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ABSTRACT

This article gives the physical and chemical aspects of uranium extraction from the zones of
reservoir oxidation using ultrasonic technology and the theoretical justification for the technology
of in-situ borehole leaching (ISL) of uranium deposits in Kazakhstan. Kazakhstan has significant
reserves, well-explored uranium deposits, developed uranium mining and processing capacities,
as well as the current state of the world uranium market, which determine the prospects for the
development of the uranium mining industry in Kazakhstan. Ore deposits of uranium deposits
localized at the fronts of seam oxidation zones are largely similar in terms of the chemical
composition of host rocks. Fe, Al, Mg, Ca, K, and Na are among the most widespread petrogenic
elements of rock-forming minerals. Uranium is observed in association with iron, vanadium,
selenium, molybdenum, rhenium, and other elements. Uranium mineralization is represented by
exogenous (secondary) minerals — pitchblende and coffinite. In the general balance of uranium
minerals, pitchblende is about 30%, and coffinite is about 70%. Nasturan (xUO.yUOs3z2) is
represented by an association of tetravalent uranium dioxide and hexavalent uranium trioxide
with a variable composition (UO.+UQO:3) - 65-85%, coffinite - tetravalent uranium silicate USiOa.

Keywords: Physico-chemical aspects, recovery, uranium, theoretical substantiation, recovery,
uranium, theoretical substantiation, in-situ leaching, wells.
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Introduction

About 25% of the world's uranium reserves have

of key scientific and practical tasks. The modern
uranium mining industry is characterized by high
dynamism, the emergence of dangerous situations,

been identified under the Republic of Kazakhstan.
Uranium reserves are characterized by 75%. Of
these, they are concentrated in deposits associated
with regional zones of reservoir oxidation, which can
be extracted by a relatively cheap and
environmentally friendly in situ leaching method [1].

The development of the uranium mining
industry in Kazakhstan is associated with the solution

in some cases radiation, and the need to make quick
and effective decisions to eliminate them [[2], [3]].
The unique characteristics of each deposit require a
certain amount of scientific research not only in the
process of developing new deposits, but also in the
application of well-known technological solutions.
This situation objectively determines the high
knowledge intensity of uranium mining production.
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The analysis of the experience of exploitation of
uranium deposits in the Chusar and Syrdarya regions
shows the following [4]:

- In recent years, when developing large deposits
(with optimal well placement grid sizes), a cellular
arrangement of wells has been used;

- Reliable methods of well layout have not yet
been developed, especially for deposits with
complex structural conditions, such as the
occurrence of ore bodies and hydraulic connections
of aquifers;

- Well location schemes are selected on the basis
of pilot tests and analogues.

The simplest, most effective and original method
of developing hydrogen-containing  uranium
deposits is the method of underground borehole
leaching. In principle, this leaching method can be
successfully applied to the development of non-
ferrous metal deposits in both underground and
open-pit mining conditions [[1], [2], [3]].

Boreholes are the main technical facilities that
provide an injection of a chemical or biochemical
solution, control of its filtration process in the
hydrogenous reservoir massif, uranium leaching
processes, and delivery of productive solutions
through pumping wells to the day surface for their
processing. Thus, the system of boreholes for various
purposes, drilled from the day surface to the depth
of hydrogenous layers, is presented in the form of an
underground mine.

For the opening of hydrogenous uranium
deposits, the injection of biochemical solutions, as
well as the pumping of productive solutions, are
carried out using vertical wells. According to their
purpose, they are divided into the following:
technological, observational, control, and special [4].

In the exploitation of uranium deposits
containing hydrogen, it is possible to use injection
and extraction wells interchangeably. This means
that each technological well can serve as both an
extraction and injection well, allowing for a reversal
in the direction of movement of working solutions in
the productive horizon at a 180° angle. This reversal
increases the degree of extraction of useful
components from the deposit. The layout of
technological wells, such as linear, areal, and
combined, determines the scheme for opening the
exploitation field of a hydrogenous uranium deposit.

Linear well arrangement systems consist of
successively alternating rows of pumping and
pumping wells over the area of deposits. Depending
on the filtration coefficient and the homogeneity of
the ore massif, the distances between rows and wells
in a row vary widely (15-50 m or more). A production

cell usually consists of two injections and one
extraction well belonging to three consecutive rows.

In uranium deposits in the CIS (Commonwealth
of Independent States) countries and other foreign
countries, linear well arrangement systems were
widely used, just as they are now. They are most
effective in the development of extended
hydrogenous uranium deposits composed of
sedimentary, highly permeable (Ke> 1.0 m/day) ores
and rocks and located in difficult hydrogeological
conditions [[1], [5], [6], [7]].

Studies [[5], [7]] found that the most favorable
of the tested is a linear system with a staggered
arrangement of wells with a ratio of distances
between wells in a row and between rows of 1:2, the
least favorable is a system with a rectangular
arrangement of wells with a ratio of distances of 1:1.

It is noted in [7] that in the domestic industry, a
scheme of alternating linear rows of pumping and
injection wells is mainly used with distances between
wells in rows of 15-40 m, and between rows of 30—
80 m. This well arrangement has a great advantage —
the simplicity of construction and its operation. The
most favorable for such a technological network are
ore deposits of an elongated shape with good
permeability. Depending on the specific conditions,
the rows can be located along the strike or cross the
strike. Under conditions of obtaining equal flow rates
of pumping and injection wells (Q0 = Q3), the
distance between wells in rows is also assumed to be
the same.

Being in the group of actinides of the periodic
system of elements by D.I. Mendeleev, the electronic
structure of uranium, which determines the valence,
is completed in the fifth shell from the top. Deep
electrons, located on the fifth electronic level, due to
the large atomic radius, are less firmly bound to the
nucleus and, because of this, take part in the
formation of valence bonds. Differences in the
energy bonds of the electrons of the shells of the
uranium nucleus are relatively small, but still exist,
and this explains the multivalence of uranium. The
main valence of uranium is 4, 5, 6. Variable valence
leads to the formation of various complex
compounds of uranium. Uranium mining by in-situ
leaching through a system of wells drilled from the
surface allows the most efficient exploitation of
infiltration uranium deposits of in-situ and in-situ
oxidation zones [[3], [7]].

When leaching in an acidic environment,
uranium forms doubly charged uranyl cations
(U0§+), in an alkaline environment, uranate anions,
and has a weak affinity for sulfur and a strong affinity
for oxygen. As a result, simple and complex uranyl
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sulfate ions are formed in HP solutions, depending
on excess acidity. Additionally, in-situ leaching has a
lower environmental impact compared to
conventional mining methods. The use of injection
and extraction wells allows for the control of the
solution flow and prevents the release of harmful
substances into the environment. The technology
also reduces the amount of waste generated during
the mining process, as only the useful components
are extracted from the deposit.

However, there are also some challenges
associated with in-situ leaching. One of the main
challenges is the potential for groundwater
contamination, which can occur if the solution used
for leaching is not properly contained or if there are
leaks in the well system. Another challenge is the
potential for subsidence, which can occur if the
pressure in the deposit is not properly maintained
during the leaching process.

Overall, in-situ leaching is a promising
technology for uranium mining, offering lower costs
and environmental impacts compared to
conventional mining methods. However, careful
planning and monitoring are necessary to ensure the
safe and effective extraction of uranium from
hydrogenous deposits [8].

Research methods

Uranium compounds are relatively well soluble,
which explains their migration ability with the
formation of exogenous deposits of in-situ oxidation
zones.

In solutions, uranium can exist in four valence
states: U**, U*, U°*, U% [1]. Aqueous solutions of
salts of trivalent uranium are not very stable. Salts of
tetravalent uranium form more stable solutions. Air
oxygen oxidizes tetravalent uranium in aqueous
solutions to hexavalent. Pentavalent uranium forms
the uranyl radical (U03) in aqueous solutions in an
extremely unstable form, which transforms into
tetravalent and hexavalent uranium ions.

Quadrivalent uranium is slightly soluble in dilute
solutions of sulfuric acid, and oxygen,
permanganates, hydrogen peroxide, nitrogen-
containing oxidizers, chlorine, chlorine-containing
oxidizers, etc. can be used for its oxidation. Industrial
applications are pyrolusite, melange, ferriciron salts,
oxygen, and hydrogen peroxide [2]. For compounds
of hexavalent uranium, the formation of the uranyl
ion UO2"is characteristic. Uranyl salts are highly
hydrolyzed and have a pronounced acid reaction (pH
0.02M solutions of uranyl is 2.9) [[1], [4], [9]].

All salts are characterized by
dissociation into ions.

In a sulfate medium, the uranyl ion is a strong
complexing agent. In slightly acidic solutions with pH
= 1-2, trisulfate and disulfate complex ions
[UO5(504)3]* and [UO2(504);]*. In sulfate solutions,
the ratio of simple and complex uranium ions
depends on the excess acidity of the solution, the
content of sulfate ions in it, and the concentration of
uranium (Figure 1). For hexavalent uranium, the
formation constants of the main complex ions in
leaching solutions [[2], [6]]:

- for uranyl cation U02*- 5,0-6,5;

- for the neutral uranyl sulfate molecule
U0,502- 50-96;

- for uranyl disulfate anion [UO2(504)2)* - 320-
900;

- for uranyl trisulfate anion [UO2(504)3]* - 2500.

An analysis of the graph shows that an increase
in the acidity of the solution from pH = 3-3.5 to pH =
2-1.5 leads to a decrease in the content of the uranyl
cation and, due to an increase in the content of
sulfate ions, to a sharp increase in the complex ions
of uranyl sulfate in the solution with the transition
from a neutral molecule U0,S0? to the anion of
uranyl disulfate and uranyl trisulfate.

incomplete
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UO,(SO)%
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Figure 1 - lonic composition of uranium compounds in
sulfuric acid solutions at different acidity

Further, increase in acidity (up to pH=0.5-0.3)
leads to a decrease in the content of U0,S02;
[U02(504)2)%, since in acidic solutions at pH < 2-1.5
the most stable form of uranium is the uranyl
trisulfate anion [UO,(S04)3]*. If the solution is again
raised to pH > 2.5, ion polymerization will appear
with the formation of tri- and disulfate uranyl dimer
[UO,05(50.4)3]*, [U0205(504);]* due to hydrolysis of
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complex ions, which leads to a significant increase in
capacity of anion exchangers [[4], [10]].

Therefore, it is advisable to start uranium
leaching in a mild mode at pH>2.5 (H.SO,- 3.0-5.0
g/l), increasing the concentration in the uranyl
sulfate solution to 50-60%. Then, increase the acidity
of the solution to pH-1.5-1.0 (H,SO,- 10-15g /1) and
bring it to pH - 05.-0.3 (H.SO, - 20-25 g / 1),
concentrating uranium in solution for uranyl
trisulfate up to 95-100%. Then, at the outlet, quench
the solution with soda to an acidity of pH - 2.5-4.0,
facilitating the formation of well-sorbed uranyldimer
trisulfate ions as much as possible.

In [10], the authors note that areal (cellular) well
location systems are usually used to develop
deposits confined to sedimentary layered
heterogeneous ores and rocks of horizontal or
slightly inclined occurrence, under conditions of
relatively low water permeability of ores (Kr = 0.1+1
m/day). These systems represent a uniform
alternation of pumping and injection wells on the
deposit area, forming cells (triangular, square,
hexagonal, etc.) with small interwell distances (8+20
m). In the CIS countries, the cellular arrangement of
wells was rarely used.

With further involvement in the development by
the IW method of more morphologically complex ore
deposits with relatively low filtration coefficients (up
to 1 m/day), large variability in the physicochemical
properties of ores and host rocks, as well as when
using high-rate pumps for pumping solutions, areal
pumps (cellular) well layouts will be widely used.

In [[1], [11]] it is noted that cellular systems of
wells are less common in domestic practice. So for
isothermal ore deposits with relatively low, but
allowing to obtain equal well flow rates (Qo = Q3)
permeability parameters of the massif, a square grid
of alternating pumping and injection wells is taken.

For ore deposits of complex irregular shapes
with low permeability parameters, it is advisable to
use a hexagonal network of injection wells with a
pumping well in the center of each cell. The ratio of
debits in such a scheme Q. = 3Qs. Extraction wells are
half as many as injection wells.

Other layouts of technological wells are also
possible, in particular, triangular and pentagonal
cells.

Bacterial leaching, also known as bioleaching,
uses microorganisms to extract metals from ores.
This method has several advantages over traditional
mining  methods, including lower energy
consumption, reduced environmental impact, and

higher metal recovery rates. Bacteria can be used to
extract a wide range of metals, including copper,
gold, silver, and uranium.

In the case of uranium, bacterial leaching can be
used to extract the metal from low-grade ores that
are not economically viable to mine using traditional
methods. The process involves introducing bacteria
into the ore deposit and allowing them to break
down the minerals that contain the uranium. The
uranium is then extracted from the solution using
conventional methods.

The high efficiency of the method of bacterial
leaching of gold from ore can be shown in the
following example. In October 2001, the Polyus gold
mining company announced that the first in Russia
technological complex for extracting gold from ore
using special bacteria was put into operation at one
of the country's largest Olimpiada deposits, located
600 km north of the city of Kazan. Krasnoyarsk. Since
2002, Polyus has been annually giving the country 30
tons of gold. This is about a fifth of all precious metal
mined in Russia. If we consider that 720 gold mining
companies throughout the Magadan region mine 30
tons of gold per year, then one Polyus company
replaces 720 companies, thanks to the use of
bacterial leaching technology. The Polyus company
employs only 1,000 people, while similar Western or
Russian firms employ 11,000 workers.

Every year in the USA, 300 thousand tons of
copper and 4 thousand tons of uranium are mined by
leaching. Extensive research is being carried out on
the extraction of Cu, Zn, Pb, Mn and other metals by
leaching.

In addition, Kazatomprom officially stated that
“depending on the configuration of the uranium ore
body, two different types of landfill opening can be
used: linear or hexagonal.”

During the construction of uranium mines and
their operation, the use of both triangular and
hexagonal arrangements of technological wells
causes large-scale economic damage, which is
unacceptable.

One of the main advantages of bacterial leaching
is its lower environmental impact compared to
traditional mining methods. Bacteria do not produce
toxic waste products, and the process does not
require large amounts of water or energy.
Additionally, bacterial leaching can be used to
extract metals from ores that are too deep or too
difficult to access using traditional mining methods.

However, there are also some challenges
associated with bacterial leaching. One of the main
challenges is ensuring that the bacteria are able to
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survive and thrive in the harsh conditions of the ore
deposit. This requires careful selection of the
appropriate bacteria and optimization of the
leaching conditions. Another challenge is controlling
the leaching process to ensure that only the target
metal is extracted and that other metals or
contaminants are not released into the environment.

Overall, bacterial leaching is a promising
technology for extracting metals from ores in a more
environmentally friendly and cost-effective way.
Further research and development are needed to
optimize the process and ensure its safety and
effectiveness in a range of mining conditions.

The main advantages of this method of in-situ
uranium in-situ leaching compared to traditional
mining methods of deposit development are as
follows [12]:

— the possibility of involvement in the
exploitation of poor and off-balance ore deposits
with complex geological and hydrogeological
conditions of occurrence, but having large reserves
of uranium;

—significantly reduce capital investments and the
time of putting deposits into operation;

— labor conditions are improved, the number of
miners is reduced and labor productivity increases by
2.5 times;

— the negative impact of uranium mining on the
environment is reduced.

The supply of the leaching brine is ensured by
trunk pumps located in the pumping station, which
can provide pressure up to 7 bar. The productive
stratum is brought to the surface by submersible
pumps installed in the pumping wells.

The peculiarity of the development system with
piston wells is that all pumping wells work in a
pulsating mode, during the cycle of changing the
pumping and pumping modes (T) [[6], [7], [13]]:

- Cycle 1 - pumping wells of row 2 work for a
given period (T) in injection mode, while pumping
wells of row 1 work in pumping mode during the
same period (T). All injection wells of row 2 are in
operation, and all injection wells of row 1 are
stopped.

- Cycle 2 - The injection wells of row 1 operate
for a given period (T) in injection mode, while the
injection wells of row 2 operate in pumping mode for
the same period (T). All injection wells of row 1 are
in operation, and all injection wells of row 2 are
stopped.

In order to allow the pumping well to work in
pumping and injection modes, it is necessary to
install a sealed cap on the well casing and tie up each

pumping well with leaching solution distribution
(LSD) and productive rastor reception (PRR) units
with pipelines.

- leaching solution outlet (6), which is connected
to the leaching solution distribution unit (LDSU);

- leaching solution pumping outlet (8), which is
connected to the productive solution reception unit
(PRR).

Injection mode:

- submersible pump in off-state;

- valve of this well in PRR in a closed position;

- valve of this well in LSD in the open position,
which provides a supply of leaching rastor under
pressure. The pressure is created in the leaching
solution pumping station at the plant site.

Outflow mode:

- Valve of this well in LDSU in a closed position;

- Valve of given well in PRR in open position:

The submersible pump is in the off position,
which ensures that the pay zone is lifted into the PRR
and further into processing.

The radius of oxidized mining mass at a distance
of 62.5 m between wells is taken from the ratio of
2/3 and is equal to 42 m. Such a radius allows to
share 1/3 of the distance with adjacent wells.

Mathematical and physical models investigate
one-dimensional filtration flows, while in real
conditions the flows, as a rule, have
multidimensional character, due to which the
models do not objectively reflect the leaching
process dynamics [[6], [14]].

Extrapolation of such modeling results to real
conditions of this or that deposit, without production
determination of parameters of uranium extraction
process, is very conditional and, as a consequence,
modeling data do not provide optimality of accepted
technological decisions. In this regard, it is necessary
to develop fundamentally new hydrodynamic
models that take into account the multidimensional
dynamics of the in-situ leaching process.

In most cases, the parameters used to design in-
situ leaching facilities do not reflect the true picture
of the development of uranium recovery in the
specific conditions of the deposits under
development, which leads to significant losses of
productive solutions, failure to recover uranium
from the subsurface and its contamination.

The actual sulfuric acid consumption for
extraction of 1 kg of uranium is still significant and
may reach hundreds or more kilograms due to the
lack of accounting for the acid capacity of the host
rock without ore.
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There remain significant losses of solutions
beyond the contours of the blocks (up to 20% or
more).

The filtration zones of the pumping wells are
colmatized within the radius of 1.5-2.5 m by clay
particles and chemical sludge, which leads to the loss
of up to 50.77% of the surplus head, obtained by
level reduction, and negatively affects the
productivity of the wells [[15], [16]].

There are no reliable instrumental methods of
controlling the movement of geochemical, redox
barriers.

Used pumps, relatively quickly fail due to
abrasion of units by mechanical impurities, wear of
stator motor sleeves, etc.

Up to 50% of injection wells fail during the first
23 years of operation due to failure of production
strings integrity, filters destruction and poor
insulation of annular space.

Not all the wells are equipped with the heads,
preventing overflow of working solutions, which
leads to contamination of the surface of in-situ
leaching sites. In many cases there are no
elementary flow meters, to say nothing of electrified
valves for automatic regulation.

Uranium prices on the world market are rising,
but uranium is mined under specific orders and,
accordingly, the development of new deposits will be
under orders.

NAC Kazatomprom has established permanent
dosimetric monitoring and determines radiation
levels in water, air, and dust [17].

Methods of intensification of in-situ leaching of
uranium consist of raising the level of the aquifer,
intensification of the leaching process, and
differentiated supply of leaching solutions. As a
result of the new methods of preparation and
intensification of in-situ leaching, off-balance
uranium deposit areas will be involved in
development, reagent consumption will be reduced
and the development of uranium deposits will be
reduced. These research results will enable the
following: uranium output per 1 km of deposit area
will be differentiated by 20-30%; uranium
production will be reduced by 15-20%;
environmental safety of uranium production will be
improved; the economic effect will amount to 60-80
mln tenge a year.

Discussion of results

In the leaching process, the reaction of the
solvent with rock-forming minerals forms mobile

geochemical barriers (acid-alkali and redox) with
alternating acts of wuranium dissolution and
precipitation due to changes in pH and Eh of the
environment. In this case, acids are used not only
and not so much for uranium leaching but for the
dissolution of rock-forming minerals, and in real
conditions they may amount to tens and hundreds of
kilograms per kilogram of uranium. The main acid-
intensive  minerals are carbonates (calcium,
dolomite, magnesite) and some types of clay
minerals.

Because of the consumption of H,SO,; for
reaction  with rock-forming  minerals, its
concentration front moves significantly slower than
if only uranium leaching occurred. In this case, the
concentration front of the dissolved uranium tends
to overtake the acid front, but this does not happen,
because as the acidity of the solution decreases at
the acid concentration front, uranium hydrolysis and
redeposition occur according to the scheme [17]:

U0 +OH™ = UO,0H*
UO*+0H™ = UO,(0H), |

In this case, the concentration front of the acid
plays the role of a mobile alkaline barrier. Then,
when new portions of acid approach, the
redeposited substance dissolves again, i.e. the
reaction goes in the opposite direction. Repetitive
steps lead to an increase in the concentration of
H»SO, at the mobile barrier to the saturation
concentration.

It is not possible to determine the spatial and
temporal position of the geochemical barrier under
conditions  of  underground leaching by
computational methods. Changes in parameters of
pH and Eh, its ionic composition are monitored only
by observation wells and at the outlet of pumping
wells.

There are no in-situ leaching process models
related to thermodynamics that answer the
questions of spatial and temporal control of redox
processes of uranium leaching in the deposits of
formation oxidation zones yet. The creation of a
generalized mathematical model of Redox potential
control for these conditions remains an extremely
difficult and, perhaps, as yet unsolvable task.

It is known that the Redox potential value is
directly related to the concentration of the potential-
determining components of the system:

0,059
n

10/

E=E,+ Ve
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—— 10 ———
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From the point of view of potential-determining
systems, the association of uranium and iron is of
greatest interest at these deposits. The reaction
between uranium and iron in an acidic environment
goes in the direction of oxidation of uranium and
reduction of iron.

Oxidation potentials for iron:

—0,44
Fe— -

L, F0771 5 ,9 B
Fes*— - Fe**— - FeO;".

In turn, at Eh +0.35c the tetravalent uranium
transforms into the hexavalent hydrated oxide
UO,(0OH), and then at Eh +0.407c into the
hexavalent divalent cation-uranium form U02*.

The oxidation of uranium involving trivalent iron
jons proceeds by the reaction UO,+2Fe* —
U0§+ +2Fe?*, where uranium is oxidized to the
hexavalent form and iron is reduced to the divalent
form.

Under real conditions of underground uranium
leaching, in addition to iron ions, the solution always
contains other cations of variable valence and ions
that affect the redox potential value. However, the
role of these ions in establishing the redox potential,
as compared to iron ions, is insignificant. lIron ions
play the role of catalysts in the uranium oxidation
process.

In the process of in-situ leaching, complexation
has a great influence on changes in the oxidative
environment. During acid leaching, in addition to
uranyl sulfate complexes U0,50, ; [UO3(504),]%,
[UO5(504)3]*, about half of calcium, magnesium, and
manganese are bound to sulfate complexes CaS0,,
MgS02, MnS0?. Up to 80% of aluminum and over
90% of iron FeSO;, Fe(S0,),, AlSO;, Al(S0,); are
bound into sulfate complexes. The proportion of
simple ions decreases as the total concentration in
the solution of sulfate sulfur increases, pH and Eh
change, and the content of free SO, ions decreases.
Complexation causes the acidity of in-situ leaching
solution to shift towards increasing pH value and to
maintain the process of uranium oxidation and
dissolution on geochemical barriers, the H.SO, flow
rate has to be increased.

However, taking into account the fact that in the
process of multiple circulations of sulfuric acid
solutions between pumping and injection wells, up
to 0,05 mol/l and more of ferrous oxide sulfate FeSO,
in divalent form (Fe?) is accumulated in circulating
solutions, maintenance of redox potential at the

required level can be maintained without additional
consumption of sulfuric acid and other oxidizing
reagents. For this purpose, one should pay attention
to the effects of the chemical action of ultrasound.

It is known that the kinetics of sound-chemical
reactions in liquid media (water, solutions) is
determined by the rate of formation and
expenditure of radicals.

It can be assumed that under ultrasonic action
on recycled water solutions in the cavitation mode,
water molecules, going to the excited state [[1], [13],
[18]], split into H, OH radicals, ionized with the
formation of hydrated electrons e, and further in
the presence of dissolved oxygen transformed to
HO,, O; n OH and H;0;. The formed hydroperoxide
radicals are oxidized by Fe?:

HO»+ Fe?*+H'— F€3++H202,

and the formed hydrogen peroxide H202 will
additionally oxidize two Fe?* ions by the reactions

H,0+ Fe**+H*— Fe**+0OH+H;0,
OH +Fe**— Fe**+OH

The equation of the chemical-acoustic yield of
Fe**, in this case will be written as:

Fe(®) (Fe®*) = 3F02) + Fy02) + 2R,
Energy output Fe(©2)(Fe3+) = 7,85.

Determination of the required number of
productive solutions (V) at the annual capacity of the
mine (P) 1000 tons of uranium per year and the
average concentration (C) 70 mg/l uranium in the
productive solutions (PS).

In all countries, including our country, uranium
mining is carried out using underground in-situ
leaching.

To develop each block, a linear system of three
rows of wells is used: two rows of injection wells, and
one row of withdrawal wells between them. There
are 8 wells in each row.

In total, for one block there are 8 wells, the
distance between them is assumed to be 25 m, the
distance between the rows of wells is 50 m, and the
number of injection and injection wells in the block
is3x8=24,

— 11 —/———
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There are several methods of feeding chemical
solutions into the block array in bacterial leaching.
When applying the first method, a solution is used
that contains special reagents that are capable of
dissolving uranium and other metals, but do not
interact with the rest of the components of the array.
The solution passes through the porous structure of
rocks and leaches uranium from the ore. The
productive solution is then pumped to the surface
and further processed to extract uranium.

The second method is used in IS technology and
allows to extract uranium from hydrogen-containing
deposits efficiently and economically. However, the
second method is considered more efficient and
environmentally friendly, as it allows you to extract
more uranium from the ore and minimize the impact
on the environment.

The chemical solution is an agqueous medium
containing sulfuric acid at the rate of 3 g per liter of
water.

The water in the solution becomes a good
solvent, the chemical solution is heated to a
temperature of 50-60 ° C. All these factors accelerate
the leaching of uranium and other metals.

The third way.

A piston well is a well that can perform pumping
and injection functions [18]. When using full piston
wells, rows of spray wells are eliminated. After the
beginning of the industrial application of advanced
uranium purification technology from ores of
permeable (water-intensive) deposits in the 50s of
the last century, a kind of "boom" continues in the
USA in all countries of the world to search for this
type of deposits of uranium of sedimentary origin,
the extraction of which is carried out in the simplest
and therefore inexpensive way, known as the in-situ
leaching method.

The essence of the technological scheme of this
process is as follows.

