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Predictive Models of Leaching Processes: A
Critical Review
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Abstract—This paper critically reviews models employed in
various leaching processes. The aim of this work is to study various
leaching models for the development of a model that can predict both
recovery and reagent consumption using available mineralogical data.
The envisaged model will be used as a tool for predicting
hydrometallurgical routes from mineralogical data. The development
of a hydrometallurgical process is a vital step in designing a mineral
processing plant. Modelling can provide reliable data for preliminary
feasibility studies and this simplifies the decision making process.
Under the current economic climate which is characterized by falling
metal prizes, reduction of production costs and improving efficiency
may increase the profitability of mineral processing businesses. The
development and success of the proposed model will add value to the
copper extraction and beneficiation value chain.

Keywords—Hydrometallurgical process, modelling, reagent
consumption, solubility.
. INTRODUCTION
ODELLING has been wused in various leaching

operations to gain understanding of the process and
subsequently help in decision making. Several models were
employed over the years for leaching of various minerals, gold
attracting the most attention probably because of its high
economic value relative to other metals (e.g., copper,
manganese and zinc). These models include; shrinking core
models (SCM), kinetic models, reaction models,
thermodynamic models, empirical and semi-empirical models,
variable activation energy models, geochemical models and
thermodynamic models. The shrinking core models; shrinking
core —shrinking particle, shrinking core —constant particle size
and shrinking particle, are some of the earliest models
developed to describe heterogeneous non-catalytic reaction
kinetics [1]. Between 1960s and 1980s most researchers
focused on these models but some of the models aspects were
not tested in the hydrometallurgical field [2]. However in the
past two decades these models gained popularity in
hydrometallurgy, finding application in gold cyanidation, zinc
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dissolution, manganese, uranium and copper leaching.
Reference [3] incorporated the shrinking particle model into
a mathematical model to develop a rate expression which
describes the leaching of gold ores. An improved shrinking
core model with variable activation energy was developed for
kinetic modelling of manganese ore leaching [4]. Reference
[5] adopted the shrinking core model to develop a
mathematical model for zinc ore leaching. Recent applications
of the shrinking core model are reported by [6] and [7] who
investigated the effects of particle size distribution in leaching
reactors and in predicting the leaching behaviour of high
carbonate uranium ores. A lumped pseudo homogenous
kinetic model was applied by [8] to fit gold concentration as a
function of time using least square method. Another
application of kinetic modelling was derived in gold ore
leaching by [9] to predict cyanide conversion as a function of
time, its concentration and temperature. Furthermore an
empirical model was derived to predict gold recovery from
coarse particles. Another empirical model was used to
calculate cyanide consumption in gold ore leaching [10]. A
semi empirical model was employed for describing the
behaviour of conventional and electrochemical bioleaching of
copper sulphide concentrates [11]. A geochemical modelling
code was used to measure malachite solubility in ammonia,
ammonium chloride and their mixed solutions [12]. A
thermodynamic model was derived by [13] for the solubility
of malachite in a mixed solution of ammonia, ammonium
chloride and ethylenediamine. Although various models have
been proposed for different leaching applications, none uses
mineralogical data to predict the most probable
hydrometallurgical process route.

The purpose of this paper is to review and evaluate the
available leaching models, their applicability to leaching of
copper ores, with the aim of developing a model that can be
used to predict copper solubility and the reagent consumption
during leaching. The developed model will be used a tool for
hydrometallurgical process route selection. Similar studies
include those of [10] whose model gives account of the effects
of gold surface exposure, cyanide and oxygen concentrations
on leaching performance. Furthermore, it estimates the
cyanide consumption by an empirical model. Similarly
geochemical modelling was used by [12] to predict solubility
of malachite, using synthetic mineral hence other parameters
influencing the solubility of copper could not be accounted
for.
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Il. MODELS

In this section existing models in hydrometallurgy are
critically evaluated.

