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Abstract. The article deals with the studies of gold-bearing ore benefication by flotation methods. The object of the study
is a low-sulfide gold-quartz type of ores with the following petrographic composition: quartz — 90 %, quartz-chlorite
schists — 10 %. The ore from this deposit consists of the weathering crust rocks including iron-mica rocks with veins and
spots of granoblastic quartz. The purpose of the research is to develop an optimal flotation regime for obtaining sulfide
gold-bearing concentrate. The influence of ore size, reagent mode, flotation redistribution structure, and flotation time on
operations was recorded during the experiment. The paper presents the results of studying the chemical composition of
the ore by the method of silicate and optical emission analysis. The flotation process used butyl potassium xanthate as a
collector and a combination of pine essential oils as a foaming agent. The Hancock concentration efficiency criterion was
determined based on a series of experiments. The following technological indicators of ore processing were identified:
gravity concentrate with the gold grade of 1165 g/t with the yield of 0.3 % and the recovery of 73.74 %; flotation concentrate
(after purification 1) with the gold grade of 68.9 g/t with the yield of 1.52 % and a recovery of 22.05 %. Its silver content
was 15.9 g/t. The total gold recovery was 95.79 %, with the yield of 1.82 % and the gold grade of 249.9 g/t. The gold grade
in the flotation tailings was 0.19 g/t.
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OBOTAWEHWE N NEPEPABOTKA MNONE3HbIX NCKOMAEMBbIX

HayuyHas ctaTbs
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WUccneposaHue nepepaboTku pya 30M0TOPYAHOIO
MeCTOpPOXAeHUs (hNOoTaLMOHHLIMU MeToAaMu

Naeen KoHcTaHTUHOBKY ®PepoToB?, AnekcaHap EBreHbeBuy BypaoHoB®,
lOpwit Butansesuny Hoeukos®, Hukuta Butanoesuy TepeHTbeBY,

Unbs Onerosuy borpaHiok®
a2 pKymcKull HayuUoHasbHbIU uccrnedogamernbCKuli mexHuyeckul yHusepcumem, 2. ipkymcek, Poccus
ABTOp, OTBETCTBEHHI 3a nepenucky: Hosukos FOpuin Butansesny, 89500505553r@gmail.com

Pestome. B npefcraBneHHoN cTaTbe ONMKUCaHO UccreaoBaHue 00OralleHnst 30110TOCoAepXaLMX pya roTaLMOHHbIMM
meToaamu. OGBEKTOM U3yYeHWUs ABMANCA ManocyNbMUAHbIA 30110TO-KBapLIEBbIi TMMN Py, KOTOPLIA MMeeT credyoLuit
neTporpaduyeckuii coctas: keapL — 90 %, kBapL-XnopuToBble cnaHubl — 10 %. Pyga aToro MecTopoXaeHust COCTOUT 13
Mopo[ Kopbl BbIBETPUBAHNSA — XeNe3UCTO-CrIAAHBIX NOPOJ C NPOXMIKaMK U NATHaMK rpaHoBnacTosoro keapua. Lienbto
UcCrefoBaHus ctana paspaboTka onTUMarbHOMo pexuma hroTauumy Ans NonyyveHus CynbhUaHOro 30/10TOCOAEPKaLLEero
KOHLIeHTpaTa. B xoae akcnepuMeHTa (UKCMpOBarnoch BRMSHUE KPYNHOCTU PyAbl, PEareHTHOro pexuma, CTPYKTYpbI nepe-
pacnpeaeneHns noTauuu, BpeMeHn groTaumm Ha onepauuu. B paboTte npeactasneHbl pesynbTaThl MCCrIEA0BaHNs Xu-
MWUYECKOro cocTaBa pyAbl METOAOM CUIIMKATHOMO M ONTUKO-3MUCCHMOHHOTO aHanuaa. B npouecce dnoTtauumn B kadecTse
cobupaTtens UcnomnbL3oBanu Takue peareHTbl, kak ByTUMNOBLIA KCaHTOTeHaT kanus, a B kadecTse neHoobpasoBaTtens —
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KOMOMHALMIO 3UPHBIX Macen CocHbl. Ha ocHOBe cepun aKCNepPUMEHTOB Bbin YCTAHOBMEH KPUTEPUIA 3PEKTUBHOCTH
oboratleHnss XaHKoka. BbisiBneHbl crefytolme TEXHONOMMYECKUE MokasaTeny nepepaboTku pyabl: rPaBUOKOHLEHTpAT
¢ cogepxanuem 3onota 1165 r/t ¢ Boixogom 0,3 % u nssneveHmem 73,74 %; (noTOKOHLEHTpAT (Nocne BTOPOW O4UCTKK)
C copepxaHvem 3onoTa 68,9 r/T ¢ Beixogom 1,52 % u nssneyennem 22,05 %. CopepxaHne cepebpa B HEM COCTaBWIIO
15,9 r/1. ObLee n3BneveHme 3onota coctaBuno 95,79 % npu Beixoge 1,82 % v cogepxanum 3onota 249,9 r/1. Cogepxa-