Chemical or biochemical filtrates pumped
through pumping wells are filtered through the holes
and slits of the hydrogen plate to the nearest
neighboring producing wells. During filtration,
chemical solutions enriched to a concentration of
uranium become "production solutions"”, which are
pumped to the surface and transported to treatment
facilities, where the production solution is subjected
to absorption and desorption treatment, after which
the uranium is extracted. To do this, a combination
of various devices known as an adsorbent is used. It
consists of absorption and regeneration columns, a

tank for rich and dilute solutions, a tank for finishing
chemical concentrates, a pump, a pipeline system
and a set of auxiliary tanks for the preparation of
solutions. filtration, neutralization of wastewater
and mine treatment waters. In-situ filtration
technology is most effective for the enrichment of
hydrogenated wuranium mines with filtration
coefficients of more than 0.5 m/day.

Therefore, the scheme of underground filtration
technology provides for the leaching of metallic
uranium in the natural occurrence of an ore deposit.
An indispensable condition for its use is the presence
of aquifers on the roof and bottom of the ore
formation. Among the various schemes of linear
systems for the placement of technological hydrogen
deposits, the most common in the practice of
developing hydrogenated uranium deposits is a
three-row system consisting of the first row of
pumps, the second and third row of pumps. cargo
pump. At the same time, the distance between the
rows and wells in a row is 50 and 15 m or more,
respectively. From the above it can be seen that the
production cell usually consists of two injection wells
and a production well between them, in three
consecutive rows. In passive zones, during the
operation of pumping wells, the previously
permeable chemical solution will be partially filtered
back into some pumping wells, which is unlikely, i.e.
as soil-hydraulic screens [18]. The leakage of
production solutions formed in the passive zones P1
and P2 towards the active zones Al and A2 due to
the pressure drop created by the operation of the
pumps also occurs with significant losses.

In all mines of hydrogenous uranium deposits,
linear well arrangements are widely used, consisting
of successively alternating rows of pumping and
pumping wells over the area of the deposit. A
production cell usually consists of two injections and
one extraction well belonging to three consecutive
rows. In this case, a row of pumping wells is located
between two rows of injection wells [[19],[20]].

The flow of the chemical solution supplied
through the injection wells into the array of the
hydrogenous reservoir is filtered in a circular area
around each injection well. Both the chemical
solution and the productive solution formed in the
areas S; and S; cannot penetrate a number of
pumping wells, since their return path is obstructed
by the flows of chemical solutions supplied through
the injection wells to the hydrogen reservoir mass. In
addition, the pressure gradient created on the

— 1) ——
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suction side of the pump can have an effect at a
distance of no more than 3-5 m.

Conclusions

This article describes the physical and chemical
aspects of uranium extraction from the zones of
reservoir oxidation using ultrasonic technology and
the use of ISL technology in Kazakhstan has several
advantages, such as reducing the environmental
impact of mining activities, minimizing the need for
surface infrastructure, and reducing the cost of
production. The technology involves injecting a
solution into the ore deposit through a borehole,
which dissolves the uranium and other metals
present in the deposit. The solution is then pumped
back to the surface, where the metal is extracted.

The result of these works is the development of
a technology for underground borehole leaching of
uranium in Kazakhstan. To implement the ultrasonic
method of acid-free increase in the redox potential
of leaching solutions in industrial conditions,
complex devices and high specific power of
ultrasound are not required. Ultrasonic impact on
the HP solution can be carried out in settling tanks
using submersible magnetostrictive transducers with
a flat radiating surface (PMS-6, PMS-38, etc.) and a
frequency of up to 50 kHz, with a power
consumption of 0.4 to 4 kW, or directly in sorption
columns using ring magnetostrictive transducers
operating at frequencies from 4 to 400 kHz with a
power consumption of 2.5 to 10 kW, produced by
the Taganrog and Tallinn machine-building plants.

ISL technology is one of the most effective
methods for uranium mining, as it minimizes the loss
and depletion of valuable minerals. The solution
used in the process dissolves only the desired metals,
leaving the rest of the minerals intact. This results in
a higher recovery rate and a lower waste generation
rate compared to traditional mining methods.

Accurate measurement and evaluation of the
loss and depletion of valuable minerals are crucial for
effective decision-making in mining operations. This
information is used to determine the optimal mining
method, estimate reserves, evaluate productivity,
and optimize the development and production
processes. In the simplest case, when a mineral with
an average balance grade is lost, and the
impoverishing rocks do not contain useful
components, one ton of balance reserves can be
represented as a rectangle, losses as part of this

rectangle, and dilution as part of the rock added to
the recoverable part of the balance reserves. At the
same time, it must be borne in mind that the quality
of the lost mineral and the quality of the
impoverished rocks can be different. Therefore, in
each specific case, it is necessary to take into account
all the features of the geological structure of the
deposit and the possible change in the quality of loss
reserves and impoverishing rocks. For such cases,
the term "contamination" introduced at the time,
which characterizes only some addition to the
recoverable balance reserves of the rock, is
completely inappropriate.

For example, in ferrous metallurgy mines, the
iron content in impoverishing rocks or off-balance
ores usually ranges from 25 to 50% of its content in
balance reserves. It is not clear what in such cases
should be considered "garbage".

In the coal industry, the term “ash content”
introduced instead of impoverishment does not fully
characterize the quality of the mined coal.
Therefore, the content of sulfur, phosphorus,
moisture, etc. is additionally taken into account. All
these qualitative indicators could be taken into
account in one indicator - impoverishment, using an
appropriate method for determining losses and
impoverishment. The fact is that with the same ash
content of the mined coal, its dilution can differ quite
significantly, and vice versa.

The ash content can be significantly less than the
dilution when the diluting rocks are carbonaceous
shales with fairly high carbon content. In this case,
dilution causes less damage than with rocks that do
not contain carbon. Or, conversely, containing sulfur
or phosphorus in large quantities than in balance
reserves.

Consider an example. The excavation thickness
of the seam is 1.3 m, the thickness of clean coal packs
is 1.1 m, and the thickness of the rock layers is 0.2 m.
In this case, the dilution determined by the direct
method will be 68%. The rock layer is carbonaceous
shale containing carbonaceous matter and having
the following qualitative characteristics: ash content
of 75%, sulfur content of 0.5%. With an ash content
of clean coal packs of 12%, the ash content of the
extracted rock mass is 6.8%, i.e. dilution will be 9.7%.
With the sulfur content in clean coal packs, the sulfur
content in the extracted rock mass will be %, i.e. as a
result of the admixture of the rock layer, the sulfur
content will decrease by 0.23%. When setting the
price in mutual settlements between the mine and
the processing plant, the coefficient of additional

—— 13 ——
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payment (penalty) for a deviation of 1% from the
base indicators for ash content is 2.5, and for sulfur
5.

When applying ultrasound to sorption columns,
a double effect can be obtained - the intensification
of sorption of uranium and the oxidation of Fe?* to
Fe**, to increase the redox potential of the solution
leaving the sorption columns and sent to injection

The use of ultrasonic technology to increase the
oxidation potential of the HP circulating solution will
significantly reduce the cost of sulfuric acid at
uranium leaching facilities and significantly reduce
the cost of its production.
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TYWIHAEME

Byn mMmaKanafa ynbTpaapblObICTbIK TEXHONOTMAHbI  KOMZAHA OTbipbin, KabaTTblH, TOTbIFY
aliMaKTapblHaH ypaH anyaplH, GU3MKa-XMMUANBIK acneKkTinepi »aHe KasaKCTaHHbIH, ypaH KeH
OpbIHAAPbIH XepacTbl YHFbIManbIK Waimanay (MYLL) TeXHONOrMACbIHbIH, TEOPUABIK Herisgemeci
KentipinreH. KasakctaHga Kopnapbl 6oibliHWA eneyni, Kakcbl 6apnaHfaH ypaH KeH
OPbIHAAPbIHbIH, AaMblFaH YPaH BHAIPY KoHe eHAey KyaTTapbliHbiH 60/ybl, COHAAN-aK anemaik
YPaH HapblfbiHbIH, Ka3ipri 3amMaHfbl KOHbIOHKTYpacbl KasaKcTaHHbIH, ypaH eHAipy eHepKacibiH
AaMbITy MepCcneKTUBACbIHbIH, ¥KOfapbl eKeHAiriH Kepcetedi. KabaTTblH, TOTbIFy aliMaKTapblHbIH
dpPOHTTapblHAA NOKANU3aUMANAHFAH YpaH KeH OpblHAAPbIHbIH, KeHAepi Heri3iHeH KaHac
JKbIHBICTAPAbIH, XMMUANBIK KypamblHa yKcac. MbiHbiCTapabl KypaWTblH MUHepangapaa eH, Ken
TapanfaH NeTPOreHAiK anemeHTTepiHiH, KaTapbiHa Fe, Al, Mg, Ca, K, Na »aTtaabl. YpaH Temip,
BaHaaul, ceneH, MonnbaeH, peHui xaHe 6acka anemeHTTepMeH HainaHbicTa 6onagpl. YpaHHbIH,
MWHepangaHybl 3K3o0reHAiK (KailTanama) MuHepangap — HacTypaHMeH 3KaHe KOopWUHUTNEH
6iniHeai. YpaH MuHepanzapbiHbiH Kannbl H6anaHcbiHAA HacTypaH wamameH 30%, KOoGUHUT
wamameH 70% Kypanabl. HactypaH (xUO>yUO3z) TepT BaneHTTi ypaH AMOKCUAI MeH anTbl
BaJIEHTTi YPaH YLU OKCUAjHIH, aybicnanbl KypambliHaH (UO2+UO0s) — 65-85%, kopduHut — USiO4 TOPT
Ba/IEHTTi ypaH CUAMKATbIHAH Typaabl.

Tyiiin ce30ep: GU3NKa-XMMUANBIK acneKTiNepi, SKCTPAKLMANAP, YPaH, TEOPUANBIK HETI3AEME, Kep
acTbl Walimanay, yHFbimanap.
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dU3NKO-XMMUUYECKME acneKTbl U3B1e4YeHusn YPaHa Ana nccneposaHna cuctem
ynpasieHna noa3eMHOro CKBaXxXMHHoro Bbillesia4ymBaHuA

Typrananues C.P., 20Opbinroxa E.E., ¥3*Opunroxun E.C., *Hukynun B.B., *Annwesa X.H.

1Kasaxckuli HayuoHanbHeIG yHUBEpcumem um. Anb-@apabu, Anmamel, KazaxcmaH
2AamamuHckuli yHusepcumem aHepeemuku u cea3u um. I [aykeesa, Aamamel, KazaxcmaH
3WHcmumym 2opHozo dena um. [.A. KyHaesa, Anmamel, KazaxcmaHx
4 [ocydapcmeeHHbill yHusepcumem Hoto-Mopka 8 buHzemmore, buHzemmoH, Heio-Mopk, CLUA

AHHOTALMA
B 3Toi cTaTbe [AaHbl GU3NKO-XMMUYECKME aCMEKTbl WM3BMEYEHMA ypaHa M3 30H NIACTOBOrO
OKWUC/IEHUA C UCMO/Nb30BAaHMEM YNbTPA3BYKOBOMN TEXHONOMUWM U TEOPETUYECcKoe 06OoCHOBaHWE
TEXHONIOTUM MOA3EMHOTO CKBAXKMHHOTO Bbllenaunsanua (MCB) ypaHOBbIX MeCTOPOXAEHWI
KasaxctaHa. Hanuuve B KasaxcTaHe 3HauuTe/IbHbIX MO 3anacam, XOPOLWO pPa3BefaHHbIX
Moctynuna: 13 gpespans 2023 MECTOPOXKAEHWUI ypaHa, pa3BUTbIX A0ObiBalOWMX U nepepabaTbiBaloWMX ypaH MOLLHOCTEN, a
PeweH3auposaHme: 20 mapma 2023 TaK¥Ke COBPEMEHHasA KOHBIOHKTYpa MMPOBOrO PbiHKA ypaHa NpeaonpefenstoT NepcrneKkTusy
MpuHaTa B nevaTsb: 1 utoaa 2023 pasBUTUA ypaHOAOObIBalOWE NPOMbIWNEHHOCTM KasaxcTaHa. PyaHble 3anexu ypaHOBbIX
MEeCTOPOXKAEHWI, TOKaNn3yemMble Ha GPOHTAX 30H NNACTOBOrO OKUCNEHWUA, BO MHOFOM CXOZHbI NO
XMMMWYECKOMY COCTaBy BMelLaloWwmx nopog. K unmcny camblx pacnpocTpaHeHHbIX NeTPOoreHHbIX
3/1eMEHTOB NopoA006pasyloLwmx MruHepanos oTHocATcs Fe, Al, Mg, Ca, K, Na. YpaH HabatogaeTcs
B aCCOLMALINM C }KeNe30M, BaHaAMEM, CENIEHOM, MOANBAEHOM, PEHUEM U APYTUMU SN1EMEHTAMMU.
YpaHoBaa MWHepanusaums NpPeacTaBNeHa 3K30TeHHbIMU  (BTOPUYHBIMM) MUHEpanamu —
HacTypaHom u KodduHuTOM. B 0biem GanaHce ypaHOBbIX MUHEPANOB HAcTypaH cocTaBnAeT
nopsaaka 30%, kodPpuHMT nopagka 70%. HactypaH (xUO.yUOsz) npenctaBneH accouumauumeit
[BYOKMCH YETbIPEXBAZIEHTHOTO U TPEXOKUCK LLECTUBANIEHTHOMO YPaHa C NEPEMEHHbBIM COCTaBOM
(UO2+UQ3) — 65-85%, KOGDUHUT — CUNAMKATOM YETbIPEXBANEHTHOIO ypaHa USiOa.

Knrouesbie cnoea: ¢M3VIKO-XVIMM"IECKVIE aCneKTbl, WU3BNe4YeHUe, YypaH, TeopeTnyeckoe
060CHOBaHMe, nojsemHoe BbllenadynBaHne, CKBa*KUHbI.
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ABSTRACT

The temperature dependences of ultrasound absorption and propagation speed in simple semimetals,
semiconductors, and semiconductor compounds have been studied in this article. Experimental and
theoretical results testify to the microheterogeneity of semimetals and semiconductor melts. Generalization
and analysis of experimental data on the absorption and propagation speed of ultrasound in melts based on
D.l. Mendeleev periodic law clearly indicate the presence of micro-groups of atoms (clusters) in them,
microheterogenizing melts of semimetals and semiconductors. The urgency of this problem is predetermined
by the problem of the liquid state of matter. The dependence of ultrasound absorption and propagation
speed on temperature is measured using several groups of samples in paper, each group is heated to a
different temperature. It is proved that melts have clustered in their atomic matrix, and so melts with
semiconductor properties are micro-inhomogeneous. These results are needed to scale melt sonication to an
industrial scale and are needed to provide valuable new insights into temperature dependencies of
ultrasound absorption.

Keywords: melts, atomic mass, ultrasonic melt, ultrasound absorption, temperature dependences,
ultrasound propagation speed.
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Introduction

Semiconductor physics, including its technical
applications, was limited to polycrystalline and
rarely amorphous materials (such as selenium) until
the middle 1940s. This was the time when the
semiconductors theory foundations were laid,
including the development of Wilson's impurity
conductivity model and Schottky's theory of barrier
layer. The  subsequent development  of
semiconductor physics, physical chemistry, and
related sciences has led to the fact that the use of
liguid semiconductors in electronics as a raw
material for microelectronics currently goes hand in
hand with the new single-crystal materials growth

and development, especially when creating high-
speed processors for computer technology.

The hypothesis of the liquid’s micro-
heterogeneous structure arose as early as the 1920s.
in connection with liquids using X-rays Stewart's
studies [1]. Since then, this hypothesis has won
many adherents among researchers. Methods have
been developed for estimating the size of
microheterogeneity, their volume fraction [[2], [3]],
and calculating coordination numbers [4]. The
special distinction was not between the melts of
metals and semiconductors in this case. Micro-
inhomogeneity extended to any melts from alkali
metals to semiconductors. However, without having
unambiguously interpreted experimental evidence,
the hypothesis remained and had not only
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adherents but also opponents. Among the works
that deny the polycrystalline model of liquids is the
work by a reference [5]. They are more inclined to
see a fluctuation basis in individual phenomena.

A large number of works have been devoted to
the study of electronic melts. Among them, the most
ambitious are the extensive studies with employees
of electrophysical, volumetric, viscometric, and
acoustic studies [[6], [7]].

Recently, the study of liquid semiconductors,
which is the subject of this work, continues to
expand continuously due to progress in solid-state
physics and semiconductor technology, as well as
physical chemistry. In this case, structural research
is of particular importance.

Ultrasonic  processing is important and
interesting. This is needed as a promising route to
improving melt quality for scientific and industrial
problems. The significance of this problem is
predetermined by the matter liquid state problem.
In this study, the ultrasound absorption and
propagation speed and temperature are measured
using multiple groups of melts and semiconductors,
that were not widely also studied, since the high-
temperature acoustic experiments technology with
aggressive melts of semimetals and semiconductors
complicated the research process. This study
summarizes the results of the evaluation of
ultrasound absorption and the propagation speed,
for calculating the ultrasound propagation speed in
solutions, studies of the nucleation, growth, and
fragmentation of particles in liquid melts. It has been
proven that melts with semiconductor properties
are micro-inhomogeneous due to the existence of
clusters in their atomic matrix. These results are
needed to scale melt sonication to an industrial scale
and are needed to provide valuable new insights into
temperature dependences of ultrasound absorption
and propagation speed in simple semimetals,
semiconductors, and semiconductor compounds
that have been studied by the authors. The
application of absorption and propagation speed
waves in electron melts is quite complex, and their
interpretation requires the wuse of several
mechanisms to describe process power, and the
mechanical and microstructures properties [8]. In
fact, the entire arsenal of modern experimental and
theoretical physics is connected to the research of
the physicochemical behavior of melts [[9], [10],
[11], [12]]. Acoustic methods are the most
promising among experimental methods for
research of the matter liquid state. They are simple,

reliable, and highly sensitive to changes in matter
structure and interatomic interaction.

The application of power ultrasound during
liquid-to-solid transformation is believed to be an
effective way to improve the solidification
microstructures and mechanical properties [8]. In
fact, the entire arsenal of modern experimental and
theoretical physics is connected to the research of
the physicochemical behavior of melts [9]. Acoustic
methods are the most promising among
experimental methods for research of the matter
liquid state. They are simple, reliable, and highly
sensitive to changes in matter structure and
interatomic interaction.

The results of this research make it possible to
predict the melt’s elastic properties of simple
substances and extend it to complex substances.

At present, the electrophysical, thermophysical,
thermodynamic, and viscous properties of liquid
semimetals and semiconductors based in the
electronics industry have been widely studied.

However, the ongoing research in the field of
studying these properties is not sufficient to solve
the problem of the liquid semimetals and
semiconductors structure. It is also impossible to
obtain an unambiguous result by only structural
research. In this aspect, it is known that «modern
acoustic research methods are a powerful tool for
obtaining information about the structure of melts
and semiconductors» [10]. Melts and
semiconductors were not widely also studied, since
the high-temperature acoustic experiments
technology with aggressive melts of semimetals and
semiconductors complicated the research process
[[8], [9], [10], [11], [12], [13]]. Our research includes
- the development of liquid semimetals and
semiconductors structure model;

- experimental and theoretical studies of the
propagation speed and absorption coefficient of
ultrasound temperature dependences in liquid
semimetals and semiconductors;

-regularities generalization of liquid metals,
semimetals, and semiconductors structural
properties.

The ultrasound absorption and propagation
speed waves in electron melt are quite complex, and
their interpretation requires the use of several
mechanisms to describe this process. For example,
to interpret the experimental dependence of the
sound absorption coefficient in liquid sulfur, the
authors of [64167] used the relaxation theory [14],
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which assumes a micro inhomogeneous structure of
highly viscous liquids.

The% polytherms behavior in the after-
melting temperature range is associated with
relaxation mechanisms in the high-temperature
region by the authors, where the speed has a
maximum value and the ultrasound absorption
coefficient is minimal. The sound absorption
coefficient practically does not change at higher
temperatures, despite the fact that the speed has a
minimum value.

B

It was noted in a reference [15] that F

depends on the frequency, namely, as the sound
frequency increases, the absorption coefficient
decreases. However, in a reference [16], in contrast
to the reference [15], no frequency dependence was
observed. The sound absorption value in liquid
sulfur is proportional to the frequency square,
i.e. B~f2. The experimental ultrasound absorption
coefficient exceeds the classical value 2 times, while
in the reference [16] this process excess is 3 times.
The ultrasound absorption in liquid binary
systems was studied by Abovitz and Gordon [17],

s

where 7 was measured for the first time in the
mercury * thallium system. As the authors of this
work pointed out, the low melting point of the
components of this system allowed them to operate
at a high frequency (up to 270 MHz).

The ultrasound absorption coefficient in the
mercury-thallium alloy decreases with increasing

frequency, which indicates the presence of
relaxations. The %value decreases with increasing

temperature and increases with increasing thallium
concentration.

The authors conclude that the relaxation that
occurs in mercury-thallium alloys under the periodic
stresses action is a structural relaxation associated
with a change in the average number of nearest
neighbors of both types surrounding a given atom.
Relaxation is characterized by diffusion rates.

Dzharzinsky and Litovits [18] showed that in

g

melts of the K-Na system, the F value increases as

a temperature 473—673 K function at 30 and 70 MHz
frequencies.

At the same time, the authors of the reference
[15] at 30 MHz frequencies obtained the opposite

sound absorption polytherm than at the same
frequency. Perhaps this is due to the acoustic
contact instability between the melt and the sound
ducts. However, at higher temperatures, good
agreement is observed between the experimental
results of [15] and [19].

The work [19] also presents a relaxation sound
absorption theory in associated liquids. Theoretical
results qualitatively correctly describe the behavior
of the absorption polytherm coefficient.
Quantitatively, the sound absorption coefficient
theoretical value differs by almost 100% from the
experimental results.

The ultrasound absorption measurement in
liquid sulfur was carried out in [15]. As is known from
X-ray data, liquid sulfur consists of ring formations.
Apparently, these features affect such liquid sulfur
characteristics as viscosity and sound propagation
speed. The sound speed polytherm in molten sulfur
shows three regions with different sound speed
temperature coefficients. The same feature is
inherent in the sound absorption polytherm in
molten sulfur [15]. The studies were carried out with
high-purity sulfur at a 30—60 MHz frequency in the
temperature range from the melting point to 673 K.

The B temperature dependence is quite complex,

F
there is a decrease in the ultrasonic wave absorption
coefficient immediately after melting, which
increases monotonically with increasing

temperature. This includes the alkali metals and
further all other simple metals that are densely
packed in the solid state.

Two-component liquid-metal solutions with
monotonically increasing ultrasound absorption
polytherms should also be attributed to this class.

The second class includes melts in which the
ultrasonic waves absorption polytherms do not
increase monotonically with temperature. This class
includes semimetals and semiconductors, which
undergo significant structural changes during
melting.

All melts with anomalous behavior of absorption
polytherms and propagation rates (bismuth,
antimony, tellurium, etc.) are characterized by the
fact that structural changes in them continue in a
certain temperature range after melting. This is
especially pronounced in melts of tellurium,

The ﬂanomalous behavior

antimony, etc. F
temperature interval of these melts coincides with

the after-melting temperature range [6].
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Such a classification can be given for sound
speed polytherms in electron melts. A similar
classification of polyterms v is given in a reference
[6]. According to their data, polytherms of ultrasonic
propagation speed in AISb, GaSb, and InSb melts can
be assigned to the second class [6]. In these
semiconductor compounds, an increase in the
ultrasound speed is observed in the after-melting
temperature range.

Thus, an available data analysis of the acoustic
properties of experimental studies of electron melts
shows that the behavior of the ultrasonic wave
absorption polytherm and propagation speed is
characterized by anomalies and features of
semimetal and semiconductor melts acoustic
properties.

This was the reason for separating these melts
into electron melts separate classes. The entire set
of experimental data on speed, density, and
electrical properties [6], as well as the results of
structural studies [7], show that this electron melts
class exhibits changes in the short-range order
structure upon heating.

Therefore, anomalies and features of melts,
semimetals, and semiconductors’ acoustic
properties should be considered manifestations of
structural changes.

Results and discussion

A hypothesis about the micro-inhomogeneous
structure of liquids arose in connection with Stuart's
research using X-rays in 1920. Micro-inhomogeneity
extends to any melts from alkali metals to
semiconductors. But the hypothesis remained a
hypothesis since there were no interpreted
experimental data. The ultrasonic generator used
for experiments to any melts from alkali metals to
semiconductors were interpreted experimental
data.

Experimental and theoretical results testify to
the microheterogeneity melts, which were
interpreted for any melts by Doppler velocimetry.

Authors of this study solved different problems
to obtain sufficient Doppler signals.

The first is the ultrasonic transmission through
the channel wall of steel. The second is to obtain the
acoustic coupling with the channel wall, and the next
one is to wett of the inner surface of the wall by the
melts.

The ultrasound Doppler velocimetry method
with DOP3000 Velocimeter (Figure 1) was used in

order to measure the acoustic flow investigation and
flow velocities. The ultrasound Doppler velocimetry
method has become an accepted method for
obtaining acoustic flow investigation as shown for
example in a reference [20].

With the DOP3000 there was a measurement of
the speed of sound in melts by accurately measuring
time, by means of an ultrasonic pulse measured over
the measurement.

Before using the software, firstly, we install the
probe as defined in the Figure 1. We placed the
probe at a defined distance (Dmes) from a reflector
on Figure 2. The reflector is a plan surface, placed
perpendicularly to the US beam axis of the probe.
The probe is completely immerged. The distance
between the reflector and the probe surface (Dmes),
which is named “Reference distance” in UDOP, must
be in the range 15 to 50 mm and must be measured
with precision as any error in the measured distance
will be directly transferred to the sound speed
measured value.

Figure 1 - The DOP3000 Velocimeter

Figure 2 - The probe

The propagation of elastic waves is associated
with the fundamental properties of material media,
including the mass of particles, their space, and the
bonds between particles of matter. These indicators,
namely, the inertial factor (mass of particles), the
spatial factor (volume per particle), and the stiffness
factor between particles (compressibility) are
sufficient for a general description of elastic waves
absorption and propagation speed [13]. First of all,
this is the relationship of the selected factors with
the absorption coefficient of ultrasonic waves.
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For the occurrence of such observations in the
behavior of the melts’ elastic properties, one can use
the system analysis methods based on the D.l.
Mendeleev Periodic phenomenon.

As is known, the absorption coefficient is
determined by the Stokes-Kirchhoff formula in the
general case [21]:

_27°f2 4 ( 11 J
6= 3 SNt X| = |
pve 3 & G

X - is the thermal conductivity coefficient, Cpand
Cv equal the heat capacity at constant pressure and
volume.

