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ABSTRACT 

The process of gold cyanidation and carbon-in
pulp/carbon-in-leach (CIP/CIL) is used throughout the 
world for t11e recovery of gold. The present work 
develops a continuous CIP/CIL model that can be used 
to predict outcomes from the CIP/CIL processing of 
different ores, or for evaluating t11e effects of non
idealities in CIP/CIL circuits, such as preg-robbing. 
Phenomena such as the leaching of gold from the ore, 
preg-robbing of gold onto the ore surface, and 
adsorption of leached gold onto activated carbon, are 
incorporated into the model. A variable order Mintek 
model was used to model the kinetics of gold leaching. 
A tilm diffusion model was used for modelling the 
process of preg-robbing, which has not been modelled 
before using experimental data. A simple film diffusion 
model was also used to model the adsorption of 
aurocyanide onto activated carbon. As a case study, the 
model developed has been applied to the processing of 
an oxide ore at the Telfer gold mine in Western 
Austrfllia. 

INTRODUCTION 

The ability to predict the processing outcomes on a 
CIP/CIL plant is essential because experimentation on 
these systems is both time consuming and expensive. 
Many authors have therefore used mathematical models 
as a method of predicting the effect of different 
operating conditions for a particular ore. Most of these 
models have been empírica! due to the many competing 
phenomena, although some partly fundamental models 
have been developed (Liebenberg and van Deventer, 
1998). The modcls have been used for describing 
adsorption and leaching in CIP/CIL circuits and for 
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economic applications, such as plant optimisation 
(Nico! et a!., 1984 ). 

The most simple expression to describe gold 
leaching has the form of the Mintek expression, which 
was proposed by Nico! et a!. ( 1984 ). The Mintek mo dei 
cleverly accounts for the wide variety of competing 
phenomena in gold-leaching and also describes the 
refractory gold. The modelling of preg-robbing has 
received very little attention in the literature. Van der 
Walt and van Deventer (1992) suggested the use of a 
film transfer model for the adsorption of the 
aurocyanide complex by the ore, in a similar manner to 
the adsorption of gold onto activated carbon. 
Liebenberg and van Deventer ( 1998) also proposed the 
sarne preg-robbing model in a more comprehensive CIP 
model, but no results were given for the application of 
the preg-robbing model. A number of successful 
adsorption models have been developed that account for 
the kinetic mechanisms of adsorption, which include the 
film transfer of aurocyanide to the carbon, surface 
diffusion and diffusion into the pores of the carbon 
(Vegter and Sandenbergh, 1996; van Deventer, 1984). 

The effect of carbon adsorption has also been 
closely examined (Otu et a!., 1993). Liebenberg and van 
Deventer ( 1998) used a shifting equilibrium isotherm to 
model the changing adsorption conditions through the 
CIP circuit. This was a multi-component model, so 
competitive adsorption was accounted for, along with 
fouling and degrading cyanide concentrations. 

As increasingly more refractory ores are processed, 
the simulation of the non-idealities and interferences 
that occur from the processing of such ores will become 
increasingly more important. ln tl1is paper, a dynamic 
model of the CIP/CIL process is developed. As a case 
study, this model is applied to the processing of an 
oxide ore at the Telfer gold mine in Western Australia 
(Figure 1). 
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Figure I - The Telfer leaching and adsorption circuit. 

FORMULATION OF THE MODEL EQUATIONS 

Batch Equations 

Recent work by Rees and van Deventer (2000) has 
developed the necessary equations lo describe leaching 
of gold from the ore, preg-robbing at the ore surface, 
and adsorption of gold onto activated carbon. For a 
batch process, these phenomena are described by the 
following: 

leach = k m (n - " )" Jeach ore :=> O '><> 
(l) 

6k preg m ore [ [ q )":" J preg= c- --
P ored ore Aore 

(2) 

[ 

1 J 6k lU """"'" adsorption = ads d carbon c-[~ I (3) 
P carbon carbon carbon ) 

Parameter determination for the Jeaching model 

Before applying the model , it was necessary to first 
define the value which g.» would take for a particular 
ore. g.» was defined to be the minimum amount of gold 
that will remain in the ore using cyanide for a specitic 
particle size distribution. This was rcadily determined 
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by leaching the ore ata high cyanide concentration until 
equilibrium was reached. g~ was then set as lhe 
unleached gold remaining in the ore. Regardless of lhe 
cyanide concentration that was then used for leaching, 
this term remained constant, which differs from the 
applications of this leaching model in the literature 
(Nico! et al., 1984; Ling et al., 1996). 

