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ABSTRACT

The paper presents the results of a critical analysis of existing technologies for processing lead-zinc
ores and industrial products; the relevance of the research lies in the development of methods
aimed at additional extraction of zinc and lead in conditions of a rapid decrease in the content of
lead and zinc in ores. The paper presents research on the thermodynamic justification of sulfiding
roasting, the results of the development of technology for intensifying the process of processing
poor, difficult-to-process complex lead-zinc ores and middlings through preliminary thermal
activation by sulfiding roasting in a fluidized bed furnace. The mechanism of sulfidation of oxylated
lead compounds has been established according to the scheme: PbO - PbO-PbSO4 -> PbSO4 >
PbS. The results of the physicochemical study of roasting products, as well as the results of
magnetic enrichment of cinders, are presented. The results of magnetic separation of cinders after
heat treatment of industrial products show that it is possible to separate up to 70% of iron in the
form of pyrrhotite into a magnetic product, while the pyrrhotite content in the magnetic product
is up to 98.2%. The paper presents a new technological scheme for processing lead-zinc industrial
products from enrichment to obtain pyrrhotites with predicted properties.
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Introduction

Currently, not only in Kazakhstan but also in the
world, zinc and lead are the most important metals
that form modern industry, the metallurgical
industry and the circular economy (circular
economy) of different countries of the world
(Circular Economy (CE)) [1]. The main amount of lead
(over 65%) is used for the production of batteries, a
significant part of which is used for the manufacture
of electrical cable sheaths. Zinc is used mainly (up to

50%) as anti-corrosion coatings and for galvanizing
surfaces. Also, a significant amount of zinc is
consumed in the production of various types of
alloys with the addition of aluminum, copper and
magnesium, which have good casting properties.
Innovative uses of zinc have increased by 30% since
2015 as nanomaterials in the form of zinc ferrites,
zinc-ion batteries provide higher power density and
longer life. The innovative use of lead is also growing
by more than 10% each year through its use as
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nanostructured lead electrodes to operate lead-acid
batteries.

According to the content of basic metals, lead-
zinc ores are classified into: rich with a lead content
above 4% or with a total content of lead and zinc
above 7%; medium quality (ordinary), containing
from 2 to 4% lead or a total of lead and zinc from 4
to 7%; poor with a lead content of 1.2 - 2% or a total
lead and zinc content of 2 - 4%. Over the past 10
years, since 2013, ores with a lead and zinc content
of less than 2 - 3.5% have been used in the industry.

Zinc and lead are extracted mainly from sulfide
raw materials using pyrometallurgical technologies,
however, a decrease in the liquid concentration of
lead and zinc in sulfide ores has been recorded in
many deposits around the world. Due to the
increasing consumption of natural resources in the
world, primary resources will soon become
insufficient to meet the demand for lead, and Pb—Zn
oxide ore, typically containing 1%-5% Pb and 1%-
20% Zn, may become a valuable source to meet in
need of the above metals. Extracting valuable metals
from refractory ores, characterized by a complex
composition and high content of carbonates and
silicon, seems to be the most difficult task. Lead and
zinc are mainly found in the form of carbonates in
the ore, and in recent years many technologies such
as flotation or flotation combined with gravity
separation, hydrometallurgy and pyrometallurgy
have been tried to treat such refractory ore.

Difficulties in processing such raw materials
arise at all stages of processing, at the flotation
stage, there is a problem with the use of Na2S as a
sulfidizer, the consumption is too high due to non-
selective adsorption on sludge, and desliming is
required before flotation, while the loss of metals in
the fine fraction remains high [[ 2], [3]].

To solve these problems, various
hydrometallurgical processes, including acid and
alkaline leaching, have been introduced. Sulfuric
acid leaching seems to be the most promising for
zinc recovery from economic and environmental
points of view. However, Pb-Zn oxide ore usually
contains large amounts of silica, which can also
dissolve and then gel, preventing the leach solution
from separating from the residue. In addition, a
significant amount of carbonate containing gangue
will react with acid, resulting in high operating costs.

The mechanochemical process of processing
non-ferrous metal oxides by grinding with sulfur and
iron powders at room temperature turned out to be
unfeasible in practice due to the high energy costs

required to obtain a satisfactory degree of
sulfidation [[4], [5], [6]].

Hydrothermal sulfidation has also been
proposed for the treatment of zinc-containing
compounds [[7], [8], [9]], but it remains a major
challenge to achieve satisfactory recovery due to
artificial sulfides  characterized by fine
crystallization.

A feature of difficult-to-process ores is the
complex mineralization of valuable components,
significant oxidation and mutual germination of
minerals. The practice of processing plants has
shown that direct processing of such ores using
enrichment methods, even when selecting a reagent
regime and improving enrichment schemes, does
not give satisfactory results. From the analysis of
literary sources and the practice of domestic and
foreign enterprises, it follows that a solution to this
problem must be sought in the development of
combined technologies.

Of particular relevance is the use of preliminary
preparation of ores for enrichment through thermal
activation of non-ferrous metal minerals. Among
them, the method of activating and high-
temperature roasting of ore minerals has a
significant effect.

Thermodynamic justification of sulfiding
friction of oxidized lead compounds

The most promising technology for processing
oxidized and mixed polymetallic ores is a technology
that involves preliminary sulfidation of oxidized
compounds of non-ferrous metals with pyrite or
elemental sulfur under pyrrhotinizing roasting
conditions, followed by the separation of non-
ferrous metals into appropriate concentrates.

The use of partial pressure diagrams has been
used by many authors, however, to substantiate the
sulfidation process, it is necessary to establish data
under the conditions being developed [10].