The Stokes-Kirchhoff formula will take the form

after the replacement y = Ce :
\

8 Vs~ 2”—2‘;2[gn+1(y_1)} (1)

Vs

Formula (1) will be transformed to inertial,
coupling and spatial factors based on the
parameters n=pu, v is the kinematic viscosity,

dQ 1
1 -~ =0asis the adiabatic compressibility, Cp= —Q—
PVs dT m

is the melt heat capacity:

BV 4 X
fzs :27[2058 5pu+ d7Q m(y—l). (2)
dT Jp
Letp = m_ NAM, and m=NaM,, N4 is the
V. NV,

Avogadro number, M, is the atomic mass, Vi is the
atomic volume. Then we rewrite equality (2) in the
form:

PV
f2

=oM,, (3)

4 p x
——+——=—N -1) .
daT /),

The obtained equation (3) makes acoustic
parameters monitoring in simple substances melts
more accessible. Experimental measurements
monitoring by value using reference data [[22], [23],
[24], [25], [26]] is shown in Figure 3.

o =2rta

/Na; K; Rb/

}Rb

w
1

/Ga; In; TI/ T

(Bvs/f?)-10", ¢
3

Ga

Y] s

M, m.a.u.

Figure 3 - Dependence at crystallization temperatures

correlation

AR

fZ

We have established the

dependence between measurement results

and the parameter values M,, where o is a constant
value for each group. Note: the bonding factors
intragroup similarity is not only observed in
condensed bodies but also in diatomic molecules.

The highest value of the dissociation energy is
observed for five electrons in the outer shell, the
most rigid bonds exist in diatomic molecules [27].

Local bonds become stronger (partial atomic
association) with an increase in the number of
external electrons in melts due to electron
redistribution. There is no redistribution of electrons
in diatomic molecules since they bond with a single
direction from one atom to another. If the number
of external electrons is more than five in diatomic
molecules, then individual electrons are
transformed into a non-bonding state. This situation
is explained by a decrease in the dissociation energy
of diatomic molecules, starting from the oxygen
group [27]. The closest packing coordination number
(the number of bonds realization directions) can
reach twelve in condensed matter. If there are more
electrons than necessary to implement a uniform
bond, they are redistributed. As a result, bonds more
rigid are formed between individual neighboring
atoms, associations of atoms are created.

It should be noted that the weakening of bonds
between associates leads to an increase in bonds in
associates and a decrease in the overall rigidity of
the melt macroscopic volume. This is confirmed by
the sulfur group example. There is a high correlation

v
between the parameter 'szs and the atom

associates in the liquids of this group. The
experimental values will be equal for S, for Se, for Te:
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BVs
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\
AR =1,3410" ¢

=1910"¢c, 5> =6,710™¢, =

which indicates a decrease the atom associates in S,
Se, Te melts.

VS
f2
increases from Na to Rb in the alkali metal series.
This is confirmed by the fact that these groups of
metals are prone to structure loosening with
increasing atomic mass Ma.

Figure 3 showed that the parameter

The %temperature dependence is quite

complex. Immediately after melting, there is a
decrease in the absorption coefficient of ultrasonic
waves, which increases monotonically with
increasing temperature. This includes the alkali
metals and further all other simple metals that are
densely packed in the solid state.

Two-component liquid-metal solutions with
monotonically increasing ultrasound absorption
polytherms should also be attributed to this class.
The absorption coefficient of ultrasonic waves
decreases immediately after melting. In addition,
the absorption coefficient of ultrasonic waves
increases monotonically with increasing
temperature. This includes the alkali metals and
further all other simple metals that are densely
packed in the solid state. Melts, in which the
absorption polytherms of ultrasonic waves do not
increase monotonically with temperature, belong to
the second class. This class includes semimetals and
semiconductors, in which significant structural
changes occur during melting. All melts with
anomalous behavior of absorption polytherms and
propagation rates (bismuth, antimony, tellurium,
etc.) are characterized by the fact that their
structural changes continue in a certain temperature
range after melting.

This is especially pronounced in tellurium,
antimony melts, etc.

anomalous behavior

The polytherm %

temperature interval of these melts coincides with
the “after-melting” temperature interval. The
experimental results of equation (3) can be also used
for compounds. For monitoring, let us consider GaSb
and InSb compounds.

o~
(%]
-6 |
! -
ja InSh
o
4+
—_— -
~ |
S
S, | Gas
2o
@
0 T T T
100 110 120
M. m.a.u.

Figure 4 - Dependence for GaSb and InSb systems

VS
f2

Dependence — M is shown in Figure 4 for

these compounds.

Thus, the acoustic analysis in electron melts
experimental measurements shows that the
absorption polytherms and the propagation velocity
behavior of ultrasonic waves depend on the
semimetals and  semiconductors’  acoustic
properties. This was the reason for separating these
melts into an electron melts separate class. A

BV

f2

straight-line relationship between and Ma

inertial factor has been established.

For calculations, melt compounds were rotated
by acoustically equivalent liquids from atoms of the
same type by mass that satisfies the condition

M=M1X1+M2X2, (4)

M3, M; - atoms mass; X1, X> - components
atomic fractions.

The experimental results of equation (3) can be
used for compounds, too. Let us consider Bi-Sb
compound. Methods of descriptive statistics were
used to systematize and describe the data.
Experimental measurements monitoring by value
using reference data [[22], [23], [24], [25], [26]] is
shown in Figure 3. The experimental results are
shown in Figure 4-14 for GaSb and InSb, Big5Sbg,7s,
Bio,55bo,5, Bio,755bo,z5, Bi-Sb, SnosoTeo, 70, SnosTegs,
Sng,70Teq 30, SN-Te compounds. We used the Table 1
experimental measurements to build a Figure with
markers in Excel.
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Table 1 - Temperature dependence of Ultrasound absorption and propagation speed

T,K

T, K

TK %.1015 Vs %-1015 Vs %4015 Vs
Ga Bi Te
302 2.2 2866 526 9.2 1640 734 14.5 935
325 2.9 2868 545 9.3 1643 750 14.2 955
335 33 2870 565 9.5 1641 762 13.8 980
370 35 2865 599 9.8 1639 730 13.2 990
395 3.1 2860 610 9.9 1639 812 13 1015
405 3.4 2854 615 10 1638 830 12.9 1035
425 2.8 2853 630 10.3 1636 862 13 1045
450 2 2856 635 10.7 1636 883 13.1 1050
475 1.4 2858 660 10.8 1633 902 13.2 1060
500 1.2 2853 710 11.1 1630 912 13.3 1075
520 1.2 2847 730 11.3 1627 992 13.5 1090
545 1.22 2844 735 11.7 1621 974 14.1 1100
575 1.18 2848 740 12 1620 1006 15.1 1110
585 1.28 2849 755 12.4 1619 1051 17 1120
595 1.3 2841 770 12.9 1617 1078 17.5 1125
SnTe Se Sb
1211 22.8 1533 520 725 1087 902 5.45 1902
1213 233 1531 526 635 1075 918 5.28 1911
1220 235 1528 544 630 1063 945 5.2 1915
1226 24 1526 560 665 1043 960 5.44 1914
1229 23.8 1522 574 565 1030 970 5.6 1913
1239 24.4 1523 620 610 1018 986 5.8 1917
1247 25.5 1520 624 680 1005 1000 5.83 1920
1254 27.9 1517 652 735 995 1020 6.4 1922
1262 29 1516 682 825 980 1035 6.5 1920
Bi:Ses Ga:Tes ShaTes
1000 33 1398 1065 902 1156 902 24.4 1225
1005 32.01 1395 1075 909 1152 909 23.1 1230
1018 30.7 1390 1085 923 1151 923 22 1235
1025 30 1385 1097 933 1146 933 21 1238
1037 293 1368 1110 948 1142 948 18.5 1239
1045 28.8 1360 1112 969 1140 969 16.5 1244
1049 28.7 1358 1130 983 1141 983 15 1251
1060 28 1357 1148 1007 1174 1007 14.1 1251.5
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Table 1 - continuation

1070 278 1350 1160 1030 1139 | 1030 13.8 1256
1074 27.7 1354 1185 1049 1156 1049 14 1258
InTe Sn In
980 196 1156 500 4.8 2478 440 43 2307
990 19.01 1152 560 5.4 2472 462 4.4 2301
948 185 1151 584 5.1 2463 500 4.8 2295
1010 18 1146 619 5 2464 520 5 2290
1025 17.5 1142 680 6.5 2473 570 5.9 2278
1040 169 1140 740 9.5 2450 598 6.9 2264
1050 16.6 1141 820 10.5 2445 625 7.3 2250
1060 164 1174 880 12 2414 640 7.8 2242
1070 162 1139 940 12.4 2404 675 8.6 2232
Bi 0,75 Sb 0,25 SnosTe oz Sno7Teos
670 7.5 1698 868 18.5 1452 984 11.4 1929
690 9.5 1694 890 18.4 1449 995 11.7 1926
710 12.8 1690 910 19.5 1446 | 1020 12 1921
730 17 1688 938 20.6 1441 | 1045 122 1920
745 19.8 1687 980 21 1438 | 1050 12.7 1917
775 25.5 1684.5 1020 23 1428 | 1080 14 1912
800 30.1 1679 1060 24.8 1425 | 1087 14.5 1908
Dependence st — M, is shown in Figure 5-7
f

forthese Bio,25$bo,75, Bio,ssbo,s, Bi0,755b0,25 compounds.
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Figure 5 - Temperature dependence in the Bi —Sb Figure 6 - Temperature dependence
system (composition Bio,25Sba, 75) in the Bi — Sb system (composition Big,5Sbo,s)
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Figure 8 - Dependence for Bi-Sb system

The experimental data are practically placed on
straight lines in Figure 8. This confirms the closeness
of the calculated indicators to the ideal ones.
Indeed, the authors of the references [[28], [29]]
showed that the Bi-Sb system forms a regular
solutions series with atoms’ random arrangement.

Sn Pb

o

1 T T T T
110 135 160 185 210

M, m.a.u.

Figure 9 - Dependence for Sn-Pb system [17]

VS
f2

The results in the coordinates —M, are

shown according to Pless's data [30] for the Sn-Ps
system in Figure 9. Authors of this study found that
PVs

f2
practically placed on straight lines according to
Pless's experiment.

Note that the indicated results are typical only
for ideal systems, that is, for melts with an atoms
random distribution. We have developed an
algorithm for determining the ideality or non-
ideality degree of an arbitrary binary system based
on monitoring the ultrasonic absorption coefficient

the

experimental measurements are

and propagation speed experimental
> 1 BV
measurements. These are Vg ——— and £ — My
A

diagrams. We study the Sn-Te system, which forms a
congruently melting semiconductor chemical SnTe
compound. The ultrasound speed and absorption
experimental measurements in the compositions
SnosoTeo,70, SnosTeo s, Sno,70Teo0,30are shown in Figures
10, 11, 12. The ultrasound speed and absorption for
liquid tin experimental measurements are shown
graphically in Figure 12.

Authors did not show a diagram for the Sn-Te
system, since it was previously studied by the
references [[31], [32]] in Figure 13.

1460

[
T
|

b 1440

[
<
|

(8/f7)10%, m.s?
Vs, m/s

1420

T T T T
800 850 900 950 1000 1050 1100 T K

1- %, 2 -vs, 3-vs[16] work data

Figure 10 - Temperature dependence in Sng3oTeo,70 melts
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Figure 11 - Temperature dependence in SngsT egs melts
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Figure 12 - Temperature dependence in Sno,70Teo,30 melts
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Figure 13 - Temperature dependence in liquid tin
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Figure 14 - Dependence for Sn-Te system

Calculations show that there are inconsistencies

BV

2 M, linearity.

between the real isotherm and

Previously, for Bi-Sb and Ps-Sn systems, it was found
that these deviations are associated with melt
microheterogeneity of intermediate concentrations.

We have obtained a connection between the

Vv
ﬂfzs = f(Ma4) and the corresponding

real isotherm

linear diagram, which will allow us to evaluate the
homogeneity or inhomogeneity of the melts and
solutions.

Let us consider a melt of the SnTe compound
stoichiometric composition. We calculate the SnTe

v
/3;25 and represent it

experimental measurement

in Figure 13 with the number 2. Through this point
we draw a straight line parallel to the M axis. Let us
assume that the SnTe melt is atomic and calculate
the average M, atomic mass by formula (4).

An atomic SnTe melt corresponds to an
extremely large Ms mass in an idealized system

Vs — Ma

characterized by a linear dependence —;
f

As a result, the atomic mass of a real melt largely
exceeds the average value atomic mass of the
components. This unambiguously takes place in a
situation where a real SnTe melt consists not only
atoms of tin and tellurium, but also larger particles,
such as clusters or associates, whose masses exceed
the component atoms masses.

System analysis based on the Periodic Law can
also be applied to describe the behavior of the
velocity of propagation of elastic waves in melts of
simple substances. To establish such a pattern, we
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analyze the Laplace equation of the following form
where B85 is the adiabatic compressibility of the melt,
p is the density.

Vg =T (5)

In this case, the adiabatic compressibility of
liquids from the thermodynamics point view can be
represented as the reciprocal of the isothermal or
adiabatic modulus of elasticity from formula where
Qs volume, P is pressure.

1dQ
Bs YT (6)

Using the methods of the theory of similarity

and dimension, authors of this study rewrite
expression (5) in the following form:

or

RN

Finally
m*]_[J]
)t ®

From this relation, we can write the following
empirical expression:

vZ =h (9)

J
S lﬁ’

where J is the last valence electron ionization
potential.

A relation like (9) makes it possible to use the
ionization potentials of valence electrons to
interpret the elastic properties of melts. In addition,
it provides an opportunity to develop a new type
dineram 7 3

jagram Vg M

It should be emphasized that the use of the
ionization potentials of atoms together with the
Periodic Law was first applied to explain the
chemical nature of substances.

J

2

VR
. . PV

supplementing the diagram e M , can be used

In  addition, the diagram

to identify the number of bonds of fractal-cluster
formations in melts, but this requires special
consideration.

In the light of the above, authors of this study
analyzed relation (9) for the experimental data on

the velocity V%Of ultrasonic waves in the

J
coordinates Vi ———.
A

When processing the experimental data by the
least squares method for the series Li+, Na+, K+, Rb+,
Cs+, the first ionization potential was used, and for
the third group AP+, Ga+, In®+, TI*+, the third
ionization potential was used. In this case, the
following dependence was established (Figure 15)

v’ =5,7-10° (ij
s M

The common rectilinear arrangement for both
groups is due to the fact that the outer shells of the
considered ions are closed, becoming in fact
isoelectronic and characteristic of hard-to-deform
shells of inert gases.

The generality of the coefficient by requires
disclosure of the nature of its origin.

In a more general form and for further analysis

of experimental data, relation (9) can be
represented as
w
Vg =7 —, (10)
M

where y is the similarity coefficient and W is the
energy of the electronic subsystem from which the
ionization energy J will then be extracted.

To clarify the nature of the coefficient b;, we
represent the energy of the state of the electronic
subsystem as follows:

*2
W|= Rhcz—z, (11)

where z* is the effective charge of the ion, R is the
Rydberg constant.

To apply Bridgman's P-theorem, we represent
(11) in the following form:
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W = const-R%-h"-Z%-e!-rm-c".

After finding the power coefficients, authors of
this study obtain the final version of formula (11):

r 27re
r 27re

2
[\N|:3Rhcz—2- hc2.27re
2 n~ 2ze- hc

2

and taking into account a = , it can be written

hc
1 Rr | 4re® 27
[W| ——=a
r n
where F"{L‘Lez—za}:\].
r n

The sign Ftr[ ]means the operator of

functional transformation by the similarity method.

This expression denotes the ionization energy.
Thus, the energy of the electronic subsystem |W|
expressed as:

W= 1 ﬂJ (12)

taking r = ao, and also taking into account

_ me* B hz

arite’ 0T me?
relation (12) can be simplified to the following form

W = L J .
8ra
Substituting this into (10), we obtain
2 y J

Vi=——. 13
S 8ma M (13)

Comparing this expression with (9), we find

b=
8ra
Comparing this ratio with the experimental
values of b;, we can establish that y =10+8.
In other words, we get
b, = 1. 108,
8ra
Table 2 and Figure 15 present the combined
experimental data for the Li+ and Al*+ series.
As can be seen, the experimental values can be
approximated by the equation of a straight line
emerging from the origin,

)

where coefficient by = 5,7-10*2.
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Figure 15 - Experimental dependence

The reliability of the coefficient b; obtained from
the experiment, as well as its relation to the fine
structure constant, can be established by the
statistical method described in [[22], [23], [24], [25],
[26]].

Following the logic of these works, we write the
expression for the absolute confidence interval in
the following form:

5= Yimax ~ Ymin
k

where ymax is the maximum value of v?, ymin is the

minimum value, tg is the significance of the
correlation coefficient determined by the formula

RJn—k-1
R 1-R?
where k = 1 is the factors number, n is the points
number, R is the correlation coefficient

o [ =03, -y
(n-k-D> (y, -¥%,)"

The relative confidence interval is defined as

ii, or—b1 b1<b1<b1+—b1 (14)

ymidl ymldl midl

When processing the experimental data, it was
found that R =0.97712 at the 95% confidence level.
Coefficient tr = 57,1699 >> 2.

Then, using the interval (14), we can write

5,43-10% < b; < 5,97-108, whereas

1
b, =——-10° =5,45-10°.
8ra
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Table 2 - Experimental data on the series Li+ and Al*+

lons of J Aie. v2, m/s?, v2, m2/s?
—_— S N
elements YA
M Aim. Experimental | Theoretical
2.211107
A3+ 0.038742994 | 22420000
. 1.63-107
Li* 0.028552 20350000
Ga¥* 0.016186833 | 8213956 9.22:10°
In3+ 0.008971086 | 4906225 5.11-106
Na* 0.008213 5736025 4.68+106
TI3+ 0.005358441 | 2608225 .
K+ 0.00408 3312400 3.0510
Rb* 0.001796 1587600 2.33-106
Cs* 0.001076 935089 1.02-106
6.13-105

This calculation shows that the found coefficient
bs is within the confidence interval, which confirms
the results obtained. Thus, the coefficient b is also
universal, as is a.

The experimental data analysis on the velocity of
elastic waves based on ionization potentials and
atomic mass leads to the following expression

2 _ W
Ve

4

where y = 108, vs is the ultrasonic waves speed, W is
the electronic subsystem energy, equal to

R
W= l;ao FY [%4—7[2*262:| .
nr

Here « is the fine structure constant, e is the
charge, r is the interion distance, n is the effective
quantum number, ao is the radius, z* is the free
electrons number per atom.

. . ir
As noted earlier, sign F[ ]means a
functional transformation operator.

2
Vs

Laplace formula,

is represented in the form, according to the

) 1
Ve,
Bsp
m N M V, 1
Orwith p=—=-—2"A vi=—A_—
V. NV, Bs M,

Let us designate as the connection factor

LV
by A5

On the other hand, heating leads to an increase
in the number of free electrons, so to a change in the
short-range order in the structure of the melt.

In other words, the elements of anisotropy in
the short-range order are destroyed in the molten
state, thereby an electronic and ionic subsystem
rises. An increase in the number of free electrons,
metallizing bonds, leads to a decrease in
compressibility. Therefore, for the metals’
compressibility, one can give the Ya.l. Frenkel
formula:

18r*

- 15
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s

where r is the interion distance, A is the Madelung
constant, z* is the free electrons number per atom,
and e is the electron charge.

The formula (15) taking into account the ionic
volume can be represented as follows for the further
analysis convenience
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can be installed
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Thus, we can consider the connection between
a and the Madelung constant to be established. This
suggests that, at high densities of matter, elastic
waves exhibit quantum properties, not to mention
phonon-phonon interactions.
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Conclusions

The practical value of direct acoustic
measurements and feasibility in liquid metals in this
work is demonstrated. These investigations can be
used for ultrasonic melt processing optimization.
The physical and chemical ultrasound effects on
liguid melts structure were investigated. We
determined that the chemical effect is an
irreversible and permanent change in atom weight
and the atom-weight distribution due to ultrasound
in our study with specific components and
ultrasound system. As the ultrasound intensity
increases, the atom weight of liquid metals reduces
and its atom-weight distribution becomes narrower;
the liquid metals atom orientation along the flow
direction reduces (in melt state). Ultrasound
vibration increases the atom chains motion and
makes them more disorder; it also affects the liquid
metals relaxation process, leading to weakening the
elastic effect.

The absorption, propagation speed temperature
dependences, and compressibility of simple
semimetals, semiconductors, and semiconductor
compounds have been theoretically studied.

Experimental and theoretical results testify to
the microheterogeneity of semimetals and
semiconductors melts.

Generalization and analysis of experimental
data on absorption and propagation speed on the
Laplace equation basis and the D.l. Mendeleev
periodic law unambiguously indicate the presence of
microgroups of atoms (clusters)

microheterogenizing semimetals and
semiconductors melts.

The nature analysis of the vs and a polytherms
can be concluded from the literature data that a
wide temperature range for the manifestation of
anomalies in these properties is associated with the
coexistence of metallic and interatomic bonds
covalent types in the considered melts, which is
inherent in clusters.

Semiconductor melts are separated into a
separate class of electronic melts. The whole set of
experimental data on Vviscosity, density, and
electrical properties, as well as the results of
structural studies show that this electron melts class
exhibits changes in the short-range order structure
upon heating. Therefore, anomalies and features of
the melts of semimetals and semiconductors’
acoustic  properties should be considered
manifestations of structural changes.

It is known that the fine structure constant a
determines the relationship between
electromagnetic and weak interactions, combining
them into one theory. The results obtained above
emphasize its connection with the elastic wave
characteristics since the elastic properties of matter
also have a wave nature, as well as electroweak
interactions.

Conflict of interests. All authors declare that
there is no conflict of interest.

Acknowledgments. The research relevance is
confirmed by the financial support of the Science
Committee and Ministry of Science and Higher
Education of the Republic, project AP 19677172.

Cite this article as: Kazhikenova SSh, Shaikhova GS, Shaltakov SN, Belomestny D. Demonstration the feasibility and practical
value of direct acoustic measurements in liquid metals. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral
Resources. 2024; 329(2):17-33. https://doi.org/10.31643/2024/6445.13

CyiiblK MmeTangapAaafbl aKyCTUKaNbIK, 61eMAepAiH TEXHUKANbIK, }KaHe
NPaKTUKaNbIK M3HIH KepceTy

1K axkbikeHoBa C.LL. , !Waiixosa I'.C. , 'WanTtakos C.H. , 2BenomectHbiii [.

1A6biKac CarblHO8 KaparaHObl mexHUKanblK yHusepcumemi, KaparaHobl, KasakcmaH
2 flylicbype — ScceH yHusepcumemi, Aylicbype, FfepmaHus



https://doi.org/10.31643/2024/6445.13

KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Chipbs. Ne2(329), 2024 ISSN-L 2616-6445, ISSN 2224-5243

Makana kengi: 6 cayip 2023
CapanTtamagaH eTTi: 19 mameip 2023
KabbingaHap!: 1 winde 2023

TYRIHAEME

By KyMbICTa Kapananbim XKapTbliai MeTangapaasbl, XKapTblnai eTkKisriluTepaeri »KaHe KapTblnai eTKisriw
KOCbINIbICTapAafbl  yNbTPaAblbbICTbIH,  KYTbUIY  K9HEe Tapany »KblAAamAblFbiHbIH, — TemnepaTypafa
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KapTblnal  eTKi3riw  GankbiManapablH  MUKporeTeporeHainirin - ganengendi. bankpimanappafbl
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TOyenainiri ocbl XKymbiCTafbl yAarinepdiH, bipHewe TOObIH NaAanaHbin enWeHedi, ap Ton JpTypai
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macwTabka aeniH macwTabTay ylWiH KaXXeT naesnapabl TyAblpbin OTbIP.
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AHHOTALUMA

B pabote wuccnegoBaHbl TemnepaTypHble 3aBUCMMOCTM MOMMOWEHMA U CKOPOCTU PacnpoCcTpaHeHus
YyANbTPa3Byka B MPOCTbIX MNOJAYMEeTannax, MoAYNPOBOAHMKAX W MNOAYNPOBOAHUKOBLIX COEAMHEHMUSX.
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MWUKPOTETEPOrEHN3NPYIOWMX PACMAaBbl MONYMETANN0B M MNONYNPOBOAHWKOB. AKTYanbHOCTb 3TOM
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ABSTRACT

In order to provide ferroalloy production with high-quality raw materials, the need to develop
technologies for processing of low-grade manganese and ferromanganese ores is becoming
increasingly important. In view of the change in the quality characteristics of ores, the decrease in
manganese content and the ability to beneficiation by traditional methods, it is necessary to
consider new approaches and technological solutions. The article presents data from a study on
the beneficiation of refractory iron-manganese ore from the Zhomart deposit. The mineralogy,
physical and mechanical properties, and granulometric composition of the ore were determined.
The results of a study on gravitational beneficiation using a laboratory pulsator with a pneumatic
drive and a laboratory 2-chamber diaphragm jigging machine and magnetic beneficiation of ore
with a high-intensity magnetic field are presented. Iron-containing concentrate (Fe-45% and Mn-
6.5% is mainly represented by hematite mixed with non-metallic minerals quartz and calcite) and
iron-manganese concentrate (Mn-21.7% and Fe-21.1% in the form of hematite, Brownite and
pyrolusite, also mixed with quartz and calcite). The concentrates are not suitable for smelting
manganese-containing ferroalloys but can be used in the process of electrothermal beneficiation
with selective carbothermal reduction of iron in an ore-thermal furnace. The smelting products
can be manganese cast iron and iron-free, low-phosphorus limiting manganese slag with a high
ratio of manganese to iron.

Keywords: Iron-manganese ore, jigging, dry magnetic separation, iron-manganese concentrate
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Introduction

is observed in Russia, where it also became
necessary to develop technologies for the

Currently, ferroalloy production in Kazakhstan
requires the provision of high-quality manganese
concentrates in sufficient quantities with a
manganese content of at least 35%. Along with the
well-known manganese deposits of the Atasui and
Ulytau ore districts: Zhairemskoye, Zhezdy, Kamys,
Tur, Karazhal, etc., manganese-poor ores of the iron-
manganese deposits Zhomart, Ushkatyn |lI,
Kartobay and others, which are also concentrated in
Central Kazakhstan.

A similar situation regarding the provision of
ferroalloy production with manganese concentrates

beneficiation of low-grade manganese ores.
Researchers of the Siberian State Industrial
University note that in order to provide the Russian
industry with its own raw materials [1], the use of
Kuzbass manganese ores with high iron content is of
greatest interest, and other studies provide data on
the iron beneficiation of the manganese ore of the
Kagaydatskoye deposit of Kuzbass [2]. During the
study, the ore beneficiation has been performed by
washing, gravitation, magnetic separation, and
floatation. The sample contained 10.8% of
manganese and 18.7% of iron. Positive results on the
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beneficiation of the test samples were not obtained,
since the ore is difficult to enrich, manganese-iron
concentrate (19.9% Mn and 12.7% Fe) and iron-
bearing concentrate (8.3% Mn and 31.3% Fe) were
obtained. Therefore, hydrometallurgical methods of
beneficiation of refractory iron-manganese ore were
applied [3]. Autoclave stadial leaching was applied
using calcium and iron chlorides as a solvent. After
successive precipitation and calcination, high-quality
manganese (58-60% Mn with a recovery of 90-92%)
and iron (48-54% Fe with a recovery of 86-90%)
concentrates were obtained.

