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Anahtar Sozciikler:
Altin,

Bakirl altin cevherleri,
Siyandr ligi,

Asit on islemi,

ok ince 6gtitme,
Refrakter altin cevheri.

The production of gold from refractory gold ores has been increasing due to the exhaustion of free
milling gold ores. The presence of cyanicides (e.g., copper minerals) and encapsulation of gold
in minerals such as pyrite and arsenopyrite are common reasons for refractoriness of gold ores.
In this study, the amenability of a copper-rich gold ore (108 g/t Au, 1.60% Cu) to cyanide leaching
was investigated. Direct cyanide leaching of the ore showed that the gold extraction was very low
by 18.4% over 24 h., indicating that the ore is highly refractory. Sulphuric acid pretreatment for
the removal of acid-soluble copper was found to be not effective to achieve high gold extractions
at the subsequent cyanide leaching. Leaching at high NaCN concentrations (1-8 g/L) yielded
limited Au extractions of <47.2%. Ultra-fine grinding (UFG) (d,: 8-73 pm) as a pretreatment route
followed by cyanide leaching also could provide Au recoveries of just below 54.1%. The findings
showed that the ore is double-refractory and needs the employment of more effective pretreatment
process(es) to achieve acceptable gold extractions (>90%) in subsequent cyanidation stage.
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Serbest altin igeren cevherlerin giderek tilkkenmesi nedeniyle refrakter altin cevherlerinden altin
uretimi artmaktadir. Siyanir tiketen minerallerin (bakir mineralleri gibi) varligi ve altinin pirit ve
arsenopirit gibi mineraller icerisinde kapanim halinde bulunmasi altin cevherlerindeki refrakterligin
yaygin nedenleri arasinda yer almaktadir. Bu calismada, bakirca zengin bir altin cevherinin
(108 g/t Au, %1,60 Cu) siyan(r ligine uygunlugu arastiriimistir. Siyantir liginde elde edilen dustk
(%18,4) altin kazanimi, cevherin yliksek derecede refrakter bir cevher oldugunu gdstermektedir.
Silfurik asit on islemi ile asitte ¢ozlinen bakirin uzaklastiriimasi, takip eden siyanlr liginde
yiksek altin kazanimlarina ulasiimasinda etkili olmamistir. Yiksek NaCN konsantrasyonlarinda
(1-8 g/L) yapilan testlerde, sinirli altin kazanimlari (<%47,2) elde edilmistir. Siyanr licinden 6nce
on iglem olarak uygulanan gok ince 6giitme (dy;: 8-73 um) sonrasi altin kazanimlari %54,1'in
altinda kalmistir. Elde edilen sonuglar cevherin cift yonlii refrakter bir cevher oldugunu ve siyaniir
lici asamasinda kabul edilebilir (>%90) altin kazanimlarina ulasmak igin daha etkili 6n islem(ler)in
uygulanmasinin gerekli oldugunu gostermistir.
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INTRODUCTION

Following the rapid diminution of free milling
gold ores, the production of gold from refractory
ores has been receiving more attention across
the globe. Ores are described as refractory
when they are not essentially amenable to direct
cyanidation i.e., low gold recoveries (<80%)
under typical cyanide leaching conditions
(Celep, 2015; Marsden and House, 2006).
Several factors have been discussed broadly
as the cause of refractoriness. Carbonaceous
matter (i.e. inorganic and/or organic carbon)
present in the ore is one of a common cause
of low gold recovery because it easily adsorbs
gold in solution and leads to “preg-robbing”
phenomenon. Encapsulation of gold in sulphide
(commonly pyrite and arsenopyrite) and/or non-
sulphide gangue minerals appears to be the
most prevalent factor of refractoriness (Habashi,
1999; Marsden and House, 2006). The existence
of excessive cyanide- and oxygen-consuming
phases (e.g., reactive copper minerals,
pyrrhotite) may also severely interfere with the
cyanide leaching of gold. Moreover, gold ores

in which gold occur as alloys electrum, AuTe,,
AuSb, etc. can exhibit refractory behaviour due
to the remarkably slow (or even no) dissolution
of such gold alloys in cyanide solutions (Celep,
2015; Chryssoulis and McMullen, 2016).