When processing oxidized lead-zinc ores, the
composition is mixed, i.e. sulfide-oxide, or
predominantly oxide. Middlings are also mixed and
oxidized in composition: FeS;, PbO, PbCOs, PbS,
PbSiOs.

To study the thermodynamics of physical and
chemical transformations, the HSC-5 software
package developed by Outocumpu Ou was used.

Thermodynamic analysis of the behavior of
complex oxygen-containing compounds of zinc and
lead was performed based on calculations of AG°
and logKp of possible reactions. Previous studies
have established that the thermal decomposition of
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pyrite begins at temperatures of about 600 0C, so we
chose a temperature range of 600 - 900 0OC for
thermodynamic analysis.

Thermodynamic characteristics (Table 1) show
that at temperatures of 600 - 900 °C, decomposition
of lead zinc carbonates will occur with the formation

intermediate metallic lead with its subsequent
sulfidation increases significantly.

Table 2 - Values of thermodynamic characteristics of
reactions in the Pb-S-O system

. . . . i 0 0
of zinc and lead oxides, respectively. Aluminates and Reaction lgKp/AG?, kl/molat T, °C
silicates of zinc and lead are stable at temperatures 700 900
of 600 - 900 OC. 4/3Pb0+5,=4/3PbS+2/350, 6.9/129 5.8/124

Thus, oxides, aluminates and silicates of zinc and S SOATSTPES250 537100 61713

. .. . . . . +35,= + . .
lead will participate in high-temperature sulfidation 2 2
processes. 2PbO+PbS=3Pb+50, 0.0/0,0 1.7/38
. o 4Pb0+S,=4Pb+250, 6.9/129 8.0/172
Table 1 - Values of thermodynamic characteristics of the
decomposition reactions of oxidized lead and zinc 2Pb+ 5,=2PbS 6.9/129 4.6/100
compounds 2Pb0+50,=PbS04+Pb 1.6/30 0.23/4,9
- 12/7Pb0+5,=2/7PbS04+10/7PbS+ | 7.3/138 5.6/122
Reaction IgKp/AGO, k) at T, OC 2/4502 22/ ++10/ / /
700 900 24/9Pb0+S5,=12/9PbS+2/950,+4/ | 20.7/385 | 9.1/411
9(2PbO*PbS0,)
PbCO3 = PbO+CO2 2.80/-52.3 3.396/-76.2
2Pb0+5,+5/20,=(PbS04*Pb)+50, | 30.6/571 | 22.5/485
PbSiO3 = PbO+Si02 -0.87/16.2 -0.85/20.4
Pb203 = 2Pb0O+1/202 1.19/-22.2 1.551/-34.8 4/7(Pb0O*PbS04)+5,=8/7PbS+10/ | 10.7/198 | 10.6/229
750,
PbO2 = Pb0O+1/202 2.056/-9.1 2.320/-3.7 3PbS+2(PbSO4*Pb0)=7Pb+550, | 13.3/248 | 21.0/452
Pb2SiO4 = 2Pb0+5i02 | -2.12/39.6 -1.979/40.9

Phase transformations in the Pb-S-O system

The results of thermodynamic analysis of the Pb-
S-O system are presented in Table 2 and Fig. 1. When
firing pyrite, elemental sulfur is present in the gas
phase and its pressure can reach 10 Pa or more.
Therefore, during the thermodynamic analysis of the
Pb-S-O system, calculations of logKp and AGO of the
reactions of the interaction of lead oxides with
elemental sulfur and pyrite were performed.

In the Pb-S-O system, the stable condensed
phases are PbS, PbO, Pb, PbSO4, PbO-PbSO4.
Thermodynamic calculations of the potentials of the
reactions of sulfidation of lead oxide with elemental
sulfur, carried out using the method of reduced
potentials, showed that sulfidation in the
temperature range of  600-900 °C is
thermodynamically possible and can proceed both
with the direct production of lead sulfide and with
the initial production of a number of intermediate
compounds with the subsequent formation of lead
sulfide. At low temperatures, the formation of
intermediate oxysulfates and lead sulfate is
thermodynamically more likely. When the
temperature rises to 900 0C, the possibility of direct
production of sulfide and the formation of

log pSO2(g) Pb-O -S Phase Stability Diagram at 1000150 K
25
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Figure 1 - Diagram of phase equilibria of the Pb-S-O
system depending on temperature

Thus, sulfidation of lead oxide in a wide range of
sulfur pressures in the gas phase, depending on
temperature, can proceed according to the
following mechanisms: PbO - PbO PbSO, = PbSO,
- PbS. As the temperature increases, it is preferable
to carry out direct sulfidation: PbO - PbS.

Lead-zinc tailings from the Ridder enrichment
plant of Kazzinc LLP were used as feedstock. Pyrite
contained in the tailings was used as a sulfidizer.

The chemical compositions of lead-zinc flotation
tailings and pyrite concentrate are given in Table 3.
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Table 3 - Chemical composition of lead-zinc tailings and
pyrite concentrate

Name of elements Lead-zinc Pyrite
tailings, % concentrate,
%

Pb 0.169 0.719
Al 7.548 5.049
Cu 0.9 0.548
Fe 12.947 32.946
Si 49.789 22.29
Mn 0.289 1.89
P 0.69 0.39
Cu 0.09 0.48
Zn 0.52 6.49
Mg 3.3 1.702
Fe 12.88 32.89

Method of high-temperature sulfidation firing
in a fluidized bed furnace

High-temperature sulfidation roasting was
carried out in a fluidized bed furnace. A diagram of
an enlarged laboratory installation for firing in a
fluidized bed furnace is shown in Figure 2.