The results of the hydrometallurgical scheme for
processing poor iron-manganese ore are positive
and very encouraging [[4], [5], [6]], but the
implementation of this technology is difficult, due to
the creation of a new hydrometallurgical production
at the ore mining site.

Specialists studied alternative pyrometallurgical
methods for the beneficiation and processing of
ferromanganese ore [[7], [8]], in particular,
interesting data are given in [9], where magnetizing
roasting of ore crushed with a particle size of -74 um
(mass accounting for 80%) was combined in a
fluidized bed at 600°C followed by magnetic
separation of the magnetizing roasting product at
1070 Oe. From the ore, 43.5% Fe and 11.4% Mn, iron
concentrate 68.3%Fe (96.3% recovery), and
manganese concentrate 33.7% Mn (86.8% recovery)
were obtained. However, by analogy with
hydrometallurgical methods, the implementation of
beneficiation schemes with the inclusion of
pyrometallurgical processes at the ore mining site is
also difficult.

This article presents the results of a study on the
beneficiation of iron-manganese ore from the
Zhomart deposit, the study has been undertaken to
obtain a large-lump concentrate for smelting
furnaces, that is, in the so-called sparing
beneficiation mode.

Experimental part and discussions of results

The study revealed the following:

- the ore mineralogy with the use of a polarizing
microscope in reflected light with a combination X-
ray diffraction and fluorescence analysis methods;

- the physical and mechanical properties and
grain size distribution on methods described in
reference [[10], [11]];

- the tests on the gravity dressing were
conducted using the lab based pulsator with
pneumatical drive and laboratory bicameral

diaphragm jigging machine (more information will
be described further in the article test);

- the tests on dry magnetic separation were
conducted on a laboratory magnetic analyzer with a
high-intensity magnetic field (more information will
be described further in the relevant section of the
article).

Iron-manganese ore of the "Zhomart" deposit
according to X-ray diffraction analysis presented by
the following base minerals: barren minerals —
28.9% of silica SiO,; 17.8% of calcite Ca(CO3) — and
ore minerals — 27.8% of hematite Fe,0s3; 15.8% of
braunite (Mn;03)3-MnSiO; and 9.6% of manganese
superoxide MnO; —The diffraction pattern of the ore
is demonstrated in Figure 1.
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Figure 1 — The diffraction pattern of samples of starting
iron-manganese ore

The photo of the exterior form of ore, size
fraction from 0 to 50 mm is presented in Figure 2.
The sample of iron-manganese ore with a reddish
steel and black hue, mostly of a pricked pattern of
the hematite and black iron finely banded ore, fine-
grained manganese, and to a lesser extent, with a
brownish-white color of silica and calcite.

According to the mineralogical analysis
performed on Leica DM2500 M polarizing and
stereoscopic microscope MBS-1 (MBS, Russia)
binocular magnifying glass has been determined
that the sample from the "Zhomart" deposit has two
types of ores: silica-carbonatic iron oxide
(concentrated in iron) and silica-carbonatic
manganese oxide (concentrated in manganese):

1) silica-carbonatic iron oxide ore contains
magnetite and hematite. The original groundmass of
hematite is formed in the reduction and
replacement processes of magnetite. Tabular grains
of the hematite penetrate into magnetite through
cracks, within defined areas from the periphery to
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the center of magnetite crystals, or completely
irregular. Hematite is characterized by small-scale
clumps with the irregularly shaped grain size of less
than 0.007 mm, sometimes finely dispersed, which
form the finest twinning with silica or calcite. In
addition to layer-by-layer clumps, string hematite is
well-developed, most likely of the second phase,
composing a network of coarse-scaled monomineral
stringer selections, with a leafy-scaled, tabular grain
shape of up to 0.035 mm. Magnetite is represented
by irregular nested inclusions, of up to 0.06-0.035
mm, less frequently, idiomorphic crystals, intensely
crook-veined with  hematite. According to
mineralogy, to release iron it is necessary to diminish
the ore to fine dimensions of less than 0.071 mm.

Figure 2 — Iron-manganese ore of the "Zhomart" deposit

2) silica-carbonatic manganese oxide ore is a
cycling between partings of silica-carbonatic
composition and braunite- black manganese
pyrolusite aggregates, and also with grainy clumps
of friedelite (Mn,Fe)sSisO15(OH,Cl)10, red manganese
MnCOs;, manganese calcite (Mn,Ca)COs, braunite
and pyrolusite:

- braunite is the primary ore mineral that forms
close-grained aggregates to a greater extent
idiomorphic grains of up to 0.09-0.18 mm. Fine-
grained formations of black manganese-pyrolusite
composition with power up to 0.014 mm thick
develop along the cracks of grain cleavage;

- the friedelite forms fine-grained formations
with grain sizes up to 0.08 mm in a close twinning
with the red manganese, silica, and calcite with
dense insets in microscopic inclusions of the black
manganese-pyrolusite composition with the size up
to 0.007 mm. Against the background of fine-grained

fridelite, cleaved strings and nested clumps with
power up to 0.07 mm have been observed,
composed of black manganese - pyrolusite
aggregates with an allotriomorphic-grained
structure.

- cleaved strings with power up to 0.8 mm, the
black manganese - pyrolusite composition,
performing the wall voids and cracks with the
formation of leafy-scaled concretions of pyrolusite
with the size up to 0.014 mm are characterized by a
fairly wide development. According to mineralogy,
in order to release manganese from the second type
of ore, it is necessary to diminish the ore to fine
dimensions of 0.1-0.5 mm.

The composition of ore according to X-ray
fluorescence analysis is given in Figure 3.

Al 1.76
Ca 3.94

Other 1.57

Mn 7.09

Si 14.29 O 48.59

Fe 22.76

mO 48.59

W Fe 22.76

Si 14.29 B Mn 7.09

mCa 3.94 Al 1.76 H Other 1.57

Figure 3 — The results of X-ray fluorescence analysis

According to Figure 3, the manganese, iron, and
silicon content are at the level of 7.1%, 22.8%, and
14.3% respectively, in other words, the iron content
in the ore is three times more than manganese.

In the process of studying the physical and
mechanical properties of iron-manganese ore has
been determined that: the true ore density is 3.57
g/cm?3; the bulk ore density (size -50+0.0 mm) is 2.01
g/cm3; the bulk ore density (size -2.5+0.0 mm) is 1.73
g/cm?3; the ore hardness by M. Protodyakonov - 11.4
(medium hardness ore).
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Table 1 — Granulometric analysis of ore sheared to 50 mm

Size, mm Yield, % Content, % Recovery, %
Mn Fe SiO2 Mn Fe Sio
-50+40 8.92 3.03 34.57 27.27 2.80 11.14 8.56
-40+20 28.56 7.91 32.63 22.75 23.42 33.67 22.85
-20+10 14.46 11.41 28.80 27.27 17.11 15.04 13.87
-10+5 10.53 12.34 28.23 27.71 13.47 10.74 10.26
-5+25 6.34 13.29 24.44 26.61 8.73 5.60 5.93
-2.5+1.25 4.49 14.11 23.97 26.54 6.57 3.89 4.19
-1.25+0.63 3.66 14.26 23.93 28.11 5.41 3.17 3.62
-0.63 +0.315 2.38 10.01 24.25 34.96 2.47 2.09 2.93
-0.315+0.1 4.44 13.81 24.72 29.75 6.35 3.97 4.65
-0.1+0.071 1.12 7.24 21.95 48.30 0.84 0.89 1.90
-0.071+0.0 15.10 8.20 17.96 39.99 12.83 9.80 21.24
Ore 100.00 9.65 27.67 28.43 100.00 100.00 100.00

In the course of the ore beneficiation study, a
granulometric analysis was carried out (Table 1) to
determine the size classes in which iron or
manganese are mainly concentrated.

According to the results of granulometric
analysis, the weighted average content of
manganese and iron composed 9.65% and 27.67%
respectively.

Based on the results presented in Table 2, the
following may be noted:

- the largest ratio has large size classes -50+40
mm, -40+20 mm, and -20+10 mm, the total ratio
consisted of 51.94% and the class -0.071+0.0 mm.
The ratio of the subsequent size classes decreases
from 10.53% in the -1045 mm class and up to 1.12%
in the -0.1+0.071 mm size class. The ratio of the size
class -0.071+0.0 mm reached 15.10%;

- the distribution of manganese content by size
classes has been unequal. The highest manganese
contents in the range from 10.01% to 14.11%
correspond to size classes in the range of -20+0.1
mm. The lowest manganese content in the large
class is -50+440 mm and is composed of 3.03%. The
content of manganese in the other size classes is in
the range of 7.24-8.20%. The extraction of
manganese into the size classes practically
corresponds to their yields;

- the iron content by size classes is uneven. The
highest iron content in the large class is -50+40 mm
34.57% and gradually decreases with decreasing size
classes. The lowest iron content in the class with a
size of -0.071 +0.0 mm consisted of 17.96%. The
indicators of iron extraction in the size classes
practically correspond to their yields.

It is known that modern methods of
beneficiation of manganese ores are based on the

difference in density [12], wettability, and magnetic
characteristics of various chemical elements by
which it is possible to purify ores from impurity
elements. The paper provides data on the jigging of
manganese ore in various size classes from 0.63 mm
to 50 mm, while the combining concentrate of the
jigging contained 40.2% manganese with the
extraction of 71.4%.

The authors applied jigging of ore with desliming
in the same apparatus as the proposed method a
concentrate with a manganese content of 40% was
prepared [13].

Based on the data of the granulometric analysis
of the ore, as well as to obtain a large-lump
concentrate, tests were carried out on the jigging of
iron - manganese ore in the size classes of -50+13
mm; -13+2.5 mm and -2.5+0.5 mm.

A laboratory pulsator with a pneumatic drive
was used to test the jigging of machine classes with
a size of -50+13 mm, -13+2.5 mm. The frequency of
pulsations equaled 50 — 70 oscillations per minute,
the oscillation amplitude was 80 — 100 mm, the
pulsation cycle was sinusoidal (50 — 0 — 50), the
diameter of the chamber is 250 mm, the size of the
sieve holes is 2.0 mm, the height of the alluvial jig is
250 mm, the flow rate of the screening underflow
water is 4-6 m3/t and the specific load is 8 — 10
t/(h-m?).

The jigging of a size class of -2.5+0.5 mm was
carried out in a laboratory bicameral diaphragm
jigging machine of the OML TsNIGRI type with the
following parameters: pulsation frequency 150 —
390 count/min, the height of the false-bed jig 40 mm
prepared in the first camera from iron mineral grains
with a density of more than 4000 kg/m? and in the
second camera from manganese minerals with a
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Table 2 — The balance of metals gained from jigging of ore to obtain iron concentrate and middling

Title Yield, % Content, % Recovery, % Ratio
Mn Fe Mn Fe Mn/Fe

Concentrate — chamber 1 - 17.78 5.49 46.28 9.46 32.42 0.12
50+13 mm

Concentrate — chamber 1 5.10 9.21 45.40 4.56 9.12 0.20
-13+2.5mm

Total iron concentrate - 22.88 6.32 46.08 14.02 41.54 0.14
50+0.5 mm

Middling —chamber 2 15.82 16.19 27.36 24.83 17.06 0.59
-50+13 mm

Tails 17.28 13.91 18.58 23.31 12.65 0.75
-13+2.5 mm

Size class 8.98 14.77 23.11 12.86 8.18 0.64
-2.5+0.5 mm

Size class 22.28 8.86 20.22 19.16 17.75 0.44
-0.5+0.0 mm

Total middlings 64.36 12.84 21.94 80.16 55.64 0.59
-50+0.0 mm

Tails 12.76 4.70 5.60 5.82 2.82 0.84
-50+13 mm

Ore 100.0 10.31 25.38 100.0 100.0 0.41
-50+0.0 mm

density of more than 3000 kg/m? and a size class of
8-10 mm, pulsation amplitude of 6-8 mm, specific
productivity of 5-6 t/(h/m?), consumption of the
screening underflow water of 3 m3/t.

Consolidated indicators on the jigging for all size
classes -50+13 mm; -13+2.5 mm and -2.5+0.5 mm
with the production of iron concentrate and iron-
manganese middling are shown in Table 2.

According to Table 2, it is clearly seen that a size
class of less than 50 mm has been obtained after
jigging:

- iron concentrate (yield 22.88%) with an iron
content of 46.08% and manganese of 6.32% when
extracting 41.51% and 14.02%, respectively, based
on the mineralogy of the ore, iron is mainly
represented by hematite.

- iron - manganese middling (yield 64.36%) with
a manganese content of 12.84% and iron 21.94%
with the manganese and iron extraction of 80.16%,
55.64% respectively, and which is not suitable for
smelting ferroalloys, because a manganese content
of at least 35% required.

The author [14] notes that various technological
schemes could be applied for the beneficiation of
manganese ores, including the combination of
gravity and magnetic beneficiation techniques.

In articles [[15],[16],17]], a method for the
beneficiation of manganese ore has been provided,
which includes magnetic separation of a fine fraction
of ore with a size class of less than 3 mm by known
technology.

In order to increase the manganese content,
tests were conducted on dry magnetic separation of

industrial products, which was carried out on a
laboratory electromagnetic separator 138T-SEM
with a high magnetic field intensity from 660 to 780
kA / m. Previously, the middling was diminish to
dimensions of 2.5 mm, followed by classification by
a size class of 0.1 mm (Figure 4).
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Figure 4 — Classification Results for the middling on
jigging

The results for magnetic separation of size class
-2.5+0.1 mm of the middling are shown in Table 3.

The total balance of ore processing of the
“Zhomart” deposit with the use of jigging and
magnetic separation processes to obtain additional
iron and iron-manganese concentrate by magnetic
separation is demonstrated in Table 4.
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Table 3 — The balance of metals of magnetic separartion of the middling on the jigging to obtain iron and iron-

manganese concentrate

Title Yield, % from Content, % Recovery from process, % | Ratio
process ore Mn Fe Mn Fe Mn/Fe
Iron concentrate, 660 kA/m 20.96 9.08 7.07 | 42.97 10.48 42.84 0.16
Iron-manganese concentrate, 780 kA/m 51.74 22.43 | 21.73 | 21.09 79.50 51.93 1.03
Tails, non-magnetic fraction 780 kA/m 27.30 11.83 | 5.19 4.03 10.02 5.23 1.29
Total middling -2.5+0.1 mm 100.0 | 43.34 | 14.14 | 21.02 100.0 100.0 -

Table 4 — The balance of metals of ore beneficiation of the “Zhomart” deposit with the use of jigging and magnetic

separation
Title Yield, % Content, % Recovery, % Ratio
Mn Fe Mn Fe Mn/Fe
Concentrate — chamber 1 -50+13 17.78 5.49 46.28 9.49 33.83 0.12
mm
Concentrate — chamber 1-13+2.5 5.10 9.21 45.40 4.57 9.52 0.20
mm
Iron concentrate, magnetic 9.08 7.07 42.97 6.24 16.04 0.16
fraction 660 kA/m
-2.5+0.1 mm
Total iron concentrate -50+0.1 31.96 6.53 45.20 20.30 59.39 0.14
mm
Iron-manganese concentrate, 22.43 21.73 21.09 47.40 19.45 1.03
magnetic fraction 780 kA/m -
2.5+0.1 mm
Tails -50+13 mm 12.76 4.70 5.60 5.83 2.94 -
Tails, non-magnetic fraction 780 11.83 5.19 4.03 5.97 1.96 -
kA/m -2.5+0.1 mm
Size class -0.1+0.0 mm 21.02 10.03 18.81 20.50 16.26 -
Total tails -50+0.0 mm 45.61 7.28 11.28 32.30 21.16 -
Ore -50+0.0 mm 100.0 10.28 24.32 100.0 100.0 -

According to Table 4, it is seen that from the ore
of the “Zhomart” deposit, according to the
gravitational-magnetic scheme, could be obtained:

- iron concentrate (yield 31.96%) with an iron
content of 45.2% and manganese content of 6.53%
with the extraction of 59.39% and 20.3%
respectively;

- iron - manganese concentrate (yield 22.43%)
with the content of manganese 21.73% and iron
21.09% with the extraction of manganese 47.4% and
iron 19.45%.

The study results showed that iron concentrate
(Fe-45% and Mn-6,5% manganese are mainly
represented by hematite mixed with non-metallic
minerals, i.e silica and calcite) and iron-manganese
concentrate (Mn-21,7% and Fe-21,1% iron
presented by hematite, braunite and pyrrolusite also
blend with silica and calcite).

Concentrates that could be obtained by ore
beneficiation of the “Zhomart” deposit are not

considered to be saleable for smelting manganese-
containing ferroalloys. Potential use is in the process
of electro-thermal phenomena with selective
carbothermal reduction of iron in the ore-thermal
furnace [[18], [19], [20]]. The smelting products will
be manganese cast iron and ironless low-
phosphorous marginal manganese slag with a high
ratio of manganese to iron.

Conclusions

During the study, iron-manganese concentrate
(Fe-45% and Mn-6.5%) and iron-manganese
concentrate (Mn-21.7% and Fe-21.1%) were
obtained from iron-manganese ore (Mn-10.3% and
Fe-24.3%).

This type of ore is difficult to obtain
concentrates. It can be seen from the data that in
order to obtain concentrates with a sufficient
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content of the target metal in the beneficiation
process, it is necessary to include hydro- or
pyrometallurgical processes.

The preference of this beneficiation scheme is
determined by the need to reduce the mass of rock
for further processing.

Concentrates obtained in the process of
beneficiation by means of jigging and magnetic
separation of Zhomart deposit ore are not
conditioned for smelting manganese-containing
ferroalloys, but can be used in the process of
electrothermal  beneficiation  with  selective
carbothermal reduction of iron in the ore-thermal
furnace. Smelting products can be manganese pig
iron and iron-free low-phosphorus marginal
manganese slag with high manganese to iron ratio.
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KeHHiH,
rPaHYNOMETPUANBIK  Kypambl

OPHbIHAAFbl KMbIH 6albITbINATbIH TeMip-MapraHew, KeHiH 6aibiTy 6olibiHWA 3epTTey AepeKTepi

MWHEPANoruackl,  GU3MKaNbIK-MEXaHUKANbIK ~ KacMeTTepi  KaHe

aHblKTanabl. [MHeBMaTUMKanblk eteri 6ap  3epTxaHaibik,

Ny/NbCaToOpAbl KaHe 3epTxaHanblk 2 Kamepasbl Auvadparmanbik TYHAbIPY annapaTtbiH KonaaHy

apKblabl TPABUTALMANDIK, BalbITy KaHE YKOFapbl KAPKbIHAbI MarHUT epiCiMEH KEHA MarHuTTiK

6aiibiTy 6oiMbiHWA 3epTTey HaTuKenepi bepinreH. KypambiHga Temip 6ap KoHueHTpat (Fe-45%

KaHe Mn-6,5% HeriziHeH meTann emec MMHepangap KBapL, KaHe Ka/NbUWUT apasiackaH rematut

TYpiHAE) KaHe Temip-mapraHew, KOHLEeHTPaTbl (Mn-21,7% xaHe Fe-21,1% remaTuT, GPOYHUT XKaHe

ANMPPONO3NUT, COHbIMEH KaTap KBapL nNeH KanbuuUTneH apasacKaH TVpiH,CI,e) aNblHAbl.

KoHUeHTpaTTap KypambiHaa mapradeui 6ap deppokopbiTnanapapl 6anKbiTy YWiH Kapamcbi3,

6ipak, onapapbl KEH-TEPMUANBIK NeLWTe TEMIPAi CENEKTUBTI KapOOTEPMUANBIK TOTbIKCbI3AAHAbIPY

apKblabl 3NEKTPOTEPMUANDBIK BalbITy NpoLeciHae KongaHyFa 6onaabl. bankbITy eHimaepi peTiHae

MapraHeLTiH, Temipre »Kofapbl KaTbiHacbl 6ap MapraHeuTi LWOMbIH XaHe Temipci3 a3 dpocdopbl

MapraHeL, WaakTapbl 601ybl MYMKIH.

TyiiiH ce30ep: Temip-mapraHeuTi KeH, TYHAbIPY, KYPFaK MarHWUTTIK cenapaums, Temip-mapraHeui
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AHHOTAUMA

C uenbto obecneyeHns deppocniaBHOe NPOU3BOACTBO KAYeCTBEHHbIM Cbipbem Bce 6onee
aKTya/ZlbHbIM CTaHOBWUTCA HeobXoAMMOCTb pa3paboTku TexHonoruit oboraweHna 6eaHbIx
MapraHLueBbIX U XKene3oMapraHueBbIX pys,. BBuAy M3meHeHWUA KauecTBEHHbIX XapaKTepUCTUK pyAa,
CHUMKEHUA COAEPKaHWUA M 060raTUMOCTU TPAAULMOHHBIMU METOAaMM oboralleHns, HeobxoaMmo
paccmaTtpuBaTb HOBble MOAXOAblI U TEXHONOTUYECKMe pelleHuA. B cTaTbe npuBeaeHbl AaHHble

Moctynuna: 23 utoHa 2023 nccnefoBaHma no oboraweHutio  TpyaHOObBOraTMMOM  Keneso-mapraHueson  pyapl
PeueHsnposaHwue: 15 urona 2023 MecTopoXKaeHUA «MomapT». OnpeaeneHa MuHepanorus, GpU3MKO-MexaHWYeCKne CBOWMCTBA U
MpuHATa B neyatb: 26 urona 2023 rPaHy0METPUYECKUIA coctas  pyabl. MpuBeaeHbl pesynbTaThbl nccnenosaHua no

rpaBMTaLMOHHOMY oborawieHuto C  ucnosnb3oBaHMem nabopaTopHOro  nysnbcatopa ¢
NHEBMATUYECKMM NPUBOAOM M NabopPaTOpPHOM 2-Xx KaMepHoi Anadparmosoit OTCag04HOM
MaLKWHbl U MarHUTHOMY OBGOralLEHUIO pPyAbl C BbICOKOMHTEHCUBHBIM MArHWTHbIM MNONEM.
MonyueHbl }enesocofepskalwmin KoHueHTpaT (Fe-45% u Mn-6,5% B OCHOBHOM NpeacTaBieH
remaTMTOM B CMECU C HEPYAHbIMU MUHEPANAMU KBAapLLEEM U KaNbLIUTOM) U XKene30 — MapraHLueBbli
KOHUEHTpaT (Mn-21,7% v Fe-21,1% B BuAe rematuta, bpayHWUTa U NUPPONO3UTa TaKKe B CMECH C
KBapLEM U KanbLMTOM). KOHLEHTPaTbl He ABNAIOTCA KOHAULMOHHBIMW ANA BbINIABKM MapraHel,
copepalmnx GeppocnnaBos, HO MOTyT BbITb UCMO/Ib30BaHbI B NPOLECCE 3/1EKTPOTEPMUYECKOTO
oboralueHus ¢ ceNeKTUBHbIM KapboTEPMUUYECKMM BOCCTAHOBNEHUEM }Ke/e3a B PYLOTEPMUYECKOM
neyn. [pOAYKTaMWM MNABKM MOTYyT ABAATbCA MAPraHUOBMUCTbIA 4YyryH W 6e3xkenesucrbli
ManodochopucTbIt NpeaebHbI MapraHueBblli WK C BbICOKMM OTHOLUEHMEeM MapraHua K
Kenesy.

Knioyeeble cnoea: enesomapraHuesas pyga, OTCagKa, Cyxas MarHuTHas cenapaums,
enesomapraHueBsblil KOHLEeHTpaT
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ABSTRACT

The genesis of stratiform deposits of lead and barite in sedimentary rocks is of great interest
from the point of view of replenishing reserves of polymetallic ores. The aim of the work is to
establish the regularity of the hydrogenic formation of ores in limestones, taking into account
the influence of the nanosurface of pores and cracks based on a mathematical model of the
movement and characteristics of ore-bearing solutions in the pores. The thicknesses of the
surface layer of limestones and minerals included in the ore-containing strata and sulfide
minerals are calculated. The results indicate that they are nanostructures with special physical
properties different from the rest of the substance, which is confirmed by the regularity of the
formation of a heavy sulfur isotope in ores of various textural types. The influence of
hydrotherms with different densities, kinematic viscosity, and velocity on the intensity of
mineralization formation in cracks and pores of limestone, as well as the occurrence of new
feathering cracks around the fractures of dismemberment, is estimated. The dependence of the
hydrothermal flow density on the diffusion of the liquid is established. The equation of kinematic
viscosity is derived from the pressure in the solution flow, the velocity of its movement, the mass
of particles of ore-forming elements, and sulfur isotopes under thermodynamic conditions of
determined Gibbs energies. The relationship of the viscosity of the solution with the surface
tension of the nanolayer of limestone particles in cracks and pores is shown, indicating that the
greater this energy, the greater the velocity of movement of ore-forming solutions, the fewer
branches of newly formed cracks around the dissection crack. The mathematical model is
applicable for the numerical analysis of the regularity of mineralization in cracks, taking into
account the influence of the nanostructural layer of cracks and pores of limestone in the
thermodynamic conditions of the occurrence of an ore-bearing formation.

Keywords: Ushkatyn llI, stratiform deposits, Atasu type, isotopic composition, mathematical
model
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Introduction

in their formation (Kislyakov and Shchetochkin,

A large number of works have been dealing 2000; Hanor, 2000; Robb, 2005; Hein et al., 2007;
with the genesis of barite, lead, and zinc deposits in ~ Wilkinson, 2014; Elswick and Maynard, 2014;

sedimentary complexes and

areas, and the Emsbo et al.,, 2016; Cansu and Ozturk, 2020;

participation of generating hydrothermal systems  Smirnov, 1970; Baibatsha, 2012).
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The main hypotheses regarding the genesis of
barite lead-and-zinc deposits of the Atasu ore
district and the Uspenskaya shear zone are
described in a lot of works (Shcherba, 1964, 1967;
Rozhnov, 1967, 1982; Kayupova, 1974; Buzmakov
et al.,, 1975; Mitryaeva, 1979; Weimarn, 1982;
Kalinin, 1982, 1985; Kalinin et al., 1984;
Skripchenko, 1989; Varentsov et al., 1993).
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Figure 1 — Geological map of the Ushkatyn ore field
(with simplifications).
1 — grey organogenic-detritus limestones, wavy-layered
(C1ta); 2-5 —the pack is red-colored (Dsfmab):
2 —riphogenic organogenic-algal limestones,
3 — organogenic-detrital thin-layered limestones,
4 — barite-lead ores, 5 — ron and manganese ores;
6 — the pack is gray-colored (Dsfmza): organogenic-
detrital lenticular-layered limestones;

7 —the pack is flishoid (Dszfm1): rhythmic alternation of
organogenic-detrital limestones, calcareous sandstones,
and carbonaceous clay-siliceous-carbonate pelites;

8 —the pack is rhythmically layered (Dsfma): alternation
of clay-siliceous-carbonate rocks with massive and
ribbon-layered texture;

9 —the pack is intemperately layered (Dsfma): siliceous
limestones, clay-carbonate rocks, shell rocks;

10 — The Darya formation (Dsfr): polymictic siltstones
and sandstones;

11 —trachyriolites; 12 — faults.

