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The relevance of the research is caused by the necessity to acquire new knowledge about the enrichment of gold-bearing ores and the
need to develop the resource base of the Russian Federation, namely involve subsoil use objects in economic circulation.

The purpose of the study is to study the processing of low-sulfide gold-quartz ore using an integrated technology for the enrichment of
mineral raw materials.

Object: gold ore raw materials with an average gold grade of 11,88 g/t. The silver content is negligible — 2,43 g/t. The main ore minerals in
the sample are pyrite and pyrrhotite. The average content of these minerals in the ore, according to mineralogical and X-ray diffraction
analysis, was about 6 % (in total). The main rock-forming minerals of the original ore are: quartz — 60,1 %, quartz-chlorite-mica aggre-
gates — 3,8 %; carbonates - 7,1 %.

Methods. The research methodology was based on the theoretical foundations of mineral processing. The study of the material composi-
tion of the ore, and enrichment products, was carried out using chemical, assay, thermal, spectrometric methods, as well as atomic emis-
sion spectrometry and other methods. The study of washability was carried out by the methods of gravity and flotation enrichment, namely:
GRG test, stage test of the Institute TOMS (Russia) (determination of the optimal size of ore grinding and the number of enrichment sta-
ges), modeling of gold extraction in the grinding cycle, determination of the optimal degree of grinding, study of the choice of flotation rea-
gents, study of the kinetics of the process and the implementation of a complex of technological studies.

Results. It was found that the gold recovery when performing the GRG test was 72,75 % with a total concentrate yield of 1,34 % and a
content of Au 664,78 g/t. At the same time, the gold content in the tailings was 3,29 g/t. A stage test showed that for ore processing only by
gravity technology, it is advisable to use a two-stage scheme. The first stage is in the grinding cycle with the ore size of 60-70 % and the
second stage — with the final size of the discharge of the classification 90 % size of 0,071 mm. Centrifugal separation, as a free gold re-
covery operation in a grinding cycle, works efficiently. A concentrate with a gold content of 2426 g/t was obtained with an output of 0,31 %
and an extraction of 63,74 %. The enrichment of the first stage tailings crushed to 90 % size of -0,071 mm at the KC-CVD concentrator
(modeling) made it possible to extract gold into a total gravity concentrate (KC-MD+KC-CVD) of 87,25 % with a concentrate yield of
22,63 %. The gold content in the tailings was 1,97 g/t. The results of gravity and flotation concentration of the original ore indicate the fea-
sibility of using a combined gravity-flotation technological scheme. In a closed experiment of the initial ore beneficiation according to the
gravity-flotation scheme at a natural pH of the pulp (without adding acid), the following products were obtained: gravity concentrate with a
gold content of 2426 g/t at a yield of 0,31 % and an extraction of 64,06 %; flotation concentrate (after the Il cleaning) with a gold content of
122 g/t with a yield of 2,90 % and recovery of 33,01 %; the total gold recovery in the gravity-flotation concentrate was 94,07 % with a yield
of 3,21 % and Au content of 345,87 g/t, the gold content in the flotation tailings was 0,72 g/t.

Key words:
Gold, enrichment, technological research, flotation, gravity, modeling, concentrate, tailings, extraction.

research centers in China [5], Korea [6], Brazil [7], the

Introduction topic of the maximum possible extraction of valuable

Research and technology of the mining and processing
industry has developed continuously as the amount of
knowledge and experience expanded, and the analytical
and instrumental base improved. Work in this area has
been carried out since mining has existed. Despite the co-
lossal number of research projects carried out both on the
territory of the Russian Federation [1-4] and in foreign
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components from refractory ores remains a topical direc-
tion of development for the entire mining and processing
and metallurgical complexes. Based on the analysis of the
literature [8-11], the most demanded direction is the pro-
cessing of gold-bearing ores with different content of
substances that prevent the complete extraction of the
valuable component.
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To achieve these goals and objectives, as a rule, various
complex processing schemes are used: gravity-flotation,
gravity-metallurgical, etc. The use of one or another
scheme for the enrichment of mineral raw materials de-
pends on many different factors, such as the shape of parti-
cles, geometric dimensions, weight, wettability, association
with minerals, etc. For example, in [12], the effect of parti-
cle shape and roughness index on the flotation is shown. In
[13], studies on the influence of the particle size of raw ma-
terials on the efficiency of enrichment in industrial condi-
tions are presented. Due to its chemical inertness, almost
all the gold in the earth's crust is in a native state, namely in
the form of a metal with an insignificant content of impuri-
ties. In view of this fact and the physical properties of this
metal, it becomes possible to use gravitational methods for
separating minerals. However, the use of this technology,
in the presence of finely dispersed raw materials, is often
accompanied by high losses of a valuable component and a
negative impact on environmental objects.

