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Treatment of copper-rich gold ore by cyanide leaching,
ammonia pretreatment and ammoniacal cyanide leaching
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Abstract: The treatment of a copper sulphide-bearing gold ore by direct cyanide leaching, ammonia pretreatment and ammoniacal
cyanide leaching was investigated. Dissolution behaviour of gold and copper in these leaching systems was demonstrated. Severe
interference by the copper containing sulphides with cyanide leaching of gold is observed at p(NaCN)<5 g/L. This is consistent with
speciation calculations. Ammonia pretreatment is shown to readily eliminate the copper interference, allowing almost complete
extraction of gold with concomitantly low reagent consumption in subsequent cyanide leaching. In ammoniacal cyanide system,
Box-Behnken experimental design shows the main and interaction effects of NH3;, NaCN and Pb(NOj),. The concentrations of NHj
and NaCN are statistically confirmed to be significant factors affecting extraction of gold while the effect of Pb(NO;), is limited.
Increasing the concentration of NH; improves the selectivity and extent of gold extraction and reduces the cyanide consumption. The
contribution of reagent interactions to gold extraction is statistically insignificant. These findings highlight that ammonia
pretreatment and ammonia—cyanide leaching are promising approaches for the treatment of gold ores with high copper sulphide
content.
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higher (up to 51.5 kg/t for every 1% of copper contained)

1 Introduction

Cyanide with its competency to form a strong
complex with gold, is the most preferable reagent for
leaching of gold from ores. Cyanide leaching is not
inherently a selective process since many other
metals/minerals present in the ore are also readily soluble
under cyanide leaching conditions [1]. In this regard,
most copper minerals are highly soluble in cyanide
solutions (Table 1) although chalcopyrite and tetrahedrite
are relatively stable. The presence of these soluble
minerals may interfere with cyanide leaching and
downstream processes for gold recovery [3—5].

The detrimental effect of copper is associated with
the excessive consumption of cyanide (Egs. (1)—(5))
through the formation of highly stable copper cyanide
complexes leading to poor gold extractions when
sufficient level of cyanide is not provided [6,7]. MUIR [4]
reported that every 1% reactive copper present in the ore
consumes 30 kg/t NaCN, which adversely affects the
process economics. Cyanide consumption can be even

due to the formation of thiocyanate (Egs. (3) and (5)) and
cyanate (Eq. (4)) in addition to copper cyanide
complexes when copper sulphides such as covellite are
present [3].

Cu*+2CN —Cu(CN), (1)
Cu,O+6CN +H,0—2Cu(CN);* +20H" )

Cu28+7CN’+% 0,+H,0—2Cu(CN);> +20H +CNS

(3)
2CuO+7CN +H,0—2Cu(CN);> +20H +CNO )

2CuS+8CN’+% 0,2+H,0—2Cu(CN);> +20H +2CNS™

®)

MUIR et al [8] pointed out that 0.5% Cu is often
considered the threshold for cyanide leaching of gold
ores. Development of alternative processes to cyanide
leaching is, therefore, required for the treatment of
copper-rich gold ores. In this regard, flotation [9,10],
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alternative lixiviant systems such as thiosulphate or
ammoniacal cyanide [11,12], leaching of copper prior to
cyanidation [2,6,8], cyanide recovery from effluents (e.g.
SART process) [5], preaeration prior to cyanidation
[6,13,14], and addition of lead nitrate [14,15] have been
tested for the treatment of copper-rich gold ores.

Table 1 Solubility of copper minerals in 0.1% NaCN solution
[1.2]

w(Cu) dissolved/%

Mineral Formula

23°C 45°C
Azurite 2Cu(CO);-Cu(OH), 94.5 100.0
Malachite 2CuCO3(OH), 90.2 100.0
Chalcocite Cu,S 90.2 100.0

Covellite CuS - -
Native copper Cu 90 100.0
Cuprite Cu,0 85.5 100.0
Bornite FeS-2Cu,S-CuS 70 100.0

Chalcopyrite CuFeS, 5.6 8.2
Tetrahedrite  (Cu,Fe,Ag,Zn),,Sb,S:3 21.9 437

Sulphide ion (S*) that is released from sulphide
phases including copper sulphides present in the ore can
also lead to the passivation of gold surface in addition to
its consumption of cyanide and oxygen [1]. Pre-aeration
of ore prior to cyanidation and/or addition of lead nitrate
can be beneficial for mitigating problems associated with
sulphide minerals during cyanidation of gold [13,14,16].