The aim of this work is to study the regularities
of the surface nanolayer of cracks and pores of ore-
bearing limestones’ effect on the formation of
mineralization, taking into account textural factors
and physical characteristics of aqueous solutions of
hydrotherms.

The Ushkatyn Il deposit was discovered in 1963
by V.Ya. Sereda when checking gravity anomalies
identified by the Agadyr GRE.

Stratiform ore deposits are complex: iron-
manganese and barite-lead bodies located on the
wings of brachyform and box-like synclines lie in
the section together with the enclosing deep-sea
deposits of the Lower and Middle Famenian,
participating in complex folding (Figure 1) [1].

They were formed in the active zone of seabed
extension of the paleoriftogenic basin, along
stepped normal faults and flexure-like bends, in the
area of transition of deep-water Famennian facies
to shallow-water facies.

A.N. Brusnitsyn [2] proposed a model of the
formation of the Ushkatyn Il deposit, in which
barite-galena, iron, and manganese ores are the
products of the development of a single
hydrothermal system that developed in a thick
sedimentary stratum. Barite-galena ores were
formed near the surface of the seabed during the
discharge of hydrothermal solutions in the inner
zones of the still-forming reef. The ore matter
deposited in the mixing area of hydrothermal
solutions bearing Ba, Pb, Zn, Fe, Mn, and other
elements filled the porous and fissure space of the
reef, where the bacterial reduction of the sulfate
ion of seawater to hydrogen sulfide took place.
When hydrothermal fluid seeped through the reef,
Ba and Pb deposited in it in the form of barite and
galena, while Zn, Fe, and Mn remained in solution,
which subsequently precipitated in the oxide form:
Fe on the surface of the reef or at some distance
from it, and Mn at a considerable distance. Zinc
dissipated in the surrounding space without
forming ore accumulations [3].

Iron and manganese, barite-galena ores of the
Ushkatyn 1l ore deposit were formed as
hydrothermal, superimposed on sedimentary rocks,
simultaneously but in different parts of the sea
basin [[4], [5]]. Thus, barite-galena ores are
identified inside the carbonate structures of the
coastal reef, while iron and manganese ores are
identified on the bottom surface at some distance
from the coast [6].

The difference between barite-galena ores of
the Ushkatyn Il deposit and other deposits is their
low zinc content (Zn: Pb from 1:50 to 1:3000). The
enclosing rocks of the barite-galena deposit are
reef organogenic-algal limestones with the
pronounced rhythmically banded structure, the
average size of ore minerals is 20—-30 um, less often
100-500 pum [3].

Gray limestones are composed of a
homogeneous mass of microgranular calcite
(micrite), in which rounded or elongated lumpy-
clotty segregations 0.1-0.2 mm in size are observed.

—— 44 ——



KomnneKkcHoe Ucnonb3osaHne MuHepanbHoro Coipba. Ne2(329), 2024

ISSN-L 2616-6445, ISSN 2224-5243

The texture of these limestones is massive,
indistinctly layered, and lenticular-layered, caused
by layers of siltstone [6]. Red and greenish-gray
limestones contain tiny inclusions of hematite and
siltstone with a large number of micropores.

The microgranular structure of limestones and
good preservation of relics of microorganisms
indicate the absence of the metamorphism effect.

The texture of ores is as follows: layered-
banded, nest-like-latticed and continuous spotty,
less often brecciated, breccia and vein textures.
Barite, galena, and other minerals in banded
textures develop along silty layers in limestones,
filling the pore space. In the silty layers, there is a
partial dissolution of calcite with rare formation of
flattened-elongated caverns filled with ore minerals
[7]. In all the textural varieties of ores, fine-grained
structures predominate, with complex, not always
unambiguously interpreted age relationships
between minerals.

In works [[3], [6]], there are given the values of
53%S in sulfide concentrate, which consists mainly of
galena, the concentration of the “heavy” isotope
varies from —25.7 to —12.6%o, and in barite, from
10.9 to 15.3%o (Table 1). According to these data
there has been built a dependency (Figure 2). Ore
minerals are characterized by a very different
isotopic comsposition of sulfur: galena is enriched
in the light isotope 3?S, and barite is enriched by the
heavy isotope )S. In the modern ocean, the value
of 6*S averages 21%o [6]; in the water of the Late
Devonian ocean, this value was 25-30%o. This
indicates the formation of barite with participation
of isotopically heavy sulfur dissolved in seawater
sulfate ions. Sulfides were formed with
participation of hydrogen sulfide enriched in the
light isotope %S, which was formed at the stage of
early diagenesis of sediments in the course of
bacterial sulfate reduction [[7], [8]]. The processes
of separation of sulfur isotopes in sediments
containing organic matter are described in the work
[9].

In work [3], the main signs of barite-galena ores
formation in near-surface conditions during the
formation of reef deposits are defined: a narrow
stratigraphic range and stratiform type of ore-
bearing deposit (as well as confinement);
connection of ore bodies with consed mentation
faults, which is confirmed by the absence of veinlet
and other mineralization in the areas of late
tectonic faults; the formation of textures and
structures of ores is characteristic of incompletely
consolidated ore-bearing carbonates; the isotopic

composition of sulfur, carbon, and oxygen is
characteristic of the joint participation in the
formation of barite, sulfides, and carbonates.

A feature of the sedimentary stratum structure
of the Ushkatyn Il deposit is the transition of
coastal facies to shelf facies, with lateral zonality of
deposits of the same age with the replacement of
the reef complex enclosing barite-galena ores with
a bed of layered limestones containing layers of
iron and manganese ores [[5], [6]].

The uniform distribution of trace elements (and
accordingly a lot of accessory minerals) in the
groundmass of the rocks indicates their
simultaneous accumulation with the formation of
ore-bearing deposits [3].

As a result of these processes, the newly
formed hydrogen sulfide concentrates
predominantly the light 32S isotope, while the
residual sulfate ion concentrates the heavy 3*S one.
In a closed system with respect to the marine
sulfate ion (that is, the access of SO4* to the
sediment is limited), as it is exhausted in the pore
solution, the &3S values of both residual sulfate
and hydrogen sulfide increase. If the system is
open, then the concentration of 6%*S sulfate
changes little compared to seawater and the
concentration of hydrogen sulfide decreases
markedly. The difference 63* — 83 SHS can reach
more than 40 %o [[9], [10], [11], [12]].

Experimental part

The results of determining the isotopic
composition of sulfur in sulfides of ores, together
with the isotope-geochemical characteristics of
carbon and oxygen, made it possible for A.l
Brusnitsyn to develop models of the Ushkatyn IlI
barite-galena deposit formation in the carbonate-
reef structure [6]. Deposits of ore minerals
occurred as a result of decreasing the temperature
of hydrothermal solutions that entered the near-
surface zones; increasing pH (due to oxygen
dissolved in seawater); the appearance of SO?% (in
the composition of seawater); changes in the
H,S/HS  ratio in pore water (during bacterial sulfate
reduction). Barium and lead precipitated
immediately upon the appearance of a sulfate ion
in solutions and at very acidic concentrations of
hydrogen sulfide and oxygen [[13], [14], [15]].

One of the additional reasons for the formation
of mineralization in porous limestones, in the
authors’ opinion, is the nanostructure of the
enclosing rock surface layer effect.
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To study this, the results of studies are used
that are reflected in the correlation field linking the
concentration of 6*Surige With the ore textures of
the Ushkatyn Il deposit (Figure 2, Table 1), (the
concentrations are given relative to the meteorite
standard).

Table 1 — 53*Ssurice cOmposition, %, in the galena of the
Ushkatyn Il deposit ores [2]

No. layered- nest-like- continuous
banded latticed spotty
Ush 3- Ush Ush Ush Ush 319-514
2 3-17 3-12 318-
153
1 -16.7 | -13.7 | -22.5 -17.1 -25.7
2 - -12.7 -16.1 -21.3
3 - -12.8 -17.4 -22.2
4 - -19.9 -20.8
5 -19.0

layered-banded nest-like-latticed continuous spotty
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Figure 2 — Correlation fields of the §>*Ssuifie
concentration the texture of barite-galena ores of the
Ushkatyn Il deposit.

It can be seen in Table 1 that for the
layered-banded texture, the values of &*Sguie
range from -12.6 to -16.7; for nest-like-latticed
texture from -16.2 to -22.2; and for continuous
spotty it is -25.7.

Let us consider this pattern from the point of
view of the nanostructured surface layer of porous
and fractured limestones effect in which barite-lead
mineralization is formed.

Classification of pores according to their radius
is given in the work by M.N. Dubinin, 1980. These
are macropores r > 100-200 nm; mesopores - 1.5-
2.0 < r < 100-200 nm, micropores — r < 1.5-1.6. The
latter are divided into ultramicropores r < 0.6-0.7
nm and supermicropores 0.6-0.7 < r < 1.5-1.6.
Limestones are mainly represented by mesopores.
Theoretically, in a layer consisting of one-

dimensional spherical particles, the average pore
size will be equal to the size of the empty space
formed with a single-layer staggered arrangement
of three spheres. In this case, the pore radius is
r =0,154-d(l) = 30.6 nm, which corresponds to
mesopores. Non-metamorphosed limestones have
the highest specific surface area, and limestones
with a medium degree of metamorphism have the
smallest specific surface area. For the ideal case,
spherical particles of the same diameterd(l),

specific surface area S,
expression:

are given by the

Ssp: 6/pd(|) (1)
where p is the limestone density.

The concentrating of ore elements and &3*Sguifige
in limestones is caused by the leading role of the
hydrogenic mechanism. Regardless of the source of
53%Ssuifide €ntering the basin, under conditions of the
high specific surface area of limestones, ore
elements, mainly lead and 83*Ssufige, pass into the
mobile form in the groundmass and eventually
accumulate in the organic matter.

To assess the surface layer of limestones effect
on the formation of mineralization, let us consider
the mesostructures of this layer.

Mesoscopic physics or mesoscopics (MS)
studies the physical properties of small size
particles, the systems with sizes larger than atomic
ones whose characteristics depend on the particle
size, i.e. it is an intermediate layer between micro-
and macrophysics. Characteristic of MS is the size
and the number of particles in the sample.
Mesoscopic bodies are those whose properties are
determined by the behavior of one microscopic
particle.

Let us consider the substance, including
limestones, in the composition of the surface layer
d(l )and the d(ll) layer. To calculate the thickness

of the surface layer d(!) in work [15], for framework
hydrocarbons, the relation is given:

d(I) = 0,17 X 10~ %v(m) (2)

It follows from equation (2) that the thickness
of the surface layer d(l) is determined by the molar
(atomic) volume of the element (v = M/p, where
M is the molar mass g/mol), p is density (g/cm3)).

To determine the surface energy (o) there is
used the empirical dependence [13]:
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¢=07-10"°T_, 5

where T is the temperature of the massive

sample melting without considering the surface and
transition layers [16].

The surface layer d(l) is a nanostructure (Table
2), where the first kind size effects are observed,
determined by the entire group of atoms in the
system, which are inherent only to nanoparticles
and nanostructures [17]. In this d(l) layer, there
occurs reconstruction and relaxation with atoms
associated with rearrangement of the surface layer
([18], [19]].

In the d(l) layer, all physical parameters are
subject to size effects, including the surface energy.
A.l. Russanov, 1967, p. 190, shows that equation
(VII1.55) is valid in the case of small radii of
curvature, when r = d(l)), and that its value depends
linearly on the h size:

oc=K-d(I), (4)

where K is the coefficient of proportionality
that depends on the temperature and the phase
composition.

The d (1) layer extends approximately to the
size of d (II ) ~9d =d_ [[15], [16]]. From this size,

dimensional properties begin that are called the
second kind size effects. This size for
nanostructures is associated with a certain critical
parameter: the mean free path of carriers in
transition phenomena, the dimensions of domain
walls, the diameter of the Frank-Read loop for
dislocation glide, and so on [19]. Some of the
effects, such as the surface energy, are constant.

According to formulas (1) and (3), there is
determined the thickness and the surface energy of
a number of sulfides and oxides (Table 2).

Calcium oxide which is a part of limestone
(CaCOs), has the surface layer thickness d(l) =
16.64 nm. The surface layer of limestones, in terms
of particle size and distance between them, is
included in the mesoscopic system of bodies (MS)
and can be considered as a subsystem of a large
closed system. These particles are characterized by
the manifestation of quantum properties

determined by the phase coherence length (hq))

that can vary over a wide range. In MS always h¢ <

10° m = 1 micron.

Table 2 — The surface energy and the thickness of the Ba,
Pb, Zn sulfides and Ca, Ba oxides surface

)
— > £
-g = % o g 8 c
S D 1 vy
£ s = 2 =
§ |°= =2 |5 -
_C L
|_
sulfides
BaS 0.385 169.40 | 4.25 39.86 39.86
PbS 0.195 239.96 | 7.60 31.49 31.48
ZnS 0.240 97.44 4.09 23.83 23.82
oxides
CaO | 0.436 56.08 3.37 16.64 16.64
BaO | 0.389 153.34 | 5.72 26.81 28.81
It is known that the physical quantities

characterizing the subsystem fluctuate, exchanging
energy and particles with the environment [20].

In work [21], a model was proposed according
to which the nano- and mesophases existing in the
surface layers of crystals regulate the relationship
between the crystal and the medium, selectively
interacting with the substance-carrying complexes
and reducing the probability of their “wrong”
unloading. Continuously moving into the bulk of the
crystal, by means of a solid-phase transformation,
nano- and mesophases drop these elements into
defective areas of mating with the matrix, where
they form their own phases of micron or meso
sizes. This fact is the reason for changing 83*Ssurfige
from the textural features of ores, the basis of
which is  their formation in limestone
nanostructures, cracks, and pores.

It was shown in works [[15], [19]] that for nano-
and mesostructures the size effects take the form:

A(r) = A, (L—d(1yr), r >> d(1),
A = A (L—dyd@)+1), 0 <r <d(t).
Here A(r) is a variable physical property
depending on the particle size (r) of the surface
nanolayer with the thickness of d(l), A, is the
physical property of the massive sample.
In the Iayerd(l), all

nanoluminophores [16], which can be considered
as sensitive molecular probes for studying the

elements are
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structure, including limestones. Small changes in
the local structure in the layer d(l) lead to

significant changing the characteristics of the layer,
which follows from formula (5); for this, instead of
A(r), it is necessary to use the amount of ore

elements, including the sulfur isotope [[22], [23]].

The following models are used to describe the
mesostructure of porous bodies: a lattice; a
percolation; a capillary; fractal ones. Let us consider
the relationship between fractality and the
thickness of the surface layer of limestones.

It is known [24] that the sizes of geomaterials
and elements blocks of the earth's crust are not
arbitrary but make a certain discrete series in which
the ratio of the block sizes of the n-th order to the
size of neighboring blocks of the order (n+1) and
(n—1) satisfies some fundamental ratio: the
universal principle of material divisibility during
destruction:

Ly/l, = A=2,618~3, (6)

where A is an ideal size ratio.
To determine the sides of the corresponding

block sizes Ln in the hierarchy of scales, there is
used the relationship [25]:

n-11
B (2—6)-10[ 2 ] forn=2k-1, o)

n n-10

(1-2).10(2] for n = 2k.

Here K is an integer that changes from 1 to 9;
is a characteristic siz of the block of the N

L,
order.

The limestone surface layer thickness that
mainly consists of CaO (Table 2), is 16.64 nm, which
relates this layer to a nanostructure [24].

The established regularities that connect the
difference in the concentration of &*Ssufige With
textural factors indicate that one of the influencing
factors of the heavy sulfur isotope mineralization
and concentration is the effect of nanostructures
and of pores and cracks that arise during the
division of geomaterials. These factors explain the
formation of stratiform deposits of lead-and-zinc
mineralization with carbonate orogenic structures.

It should be noted that the impurities
adsorption (including 6**Saurige) is developed in the
mesoporous structure of limestone due to the
formation of adsorption layers on the surface of
these mesopores, which lead to the volumetric

filling of these pores by the mechanism of capillary
condensation that is described by the Kelvin
equation [[25], [26]].

Let's consider the model of the hydro-therm
movement in a fractured medium, in this case
limestone, which is an aqueous solution with ore-
forming elements, sulfur isotopes, and other
components thereof.

To solve the problem, there is used the level of
movement of an aqueous solution with the density
J(r,z,t), which moves according to the 6(t)
dependence in a crack of radius r, length L, in the
direction z, with the use of the diffusion equation:

oAzt azf(r,z,t)+l.a(raf(r,z,t)j
ot oz° roor or ' @)

where a? = D is the coefficient of the solution
diffusion.

The solution of equation (8) is given in work
[14]. Denoting the flow density f(r,z,t) by p (r, z, t),
at z = vt, where v is the speed of the flow at the
point z at the instant of time t and assuming the
movement of the phase separation as automodel
B6(t) = 60t, there is used the asymptotic
representation of Bessel functions and obtained:

D¥? [L 1
r,zt)= —- .
Al ) 7 \Nr v gt

Assuming that the speed of solution movement
(z,t) depends only on the hydrothermal solution p
density, and if the crack is not filled with solution (p
= 0), then the solution moves in it with the
maximum speed U = U max, and when the crack is
filled, the speed of solution movement in the crack
falls to a complete stop (v = 0), when p = pmax.

(9)

(10)

If to assume in equation (10) that under the
density of the liquid flow there is taken the degree
of deposition of metals from the solution, the
isotope of sulfur and other elements, and under the
speed of the flow is taken as the speed of their
deposition (that is proportional to the diffusion
coefficient D), there are obtained the experimental
regularities presented in work [27] that reflect
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equations (9, 10) obtained in this work. Thus,
formula (9) shows a significant dependence of the
solution flow density on the diffusion coefficient,
i.e. its rheology. According to the Newton's classical
theory, it is equal to D = v, where v is the kinematic
coefficient of viscosity [19]. Let's consider the
solution viscosity from the position of the
thermodynamic approach, determine the kinematic
viscosity v using the response function [15], then
the kinematic viscosity v is determined as follows:

KT W —
V=—:—5" N, (12)
C GCM
where NKT =pV=(V=1)=p is pressure in the
solution flow; W is kinetic energy of the solution
is Gibbs

energy of the solution; m is the particle mass, v is
their speed, ¢ = const. Taking into account that

G’ = 065, where S is the unit area of the

cm

particles (molecules) (W=muv?%/2), G?

CcM

nanolayer surface, there is obtained the equation
of the relationship between the solution viscosity
and the surface tension o of the nanoparticles of
the surface layer of the crack in limestone:

1
v==P mu. (12)
c 20S
It follows from equation (12) that the
hydrothermal flow in limestone cracks is

proportional to its surface energy o. The validity of
the relation D =v ~ 1/0 is obvious.

Let's consider a model of the crock formation in
limestone. It should be noted that hydrothermal
solutions that move along the existing cracks (open
porosity of the layer, stress cracks, crack formation
in a nanolayer of limestone, etc.) form new cracks
under the action of pressure, temperature, capillary
forces, dissolution of calcite, and at low values of
the movement speed, the hydrothermal branching
of small cracks, along the characteristic length of
the cracks is maximal. With increasing pressure,
one crack is practically formed with small branching
of small feathering cracks having the critical radius
re [21] that can be determined by the expression:

20V 4o-V
rk = = >
RT mo

(13)

where o is the surface energy of the capillary
material, in this case limestone, V is the molar

volume, R is the universal gas constant, T is
temperature.

Equation (13) makes it possible to estimate the
critical hydrothermal flow velocity v using the
fracture and fluid characteristics. Using (13), a
formula was obtained for calculating the number of
cracks N per unit area of limestone:

N = L In(l—z—a)
k,In2 v

where kg is the Boltzmann constant. The
product kgln; is the energy equivalent of one unit of
information.

The number of cracks per unit area of a
limestone layer cannot be arbitrarily large and it is
proportional to its porosity that is in turn
determined by the principles of the closest packing
of limestone particles.

(14)

7

Discussion of the results

The established pattern of changes in the heavy
isotope of sulfur 6**Sgurige from the texture of
barite-galena ores in limestones indicates a
possible reason for the formation of mineralization
in porous limestones due to the effect of their
surface nanolayer. With the leading role of the
heterogeneous mechanism of ore formation and
heavy sulfur isotope formation in ores and their
replenishment in the organic matter, an important
role is played by a high specific surface of the
nanolayer of ore-bearing limestones. It is shown
that the thickness d(l) of the surface layer is

determined by one fundamental parameter: the
molar (atomic) volume, and the surface energy of
the limestone nanolayer is determined by the
Tolman temperature. It determines the continuous
transition into the bulk of the substance of the
elements formed on the surface layer in its
defective areas, forming the actual ore phases and
the heavy isotope of sulfide sulfur associated with
them, which is determined by equation (5).

The effect of pressure and temperature of
hydrothermal ore-forming solutions in the
mesostructures of porous limestones leads to the
formation of crack development that obeys the
principle of material divisibility and forms
additional conditions for mineralization in these
formed layer cracks.

The model of hydrothermal solution movement
in a crack coincides quite well with the well-known
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model presented in the work by V.S. Golubev
(reports of the Academy of Sciences of the USSR,
1978, Vol. 238, No. 6. P. 1318-1320), taking into
account the fact that in this case the velocity of the
solution is associated with the density of the
solution, and in the mentioned work, the liquid
density is associated with the liquid filtration
through a porous medium. The established
relationship between the fluid flow density and the
diffusion coefficient made it possible to establish
the relationship between the kinematic viscosity of
the hydro-therm and the surface tension of the
crack surface layer along which the fluid moves. It is
the higher, the lower the kinematic viscosity, all the
other things being equal. The critical velocity of the
hydro-therm movement through the crack is
determined. Using this regularity, the regularity of
the number of cracks per unit area of limestone is
obtained. It is determined by the surface energy
and kinematic viscosity of the solution. From this it
follows that the number of cracks is related to the
porosity of limestone through the surface energy of
these pores.

Conclusions
There was established the dependence of the

flux density of the hydrothermal solution on its
diffusion; the relationship between kinematic

viscosity and pressure in the solution flow, the
velocity, the mass of particles, and the Gibbs
energy of the mixture were obtained; the
relationship between the viscosity of the solution
and the surface tension of the limestone particles
nanolayer was obtained; the critical radius of crack
formation was determined. The resulting constraint
equations are applicable for the numerical analysis
in order to assess the effect of ore-bearing hydro-
therms on ore deposition processes and to evaluate
the efficiency of crack formation and their role in
ore deposition, taking into account kinematic
viscosity under thermodynamic conditions of the
ore-bearing limestone horizon occurrence.
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YwkatbiH Il (OpTanbiK KasaKkcTaH) KeH OpHbIHbIH, 6apUT-KOpFacbiHAbI
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TYRIHAEME
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LeriHAi KbiHbICTapAafbl KOpFacbiH, 6apuT cTpatmdopmabl KeH OpbIHAAPbLIHbIH, FeHe3uci
NONIMMETANN KEeHOEPiIHIH, KOPbIH TOMbIKTbIPY TYPFbICbIHAH YAKEH KbI3bIFYLIbIIbIK TyAblpazbl.
KYMBbICTbIH, MaKcaTbl-KeyeKTepaeri KeH epiTiHAiNepiHiH, KO3FaNbICbIHbIH MaTeMaTUKablK Moaeni
MeH CMnaTTamanapblHa HerisgenreH KeyekTep MeH KapblKTapablH, HaHO BeTiHiH, acepiH eckepe
OTbIPbIN, AKTAcTapAa KeHAEPAiH r'MAPOreH K Ty3iny 3aHAbINbIFbIH aHbIKTAY. KeHHiH KanbIHAbIFbI
MeH cynbGUATI MUHepanAapAblH, KypamblHa KipeTiH oKTacTap MeH MUHepangapablH, 6eTi
KabaTbIHbIH, Ka/NblHAbIFbI ecenTenreH. HaTukenep onapablH, 3aTTbiH, KanfaH 6eniriHeH epekue,
dU3MKanbik KacveTTepi 6ap HAHOKYpPbIAbIMAAP eKeHiH KepceTedi, Byn apTypAai TEKCTypanbiK,
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TMATEri KeHaepae ayblp KYKIiPT M30TOMbIHbIH, Ty3iy 3aHAbUIbIFbIMEH pacTanafbl. 9p TypAai
TbIfbI3AbIFbl,  KMHEMATUKaNbIK  TYTKbIPAbIFbI,  KbligamablFbl  6ap  ruapotepmanapablH,
SKTacTapAblH, KapblKTapbl MeH TeciKTepiHAe KeHAeHyAiH naiga 601y KapKbIHABIbIFbIHA,
coHAal-ak benlekTey KapblKTapbl aliHaNacbiHAA *KaHa KapblKTapApblH nNakaa 6onybiHa acepi
6aranaHgbl. TMapoTepmManap  afblHbiHbIH, - TbIFbI3AbIFbIHbIH,  CYMbIKTBIKTBIH,  Anddy3nacbiHa
Toyenainiri aHbikTanapl. KNHeMaTUKanbIK TYTKbIPAbIK TeHAEYi epiTiHAI aFblHbIHAAFbI KbICbIMHAH,
OHbIH, KO3fa/Ny KblNAaMAbIFbIHAH, KeHAi KypalTblH 3nemeHTTep 6esleKkTepiHiH maccacblHaH
KaHe [MB6C 3HEepruAcbiHbIH TEePMOAMHAMMKANbIK KaFdalblHAA@ KYKIPT M30TONTapbiHaH
anbiHaabl. EpITIHAIHIH TYTKbIPAbIFbIHBIH, YKAapbIKTap MeH KeyekTepaeri aKTac 6esweKTepiHiH,
HaHOKabaTbIHbIH, 6ETTIK KepinyimeH 6anaHbiCbl KepceTinreH, 6ya aHeprua HeFypibim Ken 607ca,
KeHA] KYpalTbiH epiTiHAINEPAiH KO3FabIC KbiNgamAaplfbl COFYPAbIM Ken 6onaabl, benwekreHe-
TiH JKapblKWafblHbIH, aliHanacbiHA@ KaHajaH naaa 6onfFaH KapblKTapablH, TapMaKTapbl
asaagpl. MaTtemaTuKanblK Mofenb KeH KabaTbiHbIH, TEePMOAMHAMMKaNbIK KafdalbiHaa
SKTacTapablH, *apblKTapbl MEH KeyeKTepiHiH HaHOKYypbINbIMAbIK KabaTbiHblH, acepiH eckepe
OTbIPbIN, XapbIKTapAblH KEHAEHY 3aHAbINbIFbIH CAHABIK TanAay YWiH KOAAaHbINAabI.

