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Abstract: In this paper, gold leaching of a refractory sulfide concentrate by chloride—hyvpochlorite solution was
investigated and effects of stirring speed, temperature and particle size on the leaching rate were reported.
Experimental data for leaching rate of gold were analyzed with the shrinking—core model. Results were consistent with
chemical reaction control mechanism in the first 1 h of leaching and diffusion control mechanism in the second I h.
Apparent activation energy also was found to be 22.68 kJ/mol in the first step and 3.93 kJ/mol in the second step of

leaching.
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1. INTRODUCTION

Hypochlorite solution has been recognized as a
strong oxidizing reagent to oxidisec metal sulfides
to sulfates and metal ions even at room
temperature [1, 2]. In this solution, depending on
pH, various species of hypochlorite ion (OCI ),
hypochlorous acid (HOCI) and aqueous chlorine
(Cl, g are produced. Hypochlorite ion
predominates at high pH values. Hypochlorous
acid becomes predominant at pH values below
7.5. At low pH values (< 3.5), aqueous chlorine
predominates and if its concentration in solution
is more than the solubility of chlorine in solution,
chlorine gas can be evolved from the solution.
Among these species, hypochlorous acid is the
most effective oxidant [3]. This oxidant is
suitable for leaching of gold as [AuCl,] complex
in chloride media. At a solution with ca. 2 M
chloride and potentials greater than 900 mV (vs.
SHE), this complex is stable in the 0—8 pH range
[4]. For refractory sulfide gold ores, which gold
occurs finely disseminated in the matrices of the
base metal sulfide minerals such as iron sulfide,
using hypochlorite solution at pH range of
hypochlorous acid and in chloride media can
simultaneously oxidise metal sulfides and leach
gold. Oxidation of iron sulfide and leaching of
gold by hypochlorous acid are expressed
according to equations (1) and (2) [5].

2FeS, +1SHOCI+ 7H,0 — 2Fe(OH), +4H,S0, +15HC1 (1)

2Au+3HOCL +3H" +5CI" — 2[AuCl,]” +3H,0 )

A few researchers have investigated the
leaching of gold from an ore or a concentrate by
chloride— hypochlorite solution. Puvvada and
Murthy [6] during leaching of gold from a
chalcopyrite concentrate reported that the gold
dissolution rate is independent of the level of
sodium hypochlorite (NaOCl) within the 25-75
g/L range, 25 g/L NaCl and 0.35 M HCI at solid—
liquid ratio of 1:4, leaching time of 4 h and room
temperature. The gold recovery only reached
32% at three different levels of NaOCL
Increasing the NaCl concentration from 25 to 200
g/L resulted in both enhanced reaction rate and
gold recovery to a maximum of 45%. Baghalha
[7] studied the leaching of gold from an oxide
ore. At solid-liquid ratio of 1:3, temperature of
25 °C, stirring speed of 600 rpm, 10 g/L OCI , 9
g/L HCI (initial pH 7.3) and 100 g/L NaCl, about
70% of gold was dissolved into solution in 4 h.
Soo Nam et al. [8] using sodium hypochlorite
solution at pH of 4 (adjusted by HCI) and 3 M
NaCl, at solid-liquid ratio of 1:1, ambient
temperature and stirring speed of 500 rpm,
extracted 80% of gold from an oxide tailing
sample during 2 h. The solution Eh was adjusted
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at about 1000 mV to stabilize gold as soluble
form. However, in these researches effect of
kinetic parameters have not been considered.

