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Abstract 
 

A kinetic model for leaching of particulate 
metals in a batch system has been developed. 
The leaching mechanism has been analyzed by 
solving a series of ordinary differential equations 
relating heterogeneous reaction kinetics at the 
solid/liquid interface to mass transfer of reactant 
and products. Special emphasis has been given to 
the effect of changing of the surface area of the 
leaching substrate and initial particle distribution 
on the overall leaching rate. 

 
The dissolution of gold powders in acidic 

solution with bromine as an oxidant has been 
used as a model system. The effect of particle 
size, chemical reaction order, rate constant and 
mass transfer coefficient on the overall rate of 
dissolution of metal powder has been analyzed 
and discussed. 

 
 
Introduction 
 
In general, the reaction kinetic equation 

consists of reactants M, A and B and products P 
and D. The dissolution of a metal can be briefly 
expressed by the following stoichiometric 
reaction, Eq. 1, where a, b, c and d are 
stoichiometric coefficients of the species of A, B, 
P and D, respectively. 

 
<M> + a(A) + b(B)  c(P) + d(D)             [1]                                                                                  
 
For the dissolution of a metal in aqueous 

solution, the overall reaction process consists of 
mass transfer of reactants and products and 
heterogeneous chemical reaction at the 
solid/liquid interface. The identification of the 
reaction mechanism is rather complicated when 
the time scales of mass transfer reaction and 
heterogeneous reaction are comparable.  From 
Eq. 1, assuming the dissolution of a metal is an 
irreversible process, the reaction can be 
represented by the following differential 
equations (Meng and Han, 1993; Meng et al., 
1995).  
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Many researchers in the past conveniently 

assumed that not only kmi (kmA and kmP) but also 
total surface area of the leaching substrate, S 
(dm2) were constant when metal powders were 
subjected to dissolution (Meng and Han, 1993; 
Meng et al., 1995).  

Thus all coefficients of reaction; km1, km2 
and k1  in Eqs. 1, 2 and 3 were regarded as 
constants as  leaching progresses. This approach 
is acceptable only for the initial stage of the 
dissolution.  

 
In this study the leaching model does not 

assume the surface area being constant. Leaching 
reaction processes involve a series of steps 
including mass transfer and chemical reaction. 
The nature and sequence of these processes are 
dependent upon the type of reaction under 
consideration. The governing equations have 
been modified by adding the following equations.  
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Theoretical Consideration 
 

For most metal dissolution taking place in 
aqueous solution, the interface layer thickness, δ’ 
could be in the order of 10-6cm, while kmi (kmA 
and kmP) depends on hydrodynamic conditions 
(Levich, 1962).  The mass transfer coefficient for 
a particulate system can be obtained by Eq. 10. 
(Vu and Han, 1979). 
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In aqueous solutions at 25oC, the value of Di 
is usually 0.5~1.5*10-6 cm2/s (Rubcumintara and 
Han, 1990); the kinematic viscosity of water is 
about 0.01 cm2/s. The densities of gold and fluid 
are 19.3 and 1 g/cm3, respectively. The diameter 
of particles considered in kinetic modeling study 
was typically in the range of 10μm to 2800μm. 
When the Reynolds number (Re) is practically 
less than 1, the terminal velocity can be 
expressed as.: 
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                        However, when 1 < Re < 700, the 
terminal velocity can be shown to have the form 
given in Eq. 12 (Han, 2002).
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Reynolds numbers, Res(d) and Ret(d),  can 

be calculated when vs(d) and vt(d) are known.   
For the same Reynolds number of 1, the 
diameters obtained from vs(d) and vt(d) are 46.5 
and 48.3 µm, respectively. For developing a 
kinetic model, Ret(d) was used to determine the 
diameter of particle and terminal velocity. 
MathCAD was used in calculating the values of  
vt , vs  and kmi at various particle sizes. 
 
    The ordinary differential equations (ODE), 
Eqs. 2-4, and relating equations are almost 
impossible to solve with an analytical method 
when the surface area is changing. With the 
advent of computer software, a numerical 
solution can be obtained by the Runge-Kutta 4th 
order method using either MATLAB, 
POLYMATH or MathCAD. In this system it was 
assumed that n=106 and β=0.5. To solve an 
initial-value-problem of ODE, CAb

o=0.1 and CAs
o
 

= CPs
o = CPb

o =0 mol/dm3 were assumed as the 
initial values.  CPb, CPs CAb and CAs were 
calculated as a function of time for 3 different 
chemical reaction orders, l = 0.5, 1.0 and 2.0.  