After determination of lhe refractory gold in the 
ore, Equation 1 was then solved analytically and lhe 
k1each and n parameters titted to lhe solution 
concentration data using non-linear least-squares 
regression. Experiments were performed at a variety of 
cyanide concentrations. The arder of the reaction was 
not found to vary greatly for the different ores, so an 
average n was taken, which minimised lhe total errar. 
The model was then retitted for k1each using lhis average 
reaction order. 

The kinetics of the leaching of the Telfer oxide ore 
were examined at a number of different cyanide 
conditions. It was determined that 95% of lhe gold of 
this ore was leachable, so g~ was equal to 0.05 x g0• The 
data were modelled and the average reaction order 
determined to be 1.28. The data were then remodelled 
using lhis value, with the results presented in Table 1. 
This table show~ that k changes little when n was set to 
1.28. This indicates lhat this value of n describes lhe 
data for this ore well, and that the leaching constant can 
be approximated at 0.13. 
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Table 1 - Results of modelling the oxide ore leaehing. 

CN. ( m) kle~~ch 
Initially 300 0.15 
Initially 500 0.!5 
Initiall y 1200 0.15 
Constant 500 0.08 
Average 0.13 

Parameter determination for the preg-rohhing 
model 

ln the film diffusion model, the transfer of the 
adsorhing species through a tlim surrounding the ore 
particle controls the preg-robbing process. The form of 
the preg-robbing equation is given by Equation 2. 

As suggcsted by Van der Walt and Van Deventer 
(1992) and Liebenberg and Van Deventer (1998), a 
Freundlich isotherm was used to fit lhe equilibrium. For 
the Freundlich isolherm lhe loading is initially high al 
low concentrations but a limit on adsorption is reached, 
which is believed to more accurately retlect the loading 
of gold at the ore surface. The isotherm is also very 
versatile and fits a wide variety of shapes, so that whilc 
lhis is not lhe cinly possible description of lhe 
equilihrium, it is a good enough empírica! shape for thc 
purpose of Ulis pape r. 

The film diffusion equation with the Freundlich 
isoU1erm (Equation 2) has thrce parameters, wilh lhe 
value of kpreg• Aore and 11 0 , 0 unknown. While the value of 
Aore and llure can be experimentally determined by 
perfQrming cquilibrium experiments, these isotherms 
are likely to vary with the nature of the ore, such as its 
changing mineralogy and possihly its oxidation levei. 
Therefore adsorption isotherms would be of limited use. 
Instead, a simple relationship between Aore and Hore was 
used, which effect.ively gave the model two unknown 
parameters. This greatly simplified Ule parameter 
determination for the application of the model. 

1l has been shown by Van Deventer and Van der 
Merwe ( 1994) thal the relationshi p between A and n is 
linear on lhe basis of 1 O differcnt carbons under 
different adsorption conditions. Least squares regression 
of equilihrium adsorption data of activated carbon at 
differenl temperatures was used to develop lhe 
relationship between A and n given in Equation 2: 

n = -0.002688A + 0.2902 (4) 

For thc modelling of the equilihrium between the 
surface of tl1e ore and the solution, it was found Ulat the 
ahove equation satisfactorily representcd the form of the 
cquilibrium. The assumptions inherent in thc use of this 
model have been justilled elsewhere (Rees and van 
Devcnter, 2000). 

The resulling model was solved numerically and 
owing to the complexity of this model, visual 
observation hetween thc experimental data and 
generated curve was used to ohtain an estimate of the 
parameters kpreg and Aore· This was relatively simple, as 
the equilibrium of adsorption was more sensitive to the 
value of A0 , 0 , while the initial rate of adsorption was 
more sensitive to the diffusion constant. 

It is important to note that the Telfer oxide ore was 
not found to be preg-robbing, so no preg-robbing 
parameters were determined. However, this modelling 
approach can be used to simulate preg-robbing for other 
ores (Recs and van Deventer, 2000). 

