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Abstract. As a result of comprehensive studies of the material composition of the flotation concentrate and the forms of
gold presence, it was established that the chemical composition of the concentrate is 55.17% represented by lithophile compo-
nents with the mass fraction of 55.17%. The main ones are silica and alumina with mass fractions of 36.4% and 8.26%, respec-
tively. Ore mineralization of the flotation concentrate is represented by pyrite with the mass fraction of 40.7%. It has been
established that gold in the flotation concentrate sample is present in native form. The bulk of gold grains is represented by
particles with a size of 10-38 microns - 82.89%. About 63% of gold is in free form. The proportion of closed grains is 9.23%.
The main mineral in the flotation concentrate sample, associated with gold, is pyrite — 25%. The portion of gold associated
with quartz is 3.07%. For industrial operation, sorption type of cyanidation of flotation concentrates with a consumption of
Norit RO 3520 activated carbon in an amount of 10% of the volume of the liquid phase is recommended as the optimal mode.
The parameters for sorption cyanidation of flotation concentrate have been established: flotation concentrate size — P80 10
microns; sodium cyanide concentration — 0.1% (sodium cyanide consumption — 2.3 kg/t); pH — 10.5; pulp density — 40% (sol-
id); duration of the process is 24 hours. With the established parameters, relatively high, at least 86%, extraction of gold into
the solution was achieved.
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1. Introduction The characteristics of the ore dictate the choice of the
correct cyanidation process design. Gold ores within a geo-
logical province/region (even the same deposit) may have
different mineral components, different mineral concentra-
tions and degrees of alteration or oxidation.

Gold in ores and concentrates is often found in combina-
tion with non-ferrous metals (Cu, Pb, Ag). Applying cyanide
to these types of ores can present some difficulty as the varie-
ty of minerals present in these ores can make the application
of cyanide unfavorable. This type of ore includes gold depos-
its in Central Kazakhstan with a content of 1-1.5 g/t gold. The
complex nature of these ores necessitated pre-treatment op-
erations using gravity and cyanidation flotation. Production is
characterized by low gold recovery. In addition, the choice of
the optimal concentration of sodium cyanide, which is used as
a leaching reagent, requires clarification.

The reserves of rich and easy-to-process gold ores in Ka-
zakhstan are being depleted, and ores belonging to the cate-
gory of refractory ores are being involved in processing. The
persistence of ores may be due to the fine dissemination of
gold in carrier minerals, chemical depression of gold at the

All over the world, the gold content in ore deposits is de-
creasing, and their mineralogy is becoming more complex
and complex. Despite this, the process of producing gold by
cyanidation remains dominant for many years due to the
selectivity of cyanide to gold, the simplicity and efficiency of
the process [1-4]. Today, the industry is adjusting its meth-
ods for extracting gold from ores and its enrichment products
(concentrates, tailings), using more efficient processes and
technologies.

For effective cyanidation leaching of refractory and/or
complex ores, pre-treatment prior to leaching is necessary.
When sulfides are present, they often prevent the cyanide
from making physical contact with the gold particles, thereby
preventing the gold from dissolving. Conversely, for ores
containing carbonaceous matter, dissolved gold in the leach
solution can be re-adsorbed to carbonaceous species, a pro-
cess known as preg-robbing, which also interferes with gold
recovery. To solve these problems, pre-treatments are used,
which increase costs and technical requirements for the pro-
cess flow [3, 4].
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stage of metallurgical processing, or the presence of organic
compounds that are active towards dissolved gold.

An important problem in the processing of refractory gold
ores is the extraction of ultrafine gold, which is encapsulated
in sulfide minerals and is difficult to extract by traditional
methods. Minor concentrations of «invisible» gold, as estab-
lished in [5], usually contain pyrrhotite, chalcopyrite, bornite
and galena. Work [6] shows that finely dispersed gold can be
associated not only with sulfide, but also with rock-forming
minerals. The most common carrier minerals of «invisible»
gold are arsenopyrite and arsenic pyrite. The gold content of
arsenopyrite depends on its morphological variety [7].

In work [8], based on studies of the gold content of arse-
nopyrite in gold-sulfide deposits in Kazakhstan, it is shown
that due to the high sorption activity of the carbonaceous
substance, metallurgical processing of flotation sulfide con-
centrate is impossible when the Au/Corg ratio is <8 g/kg. If
the ratio is not met, additional gravitational enrichment of
concentrates is required.

Due to the unique structure of the carbonaceous sub-
stance, the question related to the particular component and
which one has increased sorption activity towards dissolved
gold remains poorly understood. The high sorption activity
of carbonaceous matter has a significant impact on the tech-
nology of processing ores and concentrates using flotation,
pyro- and hydrometallurgical methods [9, 10].

A promising method for extracting ultrafine gold from re-
fractory ores due to its enlargement may be the processing of
feedstock and enrichment products using various physical
and energetic methods of influence [11-14]. However, these
methods have not been widely used in practice.