 
To simulate this model, three different 

values by two order of magnitude of km1′ , km2′ 
and k1′ were chosen, i.e., 4.35*10-6, 4.35*10-4 
and 4.35*10-2 (units are given in Table 1). The 
choice of these values was made in light of 
practical implication.  The volume of the 
leaching system, V was conveniently assumed to 
be 1 dm3. The units of mass transfer and 
heterogeneous reaction coefficients for 
simulation were summarized in Table 1. 

 
 
Table 1. The mass transfer and heterogeneous reaction coefficients units. 
 k1′  km1′ km2′ 

Half-order mol0.5dm-3.5s-1 dm-2s-1 dm-2s-1

First-order dm-2s-1 dm-2s-1 dm-2s-1

Second-order mol-1dm s-1 dm-2s-1 dm-2s-1
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Kinetic Model Simulation  
 
  Effect of surface area 

Particles are usually ground in practice to 
increase the dissolution reactivity. Due to 
mathematical simplicity, an average particle size 
of such particle assembly is used to analyze the 
overall leaching rate. A quantative analysis was 
made in this study to show what kinds of error 
are introduced in such a simple assumption. 

 
In order to illustrate this point 0.02g of 

gold was assumed to be ground to 1, 10,100 or 
1000 uniform spherical particles. All of the 
ground particles were assumed to be identical in 
size. Under the above assumption, 0.02 g of gold 
each of 135, 291, 628 and 1352μm of radius 
corresponds to 1000, 100, 10, and 1 particles.  
The values of surface area, and the numbers of 
particle are summarized in Table 2. 
 
- Mass transfer controlling case 
    To illustrate one of the advantages of this 
model, the cyanidation process was chosen as an 
example. This process is known to be mass 
transfer control of oxygen through the diffusion 
boundary layer (Han, 2003). The system 
parameters are: k1′: 4.35*10-2 ; km1′:4.35*10-4  ; 
km2′:4.35*10-4 (Table 1: 1st order). Fig. 1 shows 
the results of a simulation of system controlled 
by mass transfer mechanism. The product 
concentration, CPb increases with the increase of 
the surface area by grinding. When the systems 
are controlled by mass-transfer, the chemical 
reaction orders do not affect CPb.  Even though 
the chemical orders are different, product 
concentrations in the bulk under the same 
particle condition were almost identical 
regardless the chemical reaction orders.  

First-Order
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Fig. 1. Product concentration, CPb as a function 
of time for different surface areas; a, b, c and d 
(in Table 2), for a mass transfer control; k1′: 
4.35*10-2  ;km1′:4.35*10-4 ; km2′:4.35*10-4  (units 
in Table 1); chemical reaction order:1st ; 
CAb

O:0.1 mol/dm3. 

 
  - Chemical reaction controlling case 

Using the same particles given in Table 2, 
but k1′: 4.35*10-4; km1′:4.35*10-2; kmP′:4.35*10-4 

(units in Table 1). With these reaction 
parameters, this system is now  controlled by 
chemical reaction. When the overall reaction is 
controlled by chemical reaction, it is noted that 
mass transfer is much faster than chemical 
reaction. In such cases, the leaching is much 
difficult to be optimized due to the complicated 
effects of chemical reaction order and surface 
area on CPb.  

 
As seen from Fig.2, the effect of  chemical 

order on CPb is significant. The product 
concentration, CPb increases with the increase of 
the surface area by grinding. The product 
concentration decreases, as the order of chemical 
reaction increases for the same particle size 
condition. In cases the reaction controlled by 
chemical reaction, both the order of chemical 
reaction and the surface area become important 
to product concentration. 

 
Table 2. The values of radius, weight, number of particles and surface area for simulation. 