HWe 30510Ta B XxBOoCTax ¢roTtaumm coctasuno 0,19 r/t.

Knroyeenie cnoea: 30n0T0, pyAaa, (bJ'IOTaLI,VIﬂ, KOHLEHTPAaT, XBOCThbI, N3Blie4EHUE, BELLECTBEHHbI COCTaB, TEXHOMNOrnYe-

CKune nccnenosaHud

Ans yumupoeanus: ®egotos I1. K., BypgoHos A. E., Hosukos 0. B., TepenTbe H. B., BoraaHiok U. O. UccneposaHue
nepepaboTKM pya 30N0TOPYAHOT0 MECTOPOXAEHNS prioTaumnoHHBIMM MeTogamm // Hayku o 3emne n Heipononb3oBaHue.
2022. T.45.Ne 2. C. 162-171. (In Engl.). https://doi.org/10.21285/2686-9993-2022-45-2-162-171.

Introduction

The main source of gold is primary gold de-
posits, and for all types of ores of such deposits,
complex technological processing processes
have been formed. From the analysis of works
[1-4], it can be concluded that the most common
technology for processing oxidized and gold-
bearing sulfide ores are the gravity-flotation
schemes with subsequent metallurgical redistri-
bution.

Each of the above-mentioned technological
processes has its advantages and disad-
vantages. A special place among them is occu-
pied by flotation due to the large number of fac-
tors affecting the efficiency of the process. One
of the main parameters is the recovery size be-
fore flotation [5, 6]. The reagent mode also influ-
ences the efficiency of the process, the degree of
pulp aeration, flotation time, pH of the medium,
conditioning, pulp density [7, 8], and many others
[9-13].

The purpose of the research was to work out
the optimal flotation mode for obtaining sulfide
gold-bearing concentrate, namely, to study the
size of ore grinding, reagent mode, and the struc-
ture of the flotation redistribution, and the flotation
time for operations. It should be noted that the
work is a continuation of the theme of developing

Table 1. Analysis results of ore silicates
Tabnuua 1. PesynbTaThl aHanu3a cUNUKaToB pyabl

a technology for processing gold-bearing ores.
Studies of washability by gravity methods are
presented in [14]

Materials and methods

The object of research is a low-sulfide gold-
quartz type of ore with the following petrographic
composition: quartz — 90 %, quartz-chlorite shale —
10 %.

The starting material and enrichment prod-
ucts were investigated using assay-atomic ab-
sorption, atomic-emission, X-ray phase analysis
methods, and electron microscopy.

The ore of this deposit consists of the rock of
the weathering crust — ferruginous-mica rocks
with veins and spots of granoblastic quartz. To
determine the chemical composition, silicate and
optical emission analyzes of the deposit ore were
performed (Table 1). The content of noble metals
was determined by assay analysis [15].

