP
and CIL processes makes this aspect difficult to model
satisfactorily. With few exceptions, published work large-
ly ignores the complex way in which the carbon phase
flows in an industrial-size plant. The complexity of the
problem is due to the manner in which carbon flows
within the adsorption circuit. Two major effects can be
identified.

Carbon Transfer
Carbon is transferred in many ways, and operating

practices vary widely. The countercurrent transfer of
carbon can be carried out continuously or intermittent-
ly. If carbon is transferred intermittently, the adsorption
process does not operate at steady-state but is fully
dynamic, the tenor of the solutions and the carbon load-
ings in the stages varying in response to the carbon flows.
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Such cyclic transfer of carbon is common industrial prac-
tice. The length of time taken to complete transfer
depends largely on the capacity of the pumps used to
make the transfer, the concentration of carbon in the
adsorption tanks, and the manner in which the transfer
is,performed. On industrial-scale plants, this could take
several hours but, on small pilot plants, transfer can be
carried out almost instantaneously. Under conditions of
intermittent transfer, no steady-state is reached and the
process should be modelled as a dynamic system. One
of the greatest limitations of most existing models is that
they assume that carbon transfer is carried out instan-
taneously.

Carbon Leakage
Owing to the imperfect nature of the screening units

used to retain carbon in each adsorption contactor,
leakage of carbon through these screens results in a co-
current movement of some of the carbon. Improvements
in screening technology mean that this is perhaps not as
serious a problem as it was initially. However, there will
always be some carbon that flows co-currently-because
of breakage, screen overflows, or the passage of platelet-
shaped carbon particles through the slots in wedgewire
screens. Relatively little countercurrent flow of carbon
is required for the efficiency of adsorption to be affected
adversely. Whyte et al.2 report the results of a simula-
tion exercise (using the simulation techniques reported
here) in which it was found that a concentration of only
0,06 g of carbon per litre in the inter stage slurry led to
an increase of 21 per cent in the average barren-solution
value and a 24 per cent increase in the gold lock-up.
A model that accounts for this phenomenon may be
valuable in the optimization of plant operation or design.
No existing models account for this effect.
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ModeUing of Complex Carbon Flows
The result of the complex movement of carbon is that

carbon from different adsorption stages becomes mixed.
Owing to the staged nature of the process, carbon from
different contactors has different loadings, carbon from
the first stage (that into which the pregnant pulp is fed)
having the highest loading of gold. This mixing of carbon
of different gold loadings causes a distribution of gold
loadings on the carbon in each stage. The manner in
which the carbon is moved obviously affects the loading
distributions (because of carbon transfer and leakage).

The first paper in this series showed that all rate models
for adsorption, except those so simple that they are of
little value, contain a loading term. Thus, the rate at
which gold is loaded onto a (:arbon particle depends on
the amount of gold already on that particle. If two carbon
particles that are otherwise id,entical in identical solution
environments have different loadings, they will adsorb
gold at different rates. If there is a distribution of loadings
in an adsorption vessel, which will nearly always be the
case, there will also be a distribution of adsorption rates.
The existing simulation models for CIP and CIL are
therefore inadequate in two important respects.

(1) They do not account for the movement of carbon due
to leakage and transfer in detail, and cannot therefore
describe the loading distributions that develop. These
loading distributions lead to a distribution of adsorp-
tion rates in each adsorption vessel.

(2) Many of the models assume that these distributions
of loadings can be ignored. Instead of calculating the
weighted sum of the distributed rates, they simply cal-
culate the rate based on the average loading of gold
on the carbon. It will now be shown that, for certain
rate expressions, there is no difference between these
methods. However, for other commonly used rate ex-
pressions, there can be a significant difference.

Errors Associated witb Distributed Rates
Methods for the calculation of loading distributions

have been described in previous work3. Figs. 1 and 2
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show the loading distributions calculated for a particular
set of conditions at different times. It can be seen that
these distributions are complex. To show the possible
effect of loading distributions in the modelling of adsorp-
tion, let us define the loading distribution function for
any tank at any time as

'It(y)dy,

the mass fraction of carbon in the tank having a loading
between y and y + dy, where the loading y is the mass of
gold per mass of carbon. It should be noted that

~: 'It(y)dy = 1.
R(y,c) is the rate of adsorption expressed as the mass

of gold adsorbed per mass of carbon per unit time for
a particle of carbon having a gold loadingy in a solution
of bulk tenor C (mass of gold per mass of solution).