 
 
 
 

 Radius (µm) Weight(g) Number of particles Surface Area (cm2) 
a 135 0.02 1000 2.29 
b 291 0.02 100 1.06 
c 628 0.02 10 0.50 
d 1352 0.02 1 0.23 
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The separation of the effect of the chemical 
order and surface area on CPb is very difficult. To 
optimize the particle size of the system 
controlled by chemical reaction or chemical 
reaction and mass transfer, the order of chemical 
reaction has to be defined first by other methods 
such as electrochemical method or direct 
leaching. Gold dissolution behavior in 
ammoniacal solution using bromine as an 
oxidant has been proven to be a mixed controlled 
reaction when bromine concentration is more 
than 0.15 mol/dm3 by direct leaching test. The 
chemical reaction order was found to be 1.37-
1.77 obtained by various methods (Kim and Han, 
2005) 

 

 
ig. 2. Product concentration, CPb as a function 

ffect of particle size distribution  

he particle size distribution is another 
impo

F
of time for different surface areas; a, b, c and d 
(in Table 2), for a chemical reaction control; 
k1′:4.35*10-4; km1′:4.35*10-2; km2′:4.35*10-4 

(Units in Table 1) CAb
O:0.1 mol/dm3. 

 
 
E

 
T
rtant parameter, which affects CPb.  In this 

study, 0.02g of gold has been assumed to be 

ground to 10 different sizes consisting of 628, 
367, 291, 170, 135, 79, 62, 37, 29 and 17μm 
radius, each containing 1, 5, 10, 50, 100, 500, 
1000, 5000, 10000 or 50000 spherical particles, 
respectively.  

 
 As indicated by Eqs. 5 through 9, k1, km1 

and km2 are function of surface area, S, even 
though k1’ km1’ and km2’ are constant. Without 
knowing S, the gold dissolution can not be 
predicted, because the gold dissolution rate is a 
function of k1, km1 and km2. Under the 
assumption of the identical shape and size of 
particles, k1, km1 and km2 can be calculated in 
terms of changing surface area. 

 
  -Mixed reaction controlling case 

In order to examine various aspects 
contributing to mixed controlled reactions, a 1st 
order chemical reaction has been chosen along 
with conditions described by the following 
reaction parameters: k1′:4.35*10-4;km1′:4.35*10-4; 
km2′:4.35*10-4  (Table 1: 1st order); CAb

O:0.1 
mol/dm3.  In a mixed controlled reaction, neither 
chemical reaction nor mass transfer can be 
ignored since both play an important role in 
determining the overall reaction. 

 
Fig. 3 shows the product concentration, CPb 

as a function of time for the 10 different sizes of 
particles: k1′:4.35*10-4; km1′:4.35*10-4; 
km2′:4.35*10-4 (Table 1: 1st order); chemical 
reaction order:1st  ;CAb

O:0.1 mol/dm3. The 
product concentration in the bulk, CPb was 
calculated as a function of time by solving the 
ODE with the conditions specified above.  

 
The results of this computation with 

various initial particle sizes indicated that the 
smallest particles with initially 17μm radius 
completely dissolved at 600 second. It was also 
seen that 29,  37, 62 and 79μm radius particles 
dissolved at about 750, 1000, 1700 and 2000 
sec., respectively.  As expected, the small sized 
particle group dissolved earlier than large sized 
particles because of the larger specific surface 
area when the same weight of metal subjects to 
solution. It was observed that particles with 
larger than 135μm in radius still existed in 
solution even after 2000 sec. 
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Fig. 3. Product concentration, CPb as a function 
of time for 10 different sizes of particles; for a 
mixed controlled reaction; k1′:4.35*10-4; 
km1′:4.35*10-4; km2′:4.35*10-4 (Table 1: 1st order); 
chemical reaction order:1st; CAb

O:0.1 mol/dm3. 
 

As seen from Fig. 4, the thick solid line 
represents the summation of CPb of 10 different 
initial particle sizes with respect to time. On the 
other hand, the thin solid line represents the 
result of computation of ODE using a mean 
radius 202 µm and 0.2g. Ideally these two lines 
have to be identical since the same particles were 
used for the analysis. 