Parameter determination for the adsorption model 

As shown hy Equation 3, a simple film diffusion 
model was used to descrihc the adsorption process. 
However, no adsorption experiments were performed 
with cyanide and U1e ore present where only adsorption 
occurred. Instcad hatch adsorplion experiments were 
performcd where adsorplion onto acti vatcd carbon and 
leaching of gold from the ore occurred simultaneously. 
As detailed by Rccs and van Deventer (2000), a syslem 
of differential mass balance equations was used to 
describe Ule simultaneous leaching and adsorption 
processes. 
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The relationship betwecn the Acarbon and 11 carbon 
terms of thc Freundlich isotherm was assumed to hold 
for the adsorption of aurocyanide onto acti vatcd carhon, 
in a similar manner to the preg-robbing model 
(Equation 4). This effectively reduced the adsorption 
model to a two-paramcter model, and allowed its 
calihration from the data available. 

The film diffusion model was then calibrated by 
adjusting Ule diffusion constant and pre-exponential 
term of lhe Freundlich isoU1erm to fit U1e simultaneous 
leaching and adsorplion data gaincd from lhe leaching 
experiments performed with activatecl carbon . As the 
Telfer oxide ore was shown to not preg-rob gold (Rees 
and Van Deventer, 2000), U1e calihration of Ule 
adsorption parameters for this ore was relalively simple. 

The simultancous leaching and adsorption from the 
Telfer oxide ore were modelled when the initial cyanicle 
concentration was 500ppm. The constanls that were 
used are given in Tahle 2. From these parametcrs, U1e 
aclsorption constants that provided the best correlation 
with thc adsorption data were kac~s = 2.1 x 1 o·5 m/s and 
Acaobon = 2. The fit of lhe modcl lo the data is then given 
in Figure 2. It can be seen Ulat for U1is ore U1e model 
shown allows calibration of the adsorption pararneters, 
oncc tl1e lcaching parametcrs are known, as the ore was 
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not preg-rohbing. The fit of the model to tlle data could 
be improved hy accounting for mass transfer within lhe 
carbon particlc. Howevcr, this would add additional 
paramcters to thc adsorption modcl, which would have 
to be experimcntally dctcrmined. Thc method presented 
offers a simple way of calibrating the model for 
adsorption when the ore is not prcg-robbing, with 
reasonahle accuracy. 

Table 2 - Parameters for lhe simullaneous leaching and 
adsorplion model for the Telfer oxide ore 
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Fi gure 2 - Adsorption anel leaching modelling of the 
oxick ore whcn tllc initial cyanide conccntration was 
500prm 

Although the Telfcr oxide ore is uscd as a case 
study in the prescnt work, Rces and van Dcventer 
(2000) havc rcccntly arplicd lhe model equations 
(Equations I - 4) to a varicty of ditlerent ores. It was 
found that thc modclling of lhe lcaching from sulphide 
ores was comrlicatcd by lhe fac! that tJ1ese ores wcre 
prcg-rnbbing. The paramctcrs dctcrmincd in lhe 
leaching section wcre thcrcfore a comhination of 
lcach ing and prcg-rohhing. For tJ1esc ores the preg
rohhing must lirst he dccoupled from lhe leaching 
parameters dctermincd hcfore thc adsorption paramcters 
can h c deter mi ned corrcctly rrom the simultaneous 
lcaching, preg-rohhing and adsorption data . 
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Continuous model 

The continuous model extended Equations I - 3 by 
the addition of tlow terms (Rees et al., 2000). These 
constitute the flow of the ore and solution through the 
leaching and adsorption circuit. Equation 5 is the 
solution phase mass balance over a single stage i. 
Equation 6 is the mass balance for the ore phase over a 
single stagc, while Equation 7 gives the mass balance 
for the portion of the ore that is capable of preg-robbing 
the gold from tl1e solution. The adsorption of 
aurocyanide onto activated carbon for the period 
betwecn transfers is given by Equati on 8. 

(5) 

d[g] 
mi .ore dt = O ore P oregi -1- O oreP ore gi -leach; (6) 

(7) 

(8) 

Carhon transfer scheme 

The countercurrent transfer of carbon through the 
CIL circuit must also be accounted for. A specified 
fraction of lhe carbon was transferred during a certain 
period of time, which is referred to in this paper as ú1e 
carbon transfcr cycle. The transfer was assumed to 
occur instantaneously. On a gold processing-plant the 
fracti onal transfer of carbon results in a distribution of 
loadings and therefore carbon particles with different 
adsorption kinetics (van Deventer, 1984 ). As the focus 
of this investigation was not on accurate simulation of 
adsorption kinetics, it was assumed that there was no 
distribution of carbon loading. An average loading was 
calculated for thc carbon rcsident in each lank and tl1e 
loading kinetics were tl1ercfore also an average. This 
carbon transfer method allowed an examination of the 
effect of different carbon transfer regimes as 
modilications to the transfer schemc were rclatively 
simple. 