The installation of a fluidized bed furnace
includes the following main components and
mechanisms: a fluidized bed furnace reactor with an
adjustable continuous system for loading the charge
and unloading the cinder; a gas duct with a system
for coarse and fine dust collection, condensation of
sublimates and absorption of sulfur dioxide from
exhaust gases, air heating units and the furnace
reactor, a system for adjustable supply and control
of air blast flow, a control unit and control of the
temperature regime in the furnace.

The reactor of the fluidized bed furnace of
rectangular cross-section with a hearth area of 120
cm? is made of XI8N9OT stainless steel, and the
hearth is made of stainless heat-resistant mesh with
a hole size of up to 5 microns. The charge is loaded
into the reactor from above in a non-breakthrough
mode using two screw feeders driven by reversible
engines of the KD-30-U4 type. The rotation speed of
the screws is selected depending on the specified
loading mode of the material and is regulated by
changing the voltage supplied to the motors from a
laboratory autotransformer.

The cinder is unloaded from the furnace into a
sealed bunker by a horizontal auger located 15 cm
from the hearth level. The height of the discharge

window can vary depending on the material being
fired and the specified operating mode of the
furnace.

The exhaust gases from the reaction zone
through the furnace charge enter a heated flue,
equipped with three cascaded cyclone chambers for
coarse and fine dust collection, a sublimation
condenser and an absorber for fine dust and sulfur
dioxide. Through the work program, experiments
were carried out at the enlarged laboratory
installation of a fluidized bed furnace to test the
operating parameters of sulfiding roasting of zinc-
oligonite ore from the Zhairem deposit.

The preparation of a charge of a given
composition was carried out by thoroughly mixing
the original ore with a particle size of 0.1-0.25 mm
with pyrite concentrate with a size of 0.074 mm 90%,
taken in the required proportions. The finished
mixture was loaded into the furnace feed hopper.

Before starting the furnace, a “bed” of
previously burned material (cinder) weighing up to
1.0-1.5 kg was laid on the hearth. The firing
conditions for the “bed” and the supply of “fresh”
mass of ore and pyrite concentrate remained
unchanged, the addition of pyrite concentrate
varied from 50 to 75%, the firing parameters were
calculated based on the NMeO/NFeS, ratio, the
degree of sulfidation, %, with the best indicators
being the firing conditions in the temperature range
700 - 800 °C.

Simultaneously with heating the furnace to a
given temperature, the air blast flow rate was set,
which on average varied from 8.0 to 20 I/min. Upon
reaching the specified temperature in the cinder
layer, loading of the charge into the furnace began
with simultaneous adjustment of the screw rotation
speed, ensuring the specified productivity. After the
furnace bath had reached the unloading window,
the unloading screw was turned on and after 2-3
times the exchange of material in the reaction zone,
the selection of burnt cinder into a sealed bunker
began.

During the preparation of the furnace for
operation, a vacuum was established in the flue duct
and under the roof of the furnace and an alkaline
solution was poured into the bubbler to neutralize
the gases. Unloading of collected dust from cyclones
and sublimations from the condenser was carried
out after each experiment before switching to
another firing mode.

The unloaded firing products (cinder, dust,
sublimates) were weighed, averaged and selected
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for chemical analysis for zinc, sulfur and iron.
Individual samples were subjected to mineralogical
and X-ray phase analyses.

The progress of the technological process was
monitored according to the following parameters:
blast flow rate, charge loading rate, temperature in
the fluidized bed and the gas duct, and composition
of roasting gases and roasting products.

During the ongoing research, the influence of
temperature on the degree of sulfidation of zinc
oxides in the range of 650-8009C, the influence of
the composition of the charge and the sulfur
potential in the system were studied. The ratio of
pyrite concentrate to ore is 1:1 and 2:1.

The change in sulfur potential, depending on the
ratio of pyrite concentrate to ore, was determined
by calculation depending on the amount of oxygen
supplied with air blast and the amount of sulfur
introduced with the charge per unit time; in this
case, the blast flow rate varied from 10 to 20 I/min,
and the charge loading varied from 10 to 60 g/min.
By sulfur potential we mean thermodynamic
conditions in the S-O system or phase equilibria in
the Fe-S-O system in an aggregate, the release and
concentration of sulfur (elemental sulfur) directly in
the fluidized bed. The source of heat required for the
dissociation of pyrite is the heat released during the
oxidation of the dissociation product - elemental
sulfur directly in the fluidized bed, which allows its
losses to be reduced to a minimum.

Good conditions of heat and mass transfer,
characteristic of a fluidized bed, allow for quite
intensive dissociation of pyrite. Since the thermal
effect of the oxidation of elemental sulfur
significantly exceeds the thermal effect of thermal
dissociation, it becomes possible to oxidize only part
of the sulfur released during dissociation in the
layer. In this case, 95% or more per cent of the blast
oxygen is used to produce gases containing up to
20% sulfur dioxide. In addition, part of the sulfur 1-
4%, depending on the firing conditions, is obtained
in the form of elemental sulfur.

It has been established that at 650°C favorable
conditions are created for obtaining the maximum
sulfur potential in the system, associated with the
kinetic laws of thermal dissociation of pyrite,
oxidation and distillation of dissociated sulfur.

Enlarged laboratory installation for sulfidation
firing in a fluidized bed furnace, Figure 2.

1 —reactor; 2 — air heating unit; 3 — fluidized bed
furnace; 4 — loading unit; 5 — unloading unit;
6 —cinder hopper; 7 — cyclone; 8 — heated flue;
9 — dust bin; 10 — gas meter; 11 — rheometer;
12 — blower; 13 — furnace control unit;
14 — potentiometer KSP; 15 — capacitor; 16 — bubbler;
17 —valve; 18 — adjustable damper;
19 — smoke exhauster
Figure 2 - Enlarged laboratory installation for sulfidation

roasting in a fluidized bed furnace

Component distribution and firing material
balance

According to the balance, the cinder yield is 56-
65% of the original charge, 20-21% dust yield and 15-
23% loss with gases in the form of fine dust up to 3-
4% and sulfur dioxide. An increase in temperature
from 650 to 750°C leads to a decrease in the yield of
cinder and an increase in gas formation, which is
easily explained by the kinetic laws of the processes
of dissociation and oxidation of pyrite, as well as a
more complete decomposition of carbonate
compounds. When the pyrite ore ratio is increased
to 2:1, the distribution of products is similar to the
1:1 ratio.