Tyiiin ce3dep: YwkatbiH lll, cTpaTudopmabl KeH opblHAAPbI, ATacy KeH ayAaHbl, U30TOMTbIK
KYpambl, MaTeMaTWKablK Mogeni.
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FeHe3unc cTPaTUPOPMHbIX MECTOPOMKAEHMIA CBUHLLA, 6apuTa B 0Caf0uHbIX MOPOAAX NpeacTaBaseT
OrPOMHbIN MHTEPEC C TOYKM 3PEHUs BOCMOJIHEHMA 3aMacos MOAMMETANNYECKUX pya. Llenbio
paboTbl ABNAETCA YCTAaHOB/AEHME 3aKOHOMEPHOCTM TUAPOreHHOro GOPMUPOBaHWUA pya B
M3BECTHAKAX C YYETOM BAMAHMA HAHOMOBEPXHOCTM MOP M TPEWMH Ha OCHOBE MaTemaTU4ecKow
MOZENV ABUMEHUA UM XapaKTePUCTUK PYLOHOCHbIX PacTBOPOB B Mopax. PaccumMTaHbl TOMLLMHDI
MOBEPXHOCTHOTO C/10A M3BECTHSAKOB U MUHEPAJIOB BXOAALUMX B COCTAB PyAOBMELLAIOLLENH TONLLM
N cynbduAHbIX MUHepanoB. Pe3ynbTaTbl CBMAETENLCTBYIOT O TOM, YTO OHM ABAAIOTCA
HaHOCTPYKTypammn ob6nagalowymm ocobbiMM  OTAMYHBIMM OT OCTa/lbHOM 4acTM BellecTsa,
bU3NYECKMMM CBOMCTBAMM, YTO MOATBEPIKAAETCA 3aKOHOMEPHOCTbIO GOPMUPOBAHUA TAXKENOrO
M3oTona cepbl B PyAax pPas/IMYHbIX TEKCTYPHbIX TUMOB. OLEHEHO BAMAHWME TUAPOTEPM
06124at0LLMX PA3AINYHBIMM MIOTHOCTU, KUNHEMATUYECKOW BA3KOCTU, CKOPOCTU Ha MHTEHCMBHOCTb
bopmMMpoBaHKA OpyAeHEHMA B TPELLMHAX M NOPaX U3BECTHAKOB, @ TaKKe BO3HUKHOBEHWUM HOBbIX
onepAoWMX TPELWMH BOKPYr TPEWMH pacyieHeHus. YCTaHOBAEHa 3aBMCMMOCTb MIOTHOCTU
noToKa rmapoTepm oT anddy3unm KuakocTu. NonyyeHo ypaBHEHUE KUHEMATUYECKOWM BA3KOCTU OT
[JaBNEHNA B MOTOKe PacTBOPa, CKOPOCTU €ro ABWMXKEHMS, MacCbl 4acTuL, pyAoo6pasytoLimx
3/1eMEHTOB M M30TOMOB CEPbI B TEPMOAMHAMUYECKMX YCNOBUAX onpeaensemblx sHepruit Mmébca.
MoKa3aHO CBA3b BA3KOCTM pacTBopa MOBEPXHOCTHbIM HaTAKEHMEM HaHOC/I0f YacTuy,
M3BECTHAKA B TPELLMHAX M NOPaX, CBUAETENLCTBYIOLLAA O TOM, YTO Yem Bo/blUe 3Ta IHEPTUsA, TEM
60/blUe CKOPOCTb ABMMKEHUA PyA006Pa3yIOLLMX PAcTBOPOB, TEM MEHbLUE BETBJEHWIN BHOBb
06pa3oBaHHbIX TPELLMH BOKPYr TPELWMHbI pacyieHeHuns. MaTtemaTuyeckas Mogesb npumeHnma
AN YACNEHHOTO aHaiu3a 3aKOHOMEPHOCTM OpYAEHEHUA B TPewmHax C y4eTOM BAWUAHMA
HaHOCTPYKTYPHOTO €108 TPELLMH U NOP M3BECTHAKOB B TEPMOAUHAMUYECKUX YCOBUAX 3a1eraHms
PYAOHOCHOrO naacTa.
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ABSTRACT

The article describes the essence of unsteady waterflooding, which is one of the most effective
methods of increasing the oil recovery factor, used to change the direction of filtration flows,
which makes it possible to engage in the development of undeveloped oil reserves and reduce the
rate of watering of the deposit in productive reservoirs. A common technological method of
unsteady water flooding is the use of cyclic modes of operation of injection wells. The essence of
this method is that at an unsteady state in the oil deposit, there are conditions for the continuous
manifestation of elastic forces of the reservoir system. In a heterogeneous reservoir between
different zones, channels, and fluid flows there are gradients of hydrodynamic pressures, due to
which there can be fluid flows from one layer to another, from fractures to blocks, as well as
changes in flow directions. During unsteady flooding of heterogeneous formations, a part of oil
reserves in low-permeability layers or zones remains uncovered by injected water. The
waterflooded reservoir appears as an unsystematic alternation of watered and oil-saturated
microflows. While creating in such reservoirs alternately changing in value and direction of
pressure gradients, conditions for injection water penetration into stagnant oil-saturated low-
permeable zones and channels appear in the oil reservoir and oil movement from them to active
drainage zones. As a result of the analysis, the positive effect of the implementation of unsteady
waterflooding technology was revealed, and recommendations for improving its application at
other operational facilities of oil fields were given.

Keywords: non-stationary flooding, injection well, cyclic injection, oil recovery, filtration,
heterogeneity.
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Introduction

Non-stationary flooding (NC) is applicable both
at an early and late stage of development. It is also
possible to use it in highly watered fields developed
by the method of conventional stationary flooding,
even after reaching the maximum cost-effective flow
rate of producing wells. Methods of non-stationary
flooding are widely used in oil fields, however, they
are not always effective due to insufficient strict
compliance with the recommendations [1].

Since there is a high water content in them,
scientific and technical solutions for blocking
permeable areas of the reservoir become crucial. In
this regard, ways to use effective water insulation
compositions are being investigated [[2], [3]]. A
considerable number of compositions are known
and great experience of their application in various
geological and physical conditions has been
accumulated. However, their technological
efficiency is low and does not exceed 40-50 % [4].
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The effectiveness of this method is influenced by
the geological structure of the deposit, the current
state of development (the flooding system, the
working stock of wells, the level of waterlogging, the
proportion and nature of the production of
geological reserves), heterogeneity in permeability,
etc [5]. Therefore, the need to predict the
effectiveness of the cyclic impact process is an
urgent task. The problem of water inflows has always
remained at the center of attention, and in recent
years, especially more often began to attract the
attention of researchers [[6], [7]]. Theoretical and
experimental studies aimed at studying on
mechanism of origin of water inflows, reasons for
their origin, and also search for methods of struggle
against this phenomenon, were carried out.

The purpose of this work was to increase the
elastic reserve of the reservoir system by periodically
changing the water injection pressure. The analysis
of geological field data carried out by the author
showed that the traditionally considered geological
factors and the filtration capacity properties of rocks
do not exhaust all the factors affecting the flow rate
of the well. The complex nature of the distribution of
reservoirs and the high heterogeneity of the section
were also taken into account, which resulted in a
wide variety of deposits by types of natural
reservoirs and the nature of saturation. The use of
non-stationary flooding made it possible to reduce
unproductive injection and reduce possible losses of
mobile oil reserves [8].
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The main part. Selection of a potential site for
non-stationary flooding It is carried out taking into
account the following circumstances, depending on
the systems of development and organization of the
cyclic process of injection and selection of liquid.
When choosing options, it is necessary to take into
account the location of injection and production
wells by area, to prevent language water
breakthroughs by changing the operating modes of
wells, to pump water through nearby wells in
opposite modes.

The stronger the heterogeneity of the formation,
the higher the amplitude of pressure fluctuations
should be, since with its growth the amount of
pulsating energy introduced into the formation to
overcome filtration resistances to the oscillatory in
the fluid flow increases [9].

The choice of the optimal injection pressure
should be carried out by taking into account the
geological and physical characteristics of the
formations, the analysis of field development data,
the results of well research, and data on hydraulic
fracturing. In nonlinear filtration, when the reservoir
pressure increases, the permeability of the reservoir
increases, and when it decreases, the periodic
(cyclic) pressure change will lead to an additional
increase in the average reservoir pick—up during the
cycle, depending on the nonlinearity parameter and
the amplitude of the oscillations [10].

Figure 1 - Selected Yu-2+3 for experimental work
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Figure 2 - Schedule of field development for the Yu-2+3 facility

The distribution of the average pressures over
the cycle along the length of the formation will differ
more strongly from the linear one, the higher the
amplitude of the oscillations. Thus, the cyclical effect
on an inhomogeneous reservoir in the presence of a
dependence of permeability on pressure will give
additional intensification and additional coverage of
flooding due to the interaction of the nonlinearity of
the process with its periodicity. Based on the review
and practical application, the following conditions
were formed [[11], [12]]:

e an existing development system with an
organized PPD system;

* production of reserves significantly lags behind
waterlogging;

* presence of significant residual recoverable oil
reserves;

¢ significant heterogeneity of the interlayers
within the layers, in terms of permeability;

e maximum full opening of the effective oil-
saturated thickness in production and injection
wells;

¢ Reservoir pressure at the initial level;

e technical serviceability of wells;

e hydrodynamic connection of wells (tracer

studies). According to the above criteria, a site was
selected at the Yu-2+3 facility in the field Figure 1.

Experimental studies of non-stationary
flooding

The geological structure, reservoir permeability
heterogeneities, and their relationship to each other
have been studied for this site. Maps of losses (liquid,
oil, Keksp), sedimentary microfacies, RMS attributes,
electrofacies, lithotypes, total thicknesses, and
isobars were constructed, and reports of JSC
"NIPIneftegaz" and LLP "ALSTRON" on tracer studies
(wells) were analyzed NeNe4309, 4366) [[13], [14]].
As of 01.01.2022, geological reserves for the Yu-2+3
facility amount to 36,360 thousand tons, initial
recoverable reserves — 9,332 thousand tons, OIZ —
3,493 thousand tons, production from the bottom —
63%, accumulated oil production — 5839 thousand
tons. 147 producing and 67 injection wells are
located at this facility. The accumulated water
injection is 27,413 thousand m3, and the current
compensation for the selection by injection is 107%
(Figure 2).

According to geological and physical criteria, the
most suitable is site No. 1. Plot No. 1. 4 injection
wells No.4382, 4919, 4366, 4907 are operating in the
selected area in the area of BCNS 1.

The intake capacity of injection wells averages
188 m3/day, the average annual water content of
the site is 90%, the current compensation is 165%.
Maintenance of reservoir pressure at the site is
carried out by pumping Alb Cenomanian water [15].




KomnneKkcHoe Ucnonb3osaHne MuHepanbHoro Coipbsa. N22(329), 2024

ISSN-L 2616-6445, ISSN 2224-5243

1915@ ‘404

2213

('Illiliiii'
974

A

4434

2217
(::>4701 1026

p”
Pay

Symbols

Injection of tracer indicators into injection wells

Output of indicators from reacting wells

Figure 3 - Indicator output from reacting wells

To determine the direction of filtration flows,
carbamide (2020) and disodium phosphate (2014)
were injected in 2014 and 2020.

In 2020, a tracer study was conducted in the
injection well No. 4907 (injection of carbamide).
According to the results of laboratory studies, the
output of the indicator was recorded for 14 wells
(NeNe875, 975, 1489, 1506, 2517, 4404, 4421, 4423,
4435, 4702, 4704, 4764, 4824, 4881). In 4 wells
(NeNe2213, 3213, 4307, 4965) no samples were
taken because the wells were in conservation.

Disodium phosphate was injected into well No.
4366 in order to determine the distribution of
hydrodynamic flows in the formation. The output of
the indicator is fixed for all 16 wells (NeN2775, 974,
975, 1489, 1502, 1506, 1508, 1513, 1515, 2521,
4307, 4308, 4404, 4421, 4423, 4435). It can be noted
that the indicator was traced in reacting production
wells No. 4907 and No. 4366 (Figure. 3), which was
the rationale for choosing this site.

Further, the time of operation and shutdown of
wells during cyclic injection is determined, which is
determined by the formula of M.L.

Surguchev using the reservoir parameters:

w=2p/L2

T= L2/2 p where p =K/ pe is the average piezo

conductivity of low-permeable interlayers; K-
permeability p -viscosity € is the compressibility
coefficient of the rock Calculated, the average
duration of cycles (stop/work) was 7 days, further
durations up to 14 days.

This made it possible, by increasing the period of
cyclic exposure, to shift the area of maximum
intensity of fluid exchange between layers of
different permeability into the inter-well space in the
direction of the selection area. The cycle begins with
the shutdown of the injection wells of the western
group No. 4382 and 4919.

Wells of the eastern group No.4366, 4907 have
been operating for 7 days. After 7 days, the wells of
the western group are working and the wells of the
eastern part of the group are shut down. At the end
of 7 days, wells in the southern part No. 4919, 4907
are working, and wells No. 4366, 4382 are shut down
inthe northern part [[16], [17], [18]]. Wells No. 4366,
and 4382 in the northern part are operating for 7
days, and wells No. 4919, and 4907 in the southern
part are shut down. At the end of 7 days, wells No.
4919, and 4382 in the western part are turned off for
14 days, and wells No. 4366, and 4907 in the eastern
part work for 14 days. Then the cycle repeats. Non-
stationary flooding in 2022 at this site of the first
operational facility began in March. Symmetrical
cycles with the duration of the work period
(downtime) of 7 and 14 days were used. Prior to the
start of the experimental work, an audit and
verification of the tightness and serviceability of the
shut-off valves were carried out, the current state of
the faces of injection wells involved in the process
was determined, and a hydrodynamic study was
carried out by the efficiency method for injection
wells. It is recommended to conduct a GDIS to
determine dynamic levels and to take control
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samples to determine water availability in all 9
reacting wells [[19], [20]].

The effect of cyclic injection was monitored for 9
wells. Production well No. 4702 did not participate in
the analysis due to high water availability.
Accumulated oil production is shown in Figure 4. that
before the cyclical flooding in February, oil
production was 438.3 tons, after the completion of

At the start date of the application of non-
stationary flooding, the water content of the wells of
the site was 88%, with an average monthly oil flow
rate of 5.4 t/day. In the first cycle of application of
the NC, the water content decreases by (1%) with a
significant increase in the oil flow rate to 7.3 t/day
(Figure 5) [21]. A month after the start of non-
stationary flooding, the water content decreases to

the «cycle, oil production was 895.5 tons, 77% withanincrease inthe average monthly oil flow
respectively. rate to 12.8 t/day.
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Results and discussion

Thus, the non-stationary flooding program was
implemented in full and confirmed its technological
effectiveness. The duration of the OPI for non-
stationary flooding was 84 days, during this period 8
cycles were carried out. Due to the impact of non-
stationary flooding, an increase of 457.2 tons of
additional oil production was obtained.

The water content of reacting wells has
decreased NeNe4764, 875, 1489, 4764, 4704, 4423,
and in the whole area from 88% to 78%. During the
analyzed period, 50% less water was pumped into
the reservoir than before the event, and
compensation for selection by injection decreased
by 65%. At the same time, the reservoir pressure
rose from 193 to 234 kg/cm?.

The results of experimental studies allowed
obtaining the dependence of the resistance factor
on the permeability of the medium and the
concentration of the solution, which will make it
possible to create conditions for the isolation of
water inflows using a non-stationary flooding
program in the considered medium. The application
of the methodology of rational planning of
experiments allows one to get maximum
information during the realization of the experiment
plan. Reduction in water mobility can be achieved
even at minimum concentrations. In this regard, the
expression for determining the necessary
concentration depending on the permeability of the
medium is obtained. The application of appropriate
methods of data processing and information

analysis makes it possible to justify the choice of
polymer solution.

Conclusion

In most fields, after almost complete
production, the residual oil is in a capillary-pinched
form or in the form of separate oil columns. To
increase the completeness of its extraction, the
method of non-standard flooding is widely used, the
effectiveness of which has been proven during pilot
work at the Yu-2+3 field facility.

Analysis  of  geological and physical
characteristics of objects and the existing
development system, it can be noted that this
method is applicable almost everywhere. In order to
achieve the greatest efficiency from the introduction
of cyclic impact, it is recommended to use the
criteria proposed in this paper for the selection of
sites and the technology of work.

The results obtained and the workflow
presented in this paper provide a better
understanding of the mechanism of polymer
solutions in waterflooding. In addition, the definition
of optimized workflows to evaluate any solutions in
porous media and changes in permeability is
supported.
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TYRIHAEME

Makanaga ctauMoHapabl emec cy XibepyaiH, maHi kepceTinreH, 6y cy3ri aFbiHAAPbIHbIH, 6aFbITbIH
©3repTy YLWiH KONAaHbINATbIH MyHal eHAIpY KO3GDULMEHTIH apTTbipyablH, TUIMAI aaicTepiHiH bipi
6onbin  Tabbinagbl. byn  a4ic eHAipinmereH MyHal  KOpAapblH - Urepyre »KaHe eHImAi
KONIEKTOPNAPAaFbl KEH OPbIHAAPbIHBIH, CYNaHy KapKblHbIH TOMEHZETyre MyMmKiHAIK 6epegi.
TypakTanmaraH cy »KibepyaiH KeH, TapanfaH TexXHONOrMANbIK aici peTiHge alpay
YHFbIMANapbIHbIH, UMKALIK }KYMbIC peXumaepi KongaHoinagpl. byn aficTiH MaHi MblHaga: MyHal
KEH OPHbIHAA TyPaKTasMaFaH Kafaanaa Kabat XKyMeciHiH cepnimai KyLuTepiHiH, y34ikci3 6onatblH
}afganap TyblHAANAbl. Op TypAi aliMaKTap, apHanap MeH CYMbIKTbIK afblHAAPbI apacblHAabI
bipiHFait emec KabaTTa rMAPOAMHAMUKANbIK KbICbIM TPagMeHTTepi naiga 6onagpl, COHbIH,
apKacblHAA CYMbIKTBIKTbIH, Kelibip KabaTTapaaH ekiHLiciHe, KapblKTapdaH bG/OKTapFa afybl
MYMKiH. COHbIMEH KaTap afblHAApAblH 6afbiTTapbl ©3repesi. TypakTanmaraH cy xibepy KesiHae
bipiHfail emec KabaTTapaplH, TeMeH OTKi3ril KabaTTapaafbl Hemece aliMakTapAafbl MyHal
KOpAnapblHbIH, 6ip 6eniri anganaTblH CyMeH KaMTblIMafaH KylhiHae Kanagbl. Cy 6ackaH KabaT
CyNaHfaH XoHE MyHalMeH KaHbIKKaH MUKpOaf3anapblH KyMeci3 aybickaH TypiHae 6onagpl.
MyHaalh KonnekTopnapfa Kesnemi MeH 6afbiTbl GOMbIHWA Ke3eKTecin ©e3repeTiH  KbiCbiM
rpaAveHTTepiH Kypy KesiHae MyHalt KabaTbiHAa KbICbIMAbI CyAbl MyHaMeEH KaHbIKKaH eTKi3riTiri
TOMEH alilMaKTap MEH apHa/iapfa EeHridy XaHe ofapAaH MyHaiabl 6enceHai ApeHarKAaplK,
aliMaKTapfa aybICTbIpy YLWiH Xafaainap TyblHAAWAbl. Tanaay HITUMKeCIHAE CTaLMOHapbIK emec
cy ibepy TEXHONOrMACBHIH iCKe acblpyAblH, OH, 3Cepi aHbIKTanAbl, COHAAN-aK OHbl MyHal KeH
OpbIHAAPbIHbIH, 6acKa 06beKTINEPIHAE KONAAHYAbI KETINAIPYy 60MbIHWA yCbIHbICTap Bepinai.
TyliiH ce3dep: CTaumoHapAbIK eMEC Cy ailaay, aiaay YHFbIMachl, LMKAAIK aligay, myHai bepy, cy3y,
reTeporeHAiniK.
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AHHOTALMUA

B cTaTbe M3NM0)KeHa CyLLHOCTb HECTAaLMOHAPHOro 3aBOAHEHMWA, KOTOpoe AB/AETCA OAHWM U3
[OCTaTOYHO  3GPEKTUBHBIX  METOAOB  yBEAUYEHUA KOIPPUUMEHTA wu3BAeYeHUA HedTH,
NPUMEHAEMOrO A1 U3MEHEHUA HAMpaBieHUs QGUAbTPALMOHHbBIX MOTOKOB, YTO MNO3BOAAET
BOB/IeYb B Pa3paboTKy HeBblpaboTaHHbIe 3anacbl HEGTU U CHU3UTL TeMNbl 06BOAHEHWA 3aN1EXKU B
NPOAYKTUBHbIX KONNEKTOPax. PacnpocTpaHeHHbIM TEXHOOMMYECKUM METOL0M HECTaLMOHAPHOTO
3aBOAHEHUA ABMAETCA UCMO/b30BAHUE LIMKINYECKUX PEXKMMOB PabOTbl HAarHETATE/IbHbIX CKBAXKUH.
CyLLLHOCTb TaKOr0 METOA,a 3aK/1H04AETCA B TOM, YTO NPU HEYCTaHOBUBLUEMCA COCTOAHWUM B HEDTAHOM
3a/1€XXM BO3HUKAIOT YCNI0BUA AN HEMPEPLIBHOIO NPOABAEHUA YNPYrUX CUA NAACTOBOM CUCTeMbI. B
HEOAHOPOAHOM NJIacTe MeXAY Pas/IMYHbIMM 30HAMK, KaHafamMu U MOTOKAMW KuAKocTeln
BO3HMKAIOT rPaMeHTbl rMAPOAMHAMUYECKMX [AaB/EeHUM, 3a CYET KOTOPbIX MOTYT MPOUCXOAMUTb
nepetokn oénomaa M3 OQHWX CNOEB B Apyrve, U3 TpewuH B 670KM, a TaKKe M3MeHAlTCA
Hanpas/iieHWa MOTOKoB. MpW HecTauMoOHapHOM 33aBOAHEHWM HEOAHOPOAHbIX MAACTOB YacTb
3anacoB HedTM B HM3KOMPOHMLAEMbIX MPOCAOAX WAM 30HAX OCTAeTCA HEOXBAYeHHOMU
3aKaunBaemol BOAON. 3aBOAHAEMbIN NNacT NpeacTaBaseTca Kak beccuctemHoe yepepoBaHue
06BOAHEHHbIX U HedTeHaCbIWEHHbIXMUKPONOTOKOB. MpW CO34aHMM B TaKWMX KON/IEKTOpax
nonepemeHHO U3MEHAIOLLIUXCA MO BEIMYMHE U HanpaB/IeHWUIO FPagMeHTOB AaBNeHuUs, B HepTAHOM
NNacTe BO3HUKAIOT YCNOBUA 1A BHEAPEHUA HAarHETaemMon BoAbl B 3aCTOVHble HedTeHacbIWeHHble
Ma/IoNPOHULL@EMbIE 30HbI WM KaHa/bl, U MNepemelleHna M3 HUX HedTU B 30Hbl AKTUBHOIO
APeHVpoBaHuA. B pesynbTaTe aHanu3a BbIABAEH MONOKUTENbHbIN 3bPeKT oT peannsaumu
TEXHO/MIOTUM  HEeCTaUMOHApPHOro  3aBOAHEHWA, a TaKKe JaHbl  PeKomMeHgauuu  no
COBEPLUEHCTBOBAHUIO €e MNPMMEHEHMA Ha APYrMX 3SKCMAyaTaLMOHHbIX OBbekTax HedTAHbIX
MECTOPOXKAEHUN.

Kniouyesble cnoea: HecTaLMOHApHOE 3aBOAHEHWE, HarHeTaTeNbHas CKBAaXKMHA, UMKAMYecKas
3aKayka,HedTeoTgaua, dunbTpaums, HEOAHOPOLHOCTb.
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ABSTRACT

This paper presents the results of technological studies of two samples of gold-bearing ore from
the gold-bearing deposit of Kazakhstan deposits 1 and 2. A comprehensive analysis of ore samples
by X-ray fluorescence, X-ray phase, chemical, and mineralogical methods was carried out. The
calculated initial gold content was determined, and X-ray fluorescence analysis showed that the
main elements that make up the ore are oxygen up to 51% and silicon up to 33%. X-ray phase
analysis showed the presence of more than 95% quartz and muscovite in the samples. The form
of finding gold in the ore, according to the results of mineralogical analysis, is defined as free gold
and gold in iron hydroxide. Silver is present in the studied samples in the form of various types of
halides. An ore beneficiation scheme has been developed and presented, including gravity and
flotation. Gravity enrichment was carried out in two stages, with the production of concentrate
and tailings, with the maximum recovery of gold in concentrate up to 91%, flotation enrichment
using butyl xanthate reagents and a blowing agent, was carried out in two stages with the
production of main and control concentrates and final flotation tailings. The subsequent
hydrometallurgical study of the ore was carried out to assess the effect of sodium cyanide on the
extraction of gold, tests were performed on the leaching of the initial samples of the ore and the
obtained flotation and gravity concentrates in the agitation mode, it was found that cyanide
leaching is an effective method for processing the mineral raw materials of the gold-bearing
deposit of Kazakhstan, and the obtained flotation concentrates, with the recovery of gold into
solution under optimal conditions up to 98%. The results obtained make it possible to predict the
effectiveness of the main technological stages in the ore processing scheme, technology
optimization, and maximum gold recovery.
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Introduction

Enhanced environmental requirements and the
task of increasing the complexity of the use of raw
materials modify the assessment and reassessment
of new gold fields and operated ones, respectively.
Gold ores are usually characterized by a significant
variety of material composition, which implies the

use of a larger number of processes, schemes, and
options to process them. The technology for
processing of gold ores is complex and specific, and
differences in the material composition, processing
properties, and technological category of ores
determine the methods of concentration and
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extraction, as well as the possibility of processing
according to a single process scheme.

In connection with the depletion of reserves of
free-milling and high-grade ores, new deposits with
a low content of valuable components, a complex or
variable mineral composition, and technologically
refractory ores are put into operation. The complex,
heterogeneous, and variable composition of ores
within a single deposit complicates the processing
scheme and causes the need to adjust technological
modes, and sometimes it requires processing ores
according to various process schemes [[1], [2], [3],
[4], [5]]. Depending on enrichability, gold fields are
classified as: - placer; - silica gold vein; - primary
quartz carbonate-sulphide; - sulfide; - carbonaceous
shales. Placer and silica gold vein fields are free-
milling. Gold is extracted from solid sulfide ores as a
by-product. When producing concentrates of non-
ferrous metals such as copper, zinc, lead, and
molybdenum, the technology for the concentration
of gold-bearing carbonaceous shales has not been
developed [[6], [7], [8], [9], [10]].

Primary quartz-sulfide deposits are the most
common deposits of gold-bearing ores. These ores
are divided into free-milling and refractory ones.
When processing refractory ores by direct
cyanidation or a combined method, including the
stage of ore pretreatment and concentration by
flotation, less than 60-75% of gold is extracted, while
when enriching free-milling ores, more than 90% is
extracted [[11], [12], [13], [14]].

Moreover, the qualitative and quantitative
composition differs within the perimeter of one
deposit; therefore, research on improving the
efficiency of gold extraction, flotation concentration
of crude minerals containing fine gold, and the use
of gravity concentration methods are relevant.