Solving the equations 

The continuous model developed was solved 
numerically using MatJ1ematica™ to simulate the 
behaviour of leaching and CIP/CIL tanks. The 
conliguration of the tanks uscd was identical lo the 
Tclfer gold plant, which is given in Figure I. This 
circuit contained three preleach tanks and seven CIL 
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tanks. As the preleach tanks contained no carbon the 
equations were solved numerically over the residence 
time of each of these tanks. The concentration of gold 
in the solution and solids from the third preleach tank 
was then stored and represents the conditions of the 
slurry on entry into the CIL circuit. A step time of 1 
minute was then used in the CIL circuit to calculate the 
concentration of gold in solution, the gold grade, the 
carbon loading and thc loading of preg-robbed gold on 
the ore from Equations 5-8 . The calculation continued 
until the residence time of the tank was reached, at 
which time the simulation of the subsequent tank 
commenccd. However, if during the simulation of a 
tank the time for carbon transfer was reached , then the 
specitied fracti on of carbon in ali of the tanks was 
transferred . The calculation then continued with the 
updated carbon concentrations. The starting values for 
the carbon loadings in each tank were entered from the 
relevant plant profile and the simulation performed 
using these values. The operating parameters used for 
base simulation runs are detailed in Table 3. 

The volume of the preleach tanks, following the 
tlow of the slurry, was 640m3

, 600m3 and 580m3
• The 

CIL tanks ali had the sarne volume of 1020m3
. 

Table 3 - Base operating parameters used in the CIL 
simulations. 

Slurry tlowrate (m3 /hr) 

Number of leaching stages 

Numbcr of CIL stages 

Concentration of gold in feed (g/m3
) 

Carbon density (g/m3
) 

Ore density (kg/m3
) 

Slurry density (kg/m3
) 

Carbon particle size (m) 

Ore particle size (m) 

Carbon concentration (g!L) 

Fractional carbon transfer 

Transfer cycle time (hr) 

Mass fraction solids 

300 

3 
7 

o 
890 

2600 

1720 
U~4 X 10-3 

74 x w-6 

8 
0.5 

12 

0.45 

MODEL CALIBRATION FOR THE TELFER 
OXIDE ORE 

The Telfer oxide ore was the material continually 
processcd through the Telfer gold plant. The 
parameters in Tab le 4 for leaching, adsorption and preg
robbing were determined from batch modelling 
(Equations 1 - 4) and were used to describe the 
behaviour of this ore in the continuous situation. The 
initial gold grade of this ore was found to be 2g/t from 

tire assay of ore samples prior to processing. The data 
were modelled assuming there was no preg-robbing. 

However when the values in Table 4 were used, it 
was found that the kinetic adsorption parameter was too 
large. The gold theretore loaded onto the carbon too 
quickly. It was also found that the adsorption 
equilibrium parameter was too low and resulted in gold 
unloading from the highly loaded carbon. This is a 
result of the reversible nature of the film diffusion 
equation used , where if the carbon is highly loaded and 
the gold solution conccntration is low, then the gold will 
move from the c~ubon phase into the solution phase. 
The prediction for Acarbou may have been too low dueto 
the lower cyanide concentration and the fact that in the 
batch experiments, fresh activated carbon was used. 

Table 4 - Parameters for leaching, adsorption and preg
robbing for the oxide ore, as determined from batch 
tests. 
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kleach 0.13 

fl] each 1.28 

kpr•g ( rn/s) 5.6 x w-lo 

Aore 2 x w-6 

kads (rn/s) 2.1 x w-s 
A carbon 2 

go (g/t) 2 

g~ (g/t) 0.05 x g0 

The calibration of the adsorption p<uameters for the 
continuous model using batch experimentation was 
further investigated. Batch adsorption tests were 
performcd on the plant witll fresh activated carbon, 
using a different reactor volume and mass fraction of 
solids. This experiment returned idcntical kinetic 
parameters to those gaincd from the simultaneous 
leaching and adsorption experiments presented in Table 
4 . Clearly the reactor configuration or the mass fraction 
of solids uscd did not cause a diffcrcnce in adsorption 
parameters. 