The distribution of sulfur in the roasting
products, depending on the temperature, changesin
the direction of increasing sulfur oxidation with
increasing temperature and its removal with gases
in the form of sulfur dioxide up to 50%. In this case,
the sulfur content in the cinder varies from 16.6 to
15.8% (1:1) and from 19.8 to 18.6% (2:1), and the
iron content from 26 to 27% and from 31 to 33 %
respectively. The inversely proportional change in
the contents of sulfur and iron in the cinder is
associated with the kinetic laws of thermal
dissociation of pyrite, when the removal of sulfur
from pyrite occurs at a very high speed and the
oxidation of pyrrhotite begins.
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Table 4 - Results of spectral analysis

Elements Contents of elements, %, 103
Ore Pyrite | Cinder
Zinc 2000 100 1000
Lead 120 60 100
Copper 6 150 150
Manganese 1000 80 200
Arsenic 10 80 30
Nickel 4 8 10
Strontium 20 - 10
Barium 100 100 400
Titanium 100 60 100
Vanadium 4 - 2
Chromium 2 - -
Zirconium 10 - 6
Antimony 2 10 4
Tin 0.2 - -
Cobalt 3.0 5.0 8.0
Molybdenum 0.4 2.0 3.0
Cadmium 3.0 - 3.0
Beryllium 0.2 - -
Bismuth - - 0.6
Germanium 0.15 15.0 -
Gallium 0.8 0.4 1.0
Thallium 0.6 0.4 0.5
Gold - 0.8 0.8
Silver 1.0 8.0 6.0

The distribution of zinc among the roasting
products, depending on the temperature and the
pyrite-ore ratio, varies slightly and lies in the range
of 83-86% in cinder and 14-17% in dust. Losses of
zinc in the form of sublimates and fine dust do not
exceed 2-3%. The dust removed from the reactor is
mainly dust from pyrite concentrate, which is finer
ground than ore, as confirmed by the results of
mineralogical analysis. As a result, an increase in the
content of pyrite concentrate in the charge leads to
an increase in the extraction of zinc and iron in the
dust, which is due to the close intergrowth of zinc
with pyrite in the initial concentrate.

Measurements of the composition of the gas
phase showed that the oxygen content (arrived with
air blast) in the exhaust gases does not exceed 0.2-
0.4%, while the sulfur dioxide content varied from 8
to 18% depending on the amount of air blast
supplied.

The distribution of rare and trace elements
among the firing products was assessed based on
the results of a full spectral analysis presented in
Table. 4.

From the data obtained, we believe that part of
the rare and trace elements, under certain process
conditions, is concentrated in dust and roasting
sublimes, which determines the practical value of
separate processing of dust. This work does not
involve the task of processing the resulting dust;
these studies are planned to be carried out in future
projects.

Characteristics of firing products and
evaluation of the results obtained

Based on the results of the phase analysis of zinc
compounds, the degree of sulfidation during the
firing process was determined. At the same time, the
extreme nature of zinc sulfidation was established at
all pyrite concentrate: ore ratios depending on
temperature. The maximum degree of sulfidation is
88% at a temperature of 650°C and a ratio of 2:1 -
concentrate: ore. This is because at 650°C
favourable conditions are created for obtaining the
maximum sulfur potential in the system, associated
with the kinetic laws of thermal dissociation of
pyrite, oxidation and distillation of dissociated
sulfur. With increasing temperature, the established
proportions shift towards increasing the rate of
pyrite dissociation and removal of unreacted sulfur,
which leads to the interaction of blast oxygen with
pyrrhotite and the resulting zinc sulfide.

Mineralogical analysis, carried out by dividing
samples into light and heavy fractions, showed that
in cinders of sulfiding roasting zinc is represented by
sphalerite, which is present 60-70% in the form of
independent grains and 30-35% in the form of small
anhedral dissemination in carbonate waste rock
fragments. Sphalerite inclusions in pyrrhotite are
observed. An increase in the pyrite content in the
charge leads to an increase in both free grains of zinc
sulfide and those bound in pyrrhotite. Carbonate
zinc in the fired products did not come into view, and
X-ray phase analysis did not show peaks
characteristic of it. Formations of zinc-containing
aluminosilicates, which were probably previously
present in the ore, are found in single grains.
Individual grains of galena (traces) are observed in a
free state and in intergrowths with pyrrhotite, but
cerussite is not found.

The cinder under study under the binocular is a
black sooty material, in which porosity and a cellular
structure are observed and consists mainly of
pyrrhotite and a fine black mass. In polished
sections, pyrrhotite is presented in a wide variety of
forms with intricately sinuous outlines. Myrmikitic
and eutectoid types of intergrowth with sooty
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material are noted. There are grains of three
component compositions. When observed in
immersion oil, pyrrhotite, a finely dispersed, matte
gray and intermediate product with finely
aggregated secondary pyrite, is identified in them.
The intermediate product has less reflectivity and
better seed ability from the action of concentrated
nitric acid. Pyrrhotite in these grains forms
peripheral rims and branching veins in the grain, the
gaps which are made of fine aggregate mass.