In the leaching processes, effective kinetics
parameters on the leaching rate are stirring speed,
temperature and particle size as well as
concentration of reactants. In this paper, the
etfects of stirring speed, temperature and particle
size on the leaching of a gold-bearing sulfide
concentrate by chloride-hypochlorite solution

will be investigated.
2. EXPERIMENTAL PROCEDURE
2. 1. Materials Characterization

The concentrate used in this study was
obtained by flotation of an ore located in north—
western of Iran (Barika Mine in Sardasht).
Particle size analysis by particle size analyser
(model: CILAS 1064) showed that 90% of
particles are finer than 37.4 um. Phase analysis of
concentrate by XRD (model: Philips X pert, Cu—
Ka radiation) showed that major phases present
are quartz (Si0,) and pyrite (FeS,) along with
minor phases of barite (BaSO,) and muscovite
(H,KAL4(S10,)3) (Fig. 1).

Mineralogical studies using thin and polished
sections under optical microscopy showed that in

addition to the mentioned minerals, sphalerite
{ZnS), calcite (CaC0;y), galena (PbS), pyrihotite
(FeS), chalcopyrite (CuFeS,), bornite (CusFeS,),
tetrahedrite  ((Cu,Fe),,Sb,S,;),  arsenopyrite
(FeAsS) and argentite (Ag,S) were also presented
at trace values. Gold was found as electrum alloy
(Au—Ag) and conflicted with pyrite.

Table 1 shows major elements composition of
the concentrate which were analyzed by XRF
(model: Philips PW1480), Au was analyzed by
the fire assay. As it is shown the concentrate

contains 20.45 g/t gold.
2. 2. Equipments and Procedures

A four-neck pyrex flask equipped with a
reflux condenser, a thermometer, a pH meter and
an ORP meter (vs. SHE) was used as the batch
reactor. The flask was immersed in an aluminum
bowl containing water for temperature control
with +£2 °C tolerance. Stirring speed and
temperature were controlled by a magnetic stirrer
cequipped with hot plate. To run a lecaching
experiment, first a leachant solution containing
200 g/L calcium hypochlorite {Ca(OCl),) and
100 g/ sodium chloride (NaCl) in deionized
water was prepared. All the reagents were
analytical grade from Merck. The mentioned
amounts which were considered as optimum
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Fig. 1. XRD pattern of the used concentrate.
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Table 1. Major elements composition of the concentrate (the oxygen content is not included)

Si S Fe Al K Ba Zn
(%) (%) (%) %) | B | () | (%)

Ca
(%)

Pb Cu Sb As Ag Au
(*») | (ppm) | (ppm) | (ppm) | (ppm) [ (ppb)

17.76 | 13.68 | 12.79 | 593 | 2.26 | 1.84 | 1.79

0.75 | 0.51 3994 1870 1689 1650 20451

concentrations were resulted from an earlier
research [9] working on this concentrate. For
each experiment, 100 mL of the leachant solution
was transferred into the reactor and heated up to
reach at required temperature. Thereafter, 20 g
concentrate was added to the reactor (solid to
liquid ratio (S/L) = 1/5) and the contents were
well agitated. Initial stirring speed was selected
600 rpm for a good mixing. The slurry pH and
ORP (oxidation-reduction potential) were
controlled throughout the process. In all tests,
two important conditions were prevented;
dropping of pH to below 3.5 (formation of
chlorine gas) and dropping of the ORP to less
than 900 mV (instability of gold complex). At the
defined interval, 5 mL of the slurry was
withdrawn using a pipette and filtered by filter
paper immediately, then analyzed for gold by ICP
(model: VISTA-PRO). The solid residues were
rinsed with deionized water and dried at 80 °C for
2 h, then analyzed by SEM (model: TESCAN)
equipped with EDX (model: SAMXx).

3. RESULTS
3.1. Initial Studies

Fig. 2 (a) shows changes of the slurry pH
during 3 h (Ist stage) of leaching of the
concentrate at 600 rpm and 25 °C. the initial pH
of the leachant is about 11. As it is shown during
the first 1 h, pH drops. Dropping pH is duc to
oxidation of sulfide and production of acid. After
60 min, pH stayed constant indicating the end of
the oxidation of metal sulfides. Small increase in
pH durmg 60 to 180 min may be due to
consumption of produced acid in reaction with
gangue minerals.