For gold ores of Central Kazakhstan, cyanidation of cur-
rent flotation concentrates containing refractory minerals and
carbonaceous substances, the presence of which causes a
«slowdown» of the kinetic patterns of leaching and a de-
crease in gold recovery, has a particular relevance from a
technological and environmental point of view. Processing of
these materials by cyanidation entails high consumption of
cyanide and increased costs [15, 16].

The importance of studying this issue is enhanced by the
fact that in the scientific literature there is only a limited
number of information devoted to the study of gold extrac-
tion based on the specific properties of the ore. In addition, in
publically known works it was not possible to achieve high
gold extraction from such ores.

In this article, based on a comprehensive study of the ma-
terial composition of flotation concentrate obtained from the
beneficiation of ore in Central Kazakhstan, the influence of
the concentrate size, sodium cyanide concentration and
leaching duration on gold recovery in the cyanidation process
is investigated.

2. Materials and methods

For laboratory hydrometallurgical studies, a flotation
concentrate with a gold content of 17.9 g/t was used, ob-
tained after gravity-flotation enrichment of ore from a depos-
it in Central Kazakhstan.

The material composition of flotation concentrate was
studied using optical and electron microscopic mineralogical
studies. Chemical, assay, X-ray spectral and sieve analyzes
were performed.

The chemical composition of the flotation concentrate
was determined using optical emission (ICP90, ICP40 anal-
yses) and atomic absorption methods of analysis. To increase
the reliability of the gold content results, direct assay analy-
sis was carried out on four parallel samples.

Determination of the mineral composition of flotation con-
centrate samples was carried out using a complex of various
studies, including: diffractometric, quantitative mineralogical
analyses, optical study of heavy fractions and mapping of
products on a Quanta FEG-650 F electron microscope as part
of the automated mineralogical complex Qemscan.

The study of gold forms for the presence of large gold
particles in the flotation concentrate was carried out using an
Olympus SZX-7 stereomicroscope. To conduct research, a
sample of flotation concentrate was divided into size classes
using the sieve analysis method. From each size class, % part
was submitted for assay analysis; briquette sections were
made from the second part. The study of briquette sections
was carried out using an automated mineralogical complex
Qemscan based on an electron scanning microscope. The
parameters of the complex were configured to search for
valuable minerals (SMS — Specific Mineral Search), map-
ping was performed in automatic mode.

Laboratory hydrometallurgical studies were carried out
using cyanide leaching in bottle-type agitators. External view
of laboratory stands with agitators shown on Figure 1.

Figure 1. Laboratory stand for conducting study on agitated
leaching

To assess the level of sorption activity of the flotation
concentrate sample, tests were performed to determine the
PRI index (preg-robbing index) analytical method. Agitated
cyanidation of the flotation concentrate was carried out on
material subjected to fine grinding in a ball mill to a particle
size of P80 71 and 45 microns, as well as ultrafine grinding
to a particle size of P80 30, 20, 10 and 7 microns.

Ultrafine grinding was carried out in a Netzsch IsaMill
M4B laboratory mill, the general view of which is shown in
Figure 2. In the test the feed charge with beads size 2.8 mm
was used: 60% 2.5-2.8 mm; 30% 1.8-2.0 mm; 10% 1.4-1.6
mm; solid content of the feed was ~43%, quantity of grind-
ing cycles — 8.

Grinding was carried out in the following mode: mass of
crushed material — 200 g; loading of grinding medium —
72.5% of the mill volume; pulp density during grinding —
55.25% solid; impeller rotation speed — 1300 rpm.
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Figure 2. General view of Netzsch IsaMill M4 bead mills

Estimated specific energy consumption when grinding
flotation concentrate from an initial size of 80% 150 microns
to a size of 80% 10.1 um was 81.5 kWh/t.

To determine the optimal leaching parameters, tests were
carried out with different sizes of grinded concentrate under
cyanidation conditions without loading sorbent and sorption
type leaching, with different concentrations of sodium cya-
nide, and process duration with the purpose of studying the
dynamics of leaching.

During the tests, NaCN concentration was monitored as
well as pulp pH. The cyanidation products were subjected to
atomic absorption (solution) and assay (cake, coal) types of
analysis.

3. Results and discussion

3.1. Study of the material composition of flotation con-
centrate

The chemical composition of the flotation concentrate,
determined by optical emission (ICP90, ICP40 analyses) and
atomic absorption analyzes is presented in Table 1.