In recent years, copper-rich gold ores have
attracted particular interest and hence the
production of gold from copper-rich gold ores has
been increasing (Sceresini and Breuer, 2016).
As of 2009, above 20% of the total world’s Au
production was from Cu-Au ores (Fleming et al.,
2011). Porphyry copper deposits are essentially
one of the basic types of the mineral body
containing gold. The typical gold and copper
grades in these deposits are 0.2-2 g/t and 0.2-
1%, respectively (Kesler et al., 2002; Sinclair,
2007). Turkey is also one of the countries having
both free milling and refractory gold/silver ores
including those ores with high copper content.
Table 1 summarizes some important gold/silver
ore deposits with their metal (Au, Ag, Cu) grades
and employed processing routes in Turkey.

Gold recovery from gold-copper ores presents
various technical drawbacks ascribed to the

Table 1. Some gold/silver ore deposits with metal grades and applied processing routes in Turkey

. Au grade Ag grade Processing Ore
Location (8/t) (8/t) Cu Content Method Type
Bergama/Ovacik(izmir) 92 11 ° - ATL FM
Kiicikdere (Balikesir) 52 11.8° - ATL FM
Kaymaz (Eskisehir) 7.92 6.4° - ATL FM
Kisladag (Usak) 1.2° 0.9° - HL FM
Mastra (Gimushane) 12.13 b¢ 5.5b¢ <1.1%° ATL FM&R
Copler (Erzincan) p ) 0.03% (Some
(Oxide ore) 14 zones £3.9%)¢ HL FM
Copler (Erzincan) . .

(Sulphide ore) 2.60 6.70 POX R
Efemcukuru (izmir) 13.3762¢ 110 0.35%Cu 8 F+HL R
Gimishane village (Artvin) 0.3 % - 0.3% *h Under development R
Cerattepe (Artvin) 4.2fF 151f 5.2%F - R
Hot Maden (Artvin) 10° - 2.2%' - R
Gumuskoy (Kutahya) - 127° - ATL R

ATL: Agitation tank leaching; HL: Heap leaching; F: Flotation; POX: Pressure oxidation; FM: Free milling; R:

Refractory

@ Celep (2011); ® Bas et al., (2012); © URL-1 (2013); ¢ Bascombe et al., (2013); ¢ URL-2 (2020); ' Yigit (2006); ¢
Ahlatci et al., (2016); " Akgay and Glindlz (2004); ' URL-3 (2016)
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ready dissolution of most minerals of copper in
cyanide solutions (Table 2) leading to high cyanide
consumption and exorbitant reagent costs. When
subjected to cyanide-deficient solutions, certain
copper minerals (e.g., chalcopyrite) can also
exhibit preg-borrowing peculiarities, which are
reversible (Marsden and House, 2006). High
cyanide consumption through the formation of
stable copper cyanide complexes (Equations 1-5)
may even render the process uneconomic.
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Cuz*+2CN- —Cu(CN), (1)

Cu,0+6CN+ H,0 — 2Cu(CN),z+20H" (2)

Cu,S+7CN+1/20,+H20—2Cu(CN),>+20H-
+CNS- (3)

2CuO+7CN+H,0—2Cu(CN),Z+20H+CNO"  (4)
2CuS+8CN+1/20,+H,0—2Cu(CN) 2 +20H
+2CNS (5)

Table 2. The solubility of copper minerals in 0.1% NaCN solutions (Marsden and House, 2006; Hedley and

Tabachnick,1958)

Mineral Formula %Cu dissolved (23°C) %Cu dissolved (45°C)
Azurite Cu,(CO,),(OH), 94.5 100.0
Malachite Cu,CO,(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 Cu,FeS, 70 100.0
Chalcopyrite CuFes, 5.6 8.2
Tetrahedrite (Cu,Fe,Ag,Zn),,Sb,S . 21.9 43.7