  
Because of a wide distribution of particle 

size (standard deviation of radius: 195.52 µm), 
the dissolved gold concentration based on the 
thin line underestimates when the overall 
reaction is controlled by mixed mechanism. As 
seen from Fig. 4, the initial gold dissolution rate 
was obtained to be 1.22*10-6 mol/dm3.s from the 
thick line and 4.32*10-7 mol/dm3.s from the thin 
line. 

reaction is controlled by mixed mechanism. As 
seen from Fig. 4, the initial gold dissolution rate 
was obtained to be 1.22*10

  

-6 mol/dm3.s from the 
thick line and 4.32*10-7 mol/dm3.s from the thin 
line. 
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Fig. 4. Product concentration, CPb as a function 
of time for a mixed controlled reaction; 
k1′:4.35*10-4; km1′:4.35*10-4; kmP′:4.35*10-4  

(Table 1: 1st order); chemical reaction order:1st; 
CAb

O:0.1 mol/dm3. 

─ Summation of  CPb ; using 10 different sizes 
of particle group (in Fig. 3)  
──   CPb ; using average particle size (r=202 µm) 
 
 
- Mass transfer controlled 

It is well known that the chemistry of many 
industrial processes is chosen such that chemical 
reaction is very fast. As a result, mass transfer is 
controlling in these systems. The reaction 
parameters were chosen here so that mass 
transfer was limiting the overall reaction. The 
order of reaction is chosen to be a first order. The 
results are plotted in Fig. 5.  

 
The results of this computation with 

various initial particle sizes indicated that the 
particles smaller than 170μm radius completely 
dissolved after 2000-second reaction. It was 
observed that larger than 291μm particles still 
existed in solution even after 2000 sec. 
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Fig. 5. Product concentration, CPb as a function 
of time for 10 different sizes of particles; for a 
mass transfer controlling system. k1′:4.35*10-2; 
km1′:4.35*10-4; km2′:4.35*10-4 (Table 1: 1st order); 
chemical reaction order:1st; CAb

O:0.1 mol/dm3. 
 
 

The initial gold dissolution rate was obtained to 
be 2.32*10-6 mol/dm3.s from the thick line 
(kinetic model using an average particle size), on 
the other hand 1.19*10-6 mol/dm3.s was obtained 
from the thin solid line (kinetic model using 10 
different particle size) in Fig. 6. 
  

Another practical problem induced by 
widely distributed particles when the reaction 
was controlled by mass-transfer is that even 
though the large particles still existed in the 
solution, if the mean value of radius was used for 
the kinetic model, the results misled to show 
complete dissolution. The effect of the particle 
size distribution on CPb is more pronounced for 
the practical case since the particles in nature are 
more widely distributed. The smaller size groups 
highly contribute to the value of CPb than the 
larger size group initially. When the simulation 
is done with the average particle size, the overall 
CPb from the kinetic model initially 
underestimates but overestimates at a later stage 
for the mass transfer controlling system.  
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Fig. 6 Product concentration, CPb as a function of 
time for a mass transfer controlling system; 
k1′:4.35*10-2; km1′:4.35*10-4; km2′:4.35*10-4 

(Table 1: 1st order); chemical reaction order:1st; 
CAb

O:0.1 mol/dm3. 

─ Summation of  CPb ; using 10 different sizes 
of particle group (in Fig. 5)  
──   CPb ; using average particle size (r=202 µm) 

 
Effect of reaction rate constants  
 

Fig. 7 presents the computed concentration, 
CPb as a function of time. When the reaction is 
controlled by chemical-reaction, k1′:4.35*10-4;  
km1′:4.35*10-2 ; km2′:4.35*10-4 (units in Table 1), 
the chemical reaction order effect on overall rate 
is very pronounced.  

 
Fig. 7. CPb as a function of time for various 
reaction orders for a chemical reaction control; 
k1′:4.35*10-4; km1′:4.35*10-2; km2′:4.35*10-4 

(Units are in Table 1). 
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While the reaction is limited by mass 
transfer as an example shown in Fig 8, the 
overall dissolution rate is not changing as much 
as that controlled by chemical reaction with 
respect to the order of reaction. It is noted that 
CPb with half- and first-order are almost identical 
as shown in Fig. 8. Ideally, if the reaction is 
controlled 100% by mass transfer, even though 
the chemical order is changed, the reaction rate 
has to be the same. As seen from (a) of Fig. 8  
for k1′/km1′=100 and (b) of Fig. 8 for 
k1′/km1′=1000, the system of k1′/km1′=1000 is 
much more controlled by mass transfer 
comparing to the case when k1′/km1′=100.  