Table 1. Chemical composition of flotation concentrate

Element | Mass fraction, % Element Mass fraction, %
SiO, 36.40 Stotal 22.90
Al O3 8.26 Squit <0.25
CaO 1.50 Pb 0.015
K,O 1.12 Zn 0.048
Na,0O 3.00 Cu 0.059
MgO 1.28 As 0.087
MnO 0.06 Sb 0.0066
P,0; 0.07 Ba 0.022
TiO, 0.18 Co 0.012
Corg 0.26 Cr 0.0017
Cotal 0.83 Ni 0.021
CO, 3.04 Sr 0.014
Feuotal 20.60 Ag, g/t 2.90
Fequr 18.90 Au, g/t 17.30

To increase the reliability of the result on gold content, its
determination was carried out on four parallel samples using
direct assay analysis. The established average gold content
(17.47 g/t) based on the gold content in four samples, g/t:
16.8; 17.2; 18.2 and 17.7 showed good correlation with the
result given in Table 1.

The chemical composition of the flotation concentrate is
represented mainly by lithophile components with the mass
fraction of 55.17%. The main ones are silica and alumina
with mass fractions of 36.4% and 8.26%, respectively.

The total proportion of oxides of alkali and alkaline earth
metals, with a significant predominance of sodium oxide
3.0%, is ~6.90%.

3.2. Mineral composition of flotation concentrate

The mineral composition of the flotation concentrate is
shown in Table 2.

Table 2. Mineral composition of flotation concentrate

Mineral, group of minerals Mass fraction in sample, %
Rock-forming minerals

Plagioclases 26.0
Quartz 18.0
Mica (sericite, chlorite) 9.0
Carbonates 5.0

Gypsum, anhydrite, jarosite -
Ore-forming minerals

Pyrite 40.7
Sphalerite, galena, altaite 0.1
Faded ore, chalcopyrite 0.3
Arsenopyrite 0.1
Iron hydroxides 0.5
Accessory minerals
Titanium minerals, apatite 0.3
Total 100

From Table 2 it is clear that the mineral composition of
the flotation concentrate samples consists of 58% rock-
forming minerals. Ore minerals are represented mainly by
pyrite 40.7%. Other sulfides are noted in the samples in
amounts of tenths of a percent.

3.3. Forms of gold presence

The analysis of the forms of gold presence in the flotation
concentrate sample was performed sequentially. First, using
the Olympus SZX-7 stereomicroscope, an initial study was
conducted to identify large, visible gold particles. Then, a
more detailed study of the gold's forms was carried out using
an electron microscope. The initial analysis did not reveal
large visible gold particles. It was found that the bulk of the
gold in the flotation concentrate, namely 99.96%, is repre-
sented as native gold. The remaining insignificant fraction
(0.04%) of gold was found in the form of tellurides of vari-
ous compositions. Due to the extremely small number of
tellurides, the technological and mineralogical characteristics
were studied only for native gold.

Figure 3 shows the granulometry of gold grains present in
the flotation concentrate.

45 42,80
40,09
40
® 35
5
< 30
£
(=]
5
5
g 20
£
#? 15
s
10 5,22
5 4,30 2,88 2,98 '
— I
o wen T m
0-2 24 4-6 68 8-10 1020 2038

Gold size, microns

Figure 3. Granulometric characteristics of gold
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The bulk of the valuable component consists of particles
ranging in size from 10 to 38 microns, the total proportion of
which reaches 82.89%. The number of small particles not
exceeding 2 microns is insignificant and does not exceed
1.73%. In the size range from 2 to 10 microns, the gold con-
tent ranges from 2.88 to 5.22%. The results of the mineral
associations of gold in the flotation concentrate sample, pre-
sented in Table 3, show that the background includes free
gold and gold with a partially free surface. Thus, 69.15% of
the grains of the valuable component have access of the
solution and reagents to the grain surface.

Table 3. Mineral associations of gold

Mineral, group of minerals Mass fraction of gold, %

Background 69.15
Quartz 3.07
Mica 0.11
Chlorite 0.60
Feldspars 0.05
Tellurides 0.86
Pyrite 25.03
Chalcopyrite 0.35
Galena 0.004
Sphalerite 0.11
Arsenopyrite 0.03
Faded ore 0.62
Accessory minerals 0.03
Total: 100

The main mineral associated with gold in the flotation
concentrate sample is pyrite. The ratio of such intergrowth’s
accounts for 25.03% of the metal. In contact with quartz, the
proportion of gold is 3.07%. In intergrowth with other min-
erals, the share of gold is tenths and hundredths of a percent.
The established patterns are clearly illustrated by fragments
of the map of gold mineral particles in the flotation concen-
trate sample and associations of gold with various minerals,
shown in Figure 4.

Thus, the results of studies of the material composition of
the flotation concentrate show that its chemical composition
is represented by lithophilic components with a mass fraction
of 55.17%. The mass fraction of silica and alumina in them is
36.4% and 8.26%, respectively. The total proportion of alkali
and alkaline earth metal oxides, with a significant predomi-
nance of sodium oxide 3.0%, is ~6.90%. The ore-forming
components are represented by iron and sulfur, where iron
predominates in the sulfide form. The proportion of sulfur is
22.90%. The mineral composition of the flotation concen-
trate samples is 58% composed of rock—forming minerals in
the following proportions: plagioclases — 26%; quartz — 18%;
Mica — 9% and carbonates - 5%.