Preleaching of ore can be undertaken to remove
reactive copper minerals prior to cyanide leaching of
gold. SCERESINI and STAUNTON [17] proposed the
removal of copper by cyanide leaching without aeration
prior to gold extraction and then adsorption of copper on
activated carbon. Ammonia and sulphuric acid are often
regarded as suitable leaching systems for preleaching of
copper from gold ores [6,8,18—20]. Compared with acid
leaching, ammonia leaching has the merits of high
selectivity over gang minerals, low corrosivity and
application in alkaline conditions [8]. MUIR et al [8]
demonstrated the removal of copper (up to 95%) from an
oxidised tailings via ammonia leaching, which resulted
in a substantially reduced reagent consumption (from 30
kg/t to 6 kg/t NaCN) in the subsequent cyanide leaching.
Despite its potential benefits for cyanide leaching,
downstream gold recovery and effluent treatment,
ammonia leaching of copper ahead of cyanidation of
gold have received very limited interest [7,8].

Having been firstly proposed and patented by
HUNT [21], ammonia can be used as a modifying agent
in cyanide leaching to mitigate the copper interference,

allowing substantial reduction in cyanide consumption
(by up to 90%) and selective leaching of gold with only
limited dissolution of copper [3,4,22,23]. Ammoniacal
cyanide leaching was successfully demonstrated for
oxidised ores/tailings with selective extraction of
70%—90% Au [8,18,19,22,24]. However, MUIR [4]
noted that copper sulphide bearing gold ores yielded
poor gold extraction and demanded high reagent dosages
for their treatment. MUIR et al [8] reported that the
ammoniacal cyanide leaching was an effective system
for the recovery of gold from a copper-rich tailings
(1.2% Cu, 5 g/t Au). They noted that the cyanide
consumption was substantially reduced from 30 kg/t (in
the absence of ammonia) to only 1.6 kg/t NaCN (and
1.1 kg/t NH; in the presence of 0.3 kg/t Cu®"). The
beneficial effect of ammonia was attributed to the
stabilization of Cu®*" (Eq. (6)) as Cu(NH;),*", which also
acted as oxidant [4,24]. The selectivity of ammoniacal
cyanide leaching for gold appeared to be linked with the
precipitation of copper presumably as Cuz(NH;);(CN),
[23,25]. pH is an important parameter controlling free
NHj; and leaching of gold and copper, which tends to be
enhanced with increasing pH [24]. The optimum pH was
reported to lie between 10.5 and 11.5 with the gold
extraction being more selective at low pH values [3].
DESCHENES et al [14] also pointed out the importance
of dissolved oxygen (DO,) concentration in ammoniacal
cyanide leaching of gold from a synthetic copper bearing
ore containing djurleite and bornite. They observed that
the extraction of gold improved with increasing DO,
concentration from 8 mg/L to 20 mg/L.

Cu?"+4NH;—Cu(NH;),*" (6)

It can be inferred from these earlier studies that the
chemistry of ammoniacal cyanide leaching is rather
complex with intimate interactions among the species of
ammonia, copper and cyanide. The presence of copper as
sulphides increases the complexity of the system.
Therefore, ammoniacal cyanide leaching of a copper
sulphide-rich, high grade gold ore was investigated using
Box-Behnken experimental design to demonstrate the
significance of main and interaction effects of
concentrations of NH;, NaCN and Pb(NOs), on the
extraction of gold and copper, selectivity and cyanide
consumption. The addition of Pb(NOs), into ammoniacal
cyanide leaching was also tested to reduce the adverse
effect of S* since copper is present predominantly as
sulphides in the ore. In addition, ammonia leaching as a
pretreament process ahead of cyanidation was examined.
Meanwhile, direct cyanide leaching of gold at elevated
levels of cyanide was carried out for comparison. The
findings were analysed and discussed based on the
theoretical evaluation of the experimental data.
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2 Experimental

2.1 Ore Sample

The ore sample was obtained from the sulphide-rich
zones of Mastra Gold Deposit located in Gilimiishane,
Turkey. The sample was reduced in size to <4 mm by
using laboratory type jaw and roll crushers. The crushed
ore sample was then rod-milled to 80% passing 75 um
(pso) and then riffled to 120 g portions prior to use in
experiments [6,26].