The weighted rate of adsorption, Rw, is calculated as
the sum of all the rates at each possible loading multiplied
by the fraction of carbon having that particular loading.
This is the overall rate at which gold is adsorbed from
the solution phase. That is,

Rw = ~:R(y,C)'It(y)dY, , (1)

The rate evaluated at the average loading Ra is written
as R(y,c), where the average loading ji is defined in the
normal way:

ji = ~:y'lt(y)dY.
"""""""""""""""""""'"

(2)

If the weighted rate is to be equivalent to the rate at
the average loading, then Rw = Ra' From the definition
of the average loading in equation (2), it can be seen that
this condition will be true if all the loading terms in the
rate expression R(y,c) are linear. Thus, if all loading
terms y in the rate expression are linear, then the rate at
the average loading Ra is equivalent to the distributed
rate Rw'

If the loading terms in the rate expression are not.
linear, then Ra is not equal to Rw' From the curves

Fig. 1-Loadlng distributions after one
cycle
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Loading distribution curve (see Fig. I)

Solution I 2 3 4 5
tenor, C ji= ji= ji= ji= ji=

g/t 3095 g/t 2156 g/t 1827 g/t 171I g/t 1056 g/t

5 5,4 3,3 2,7 2,5 1,3
2 13,6 8,4 6,7 6,2 3,2
I 27,9 17,1 13,6 12,5 6,5
0,5 58,8 35,2 27,9 25,5 13,1
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shown in Figs. 1 and 2, it can be shown that in this case
the differences between Ra and Rw are significant. The
form chosen for a rate expression that is not linear in the
loading term y has been widely used and is as follows:

R(y,C) = k(C - (~)I/b). , (3)

The parameters A and b were taken to be 7500 and
0,76, while k was assumed4 to be approximately 150.
Values of Ra and Rw for the various curves were found
to differ by more than 50 per cent in certain cases. The
relative errors between Ra and Rw for the five distribu-
tion curves in Fig. 1 are shown in Table I at different
values for the tenor of the bulk solution5.

TABLE I
PERCENTAGE RELATIVE ERROR BETWEENRa AND Rw

It can be seen that the errors are highest at low solu-
tion tenors and/or high loadings of gold on the carbon.
In general, it can be concluded that serious errors can
result if the distribution of loadings on the carbon is
ignored during the modelling of adsorption. This implies
that, for accurate simulation, it is essential to model the
way in which the carbon-loading distributions are affected
by the manner in which the carbon is transferred and by
the leakage of carbon. Existing simulation models do not
account for these effects.

The remainder of this paper deals with the develop-
ment of a simulation framework that allows for the gold-
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loading distribution on the carbon phase, as well as fac-
tors such as carbon transfer and leakage that affect these
distributions. In addition to the distributions of loading
on the carbon, the nature of the carbon is such that a
distribution of carbon particle sizes exists. The rate of
adsorption is strongly influenced by the particle size of
the carbon. The model must also allow for this second
distributed property, viz. carbon particle size.

The complexity outlined above is not unusual in pro-
cesses containing particulate phases. Van Deventer
developed a method for simulating the loading distribu-
tions that result when carbon transfer takes place instan-
taneously, as may be the case on a pilot plant. A more
general technique, known as the population-balance
method, has been developed for the modelling of com-
plex particulate systems.

The application of the population-balance approach
to the CIP system for a simplified system (where instan-
taneous transfer is assumed) is discussed by Stange and
King3. The application of this technique to a general
CIP or CIL system in which realistic carbon transfer and
interstage carbon leakage may take place is described in
the present paper. The resulting model forms part of a
mineral-processing simulation package that runs on IBM
personal computers and compatibles6. The problem of
applying the model to actual operations requires that the
appropriate parameters be measured. The estimation of
the parameters for full-scale operations will be discussed
in some depth. In the third paper in this series, the
capabilities of this simulator will be explored in more
detail.

The Method of Population Balance
The population-balance method is an accounting tech-

nique for particulate systems that allows the monitoring,
in time (for a dynamic system) and space (if the particle
properties are spatially distributed), of the changes in the
distributions of various particulate properties of interest.