Features of refractory ores are the presence of
fine gold which is usually embedded in pyrite or
other sulfides and is found in an unreleased form
inside mineral particles of sulfides. The particle size
of gold in such ores is usually less than 20 um [[15],
[16], [17], [18], [19], [20], [21], [22]].

Experimental part

Materials and basic methods. In this research,
we used modern research and analytical equipment
such as Optima 2000 DV atomic emission
spectrometer (United States); D8 ADVANCE X-ray
diffractometer; Thermo Nicolet Avatar 370 FTIR
spectrometer; Venus 200 X-ray fluorescence
spectrometer (PA Nalyical B.V., Holland), and
AxioScope Al optical microscope. MShL-22k ball mill
(Russia) was also used;

Main results and analysis. The material
composition of the base ore was studied and
technological regimes were worked out for dressing
and hydrometallurgical processing by cyanidation in
order to extract gold into a productive solution.

To determine the material composition of the
ore for the content of Siotal, Ssuitate, Ssuifige, AU, Ag, CaO,
and SiO; and for further research, ore pretreatment
was carried out. The samples received were
subjected to pretreatment operations such as
averaging and quartering. The selected averaged
samples were received for chemical, fluorescent,
phase, and mineralogical analyses. The sample
processing scheme is compiled for each deposit and
each type of ore, taking into account the
characteristics of the mineral and the size of the
initial samples.

Table 1 — Results of X-ray fluorescence analysis of ore samples of gold-bearing deposits of Kazakhstan 1 and 2

Element | Content, % | Element | Content, % | Element | Content, % | Element | Content, %
Dep 1 (Deposit 1)
[0) 51.59 S 0.357 Cu 0.023 P 0.031
Na 0.022 K 0.405 Zn 0.005 Fe 1.969
Mg 0.151 Ca 0.056 Rb 0.007 Pb 0.092
Al 1.658 Ti 0.082 Zr 0.002 Bi 0.003
Si 33.557 Mn 0.010 Mo 0.011
Dep 2 (deposit 2)
o 49.344 P 0.037 Mn 0.031 Zr 0.05
Na 0.087 S 0.295 Fe 4.715 Mo 0.009
Mg 0.270 K 0.494 Cu 0.079 Pb 0.092
Al 2.591 Ca 0.192 Zn 0.007 Ni 0.007
Si 29.566 Ti 0.117 Rb 0.010 Sr 0.004
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In preparation for the research, the sample were
mixed and reduced in accordance with the standard
procedure with the allocation of weighed quantities
for technological research and the study of the
material composition.

Technological experiments including various
methods of studying the material composition of the
feedstock and microscopic studies provide data for
characterizing the morphology of gold and the
degree of its association with ore components. The
detailed elemental composition of the base ore
samples of gold-bearing deposits of Kazakhstan 1
and 2 (Table 1) was determined by fluorescence
analysis which allows to capture of the spectra of
elements from beryllium to uranium. The results are
shown in Table 1.

According to the results of the analysis, we can
conclude that the studied samples contain oxygen
(O) at 51.59% for Dep 1 and 49.34% for Dep 2, and
silicon (Si) at 33.55% for PK1 and 29.56% for Dep 2.
The sulfur content (S) is low and amounts to 0.36%
for Dep 1 and 0.29% for Dep 2. The content of Al is
1.65 and 2.59%, respectively.

The main composition of the rock-forming
components was determined by X-ray phase
analysis. The survey was carried out using the D8
Advance (Bruker) apparatus (a-Cu, tube voltage 40
kV, current 40 mA). Processing of the obtained data
of diffraction patterns and calculation of interplanar
distances were carried out using the EVA software.
Sample decoding and phase search were performed
using the Search/match program with the use of the
2020 PDF-2 powder diffractometric database. The
results of the X-ray phase analysis are shown in Table
2.

According to the research results, the crystalline
part of the image studied consists of quartz (Dep 1
97.3% and Dep 2 95.9%) and muscovite. The
research data give grounds to assume that the
technological type of ore under study is silica gold.

ISSN-L 2616-6445, ISSN 2224-5243

The subsequent mineralogical analysis made it
possible to establish the main forms of finding gold
in the rocks of mineral raw materials.

To establish forms of gold deportment, ore
samples of gold-bearing deposits of Kazakhstan 1
and 2 were mineralogically analyzed. A polished
section (J = 25 mm, weight = 10-15 grams) formed
from this material was studied under an optical
microscope AxioScope Al.

Mineralogical analysis of ore samples with a size
of up to 0.1 mm in order to study the ore mineral
composition and forms of gold deportment. The
study was carried out using an OLYMPUS-BX 51m
microscope in reflected light, and mineralogical
analysis was carried out using an electron probe
microanalyzer.

To perform the analysis, the sample was divided
into heavy and light fractions. According to the
method, heavy fractions were isolated in a heavy
liquid with a specific gravity of 2.9 g/cm? with the
subsequent production of polished artificial
briquettes.

Mineralogical analysis in reflected light.
Examination of Dep 1 sample. According to the
results of the study, non-metallic minerals that make
up more than 95% of the area of the polished section
1 were determined as quartz grains of grayish-milky-
white color and mica, which was confirmed by X-ray
analysis (quartz 97.3% and muscovite 2.7%). The
copper mineralization of the secondary sulfide
enrichment zone is represented by pyrite. In this
sample, iron-containing minerals and oxidized
minerals account for about 2-3% of the area of the
polished section. Under the reflected light
microscope, pyrite occurs in the oxidation zone of
iron oxides. The inclusion of large sizes up to 2 mm
is shown in Figure 3. Pyrite is white with a brass-
yellow tinge and shows high reflectivity. Iron
hydroxides are often found to be light gray, have
brown internal reflexes, and be isotropic (Figure 1).

Table 2 — Results of X-ray phase analysis of the initial sample of gold-bearing deposits of Kazakhstan 1 and 2

Range Name Formula Content, %
Dep 1
PDF 01-085-0865 Quartz SiO2 97.3%
PDF 00-003-0849 Muscovite H4K2(Al,Fe)6Si6024 2.7%
Dep 2
PDF 01-085-0865 Quartz SiO2 95.9 %
PDF 00-003-0849 Muscovite H4K2(Al,Fe)6Si6024 4.1%
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This figure shows the collomorphic structure of
limonite. The size reaches up to 1.5-2 mm. There are
also grains that are non-metallic and impregnated
with iron oxides. Perhaps this is a clayey substance
or fine sedimentary rocks (Figure 1). 1000x
magnification found no visible gold grains.

Relic of pyrite in iron hydroxides. 200x magnification

Figure 1 — Mineralogical analysis in reflected light

Examination of Dep 2 sample. X-ray phase
analysis showed the content of the crystalline phase:
quartz 95.9% and muscovite 4.1%. The sample is
similar to the Dep 1 one. In this polished section, the
grains are larger and have a collomorphic structure,
iron hydroxides are larger in % content, and the
grain size reaches up to 3 mm. Both free single grains
of pyrite and iron hydroxides were found (Figure 2).

Relic of pyrite in iron hydroxides.200x magnification

Figure 2 — Mineralogical analysis in reflected light

Mineralogical analysis using an electron probe
microanalyzer. The polished section is made of
heavy fractions. The sample mainly consists of
fragments of iron hydroxides such as goethite,
limonite, and rarely hematite. There are single grains
of pyrite which are usually found in the form of relics
in iron oxides and hydroxides, less often in the form
of free grains (Figure 3). Thorough scanning of the
briquettes under a conventional microscope at 200x
magnification revealed no gold; at 1000x
magnification, gold was found. To confirm the
presence of gold in the sample, the surface of the
briquette was studied by X-ray spectral

microanalysis using the Superprobe 733electron
probe microanalyzer (JEOL, Japan). Analyses of the
elemental composition of minerals (microinclusions)
and photographs of various types of radiation were
performed using an energy-dispersion spectrometer
manufactured by OXFORD INSTRUMENTS (England).

Scanning the briquette found two grains of gold
in iron hydroxides (Figure 4) with a % content of Fe
3.98; Ag 0.15; Au 95.87, and the second point with a
content of Fe 11.61; Ag 0.08; Au 88.31.

Free grain of pyrite. 1000x magnification

Figure 3 — Mineralogical analysis using an electron
probe microanalyzer.

The gold-bearing deposit of Kazakhstan 2 (Dep
2) sample is similar in mineral composition to the
Dep 1 sample. The inclusions are dominated by
hydroxides and iron oxides. Free grains of pyrite are
also present in a small amount (Figure 4); it is mainly
found as relics in iron hydroxides.

t
v

Pyrite in iron hydroxide. 1000x magnification

Figure 4 — Mineralogical analysis using an electron
probe microanalyzer

Study of the material composition of the initial
samples (Dep 1 and Dep 2). The ground material of
two initial samples of gold-bearing deposits of
Kazakhstan 1 and 2 was received for the study of the
material composition. In order to concentrate useful
and accompanying ore minerals from samples in a
heavy liquid with a specific gravity of 2.9g/cm?3,
heavy fractions were isolated with subsequent
production of polished artificial sections
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(briquettes). The briquettes were scanned, and
hydroxides and oxides of iron predominated therein.
Free grains of pyrite were found in a small amount,
mainly as relics in iron hydroxides (Table 3).

Table 3 — Gold deportment in the initial samples of gold-
bearing deposits of Kazakhstan 1 and 2

Deportment and content of Au, g/t

AUfree, Au is bound by Au with Auin JAU | Auiotal
oxidiz a crystal lattice sulfide quartz

ed of minerals minerals | veins
miner | (iron oxides and

als. hydroxides)*

Base ore of gold-bearing deposit of Kazakhstan 1

ND | 3.15 | <0.1 ‘ <0.01 ‘3.25‘ 3.25

Base ore of gold-bearing deposit of Kazakhstan 2

<0.1 | 4.0 | <0.05 ‘ <0.01 ‘4.15 ‘ 4.15

* Almost all of the gold in Dep 1 and Dep 2 is located in
the nodes of the crystal lattices of minerals, represented
mainly by oxide and hydroxide compounds of iron.

Gold-bearing deposit of Kazakhstan 1 sample.
Scanning the briquette surface by X-ray spectral
microanalysis found two gold crystals in iron
hydroxides. Grain sizes are 0.003-0.005 mm. The
first gold grain point contains Au 95.87%, and the
second gold grain point contains Au 88.31%. Along
with gold, several grains of silver halides such as Ag,
Br, Ag, and J were found (Figure 5). All grains are in
the form of inclusions in iron hydroxides.

S0MEm

Figure 5 — X-ray spectral microanalysis of the
Prirechnoye 1 sample. Gold grains in iron hydroxides

At the same time, silver which is part of the Dep
1 and Dep 2 samples, was found in compounds
represented by various types of halides. Deportment
of silver compounds, %: Cl 11.86; Br 9.94; Ag 76.79;
11.42.

Gold-bearing deposit of Kazakhstan 2 sample.
The mineral composition of the sample is close to
the one described above. The briquette was
scanned, and grains of iron hydroxides with fine
dispersion inclusiveness were found therein, which,
according to the analysis, is represented by gold

(Figure 6). Gold is found in iron oxides in the form of
tiny grains with a size of less than 1 .

OMKm
Inclusions of the smallest grains of gold in iron
hydroxide

Figure 6 — X-ray spectral microanalysis of the gold-
bearing deposit of Kazakhstan 2 sample

Thus, Figure 6 shows the facts of the occurrence
of inclusions of gold particles with thin inclusions in
iron hydroxides. The shape of the goldenrods is
diverse and can be spherical, rounded, monolithic,
hooked, elongated, or incorrect. The surface of Au
grains is both smooth with clear contours, and
rough, relief.

Discussion of the results

Gravity concentration was studied using the
base ore ground to 98% content of 0-0.071 mm
fraction on a 3-inch Knelson KC-MD3 3 centrifugal
concentrator with continuous unloading. This
concentrator contains a rotating cone-shaped rotor
with two grooves in the upper part with clamping
valves installed along the circumference. At the
bottom of the grooves, there are holes for fluidizing
water. During operation, the heavy fraction
accumulates in the grooves, and the valves are
periodically opened to discharge the accumulated
concentrate. The concentrate output varies
depending on the frequency and duration of
opening of the clamping valves.

The raw material in the form of pulp is fed into
the rotor through a feeding pipe on the bottom of
the cone. Under the action of centrifugal forces, the
pulp is thrown against the wall of the cone and,
moving to the threshold, stratified. Heavy minerals
settle on the inner surface of the cone, slide to the
gap and get inside the shell. Under the action of
water supplied from the pipe, they are washed out
through the threshold into the heavy fraction
collector. The light fraction goes through the
threshold into the receiver. The inner diameter of
the threshold may be equal to, or less than, the inner
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diameter of the threshold. It depends on the
location of the rotor axis, the magnitude of
centrifugal forces, as well as on the mineral
composition of the raw material. The output of the
heavy fraction at a fixed value of the internal
diameter of the threshold is controlled by the supply
of water through the channels.

Research conditions: The diameter of the
concentrator cone is 7.5 cm, the water flow is 3.5
L/min, the pressure is 25 kPa, and the acceleration
of the gravitational fall is 60 g. Table 4 presents the
results of gravity concentration.

Table 4 — Results of two-stage gravity concentration of
Dep 1 and Dep 2 samples of the gold-bearing deposit of
Kazakhstan

Weight
Weight, output, Au, Enu, %
Product g % g/t
Dep-1
Rougher
concentrate 158.3 5.3 23.5 44,16
Scavenger
concentrate 1 155.9 5.2 14.6 27.02
Scavenger
concentrate 2 144.9 4.8 11.5 19.78
Final concentrate 459.1 15.3 16.7 91.0
Tailings 2540.9 84.7 0.3 9.0
Total 3000.0 100.00 2.81 100.00
Dep-2

Rougher
concentrate 144.8 4.8 39.25 47.61
Scavenger
concentrate 1 142.3 4.7 19.7 23.48
Scavenger
concentrate 2 141.5 4.7 15.3 18.14

Final concentrate 428.6 14.3 24.9 89.2

Tailings 2571.4 85.7 0.5 10.8

Total 3000.0 | 100.00 3.98 | 100.00

Before gravity concentration, Dep 1, and Dep 2
samples were ground in a ball mill to 90 % content
of 0-0.071 mm fraction. The enrichment was carried
out in one stage with the production of two main
products, gravity concentrate and tailings. The
obtained concentrates and tailings after drying were
analyzed for the content of valuable components,
and the concentrates of Dep 1 and Dep 2 samples
were also used in further leaching experiments. The
concentrates of the two stages were combined. The
calculation of the balance of gravity concentration
products showed that the estimated initial gold

content in Dep 1 and Dep 2 is 2.81 g/t and 3.98 g/t,
respectively. Thus, the discrepancy with the results
of the analysis of the gold content in the initial PK 1
sample (3.21 g/t) is 12.5% (Discrepancy = (2.81/3.21
— 1.0) x100%). In the Dep 2 sample with a gold
content of 4.12 g/t, the difference in the enrichment
balance was 3.4%.

Technological studies of flotation concentration
were carried out with ground base ore of gold-
bearing deposits of Kazakhstan 1 and 2. For flotation
concentration experiments, Dep 1 and Dep 2
samples were ground in a ball mill to 90 % content
of 0-0.071 mm fraction. Laboratory studies were
carried out on standard laboratory flotation
machines of the Mechanobr type with a chamber
volume of 3.0 L. Flotation was performed at a ratio
of solid particles in the pulp equal to 33%. Flotation
concentration was carried out in two stages with the
production of the main and Scavenger concentrates,
as well as the final tailings of flotation.

During flotation studies, reagent regimes were
carried out using the following reagents: For rougher
flotation: pH 9.0; butyl xanthogenate 120 g/t;
foamer C7 60 g/t; duration 10 min; for scavenger
flotation: pH 9.0, butyl xanthogenate 60 g/t; foamer
C7 30 g/t; duration 5 min. All the obtained
concentrates and flotation tailings were dried for
further analysis. Dep 1 and Dep 2 concentrates were
used in subsequent gold leaching experiments.

Base ore

_1‘_
Grinding

Rougher flotation (t-10 min)
—

'

1 Scavenger flotation (t- 5 min)

Concentrate-1

' 1

Concentrate-2 Tailings

Figure 7 — Studies of flotation concentration; flotation
scheme (gold-bearing deposit of Kazakhstan
(1 and 2 deposits)

Figure 7 shows an experimental scheme for
determining the optimal fineness of the floated
material. The results of flotation concentration
experiments are presented in Table 5.
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Table 5 — Results of flotation of Dep 1 and Dep 2 samples
ground to 90 % content of 0-0.071 mm fraction

Weight, Weight Au, o
Product g output, % o/t Eau, %
Dep-1
Rougher
concentrate 215.6 10.8 29.0 83.64
Scavenger
concentrate 1 139.7 7.0 4.2 7.85
Scavenger
concentrate 2 75.4 3.8 2.2 2.22
Final
concentrate 430.7 21.5 16.3 93.7
Tailings 1569.3 78.5 0.3 6.30
Total 2000.0 100.00 3.74 100.00
Dep-2

Rougher
concentrate 291.0 14.6 13.32 49.96
Scavenger
concentrate 1 235.0 11.8 11.5 34.83
Scavenger
concentrate 2 112.4 5.6 5.65 8.19
Final
concentrate 638.4 31.9 11.3 93.0
Tailings 1361.6 68.1 0.4 7.0
Total 2000.0 100.00 3.88 100.00

The calculation of the balance of flotation
concentration products showed that the estimated
initial gold content in Dep 1 and Dep 2 is 3.74 g/t and
3.88 g/t, respectively.

Thus, the discrepancy with the results of the
analysis of the gold content in the initial Dep 1
sample (3.21 g/t) is +16.5% When calculating the
experimental error and estimated data, the
discrepancy was (3.74/3.21—1.0) x100%). In the Dep
2 sample with a gold content of 4.12 g/t, the
difference in the enrichment balance was 5.83 %.

Hydrometallurgical studies of ore samples from
the gold-bearing deposit of Kazakhstan (Depl and
Dep 2) were carried out using samples ground to 80
% content of 0-0.071 mm fraction.

To assess the effectiveness of cyanide leaching
for extracting gold from the raw materials of the
Prirechnoye deposit, tests were performed on the
leaching of base ore samples, gravity, and flotation
concentrates. The study of the leaching process was
carried out by tank leaching method with stirring
activation [[18], [19]]. The data is presented in Table
6.

Leaching process mode. Cyanide (NaCN)
concentration is 0.2%; duration of cyanidation is 24
h; pulp density during cyanidation is 30% solid; pH

ISSN-L 2616-6445, ISSN 2224-5243

10.5. The test sample was ground to 80 % content of
0-0.071 mm fraction, then pulped and tested in
agitation mode, while controlling the alkalinity pH at
10.5. To ensure an initial pH value of 10.5, alkali
NaOH was added to the sodium cyanide solution.
Upon completion of cyanide leaching, the pulp was
filtered, and the solid precipitate (cake) was
analyzed for gold content.

Table 6 — Results of agitated cyanide leaching of gold-
bearing deposit of Kazakhstan 1 and 2 samples

Initial Cakeau

Option/conditions | Au, g/t , 8/t Eau, %
Dep 1 base ore 321 | 008 | 9751
Dep 2 base ore 4.12 0.13 96.84
Dep 1 rougher

concentrate,

gravity 23.5 3.83 83.70
Dep 2 rougher

concentrate,

gravity 39.25 20.0 49.04
Dep 1 rougher

concentrate,

flotation 29.0 0.54 98.14
Dep 2 rougher

concentrate,

flotation 13.32 0.61 95.42

The results of the studies show that during
cyanide leaching of ground base ore of gold-bearing
deposits of Kazakhstan 1 and 2, gold extraction in
optimal modes is 97.51% and 96.84%, respectively.
Gold extraction was calculated by the residual
content in the cake.

Thus, the extraction of gold in optimal modes is
in %:

- gravity concentration of gold-bearing deposit
of Kazakhstan 1 and 2 ore: 91.0 and 89.2,
respectively;

- gravity concentration of Dep 1 and Dep 2 ore
followed by cyanidation of gravity concentrate:
83.70 and 49.04;

- flotation concentration of Dep 1 and Dep 2 ore:
93.7 and 93.0;

- flotation concentration of Dep 1 and Dep 2 ore
followed by cyanidation of flotation concentrate:
98.14 and 95.42, respectively.

It follows from the data in Table 6 that the base
ore of the gold-bearing deposit of Kazakhstan 1 and
2 and the flotation concentrates of the gold-bearing
deposit of Kazakhstan 1 and 2 are well cyanized.
Gravity concentrate of Dep 1 and Dep 2 is cyanidated
slightly worse.
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Conclusions

The technology for processing gold ores is
specific and complex. For the complete recovery of
the precious metal, a combination of various
processing methods such as concentration and
hydrometallurgical wats is used. The complex
material composition, the scale of deposits, and
environmental requirements require a
comprehensive study of raw materials, analyses, and
technological experiments. The ultimate goal of the
research is to develop a technology with maximum
recovery of the target metal. We carried out a
technological assessment of ore from the gold-
bearing deposit of Kazakhstan deposit (Dep 1 and
Dep 2 samples), studied the material composition,
and tested ore for the enrichment and efficiency of
hydrometallurgical recovery of gold by agitated
cyanide leaching. It has been confirmed that silica
gold vein is the technological type of ore. Based on
the study of the material composition and
deportment of gold and associated minerals, it was
proposed to conduct technological studies on
gravity and flotation concentration, where greater
efficiency and selectivity were shown in the flotation

cycle; according to the results of the analysis, 93.7 %
and 93.0 % passed into the scavenger concentrate
for Dep 1 and Dep 2 samples, respectively. Gravity
concentration has a lower efficiency in relation to
this ore (91.0 % and 89.2 %) due to the loss of fine
gold during the release of mineral grains. The
proposed technology of ore processing of the gold-
bearing deposit of Kazakhstan includes ore
preparation (grinding to 80 % content of 0-0.071 mm
fraction, flotation with a reagent composition: pH
9.0; butyl xanthogenate 120 g/t; foamer C7 60 g/t,
with further agitated cyanide leaching by tank
leaching method at a concentration of cyanide
(NaCN) of 0.2; pulp density of 30% solid and
alkalinity pH of 10.5). Further recovery of gold from
the productive solution is possible by electrolysis
after concentration by the ion exchange method.
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ANTbIH KeHiH eHAeY TEXHOIOIUACBIH 3epTTey }KaHe AaMbITy
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TYRIHAEME

Byn xymbicTa KasaKcTaHaafbl KypambiHAA anTbiHbl 6ap KeH OpbIHAAPbIHbIH, €Ki yariciH —KeHopbIH
1 koHe KeHOpblH 2 yArinepiHiH TeXHONOrMANbIK 3epTTeynepiHiH, HaTukenepi bepinreH.
PeHTreHaik ¢nyopecueHuMs,  peHTreHAK asanblk,  XUMUANBIK KOHE MUHEepanoruAnbIK,
a4icTepMeH KeH YArinepiH KeweHAi Tangay »Kysere acbipbingpl. EcentenreH 6actankbl antbiH
KYPambl aHbIKTaNbIMN, PeHTreHAiK ¢ayopecueHUMANbIK Tangay KeHAi KypawTblH  Herisri
anemeHTTep peTtiHae 51%-fa aeWiH oTTeri »aHe 33%-fa AeliH KpemHuii 60naTbiHbIH KOPCeTTi.
PeHTreHaik pasanbik Tangay yarinepae 95%-aaH actam KBapu, NneH MyCKOBWTTIH 6apblH KepceTTi.
MuHepanorvanbiK  Tangay HatuKenepi 6oMbliHWA KeHAeri antblH 60C  anTblH - XKaHe
TEMIprUAPOKCUAiHAEr anTbiH TypiHAe 60MaTbiHbl aHbIKTanAbl. 3epTTeneTiH yarinepae Kymic ap
TYpAi ranoreHuaTep TypiHAe Ke3sgecedi. MpaBuTauMAZaH XaHe dnoTauMazaH TypaTbiH KeHai
6alibITy cxemacbl 33ipaeH4i KaHe YCbiHbINAbl. [paBUTaLMANDbIK balibiTy KOHLEHTPATNeH Kanabl
eHAipyMeH, KOHUEHTpATTafbl  anTbiHHbIH, ~ MaKCMManabl  anblHybl 91%-fa  pewiH,
ByTUAKCAHTOreHaTblpe areHTiH aHe KebiKTeHAipriwTi naiganaHa oTblpbin  GAOTAUUANDBIK
6avibiTymeH, Heri3ri »kaHe 6aKpliay KOHLEHTpaATTapbl »KaHEe COHFbl GNoTauMANbIK KangbliKrap
aNblHATbIH, €Ki Ke3eHAe Ky3ere acblpbingbl. HaTpuit LMaHWAIHIH, anTbiHAbl eHAipyre acepiH
6afanay ywWiH KEHHiH rMApPOMeTanNypruablk 3epTreyaepi Xyprisingi. KeHHid 6actankbl yarinepin
YKOHE anblHFaH GNOTAUMANBIK KOHEe rPaBUTALMANDBIK KOHLLEHTPATTapAbl apanacTtblpy pexumiHae
Wwanmanay 6oMblHWA CbIHAKTap Kyprisingi. UnaHuaTi warimanay KasakcTaHAafrbl KypambiHOA
anTbiHbl 6ap KEH OpPHbIHbIH MWHEPaNAblK LIMKI3aTblH KOHE OAaH anblHaTbiH $GAOTALMANBIK
KOHLeHTpaTTapAbl 6HAEYAIH TiMAi aaici 601biN TabbiNaTbIHbIH YKaHe OHTalAbl XKaFaaniaa 98%-fa
OeliH anTblHAbl epiTiHAire KaWTapy MyMKiH 60naTbiHbl aHbIKTaNAbl. ANbIHFAaH HATUXKeNep KeHai
eHAeycbI3  BacblHAafbl Herisri  TEXHOMOTUANBIK,  Ke3eHAEPAiH, TWIMAINIrH, TeXHONOrUAHbI
OHTaWNAHAbIPYAbI }KaHE aNTbIHHbIH MAaKCMMaNAbl anbiHyblH 6oMKayFa MyMKiHAIK bepeai.