In cyanide leaching of free-milling gold ores,
typical cyanide consumption is 0.25-2 kg/t NaCN
(Marsden and House, 2006). However, gold ores
containing >0.5% Cu cannot be processed in an
economic way on the grounds that every 1%
reactive copper consumes 30 kg/t NaCN (Muir,
2011). If the ore contains copper sulphides,
cyanide consumption could further increase up
to 51.5 kg/t for each per cent of reactive copper
(Sceresini and Breuer, 2016). Intensive cyanide
leaching by maintaining a CN:Cu ratio of >4 can
be used to achieve acceptable gold extractions
(Fleming, 2011; Bas et al., 2015; Deveci et
al.,, 2018). Pretreatment and/or alternative
methods are indispensable before leaching by
cyanidation of refractory gold ores to enhance
gold recoveries. Potential options for the
treatment of copper-rich gold ores, in particular,
include the removal of copper sulphides by
flotation followed by cyanide leaching, the
elimination of copper in acid/alkaline solutions
prior to cyanide leaching, the use of alternative

lixiviant systems (e.g., thiosulphate leaching,
ammoniacal cyanide leaching) (Ahlatci et al.,
2018; Bas et al., 2015; Yazici et al., 2015) and
intensive cyanide leaching (i.e., leaching at high
cyanide concentrations) followed by cyanide
recovery (e.g, SART process) (Yilmaz et al.,
2019; Sceresini and Breuer, 2016). Depending
on the cause(s) of the refractoriness, other
pretreatment options such as ultrafine grinding,
pressure oxidation, roasting and biooxidation
can be used prior to cyanide leaching (Celep,
2015).

In this study, the amenability of a copper-rich
refractory gold ore to cyanide leaching was
investigated. The effect of H,SO, pretreatment for
reactive copper removal on the gold extraction in
the subsequent cyanide leaching was examined.
Effect of cyanide concentration in the range of
1-8 g/L NaCN was also tested on the cyanide
leaching of gold. Ultra-fine grinding (UFG) as a
pretreatment method prior to cyanidation of the
ore was also investigated.
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1. EXPERIMENTAL

1.1. Ore Sample

The ore sample utilised in this work was from
copper-rich zones of Mastra-Guimushane deposit.
The crushed ore (-4 mm) was ground to 73 ym
(dg,) by using a laboratory rod mill over 30 min.
The ground ore was riffled and then divided by
rotary cone sample divider (Fritsch Laborette
27) to obtain representative sub-samples for
characterization and leaching tests. Table 3
shows the chemical analysis of the ore sample.
XRF and ICP-MS were used for the analysis of
whole-rock and trace elements, respectively, in
an accredited analytical laboratory (Argetest,
Turkey). An atomic absorption spectrometer
(AAS; Perkin Elmer AAnalyst 400) was also used
for the analysis of Au, Ag, and Cu from leach
solutions or aliquots obtained from hot digestion
of the ore sample or leaching residue within aqua
regia. The analytical results have shown that the
sample is rich in gold and copper, containing
108 g/t and 1.6%, respectively. According to the
data collected from XRD and ICP-MS, the main
phases of the ore were identified to be quartz
(67.3% SiO,) and pyrite (FeS,) (Figure 1). Bas et
al. (2012) reported that samples from a different
zone in the same field contained chalcopyrite
(CuFesS,), covellite (CuS) chalcocite (Cu,S),
pyrite (FeS,) and sphalerite (ZnS).
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Figure 1. XRD profile of the ore sample
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Table 3. Chemical composition of the ore sample

Element/ Content Element Content
Compound (%) (a/t)
SiO, 67.3 Au 107.7
ALO, 11.51 Cu 15960
Fe,O, 6.06 Al 3900
MgO 0.45 Ni 604.5
CaO 0.46 Zn 926.1
Na,O 0.06 Pb 838.1
K,O 2.58 As 225
TiO, 0.02 Ba 1211
PO, 0.19 Ag 9.3
MnO 0.18 Sb 93.21
Cr,0, 0.015 Mo 24.64
Fe 4.02 Cd 10.7
S 3.46 La 1.64
K 0.21 Na 270
Ca 0.22 Mg 710
P 0.001> Ti 23
LOI 6.03 Ga 5>
Total C 0.15 Bi 5>
Total S 4.56 Hg 5>
Sum 95.31 Be 1>