Leaching and kinetic models are not discussed as
independent models because of their application as sub-
models in most of the studies reviewed.

A.  Shrinking Core Models (SCM)

In heterogeneous liquid-solid reactions there are a number
ways in which reactions occur at the particle surface. The
particle may react with the liquid reactant giving soluble
product(s), where the particle shrinks until it disappears as the
reaction progresses, Fig. 1 (a). The solid may also react to
produce an insoluble product whereby the reacting core
shrinks while the particle does not change in size, Fig. 1 (b).
The last scenario is where the solid reacts and a gelatinous
layer forms around the surface of the particle while the
unreacted core shrinks, Fig. 1 (c).
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Fig. 1 illustrates various mechanisms of leaching (a) Shrinking
particle, (b) shrinking core-unchanging particle and (c) shrinking
core-shrinking particle [5].

These are the most popular models in hydrometallurgy
since many leaching processes conform to kinetic models for
heterogeneous solid-liquid reactions which are best described
by these models [14].

References  [1] and [14] stated that for chemically
controlled reaction (1) is used.

kt=1—(1-x)"® (1)
In (1), x is the is the fractional conversion given by x =C/C,
and k is the apparent rate constant calculated as in (2);
k.C
k=——" @)
R.p
In (2), ks is the rate constant of the reaction, p is the density
of the mineral, R, is the radius of the unreacted particle and C,
is the reactive concentration in the solution.

Conversely if the kinetics described by the model is
diffusion controlled then (3) is used.
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kt:l—%x—(l—x)m ©)
Here k is calculated as;
DC
k= Rz/j 4)

D is the diffusion coefficient of the mineral species.

A variant of the SCM is reported in [14]. This is a
stochastic model for control by chemical reactions on the non-
reacting particle surface. It considers the heterogeneity of solid
minerals by introducing a stochastic distribution for the rate
constant (ks) such that the shrinking core model is a function
of the change of conversion with time as shown in (5)

ko (%) = 2k, (1—x). (5)

I (5) ke= Kmax/2

B.
Kinetics

This is characterized by grouping or lumping together rate
limiting factors to a single parameter. It was first applied by
[15] who postulated that the limiting factors could be lumped
into a single reaction resistance expressed as an activation
energy barrier. This was a compromise, because describing the
leaching behavior of low grade ore, basic classical kinetics are
too limited and rigorous characterization of all the physico-
chemical effects would be overwhelmingly difficult. This
model considers the variability of mineral reactivity and
diffusional resistance.

In principle, reaction occurs such that the highly reactive or
available particles react first leaving behind the more
refractory ones and inert material. Linear dependence of the
activation energy on the residual metal concentration [Cy] is
assumed therefore a decrease in metal concentration results in
increased activation energy, E, which is expressed as in (6).

E=E {1-<a[C, | (6)
In (6), E, is the activation energy when [Cy]=>0 and « is a

constant.
Substituting (1) into the Arrhenius equation gives (7)

Variable Activation Energy Model for Leaching

k=Aexp(-E/RT)
= Aep(-E, {L-[C,, J}/RT)

In (7), A= Arrhenius constant and R= ideal gas constant.

(7)

For computational convenience the equation was
summarized as in (8);
b[C, ]1-b
k=expi+—M=—2+b
"p{ T } ®)

E,a

In(8), b, = ,bzz%,b3zlogeA

The model was applied to describe leaching of base metal
(copper) and the rate equation was given as in (9)

_d[Ce,]

at = k[CCu]pHCI

©)
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In (9), pucr =partial pressure of hydrogen chloride and [C¢,]
= residual copper concentration.

Another application was in precious metals, cyanidation of
gold ore. Here the rate equation was as in (10)

d|Cu
- [dt Jkeu1-1e7) (10)
In (10), [C*a] = concentration of completely refractory

gold.

In both examples, the proposed model showed good
agreement with experimental data.