The technique was first used to model the kinetics of
crystallization, and has since been used for other par-
ticulate processes such as grinding, flotation, polymeriza-
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tion kinetics, gas-solid reactions, and leaching. Herbst'
provides an introduction to population-balance model-
ling as applied to various metallurgical systems, while
SepulvedaB presents an in-depth analysis of the use of
the population balance as applied to the modelling of
leaching. Interested readers are referred to these publica-
tions and that by Stange and King3 for detailed explana-
tions of this technique.

The population-balance method is based on the con-
cept of a multidimensional particle-phase space. The par-
ticles are all contained in this space. The coordinates of
the space quantify the properties of the particles. The
minimum number of independent properties to allow a
complete description of the problem are chosen.

Before a particulate system such as the CIP adsorp-
tion process can be described, the following quantities
need to be defined:
(a) a vector v that quantifies the rate of change of the

particulate properties due to continuous changes:

v = [vl,vz' ..., vJ,

where

d11(~ d~(~ dlJ~
VI = dt Vz = dt '"

vJ = dt;

it is assumed there are a total of J properties of in-
terest, and In(t) represents the value of the nth
property at time t;

(b) B dP as the number of particles created (birth events)
per unit volume per unit time owing to discrete events;

(c) D dP as the number of particles destroyed (death
events) per unit volume per unit time owing to discrete
events; dP is the differential phase space defined as
dP = dll d1z . . . dlJ;

(d) vdP as the number of particles per unit volume
having property values in the range I1 to I, + d/"
Iz to Iz + d/z, . . . , IJ to IJ + dIp

The Number Balance
The equation for the macroscopic population balance

for a particulate process in a reactor can be derived from
a number balance. The resulting equation can be written
as followsB:

1 ~(Vv)
-- + V . (vv) - (B - D) =V ~t

~ (L;QfnVfn - L;<!outV~ut)' """""""""""

(4)
V p q

The volume of the reactor is denoted by V, while Q
is the volume flowrate of the suspension entering or
leaving the reactor (denoted by subscripts 'in' and 'out').
The system may have multiple feed and product streams,
and these different input and output streams are denoted
by the subscripts and superscripts 'p' and 'q'.

Equation (4) is a number-conservation equation. The
first term on the left-hand side arises from the accumula-
tion that results from the dynamic nature of the system.
The second term is due to the changes caused by con-
tinuous processes, and the third represents the changes
due to discontinuous events. The terms on the right~hand
side represent the changes in the property distributions

due to particles entering or leaving the reactor in all pos-
sible feed and product streams.

The Population Balance and Adsorption Circuits
Fig. 3 illustrates the flows of pulp and carbon that may

take place on a CIP plant. It should be noted that the
configuration illustrated in Fig. 3 is a general represen-
tation of a number of different types of staged mass-
transfer processes such as the following:

. the conventional batch countercurrent CIP, CIL, or
resin-in-pulp (RIP) circuit including the carousel* con-
figuration;. continuous countercurrent CIP, CIL, or RIP circuits
in which the adsorbent is moved continuously;

. circuits in which the particulate and aqueous phases
flow co-currently and where there is mass transfer
between the phases;. circuits in which the particulate phase flows in both
countercurrent and co-current directions.

In order to apply the population balance to the adsorp-
tion circuit shown in Fig. 3, particle properties must be
chosen to define the problem completely. For this applica-
tion, the distributed properties of gold loading on the
carbon and the particle size are chosen, and it is assumed
that there is no carbon breakage. This implies that no
birth or death events take place. Although carbon degra-
dation does occur in practice, no model for carbon abra-
sion and breakage kinetics has been published, so that
this aspect cannot be considered at this point. Once
available, the kinetic model for carbon degradation could
be used within the population-balance framework to
develop a more general adsorption model.