Ore mineralization of the flotation concentrate is repre-
sented mainly by pyrite with the mass fraction of 40.7%.
Other sulfides are observed in tenths of a percent. Iron hy-
droxides make up 0.5% of the total sample mass.

It has been established that gold in the flotation concen-
trate sample is present in native form. The ratio of gold in the
form of tellurides of various compositions accounts for no
more than 0.04%. The bulk of gold grains is represented by
particles with a size of 10-38 microns - 82.89%. About 63%
of gold is in free form. The proportion of closed grains is
9.23%. The main mineral in the flotation concentrate sample,
the gold is in association with, is pyrite — 25%. The ratio of
gold associated with quartz is 3.07%. Tenths and hundredths
of a percent of the total mass of native gold have been estab-
lished in intergrowth with other minerals.

a
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Figure 4. Map of gold mineral particles in a flotation concen-
trate sample and photographs of gold grains in association with
various minerals: (a) — Pyrite (py) with inclusions of feldspar (fs)
and native gold (gd) in association with lead mineral (altaite
(alg)); (b) — Native gold (gd) in association with quartz (q), chal-
copyrite (chp), faded ore (fd); (c) — Pyrite (py) with gold inclusions
of variable composition (native gold (gd), nagiagite (ng));
(d) — Free grain of native gold (gd)

It should be expected that the resistance of gold to the cy-
anide process will be due to the presence of oxidized films
on the surface of the metal and its association with car-
bonates and minerals insoluble in aqua regia.

3.4. Determination of sorption activity index (PRI test) of
flotation concentrate

The level of sorption activity was assessed analytically by
calculating the PRI (preg-robbing index). The method for
determining the sorption activity index consists in analyzing
the amount of gold extracted into the solution during cyani-
dation and the remaining amount in the solution after cyani-
dation, when a certain amount of gold in the form of a cya-
nide complex was previously added to the solution. Thus,
each PRI test consists of two parts:
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1. Cyanidation of a sample of the test material in a pure
gold-free solution;

2. Cyanidation of a sample of the test material in a solu-
tion previously saturated with gold to a certain concentration.

For each part of the PRI tests, 100 g of pre-ground con-
centrate was used to a coarseness of P80 71, 30 and 10 mi-
crons. Cyanidation was performed in the mode without
sorbent loading with the following parameters: test duration
— 1 hour; pulp density — 33.3%; initial concentration of
NaCN - 0.3%; concentration of NaOH — 0.1%.

A gold concentration of 1.71 mg/l was previously created
in the solution for the second part of the PRI tests.

After a set cyanidation time, the solution was filtered out
and the concentration of gold in it was determined by atomic
absorption method. The sorption activity index was calculat-
ed using the formula:

PRI = 2 X 171 + 2'([Au]solution 1= [Au]solution 2)’ (1)

where: PRI is sorption activity index; [Au]solution 1 1S CON-
centration of gold in the solution of the first part of the test,
mg/l; [Au]soluion2 18 concentration of gold in the solution of
the second part of the test, mg/l.

Based on the calculated values of the PRI index sorption
activity was assessed using the following criteria:

— PRI = 0 — the material does not have sorption activity;

— 0 < PRI < 1.0 — the material has low sorption activity;

— 1.0 < PRI < 2.5 — the material has moderate sorption ac-
tivity;

— 2.5 < PRI < 3.4 — the material has high sorption activity.

The results for determining the sorption activity index are
shown in Table 4.

Table 4. Results of the sorption activity index (PRI)

Concentrate grind- [Au]sotution 1, [Au]sotution 2, Assessment of

ing size Pgy, microns mg/l mg/l sorption activity
71 0.25 0.05 Very high
30 0.38 0.12 Very high
10 0.51 0.28 Very high

Analysis of the obtained data shows that the studied con-
centrate has a very high sorption activity at all degrees of
grinding. The PRI index significantly exceeds 3.4 for all three
fractions, which indicates a strong «preg-robbingy effect.

An increase in the degree of grinding leads to a slight de-
crease in the PRI index, although it remains in the range of
«very high» sorption activity. This may be due to an increase
in the surface area of the material with finer grinding, which
contributes to a more intensive absorption of gold.

The high sorption activity of the concentrate can signifi-
cantly reduce the efficiency of the cyanidation and gold ex-
traction process. The material actively absorbs gold from the
cyanide solution, preventing it from passing into solution and
further extraction.

To increase the efficiency of gold extraction from this con-
centrate, it is necessary to apply methods aimed at reducing or
blocking sorption activity. Such methods include pretreatment
with activated carbon, the addition of special depressant rea-
gents, or the use of higher concentrations of cyanide. The
choice of the optimal method depends on the specific charac-
teristics of the material and the process conditions.