Chemical analysis of the ore sample (Table 2) using
XRF for whole rock, ICP-MS for trace elements and
AAS for Au, Ag and Cu after digestion with hot aqua
regia containing HF and HCIO, has shown that the
sample is rich in gold and copper with its content of 56
g/t Au and 1.1% Cu. The ore sample consists
predominantly of quartz (85% SiO,) and, to a small
extent, sulphide minerals (3.14% S in total) (Fig. 1, Table
2). SEM studies were also undertaken on the ore sample
and the flotation concentrate produced from the ore.
Accordingly, copper was identified to be present as
sulphides including chalcopyrite, covellite and chalcocite
in the ore (Figs. 1 and 2). Pyrite and sphalerite were also
observed as the other sulphide phases (Fig. 2). High
copper content renders the ore refractory in character due
to the low gold extraction in direct cyanidation (1.5 g/L
NaCN) [6,12].

Table 2 Chemical and mineralogical compositions of ore and
bulk concentrate samples

w(Si0,)/  w(Fe,03)/ w(Al,03)/ w(CaO)/ w(Ba)/ w(Sial)/

% % % % % %
85 3.90 2.76 007 113  3.14
w(Au)  w(Ag)  w(Cu)  wPb) w(Zn) wNi)
g/t gt % % % %
56 10 1.10 0.19 036  0.08

Quartz as the main phase; Chalcopyrite, covellite and chalcocite as copper
sulphides; Pyrite and sphalerite as other sulphides.

= —(Quartz
4 —Pyrite

Fig. 1 XRD profile of copper-rich gold ore sample

ntified by SEM
analysis of flotation concentrate produced from ore for

Fig. 2 Sulphides of copper and other metals ide
mineralogical analysis

2.2 Leaching tests

Leaching tests were conducted in baffled glass
reactors (1000 mL in nominal capacity) into which leach
solutions (480 mL) and the ore (120 g, 25%, mass
fraction) were added. Leach solutions were prepared
using deionised-distilled water at the prescribed
concentration of reagents. In direct cyanide leaching tests,
the effect of cyanide concentration in the range of
1.5-7.5 g/L NaCN was studied. In the ammoniacal
cyanide leaching tests, main and interaction effects of
concentrations of sodium cyanide (0.5-2.5 g/L NaCN),
ammonia (0—2 mol/L NHj3) and lead nitrate (0—1000 g/t
(Pb(NOs3),) were examined. Ammonia leaching for the
removal of copper was performed at 1 mol/L NH; and
the cyanide leaching of the residue was carried out at
1.5 g/L NaCN. The reactors were agitated by overhead
stirrers at a constant stirring speed of 600 r/min. Air was
supplied to the reactors at a flow rate of 2 L/min. The top
of the beakers was kept covered during the experiments
and pH was controlled at 10.5-11.0 in cyanide leaching
and at 10—10.5 in ammonia leaching by the addition of
1 mol/L NaOH. The reactors were sampled at
predetermined intervals and the samples were
centrifuged to obtain clear supernatants for analysis of
free cyanide and/or metals. The concentration of free
cyanide was determined by titration with silver nitrate
using p-dimethylamino-benzal-rhodanine (0.02% in
acetone, mass fraction) as the indicator. It is pertinent to
note that the titration method used herein overestimates
free cyanide level as copper cyanides also contributes
somewhat to the measured concentration [27]. In
addition to cyanide, the concentration of dissolved
oxygen (DO,) was also monitored using a Lovibond
0xi200 oxygen meter during the leaching tests.

On the termination of leaching tests after 24 h,
residues were collected by filtration and then dried in an
oven at 105 °C. Dried residues were digested in hot
aqua-regia for analysis of metals (gold, silver and copper
using an atomic absorption spectrometer (Perkin Elmer
AAnalyst 400). Metal extraction was calculated based on
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the amount of metal remained undissolved in the
residue.