Copper is present in the form of chalcopyrite
with a film of black-blue chalcocite, which was found
in the original ore. However, after heat treatment of
chalcopyrite, chalcocine formations began to stand
out brighter than in the original ore. Formations of
the second phase, represented by cubanite,
appeared and an increase in the chalcocite structure
was observed.

The volume of carbonate rocks with sulfide
dissemination decreases from 80% to 25% in the
heavy fraction and from 95% to 25% in the light
fraction for materials larger than 0.05 mm. In the
heavy fraction of materials less than 0.03 mm, only
sooty material with pyrrhotite (100%) was found,
and in the light fraction, carbonates are represented
by 50%, while in the original ore, carbonates are
present in the heavy fraction by 73%, and in the light
fraction by 73%. 80%.

It should be noted that after firing, sphalerite is
present only in material larger than 0.05 mm. It
follows from this that the newly formed zinc sulfides
and the original sphalerite are enlarged to 50-60
microns.

The X-ray fluorescence analysis of sulfidation
cinders confirmed the presence of the identified
phases of mineralogical analysis, Figure 3.

Figure 3 - Results of X-ray fluorescence analysis of
sulfidation cinders

From the results of X-ray fluorescence analysis,
it is clear that with increasing temperature the
amount of sulfide decreases (the intensity of zinc

peaks decreases), which is due to the excess of the
rate of pyrite dissociation over the rate of
sulfidation. The product of pyrite dissociation are
pyrrhotites of composition Fegs:S to FeosS, which
have high magnetic properties. There are no zinc
carbonate compounds, which indicates the
complete decomposition of these compounds.

Mineralogical analysis of cyclone dust showed
that they are 50-70% represented by pyrrhotite with
sooty material, 3-4% undecomposed pyrite with
limonite films, 15-37% carbonates and about 10%
guartz. Sphalerite and other sulfides in the dust of
the first two cyclones are present in the signs, and
only in the third cyclone, their amount reaches 1-3%.

Pyrrhotite with sooty material is most
concentrated in the second cyclone (67-68%). The
carbonate content increases as the cyclones pass
and in the third reaches 35-37%. On the contrary,
the amount of quartz decreases and only traces are
found in the third cyclone. In the first cyclone,
hematite was found in the heavy fraction with a
particle size of more than 0.05 mm, the origin of
which can be attributed to both direct dust
entrainment and oxidation of pyrrhotite.

The results of X-ray diffraction analysis of
roasting dust showed the presence of pyrrhotite,
hematite, magnetite, quartz and sphalerite in the
dust, which confirms the data of mineralogical
analysis.

The qualitative and quantitative characteristics
of the roasting products presented according to
mineralogical, X-ray diffraction and chemical phase
analyzes allow us to conclude that sulfiding roasting
of acidified lead-zinc ore together with pyrite
concentrate proceeds most fully and efficiently at a
temperature of 650 2C and a pyrite:ore ratio of 1:1
and 2:1. As a result of heat treatment of ore under
these conditions, almost complete destruction of
non-ferrous metal carbonates is achieved, the
opening of zinc intergrowths with pyrite and waste
rock, an increase in grain size both in size and in
connection with the components of the charge,
deep sulfidization of oxide particles of non-ferrous
metals and the conversion of iron into form
magnetic pyrrhotite, which makes it possible to
separate it from cinders using magnetic enrichment
methods.

Thus, the large-scale laboratory studies carried
out on the sulfidation roasting of lead-zinc ore in a
fluidized bed furnace made it possible, based on the
results of the balance of metals, their distribution
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and the qualitative characteristics of the roasting
products, to establish optimal conditions for
conducting the sulfidation process.

Enrichment of roasting products

The results of previous studies [[11], [12], [13],
[14], [15], [16], [17], [18]] and the study of the
characteristics of roasting products showed that
sulfides of non-ferrous metals obtained by
sulfidation of oxides and carbonates have high
hydrophobic properties, and pyrrhotite, a product of
pyrite decomposition, has a significant magnetic
susceptibility. All this predetermines further
methods for processing sulfidation products. The
preliminary removal of magnetic pyrrhotite into a
separate product during magnetic enrichment will
make it possible to obtain a commercial iron-
containing product and zinc-enriched material for
flotation processing.

Results of magnetic enrichment of cinders

The magnetic properties of the resulting firing
products (cinder, dust) were studied on a KLY-2
cappameter (Czech Republic) with a sensitivity of 3-
5-108 SI, which makes it possible to obtain magnetic
susceptibility values characterizing the magnetic
properties of the substance. The results of magnetic
susceptibility measurements are graphically
presented in Fig. 4.

Shown in Fig. 4. The dependences show that
with increasing temperature, the magnetic
susceptibility of the dissociation products of pyrite
concentrate increases from 0.5 Sl units at 650 2C to
1.78 Sl units at 750 eC, and for cinders with an initial
pyrite: ore ratio of 1:1 from 0, 3 Sl units at 650 2C to
0.98 Sl units at 750 °C.

The original pyrite concentrate and
oligonite ore have a zero magnetic susceptibility
value, and the roasting product of the original ore
has a low magnetic susceptibility value, which
ranges from 0.01-0.2 Sl units when the temperature
changes from 650 to 750 eC [[18], [19], [20], [21],
[22], [23], [24]].

The results obtained indicate that the magnetic
susceptibility of roasting products depends on the
completeness of pyrite dissociation. An increase in
the value of magnetic susceptibility with increasing
temperature can be associated both with a change
in the composition of pyrrhotite and with an
increase in the amount of pyrrhotite in the materials
(curves 2,3,4) during the sulfidation of iron oxides.
The magnetic susceptibility of roasting dusts for

zinc-

charges with pyrite:ore ratios of 1:1 and 2:1 is
characterized by parabolic dependences with
temperature changes.