More than 60 % of the ore consists of alumi-
num and silicon oxides. By the content of sulfide
sulfur (0.35 %), the ore can be attributed to poor
sulfide. ICP-OES analysis showed a low content
of harmful impurities in the ore. The As content
is 0.47 %, and the antimony content is less than
5 g/t. The average gold grade in the ore is 4.56
g/t, and the silver grade is 2 g/t. It has been

Elements and connections Content, % Elements and connections Content, %
SiO2 52.4 TiO2 1.73
Al2Os 9.9 CaO 1.71
Fe 11.6 S general 0.37
MgO 1.83 S sulfide 0.35
As 0.46 Na.O 1.16
Cu 0.04 P20s 0.22
K20 1.21 Zn 0.04
MnO 0.15 Cr.03 0.01
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established that ore with a size of -15 mm is char-
acterized by a low yield of small-sized grades (the
content of steps less than 0.2 mm is 9.91 %). The
gold content in different size classes is different.
For ore with size -15 mm, the metal content is in
the range from 1.44 to 6.9 g/t; for ore -2 mm —
from 2.8 to 4.3 g/t. Gold in ore is mainly found in
significant grades, so in the +0.5 mm grade for
ore with a size of -15 mm, there is 85.94 % of the
metal, for ore -2 mm —49.12 %. The share of free
gold in ore with a size of -2 mm and 95 % -0.074
mm is respectively — 7.57 and 74.17 %, available
for cyanidation — 74.67 and 96.93 %. The miner-
als and quartz insoluble in aqua regia contain
2.87 and 1.02 % of the metal, respectively [15].

Results and their discussion

To determine the optimal degree of grinding
of gravity tailings for flotation concentration, a se-
ries of tests was carried out on material with a
particle size of 70, 80, 85, 90 and 95 % -0.071
mm. The operations of the main and control flo-
tation were carried out. Experimental conditions:
Main flotation: Potassium butyl xanthate (PBX) =
300 gft, Pine oil (PO) = 20 g/t, flotation time 5 min.
Control flotation: PBX = 150 g/t, PO = 20 g/t, time —
5 minutes.

It was found that the efficiency of concentra-
tion increases to the size of ore grinding 90 %
-0.071 mm. With finer grinding, the efficiency be-
gins to decrease slightly. This indicates that a
slight increase in gold recovery is achieved due
to a significantly more significant increase in the
concentrate yield, namely: an increase in output
by 0.8 % gives an increase in gold recovery by
0.36 %. Therefore, the size of the crushing of
gravity tailings equal to 90 % -0.071 mm was
taken as optimal for flotation.

It is known from the practice of flotation of sul-
fide minerals that the creation of an acidic envi-
ronment often has an activating effect on flotation
and, at the same time, leads to a decrease in the
yield of concentrate [16—-20].

In this connection, a series of tests were de-
livered to clarify the optimal pH value of the pulp
for flotation when using sulfuric acid as a regulat-
ing reagent. The natural pH in the cell was 8.35
and was subsequently reduced to 5.61 and 4.57
by the addition of sulfuric acid. The reagent mode
was by the flow of the medium regulator. The size
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of ore grinding was chosen at 85 % -0.071 mm. It
was found that a decrease in the pH of the pulp
from 7.85 to 4.57 leads to a reduction in the yield
of the flotation concentrate from 6.4 to 2.4 %
while reducing the recovery of gold into the focus
of the leading flotation from 80.66 % to 61.76. At
the same time, the Hancock enrichment effi-
ciency criterion also decreased from 74.26 to
59.36. Therefore, lowering the pH of the slurry
hurts the flotation results.

It was found that the pH value of water should
not be higher than 8.5 to prevent the depression
of iron-containing sulfides (pyrite and arsenopy-
rite), which are gold carriers. This is already
known: at high pH, pyrite and arsenopyrite begin
to depress. An increase in pH above this value
will contribute to a decrease in the recovery of ar-
senopyrite, the content of fine gold which reaches
20 g/t, and then pyrite, which may also contain
fine gold. Together, this will lead to a decrease in
gold recovery into concentrate. Obtained data
well known to researchers.

To clarify the consumption of xanthate, a se-
ries of tests were performed on gravity tailings
with a particle size of 90 % -0.071 mm, in which
the consumption of PBX varied from 100 to
400 g/t. Flotation was carried out in a natural en-
vironment at pH = 7.85. The main and control flo-
tation time was taken, equal to 5 minutes.