2.3 Experimental design

Response surface methodology is one of the most
preferred techniques to determine the contribution of
several independent variables on the response. A Box-
Behnken design (BBD), which has three levels (-1, 0, 1,
where 0 corresponds to center level) with equally spaced
intervals, is a kind of statistical technique in response
surface methodology [28]. In the current work, the
experiments were designed by using Box-Behnken
approach to investigate the effects of concentration of
sodium cyanide (0.5-2.5 mol/L NaCN), ammonia
(0—2 mol/L NHj3) and lead nitrate (0—1000 g/t Pb(NO3),)
on the extraction of gold. The range of concentration of
sodium cyanide was determined according to the
preliminary tests. Table 3 gives the experimental design
layout with coded/actual levels of the factors.

After deriving a regression model using the results
(e.g., Au extraction at 24 h) as a response, analysis of
variance (ANOVA) was performed to evaluate the
statistical significance of the model and parameters
where P-values were used for the significance test.
Simply, a P-value of <0.05 suggested the rejection of the
null hypothesis, i.e., the significance of a parameter/term,
at a confidence level of 95% (0=0.05) [28,29]. To
perform statistical evaluation of the experimental data
and construction of response surface plots, DESIGN-
EXPERT and MINITAB softwares were used.

3 Results and discussion

3.1 Effect of NaCN

cyanidation of gold

Previous studies have reported consistently low
gold extractions (<12%Au) from the ore in direct
cyanide leaching at 1.5 g/ NaCN [6,7,12]. These studies
indicated that low gold extractions are linked with high
copper content of the ore, i.e., excessively high
consumption of cyanide. Theoretical analysis of the
leaching system through speciation calculations was
performed as shown in Fig. 3, which illustrates the
speciation of copper (assuming complete dissolution of
copper from the ore) as a function of cyanide
concentration covering the experimental conditions.
Copper would be completely soluble only at
¢(CN)1>100 mmol/L, i.e., w(NaCN)>19.6 kg/t and free
CN™ would be available at ¢(CN )t>125 mmol/L, i.e.,
w(NaCN)r>24.5 kg/t (p(NaCN)>6.13 g/L. NaCN).
However, in the leaching of ore, much higher levels of
cyanide is required in the view of the consumption of
cyanide by other metals, sulphide minerals via the
formation of thiocyanate (Egs. (3) and (5)), reduction of
Cu*" (released from Cu*'-sulphides), catalytic oxidation
of cyanide by air in the presence of Cu’" and
HCN via aeration/acidification

concentration on direct

volatilisation  as

[3,22,30].
Accordingly, the effect of high concentrations of

cyanide (1.5-7.5 g/L NaCN) on the extraction of gold

Table 3 Experimental design layout with actual and coded levels of factors

Experimental No p(NaCN)/(gL™)  ¢(NH;)/(mol'L™)  w(Pb(NO;),)/(gt) Coded level
aCN NH; Pb(NO3),
1 0.5 0 500 -1 -1 0
2 2.5 0 500 1 -1 0
3 0.5 2 500 -1 1 0
4 2.5 2 500 1 1 0
5 0.5 1 0 -1 0 .
6 2.5 1 0 . 0 »
7 0.5 1 1000 -1 0 |
8 25 1 1000 . 0 1
9 1.5 0 0 0 1 .
10 L5 2 0 : | L
11 1.5 0 1000 0 . .
12 1.5 2 1000 0 1 1
13 1.5 1 500 0 0 0
14 1.5 1 500 0 0 0
15 1.5 1 500 0 0 0
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Cu(CNY

0.6 Cu(CN);-

Fraction

041

0.2

0 50 100 150 200 250 300

¢[CN7]/(mmol-L™)
Fig. 3 Speciation of copper(I) depending on concentration of
total cyanide (c(Cu)=43.3 mmol/L, 25 °C and pH 10.5) [35]

was tested. Figure 4 illustrates that the extraction of gold
substantially improves with increasing the concentration
of NaCN from 1.5 to 7.5 g/L. Consistent with the
speciation calculations, high gold extractions (>88% Au)
are possible only at the initial cyanide concentrations of
p(NaCN)>4 g/ at which the total addition of cyanide
amounted to w(NaCN)>48.2 kg/t. Over 97% extraction
of gold is achieved by maintaining an initial cyanide
level of p(NaCN)>5 g/L. These findings suggest that the
interference of copper sulphides with gold leaching is
alleviated by increasing the concentration of NaCN. In
addition to their excessive cyanide consumption, the
adverse effect of copper sulphides on gold extraction
could be also attributed to their consumption of oxygen
(Egs. (3) and (5)), the passivating effect of sulphide ion
released from them on gold and their pregrobbing
characteristics [3,31]. It has been reported that a molar
ratio of cyanide to copper of >4 is often required to
achieve an acceptable extraction of gold [1,3,8].