The application of equation (4) to the adsorption situa-
tion for the assumptions just stated results in the follow-
ing equation for contactor x:

V
~Vx

+ V
~vx

=
ninvin - noutvout -x

~t
x

~t
~x x ~x x

Vx (Vx
~~

+ R ~~:x). (5)

As it has been assumed that no degradation of the par-
ticles takes place, the particle-size distribution is fixed.
This means that, as the size distribution is not changed
by equation (5), the particle size is a parameter rather than
a distributed variable. Thus, the size distribution is dis-
cretized into a number of size classes with equation (5)
applying for each size class in each contactor. The dis-
tribution function describing the variation of the coor-
dinates for the carbon phase with time can now be defined
more appropriately. Thus, Px(y, 0, t)dy is the mass of
carbon per unit of active tank volume having a gold
loading between y and y + dy and representative carbon
particle size 0 at time t.

R(y, 0, C) is the rate of adsorption (mass of gold per
mass of carbon per unit time) experienced by a carbon
particle of representative size 0 with a gold loading y in
a solution having a bulk tenor of C.

* A carousel adsorption circuit is engineered so that the feeding point
for pulp can be moved to each contactor in the train. This results
in a countercurrent movement of carbon to pulp without movement
of the carbon. Each batch of carbon remains in a particular contac-
tor without any carbon mixing taking place.
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Fig. 3- The GIP adsorption process
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For the development of the model, a functional form

needs to be chosen for the rate expression R. Although
it is possible to implement the model for an arbitrary rate
expression3, this leads to a large system of differential
equations that must be solved simultaneously, resulting
in significant calculation times. The use of a functional
form for the rate expression leads to less generality, and
also allows considerable simplification of equation (5),
resulting in a model that is practical for use on a micro-
computer.

H ulbert and Katz9 describe a method that allows the
partial differential equations (PDEs) arising from the
application of the population balance to be transformed
into a system of ordinary differential equations (ODEs).
The system of ODEs describes how the leading moments
of the particle distribution change with time, whereas the
original PDEs (equation (5» describe how the entire
distribution changes with time. In a practical situation,
a knowledge of the first moment of the loading distribu-
tion (the average gold loading on the carbon in each con-
tactor) should suffice. Application of the method of
moments thus implies that the detailed information
regarding the distribution of gold loadings is lost. The
consequent reduction in computation effort makes this
simplification worth while.

In the application of the method of moments, a rate
expression that is linear in gold-loading term(s) must be
chosen. Two such expressions have been reported in the
literaturel.

One is due to Dixon, Cho, and PittlO and is written

R(y, 0, C) = k,(o)C(Y* - y) - kz(o)y. (6)

The other, due to Nicol, Fleming, and Crombergel', can
be written

R(y, 0, C) = k(o) (c - ~). (7)

In general, the terms k1, kz, and k are likely to depend
on particle size. The relationship between these terms and
the mass-transfer coefficient and equilibrium parameters
was shown in the previous paper1.

Pulp flow

Flows of carbon and pulp

Screen for carbon/pulp separation

GIP adsorption stage

Although the modelling methods that will now be
described can be used with any rate expression contain-
ing only linear forms of the gold loading on carbon, y,
the development of the method will be illustrated by use
of the rate expression written as equation (6).

When rate expression (6) is substituted into (5), the
method of moments is applied, and some manipulation
is performed1z, the following ODE is obtained for
contactor x:

dy(o, t)
=

Q�~°(t, 0) fji(O)iO- y(o)} +
dt V�x(t, 0)

k1(0)Cx(t){y* - y(o)} - kz(o)y(o), (8)

where
�x(t,o) is defined as the mass of carbon having

representative size 0 per unit volume of pulp
in contactor x,
is defined as the mass of carbon having
representative size 0 per unit volume of pulp
entering contactor x,
is the average loading of gold on carbon of
size 0 in contactor x at time t,
is the average loading of gold on carbon of
size 0 in the pulp stream(s) entering contac-
tor x at time t,
is the tenor of the bulk gold solution in con-
tactor x at time t,
is the volume flowrate of pulp through the
contactors, which is assumed to be constant,
is the total active volume for contactor x,
which is assumed to be constant.

Equation (8) is similar to that obtained by Carrier,
Houdouin, and Courchesnel3. They obtained their result
by performing a differential mass balance on the bulk
carbon phase, ignoring the loading distributions present
on the carbon, and writing the balance in terms of average
loadings. However, as they used the Dixon rate expres-
sion, which is linear in the loading term, their results are
correct since Ra = Rw for this case. If their approach
were used with a rate expression that is not linear in the

�~°(t, 0)

y(o, t)

jO(o, t)

Cx(t)

Q

Vx
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loading term, such as equation (3), the resulting equa-
tion would not be correct. The errors using this approach
may be significant as demonstrated earlier in the paper.