In this case, a promising direction is the use of an in-
tegrated processing scheme, with the use of highly effi-
cient enrichment processes. For example, flotation is the
most efficient and more widespread method of beneficia-
tion of gold-bearing ores when sulfide minerals are pre-

Table.
size classes

sent in it, even in small amounts [14]. Gravity methods
will be effective for the extraction of larger particles of
valuable minerals [15]. Gravity-flotation technologies for
processing gold-bearing ores are a fairly common and ef-
fective way of enriching mineral raw materials [16-19].
This article is devoted to the processing of low-sulfide
gold-quartz ore using an integrated technology for the en-
richment of mineral raw materials.
The main objectives of the study are:
o analysis of qualitative and quantitative characteristics
of processed raw materials;
o study of ore concentration using gravity methods;
o study of ore dressing using the flotation method;
¢ recommendations on the use of the proposed technol-
ogy on analogous types of ore.

Object of research

The study was carried out using a sample that is char-
acterized by a low-sulphide gold-quartz type of ore. The
average gold content in the technological sample accord-
ing to the sampling certificate is 8,5 g/t. The granulo-
metric composition of the ore with a particle size
of —2 +0 mm, prepared for tests, is presented in the Table.

Granulometric characteristics of crushed ore (size of —2 mm) with distribution of gold, silver, iron and sulfur by

Tabnuua. ['panyromempuyeckue xapakmepucmuxu OpooneHou pyovl (Kiacc KpynHocmu —2 Mm) ¢ pacnpeoeienuem 3010mda,

cepebpa, dicenesa u cepvl NO KiAcCcam KpYRHOCMU

Product Product Au | Fe | S
size class yield, % g/t (v/1) %
Kiace Beixox content distribution content distribution content distribution
MPOaYyKTa nponykTa % | conmepkanue | pacnpeneneHue COJICpKaHUE | pacmpeeneHue coJiepXKaHue pacnpeneneHie
—2+1 37,29 9,60 33,21 5,73 33,22 2,63 32,68
-1+0,5 12,97 17,50 21,24 5,66 11,24 2,77 12,35
-0,5+0,315 6,44 13,20 7,44 5,73 5,61 2,67 5,72
-0,31540,2 7,21 9,40 5,81 5,77 7,18 2,65 6,05
—0,2+0,1 11,27 8,60 8,86 6,57 11,12 0,34 12,35
-0,1+0,071 6,24 9,50 6,01 7,83 6,94 4,14 7,99
—0,071+0,045 4,77 12,20 5,12 8,67 6,18 4,32 6,52
—0,045+0 13,81 11,20 12,81 10,07 18,51 4,04 16,17
Total/Mroro 100,00 11,11 100,50 6,62 100,00 3,08 100,00

According to the sieve analysis of the ore, gold distri-
bution by size classes is uneven. Its content in size classes
ranges from 8,6 g/t (-0,2 + 0,1 mm) to 17,50 g/t
(-1 + 0,5 mm). This distribution pattern is an indication
of the presence of large and medium-sized gold particles
in the crushed ore in free form and in rich intergrowths.

The results of optical emission analysis of the ore (an-
alyzes ICP90, 1CP40) showed that the content of harmful
elements — arsenic and antimony, does not exceed
0,005 %, and they will not have a negative effect on ore
processing. The SiO, content is 78,7 %. The content of
heavy non-ferrous metals (Cu, Pb, Zn) is thousandths of a
percent, and they will not have an industrial value for ex-
traction. The only valuable component of the ore is gold.

The rocks of the deposit are represented by mineral-
ized carbonate-quartz rocks with different-grained grano-
blastic quartz, ferruginous calcite or ankerite in the inter-
stices of quartz grains, grouping into spotty, vein-like ac-
cumulations. Isometric siderite grains are present among
carbonate minerals, the decomposition of which produces

irregular magnetite grains. Among other nonmetallic
minerals, thin sections contain flakes of chlorite, musco-
vite, and epidote aggregates [20].

The main rock-forming minerals of the original ore
are: quartz — 60,1 %; quartz-chlorite-mica aggregates —
3,8 %; carbonates — 7,1 %. Slimes are represented by car-
honated mica-quartz, with chlorite, weight — 22,8 %. Ore
minerals (sulfides) are represented by pyrite — 2,2 %; ar-
senopyrite — signs; chalcopyrite and galena are rare signs.
In terms of sulfide content, the ore of the deposit is classi-
fied as poor, in terms of the degree of oxidation to sulfide.

Phase analysis of the original ore showed that with a
size of -2 mm, the share of free gold is 29,11 %. With an
increase in the fineness of grinding to 60 % and further to
95 % size of 0,071 mm, the amount of free gold is 50,50
and 63,16 %, respectively. The share of cyaninated gold
(free and in intergrowths) with a size of -2 mm is
57,59 %, with a size of 60 and 95 % size of -0,071 mm,
respectively, 77,35 and 93,29 %.
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It can be concluded that this ore is a favorable raw
material for beneficiation by gravity and flotation meth-
ods. It is also possible to efficiently process the original
ore and products of its concentration by hydrometallurgi-
cal methods [21].