In this work, Norit RO 3520 activated carbon was used as
a sorbent.

3.5 Cyanidation of flotation concentrate of various sizes

The experiments were carried out in two modes — in the
cyanidation mode without loading the sorbent and in the
sorption cyanidation mode with the addition of activated
carbon Norit RO 3520. The experimental conditions and
parameters of agitation cyanidation of the flotation concen-
trate are presented in Table 5.

Table 5. Parameters of agitated cyanidation of flotation con-
centrate

Parameter Unit Measurement
Sodium cyanide concentration % 0.2
pH - 10.5
Pulp density during cyanidation % solid 40
Coal loading (only for sorption % of liquid 10

type of cyanidation) phase volume
Activated carbon
Norit RO 3520

hour 24

Type of sorbent -

Leaching duration

Agitation cyanidation of the flotation concentrate was car-
ried out on the material obtained after fine grinding in a ball
mill to a size of PS80 71 and 45 microns and ultrafine grinding
in a bead mill to a size of P80 30, 20, 10 and 7 microns.

The results of cyanidation tests for flotation concentrate
at different grinding sizes are shown in Table 6.

Table 6. Results of cyanidation of flotation concentrate at dif-
ferent grinding sizes

Reagent consumption, kg/t = Au content, g/t

Material size NaCN . . Au recovery,
. B inthe ina
P, microns considering the CaO %
total . feed = cake
residue
Cyanidation without sorbent loading
71 3.3 0.7 1.5 7 60.89
45 3.8 1.1 1.5 8.4 53.07
30 3.9 2 1.4 17.9 5.2 70.95
20 3.8 1.8 1.4 ’ 4.2 76.54
10 3.9 2.1 1.4 3.4 81.01
7 3.9 22 1.5 3.4 81.01
Sorption type cyanidation
71 35 1.2 2 5 72.07
45 39 1.3 2 4.7 73.74
30 3.9 1.8 1.9 179 33 81.56
20 3.8 2 1.9 ’ 3 83.24
10 3.9 2.1 2 24 86.59
7 4.4 3.1 1.9 2.4 86.59

The results presented in Table 6 show that the flotation
concentrate is favorable in relation to the process of agitated
cyanidation. The recovery of gold from a concentrate with a
particle size of P80 71 microns during cyanidation without
loading a sorbent was 60.89%, and with sorption type cyanida-
tion — 72.07%. A comparative analysis of the results of direct
and sorption type cyanidation in the studied range of changes
in P80 size from 71 to 7 pm indicates the presence of sorption
activity of the flotation concentrate. Figure 5 visualizes the
dependence of gold recovery on the size of the material.

Grinding the concentrate from a particle size of P80 71
microns to a particle size of P80 45, 30, 20, 10 and 7 microns
allows increasing gold recovery in the sorption mode of
cyanidation by 1.68%, 9.5%, 11.17%, 14.53% and 14.53%
(abs.), respectively. At the same time, the gold content in the
cake, compared with cyanidation without sorbent loading, is
reduced by 0.3 g/t, 1.7 g/t, 2.0 g/t, 2.6 g/t and 2.6 g/t (abs.),
respectively.
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Figure 5. Dependence of gold recovery on flotation concen-
trate size

The maximum extraction of gold into the solution (86.6%)
is achieved when the particle size of the flotation concentrate
P80 is 10 microns. Finer grinding of the concentrate does not
lead to an increase in gold extraction. Considering this fact, in
subsequent experiments, the particle size of the flotation con-
centrate was fixed at the level of P80 10 microns.

As shown in Figure 5, with a comparable concentrate par-
ticle size, the gold recovery rates obtained in two different
modes after the leaching process are significantly different.
This highlights the importance of conducting additional stud-
ies to determine the sorption properties of the concentrate.

3.6 Effect of sodium cyanide concentration on gold recov-
ery during cyanidation of flotation concentrate

To explore the possibility of reducing cyanide consump-
tion during cyanidation of flotation concentrate, leaching
tests were performed at different concentrations of sodium
cyanide in solution: 0.3%, 0.2%, 0.15% and 0.1%.

Tests were carried out in sorption mode on material with
a particle size of P80 10 um. The pulp density during leach-
ing is 40% solid. Sorption type cyanidation was carried out
with coal loading in an amount of 10% of the volume of the
liquid phase. Leaching duration is 24 hours. The test results
are presented in Table 7.

Table 7. Results of sorption type cyanidation of flotation con-
centrate at different concentrations of sodium cyanide in solution

Concentration Reagent consumption, kg/t = Au content, g/t Recovery
NacN in the in
NaCN, % total considetring Cao feed a cake Au, %
the residue
01 23 1.7 1.9 2.4 86.59
) 2.3 1.7 1.9 2.5 86.03
0.15 2.8 1.6 1.9 2.4 86.59
2.8 1.6 1.9 17.9 2.6 85.47
02 3 1.6 1.6 ’ 2.4 86.59
) 3 1.6 1.6 2.4 86.59
03 4.5 1.5 1.6 2.4 86.59
’ 4.5 1.6 1.7 24 86.59

An increase in the concentration of sodium cyanide in so-
lution does not affect the extraction of gold into solution
(Table 7). The average values of gold extraction in the con-
sidered range of NaCN concentration changes (from 0.1 to
0.3%) practically remain at the same level and are: 86.03% —
at NaCN = 0.1% and 86.59% — at NaCN = 0.3%.