1.2. Cyanide Leaching Tests with/without Acid
Pretreatment

Cyanide leaching tests were conducted in 1000-
mL Pyrex beakers for 24 h at room temperature.
Mechanical stirrers equipped with PTFE coated
four-blade 45°-pitched blade stainless steel
impellers were used to agitate ore slurry. The
diameter of these blade impellers was 6.4 cm.
Figure 2 shows the experimental set-up used in
cyanide leaching.

=

Figure 2. Multi mechanical stirrer set-up used in
leaching tests



NaCN (=95%, Merck) was used to prepare leach
solutions at required concentrations. Stirring
speed employed in reactors was 650 rpm. A solids
ratio of 25% w/w (120 g ore + 360 mL solution)
was maintained in the tests. Air was delivered by
an air pump, into the leaching medium at a flow
rate of 1.5 L/min. pH was adjusted to 10.5-11 at
which it was controlled over the leaching period
by the use of lime. Samples (6 mL) were taken
at certain intervals (30 min. 1 h, 2 h, 4 h, 8 h and
24 h) and passed to a centrifuge to get clear
solutions for the analysis of copper, gold, and
silver by AAS. The titratable cyanide (essentially
free cyanide as well as cyanide dissociated from
metal (e.g. Zn and Cu) cyanides) concentration
was analysed by silver nitrate (0.02 M AgNO,)
titration using p-dimethyl amino-benzyl-rhodanine
as the indicator to determine cyanide consumption
as well as to maintain the NaCN concentration at
the initial level. A NaCN stock solution (50 g/L)
was used to keep the concentration of cyanide at
the initial level over the leaching period. Following
a leaching period of 24 h, filtration was done for
separation of leach residues. After drying in an
oven at 105 °C leaching residues were digested
in a hot aqua regia for the analysis of metals. The
extraction of metals was calculated based on
the residual metal content. The relative standard
deviation (RSD) of the metal recovery data was
calculated based on replicate tests. The RSD for
tests was found to be in the range of £0.6-1%.

Acid pretreatment prior to cyanide leaching
was also carried out to remove soluble copper
using the same experimental set-up (Figure 2).
Acid pretreatment was performed for 2 h in 1
M H,SO, solution prepared using concentrated
acid (%96 H,SO,) at room temperature. In these
tests, pH was controlled at <2. The solids ratio
and stirring speed were fixed at 25 w/w and
650 rpm, respectively. On the termination of the
acid leaching test, the residue was thoroughly
washed and separated by filtration, dried and
then subjected to cyanide leaching under the
conditions explained above.

1.3. Ultra-fine Grinding (UFG) Pretreatment
Prior to Cyanidation

A laboratory-scale pin-type vertical stirred media
mill was used to produce ultra-finely ground
samples (Figure 3). UFG of the ore sample was
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done using 2 mm ceramic balls (alumina-based
zirconia toughened, DMM AZ 2000°) at 29% wi/v
(S/L) ratio and 650 rpm stirring rate. The beads
had AlL,O, content of 80%, specific gravity (SG)
of 3.75-3.80 and Vickers hardness (HV) of 1314
N/mm?2. The grinding time was 15, 30 and 45
minutes which correspond to particle sizes (d,,)
of 23 ym, 15 ym and 8 pm, respectively. Cyanide
leaching tests were then carried out for the as-
received ore and the ground samples for a period
of 24 h.