Research methodology
Research technique for washability by gravity methods

The results of studying the material composition of
the ore showed that when grinding to a size of 95 % size
of -0,071 mm, more than half of the gold (63,16 %) is
present in free form. Therefore, for processing this ore, it
is advisable to use gravity concentration methods and, in
particular, the following processes:

o centrifugal separation with low concentrate yield
(up to 1,5 %);

o centrifugal separation with increased concentrate
yield (more than 1,5 %).

In principle, the possibility of using centrifugal meth-
ods for extracting free gold from the ore of the deposit
was established according to the results of a special inter-
national GRG test (the method of Knelson, Canada).

The final grinding size and the feasibility of dressing
the intermediate size ore was determined according to the
results of a stage dressing test on a centrifugal concentra-
tor (TOMS method).

Evaluation of the level of free gold recovery at an in-
termediate ore size (60 % size of -0,071 mm) by gravity
methods was determined according to the results of en-
larged concentration tests on a jig and on a separator with
periodic unloading.

The influence of the concentrate yield on gold recovery
was determined by the results of modeling ore concentra-
tion on a separator with continuous concentrate discharge.

In total, at the stage of research on enrichment of ore
of the deposit by gravitational methods, the following
tests were performed:
¢ GRG test (Knelson methodology, Canada)

The purpose of the GRG test (Knelson, Canada) is to
determine the amount of gold recovered by gravity and to
evaluate the possibility of using centrifugal separators
with a low concentrate yield for enriching the ore of the
deposit.

The method of performing the GRG test provides for a
three-stage ore beneficiation. The feed size is: at the first
stage —2 (1,7) mm, at the second — approximately 80 %
size of —250 microns and at the third — 80 % size of
—75 microns [22-24] (Fig. 1).

e TOMS stage test (determination of the optimal size of
ore grinding and the number of beneficiation stages)
The purpose of the experiment was to determine the op-

timal (final) size of ore grinding and the number of stages

of gravity concentration. The determination of the optimal
size of grinding was carried out according to the results of
the stage-by-stage ore gravity concentration. The experi-

ment was carried out on a centrifugal concentrator with a

sequential reduction in the size of the ore at each stage. The

material was investigated with a size of -2 mm in the
range from 16,99 to 93,96 % and -0,071 mm. At each
stage, four enrichment operations were performed (at the
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first stage, two operations). Based on the data obtained, a
graph of gold recovery dependence on ore size was built
(Fig. 2). Additionally, according to the calculation of the
Hancock criterion, the enrichment efficiency curve was
plotted on the graph. The full results of the staged test are
shown in Fig. 3.

o simulation of gold recovery in the grinding cycle (first

stage of beneficiation)

The purpose of this test was to assess the possibility of
extracting free gold at an intermediate ore size (~60 % -
0,071 mm) by gravity methods with a low concentrate
yield. During the test, a single dressing was carried out on
a centrifugal concentrator (KC-MD) of a sample of the
original ore with a particle size of 60 % size of -0,071
mm. To assess the possibility of separating free gold into
the «gold head», metallurgical refinement of the concen-
trate was performed.
¢ modeling of the second stage of enrichment at KC-

CVD with refinement of the concentrate

The purpose of this test is a preliminary assessment of
the applicability of the KC-CVD concentrator for the re-
covery of gold from the tailings of the first stage of con-
centration and to determine the effect of the yield of the
final gravity concentrate on the concentration indicators.
The preliminary assessment was carried out by modeling
the process using the following equipment:

e concentration table (CT);
o centrifugal concentrator with periodic concentrate
discharge (KC-MD).

The CT concentrate in combination with the KC-MD
one characterizes the product of the KC-CVD concentrate
refinement when obtaining the final gravity concentrate.
This approach allows a preliminary assessment of the
possibility of using CVD for ore beneficiation. If neces-
sary, CVD performance indicators are specified on en-
larged tests. The test was performed on stage 1 tailings
from the KC-MD. Enrichment was carried out in several
sequential stages on a centrifugal concentrator (KS MD3)
and a concentration table (CT). Concentrate KS MD3 and
CT of each stage were combined. On the tails, the en-
richment operation was repeated at KS MD3 and RMS.
A total of six stages have been completed. As a result, six
concentrates and tailings were obtained. The resulting de-
pendence of the efficiency of gold recovery on the yield
of KC-CVD concentrate is shown in Fig. 3. In some cases,
it is possible to develop statistical regression models that
can be used to optimize the process [25].

Experimental procedure for washability by flotation methods

The study of the ore dressability of the technological
sample was carried out on the original ore and on the tail-
ings of gravity concentration. The purpose of the research
was to work out the optimal flotation mode for obtaining
sulfide gold-bearing concentrate.

The main objectives of the research were:

study of granulometric characteristics;

develop a reagent regime;

study physical characteristics of the pulp;

determine flotation time by operations and structure
of the flotation circuit.
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Determination of the optimal size of the initial ore grinding

To determine the optimal degree of grinding of the
initial ore for flotation, a series of tests was carried out on
material with a particle size of (70-95) % — 0,071 mm.
Pine oil was used as a foaming agent at the initial stage of
research. Medium regulators were not supplied. The flo-
tation was carried out at a natural level of pH=8,04,
formed due to the dissolution of ore minerals. Basic and
control flotation operations were performed.