 
As seen from (b) and (c) of Fig. 8, not only 

the ratio of k1′ to km1′, but also the values play an 
important role to determine the limiting step. 
When the case with km1′=4.35*10-5 is compared 
with km1′=4.35*10-4 for k1′/km1′=1000, the case 
with km1′=4.35*10-5 is much more controlled by 
mass transfer. 

 
 

Fig. 8. CPb as a function of time for various 
reaction orders for a mass transfer control;  
(a):k1′:4.35*10-2;km1′:4.35*10-4;km2′:4.35*10-4 

(b):k1′:4.35*10-1;km1′:4.35*10-4;km2′:4.35*10-4 

(c):k1′:4.35*10-2;km1′:4.35*10-5;km2′:4.35*10-4 

(Units are in Table 1). 

  Mass transfer coefficient ratio 
 

Most dissolution rates can be numerically 
calculated in terms of the mass-transfer 
contribution ratio (MTCR). The MTCR, a useful 
parameter to understand the dissolution behavior, 
is expressed as given by Eq. 13.  
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

Ab

As

C
C

MTCR 1                                  [13]                                    

 
It is noted that when the value of MTCR is 

0, namely CAb=CAs, the overall leaching rate is 
controlled by chemical reaction. On the other 
hand, when MTCR is 1, CAs=0, mass transfer is 
limiting the overall reaction. Meng and Han 
(1995) have reported that the ratio of k1 to km1 is 
the main parameter, which determines the 
limiting mechanism. Even though the ratio of k1 
to km1 may still be constant in particulate system, 
the values of k1 and km1 decrease with the 
increase of time. As mentioned earlier, to 
determine the limiting control mechanism, not 
only the k1/km1 , but also the values of  k1 and km1 
are important.  

 
In order to illustrate this point, a half-order 

reaction has been chosen as an example. As seen 
from Fig. 9, when k1/km1=10 and chemical 
reaction order is 0.5, regardless of various km1′ 
values, MTCR is 1. The 100% MTCR means 
that the reaction is controlled totally by mass-
transfer mechanism under these conditions.  
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Fig. 9. MTCR in a half order chemical reaction 
as a function of time when k1′/km1′=10 for three 
different values of km1’: 4.35*10-4, 4.35*10-5 and 
4.35*10-6  (Table 1 : Half-order). 
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As seen from Fig. 10, when k1/km1=0.01 and 

chemical reaction order is 0.5, the MTCR 
converges from the initial value of 1 to 0. The 0 
value of MTCR means that this reaction is 
controlled totally by heterogeneous chemical 
reaction control. The MTCR under larger values 
of km1′ with the same ratio of k1′ to km1′, 
converges faster. The reaction mechanisms with 
the smaller values of km1′ are much slowly 
changing from mass-transfer controlling to 
chemical reaction controlling.      
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Fig. 10. MTCR in a half order chemical reaction 
as a function of time when k1′/km1′ is 0.01 for 
three different values of km1’: 4.35*10-4, 4.35*10-

5 and 4.35*10-6 (Table 1 : Half-order). 

 
 Figs. 11 shows the MTCR values are 

different to chemical orders. As seen from the 
figure, when km1′ decreases, it takes more time to 
change from mass transfer control to a chemical 
control system under various chemical-reaction 
orders. The reactions with higher orders are 
much controlled by chemical reaction 
mechanism.  
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Fig. 11. MTCR changes as a function of time at 
various chemical reaction orders when k1′/km1′ is 
0.1 and km1′ is 4.35*10-6  (Table 1 : Half-order). 

 
Application of the metal in gold 
-Dissolution 
 
Experimental 
 

Analytical grade chemicals were used 
throughout the direct leaching test. Bromine and 
ammonium bromide were used as lixiviants. The 
pH of the solution was adjusted by adding 
sodium hydroxide or ammonia. The powder 
leaching tests were performed in an open-system 
at ambient temperature. 99.99% grade gold- 
powder was used for the direct leaching 
experiments.  

 
The mean particle size was found to be 

45µm of diameter using the Microtrac laser 
particle analyzer, VSR and S 3000. Powder 
leaching experiments were carried out in a one-
liter glass vessel. One-half liter of solution was 
used. Samples of solution were withdrawn at 
regular time intervals for chemical analysis. All 
chemical analyses were carried out using the 
Perkin-Elmer atomic absorption spectrometer, 
Model 5500.  