The results indicate that flotation concentrate particle size
is a more significant factor than the cyanide concentration
used to determine the percentage dissolution of gold parti-
cles. At a cyanide concentration of 0.1% in solution, gold

recovery was 86.32% (average). Increasing the concentration
above a given limit only slightly increases recovery. This
indicates that increasing the cyanide concentration above
0.1% does not have a significant effect on the rate of gold
dissolution, and may even slow it down [17]. In addition, an
increase in the content of metal cyanide complexes in the
solution can complicate the cyanidation process and signifi-
cantly increase the cost of gold production [18].

An increase in gold recovery with a decrease in the size
of the flotation concentrate is fully explained by an increase
in the contact surface area for leaching reactions to occur
[19]. The obtained results convincingly show that the P80
concentrate size of 10 microns and the sodium cyanide con-
centration of 0.1% are the best combination of the concen-
trate cyanidation process providing a high gold recovery of
86.59%.

3.7. Effect of cyanidation process duration on gold
extraction from flotation concentrate

Agitation cyanidation of the flotation concentrate was car-
ried out in sorption mode on a material with a grain size of
P80 10 microns at a constant concentration of sodium cyanide
equal to 0.1%. The duration of the process was: 8, 12, 16, 20,
24, 32, 40 and 48 hours. The pulp density during leaching is
40% solid, pH =10.5. The acidity level was maintained at
10.5 by adding lime. The results of the concentrate cyanida-
tion tests at different process times are shown in Table 8.

Table 8. Results of cyanidation of flotation concentrate at dif-
ferent process durations

Duration Reagen]:] Zgr;\?umption, kg/t Au content, g/t | Recovery
pro;iess, considering | CaO in the in the Au, %
. Total . feed cake
the residue
8 1.9 1 1.9 2.6 85.47
12 1.9 1.4 1.9 2.6 85.47
16 1.9 1.6 1.9 2.5 86.03
20 1.9 1.6 1.9 179 2.4 86.59
24 2.4 1.7 2 ' 2.4 86.59
32 2.6 1.9 2.4 2.4 86.59
40 2.7 2.2 2.4 2.5 86.03
48 2.7 2.2 2.4 2.5 86.03

An analysis of the data obtained shows that the majority
of gold is extracted in the first 8-12 hours of cyanidation,
reaching 85.47%. Increasing the processing time to 32 hours
has little effect on gold recovery, leading only to an increase
of 1.12% (abs.).

To ensure the stability of technological parameters during
the industrial processing of flotation concentrate obtained
from stubborn ores of Central Kazakhstan, it is recommend-
ed to carry out cyanidation for at least 24 hours, which will
allow 86.59% of gold to be extracted into the solution.

A further increase in the duration of cyanidation, as studies
show, is not economically feasible. The cost of reagents, ener-
gy consumption and depreciation of equipment in this case
exceeds a slight increase in gold extraction. Therefore, optimi-
zation of the cyanidation process should be aimed at maintain-
ing optimal conditions during the first 24 hours, ensuring max-
imum speed and completeness of gold extraction.

The key factors influencing cyanidation efficiency are
cyanide concentration and the pH of the medium. Maintain-
ing the optimal acidity of the solution in the pH range of
10.5-11.5 contributes to the stable formation of soluble cya-
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nide complexes of gold. The cyanide concentration should be
sufficient to maintain the dissolution process, but not exces-
sive, in order to avoid reagent loss and the formation of un-
desirable by-products.

Thus, in order to achieve optimal results in cyanidation of
flotation concentrate from stubborn ores in Central Kazakh-
stan, it is necessary to carefully monitor and maintain opti-
mal technological parameters during the first 24 hours of the
process. This will ensure stable and economically profitable
extraction of gold.

4. Conclusions

The flotation concentrate obtained from gold-bearing ore
mined in Central Kazakhstan is a promising raw material for
the extraction of gold by cyanidation. However, an analysis
of the component composition of the concentrate and the
forms of gold finding indicates potential difficulties in ex-
tracting stubborn forms, especially from sulfide minerals.
This concentrate demonstrates favorable characteristics for
the process of agitation cyanidation.

The determination of the PRI index showed that the ma-
terial has a very high sorption activity in relation to gold. The
PRI indices for the concentrate with P80 particle sizes of 71,
30, and 10 microns were 5.02, 4.08, and 3.66, respectively.