During the initial two hours of leaching, a minimal
extraction of gold is observed to occur at all the
concentrations of cyanide tested (Fig. 4). On the other
hand, the dissolution of copper occurs most rapidly and
extensively at the onset (within an hour) of the leaching
process (Fig. 5). Thereafter, it remarkably slows down as
the leaching process progresses. Increasing the
concentration of cyanide improves the leaching of copper
with the highest dissolution of 78.5% Cu at 7.5 g/L
NaCN. The dissolution behaviour of copper is apparently
linked with ore mineralogy, i.e., copper sulphides (Fig. 2).
In this regard, the initial rapid dissolution of copper can
be attributed to the presence of more readily soluble
copper phases (Cu,S) (Table 1). Similarly, the slow rate
of dissolution of copper after these initial periods of fast
leaching is apparently linked with the copper phases such
as chalcopyrite recalcitrant to cyanide leaching. These
findings indicate that the dissolution of copper is faster

than gold and, in other words, copper appears to protract
the release of gold. This in turn suggests the selective
dissolution of copper over gold.

100

80}

601

40}

Extraction of Au/%

o 4 § 12 16 20 24
Time/h

Fig. 4 Effect of NaCN concentration on extraction of gold from
ore

100

—15gL
—25g/L

Extraction of Cu/%

0 4 8§ 12 16 20 24
Time/h
Fig. 5 Effect of NaCN concentration on dissolution of copper
from ore

3.2 Ammonia pretreatment

Figure 6 illustrates that the pretreatment by
ammonia leaching renders the ore amenable to high
extraction of gold even at low levels of cyanide (1.5 g/L
NaCN). In effect, the extraction of gold from the ore
substantially improves from 6.7% to 99.8% after the
ammonia pretreatment. This improvement appears to be
linked with the elimination of copper interference by
ammonia leaching. Over 24 h, 73% of copper is leached
from the ore in this pretreatment stage. The remaining
copper could be associated with chalcopyrite present in
the ore. MUIR et al [8] reported that copper dissolution
from sulphides slow process
(Egs. (7)—(9)) with relatively low copper extractions at
low temperatures. They also reported that chalcopyrite is
less reactive than chalcocite in ammonia as well as in
cyanide solutions. It can be inferred that ammonia
leaching as pretreatment allows the removal of reactive

in ammonia is a
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60 4— Direct cyanide leaching (Au)

n— Cyanide leaching after NH,
pretreatment (Au)

o— NH; pretreatment (Cu)

a— Direct cyanide leaching (Cu)

o— NH, pretreatment (Au)

40

Extraction of Au, Cu/%

20

4 8 12 16 20 24
Time/h

Fig. 6 Effect of ammonia leaching (1 mol/L NH;, pH 10.0—-10.5)
as pretreatment on cyanide leaching of gold (1.5 g/L NaCN, pH
10.5-11.0)

copper from ore.

2Cu,S+0,+8NH;+2H,0—2CuS+2[Cu(NH;), > +40H"

@)

CuS+20,+4NH;—[Cu(NH;), " +S0,> (8)
4CuFeS,+170,+24NH;+4H,0—

4[Cu(NH;),]*'+2Fe,05+8S0,” +8NH," 9)

The removal of copper from the ore by ammonia
leaching is also observed to culminate in a substantial
reduction from 3.06 to 0.076 kg/t per 1% Au extraction
in cyanide consumption. MUIR et al [8] reported 90%
extraction of gold from Telfer tailings containing 1.15%
Cu as oxides and sulphides at the expense of excessively
high consumption of cyanide (30 kg/t). After ammonia
pretreatment of the tailings with 0.3 mol/L NH; + 0.1
mol/L NH,", which resulted in a copper extraction of
82%, they found 80% gold extraction in subsequent
cyanide leaching at a NaCN consumption of 6 kg/t. High
gold extractions coupled with considerably reduced
levels of cyanide consumption suggest that ammonia
leaching as a pretreatment process prior to cyanidation
can be suitably used for copper-bearing refractory gold
ores.