 
 

To minimize the surface effect on gold 
dissolution rate, samples of solution for chemical 
analyses were withdrawn at time intervals, 0, 60, 
180 and 300 sec and initially a straight region 
has been chosen to calculate the slope, 

t
C Pb

Δ
Δ . 

The slope in a  plot of Cpb versus time represents 
the gold dissolution rate in 

sdm
mol

3
.  

 
In this study, to reduce the effect of the 

particle size distribution, a narrow distributed 
particle sample has been chosen for powder 
leaching test. Table 3 shows the characteristics 
of particles used for the direct leaching test in 
ammoniacal solution using bromine as an 
oxidant. For simulation, 0.2g of gold particles 
with 10 different particle-sizes was used. Each 
size group was weighed 0.02g. The number of 
particles, in each group has been calculated and 
given in Table 3. 
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Table 3. The characteristics of particles for direct leaching test. 
 Diameter (µm) Weight (g) Number of particles 

A 20 0.02 256,126 
B 27 0.02 100,774 
C 33 0.02 53,791 
D 38 0.02 34,789 
E 43 0.02 24,945 
F 47 0.02 18,821 
G 52 0.02 14,405 
H 57 0.02 10,852 
I 64 0.02 7,568 
J 70 0.02 5,687 

Overall 45 Total : 0.2  
 
Results and discussions 
 

Ten different sizes of particles (Table 3) 
were used to find out the particle distribution 
effect on the gold dissolution rate.  

 
 As seen from Fig. 12, when 10 different 

groups of particles (A-J in Table 3) are subjected 
to dissolution, the smaller particles shrink faster 
than lager particles.  Although the CPb of group 
A is about 2.7-times higher than that of group J, 
50µm of the difference between maximum and 
minimum particle size was narrowly distributed 
(standard deviation of particles: 16.08µm).  
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Fig. 12. Product concentration, CPb as a function 
of time for various sizes of particles for a mass 
transfer controlling system (Table 3); 
k1′:4.35*10-2 ; km1′:4.35*10-4; km2′:4.35*10-4;  

(Units in Table 1); CAb
O:0.1 mol/dm3. 

 

Fig. 13 shows a simulation result of 
product concentration, CPb as a function of time 
when mass transfer is controlling; k1′:4.35*10-2; 
km1′:4.35*10-4; km2′:4.35*10-4 (Table 1 : 1st 
order); chemical reaction order:1st; CAb

O:0.1 

mol/dm3. The thin solid line represents the 
simulation result of CPb under the condition: 
dia.:45um, weight 0.2g and 217,188 particles. 
On the other hand, the thick solid line was 
plotted by adding all the CPb from A to J. The 
initial gold dissolution rate obtained was 
1.16*10-6 mol/dm3.s from the thick line, while 
that was 1.12*10-6 mol/dm3.s from the thin solid 
line.  

 
The gold dissolution rate with an average value 
of diameter slightly underestimates but the 
simulation result with the average diameter can 
be acceptable without too much error. This is 
because the size of particles is narrowly 
distributed. 

 
Fig. 13. Product concentration, CPb as a function 
of time for a mass transfer controls;k1′:4.35*10-2; 
km1′:4.35*10-4; km2′:4.35*10-4 (Table 1 : 1st 
order); CAb

O:0.1 mol/dm3. 

─ Summation of  CPb ; using A-J particle group 
(in Table 3)  

── CPb;using average particle size (Dia.=45 µm) 
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As can be seen in Fig. 14, the calculated 
mass transfer coefficients; km1’ and km2’ vary 
with particle size used for the direct leaching test 
in this study. The mass transfer coefficient 
values of particles used for the direct leaching 
test are between 3.9*10-4~ 4.8*10-4 dm-2s-1 
leading to an average value of about 4.35*10-4 
dm-2s-1 over the particle size range of 10-70μm. 
The abrupt change of km1’ and km2’  from 
4.34*10-4 to 4.13*10-4 dm-2s-1 at d = 48.3 µm can 
be attributed to the changing of the slip velocity 
calculated  from Eq. 11 to  Eq. 12.    
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Fig. 14. Mass transfer coefficient, kmi as a 
function of diameter of particles range. 