Determination of the optimum size for grinding gravity tailings

To determine the optimal degree of grinding of gravity
tailings for flotation, a series of tests was carried out on ma-
terial with a particle size of 70, 80, 85, 90 and 95 % — 0,071
mm. Pine oil (CM) was used as a foaming agent. Medium
regulators were not supplied. Flotation was carried out at
natural pH=7,64. The main and control flotation operations
were carried out. To evaluate the results of flotation in each
experiment, the value of the Hancock criterion was calculat-
ed, which characterizes the efficiency of the flotation, and a
graph of this indicator dependence on grinding size of gravi-
ty tailings was plotted, shown in Fig. 4.

Flotation kinetics study

In order to select the type and consumption of the froth-
er for flotation, three tests were delivered on material with
a particle size of 90 % — 0,071 mm. Reagents pine oil, T-66
and T-80 (similar in properties to T-92), were used as
foaming agents. Collector consumption and flotation time
were the same for all experiments. The consumption of the
foaming agent was selected empirically according to the
type and loading of the foam layer. The baseline was the
experience with pine oil. A similar approach to the experi-
ment is presented in the works [26, 27].

Open experiments on flotation of gravity tailings

at different pulp densities

In order to establish the flotation indicators at the op-
timal mode and to check the effect of the pulp density on
them, three open experiments were performed on gravity
tails, in which the solids content in the pulp was equal to
20, 27 and 35 % by weight. In each experiment, the main
and control operations were performed. The reagent mode
and flotation time were adopted based on the results of
the kinetic tests. Tests have shown that the optimum sol-
ids content in the slurry is in the range of 27-30 %. An
increase in the solids content from 27 to 35 % leads to an
increase in the yield of the concentrate (from 11,90 to
12,92 %) with almost unchanged gold recovery in it. This
leads to a decrease in the gold content in the concentrate
from 31,78 to 29,31 g/t.

Open experience of flotation of gravity separation

tailings according to the complete scheme

An open experiment on flotation of gravity separation
tailings was set up at the optimal modes established at the
prospecting stage of research in order to clarify the con-
centration indicators. The flotation was carried out at the
natural pH of the pulp, which is formed due to the disso-
lution of ore minerals. The flotation scheme included the
main, control and two cleaning operations.

Closed experiment on gravity-flotation concentration

of the original ore at the natural pH value of the pulp

To establish the indicators of the initial ore beneficia-
tion according to the gravity-flotation scheme, a test was
put in which flotation was carried out with the return of
middlings (five closed cycles) according to the regime
worked out at the preliminary stage of research.

The scheme of the experiment is shown in Fig. 5. The
original ore was crushed to a particle size of 60 % —
0.071 mm and enriched by centrifugal separation in order
to extract free gold and rich intergrowths. The tails of
centrifugal separation were re-crushed to a particle size of
90 % — 0,071 mm and fed to flotation, in which the main,
control and two cleaning operations were provided. Flota-
tion was carried out in a closed cycle with a turnover of
industrial products using a circulating water supply ac-
cording to a «short» scheme (through a tailings thickener).

To assess the technological efficiency of enrichment
used in the work, the Luiken-Hencock formula was used:

_r(B-qa)

a(l-a)’
where o is the content of the valuable component in the
source material; § is the content of the valuable compo-
nent in the fortified product; y is the yield of the enriched
product.
The process is considered highly efficient if E>75 %,
effective if E>50 %, and ineffective if E<25 %.

Results and its discussion

Study of the deposit ore for dressability by gravity methods

Evaluation of the possibility of using centrifugal methods

(GRG test)

The total volume of gold extracted by gravity after three
stages of enrichment was 72,75 % with a concentrate yield
of 1,34 %. Including: at the first stage, the extraction by
gravity was 24,80 %, at the second and third stages, respec-
tively, 39,89 and 8,07 %. The estimated gold grade in the
original ore for the GRG test was 11,91 gft.

The results of the GRG test showed that the ore of the
deposit is efficiently concentrated by centrifugal methods.
The level of gold extraction by gravity during stage
grinding of ore is high — 72,75 %. But for more complete
gold recovery, the use of centrifugal concentrators in
combined schemes (gravity-flotation, etc.) can be rec-
ommended [28, 29].