3.
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1 - pure ore cinder; 2 - cinder of pure pyrite concentrate;
3 -cinder 1:1; 4 - cinder 2:1; 5 - dust 1:1; 6 - dust 2:1

Thus, it has been established that sulfides of
non-ferrous metals and waste rock have low
magnetic susceptibility values compared to
pyrrhotite. These properties of the components in
the roasting products make it possible to separate
them using magnetic separation and extract
magnetic pyrrhotite into the magnetic fraction, and
leave non-ferrous metal sulfides in the magnetic
separation tailings.

Based on the above, sulfiding roasted cinders
were subjected to wet magnetic separation at a
magnetic field strength of 100-120 kA/m. Table 5
shows the results of magnetic separation for the
extraction of iron into a magnetic product.

Table 5 - Results of magnetic separation of cinders

Experimental
i . Non-
conditions Magnetic '
fraction magnetic
Product . ! fraction,
name i 'ron iron
oc | Pyrite: extraction, .
oreratio | o extraction,
%
1:1 88.4 11.6
Cinder 1 | 650
2:1 90.4 9.6
1:1 91.4 8.6
Cinder 2 | 700
2:1 96.4 3.6
1:1 96.6 3.4
Cinder 3 | 750
2:1 97.2 2.8
1:1 91.7 8.3
Cinder 4 | 650
2:1 91.48 8.52
1:1 90 10
Cinder 5 | 650
2:1 96 4
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The presented results of magnetic separation
show that in the selected range of magnetic field
strength, more than 90 - 92% of the iron from
roasting cinders is extracted into the magnetic
product. It is noted that part of the iron present in
the ore is also released into the magnetic product,
because a small percentage of iron remains in the
non-magnetic fraction compared to the original ore.

The results of spectral analysis of the magnetic
and non-magnetic fractions (Table 6) showed that

non-ferrous and rare metals are mainly
concentrated in non-magnetic fractions.
Table 6 - Results of spectral analysis
Firing Contents of elements, %, 10°
products =7 Pb | Cu | Mn | As | Ni | s | Ba |Ti v
Cinder 1000 100 150 200 30 10 10 400 100 0

Magnetic 300 60 100 200 20 10 10 150 100 2
fraction

Non- 1000 200 300 400 100 5 30 500 200 4
magnetic
fraction

Contents of elements, %, 10°
Elements Zr Sb Co Mo Cd Bi Ga Tl Au Ag
Cinder 5 4 8.0 3.0 3.0 0.6 1.0 0.5 0.8 6.0
Magnetic 5 4 10 2.0 25 0.3 1.0 0.3 0.8 5.0
fraction
Non- 15 20 3.0 5.0 4.0 1.6 0.8 1.5 0.6 4.0

magnetic
fraction

The results of spectral and chemical analyzes
show that some of the zinc with a content of 0.2-
0.3% is extracted into the magnetic fraction.
Mineralogical analysis shows that zinc in the
magnetic fraction is present in close contact with
pyrrhotite. Apparently, this zinc was present in the
original pyrite and remained in close association
with it after firing.

The magnetic fraction by size is divided into a
class of more than 0.05 -27% and a class of less than
0.05 mm - 33%. In the heavy fraction of the class
greater than 0.65 mm, up to 5% of undecomposed
pyrite and up to 3% of sphalerite were found. The
main mass consists of sooty material with pyrrhotite
composition FeosssS, Feoss2S, Feos7’S, FeosoS,
Feos11S, and in the class less than 0.05 mm, all
material is represented by pyrrhotite, the
composition of which is pyrrhotite FeosssS, Feo.ss:S,
Feos77S, Feos01S, Feos11S. A fine-grained aggregate of
quartz-mica composition is also extracted into the
magnetic fraction.

The non-magnetic fraction is represented by
rock fragments with fine dissemination of sulfides in
the heavy fraction of 0.05 mm class, as well as free

grains of sphalerite, chalcopyrite and minor galena,
sooty material with pyrrhotite and pyrite in the form
of cubic crystals are present. The gangue consists of
fine-aggregate quartz-mica materials and
carbonates, and grains of feldspars and quartz are
observed. The extraction of zinc into the non-
magnetic fraction was over 88 - 90%, and the
extraction of lead was 100%.

Thus, magnetic separation makes it possible to
sufficiently isolate magnetic pyrrhotite from
roasting cinders and concentrate non-ferrous metals
in a non-magnetic fraction for their extraction by
flotation methods.

Development of a technological scheme for
high-temperature sulfiding roasting of oxidized
lead-zinc ore in a fluidized bed furnace

Based on the obtained results of processing lead-
zinc ore of the Zhairem deposit with a zinc content of
2.5%, lead - 0.1% and the degree of zinc oxidation of
more than 60%, a technology has been developed for
activating, high-temperature, sulfiding roasting of
this ore in a fluidized bed furnace using pyrite
concentrate (with sulfur content - 45.15%) as a
sulfidizer, Figure 5.

Kazzinc LLP Pb-0.1%
Oxide deeree Zn-60%

Blast flow 10-20 Vmin

Zinc-oligonite ore, Zhairem deposits, [ Zn2,5% ]

Activating, sulfiding firing in the KS

farnace,T-650-750 «C, t-30-40 min_,

degree of sulfidation of Zn and Pb 88%,
degree of magnetization 2.5 SI

e

‘ Magnetic separation ‘

Extraction Zn-88- Non-magnetic product Magnetic product .
Pyrrhotite extraction

90-92 %

90 % u Pb-100 %

At a ratio of

‘ Flotation |
extraction-90%,

ata content of Dust
234%

Extraction into foam
product Zn-75-79%, with
acontent of 11-12% Zn

Figure 5 - Flow diagram of the technology for high-
temperature sulfiding roasting of oxidized lead-zinc ore
in a fluidized bed furnace

The results of electron microscopic analysis (Fig.
6) confirm the formation of lead sulfides;
intermediate sulfidization products in the form of
lead sulfate were also detected. The formation of
sulfides begins from the surface of the initial phase
and spreads into the particle. In Fig. Figure 6 shows
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a micrograph of the formed sulfides and lead sulfate
(= 630).