When cyanidation of a concentrate with a particle size of
P80 71 microns without the use of a sorbent achieved gold
recovery at the level of 60.89%. The use of sorption cyanida-
tion with the addition of activated carbon made it possible to
increase gold extraction to 72.07%.

A decrease in the particle size of the concentrate from P80
71 microns to P80 45, 30, 20, 10 and 7 microns, compared
with cyanidation without the addition of activated carbon,
leads to an increase in gold extraction in the sorption regime
by 1.68%, 9.5%, 11.17%, 14.53% and 14.53% (abs.), respec-
tively. At the same time, the gold content in the cake decreases
by 0.3 g/t, 1.7 g/t, 2.0 g/t, 2.6 g/t and 2.6 g/t (abs.).

For industrial applications, sorption cyanidation of Norit
RO 3520 activated carbon flotation concentrate is recom-
mended under the following optimal conditions: particle size
of the flotation concentrate — P80 10 microns; coal consump-
tion of Norit RO 3520 — 10% of the volume of the liquid
phase; concentration of sodium cyanide — 0.1%; consump-
tion of sodium cyanide — 2.3 kg/t; pH — 10.5; density the
pulp content is 40%; the duration of the process is 24 hours,
which ensures the extraction of gold into solution at a level
of at least 86%.

Optimization of the sorption cyanidation process using Nor-
it RO 3520 activated carbon and ultrafine flotation concentrate
grinding opens up new horizons for improving the efficiency of
gold extraction. Reducing the particle size to P80 10 microns
significantly increases the surface area available for interaction
with cyanide and sorbent, which, in turn, contributes to a more
complete release of gold from the mineral matrix.

The choice of Norit RO 3520 activated carbon as a
sorbent is due to its high adsorption capacity and kinetic
characteristics that are optimal for extracting gold from cya-
nide solutions. Maintaining the optimal concentration of
sodium cyanide at 0.1% ensures the necessary concentration
of cyanide ions for complexation with gold, while the con-
sumption of sodium cyanide 2.3 kg/t is economically feasible
and environmentally acceptable.

Maintaining the acidity of the solution at pH =10.5 is
necessary to ensure the stability of cyanide complexes and
prevent cyanide hydrolysis. The pulp density of 40% is op-
timal to ensure good mixing and contact between the solid
and liquid phases. The 24-hour process duration provides
sufficient time to achieve maximum gold recovery.

The application of the proposed optimal conditions en-
sures the achievement of gold recovery in solution at a level
of at least 86%, which significantly exceeds the indicators
achieved by cyanidation without the use of a sorbent. This
leads to a decrease in the gold content in the cake and an
increase in the overall economic efficiency of the gold ex-
traction process from the gold-bearing ores of Central Ka-
zakhstan.
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KypaMbiHaa ajaTbiHbI 0ap KeH/IepPiH 0abITKAHHAH KeiliH aJIbIHFAH
(IOTOKOHLEHTPATTHI IUAHAAY NMPOLECIHIH OHTANIBI TEXHOJIOT HAJIBIK
PEXKMMIH KOHE NMapaMeTpPJIepiH allKbIHIAY
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Annarna. OIOTOKOHIIEHTPATTHIH 3aTTHIK KYPaMbIH YKOHE alThIHHBIH Ta0bUTy HBICAHJAPBIH KEIICH I 3ePTTEy HOTHKECIH/IE
KOHIICHTPATTBIH XUMHSUIBIK Kypambl 55.17%-ra nuroduibii KOMIOHEHTTEPMEH YCHIHBUIFAHBI AHBIKTAJJIbI, OJap/IbIH
Maccanslk yieci 55.17% xypaiiabl. Onapapie Herisrinepi coiikecinme 36.4% sxone 8.26% Maccanslk yiaectepi 0ap KpeMHHH
JMOKCHJII KOHE TJMHO3eM Oonbin TaObuiagsl. DIOTOKOHIEHTPATTHIH KEHAI MHUHEpaJiaHybl NMUPUTIICH YCHIHBUIFAH, OHBIH
MaccanbiK yieci — 40.7%. DIOTOKOHIIEHTPAT YITICIHACTI aaThiH TaOUFU TypAe OOJATHIHBI aHBIKTAIABI. AJTHIH IOHICPIHIH
Herisri Oemiri 10-38 MM — 82.89% Typaabl. ANThIHHBIH InamamMeH 63%-b1 epkin Kyiae. JXKaObik monmepaiy yieci 9.23%
KYpaupl. ANTBIH acCOIMANMUTaHFaH (DJIOTOKOHIICHTPAT YJTICIHACTI HEeri3ri MUHepal — mupHuTt - 25%. KBapiineH OaiiaHbICThI
anTeiHHBIH yieci 3.07% Kypaiiipl. OHepkacinTe NaijanaHy YIIIH OHTAMbI peXXUM peTiHae cyiblK ¢aza keneminiH 10%
mommepinge Norit RO 3520 GenceHuipiireH Kemip IIBIFBIHEL 0ap (IOTOKOHIEHTPATTHI COPOLMSUIBIK UAHAY YCHIHBLIA/IBI.
DIIOTOKOHIIEHTPATTHl COPOLMSUIIBIK HAHAAY MapaMeTpiepl Oenrimerai: (IoTaursuTbIK KOHIEHTPATTHIH ipiiri - P80 10 Mxwm;
HATpUH MaHUAiIHIH KOHIEeHTpawsicel — 0.1% (HaTpuil nuaHUAIHIH WHFEHBL — 2.3 Kr/T); pH — 10.5; mynbnaHbIH THIFBI3ABIFEI -
40% (xaTThI); MPOILECTIH Y3aKThIFBI — 24 caraTr, OCNTIIEHIeH MapaMeTpiepnae JKOFapbl, epiTiHaire keminae 86% anTbIHIBI
O ary KOJ KEeTKI3IIi.