Improvements to this model were later reported by [16] and
[17]. A second order kinetic equation suggested by [16] was
useful in describing gold cyanidation kinetics. The proposed
kinetic equation is shown in (11).

~ry =k(Au] ~[Au],, f

In (11), k=
concentration.

First order Kinetics was proposed by [17] as in (1) but
assuming the overall rate factor, k, to be constant. A lumped
kinetic model was later investigated by [8] to produce kinetic
models for gold ore cyanidation and cyanide consumption.

Although the proposed models function well for some
cases, they are limited because they do not take into account
the reagent concentration nor particle size effects [18]. It is
also important to note that the variable activation energy
concept only covers changes in the reactivity and rate -limiting
mechanism. Aspects of concentration (which fall under mass
effects) are not taken into account by this model.

The most recent application of the variable activation
energy model is presented in [19] where a description of the
acid dissolution of manganese was proposed using a
mathematical model based on the shrinking core model. This
SCM accounted only for the overall stoichiometry of
dissolution while the presence of an intricate network of
degradation reactions of carbohydrates and the reliance of
reaction rate on conversion were accounted for by variable

(11)

overall rate constant and [Au]s= gold

activation energy approach. The modified equation is
expressed as in (12).

X (C Ex(1 1) bX"™

— = — ||| =| =—= |+

dt R, R\T T RT (12)

><(CAO —Chus X)na(cl.o _CLsx)nl(l_ X)Z/s

In (12), X is manganese extraction (0<X<1), C= constant,
Ry= particle size (um), Ex= activation energy, T'= reference
temperature (K), R= ideal gas constant, b; and b, = parameters
relating to the activation energy, Cao and C = initial acid
concentration and initial lactose concentration in the selected
test respectively, na and nl = reaction order with respect to
acid and lactose respectively, Cps and C,s =stoichiometric
sulphuric acid and glucose requirement respectively.

Although the model gives good description of the leaching
of a particular size of manganese dioxide leaching, it does not
account for the precise effect of particle size on the dissolution
of manganese [4].
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C.  Empirical and Semi-Empirical Models

In [9] an empirical model was applied in evaluating kinetic
and diffusion phenomena in cyanide leaching of crushed run-
off-mine gold ores. Two models, a kinetic model and a
reaction model for particle size, proved inadequate hence a
subsequent empirical model based on the first two was
derived. The equation for the kinetic model is as in (13)

X’ _ (@—x

dt w

G, = G

0

(13)

In (13),X':L, X = the gold extraction, Xp.x =
Xmax

maximum gold extraction, t = time (s), ¢ = topological

exponent, Go = initial gold grade (kmol Au/kg ore) and w =

reaction time scale. The final empirical modelling equation is

asin (14).

dx\' . [-ET7.. p
IR

dt

The results of this model do not agree with literature that
diffusion is the rate-controlling step in gold heap leaching,
rather it suggests that dissolution from crushed run-off-mine
particles is the controlling step in large columns and well
mixed tanks.

In [10] a leaching model was developed to consider the
concentration of cyanide and oxygen in gold ore leaching. An
empirical model was then wused to estimate cyanide
consumption. The dissolution model was based on
electrochemical and diffusion mechanisms [20]. By using an
existing model and Fick’s law of diffusion, the oxygen and
cyanide molar diffusion rates (¢) were represented as in (15)
and (16) respectively.