Figure 3. The stirred mill used in the ultra-fine grinding
(UFG)

2. RESULTS AND DISCUSSION

21. Cyanide Leaching with/without Acid
Pretreatment

Cyanide leaching of the ore with/without acid
pretreatment was performed (Figure 4). Direct
cyanide leaching of the ore at 1.5 g/L NaCN
without any pretreatment resulted in very limited
gold extraction of 18.4% at 24 h (Figure 4a).
This confirms that the ore is highly refractory.
The total cyanide consumed in the leaching
test was around 6.75 kg/t. This relatively high
cyanide consumption suggested that copper and
other cyanide consuming elements often exert a
deleterious effect on the extraction of gold and
reagent consumption. Previous studies have also
reported low gold extractions in direct cyanide
leaching of copper-gold ores. Bas et al. (2012)
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reported that the direct cyanidation of a copper-
rich gold ore (56 g/t Au, 1.1% Cu) which has the
same origin yielded poor recoveries (<12%) of
gold under the same cyanide leaching conditions.
It was pointed out (Aylmore and Muir, 2001; Bas
et al., 2012; Celep et al., 2018) that dissolution of
copper minerals may adversely affect cyanidation
leading to considerably high consumption of
cyanide and markedly low recovery of gold.

Acid pretreatment (1 MH,SO,, 2 h) prior to cyanide
leaching was also tested to eliminate copper
interference through the dissolution of acid-
soluble copper minerals in order to improve gold
extraction in the subsequent cyanidation (Figure
4). It was found that in the acid pretreatment
stage, 17.8% of copper was removed as well as
0.8% Ag, 4.0% Fe and 10.4% Zn was dissolved
over 2 h. Compared with direct cyanide leaching
this acid pretreatment appeared to lead to a 6.8%
improvement in Au recovery in the subsequent
cyanide leaching (Figure 4a). Silver extraction
in the cyanide leaching was also observed to
increase by 2.2-fold after acid pretreatment
(Figure 4b). This could be also attributed to the
effect of acid pretreatment allowing the exposure
of silver minerals/phases associated with acid-
soluble phases. Acid pretreatment remarkably
reduced the cyanide consumption by 70.4% (i.e.,
from 6.75 kg/t to 2.0 kg/t) in cyanide leaching.
These findings (Figure 4a) also showed that acid
pretreatment failed to improve the gold extraction
to the desired extent i.e., gold recovery in
cyanide leaching was limited to 25.2% after acid
pretreatment. Yazici et al. (2015) investigated
the effect of acid pretreatment (H,SO, with/
without H,O,) on the extraction of gold in cyanide
leaching of a copper-rich gold ore (56 g/t Au,
1.1% Cu). Direct cyanide leaching was reported
to extract only 6.7% Au under typical cyanide
leaching conditions (1.5 g/L NaCN, 24 h). These
researchers found that in the sulphuric acid
pretreatment (1 M H,SO,, 25 w/w solids ratio)
the copper dissolution was 37-42% during the
period of 0.5-6 h. The gold extraction by cyanide
leaching from the pretreated sample was reported
to substantially increase to 99% over the short
period of only 2 h. Within this regard, the current
findings (Figure 4) implies that the high copper
content (1.6%) of the ore used in the current
study may not be apparently responsible for the
low gold extractions in cyanide leaching.
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Figure 4. Extraction of gold (a), silver (b) and copper
(c) in cyanide leaching (1.5 g/L NaCN, 25% w/w solids,

Air flow rate: 1.5 L/min, pH 10.5-11) with/without 1 M
H,SO, pretreatment (2 h)

A series of leaching tests were also carried
out at high cyanide concentrations (up to 8 g/L
NaCN) in an attempt to increase gold recoveries
by maintaining sufficiently high levels of cyanide
(Figure 5).
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Figure 5. Effect of cyanide concentration on the
extraction of gold (a), silver (b) and copper (c) (Leaching
time: 24 h., Air flow rate: 1.5 L/min, 25% w/w solids
ratio, pH 10.5-11)

Increasing the cyanide concentration did not
produce the desired effect. Only 47.2% of gold
was extracted at the highest NaCN level of 8 g/L
(Figure 5a). Silver extraction was improved from
6.7% (1 g/LNaCN) to 76.4% (8 g/L NaCN) (Figure
5b). This gave a clear picture of how reagent

D. A. Msumange, vd. / Bilimsel Madencilik Dergisi, 2020, 59(4), 225-234

could be wasted in treating such kind of ores,
yet the gold extractions still remain unacceptably
poor. A slight change of about 10% for copper
extraction was observed i.e. from 23.86% (1 g/L
NaCN) to 33.9% (8 g/L NaCN). On the contrary to
the current findings (Figure 5a), Bas et al. (2015)
found that high gold extractions (>97%) could be
achieved by cyanide leaching of a copper-rich
gold ore (56 g/t Au, 1.1% Cu) at >5 g/L NaCN.