X-ray diffraction studies of sulfidization products
show that intermediate lead sulfates are formed
during the sulfidization process. It has been
established that sulfidation proceeds according to
the scheme PbO - PbO-PbSO; - PbSO, - PbS
(activation scheme). The presence of the PbS phase
is confirmed by the X-ray diffraction results, Figure 6
clearly shows the PbS phase highlighted in red
(COD9008694) showing the most significant
amplitude of the 26 half-angle (2Theta: 26, 30, 43,
51.53.5). The established mechanism of
decomposition during sulfidation has not been
previously presented and confirmed by X-ray phase
analysis in the literature.

gt R
1 oom&'&f(

'QL)/ ( y

Ly

5
M. - g -t\. it ¢ TR Y
BES 15kV SS70  20Pa X450

microphotograph:001 - PbS, 002 - PbSO4, 003 — PbO

Figure 6 - Micrograph of lead sulfidization
products (= 450)

T COD BO0AESH P

%WLLJLLL;L“M,LM _.LM .

Thets (Coupled TwoTheta/Theta) Wi=154060

Figure 7 - X-ray results of lead sulfidization products

Thus, sulfidation roasting of lead-zinc flotation
tailings with pyrite found in the tailings makes it

possible to obtain lead and zinc sulfides similar in
properties to natural sulfides, while pyrrhotites with
pronounced magnetic properties of the composition
are formed Feos92S—FeosssS in the temperature
range 600-800 2C, which is confirmed by the results
of X-ray phase analysis.

Development of a technological scheme for
processing lead-zinc enrichment tailings

Figure 8 shows the developed technological
scheme for processing lead-zinc tailings and
middling products through sulfiding roasting in an
environment with a limited amount of oxygen to
obtain pyrrhotites with predicted properties. The
results of enlarged tests are shown in the
technological diagram, Fig. 8. Sulfidation firing was
carried out in a fixed bed, in a tube furnace.

Fe-13%

Mixed, oxidized Pb-Zn middling product of Kazzinc JSC with an S720%

internal pyrite content of 54%

= Zn-0.38%
Pb-0.17%
Activating, snlﬁding roasting with
T-30-60 min S N
magnetization of the cinder to 2.18 SI
T-500-800°c | units
| |
] ¥ 3

sulfidation of
Pband Zn is
83-95%

- [ Composition of pyrrhotines-Fep.325-FeosssS }

4

Magnetic separation
l l Pyurhotite
xtracti N gnetic product Magnetic product » | extraction 85-
Zn-86.50% 80%
Pb-100% }
Flotation
Through

into the foam
product -84%; Pb-
80%

. Fe-0,19
Tails ‘ > 505

) Z0-0,01

Pb-0,009
Ore flotation

extraction of Zn l l

e ‘ Foam product ‘

Figure 8 - Technological scheme for processing lead-zinc
intermediate products of enrichment to obtain
pyrrhotites with predicted properties

The economic effect of the processing
technology for the complex processing of oxidized
and mixed middling products enriched by sulfiding
roasting with subsequent enrichment of the cinder
is achieved through additional extraction of zinc
from the middling product of lead flotation. A
technical and economic calculation showed that
with an annual production of 5,000 tons of
concentrate, the payback period for the project will
be 1.5 years.

Thus, the studies carried out on the activation of
middlings by sulfidation roasting showed the
effectiveness of the technology and the possibility of
using it on an industrial scale; the results can be used
in the design of a pilot plant.
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Conclusion

It has been established that the sulfidation of
lead oxides proceeds from the surface deep into the
particle with the formation of a dense microporous
sulfide layer, increasing the diffusion resistance,
with the simultaneous enlargement of particles,
according to the following  mechanism:
PbO->PbO*PbS0O,—> PbSOs—> PbS. At temperatures
above 850 9C, the process progresses according to
the scheme: PbO - PbS.

Thus, a hybrid technology has been developed
for activating sulfiding roasting of zinc-containing
and lead-containing industrial enrichment products
in a fixed layer containing pyrite in its composition of
at least 50-54%, used as a sulfidizer; Magnetic
separation of cinders after heat treatment of
middling products makes it possible to separate up
to 70% of the iron in the form of pyrrhotite into the
magnetic product, with the pyrrhotite content in the
magnetic  product being up to 98.2%. This

technology for processing oxidized waste containing
zinc and lead can be recommended for processing
Kazakh and foreign technogenic deposits.

The proposed technology makes it possible to
additionally extract zinc and lead from industrial
products, significantly increasing the economic
effect of production. The unit costs per 1 US dollar
of commercial products using the proposed
technology are lower than the unit costs of the
existing technology, which is associated with the use
of cheaper raw materials in the form of enrichment
tailings and the production of pyrrhotites as
additional commercial products.
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TOTbIKKaH KOPFacblH KOCbINIbICTapblH cynbduaTey apKblibl KYWAipyAiH, mexaHU3mi
YKOHE TEXHONOTUANDBIK HaTUXKenepi

YenywraHosa T.A., *"Mepkubaes E.C., ‘Mambipbaesa K.K., ‘Capcenbekos T., 2Mishra B.