Equation (8) is a system of ODEs describing the
average carbon loading in each size class in each contac-
tor as a function of time. This system of equations must
be solved simultaneously with any other equations need-
ed for a complete problem definition, such as the solu-
tion mass balance and the bulk mass balance of the

\ carbon. In order to complete the mathematical descrip-
tion of the process, equations describing the amount of
carbon in each stage and the solution tenor as functions
of time need to be derived. The bulk mass balance of
carbon in each stage is derived from the mass conserva-
tion equation:

V
dEx(t, 0) Q in( ) out

x dt = (Ex t,o - Ex (t, o)J.
""""""""

(9)

When the carbon is assumed to be discretized into N
size classes, the differential mass balance for the gold in
solution can be written as

dCx(t)
=

(j,ncn
-

Q",utcx
+

Fs (S - S )
dt V" V" V x-I x

s s s

V
N

~ ~ Ex(t, o)R(ji(o),
°i'

C),
""""""."",

(10)
vx. i= I

where
Q~n is the total flowrate of solution into contactor x
Q;ut is the total flowrate of so.lutionout of contactor x
Cn is the weighted average gold tenor of the solu-

tion in the streams entering contactor x
is the flowrate of ore through the series of con-
tactors (assumed to be constant)
is the gold grade in the ore stream in the exit of
stream x

Fs

Sx

R(y, 0, C) = k1(0)C(y* - y) - kz(o)y. .., (11)

The term on the left-hand side of equation (10) repre-
sents the accumulation of gold in the solution in contac-
tor x due to the dynamic nature of the process. The first
term on the right-hand side represents the gold flowing
in the contactor feed stream(s) in solution, while the
second term represents the gold in solution flowing out
in the product stream(s). The third term on the right-hand
side represents the amount of gold that has been transfer-
red into the solution phase as a result of the leaching of
the ore. The last term represents the amount of gold that
has been adsorbed onto the carbon in the contactor.

The term in equation (10) that accounts for the gold
leached into solution can be evaluated from experimen-
tal data if these are available. However, it is useful in
many cases to be able to predict leaching behaviour by
use of a model.

Continuous Leaching Models
The first paper in this seriesl described various rate

expressions that were fitted to a number of sets of batch
gold-leaching data. It WaSfound that the Loveday expres-
sion fitted the data best, and the Mintek expression was
also found to give reasonable fits. The expressions pre-
sented in the previous paper applied only to the batch

configuration; equations based on these expressions that
are applicable to the continuous situation must be derived
for use in equation (10).

The simple form of the Mintek expression and the fact
that time does not appear explicitly in the expressions
allow the following model to be derived for continuous
leaching by the performance of a simple mass balance
for gold across CSTR x:

(Srn - a) + .Jaz + 4a(Sx- I - Srn)
Sx = 2 '

., (12)

1
in which a -= rkp'

where

r is the nominal residence time of the ore in a single
vessel'

k is the leaching rate constant
S: is the gold grade in the ore leaving contactor x
Srn is the minimum achievable residue by cyanidation,

Le. the amount of gold left in the residue after
infinite leaching.

Because time appears explicitly in the Loveday expres-
sion, the calculation of the gold grade of the bulk ore
in the exit stream of the last CSTR in the series requires
the batch expression to be weighted by the CSTR resi-
dence-time distribution arid to be integrated over all pos-
sible times that a single particle may spend in a series of
CSTRs. If this is done, it can be shown1z that

Sx = (So - Srn)Ax + Srn' ". (13)

where

A = (1 - (3) -
nkrnax (7(1 - (3) - -.L )+
n + 1 krnax

n ~ 1 (k~axr{31

(3 =
e-IITkmax

I - fl
dz

-
Jo( - rlog(z) + lIkrnaY'

Thus, the CIP or CIL process can be simulated by the
solving of ordinary differential equations (8), (9), and
(10). Given the appropriate parameters, equation (12)
or (13) can be used in the calculation of the leaching
terms required in equation (10). Standard Runge-Kutta
methods, preferably implemented with automatic step-
length control, can be used in the integration of these
equationslz.