In ammonia leaching, pH and free NH;
concentration are important parameters controlling the
dissolution process in which Cu(NH;),*" is stable at pH
7.9-10.6 (optimum pH 9.3) under the conditions tested
in the current work (Fig. 7). Considering the dependence
of leaching of sulphides on free NH; concentration
(Egs. (7)—(9)), pH should be also controlled at 9.3—10.5
to maintain high concentrations of free NH; in solution
and to prevent the precipitation of copper at pH>10.5
(Fig. 7). It was reported that there is a critical level of
free NH; concentration below which copper leaching
does not occur [8]. EK et al [32] demonstrated that the
ammonia leaching of copper sulphides such as bornite

and chalcocite is slowed down by the formation of a
copper oxide in connection with the release of OH (e.g.,
Eq. (7)), i.e., the increase in pH beyond the stability
region of Cu(NH;),*". They suggested addition of an
ammonium salt to control pH. In the current work, the
speciation calculations [33] suggest that the critical
concentration of NHj is 0.44 mol/L, indicating that the
dissolution of copper is not limited by the availability of
NHj; in the leaching test.

1.0 CuO(cr) CuO(cr)
0.8
= 0.6
2
2 , .
= 04} [Cu(NH;),0H]
02+ [Cu(NH,),]*
0 b= -
6 7 8 9 10 11 12
pH

Fig. 7 pH-dependent stability of copper species in ammonia
solution under experimental conditions (1 mol/L NH; and 1.1%
Cu in ore at 25% pulp density) [33]

3.3 Ammoniacal cyanide leaching

Ammoniacal cyanide leaching has been proposed
for the treatment of gold ores that contain reactive copper
in appreciable quantities [4,5,8,34]. Compared with the
traditional cyanide leaching, ammonia cyanide system
allows selective leaching of gold from copper-gold ores
with remarkably reduced consumption of cyanide [18]. It
is a rather complex system intimately controlled by the
reagent interactions within the system [3]. Therefore,
based on the preliminary studies [6,12], leaching tests
were designed using Box-Behnken design to evaluate
main and interaction effects of concentrations of NaCN,
NH; and Pb(NOj), on the selective extraction of gold
and consumption of NaCN. Table 4 shows gold and
copper extractions as well as NaCN consumption (kg/t
per 1% Au) over 24 h. Figure 8 is also presented to
illustrate the time-dependent leaching profile for gold
under the influence of increasing concentrations of
NaCN and NH;.

Using the results for the extraction of gold (24 h) as
the response (Y), a second order regression model with a
coefficient of multiple determinations of (R*) 96%
(Eq. (10)) was established. Using Eq. (10), an unknown
response (Y) can be calculated at any coded level of
concentrations of NaCN (4), NH; (B) and Pb(NOs), (C).
Based on the model, the response surface plots for main
and interaction effects of two parameters at a fixed level
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Table 4 Metal extractions and consumption of NaCN over 24 h of leaching under different conditions

603

Exp. p(Na(EIl\I)/ c(NH{){ w(Pb(I\{?3)2)/ Extraction Dissolution Se 1ectivity* NaCN consumpti(;n
No. (gL) (mol-L ) (gt)) of Au/% of Cu/% (per 1% Au)/(kg't )
1 0.5 0 500 6.3 15.32 0.41 0.32
2 2.5 0 500 29.7 32.64 0.91 1.42
3 0.5 2 500 57.2 27.84 2.05 0.22
4 25 2 500 86.7 49.63 1.75 0.41
5 0.5 1 0 26.0 20.3 1.28 0.08
6 2.5 1 0 375 25.34 1.48 0.85
7 0.5 1 1000 233 19.12 1.22 0.12
8 2.5 1 1000 37.6 24.12 1.56 0.98
9 1.5 0 0 6.7 26.7 0.25 3.96
10 1.5 2 0 67.3 40.64 1.66 0.32
11 1.5 0 1000 9.0 31.42 0.29 227
12 1.5 2 1000 28.4 35.7 0.80 1.00
13-15 1.5 1 500 19.5£0.8 29.8+0.8 0.65+0.03 1.15£0.15

* Selectivity is defined as the ratio of extraction of Au to extraction of Cu.