1Satbayev University, Aamamel, KazakcmaH
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TYRIHAEME

KyMbICTa KOpFacbiH-MbIpbIll KEHAEPIH XaHEe OHEepPKaCINTIK eHimaepai eHaeyaiH, KON4aHbICTafbl

TEXHONOTMANAPbIHA CbIHW Tangay HIaTUXKenepi KenTipinreH. 3epTreyaiH, e3ekTiniri — KeHaeri

KOPFacblH MeH MbIpbill Me/wepepiHiH, Te3 as3ato ’KafgaiblHAA MbIpbIW MEH KOPFAcbiHAbI

KOCbIMILA eHAjpyre bafbiTTanfaH agictepai a3sipneyge. ymbicta cynbduATIK KyNAipyaiH

TEPMOAMHAMUKaNbIK Herisgemeci 60oiblHLA 3epTTeyiep, Keaen, KMblH 6aibITbliaTbiH KOPFacbIH-

Makana kengi: 11 Haypei3 2024
CapanTtamagaH eTTi: 9 cayip 2024
Kabbinganapl: 16 cayip 2024

angblH  ana

TepmuAnblk,  benceHaipy
TEXHONOTUACBIH 33ipney HaTukenepi bepinreH. PbO - PbO-PbSOs - PbSOs -> PbS cxema

MbIpbIW KEeHAEepi MeH BHEPKICINTIK eHIMAepAi KaWHANTbIH KabaTTaFrbl newTe cyAbdUATI Kynaipin

apKbIAbl  BHAey MpoueciH  WHTeHcudUKaumsanay

60MbIHLLIA TOTbIKKAH KOPFaCbIH KOCbIbICTapbIHbIH, Cy1bGuATEHY MeXaHU3Mi aHbIKTanfFaH. Kyiaipy

OHIMAEPiH OU3MKA-XMMUANBIK 3epTTey HaTUXKesnepi, COHbIMEeH KaTap epTeHAinepAi MarHuTTiK

6anbITy HaTukenepi

KenTipinreH. OHEepKaCinTiK eHimaepai TePMUANbIK OHAEYAEeH KeWiH

epTeHANepAi MarHUTTIK 6oy HaTUKeNepi NMPPOTUT TypiHAeri Temipai 70% AeiiH MarHUTTi eHimre

6enyre 60naTbIHbIH KBpCETeai, an MarHUTTIK eHimAaeri NMppPoTUT menwepi 98,2% aeiiH 6onaabl.

yMbICTa KOpFacbiH-MbIpPbIWTbI OHEPKACINTIK eHIMAepai 6alibiTy KesiHae bomkamabl KacueTTepi

6ap NUPPOTUTTEP any YLLIiH OHALYAIH KaHa TEXHONOTUANLIK CXeMACbl YCbIHbIIFaH.

TyliiH ce30ep: KOpfacblH, KypamblHAA KOpfacblH 6ap KangplkTap, OTKa Te3iMai KeHaep,
cynbbuaTeHaipin Kynaipy, cyiblk Kabat newTepi, cynbounarey, nuput
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MexaHU3M U TeXHo/IorMYeckme pesynbTatbl Cybduaupytowiero o6xura
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AHHOTALMA

B paboTe npeacTaBneHbl pe3ynbTaTbl KPUTUUECKOrO aHa/iv3a CyWeCTBYIOWMX TEexXHONOrui
nepepaboTKM CBUHLLOBO-LMHKOBbLIX Py4 M MNPOMMPOAYKTOB, aKTyalbHOCTb UCCAef0BaHWUi
3aK/Il0YaeTcA B pa3paboTKe METOA0B, HaNPaB/EHHbIX HA AONOAHUTUENBHOE U3B/IEYEHUE LIMHKA U1
CBMHLLA B YC/IOBUAX CTPEMUTENBHOTO CHUMKEHUA COAEPKAHUA CBMHLA U LMHKA B pyaax. B paborte
npeacTaBieHbl UCCNeAOBaHUA MO TEPMOAUHAMMYECKOMY O6O0CHOBaHWMIO cynbduampytoLLero
063Kura, pesynbTaTbl Pa3paboTKM TEXHONOMMU UHTEHCUbUKALMK NpoLiecca nepepaboTku BegHbix
TPYAHOOBOraTUMbIX KOMMAEKCHBIX CBUHLLOBO-LMHKOBbLIX Py4 W MPOMMNPOAYKTOB 3a CYeT
npeaBapuTesIbHON TEPMUYECKOM aKTUBaLMK CynbOMAMPYIOLLEM OBKMIOM B NEYM KUMALLENO CNOSA.
YCTaHOB/MEH MEeXaHU3M CyNPpUAMPOBAHUA OKUCIEHHbIX COEAMHEHUI CBMHLA no cxeme: PbO >
PbO-PbSO4 - PbSO4 - PbS. MNpepacTaBneHbl pe3ynbTaTtbl N0 GU3NKO-XMMUYECKOMY UCCIeA0BaHNIO
NPOAYKTOB OOMUra, a TaKKe pe3ynbTaTbl MarHUTHOrO ob6oraweHus orapkoB. PesynbTaTbl
MarHUTHOW cemapauMm orapKos nocsie TepMUYEcKoi 06paboTKM NPOMNPOAYKTOB NOKa3blBatoT,
4YTO BO3MOXHO BblAEANTb B MarHWUTHbIM NPoAyKT Ao 70 % Kenesa B BUAE NUPPOTUHA, NMPU 3TOM
cofeprKaHue NMPPOTUHA B MarHUTHOM MpoayKTe coctasaseT 4o 98,2 %. B pabote npeacTtasieHa
HOBas TEXHONOrMYECcKasn cXxema nepepaboTKn CBUHLLOBO-LMHKOBbLIX MPOMMNPOAYKTOB 0boraLLeHus
C No/lyYeHMEM NUPPOTUHOB NPOTrHO3UPYEMbIX CBOWMCTB.
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