Use of the Simulator
It is most important that the parameters for models

can be measured from full-scale plants. This allows
simulation to be used to optimize the operation of exist-
ing plants. For the purposes of design, parameters for
full-scale plants cannot be measured, but can be establish-
ed empirically if kinetic parameters for the same ore and
carbon have been measured in the laboratory and on a
corresponding full-scale plant for a number of plants.
Alternatively, appropriate mass-transfer correlations can
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be used. Thus, estimates of plant-adsorption parameters
are very useful when simulation is used in the design of
a new plant and in the improvement of existing plant
operation.

One way of estimating the parameters is to isolate a
vessel in the leaching or adsorption train, and to use this
vessel for batch tests. This is normally easier to do for
leaching than for adsorption, and is recommended for
the estimation of kinetic leaching parameters. It is more
difficult to use this technique for adsorption. Ideally, the
batch adsorption test should be carried out for a relatively
lengthy period (about 24 hours) at a low carbon concen-
tration (2 to 5 g/l). As the setting up of such conditions
may disrupt plant operation to an unacceptable degree,
a method that allows simple estimation of kinetic adsorp-
tion parameters from plant data without any disturbance
of plant operation has been developed.

The manner in which conventional adsorption plants
are operated implies that the solution accumulation term
dC/dt in equation (10) is negligible when compared with
the other terms in equation (10). When this term is set
at zero and equation (10) is manipulated and rewritten,

N

Q:"C" + F(Si" - S) + Vx L; Ex(0)k2(0):P(0)

C = i=l
x N

Q~ut + Vx L; Ex(o)k,(o)(y* - y(o)}
i= I

. . (14)

It should be noted that, for equation (14), it was
assumed that no carbon was being transferred into or out
of contactor x, i.e. (j," = ~ut = go'. It is assumed that
simultaneous samples are taken from the feed and exit
slurry of contactor x under conditions of known solu-
tion flowrate, go" ore flowrate, F, and volume, Vx' It
is assumed that no carbon is being transferred into or out
of contactor x, making it possible to measure E.(O), the
concentration of carbon in the vessel in each size class.
If the samples are processed so that values for cin, C,
sin,

Sx' and y(o) are measured, it will be seen that all the
quantities in equation (14) (except the unknown adsorp-
tion parameters) are measured. With this in mind, a
sampling scheme can be constructed as follows.

. Select a contactor from which and to which no carbon
is being transferred, and take the samples and measure-
ments described above.. If a number of samples are taken from each tank for
all vessels in the circuit, a range of measurements for
adsorption rates under various solution tenors and
carbon loadings will be obtained. In order to ensure
that the values are collected under a wide range of
rate conditions, the interval between the taking of
samples from the same vessel should be lengthy. For
example, if parameters are to be estimated for a six-
stage circuit, six samples are taken per day, one from
each vessel. This is continued for a number of days
until the samples are sufficient for the number of
parameters to be estimated with some confidence.
After six days of such sampling, 36 samples would
be available for the estimation. The advantage of a
large number of samples is that this results in more
confidence in the estimates, as well as making it
possible for the adsorption parameters to be estimated
for each contactor.

. The parameters can then be estimated from equation
(14) and suitable nonlinear regression techniques.

. Not all the adsorption parameters are estimated from
kinetic data. Equilibrium data should be used for the
estimation of the equilibrium parameters. For the
Dixon expression-equation (6)-at equilibrium
(R = 0), the well known Langmuir isotherm is ob-
tained:

C =
kio)Ye 5)e k,(o)(y* - Ye)'

, (I

in which the subscript e denotes equilibrium con-
ditions. This is illustrated in more detail in the next
paper in the series.

From equation (15) it can be seen that the parameter
y* and the ratio kl k, can be estimated from equilibrium
data. These parameters may vary depending on the posi-
tion of the carbon in the circuit, i.e. older carbon in the
stages near the pulp feed would probably be more fouled
than carbon that has just been added to the system. This
fouling effect would result in a decrease in the capacity
constants measured in equilibrium tests. It may be neces-
sary to perform an isotherm for each tank in the plant.
Obviously, the conditions under which the isotherm is
established should approximate plant conditions as close-
ly as possible. Thus, only one parameter needs to be
estimated from the kinetic data sampled on the plant.