It was found that the maximum value of the
concentration efficiency and the highest gold re-
covery in concentrate correspond to the con-
sumption of the PBX equal to (400+200) g/t. Tak-
ing into account that the enrichment indicators in
the last test (400+200 g/t) only slightly differ from
the indicators of the previous test (300+150), a
further increase in the collector consumption was
considered inappropriate. Therefore, the con-
sumption of the PBX, equal to (400+200) g/t, was
considered optimal for further research. Experi-
mental conditions: grinding size 90 % -0.071 mm.
Main flotation: PBX, CM = 60, flotation time 5 min.
Control flotation: PBX, PO = 20 gft, time -
5 minutes.

To determine the optimal flotation time for
operations at the selected collector flow rate,
tests were performed to study the kinetics of the
main, control and cleaning operations of flotation.
In all tests, a fractional survey of concentrates
was performed and the gold content was deter-
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mined in each fraction. The tests were carried out
on the optimal reagent mode with the ore grinding
size 90 % -0.071 mm. The results of the experi-
ments are shown in Tables 2 and 3.

Analysis of the results obtained made it pos-
sible to determine the optimal flotation time for
the operations:

— Primary flotation 10-12 minutes; exceeding
this time does not give a tangible increase in the
extraction of gold into a concentrate and leads to
dilution of the concentrate;

— Control flotation 9-11 minutes; after this
time, the extraction of gold into the middling prod-
uct of the control flotation practically stops;

— First clean-up flotation is 3-5 minutes; ex-
ceeding this time leads to a sharp decrease in the
quality of the concentrate;
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— The high gold content in the first fraction of
the cleaning operation, which is almost twice the
average content in the concentrate, indicates the
advisability of including the second cleaning op-
eration in the flotation scheme.

At the optimal modes established at the pro-
specting stage of research, an experiment was
set up for flotation of gravity separation tailings in
an open cycle to clarify the concentration indica-
tors. The flotation scheme included the principal,
control, and two cleaning operations (Table 4).

Experimental conditions: particle size 90 %
-0.071 mm. Main flotation: PBX = 400 g/t, PO =
60 gft, flotation time 10 min. Control flotation with
kinetics: PBX = 200 g/t, PO = 20 g/t, flotation time
10 min. Cleaner flotation I: time 5 minutes.
Cleaner flotation II: time 2 minutes.

Table 2. Study results of kinetics of the main and control ore flotations
Tabnuua 2. PesynbTatbl U3y4eHUs1 KWNHETUKM OCHOBHOM U KOHTPONbHOMN (hnoTauui pyabl

Progressive total
. Gold Gold
Products Time, Yield | content, |extraction,| Yield, Gold GOI(.j Ha_mcgck
m content, | extraction, | criterion
glt % %
g/t %

1 1.3 52.5 61.73 1.3 52.5 61.73 60.43
Elotation concentrate 2 2.6 8.4 19.75 3.9 23.1 81.48 77.58

3 2.6 1.32 3.1 6.5 14.39 84.58 78.08

4 15 1.22 1.66 8 11.92 86.24 78.24
Total flotation concentrate 8 11.92 86.24 - - - -

1 0.8 0.93 0.67 0.8 0.93 0.67 -
Control flotation 2 1.4 0.59 0.75 2.2 0.71 1.42 -
concentrate 3 2.3 0.47 0.98 45 0.59 2.4 -

4 1.5 0.35 0.47 6 0.53 2.87 -
Total control flotation 6 053 287 - - - -
concentrate
Totallpnmary and control 14 704 89.11 3 3 B B
flotation concentrate
Flotation tails 86 0.14 10.89 - - - -
Total gravity tailings 100 1.11 100 - - - -

Table 3. Study results of ore flotation kinetics
Tabnuua 3. PeaynbTaThl M3y4yeHUs KUHETUKK cnoTaumm pyabl

Product Yield, % Gold content, g/t Gold extraction, %

Scrap concentrate 1 min 1.1 64.2 64.81
Scrap concentrate 2 min 1.1 13.1 13.22
Scrap concentrate 3 min 0.5 4.2 1.93