Increasing the cyanide concentration (Figure 6)
was also noted to further aggravate the cyanide
consumption. A 5.54-fold increase (i.e., from 3.1
kg/t to 17.2 kg/t) in the reagent consumption was
recorded by increasing the initial cyanide level from
1g/Lto 8 g/LNaCN. Copper minerals are particularly
responsible for high reagent consumption given
their comparatively high solubility (17.8% acid-
soluble copper present in the ore, Figure 4) in
cyanide solutions (Equations 1-5).

jiii[

NaCN Concentration (g/L)

N
o

- -
[ee) N »
L L T

NaCN Consumption (kg/t)
N

o

Figure 6. Total cyanide consumptions (kg NaCN
per tonne ore) at different cyanide concentrations
(Leaching time: 24 h., Air flow rate: 1.5 L/min, 25% w/w
solids ratio, pH 10.5-11)

Figure 7 shows the speciation of copper(l)-cyanide
complexes as a function of the concentration of
cyanide. Other side reactions may also contribute
further to cyanide consumption such as the
formation of thiocyanate through reactions with
sulphide minerals (Equations 3, 5), reaction of
other metals with cyanide, reduction of copper(ll)
released from Cu(ll)-sulphides, Cu(ll) catalysed
oxidation of cyanide in the presence of air,
increased the consumption of cyanide and partial
volatilisation of cyanide as HCN (Adams, 2016;
Hayes and Corrans, 1992; Yazici et al., 2009).
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Figure 7. Speciation of copper(l)-cyanides depending
on the concentration of cyanide (Cu(l): 29 mM, pH
10.5, 25 °C) (Medusa, 2009).

It can be inferred from these findings (Figures 4-6)
that the low gold extraction is not only linked with
the presence of copperinthe ore. Intensive cyanide
leaching and acid pretreatment for leaching/
removing copper prior to cyanide leaching exerted
a limited enhancing effect on gold extraction. This
suggests that the remained refractory gold may
be present as locked-up in pyrite and/or non-
sulphide gangue minerals. Therefore, ultra-fine
grinding ahead of intensive cyanide leaching at
8 g/L NaCN was also investigated to reveal the
possible physical refractoriness of the ore.

2.2. Effect of Ultra-fine Grinding (UFG)

This approach was employed as a physical
pretreatment to enhance the extraction of gold.
This technique is applied to set free the grains
of gold finely distributed in gangue minerals.
The ore samples (d,=73 um) ground for 15,
30 and 45 minutes resulted in the production of
materials with a fineness (d,,) of 23 ym, 15 ym,
8 um, respectively. Figure 8 illustrates the results
of cyanide leaching of the ground samples for
24 hours. There was no remarkable effect of the
ultra-fine grinding on the extraction of gold, even
though the sodium cyanide concentration used in
this experiment was kept high at 8 g/L (Figure 8a).
Reducing the size of the ore from 73 pm to 15 ym
produced only a limited improvement by 6.9% in
gold extraction i.e., from 47.2% to 54.1%. Further
reduction in the ore size from 15 ym to 8 ym
appeared to adversely affect the gold extraction
with a 7.74% reduction (Figure 8a). This could be
linked with the increased reagent consumption
due to the formation of more active/fresh surfaces
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and/or, coating/passivation of gold and gold-
carrying minerals by fine particles (slime). UFG
also did not enhance the extraction of silver
(not shown). Copper dissolution appeared to be
increased by 24% with grinding the ore from 73
pMm to 8 uym (Figure 8b). The limited improvement
of gold/silver extraction by UFG can be attributed
to the liberation/exposure of the physically
encapsulated gold/silver grains at these sizes,
allowing their contact with cyanide.