The different adsorption characteristics may 
therefore have been the result of the nature of the 
activated carbon and thc method of detcrmination of the 
adsorption p<uameters (Recs and van Deventer, 2000). 
Accurate adsorption isothcrms were not determined in 
that paper and the values obtained from the batch 
modelling may therefore bc inaccurate when the carbon 
was highly loaded with gold and other interfering 
species, as is common in the early tanks in a CIL 
case ade. 

An adsorption experiment was therefore performed 
using thc activated carbon resident in the CIL tanks. A 
2.3L sample of slurry was taken from the first leaching 
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tank and leachcd. Anothcr sample was taken and 
leached in thc presencc of activated carbon. The 
experiment was continued for 23 hours. Thc carbon 
concentration in thc tanks was 12g/L and the carbon 
was initially loaded with 2.9g gold /kg carbon. The 
experimental data were then modelled with the leaching 
parameters identical to those given in Table 4, except 
that the ki nctic adsorption parameter was found to be 
kads = 2.8 x 10-6 m/s, while U1e Freundlich parameter 
was Acarbon = 5. The fit of these parameters is given in 
Figure 3 for U1e hatch experiment. 

This experiment was also performed on the third, 
fi fth and scvcnth ClL tanks. However tl1e results for the 
fifth and seventh tanks were inconclusive as the gold in 
the ore and solution wcre too low for accurate analysis. 
For the third CIL tank, the carbon was initially loaded 
with 13g gold/kg carbon and U1e carhon concentration 
was 13g/L. The expcriment was continued for 23 hours. 
The parameters that were found were: kads = 2.2 x 10·6 

m/s and Acarbon = 3.5. Thc di11erence between iliese 
parameters detcrmined undcr plant conditions and U10se 
dctermined on frcsh carbon shows that thc proposcd 
model is still inadcquate in thc sense that competitive 
adsorption should also be considercd. However, for 
simplicity reasons that was not the case, so iliat the 
adjusted paramctcrs were uscd in further simulations. 

The experiments performed with loadcd activated 
carbon show that the tilm diffusion coellicient and 
Freundlich isotherm paramcter are very different 
dcpending on the nature of the activated carbon and ilie 
experimental conditions. The film diffusion coefficient 
was much lowcr when fouled, loaded plant carhon was 
used. The Freundlich isothcrm parameter was higher, 
possibly as a result of the much lower cyanide 
concentrations that are resident on the plant. The 
updated parameters were uscd to fit the continuous 
model to thc plant profiles. This is discussed in ilie 
following scction. 

1.4 

1.2 

~ o_s 
, .. 

0.4 

0.2 

10 15 20 

t (houu) 

Figure 3 - Fit of the leaching and adsorption model to 
the batch experiment on Telfer slurry performed with 
loaded activatcd carbon. 

A pplication of the model to plant data 

The tit of ilie continuous model to plant pro file data 
was examined using ilie parameters from Table 4 with 
the updated average Freundlich parameters. The results 
are given in Figures 4- 6. Figure 4 shows that the batch 
leaching model parameters give a satisfactory 
approximation of the leaching for the continuous 
process through both the leaching and adsorption stages. 
The dip that is observed between stage 3 and 4 is due to 
the larger tank size of the adsorption tanks, which 
means that the residence time is longer and more gold is 
extracted from the ore. This confirms that the leaching 
model satisfactorily describes ilic leaching of gold in the 
continuous process. 
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Figure 5 shows that a reasonable fit of the 
continuous model to the solution concentration for ilie 
leaching stages was obtained. The fit of the model over 
the adsorption stages was described with much more 
accuracy than the adsorption model parameters 
determined for unloaded carbon. The final three CIL 
tanks were described very well, while the adsorption 
was still too fast in the initial tanks. 

The carbon protile was also modelled using these 
parameters. Figure 6 gives the fit of the model to the 
profile when the initial carbon loadings were set from 
stcady state data. It can be seen that the model makes a 
reasonable approximation to the data. The differcnce in 
the data and the model predictions may be due to ilie 
different carbon concentrations in the tanks. The model 
assumes ilie concentrations are constant at 8g/L, but ilie 
carbon concentrations varied more widely in the CIL 
tanks. However, the carbon concentration data were not 
very accurate, as repeat testing showed that there was 
up to 50% variation in the carbon concentrations 
reported. The data for carbon concentration and ilie 
carbon profile generated are therefore only a guideline. 