Changes of the slurry ORP during 3 h of
leaching (Fig. 3 (a), 1st stage) indicates the ORP
corresponding to pH drop, increased. At pH
below 7.5 where HOCI is the most oxidant, pH
drop occurs sharply (indicating the fast oxidation
of metal sulfides) and ORP has the highest value.
Decreasing of ORP during 60 to 120 min is
probably due to the consumption of oxidant in the
oxidation reactions.

(b) 2nd stage

(a)1st Stage
4

(c)3rd stage
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Fig. 2. Changes of the slurry pH during leaching of (a) the concentrate (b) the residue of 1st stage washed with HCI (¢)
residue of 2nd stage washed with HCI ( A : without addition of sulfuric acid, /\: with addition of sulfuric acid).
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(a)1st stage
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Fig. 3. Changes of the slurry ORP during leaching of (a) the concentrate (b) the residue of 1st stage washed with HC1 (c)
residue of 2nd stage washed with HCI (A : without addition of sulfuric acid, /\: with addition of sulfuric acid).

Fig. 4. SEM images of the concentrate (a) before leaching (b) after 1 h leaching (c) after 3 h leaching (d) after 3 h leaching
and washed with HCL

Fig. 4 (a) shows SEM image of a pyrite
particle of the concentrate before leaching. Some
5 um particles of electrum conflicted with pyrite
were observed. Figs. 4 (b) and (c) show the
residue resulted after 1 and 3 h leaching,
respectively. As it is shown during leaching, a
layer is formed on the surface from oxidation of
pyrite. Point analysis by SEM/EDX characterized
this layer as iron hydroxide (Fe(OH),) that due to
its amorphous structure cannot be identified by

40

XRD. The residue was washed with hydrochloric
acid at pH<I for 15 min (S/L=1/2, 25 °C, 400
rpm) to remove the layer and filtered; then, it was
rinsed with deionized water and dried. Fig. 4 (d)
shows a pyrite particle with the removed
hydroxide cover. Destructive effect of the oxidant
(hypochlorous acid)} over the surface of pyrite
was clearly observed.

Figs. 5 (a)—(c) show images of the concentrate
in polished section after 1 h leaching. It was
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Fig. 5. SEM images of the concentrate after 1 h leaching, in polished section, (a), (b) a large particle of pyrite containing of
product layer (c) a small particle of pyrite which has been completely oxidised.
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Fig. 6. Total pcreent lcached gold during leaching of (a) the concentrate (b) the residuc of 1st stage washed with HCI (¢)
residue of 2nd stage washed with HCI ( A : without addition of sulfuric acid, /\: with addition of sulfuric acid).

observed that the large particles of pyrite contain
a layer (Figs. 5 (a) and (b)), while the particles
finer than 10 um have been oxidised completely
(Fig. 5 (c)). The thickness of the passive layer is
thinner than 5 um. This layer prevents the pyrite
oxidation, since the oxidant cannot diffuse
through the coating to reach the pyrite surface
[10].

The residue washed with hydrochloric acid
was leached again at solution containing 100 g/L
Ca(OCl), and 100 g/ NaCl for 4 h (S/L=1/5,
25°C, 600 rpm). Figs. 2 (b) and 3 (b) with black
symbols (A) show the changes of the slurry pH
and ORP during leaching, respectively. To
improve the pH and ORP condition of leaching,
initial pH was adjusted to 9 by adding sulfuric
acid which in this case changes of pH and ORP
were remarked by white symbols (A) in Figs
2(b) and 3 (b). Again residue of this stage (2nd
stage) was washed with hydrochloric acid and

leached at solution containing 50 g/L. Ca(OCl),
and 100 g/L NaCl for 3 h (8/L=1/5, 25 °C, 600
rpm), to oxidise the remained non—oxidised
pyrite particles. This stage was called as 3rd
stage. Figs. 2 (¢) and 3 (c) with black symbols
( A) show the changes of the slurry pH and ORP
for 3rd stage during leaching, respectively. Initial
pH was adjusted 6 to prepare a suitable condition
of pH and ORP for dissolution of gold. In this
case, changes of pH and ORP were remarked by
white symbols (A).