Staged centrifugal ore beneficiation

On the original ore size of -2 mm (16,99 % -0,071
mm), the extraction of gold was 36,37 %. When grinding
to 49,10 % size of -0,071 mm, the extraction increased by
31,82 % and totaled 68,19 %. When grinding to 66,33 %
size of -0,071 mm, the total gold recovery was 76,77 %.
A further reduction in the size of the ore to 89,47 and
93,96 % made it possible to additionally extract 4,21 and
2,01 % of gold, respectively. The total gold recovery in the
total concentrate is 87,44 % at a content of 71,56 g/t and
yield of 13,70 %. Under these conditions, the gold content
in the tailings was 1,63 g/t. The gold grade in the original
ore was 11,21 g/t. The dependence of the gold recovery ef-
ficiency on the recovery size is shown in Fig. 2.
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Fig. 1. Results of the GRG test (gold recovery by stages)
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Fig. 2. Dependence of gold extraction efficiency on ore grinding size: 1 — Au recovery, %; 2 — efficiency, %
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High gold recovery (76-81 %) at an intermediate size
(66-77) % —0,071 mm indicates the advisability of using
gravitational ore concentration in the grinding cycle. With
a particle size of 90 % size of 0,071 mm, the rate of
growth of the efficiency curve decreases (inflection point),
and this coarseness can be taken as the final one for
gravity concentration. It is recommended to use a two-
stage enrichment scheme. The first stage in the grinding
cycle with an intermediate ore size of 60-70 % size of —
0,071 mm, the second stage at the drain of the classifica-
tion unit with a final ore size of 90 % - 0,071 mm (for
gravity concentration).
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Simulation of gold recovery in a grinding cycle

(first stage of beneficiation)

The results of the experiment showed that centrifugal
separation in the grinding cycle at an intermediate size of
60 % —0,071 mm works effectively. A concentrate with a
gold content of 2426,0 g/t was obtained with an output of
0,31 % and an extraction of 63,74 %. Therefore, this pro-
cess can be recommended for use in an industrial techno-
logical scheme. Based on the results of metallurgical re-
finement of the KC-MD concentrate, the approximate
level of gold extraction into a rich concentrate — «gold
head», amounted to 59,60 % of the original ore [30].



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2022. V. 333. 6. 178-189
Fedotov P.K. et al. Technology for processing low-sulfide gold-quartz ore

Simulation of the second stage of beneficiation

at KC-CVD with concentrate finishing

In the course of preliminary tests, it was found that the
ore of the deposit is efficiently enriched by centrifugal
separation with a low concentrate yield. But at the same
time, the extraction of gold is not complete enough. One
of the possible ways to increase gold recovery by gravity
methods, including those associated with gangue minerals
and sulfides, is the use of a centrifugal concentrator KC-
CVD with continuous concentrate discharge at the second
stage of enrichment.

100,0 +
90,0 -

Based on the test results, a graph (Fig. 3) of gold re-
covery dependence on the concentrate yield of the first
and the second stages was built. Additionally, the en-
richment efficiency curve is plotted on the graph, built
according to the calculation of the Hancock criterion.

The graph shows that a significant amount of gold
(65-70 %) is extracted with a concentrate yield of
0,5-1 %. Further, with an increase in the yield of the con-
centrate to 3,17 %, the growth of the efficiency curve
slows down. At this stage, gold is extracted in inter-
growths with rock and sulfides.
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Fig. 3. Dependence of gold recovery efficiency on the yield of KC-CVD concentrate: 1 — Au recovery, %; 2 — efficiency, %
Puc. 3. 3asucumocms s¢hpexmuenocmu uzenevenus 3onoma om evixooa konyenmpama KC-CVD: 1 — ussneuenue 3onoma, %,
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With an increase in the concentrate yield over 3,17 %,
the enrichment efficiency begins to decline. At this stage,
gold recovery occurs with significant dilution of the con-
centrate by waste rock. The inflection point of the effi-
ciency curve is the point that determines the minimum
required concentrate yield. In this case, the yield of the
total gravity concentrate must be at least 3,17 %, includ-

ing the yield of CVD concentrate after finishing is 2,86 %.

At a given yield of 3,17 % of the total concentrate
(KC-MD and KC-CVD), the gold content in it will be
303,71 g/t with 81,04 % recovery, and the gold content in
the tailings will be 2,33 g/t.

The test results showed that, with a high yield of KC-
CVD concentrate (maximum - 22,63 %), gold recovery
into the total gravity concentrate is high and amounts to
87,25 %. However, the content in the tailings remains
significant — 1,97 g/t. After finishing the concentrate, the
gold recovery decreases to 81,04 %, and, accordingly, the
content in the tailings increases to 2,33 g/t. Consequently,
the use of the KC-CVD concentrator at the second stage
of concentration does not ensure the completeness of gold
recovery. The potential for CVD can be determined after
comparison with other alternative enrichment methods. In
this connection, further studies on ore dressing by flota-
tion methods have been initiated.