On the contrary to the current findings (Figure 8),
some researchers reported the beneficial effect
of UFG on the extraction of gold by cyanide
leaching. Celep et al. (2016) noted a significant
improvement (from 45% to 85%) in the gold
extraction from a pyritic concentrate after ultra-
fine grinding as a pretreatment method before
the cyanidation. They reported that fine grinding
of the concentrate, as well as high cyanide
concentrations (>5 g/L), are required to achieve
acceptably high gold extractions. Ellis and Gao
(2002) also observed a 19.7% enhancement in
the extraction of gold (from 74.3% to 93.9%) at
Kalgoorlie Consolidated Gold Mines (KCGM)
after UFG of the ore from 130 ym to 5 um.
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Figure 8. Effect of ultra-fine grinding on the extraction of
gold (a) and copper (b) (8 g/L NaCN, 25% wi/w solids
ratio, Air flow rate: 1.5 L/min, pH 10.5-11)



Figure 9 depicts the effect of decreasing particle
size on the amount of total cyanide consumed
over the leaching period of 24 hours. The cyanide
consumption increased (by 1.77-fold) from 17.2
kg/t to 30.4 kg/t with UFG of the ore from 73 pym
to 8 um. This is apparently concomitant with the
increased dissolution of copper (Figure 8b) and
probably other cyanide-consuming constituents
due to the expected increase in surface area or
activation of minerals. Ellis and Gao (2002) also
observed a beneficial effect of UFG from 130 ym
to 5 um on gold extraction at the expense of 7.1-
fold higher cyanide consumption.

o]IIl
73 23 15 8

Particle Size (um)

N w
o o
L L

NaCN Consumption (kg/t)
o

Figure 9. Total cyanide consumptions (kg NaCN per tonne
ore) at different particle sizes (Leaching time: 24 h., Air
flow rate: 1.5 L/min, 25% w/w solids ratio, pH 10.5-11)

These findings (Figures 4-9) revealed that gold
recoveries were still low (<54.1%) even when
the ultra-finely ground ore (down to 8 um) was
subsequently leached at high levels of cyanide
(i.e., 8 g/L NaCN). This suggests that the ore
can be classified as a double-refractory gold ore
due to its high copper content and the presence
of gold apparently recalcitrant to cyanidation.
Chemical pretreatment methods such as
roasting/biooxidation/pressure oxidation, which
are capable of improving gold extraction from
sulphide ores, should be therefore tested for
eliminating the refractoriness of the ore before
cyanide leaching.

CONCLUSION

The recovery of gold from a copper-rich gold ore
(108 g/t Au, 1.60% Cu) by cyanide leaching was
investigated. Low gold recoveries (18.4% over 24

D. A. Msumange, vd. / Bilimsel Madencilik Dergisi, 2020, 59(4), 225-234

h.) obtained by direct cyanide leaching (1.5 g/L
NaCN) indicated highly refractory nature of the
ore. Acid pretreatment (1 M H,SO,) tested for
the removal of acid-soluble copper was found to
improve cyanide leaching of gold only to a limited
extent. The ore was also leached at high cyanide
concentrationsi.e., up to 8 g/L NaCN, to overcome
soluble copper interference with gold extraction.
However, it was limited to 47.2% Au even at
the highest level of NaCN concentration (8 g/L)
tested. To eliminate the physical refractoriness of
the ore, ultra-fine grinding (UFG) (d,,: from 73 ym
to 8 ym) prior to cyanide leaching was also carried
out at 8 g/L NaCN. UFG did not enhance the
extractions of gold, to the desired extent, which
was limited to £54.1% Au. Low gold extractions
obtained using these pretreatments and intensive
cyanide leaching indicate the refractory nature of
the ore, apparently linked with the encapsulation
of very fine gold in sulphides e.g., pyrite as well
as chemical interference of reactive minerals
with cyanide leaching. It can be inferred that
chemical pretreatment options such as roasting,
biooxidation and pressure oxidation should be
examined to increase the exposure of gold grains
locked-up within sulphides.
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