Figs. 6 (a)-(c) show the total percent leached
gold as a function of time for the three stages of
leaching mentioned above. As it is shown, the
main gold was extracted at 1st stage of leaching
(Fig. 6 (a)). After 3 h leaching, 70.2%, after next
4 h (totally 7 h), 89.3% and after next 3 h (totally
10 h), 93.7% gold was extracted. Since at each
stage, ORP of solution is more than 900 mV it
can be concluded that the product layer prevents
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Fig. 7. Effect of stirring speed on (a) pH changes (b) ORP changes (c) percent leached gold.

the progressing of gold leaching at the long time
of each stage.

Fig. 6 (a) shows the leaching process of gold at
Ist stage includes three steps. At the first 1 h, a
moderate increase in the amount of extracted
gold is observed. After that, till 2 h, gold recovery
increased significantly. Then, the leaching
progresses very slowly. Based on Fig. 6 (a), to
investigate the effects of stirring speed,
temperature and particle size on the dissolution
rate and recovery of gold, the time of leaching

xxrac calantad aac D L
wdd SCICCLICU dd £ 11,
3. 2. Effect of Stirring Speed

The effect of stirring speed on the leaching of
gold was investigated using stirring speeds of
600, 800 and 1000 rpm. Figs. 7 (a) and (b) show
the pH and ORP changes of the slurry vs. time for
these samples. The results presented in Fig. 7 (c)
show that the leaching rate of gold is independent
of the stirring speed in the range 600-1000 rpm,

which indicates the reaction is not controlled by
the diffusion in the liquid film. Therefore,
subsequent experiments were carried out at a
stirring speed of 600 rpm.

3. 3. Effect of Temperature

Figs. 8 (a) and (b) show the pH and ORP
changes of the slurry at various temperatures. At
higher temperatures, dropping of pH and rising of
ORP are sharper due to increasing in the sulfide
oxidation rate. Fig. 8 (c) shows percent recovery
of gold vs. time at different temperatures which
shows the temperature is more effective on the
leaching rate at the first 1 h. At 70 °C
hypochlorous acid is consumed quickly and ORP
drops to lower than 0.9V, this is a reason for gold
precipitation after it is dissolved. At high
temperature, it is possible that some of the
ganguc compounds react with the Icachant; thus,
the oxidant consumption increases. After 2 h,
recovery of gold at 55 °C reached to 69.8% in
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Fig. 8. Effect of temperature on (a) pH changes (b) ORP changes (c) percent leached gold.
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Fig. 9. Particle size distributions of three used concentrates for study of particle size effect.

comparison with 67.1% at 25 °C. In other words,
increasing temperature slightly increased the
gold recovery.

3. 4. Effect of Particle Size

To investigate the effect of particle size on the
leaching process, the concentrate was ground by
a low energy laboratory ball mill for 2 and 4 h
(with concentrate to ball weight ratio: 1/4). Fig. 9
compares particle size distribution of the three
concentrates used. By milling for 2 h, particles
size decreased from 90% < 37.4 pum to 90% <
26.7 um and after 4 h, to 90% < 18.2 um.

Figs. 10 (a) and (b) show the pH and ORP
changes of the slurry during leaching for the
concentrate with different particle sizes. As the

particle size decreases, pH drops faster. It means
that the oxidation of the sulfides is accelerated as
the particle size decreases. With faster dropping
of pH, ORP is raised faster. Fig. 10 (c) shows
faster rate of gold extraction for finer particle size
(90% < 18.2 pum). It may be attributed to the
higher surface to volume ratio of particles which
makes them amenable for more contact with the
leachant. After 2 h, percent recovery of gold in
the sample with smallest particle size reached to
86.3%.