Investigation of the deposit ore dressability

by flotation methods

Based on the test results, the following conclusions
were made:

o the results of the balance calculation of the gold content
in the original ore for each experiment showed a signif-
icant scatter in the value of this parameter (within 9,63
11,79 g/t). At the same time, gold extraction into the
flotation concentrate of the main operation randomly
fluctuated in the range of 64,14-70,95 % without any
connection with the size of ore grinding, which did not
allow establishing the optimal value of this parameter;

o the overall level of gold recovery into the flotation
concentrate in the experiments remained at a relative-
ly low level (64,14-70,95) %, which indicated an in-
sufficiently high efficiency of flotation on the initial
ore. This circumstance, most likely, is again explained
by the presence of large free gold in the ore, which,
due to the large mass of particles, cannot go into the
foam product and remains in the chamber flotation
product. Obviously, for the ore of the technological
sample of the deposit, a combined enrichment scheme,
including gravity processes for capturing free gold,
will be more promising, and flotation to recover fine
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free gold and gold associated with sulfide minerals. In
relation to the above problems, it was decided to stop
prospecting experiments on the original ore and con-
tinue research on flotation on gravity tailings [31].
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Determination of the optimal size for grinding gravity tailings

The graph of the concentration efficiency dependence
on the grinding size of gravity tailings before flotation is
shown in Fig. 4.

y = -0,0036x2+0,6585x+44,182
R>=0,9958

72,60
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85 90 95

Content of the class - 0,071 mm in the crushed product, %
Conepkanue knacca - 0,071 MM B H3MEIBbUEHHOM NMPOJYKTE, %o

Fig. 4. Dependence of the beneficiation efficiency on the size of crushing of gravity tailings before flotation
Puc. 4. 3asucumocmo s¢ghpexmusnocmu obocawenus om KpynHocmu 0pooieHus X60Cmos epasumayuu nepeo gromayuei

It was found that the enrichment efficiency indicator in-
creases to the size of ore grinding of 90 % size of 0,071
mm and then begins to decrease. Consequently, when the
size of grinding of gravity tailings is greater than 90 % size
of 0,071 mm, the fineness of ore grinding no longer con-
tributes to the improvement of the concentration indicators.
The recovery of gold into concentrate remains at approxi-
mately the same level. The gold content in tailings for a
grinding size of 90 and 95 % size of —0,071 mm is practi-
cally the same (0,71 and 0,70 g/t). Therefore, the size of
crushing of gravity tailings equal to 90 % size of -0,071 mm
was taken as optimal for flotation.

Investigation of the kinetics of flotation

Based on the results of the tests on the study of the ki-
netics of flotation, the following conclusions were made:
1. Pine oil has the lowest flow rate for flotation. Normal

foaming is ensured at a flow rate of 60 g/t (main +

control operation). Reagents T-66 and T-80 require a

flow rate of 100 g/t for the normal operation of the

process.

2. When using oxal T-66, the concentrate yield decreas-
es from 11,1 to 9,30 %, and with the concentration ef-
ficiency equal to that of pine oil, the extraction of
gold into the flotation concentrate decreases.

3. The use of oxal T-80, which is close in foaming prop-
erties to T-92, allows one to obtain enrichment results
as in pine oil and even slightly exceed them. There-
fore, further experiments were performed using this
reagent.

To determine the optimal flotation time for operations,
two groups of tests were set to study the kinetics of the
main, control and cleaning operations. In all tests, a frac-
tional survey of concentrates was carried out, and the
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gold content was determined in each fraction. The tests

were carried out on the optimal reagent mode with the ore

grinding size 90 % size of 0,071 mm: butyl xanthate

(PBX)=150+75 g/t, T-80=60+40 g/t, the pH value of the

pulp is equal to the natural one (7,64).

Analysis of the results obtained made it possible to de-
termine the optimal flotation time for operations, taking
into account the following features:

1. The optimal time for the main operation is 6 minutes.
In subsequent operations (7-9 and 10-12 minutes),
the gold content decreases sharply, the increase in re-
covery becomes insignificant and does not exceed 1-
1,5 %.

2. Itis advisable to take the control flotation time equal
to 18-20 minutes (6 minutes from the main flotation
+ 13 minutes from the control flotation).

3. Itis advisable to take the time of the first cleaning op-
eration equal to 4-6 minutes. An increase in this time
will lead to dilution of the concentrate with a slight
increase in gold recovery.

4. The high gold content in the first fraction of the clean-
ing operation, which is almost three times higher than
the average content in this concentrate, indicates the
advisability of including the second cleaning opera-
tion in the flotation scheme. Similar results were ob-
tained in work [32]. The authors of this article also
proposed an additional stage of flotation processing
for maximum gold recovery.

Open experiments on flotation of gravity separation

tailings at different pulp densities

A decrease in the content of solids in the pulp to 20 %
leads to a decrease in the yield of the concentrate and a
drop in gold extraction into it. At 20 % solids, gold re-
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covery in the total flotation concentrate was 83,29 %,
which is 4,27 % less than at 27 % solids. Consequently, a
decrease in the pulp density from the optimal value ad-
versely affects the results of flotation. An increase in the
pulp density above the optimal value has a less significant
effect, leading only to the dilution of the concentrate with
waste rock.