(14)

D, A[O,

%o, =7ZAC[ ] (15)
O-O

¢CN = MA[OZ] (16)
O

0o

In (15) and (16) A, and Ac =surface areas of anodic and

cathodic reaction respectively, [O,] = oxygen concentration,
Dcn and Dy, = diffusivities of cyanide and oxygen in the pulp
phase, and o¢,= thickness of the boundary layer, which is
considered as dependent on impeller rotation speed. The
calibrated model was able to present a description of the gold
ore leaching behaviour depending on particle size distribution.
Although it is a challenge to develop rigorous cyanide
consumption models, an improved pseudo-homogenous model
was proposed by [8]. It was adopted to account for; cyanide
concentration, ore particle size, copper [Cu] and sulphur [S]
concentrations in the ore. Thus the cyanide consumption
(ewcn(dp)) per unit time and mass of liquid for ore particle size
dp is expressed as in (17)
17)
ka[CN]
O'Odg3
In (17), k'; = Kinetic rate constant associated to copper-
bearing minerals and [Cu]= Cyanide concentration in solution,

oed, )=k [CNT [cu] +k', [CN]2[s 7 +
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0s, al, a2, BI, B2= coefficients to be estimated from
experimental data kq= Kinetic rate constant associated with
cyanide diffusion and k'c,= kinetic rate constant associated
with sulphur —bearing minerals.

This model was used as a preliminary study towards
understanding of the effectiveness of various cyanidation
flowsheets for the purpose of minimizing cyanide
consumption while maximising gold dissolution.

Reference [11] developed a mechanistic model that
simulates the conventional and electrochemical bioleaching of
copper sulphide concentrates in stirred tank reactors. In the
progression of conventional and electrochemical bioleaching
of copper concentrates, a semi-empirical model was derived to
predict the following; copper recovery, conversion of various
sulphide minerals, variation of oxidation reduction potentials
(ORP) and pH. The model was developed by integrating the
combined rate equations for individual minerals. This model
accounts for effects of t ORP and pH; mineralogical
composition of feed, presence of iron and sulphur oxidising
micro-organisms, initial pH of solution, jarosite precipitation
and initial concentration of ferric and ferrous iron on copper
recovery, The model results were precise and accurate and
comparable to experimental data. This serves as a validation
of the model in predicting the performance of electro-bioleach
reactor.

D.  Geochemical Modelling

Geochemical speciation codes and thermodynamic
modelling were used to calculate the solubility of malachite as
well as to understand the behaviour of the system in the
presence of ammonia, ammonium chloride and their mixed
solution [12]. The Gibbs free energy minimisation program
(GEMS-PSI) was used to determine the presence, amount and
composition of different phases found in the system. GEMS is
a versatile geochemical modelling code that can calculate
equilibrium phase assemblage and speciation in a complex
system from its overall bulk elemental composition. Activity
coefficients of aqueous species y; with individual ion-size
parameters o, and a common third parameter b, were given as

in (18).
~AZAI
1+Ba’VI

In (18), Z; denotes the charge of species j, | is the effective
molal ionic strength, b,=0.064 at 25 °C, and A, and B, are P
and T-dependent coefficients.

Modelling results match well to experimental data and it
was found that higher rates of copper recovery from ammonia
leaching of malachite can be realised by choosing optimum
operation conditions where CuO(s) and Cu(OH),sCly5(s) solid
formations can be evaded.

E. Thermodynamic Modelling

Reference [13] used a thermodynamic model to calculate
solubility of malachite Cu,(OH),CO; in the ammonia-
ammonium  chloride-ethylenediamine(En)-water ~ system.
Exponential computation method based on both mass balance
and charge balance was used to make the calculation. The
computation method was adopted from [21], [22] who

(18)

logy, = +b, 1
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proposed that concentration of ionic species in solution can be
expressed as in (19).
(19)

[X]=exp(a+bpH +cp+eln[L, ]+ f In[L,]..)

In (19), ab,c,e and f are coefficients; ¢ is the value of
potential which is only needed when redox reactions exist; L,
Ly, ... are the free ions including free metal ion, free ligands
and other free ions besides H* and OH.