Total re-flotation concentrate 2.7 32.27 79.96
Re-flotation industrial product 5.2 1.24 5.92
Industrial product control flotation 5 0.64 2.94
Total concentrate 12.9 7.5 88.81
Flotation tailings 87.1 0.14 11.19
Total gravity tailings 100 1.09 100
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Table 4. Results of an open experiment on flotation of gravity benefication tailings
Tabnuua 4. PesynbTaTbl OTKPbITOro 3kCnepumeHTa no dpnorauymm

XBOCTOB rpasutaulMoHHOro oboralleHus

Product Yield, % Gold content, g/t Gold extraction, %
Recycling flotation concentrate Il 1.4 58.1 72.2
Industrial product recycle flotation |I 1.8 5.4 8.63
Industrial product recycle flotation | 4.3 1.54 5.88
Flotation control industrial product 5.1 0.71 3.21
Total flotation concentrate 12.6 8.04 89.92
Flotation tailings 87.4 0.13 10.08
Total gravity tailings 100 1.13 100

It was found that after the second cleaning,
a concentrate with a gold content of 58.1 g/t with
a yield of 1.4 % can be obtained from the tailings
of gravity concentration. The total recovery of
gold in flotation products was 89.92 %, with an
output of 12.6 %. The gold content in the tailings
of the control flotation was 0.13 g/t. These results
can be considered satisfactory. In the selected
mode, conducting an experiment in a closed
cycle is advisable to establish the ore concentra-
tion indices according to the gravity-flotation
scheme.

Experience in the gravity-flotation concentra-
tion of the original ore. To establish the indicators
of the initial ore beneficiation according to the
gravity-flotation scheme, a test was performed in
which flotation was performed with the return of
middlings (5 closed cycles) according to the
mode worked out at the preliminary stage of re-
search. The flotation was fed with the tailings of
gravity separation, performed on a Knelson cen-
trifugal concentrato. The scheme of the experi-
ment is shown in Figure.

The original ore was crushed to a 60 % -0.071
mm particle size and enriched by centrifugal sep-
aration to extract free gold and rich intergrowths.
The tails of centrifugal separation were re-
crushed to a particle size of 85 % -0.071 mm and
fed to flotation, in which the main, control, and
two cleaning operations were provided. The flo-
tation was carried out in a closed cycle with a
turnover of middlings. The results of ore dressing
according to this scheme are shown in Table 5.

As a result of enrichment, the following prod-
ucts were obtained:

1. Gravity concentrate with a gold grade of
186 g/t with a yield of 1.84 % and a recovery
of 72.82 %.

2. Flotation concentrate (after the Il cleaning)

with a gold content of 70.3 g/t yields 1.46 % and
recovery of 21.84 %.

The total recovery of gold into the gravity con-
centrate and flotation concentrate of the Il clean-
ing up was 94.66 %, with a yield of 3.3 % and an
Au content of 134.81 g/t. The gold content in the
flotation tailings was 0.2 g/t.

Due to the turnover of middlings, it became
possible to reduce the consumption of the foam-
ing agent in the main operation from 60 to 20 g/t
while maintaining foaming. This consumption
was adopted when performing a closed experi-
ment on an enlarged ore sample.

Experience in the gravity-flotation concentra-
tion of the original ore on the enlarged sample. To
clarify the technological parameters of the grav-
ity-flotation ore concentration and the production
of concentrates for hydrometallurgical research,
a closed experiment was set up on an enlarged
sample (90 kg). The scheme and the reagent
mode were adopted similar to a fast experiment
on five weighed samples of ore, but flotation was
carried out on machines of larger volume with
chambers of 121, 31, and 1.5 1.