Open experience of flotation of gravity separation tailings ac-

cording to the complete scheme

The test showed that a concentrate with a gold content
of 129 g/t at a yield of 2,50 % can be obtained from the
gravity tailings after the second cleanup. The total recov-
ery of gold in flotation products was 87,65 % with a yield
of 12,5 %. The gold content in the tailings of the control
flotation was 0,60 g/t. These results can be considered as
satisfactory, and in the selected mode it is advisable to set
up a closed experiment to establish the ore concentration
indices according to the gravity-flotation scheme (Fig. 5).

Closed experiment on gravity-flotation concentration

of the original ore at the natural pH of the pulp

As a result of enrichment, the following products were
obtained:
1) gravity concentrate with a gold content of 2426 git

with an output of 0,31 % and an extraction of 64,06 %;
2) flotation concentrate (after the Il cleaning) with a gold

content of 122 g/t with an output of 2,90 % and an ex-

traction of 30,01 %.

The total gold recovery in the gravity-flotation con-
centrate is 94,07 % with a yield of 3,21 % and Au content

o Al extraction / wzenederHue Au, %

of 345,87 g/t. The gold content in the flotation tailings
was 0,72 git.

Based on the data obtained as a result of studying the
granulometric composition of the beneficiation products,
it was found that gold extraction from the ore increases
with a decrease in the size of the ore fractions. The lowest
gold content in the tailings and the highest in the concen-
trate is noted in the —0,045 + 0 mm fraction. As the size
of the tailings fractions increases, the gold content in-
creases, and the content in the flotation concentrate frac-
tions decreases.

To test the effect of pulp alkalinity on the concentra-
tion of the original ore according to the gravity-flotation
scheme, a closed experiment was set up, in which flota-
tion was performed with the addition of a small amount
of sulfuric acid to activate gold-bearing pyrite. In this
case, the pH of the pulp decreased from 7,64 (natural val-
ue) to 7,06.

This experiment has shown that carrying out flotation
with the addition of sulfuric acid (in comparison with the ex-
periment without it) led to an increase in the yield of the flo-
tation concentrate from 2,90 to 3,61 %, i. e. by 24,5 % (rela-
tive). At the same time, gold extraction into the flotation
concentrate increased from 30,01 to 30,22 % (by 0,7 % rela-
tive). Consequently, carrying out flotation with the addition
of acid almost does not increase gold recovery, but at the
same time leads to a significant dilution of the flotation
concentrate and a decrease in the gold content in it, and can
also lead to an increase in the tailings hazard category.
Therefore, the addition of sulfuric acid during the flotation
of the ore of the deposit was recognized as inexpedient.
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As in the previous experiment, the granulometric
composition of the enrichment products shows that the
ore fraction with a size of —0,045 +0 mm is best enriched.
In this class, the minimum gold content in the tailings
(0,46 g / t) and the maximum (111 g / t) in the flotation
concentrate are noted.

Conclusion
As a result of a complex of studies, tests were carried

out on gravity and flotation enrichment of gold-bearing ore:

GRG test, stage test, modeling of gold in the grinding cycle
was carried out, the optimal size of grinding of the initial
ore and gravity tailings was established to define the tech-
nological parameters of flotation enrichment, studies on the
kinetics of flotation, as well as experiments on ore enrich-
ment according to the full scheme. As a result of the exper-
iment, the feasibility of using the proposed gravity-flotation
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T VpKyTCKMIA HaUMOHaNbHbIA NcCnefoBaTeNnbCKUA TEXHUYECKUIA YHUBEPCUTET,
Poccus, 664074, r. pkyTck, yn. JlepmonToBa, 83.

2 AHCTuTYT «TexHonorus oborallueHnst MUHEParbHOMO Chipbsy,
Poccus, 664074, r. UpkyTck, yn. llepmoHToBa, 83a.

AxkmyanbHocmb uccnedogaHus 0bycrogneHa HeobXxo0UMOCMbI0 NOMyYeHUs! HOBbIX 3HaHULl 06 0bozamumocmu 30710MocodepKalux
pyd u Heobxodumocmeio passumusi pecypcHol basbi Poccutickoll ®edepayuu, a UMEHHO 808/eYeHuUsi 06bekmos Hedpononb308aHus 8
xo3siticmeeHHbIl o6opom.

Lenb: uccnedogaHue no nepepabomke ManocynbpuiHol 3010mo-kgapuesoll pydsl ¢ NPUMEHEHUEM KOMNIEKCHOU mexHonoauu 0boza-
WEeHUST MUHEPasTbHO20 ChIPbS.

06Bexm: 3oomocodepxawjas pyda co cpedHum codepxaHuem 3omoma 11,88 a/m. CodepxaHue cepebpa He3HayumesnbHoe — 2,43 e/m.
OcHoBHbIMU PyOHbIMU MUHepanamu 8 obpa3ue senstomes nupum u nuppomut. CpedHee codepxaHue amux MuHepasos 8 pyde, no 0aH-
HbIM MUHEPaso2u4eckoao U PeHMaeHOCMPYKMYpPHO20 aHasu3a, cocmasusio okono 6 % (cymmapHo). OcHogHbIMU Nopodoobpasyrowumu
MuHepanamu ucxo0Hol pydsi sensromes: keapy — 60,1 %; keapy-xnopum-crodsHeie agpezamsi — 3,8 %; kapboHambl — 7,1 %.