1.8 • 
1.6 

1.4 • • 
1.2 

~ 1 • , .. 0.8 • • 0.6 • 
0.4 

0.2 

10 

stage 

Figure 4 - Solid profile for the continuous model 
compared to Telfer plant data. 
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Figure 5 - Solution protile for tbe continuous model 
compared to Telfer plant data, when kacts was 2.5 x 10· 
6m/s. 
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Figure 6 - Carbon profile for tlle continuous model 
compared to plant data for the Telfer oxide ore. 

SIMULA TED PROCESSING OF OTHER ORES 

While tbe Telfer oxide ore is processed at the Telfer 
gold plant, it is possible to use tbe model developed to 
investigate the effect of processing different ores in this 
circuit configuration. The processing of a t1otation feed, 
a pyrite concentrate and a copper concentrate was 
recently simulated by Rees et al. (2000). ln the work by 
Rees et al. (2000), tlle effect of different processing 
conditions for these ores was examined, such as tank 
configuration, slurry t1owrate and tbe carbon contacting 
scheme. The effect of preg-robbing on tl1e different 
ores was also examined and tl1e processing changes 
required for preg-robbing ores determined. 

!50 

CONCLUSIONS AND SIGNIFICANCE 

The current work has developed a batch model and 
also a continuous model to simulate tbe CIP/CIL 
process. As a case study, the model was fitted to data 
obtained from the processing of oxide ore at the Telfer 
gold mine. The developed model can be used to 
simulate the processing of otber types of ore. 

lt was found that the leaching model satisfactorily 
described tbe extraction of gold from the oxide ore. It 
was also found that plant activated carbon should be 
used for tbe adsorption model calibration. For preg
robbing, tbe tilm diffusion model using tbe Freundlich 
isotberm to describe tbe equilibrium between the ore 
surface and the solution was found to accurately 
simulate the kinetics of preg-robbing. For the Telfer 
oxide ore the adsorption model was calibrated by 
examining data from simultaneous leaching and 
adsorption experiments. This simple metbod allowed 
determination of the adsorption parameters without the 
necessity of finding adsorption isotherms or performing 
specitic adsorption experiments. A relationship between 
the A and n terms of tbe Freundlich isotberm was 
assumed to hold, and this was found to satisfactorily 
describe tbe data. 

The batch model developed was also extended to a 
continuous process based on tbe contiguration of the 
Telfer gold mine, where a number of experiments were 
conducted to characterise tl1e continuous process for 
modelling purposes. 

While tl1e leaching of gold in the continuous circuit 
was described satisfactorily by the leaching model 
dcveloped for the Telfer oxide ore, tbe adsorption 
parameters were found to be inaccurate. This was 
because tbe adsorption parameters were determined 
experimentally for fresh activated carbon, while the 
carbon in tbe CIL tanks was fouled and highly loaded 
with gold and other species. The adsorption parameters 
were therefore determined from experiments performed 
with samples of activated carbon from tbe Tclfer gold 
plant. The parametcrs found from these batch 
experiments described tbe performance of the 
continuous plant vcry well for lhe Tclfer oxide ore, 
which is the ore processed tlmmgh the plant. For tbis 
ore the overall recovery of gold was closely linked to 
the t1owrate of slurry through the plant. The model 
could be readily extended to optimise the t1owrate for 
maximum revenue. 

The continuous model dcveloped can be used to 
determine how different ores behave in a leaching 
circuit and CIP/CIL circuit. The importance of preg
robbing in thc overall gold extraction can also be 
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examined, along with a number of different carbon 
contacting schemes to optimise the gold recovery from 
preg-robbing ores. 

LIST OF SYMBOLS 

a gold preg-robbed at ore surface, g/t. 

A pre-exponential Freundlich isotherm parameter 

c solution concentration, g/m3
• 

d diameter, m. 

g gold grade of ore, g/t. 

g.~ refractory gold component of ore, g/t. 

kad., tilm-diffusion coefficient for adsorption onto 
activated carbon, m/s. 

kteacii leaching rate constant 

kpreg film diffusion coeflicient for preg-robbing, 
m/s. 

mcarbon mass of carbon, kg. 

more mass of ore, t. 

n variable order leaching parameter 

flcarbon Freundlich isotherm parametcr for carbon 

nore Freundlich isotherm parameter for ore 

q carbon loading, g/kg. 

Q volumetric tlowrate, m3/s. 

time, s. 

V volume, m3
. 

Greek letters 

p density, kg/m3
• 

Suhscripts 

carbon carbon phase. 

leaching or CTL stage i of cascade. 

liq solution phast:. 

ore ore phase. 
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