The experiment was carried out on a circulat-
ing water supply, organized according to a "short"
scheme. In this case, water for the needs of flo-
tation was taken from the settled tail products.
Fresh water was used only for the first closed-
loop test. As a result of enrichment of the en-
larged sample of ore, the following effects were
obtained:

1. Gravity concentrate with a gold content of
1165 g/t with a yield of 0.3 % and an extraction of
73.74 %.

2. Flotation concentrate (after the Il cleaning)
with a gold content of 68.9 g/t with an output of
1.52 % and an extraction of 22.05 %. Its silver
content was 15.9 g/t.
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Source ore

Grinding
i 60 % -0,071 mm

Centrifugal separation

l Concentrate Tailings i

Gravitational Grinding
Au — containing
concentrate

90 % -0,071 mm

A

PBX =400 g/t
PO =20 g/t
v
Basic flotation
Concentrate 10 minutes Tailings
> PBX =200 g/t
PO =20g/t
| cleaner flotation Control flotation
l Concentrate 5 minutes IlPl l P 10 minutes Tailings
I cleaner flotation
Concentrate 2 minutes 1P i
/N
Middling
product
Middling v
) product
Sulfide Tailings
Au - containing
concentrate

Flow diagram of a closed experiment on gravity-flotation ore benefication
Cxema npoeedeHusi 3aKpbimo20 3KcnepuMeHma o 2pagumayuoHHO-ghsiomayuoHHOMY 0602aujeHuro pyo

Table 5. Ore beneficiation results according to the gravity-flotation scheme (closed experiment)
Tabnuua 5. PesynbTathl oboraweHus pyabl N0 rpaBUTaLMOHHO-NOTaLNMOHHON CXeMe
(3aKpbITbINA 3KCNEPUMEHT)

Gold Gold Ferrum Ferrum Sulfur Sulfur
Product Yield content, |extraction,| content, |extraction,| content, |extraction,
git % % % % %
Grinding ore to a particle size of 60 % -0.071 mm. Enrichment by centrifugal separation at KS MD3
Gravity concentrate | 184 | 18 | 7282 | 1755 | 8 | 658 | 3132

Grinding to a particle size of 90 % -0.071 mm. Main flotation: butyl xanthate = 400 g/t, pine oil = 20 g/t, flotation time
10 min. Control flotation: butyl xanthate = 200 g/t, pine oil = 20 g/t, flotation time 10 min. | cleaning: flotation time
5 minutes Il cleaning: flotation time 2 minutes

Concentrate Il cleaning 1.46 70.3 21.84 27 9,76 13.21 49.9
Industrial product recycle 0.32 106 0.72 21.36 1.69 5.14 4.26
flotation Il

Industrial product recycle 1.02 1.54 0.33 10.05 2,54 1.12 2.96
flotation |

Flotation control industrial 0.98 197 0.26 8.3 202 0.71 18

product

Total flotation concentrate 3.78 28.8 23.16 17.11 16.02 6.02 58.91
Gravity and flotation 33 13481 | 9466 | 2173 | 1776 | 951 | 81.22
concentrate Il cleaning

Tailings 94.38 0.2 4.02 3.25 75.98 0.04 9.77
Initial ore 100 4.7 100 4,04 100 0.39 100
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The total recovery of gold in the gravity con-
centrate and flotation concentrate of the Il clean-
ing was 95.79 %, with a yield of 1.82 % and an
Au content of 249.9 g/t. The gold content in the
flotation tailings was 0.19 g/t.

Conclusions

Flotation beneficiation of the initial ore sample
proceeds ineffectively due to a large amount of
sizeable free gold in the ore, which is poorly ex-
tracted into a foam product. The overall level of
gold recovery into flotation concentrate in all ex-
periments remained relatively low, in the range
of 49.13 - 76.36 %.
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In a closed experiment on the enrichment of
an enlarged sample of ore, the following ore en-
richment indicators were obtained:

— Gravity concentrate with a gold content of
1165 g/t with an output of 0.3 % and an extraction
of 73.74%; its silver content was 274 glt;

— Flotation concentrate (after the 1l cleaning)
with a gold content of 68.9 g/t with an output of
1.52 % and an extraction of 22.05 %; its silver
content was 15.9 g/t;

— The total recovery of gold in the gravity-flo-
tation concentrate was 95.79 %, with a yield of
1.82 % and an Au content of 249.9 g/t;

— Gold content in flotation tailings is 0.19 g/t.
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