Memodsi. Memodonoeus uccnedogaHus ba3uposanacs Ha Meopemuyeckux ocHogax 0b02alieHUs NOMe3HbIX LUckonaembix. M3yyeHue
8ewecmseHHo20 cocmasa pyob! U npodykmos 0602auieHust 66110 8bINOHEHO C UCNO/L308aHUEM XUMUYECK020, NPOBUPHO20, mepmuye-
CK020, CNeKmpoMempuYeckozo Memodos, @ makxe amoMHO-3MUCCUOHHOU cnekmpomempuu u Opyaux Memodos. M3yyeHue obozamumo-
cmu npogodunu Memodamu 2pagumayUoHHO20 U (hiomayuoHHo20 obozaweHus, a umeHHo: GRG mecm, cmaduanbHbili mecm uHemu-
myma TOMC (Poccus) (onpedeneHue onmumanbHoU KpynHocmu u3Menbyerusi pydsi u konudecmea cmadull obozauwjeHusi), Mooenupo-
8aHUe U38/T1eYeHUs 30/10ma 8 YUKIe uaMenbyeHusi, onpedeneHue onmumanbHoU cmeneHu noMona, uccrnedogaHue ebibopa ghomayuoH-
HbIX peazeHmos, uccnedosaHue KUReMUKU npoyecca U npogedeHue KOMNIeKca MexHomoauqeckux uccnedosaHud.

Pe3ynbmamel. YcmaHosneHo, Ymo u3ssnedeHue 3o1oma npu nposedeHuu GRG-mecma cocmaguno 72,75 % npu 8bixode 06wie20 KOH-
ueHmpama 1,34 % u e2o codepxaHuu 664,78 a/m. [pu amom codepxaHue 3010ma 8 xgocmax cocmasusno 3,29 e/m. CmaduliHble ucnbi-
maHus nokasasnu, Ymo npu hepepabomke pyd mombKO 2pagumayUoHHbIM ¢nocoboM yenecoobpasHo ucnomb3osams AsyxcmaduliHyr
cxemy. [Mepeasi cmadus Haxodumces 8 yukrie usMesibyeHus npu kpynHocmu pyobi 60-70 % u emopas cmadusi — npu KOHEYHOU KpynHO-
cmu Hacbinu knaccugpukayuu 90 % knacca —0,071 mm. LlempobexHas cenapayusi kak ceobo0Hasi onepayusi U3gneyeHusi 301oma 8
yukne usmenb4eHusi pabomaem sghgpexkmueHo. lonyyeH KoHueHmpam ¢ codepxanuem 3onoma 2426 2/m ¢ ebixodom 0,31 % u useneye-
Huem 63,74 %. ObozaweHue dpobrerbix do 90 % xeocmos nepsoli oyepedu knacca —0,071 Mm Ha obozamumenbHol habpuke KC-CVD
(modenupogaHue) no3eonumo u3eneyb 3070mo 8 obujuli epaguokoHyeHmpam (KC-MD+KC-CVD) 87,25 % npu codepxaHuu 8bixoda ¢y-
2ama 22,63 %. ColepxaHue 3omoma 8 xeocmax cocmaguno 1,97 a/m. Pe3ynbmamsi epagumayuoHHO-(h1omayuoHHo20 0bozawjeHust
ucxo0Hol pyds! caudemenbecmeylom O UenecoobpasHoCmu UCNOMb308aHUsT KOMOUHUPOBaHHOU epagumayuoHHO-(hIomayuoHHOU mex-
Homoauyeckol cxeMbl. B 3akpbimom onbime nepeuyHo2o oboeaujeHuss pydbi N0 epasumayUoHHO-(hIOMayUOHHOU cxeme npu ecme-
cmeeHHom pH nynbnbi (6e3 0obasneHus Kucnombi) 6biiu nomyyeHsl cnedyroujue npodyKmbl: 2pagUOKOHUEHmMpam ¢ codepxaHueM 30-
nioma 2426 e/m npu ebixode 0,31 % u useneyeruu 64,06 %, piomokoHuermpam (nocne Il oyucmku) ¢ codepxaHuem 3onoma 122 2/m ¢
ebixo0om 2,90 % u ussneyeHuem 33,01 %, obuwee usgneyeHue 3010ma 8 2pasuohIomayuoHHbII KOHUeHmpam cocmasusio 94,07 % npu
ebixode 3,21 % u codepxaHuu Au 345,87 e/m, codepxaHue 3om0ma e xgocmax ¢priomauuu 0,72 a/m.
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3onomo, obozauweHue, mexHonoauyeckue uccnedogaHusi, hnomayusi, 2pasumayiusi, MOOeNUPOBaHUE, KOHUEHMPAm, X80CMbI, U3BIIEYEHUE.
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