4. DISCUSSION
During lcaching of concentrate in chloride—

hypochlorite solution, sulfide minerals with
pyrite being the main of them are oxidised and
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Fig. 10. Effect of particle size on (a) pH changes (b) ORP changes (c) percent leached gold.
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acid is produced. Production of acid is the reason
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101 UIUPP1115 Ul Lo Dlully 1)11. £XLU 1lLial Pll Ul 11,
hypochlorite ion is the dominant oxidant;
whereas, by decreasing pH according to reaction
(3) hypochlorous acid (more powerful oxidant)
becomes dominant.

OCI" +H" — HOC1 (3)

Therefore, it is expected that the reaction of
gold at the first 1 h is slow; thus, may be chemical
reaction controlled. With dropping of pH and
formation of hypochlorous acid, reaction rate
increased. According to the SEM images, during
the leaching reaction an outer layer of an
insoluble product was formed and its thickness
progressively increased. The oxidant must
penetrate through this layer; thus, the leaching
rate of gold at the second 1 h might be diffusion
controlled.

In hydrometallurgy, the shrinking core model
is generally applied to describe the shrinkage of
ore particles during mineral leaching reactions. In
the shrinking core model, the fraction reacted (X)

i wmnladnd o seanndenan i Y TEITLe nan Ll e . .
I5 ICLALICU 1O ITACLIOLL LT (1). YVIICIL UIC PDIOCCSS 1
controlled by chemical reaction:

t L) 3

And if it is controlled by diffusion through
product layer:

t r Y r, 3_ ) 2
_ZI_S(EJ +2(EJ =1-31-X)" +20-X)  (5)

T

Where t is the time required for the particle to
react completely, r, is the unreacted core radius
at a given time (t), R is the initial particle radius.
If each of these equations controlled the leaching
rate, there must be a linear relation between it and
time, which the line slope is called the apparent
rate constant (k). The relation between the
apparent rate constant and temperature 1is
expressed by equation (6).

k = Aexp(-E_/RT) (6)

A is the frequency factor (1/min), Ea is the

44

activation energy (J/mol), R is the universal gas
constant {8.314 J/molK) and T is the reaction
temperature (K). By plotting Ln(k) vs. I/T and
determining the line slope, (—Ea/R), Ea will be
determined. Since a diffusion—controlled process
weakly depends on temperature; thus, its
activation energy is low [11, 12].

Equations (4) and (5) cannot be applied for the
period of the second 1 h since the boundary
condition for this section is different; it starts
from t,=60 min rather than t,=0 . At this
condition, equations of chemical controlled (7)
and diffusion controlled (8) mechanisms are as
below [13]:

t-t, . 1-X ¢

T )
b=, apel=X.= FE

el 3(1—X]) rAl~-KF E-XD (®)

The mentioned equations can be used to
describe the leaching process when only one
mechanism (chemical reaction or diffusion
through the product layer) controls the entire
process. Nazemi ct al. [14] suggested to share the
mechanisms by evaluating the constants of
equations (9) and (10), is share of chemical
control and is share of diffusion control through

product layer.
For first 1 h:
t:rl[lf(le)%]+Tz[173(17X)§+2(17X)] (9)
For second 2 h:

1-

t—t, :tl[l_(l

X ! 1-X 2
N+, =3(——)' +
AR ot

I

2(1—(1—X.)|’(X—X1))] (10)

Where these constants were calculated by a least
square formula as equations (11) and (12):

b= 00 0= 1=X))+ e (=30-X) +20-X)=tT (11
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Fig. 11. Plots of (a) chemical control model at first 1 h and (b) diffusion control model at second 1 h of leaching at various
temperatures, for calculation of apparent rate constant (k).