100
(a)
80F
e
=
< 60t
[=]
[-]
5
5 40t
&
(24
20k *—0.5 g/L NaCN
*—2.5 g/L NaCN
48 12 16 20 24
Time/h
(b)
60F
=
S
<
5 40}
=
S
g
u% 20k *—0 mol/L NH;
=—72 mol/L NH;
0 4 8 12 16 20 24
Time/h

Fig. 8 Leaching kinetics showing effects of concentrations of
NaCN and NH;: (a) 2 mol/L NH3, 500 g/t Pb(NOs),; (b) 0.5 g/L
NaCN, 500 g/t Pb(NO;),

of third parameter were generated as shown in Fig. 9.

Y=19.5+9.84+23.5B—4.9C+1.54B+0.74C-

10.3BC+14.384°+11.1B°-2.75C> (10)

To determine the linear/quadratic/interaction effects
of parameters on the response (i.e., extraction of gold at
24 h), the analysis of variance (ANOVA) was used
(Table 5). The regression model is determined to be
statistically significant at a confidence interval of 0=0.05.
Linear (main) and square (quadratic) effects are also
found to be statistically important at the same confidence
interval with their contributions of 73% and 16.5%,
respectively to the response (gold extraction). On the
other hand, the contribution of interactions is statistically
insignificant (Table 5). Statistical significance of the
model terms, i.e., the effects of linear and quadratic
terms, is also tested (Table 6). Accordingly, the effects of
concentrations of NaCN and NH; on the extraction of
gold are confirmed to be statistically significant at 95%
confidence level (a¢=0.05) whilst the effect of
concentration of Pb(NO;), is insignificant. The P-values
for all the interaction terms (Table 6) are high (>0.05),
suggesting their insignificance, consistent with the
results in Table 5.

The coefficients of linear and quadratic terms in the
model (Table 6) also reflect the mode and magnitude of
the effect of factors on the gold extraction. Accordingly,
NaCN and NHj have a positive influence on the gold
extraction, which tends to improve with increasing their
concentrations, and NH; has a stronger effect than NaCN
(Table 4, Fig. 9). In fact, the maximum gold extraction
(86.7%) is achieved at the highest concentration of
NaCN and NHj;. Based on these findings, further studies
by the authors (unpublished data) suggest that gold
extraction can be further improved to >97% by further



604

A. D. BAS, et al/Trans. Nonferrous Met. Soc. China 25(2015) 597-607

Extraction of Au/%

Extraction of Au/%

0

0
)

Table 5 Analysis of variance (ANOVA) of regression model

Extraction of A%

Fig. 9 Surface plots showing effects of factors:

(@) p(NaCN)—c¢(NH3); (b) p(NaCN)-w(Pb(NO;),);
(¢) c(NH3)~w(Pb(NO3),)

Source Degree of freedom Sum of squares Adjusted mean square P-value Contribution/%
Regression 9 7029.68 781.08 0.007

Linear 3 5379.59 1793.20 0.002 73.05

Square 3 1214.17 404.82 0.041 16.49
Interaction 3 435.62 145.21 0.210 5.92

Residual error 5 334.89 66.98 4.55
Total 14 7364.57 100.0
Table 6 Regression coefficients and statistical significance test

of model terms

Term coeaent Pl
Constant 19.4667 0.009
p(NaCN) 9.8375 0.019
c¢(NH3) 23.4875 0.000
w(Pb(NO3),) —4.9000 0.151
p(NaCN)xp(NaCN) 14.3792 0.020
c(NH3)*c(NH3) 11.1292 0.047
Ww(Pb(NO3),)xw(Pb(NO3),) —2.7458 0.548
p(NaCN)xp(NH3) 1.5250 0.725
p(NaCN)xc(Pb(NOs),) 0.7000 0.871
c¢(NH3)xw(Pb(NO3),) —10.3000 0.053

increasing the concentration of NH; (3—4 mol/L). MUIR
et al [25] also reported that, at a fixed ¢c(NH;)/c(NaCN)
ratio, increasing the concentrations of NH; and NaCN
resulted in an increase in the extraction of copper and
gold, but the latter arrived at a maximum prior to a

reverse trend of decline at w(NaCN)=1.5-1.7 kg/t.
Furthermore, these investigators recorded no

improvement in gold extraction at w(NH3;)>2.25 kg/t
despite a significant increase in the dissolution of copper.
The interaction between the concentrations of NH;