The dissolution equation for malachite was given as in (20),

Cu,(OH),CO, = 2Cu* +20H" +CO,
-3378
K, =107

[Cu 2+ ] _10-3378/2 [O H ]—1 ) [COSZ’ TO-S _

1071689 .1 o418 [H + ] [CO;" ]—0.5

After determining the mass balance expressions, and the

charge balance equation, the equation groups were solved

using MATLAB. Verifying tests showed that the

thermodynamic model is correct and reliable. This model is

useful in the selection of a lixiviant with suitable concentration
of ammonia, ammonium chloride and ethylenediamine.

(20)

(21)

I1l. GENERAL DISCUSSIONS

The shrinking core model has been useful in describing the
kinetic characteristics of heterogeneous liquid-solid systems,
but some challenges with describing the effects of particle size
were reported in [8] and [4]. Evidence presented by [23]
showed that leaching models that do not take variation of
particle size into consideration are susceptible to flawed
conclusions. Efforts to address the particle size challenge are
shown in [19] and [7]. They employed mathematical
techniques of regression analysis and Gates Gaudin Schumann
density function. Despite the numerous studies describing
metallurgical reactions in terms of the shrinking core models,
these models are only manageable mathematically for
concentrated reactants which possess the same composition
and are of manageable shapes, for example spherical or square
in shape. If these conditions are not met then complications in
chemical reaction control will occur due to physical
properties and mineralogical factors which can influence
reaction rate [15]. However the models can be used to
consider the polydispersity of solid particles using structure
models expressed by population balances [24].

In variable activation energy models, [3] reported that by
lumping together rate limiting effects, previous leaching
models fail to account for processes occurring during
particulate leaching, so they are relevant for homogenous
kinetics, whereas leaching is a heterogeneous process where
the surface area diminishes as reaction proceeds. Conversely,
[15] illustrated that the variable activation energy concept
accounts for highly nonlinear Kkinetics and effects of
temperature on the reaction. The ability of this model to
account for complex network of reactions [19], could be
useful in handling the intricate network of reactions met in
leaching copper ores.

Empirical and semi—empirical models perform well in
evaluating kinetic characteristics and diffusion phenomena.
They can be used to describe effects of concentration on
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reactants so that values of recovery and consumption can be
calculated. The ability of the models to combine solubilities of
other mineral species to calculate overall recovery [11], could
lend strength to the desired model. Nevertheless [25] reported
that these models are however limited to the particular process
they were applied in and within the bounds of the data
collected.

The geochemical model proposed by [12] gave quantitative
estimates of copper solubility by means of total dissolved
copper contour plots. Thermodynamic modelling incorporated
into this model can provide distribution of copper species at
equilibrium as a function of the leaching agents. This model
provides a good description of the chemical behaviour of
different copper species in ammonia —ammonium solutions.
Although recovery was calculated from this model, it is
limited to systems where synthetic ore is used (e.g. [12]) or
where the gangue is inert. Since this model does not account
for possible reagent consumption due to interactions of gangue
minerals with lixiviant, its application for the envisaged model
would be constrained.

Although the thermodynamic model proposed by [13] has a
similar limitation as [12], it shows desirable properties. It
significantly reduces the number of variables such that solving
nonlinear equations on a computer becomes manageable.

The proposed model will consider aspects of; mineralogy,
particle size effects, transport phenomena, liquid-solid
interactions, chemistry of leaching systems and dissolution
kinetics to make predictions of copper solubility and reagent
consumption. The model results will be used to predict a
process route from mineralogy data. From this review the
shrinking core models would provide a good foundation for
the model. Semi —empirical and thermodynamic modelling are
also attractive for application in the main model. Variable
activation energy models would not be applicable unless
coupled with SCM. Geochemical modelling would be useful
for describing the chemistry of leaching and the interaction of
liquid-solid phases.

1V. CONCLUSION

This paper reviews various models used in leaching
processes and their applicability to copper leaching for the
purpose of predicting copper solubility and reagent
consumption. From the models reviewed, shrinking core semi
—empirical and thermodynamic models have desirable
characteristics for the proposed model. The proposed model
will be used in the development of a hydrometallurgical
process route.
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