Some interesting observations can be made about this
sampling scheme and the rate expression to be used in
the simulation framework. Firstly, the technique becomes
far more complicated when used for the estimation of
parameters in rate expressions that are not linear in the
loading term. For this case, the rate expression evaluated
at the average loading cannot be used, but the weighted
rate must be used as described earlier in the paper. This
entails integration of the product of the carbon-loading
distribution function and the rate expression to account
for the effect of this distribution on the overall rate of
adsorption. In general, this would require measurement
of the loading-distribution functions. Although possible,
this is not generally practical.

This convenient method of parameter estimation is dif-
ficult to apply to complex models such as that proposed
by Van Deventer5. In that model, the carbon is divided
into macro pore and micro pore regions. In order to per-
form parameter estimation as discussed above, it would
be necessary to measure the gold loadings in the macro-
pores and the micropores, and no techniques for the
taking of these measurements have been published. Even
if it were possible to make these measurements, they
would have to be made as soon as the sample was taken.
This is because the mechanism of surface diffusion would
result in diffusion of gold from the macro pores to the
micropores (or vice versa) until an equilibrium situation,
in which the loadings in both regions are equal, is reached.

Thus, the use of a rate expression that is linear in the
loading terms has several advantages. It allows the
method of moments to be used, reducing the complexity
of the equations that must be solved in the derivation of
a realistic model for the CIP or CIL adsorption process.
It also allows a simple scheme to be used for the estima-
tion of parameters from full-scale plants. Such rate ex-
pressions provide a good description of adsorption in
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many batch systems as described in the previous paper.
The next paper will show that such expressions are also
capable of accurately predicting full-scale plant opera-
tion. In situations where linear rate expressions are not
suitable, the complexities associated with the distribution
of loadings on the carbon must be addressed as described
earlier in this paper. This issue was considered in detail
in previous work3.

Use of the Model
The model presented above can be used in simulation

studies during design, as well as in the optimization of
existing plants. To facilitate the use of the techniques
described here in an industrial situation, the adsorption
and leaching models are included in a simulation package
for mineral-processing operations. The package is known
as MicroSim6 and runs on MS-DOS microcomputers.
MicroSim can simulate most ore-dressing and coal-
preparation flowsheets, as well as leaching and the CIP
adsorption process. This allows integrated flowsheets,
with their complex interactions between unit processes,
to be simulated. The capabilities of MicroSim have been
described in more detail elsewhere6.14.

Conclusions
In summary, a flexible model for the simulation of CIP

or CIL circuits has been implemented within the frame-
work of a user-friendly mineral-processing simulator.
This was achieved by use of the population-balance
method to derive the general equations for the carbon
mass balance. These equations were then simplified by
the method of moments. Although this simplification
holds for any rate expression that is linear in the loading
terms, it allows the model to be used effectively on a
microcomputer. This makes the simulation of the pro-
cess practical for any engineer with access to an IBM per-
sonal computer or compatible microcomputer.

Convenient techniques of parameter estimation, if pro-
perly utilized, wiU facilitate the use of modelling and
simulation for both the design and the operation of CIP
or CIL plants, leading to more efficient plants.

In the next paper in the series, the validation of the
simulator described here will be discussed based on data
obtained from full-scale plants. In addition, the versa-
tility of the model in quantifying the effects of various
operating phenomena will be illustrated.
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Materials World '91
MW '91, the Materials World Exhibition and Con-

ference to be held in the Brussels Exhibition Centre,
Belgium, from 16th to 18th April, 1991, now has co-
sponsorship from the Plastic & Rubber Institute (UK),
the Federation of European Materials Suppliers, AMS
International (USA), and TMS (USA).

According to a spokesman from the Institute of Metals,
one of the joint organizers, the event (its full title 'The
Exhibition of Advanced Materials, Processing Equip-
ment, and Components') will be a 'European window for
companies worldwide to display state-of-the-art tech-
nology'. The exhibition will be supported by topical

review seminars, and floor space enquiries have already
been received from Germany, Switzerland, Belgium, and
the UK.

For further information, contact

Roy Seager
Mack-Brooks Exhibitions Ltd
Forum Place
Hatfield, Hertfordshire ALl 0 ORN
England.
Tel: (0707) 275641; Fax: (0707) 275544
Telex: macbex g.
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