Table 2. Data resulted from optimization of Eqs. (11) and (12) for first 1 h and second 1 h of leaching

First1h Second 1 h

Parameter T, T, R T, 1, R’
600 rpm 25°C 90% < 37.4 um 783.49 0 0.9832 0 119.31 | 0.9951
800 rpm 25°C 90% < 37.4 um 756.49 0 0.9654 0 109.14 | 0.9962
1000 rpm 25°C 90% < 37.4 pm 710.38 0 0.9671 0 103.27 | 0.9961
600 rpm 40°C 90% < 37.4 ym 479.27 0 0.9972 0 10521 | 0.9980
600 rpm 55°C 90% < 37.4 ym 338.69 0 0.9991 0 103.18 | 0.9994
600 rpm 70°C 90% < 37.4 um 13551 225.17 | 0.9938 = N —

600 rpm 25°C 90% < 26.7 um 600.04 0 0.9883 0 78.10 0.9835

600 rpm 25°C 90% < 18.2 um 388.95 0 09710 144.05 0 0.9748

1=K e
“"2“1“*@’ I+ l-3G— ¥

21-(1=-X ) (X, =X, )=(t, -t

(12)

It must be calculated values of t to obtain
minimum value of @. Calculated results using
Microsoft EXCEL have been listed in Table 2.
The data of this table indicate that the rate of
leaching process at the first 1 h is controlled by
chemical reaction and at the second 1 h, the
process is diffusion controlled. Increasing the
stirring speed had no effect on the controlling
mechanism. Increasing the temperature to 55 °C

had no effect but at 70 °C, at the first 1 h
controlling mechanism changed to mixed control
where the share of diffusion control is more than
chemical reaction control and at the second 1 h
due to the high consumption of oxidant, ORP
dropped to below 900 mV; thus, amount of Au
complex in solution was reduced. At second 1 h
with reducing the particle size to 90% < 18.2 pum,
the controlling mechanism changed from
diffusion controlled to chemical reaction
controlled, it means that for the fine particles the
effect of the product layer is eliminated and due
to the high consumption of the oxidant, the
reaction rate is reduced.

Figs. 11 (a) and (b) show plots of chemical
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Fig. 12. Plots of Ln(k) vs. 1000/T for (a) first 1 h and (b) second 1 h of leaching, for calculation of activation energy (Ea).

controlled model (Eq. (4)) and diffusion
controlled model (Eq. (8)), respectively, using
data of gold recovery vs. time. With calculating
the slope of these plots (equal to apparent rate
constant), activation energy for each mechanism
was determined. In Figs. 12 (a) and (b) the plots
of Ln (k) vs. 1000/T are presented for the first 1
h and the second 1 h of leaching, respectively. As
it is shown the activation energy for the first 1 h
of leaching is 22.68 kJ/mol and for the second 1

h is 3.93 kJ/mol.
5. CONCLUSIONS

Chloride-hypochlorite solution was applied
for gold leaching of a refractory sulfide
concentrate containing 20.45 g/t gold. Leaching
tests at different conditions of stirring speed,
temperature and particle size were performed.
The curves of gold dissolution vs. time showed
the role of particle size is more significant than
stirring speed and temperature. Experimental
data for leaching rate of gold were analyzed with
the shrinking—core model. It was concluded that
the mechanism of chemical reaction control in
the first 1 h of leaching and diffusion control in
the second 1 h are prevalent mechanisms which
control the leaching rate of gold. Apparent
activation energy was calculated 22.68 kJ/mol in
the first step and 3.93 kJ/mol in the second step
of leaching. In this system in the first step,
hypochlorite ion is the dominant oxidant species;
therefore, leaching rate of gold is chemically
controlled. With decreasing of pH (resulted from
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production of acid during oxidation of sulfide)
hypochlorite ion is changed to hypochlorous acid
which is a stronger oxidant. In the second step,
formation of Fe(OH), as oxidation product of
pyrite around the particles (where gold occurs
finely disseminated inside them) decreases the
leaching rate of gold.
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