 
A series of experiments were performed to 

extract gold from gold powder in ammoniacal 
solution with bromine as an oxidant. The 
reaction order for the system was found to be 
1.57 with respect to the concentration of bromine 
bearing species. This result was also confirmed 
by a series of electrochemical studies (Kim and 
Han, 2005). This system has been used in this 
study to check the validity of the current model. 

 
Under this condition the ordinary 

differential equations governing the gold 
dissolution rate have been solved by a numerical 
method using Matlab. For the computer 
simulation, k1’, km1’ and km2’ have been founded 
to be 1.5*10-3 dm-0.29mol-0.57s-1, 4.35*10-4dm-2s-1 

and 4.35*10-4 dm-2s-1, respectively.  The dotted 
lines represent the results of direct leaching test.  

 
The thin solid line, a- in Fig. 15 shows the 

result of the simulation when k1’:1.5*10-3dm-0.29 

mol-0.57s-1; km1’:4.35*10-4dm-2s-1 and 
km2’:4.35*10-4dm-2s-1. Under the same chemical 

conditions, the heterogeneous reaction constants 
and mass transfer coefficients were found to be 
k1’:1.5*10-3dm-0.29mol-0.57s-1, km1’:3.0*10-5dm-2s-1 

 and km2’:3.0*10-5dm-2s-1 when most particles are 
settled.  

 
 The thick solid line, b- in Fig. 15 represents 

the result of the calculation based on the leaching 
model. It is noted that the thick solid line b- 
overestimated after 400sec. This is attributed in 
part to the fact that bromine in solution was so 
volatile thus leading to reduction in bromine 
concentration as the reaction progressed. This 
evaporating bromine made the gold dissolution 
rate decreased when the system was open to air. 
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 Fig. 15. Comparison of Cpb for experiment and 
simulation as a function of time at two different 
mass transfer constants. Bromine conc.:0.15 
mol/dm3, the order of reaction:1.57, particle 
condition: see Table 2. 

a: k1′:1.5*10-3 dm-0.29mol-0.57s-1; km1′:4.35*10-4 

dm-2s-1; km2′:4.35*10-4dm-2s-1  
b: k1′:1.5*10-3 dm-0.29mol-0.57s-1; km1′:3.0*10-5 

dm-2s-1; km2′:3.0*10-5dm-2s-1

 
Fig. 16 represents the variation of reaction 

coefficients as a function of time, for k1′:1.5*10-3 

dm-0.29mol-0.57s-1; km1′:4.35*10-4dm-2s-1; km2′: 
4.35*10-4dm-2s-1, initial bromine conc.:0.15 
mol/dm3, the order of reaction:1.57. As indicated 
by Eqs. 5 through 9, k1, km1 and km2  are affected 
by surface area, S. As the leaching progressed, 
the product concentration increased with respect 
to time. While the surface area, S decreases, so 
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does k1, km1 and km2. Fig. 17 shows the effect of 
decreasing reaction coefficient on the gold 
dissolution rate by simulation under the same 
direct leaching test conditions.  
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Fig. 16. Reaction coefficients as a function of 
time,k1′:1.5*10-3dm-0.29mol-0.57s-1; km1′:4.35* 
10-4dm-2s-1; km2′:4.35*10-4dm-2s-1, initial 
bromine conc.:0.15 mol/dm3, the order of 
reaction:1.57, particle condition: see Table 2. 
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Fig. 17. Gold dissolution rate as a function of 
time. k1′:1.5*10-3 dm-0.29mol-0.57s-1; km1′:4.35*10-4 

dm-2s-1; km2′:4.35*10-4dm-2s-1, initial bromine 
conc.:0.15 mol/dm3, the order of reaction :1.57, 
particle condition : see  Table 2.  
 

 

Fig. 18 clearly shows the effect of total 
surface area of substrate on the overall leaching 
process. The thin solid line, a- represents the 
amount of gold dissolved in solution when the 
surface area, S is assumed to be constant. On the 
other hand, when the change of  S is 
incorporated in the leaching model, the results 
are given as a thick solid lines b- and b’- in this 
figure. The difference between line a- and b- is 
caused by the change of surface area. 