Hezizei ce3z0ep: anmvliH, romoKonyeHmpam, YuaHoay,
COPOYUSLTBIK YUAHOAY.
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OmnpenesieHne ONTUMAJIBLHOTO TEXHOJOTHYECKOTO PeKUMA
U MapaMeTpoB NMpouecca NUAHUPOBAHUSA (UIOTOKOHLIEHTPATA,
MOJIY4YE€HHOI'0 10cJIe 000raleHus1 YIOPHBIX 30JI0TOCOEPHKAUX Py
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AHHOTanus. B pe3ynpraTe KOMIUIEKCHBIX HCCIIEI0BaHMI BEIIECTBEHHOIO cocTaBa (UIOTOKOHIEHTpaTa U (hopM HaxoXKIe-
HUSI 30710Ta YCTAaHOBJICHO, YTO XUMHUYECKHI COCTaB KOHIEHTpaTa Ha 55.17% mnpencTtaBiaeH MUTO(UIBHBIMA KOMIIOHEHTAMH,
MaccoBasi 107 KOTOPBIX cocTaBisieT 55.17%. OCHOBHBIMU M3 HUX SABJISIOTCS KPEMHE3EM M IIMHO3EM C MAaCCOBBIMH JOJISIMU
36.4% u 8.26%, cooTBeTcTBeHHO. PynHas MuHepaiu3aiys (GpIoTOKOHIEHTpaTa MpeACTaBieHa MUPUTOM, MacCoBasl IOl KOTO-
poro cocrasisieT 40.7%. YcTaHOBJIEHO, 4TO 30JI0TO B IPoOe (PIOTOKOHIEHTpaTa MPUCYTCTBYET B caMOpOIHOM Gopme. OCHOB-
Has Macca 3epeH 30J10Ta IpejcTaBieHa yactuuamu pazmepoM 10-38 mxm — 82.89%. IMopsiaka 63% 30510Ta HAXOAUTCS B CBO-
6omHOM Buze. Jlons 3akphITHIX 3epeH coctaBisieT 9.23%. OCHOBHBIM MHHEpalIoM B TpoOe (IOTOKOHIEHTpaTa, ¢ KOTOPBHIM
30JI0TO HAXOJIUTCSl B aCCOLMAMH, SBisgeTcs muput — 25%. Jloms 30510Ta, acCOLIMUPOBAHHOTO € KBapiieM, coctasiisieT 3.07%.
J171s1 IPOMBIIIUIEHHOH SKCIUTyaTallK B KAYECTBE ONTHMAIFHOTO PEKMMa PEKOMEHTyeTcs COPOIIMOHHOE [IHaHNPOBaHKE (IIOTO-
KOHIIEHTpaTa ¢ pacxoxoM akTuBuposanHoro yrist Norit RO 3520 B kommdectBe 10% oT o6bema xuIKoH (as3pl. Y CTaHOBICHBI
rapamMeTpsl COpOIMOHHOTO IMAaHMPOBAaHHUA (PIOTOKOHILEHTpATa: KPYIHOCTH (UIOTAIIMOHHOTO KoHmeHTpara — P80 10 Mkm;
KoHUeHTpanust nuanuaa Hatpus — 0.1% (pacxox nnanuaa Hatpus — 2.3 kr/t); pH — 10.5; mutotHOCTS Mysbnel — 40% (TBEpmO-
Tr0); MPOAOIDKUTEIBHOCTH Tporiecca — 24 4. IIpu ycTaHOBIEHHBIX IapaMeTpax AOCTUTHYTO BBICOKOE, He MeHee 86%, n3Biede-
HHE 30JI0Ta B PacTBOP.

Knrouesvie cnosa: sonomo, ¢pnomoxonyenmpam, yuanuposanue, yuamuo HaAmMpus, KOHYEHMPayus, aKMUSUPOBAHHbIIL
Y207b, COpOYUOHHOE YUAHUPOBAHUE.
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