and Pb(NOs;), was detected by the statistical analysis to
be significant only at 90% confidence level (Table 6). It
is interesting to note that an adverse effect of increasing
concentration of Pb(NOs), on the extraction of gold was
observed at high concentration of NH; despite its
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negligible influence at low NHj level. An earlier study
on the ore showed that the addition of Pb(NOs), (up to
1000 kg/t) had no beneficial effect on gold extraction (in
the absence of NH3) despite the reduction (by up to 19%)
in cyanide consumption [7]. In cyanide leaching, the
adverse effect of Pb(NOj3), could be attributed to the
formation of PbS or Pb(OH), layer on gold surface
[14,35]. In contrast to the current findings, SCERESINI
[3] and DESCHENES et al [14] reported the enhancing
effect of Pb(NOs), on ammoniacal cyanide leaching of
gold from a copper-gold ore and a gold ore in the
presence of bornite.

The evaluation of the experimental data using
dissolution of copper as the response shows that
increasing the concentration of NaCN and NH; has a
positive synergistic effect on the dissolution of copper
similar to the results for gold extraction (Fig. 9) with
almost equal magnitudes for linear (main) terms. No
significant linear/quadratic/interaction effect is detected
for Pb(NO;),. In this work, a selectivity index was
defined using the extractions of Au and Cu, i.e., Au/Cu
ratio (Table 4) and the experimental data were further
evaluated based on these selectivity values. It is
statistically corroborated that the selectivity of gold
extraction increases linearly with increasing the
concentration of NHj, i.e., the dissolution of copper is
suppressed. The selectivity of gold leaching in
ammoniacal cyanide leaching is ascribed to the
precipitation of copper presumably as Cus(NH3);(CN),
[23,25]. DAWSON et al [23] demonstrated that the
dissolution of copper from metallic copper, chalcopyrite
and chalcocite in ammoniacal cyanide solutions occurs
and the copper concentration in solution reaches a
maximum with the formation of a dark coloured
precipitate as leaching progresses.

Furthermore, increasing the concentration of NHj is
shown to consistently reduce the consumption of NaCN
(Table 4). MUIR et al [8] provided data for comparison
of cyanide and ammoniacal cyanide leaching of six
different oxidized copper-gold ores, revealing a
substantial reduction (by up to 95%) in cyanide
consumption by the addition of NHj;. The current
findings (Table 4) also show up to 92% decrease in
cyanide consumption per 1% of gold extraction. It is
interesting to note that the addition of Pb(NO3), leads to
an increase in NaCN consumption when NHj is present
in the system whilst it results in a decrease in NaCN
consumption in the absence of NHj; (Table 4).

4 Conclusions

1) The treatment of a high grade gold ore with a
high copper content by cyanide leaching, ammonia

leaching as a pretreatment prior to cyanide leaching and
ammoniacal cyanide leaching is demonstrated. Cyanide
leaching tests show strong interference effect of the
contained copper sulphides with leaching of gold.
Copper interference appears to be linked with readier
dissolution of reactive copper sulphides than gold and,
hence, depletion of cyanide available by copper.
Consistent with the speciation calculations, the
maintenance of prohibitively high levels of cyanide
(=5 g/L NaCN) is required for achieving high extractions
(>97%) for gold at the expense of dissolution of up to
79% copper. Pretreatment of the ore by ammonia
leaching is found to remove reactive copper (73%),
leading to ready extraction of gold (99.8%) in subsequent
cyanide leaching even at low cyanide levels (1.5 g/L
NaCN).

2) Ammoniacal cyanide leaching is shown to
suppress the dissolution of copper and significantly
enhance the leaching of gold with a reduced
consumption of cyanide. Notwithstanding this, the
highest gold extraction is determined to be 86.7%, which
is relatively low compared with that after ammonia
treatment.

3) The statistical analysis of data has verified that
the concentration of NH; is the most influential factor
controlling selectivity and extent of gold extraction.
Cyanide consumption and gold extraction tend to
improve with increasing the concentration of NH;. The
effect of addition of Pb(NO;), on gold extraction is
statistically confirmed to be insignificant. However, the
addition of Pb(NO;), increases NaCN consumption in
the presence of NH; whilst a reverse trend is observed in
the absence of NH;.
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