  
It is noted that the thick solid line b- and 

shade solid line b’- represent the result of 
modeling when CAb

o, initial bromine 
concentrations are 0.150 and 0.100 mol/dm3, 
respectively. The conditions used :  k1′:1.5*10-3 

dm-0.29mol-0.57s-1; km1′:3.0*10-5dm-2s-1 ;  
km2′:3.0*10-5dm-2s-1. The lines b and b’ are 
plotted with exactly the same values of reaction 
coefficients as noted above except the initial 
bromine concentration.  The line b is consistent 
with experimental results observed for the 
system before 450 seconds. After 450 seconds, 
line b’ is consistent with experimental data. 
According to calculated results, the bromine 
concentration was reduced from 0.15 mol/dm3 to 
0.10 mol/dm3 as the leaching progresses.  
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Fig. 18.  Comparison of gold concentration as a 
function for calculated versus experimental. S in 
dm2. k1′:1.5*10-3 dm-0.29mol-0.57s-1;  3.0*10-5 dm-2 

s-1; km2′:3.0*10-5dm-2s-1, bromine conc.:0.150 
mol/dm3, the order of reaction:1.57, particle 
condition: see Table 2. 
 a: constant S  
 b: varying S; CAb

o=0.150 mol/dm3 

 b’:varying S; CAb
o=0.100 mol/dm3 
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Conclusions 
 

A kinetic model for leaching of particulate 
metals in a batch system has been developed. A 
series of ordinary differential equations relating 
heterogeneous reaction kinetics at the 
solid/liquid interface to mass transfer of 
reactions an products were solved numerically as 
the surface area of the leaching substrate was 
changing with time. 
 

This model predicts accurately the rate of 
dissolution of particulate systems for various 
reaction controlling mechanisms. As expected, 
the rate of dissolution was found not to be 
affected much by the order of chemical reaction 
for mass transfer controlled systems. On the 
other hand, the order of reaction had a significant 
effect on the overall leaching rate for chemical 
reaction or mixed controlled systems. 
Furthermore, the higher the order of reaction the 
more the overall leaching rate was influenced in 
these systems. 

 
The current model was applied to a leaching 

of gold particles in the presence of bromine as an 
oxidant. The leaching rate predicted by the 
model showed a good agreement with the 
experimental values obtained using the gold 
particles. 
 

NOMENCLATURE 
 

A area of sample 
CAb molar concentration of reactants in the 

bulk 
CAs molar concentration of reactants at the 

solid surface 
CPb molar concentration of products in the 

bulk 
CPs molar concentration of products at the 

solid surface 
d average diameter of particles 
Di diffusivity of ion 
F Faraday constant 
g gravity acceleration 
k1 overall chemical-reaction constant of 

the forward direction 
k2 overall chemical-reaction constant of 

the backward direction 
k1’ chemical-reaction constant of the 

forward direction : k1/S, (units are in 
Table 1) 

km1 overall mass transfer coefficient of 
reactants 

km2 overall mass transfer coefficient of 
products 

km1’ mass transfer coefficient of reactants, 
km1/S (units are in Table 1) 

km2’ mass transfer coefficient of products, 
km2/S (units are in Table 1) 

kmA mass transfer coefficient of reactants 
kmP mass transfer coefficient of products 
ko overall rate constant 
ko’ overall rate constant  
m  reaction orders with respect to 

individual species 
MwAu molecular weight of gold 
n fractional volume of the interface  
NAs number of moles of reactants at the 

solid surface 
Na number of particles 
NPb number of moles of products in the 

bulk 
NPs number of moles of products at the 

solid surface 
r radius of particles 
R gas constant 
Re  Reynolds number 
Res(d)  Reynolds number defined using Eq. 11 
Ret(d) Reynolds number defined using Eq. 12 
S surface area of solid 
T  temperature in Kelvin 
V  volume of system 
vs  ,vt slip velocity, terminal velocity 
Wi initial weight of gold 
  
  
δ’ thickness of the interphase layer 
δ thickness of the diffusion boundary 

layer 
μ viscosity of fluid 

θ factional site occupied by the adsorbed 
species 

ρAu density of gold 
ρs density of solid  
ρf density of fluid 
ν kinematic viscosity /volume of 

interphase 
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