Makana kengi: 5 maycoeim 2023
CapanTtamagaH eTTi: 4 winde 2023
Kabbinganabl: 22 mameiz 2023
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UccnepoBaHue u pa3paboTKa TexHoNorMm nepepaboTku

30/10TOCOAEPIKALLEN PyAbl
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AHHOTAUMA

B gaHHOM paboTe npeacTaB/ieHbl Pe3ynbTaTbl TEXHOMOTMHYECKUX MCCefoBaHMA ABYX 06pa3sLoB
npob 30n10TOCOAEPIKALLEN PyAbl MecTopoxaeHusa KasaxcTaHa— mecTopoxaeHus 1 u 2. NposeaeH
KOMMEKCHbI  aHanu3 06pa3uoB  pyabl  PeHTreHobyOpecueHTHbIM,  peHTreHodas3osbim,
XUMMUYECKMM U MUHEpPanorMiyeckum metogamu. OnpesesieHo pacyeTHOE UCXOAHOE COAepiKaHue
30/10Ta, TaK e, PeHTreHohNyOpecLeHTHbIMaHaIM30M MOKa3aHo, YTO OCHOBHbIMM 31eMeHTaMMm,
COCTaBAAOWMMU PYaY, ABNAIOTCA KMCNOPOA, A0 51% v KpeMHui 40 33%. PeHTreHoda3oBblii aHanu3
rokasan npucyTcTere B npobax Ksapua, 6osiee, 4em 95% v myckosuta. Dopma HaXoKAeHWA 3010Ta
B py4e, MO pesy/ibTaTam MWHEPasIorMYecKoro aHanusa, onpegesneHa, Kak cBobogHOe 30/10TO M
30/10TO B rMapookucne xenesa. Cepebpo npucytcTByeT B Mccneayembix obpasuax B dopme
ranoreHMAOB pasnuyHoro Tuma. PaspabotaHa W npeacrasieHa cxema oborawieHus pyabl,
BK/IIOYAIOLLAA rpaBuTaumio u ¢dnotaumio. MpasuTaumMoHHoe oboralieHne NpPoBOAMIOCH B ABe
CTafiuu, C NOJlyHEeHMEM KOHLLEHTPaTa M XBOCTOB, MaKCMMa/ibHOEe M3B/IeYeHMe 30/10Ta B KOHLEHTpaT
00 91%, dnotaumoHHoe oboraleHe ¢ UCNONb30BaHMEM peareHToB 6yTUI0BOro KCaHTOreHaTa u
BCreHMBaTeNs, MPOBOAWIOCL B [ABE CTaguu C MOJlyYEHUEM OCHOBHOMO WM KOHTPOJIbHOTO
KOHLIEHTPATOB M WTOroBbIX XBOCTOB ¢ioTaumu. [locneayloulee rMApoOMeTasIypruyeckoe
nccaefoBaHne pyapl NPOBOAMAOCH AR OLEHKM BAMAHWA UMaHUAa HaTpuA Ha M3BaedYeHue 30/10Ta,
BbIMO/IHEHbI TECTbI MO BbILLENAYMBAHUIO UCXOAHBIX NPO6 PYAbl M NOAYYEHHbBIX GAOTALUMOHHBIX M
rPaBUTALMOHHbBIX KOHLEHTPATOB B arMTaLMOHHOM pPEeXMMeE, YCTaHOB/IEHO, YTO LUMaHUAHOe
BbilenadnBaHve AsaAeTcA 3GGEKTUBHBIM cnocobom AnA nepepaboTKM MUMHEPaNbHOMO CbipbA
30/10TOCOAEPKALLErO MECTOPOXKAEeHMA KaszaxcTaHa, U NoslydeHHbIX GNOTaLuMOHHbIX KOHLEHTPATOoB,
C M3BJIeYEHMEM 30/10Ta B PACTBOP MPU ONTUMAIbHBIX YC10BUAX 40 98%. MonyyeHHble pesynbTaThl
MO3BO/IAIOT MPOrHO3MPOBaTh 3GPEKTUBHOCTL OCHOBHbLIX TEXHO/NIOTMYECKMX 3TaroB B CXeme
nepepaboTKM pyabl, ONTUMM3ALMM TEXHONOMMM U MaKCUMa bHOIO U3B/1eYeHMsA 30/10Ta.
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ABSTRACT

This article presents the results of a study of the agglomeration of waste alumina ferrous sands
and the use of sinter as a substitute for metal charge in steelmaking. At this time, in the process
of processing bauxite, JSC "Aluminium of Kazakhstan" produces a large number of fines, which is
of great interest to ferrous metallurgy. Wastes from alumina production include a variety of waste
sludge, including red, gray sludge, and ferrous sands. According to the chemical composition,
ferrous sands can be attributed to iron ore material with a high content of alumina. Most of these
problems are eliminated by preliminary agglomeration of fines. In this work, agglomeration studies
made it possible to establish the optimal parameters for sintering ferrous sands. When using 10%
fuel, the best sintering performance is achieved. The optimal parameters for sintering ferrous
sands mixed with other metallurgical wastes are such as productivity - 0.92 t / m? h, mechanical
strength - 80.0%, sintering speed - 19.3 mm/min, yield - 82.0%, the maximum temperature in the
layer is 1340 °C. The results of laboratory melt carried out in an induction melting furnace indicate
the possibility of using a sinter as a substitute for metal charge in iron and steel smelting. The
conducted melting confirms the fundamental possibility of using a sinter, made from waste
products of alumina production of ferrous sands, is a man-made charge material that is suitable
for use as a 5% additive to the metal charge in the smelting of iron-carbon alloys similar in
composition to cast irons.

Keywords: Ferrous sand, agglomerate, sintering, charge gas permeability, sintering rate, metal
charge, smelting.
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Introduction

preliminary estimates, more than 500 thousand tons
of such waste are generated per year. This is only in

At this time, in the process of processing
bauxite, JSC "Aluminium of Kazakhstan" produces a
large number of fines, which is of great interest to
ferrous  metallurgy. Wastes from alumina
production include a variety of waste sludge,
including red, gray sludge, and ferrous sands. lron
sands are formed as a result of the leaching of
bauxites according to the Bayer scheme. When
bauxite is leached at JSC "AK", a scheme has been
developed for removing the iron component of
bauxite (ferrous sands) [1]. The formed ferrous
sands contain over 50% Fe;0s, which, by their
chemical composition, are suitable for use in the
production of ferrous metals. According to

Kazakhstan. And according to [2], more than 2.7
billion tons of bauxite waste have accumulated in
the world, and annually its amount only increases by
120 million tons.

Currently, the world has a wide variety of works
on the processing of bauxite waste from alumina
production. However, the ongoing research is not all
of the interest from the side of metallurgy. Many
technologies for processing wastes from alumina
production are expensive for the implementation of
the presented studies, and most of them are
accompanied by complexity and multi-stage
processing processes. According to its composition,
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bauxite waste can be used in various industries [[3],
(4], [5], [6], [71].

At present, a large number of different methods
for processing sludge waste from alumina
production have been developed in the world [[8],
[9]]. In the works [[10], [11], [12], [13]], the
technologies for extracting valuable rare earth
metals and components from alumina production
sludge are considered.

In [[14], [15]], the technology of processing
wastes from alumina production (red mud) by
agglomeration was studied. In this direction, many
years of great work have been done on the
processing of red mud by agglomeration, and
positive results have been obtained. It follows that
ferrous metallurgy seems to be the most promising
for the processing of ferrous sludge (ferrous sands).

In Kazakhstan, the research, presented in [16], is
devoted to the study of ferrous sands. The analysis
of the physicochemical data on the composition of
ferrous sands shows that they can be considered a
potential raw material for the production of
pigments and cast iron. In [[17], [18]], a method was
developed for the processing of alumina production
waste - red mud by reduction smelting to produce
cast iron and slag containing rare earth elements
and titanium dioxide. The work [[19]. [20]] shows
the possibility of hydrochemical enrichment of
ferrous sands by leaching with alkali-aluminate
solutions of alumina production.

Industrial waste is often used in metallurgy as
cheap substitutes for iron ores. As a rule,
technogenic wastes have a fractional composition of
less than 5 mm. When working on a fine charge in a
blast furnace, the blast pressure on the tuyeres and
the loss of blast pressure in the charge column
increase significantly. All this leads to the hanging of
the mixture, and gas permeability deteriorates.
There is a deterioration in the degree of use of
chemical and thermal energy. Under such
conditions, it is not necessary to operate the
furnaces normally and achieve the productivity of

Table 1 — Chemical composition of materials

the workshops. It is obvious that most of these
difficulties are eliminated by preliminary
agglomeration of fines.

The agglomeration of ore materials makes it
possible to involve various technogenic wastes in
metallurgical processing [20], such as screenings of
ores, sludge, mill scale, flue, and aspiration specks of
dust [21], and pyrite cinders. The agglomerated
high-quality charge prepared for smelting will make
it possible to utilize existing waste, improve the
operation of furnaces, reduce dust removal, reduce
the specific consumption of coke, and increase
metal smelting.

Experimental part

Ferrous sands were used as the material under
study. Ferrous sands are waste products of alumina
production, as are waste sludges, including red, gray
sludge, and ferrous sands. According to the chemical
composition of the studied material presented in
Table 1, ferrous sands can be attributed to iron ore
material with a high content of alumina.

When conducting experiments on the
agglomeration of alumina production waste, iron
sands of a fraction of 0-5 mm were used as a charge
in a mixture with mill scale, in a ratio of 70:30.
Screenings of coke were used as fuel. The fraction
0.1-1.6 mm has the most unfavorable effect on
pelletization [20]. It is in this fineness range that
many man-made wastes and the material under
study (iron sands) fall, the granulometric
composition of ferrous sands is presented in Table 2.
The aspiration dust of steelmaking was used as a clay
component to improve the compressibility of the
charge [21]. The use of aspiration dust had a
favorable effect on pelletization, which accelerates
with an increase in the number of nuclei in the
charge. Pelletization was also facilitated by the use
of return in the charge, in which the bulk has the
presence of the smallest particles [[20], [21], [22]].

Materials Fegen SiO2 MnO Al203 MgO Cao S P C
Ferrous sand - waste of 61.0 7.8 - 19.0 0.5 5.7 0.2 - -
alumina production
Rolled scale from mill 76.8 0.8 1.7 - - - - - 0.10
Aspiration dust 50.9 1.7 2.0 3.5 2.0 3.0 0.021 | 0.002 3.2

— 74 ——
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Table 2 - Granulometric composition of iron sands

Fraction, mm

-0.06

-0.2-0.06

-0.5-0.2

-1-0.5

Unit. %

2.0

14.7

43.2

20.5

Table 3 - The chemical composition of the ash and the technical composition of screening coke fraction 0-10 mm, %

SiOz

CaO

MgO

Al>,03

Fe203

A

\Y

w

47.2

10.9

7.0

10.2

11.6

23.0

4.8

6.2

Mixing of the mixture was carried out in a drum
mixer. The optimal moisture content of the charge
was selected empirically, by a gradual increase from
5 to 10%. The use of clay components contributed to
the improvement of the properties of the mixture
during its preparation before sintering, it turned out
to be friable, and the improvement in gas
permeability reduced the sintering time. The
experiments were carried out on a laboratory
sintering plant, according to the established
methodology in the laboratory of the Department of
Metallurgy, Toraighyrov University (Pavlodar).

Before pelletizing, iron sand was subjected to
pre-drying at 100-150 °C in a drying oven, since after
leaching evaporators, iron sands have a high
humidity (70-80%). The moisture content of the
material was reduced to 5-15%.

The following seeds were used as sintering
charge: iron sand, scale (20%), coke breeze (5-10%),
return (20%), and aspiration dust. Mixing and
pelletizing was carried out in a drum mixer. For
better pelletization of iron sand in the mixture,
aspiration dust of a fraction of 0-5 mm was used,
since this material in the composition has a finely
dispersed clay part. Due to the use of waste sludge
as part of the sintering charge, the degree of
pelletization of the material under research is
improved. Screenings of PRC Coke were used as fuel
(Table 3). The return was used from the previous
sinter. Agglomerate was used as a bed. The
incendiary mixture consisted of a mixture of sawdust
and coke breeze, lightly moistened with water.
Ignition mixture - wood shavings moistened
with kerosene.

Bowl parameters: diameter 100 mm, bowl
height allows sintering charge up to 500 mm. The
sinter plant is equipped with a VVN-1.5 vacuum
pump, a TXA, BP thermocouple, and a multi-channel
automatic temperature recorder (ART-2) of the
sintering process (fixing the temperature of the gas
outlet, charge layer at different heights).

The charge was loaded using a special device,
which makes it possible to significantly reduce the
segregation and compaction of the charge. Ignition

was carried out for one minute at a rarefaction of
300-350 mm wg. incendiary and ignition mixture.
Sintering was carried out at a constant vacuum
under a grate of 1000 mm of water column. The
thermocouple readings - the temperature in the
bed, and the temperature of the exhaust gases,
were recorded on ART-2. The start of sintering was
determined by the moment of ignition of the coke,
and the end of the process was determined by the
time of reaching the maximum temperature of the
exhaust gases. The flue gas temperature was
measured with a thermocouple (TCA) installed on
the gas outlet pipeline. After the end of sintering,
the cake was unloaded from the bowl, cooled for 10
minutes in the air, weighed on a laboratory balance,
then dropped from a height of 2 m onto a steel plate
according to GOST 25471 - 82, after which the yield
of classes was determined (including the good
fraction +8 mm). Further samples of the
agglomerate fraction +5 - 40 mm were subjected to
the determination of mechanical strength according
to GOST 15137 - 77.

The discussion of the results

During the research, the amount of coke was
changed from 5 to 10%. Figures 1, 2, and Table 4
present the results of laboratory studies. From the
figures and tabular data (table 4), it can be seen that
the amount of fuel has a positive effect on the
sintering performance. At 3—-5%, the sintering rates
are quite low. Changes are observed with an
increase in the amount of fuel from 6%. At 7 - 8%
fuel, the sintering speed increases slightly to 16.3 —
16mm/min, the plant productivity increases to 0.69
-0.70t/ m2 h, mechanical strength 75.0 - 77.3%, the
yield of suitable sinter is 66.9 - 70%.

A noticeable change is observed with an
increase in the amount of fuel in the sinter charge by
9-10%. Changes are visible in the sintering speed,
there is an increase from 18.4 to 19.3 mm/min, the
productivity of the plant increases from 0.86 to 0.92
t/m?h, mechanical strength is 79.0 - 80.0%, and yield
79 - 82%.
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The best results in terms of strength and yield of
suitable sinter were obtained with an increase in the
amount of fuel by up to 11%. However, there is a
slight decrease in the sintering speed and
productivity of the sinter plant. This is obvious since
the carbon of the fuel during combustion releases
the heat necessary for the sintering of the charge. If
there is not enough fuel in the charge, then the
temperature required for sintering (at which liquid

phases begin to form) will not be reached and
physicochemical transformations in the charge will
be poorly developed. The mixture with insufficient
fuel will not sinter to the end (a sufficient amount of
bonding of all particles among themselves is not
formed throughout the entire layer), which will lead
to a weak strength of the resulting sinter, which is
demonstrated by the data in Figures 1 and 2.
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Figure 1 — Influence of the amount of fuel on the sintering performance in terms of productivity and sintering speed
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Figure 2 — Influence of the amount of fuel on the sintering performance in terms of strength and yield of suitable sinter
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On the other hand, excessive consumption of
fuel causes the development of high temperatures,
which will cause excessive melting of the sinter and
a decrease in mechanical strength, such as with an
increase in fuel up to 11%. It is necessary to have
such a fuel consumption at which the agglomerate
would have good mechanical strength and would
not be strongly melted [[21], [22]]. These studies
were carried out in order to determine the
appropriate fuel consumption for such a sinter.

Thus, the use of 10% fuel should be considered
the optimal parameter for sintering iron sands in a
mixture with other metallurgical waste, since the
best indicators of the sintering process were
achieved: productivity - 0.92 t/m? h, mechanical
strength - 80.0%, speed sintering - 19.3 mm/min,
good yield - 82.0%, maximum temperature in the
layer - 1340 °C. Figure 3 shows photographs of iron
sand (a) and iron ore sinter (b).

The chemical composition of the produced iron
ore sinter is shown in table 5.

Further research work was carried out to assess
the possibility of using iron ore sinter as a substitute
for metal charge in steelmaking. For this purpose,
induction melting was carried out in an ITP-0.005
furnace. The agglomerate was loaded into pre-
molten metal. The melting of the metal was carried
out according to the basic technology of melting
steel grade St40. The average specific power
consumption in melts using a sinter is higher by 0.52
kW/t than in base melts, which is 0.2%, i.e. the
average specific power consumption is practically at
the same level. The outlet metal temperature was
1450-1500°C. The temperature was measured using
a tungsten-rhenium thermocouple (VR) and an MRT-
6 multichannel temperature recorder. The average
duration of the melts was 1 hour 30 minutes. Data
on the chemical composition of the metal are
presented in Table 6.

Table 4 — Sintering performance with changes in fuel consumption

Ne of The amount of coke in Sintering speed, Productivity, t/m? | Strength according | Yield, %
Experiment the charge, % mm/min hour to GOST - 15137-87
1 3 10.4 0.38 - -
2 4 11.3 0.47 50.1 47.2
3 5 12.5 0.54 68.0 54.0
4 6 15.7 0.65 72.0 55.0
5 7 16.3 0.69 75.0 66.9
6 8 16.4 0.70 77.3 70.0
7 9 18.4 0.86 78.0 79.0
8 10 19.3 0.92 80.0 82.0
9 11 19.0 0.90 83.0 85.0
Table 5 — Chemical composition of iron ore sinter.
Material name Chemical composition, %
Fegen Al,03 Si02 Cao MgO S P
Iron ore sinter 53.0 15.82 11.36 4.96 4.86 0.59 0.066

Figure 3 — Iron sand (a) and iron ore sinter (b)
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Table 6 — The chemical composition of the metal

Ne of smelting Content of elements, %

C Si Mn S P
1 4.70 0.200 0.250 0.020 0.020
2 3.20 0.004 0.015 0.008 0.020
3 0.20 0.009 0.010 0.009 0.008

Table 7 — Chemical composition of the metal part of the charge, %

C Mn Si S P Cu Al

0.40 0.45 0.25 0.020 0.015 0.10 0.020
Table 8 - Chemical composition of the resulting ingots, %

C Mn Si S P Cu Al

0.45 0.20 0.15 0.020 0.015 0.08 0.08

The analysis showed that the obtained alloys
have a low content of harmful impurities: the
content of sulfur and phosphorus is not more than
0.02%. When conducting experimental heats, steel
scrap of steel grade St-40 was used as the metal part
of the charge and iron ore agglomerate in the
amount of 0.80 kg.

The chemical composition of the metal part of
the charge is presented in Table 7.

The total weight of the mixture was 5.8 kg. The
average duration of heat is 1 hour 30 minutes, and
the temperature of the metal at the outlet is 1600
°C. During melting, slag was induced by the following
composition of materials:

- quicklime (Ca0) - 45%;

- silica (SiO3) - 25%;

- metallurgical alumina + fluorspar (CaF;) - the
rest.

During the melting process, the formation of
foamy slags was observed. Foamy slags affect the
process of oxidation of solid carbon particles in the
sinter with the formation of carbon dioxide. Under
production conditions, when using agglomerate, it
will allow obtaining a reduction in the specific
consumption of electricity and reducing agents. This
statement is confirmed by individual heats, where
the specific consumption was 480-510 kW in terms
of a ton of good products.

The resulting iron-carbon alloy was deoxidized
with aluminum and cast into cast iron molds. As a
result of experimental melting in an induction

furnace, 5 ingots of 5 kg each were obtained, the
chemical composition of which is presented in Table
8.

The vyield of suitable metal was 95.0%.
Estimating the content of permanent impurities in
obtained samples, the following conclusions can be
drawn:

- low content of sulfur and phosphorus due to
the use of iron ore sinter containing a minimum
amount of harmful impurities;

- the use of iron ore sinter as part of the charge
leads to an increase in the carbon content in excess
of the calculated amount. This means a higher
degree of carbon uptake when using iron ore sinter
compared to using carbonaceous materials added
during carburization smelting.

The results of melting with the use of iron ore
sinter obtained in this work indicate their successful
application as a substitute for the metal part of the
charge for steel melting. In the process of research
in laboratory conditions, 20 kg of steel and iron-
carbon alloys were smelted using a sinter of various
compositions.

Thus, the fundamental possibility of steel
smelting using a sinter is shown. A carbonaceous
reducing agent, which is part of the sinter, has a
positive effect on the reduction process of
steelmaking. It should also be noted that the most
important thing is that the agglomerate allows you
to partially replace cast iron and steel scrap,
significantly reducing the cost of metal.
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Conclusions

1 Agglomeration makes it possible to involve in
the metallurgical process of various production
wastes, such as ferrous sands, sludge, mill scale, flue,
and aspiration dust. The high-quality agglomerate
charge prepared for smelting in the form of iron ore
will make it possible to dispose of existing waste,
improve the operation of furnaces, reduce dust
removal, reduce the specific consumption of coke,
and increase metal smelting;

2 Sintering studies made it possible to establish
the optimal parameters for the sintering of ferrous
sands. When using 10% fuel, the best sintering
performance is achieved. The optimal parameters
for sintering iron sands mixed with other
metallurgical wastes are: productivity - 0.92 t / m?h,
mechanical strength - 80.0%, sintering speed - 19.3
mm/min, yield - 82.0%, the maximum temperature
in the layer is 1340 °C;

3 The results of laboratory melts carried out in
an induction melting furnace indicate the possibility

of using a sinter as a substitute for metal charge in
steelmaking;

4 The results of the melts carried out in the ITP-
0.005 induction furnace in order to assess the
effectiveness of replacing scrap iron showed that the
resulting iron-carbon alloy is similar in chemical
composition to gray cast iron SCH15 GOST 1412-85;

5 Conducted smelting confirms the fundamental
possibility of using an iron ore sinter, made from
waste products of alumina production of iron sand,
is @ man-made charge material that is suitable for
use as a 5% additive to a metal charge in the
smelting of iron-carbon alloys similar in composition
to cast iron. The content of harmful impurities in the
resulting alloys is minimal and is: 0.009-0.026%
sulfur and 0.008-0.022% phosphorus. Yield of
suitable metal during melting in an induction
furnace is 95.0%.
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BokcutTepai Kauta eHAey KanablKTapblHaH Temip KeHi ariomeparbiH
anyabl 3eprrey

MyHicoBa A.K., bbikos N.0., }KyHicos A.K., KeH}xebekoBa A.E.

Topalireipos yHUsepcumemi, Masnodap, Kasakcma

TYWIHAEME

Makana kengi: 26 cayip 2023
CapantamagaH eTTi: 25 mameip 2023
Kabbinganabl: 24 mameis 2023

KangplKTapbiHaH

KenTipinreH. Kasipri yakpiTta "KasakcraH antoMUHWUII
npoueciHae Ken meslwepae yCaKk-TyWekTep Tysineai, onap Kapa MEeTannyprusa YWiH yAKeH
KbI3bIFYWbIMbIK TyAblpadbl. XMMMUANbIK Kypambl 6oMblHWA TemMipai Kymaapabl, KypambiHAA
KOFapbl Temip KeHAi MmaTepuanfa KaTkbidyfa OGonagbl. ATanfaH
macenenep ycak-TyWeKTi anaplH ana KecekTey — arlomepaumanay apkbiabl wewwinegi. byn
JKYMbICTA arfiomepauuanblK  3epTreynep Temipai KymaapaplH, KyHWexKeHTeKTeydiH OHTalnbl
napameTpiepiH aHblKTayfa MYMKIHAGIK 6epai. OTbIHHbIH, 10 % nanpanaHfaH Kesze,
arlomepaumaAHbIH,  €H, XKaKCbl KepceTKilTepiHe KON KeTKisingi. backa MmeTannypruanbik
KaNAblKTapMeH Kocnaga Temipii KyMAapAblH, KyMexXeHTeKTeyaiH
Kenecigen 6onapl: eHimainik - 0,92 1/ m2-caf., MexaHuKanblk 6epikTiri — 80,0 %, KyNeKeHTeKTey
KbiNAamabifbl-19,3  MM/MUH., Kapamabiiblk Tycimi — 82,0 %, kabaTtafbl MaKkcumangpl
Temnepatypa - 1340
6ankbITyNnapapiH, HaTUXKeNepi WorbiH MeH 601aTTbl 6anKbITy KesiHAe MeTann WUKIKYPamMbIHbIH,
OpHbIHA arnoOMepaTTbl KOAAaHY MYMKIHAITIH KepceTTi. MyprisinreH 6ankplTynap TexHOreHAiK
WKKIKypam maTepuanbl 6onbin
JKacanfaH arnomepatTbl NalganaHyfblH, MYMKIHAIMH pacTaigbl, Kypambl

ANOMUHUI  Menwwepi

6OMbIHLIA LIOMbIHFA YKaKbIH
WKKiIKypamFa 5% Kocna peTiHAe nanganaHyFa Kapamapl.

Byn maKanaga Temipai Kym astoMUHMIN KanablKTapblHbIH, ar/loMepaumacbiH 3epTTey XaHe 6onat
6anKbITy KesiHAe arnomepaTTbl METaAN  LWMKIKYPaMbiHbIH, OPHbIHA KO/MZ4AHy HaTukenepi

AK-pa 6okcuTTepai KailTa eHaey

OHTalNbl napameTpnepi

°C. WHAayKkumanbik 6ankplTy newiHae »KyprisinreH 3epTxaHanbik

TabblnaTtblH  TEMIP  KYMbIHbIH,  a/lOMUHUI  BHAIPICIHIH,

TEMIP-KOMIPTEKTI  KopbiTnanapapl 6GankbiTy KesiHae MmeTann
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TyiiiH ce30ep: Temip/ii KYyM, arIoOMepaT, KYMeKeHTEKTeY, LWNKIKYPaMHBbIH, ra3 eTKi3riwuTiri,
KYMEXEHTEKTeNY XblAAAMAbIFbl, METa Nl WWKiKYpambl, bankpima.
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AHHOTALUMA

B AaHHOM CTaTbe NPMBOAATCA Pe3y/ibTaTbl UCCNEA0BaHMA ariomepaLmmn OTX0408 rMUHO3EMHOTO
YKENe3UCTbIX MEeCKOB M UCMO/Ib30BaHMM arioMepaTta B KadecTBe 3aMeHMTEeNA METaINOLWNXTbI NpKr
BbIN/iaBKe cTanun. B gaHHoe Bpemsa B AO «AntomuHuii KasaxctaHa» B mpouecce nepepaboTtku
6oKcMTOB Obpasyetca 60/blIOE  KO/IMYECTBO Me/IouM, NPeACTaBaAAloWMA  Ana  YepHOM
MeTannyprum  6onblwoin MHTepec. K OTX0A4amM  [IMHO3EMHOro MPOWM3BOACTBA OTHOCATCA
pasHoObpasHble OTBaJ/ibHble LWAAMbl, CPeaM KOTOPbIX KPacHble, cepble Waambl U KenesucTble

Moctynuna: 26 anpena 2023 neckn. o XMMWYECKOMY COCTaBy, XenesncTble MNEeCKM MOXKHO OTHEeCTU »Kene3opyaHomy
PeueHsupoBaHue: 25 mas 2023 MaTepuany c NOBbILEHHbIM COAEP!KAaHNEM rNHO3eMa. Bonblan YacTb NepeuncieHHbIX Nnpobiem
MpuHAaTa B Neyatb: 24 ageycma 2023 YCTpaHAETCA npefBapuTe/ibHbIM OKYCKOBAHMEM MeNIoun - arnomepauumein. B gaHHol pabote

arnomepaLlmoHHble UCCef0BaHUA NO3BO/INAN YCTaHOBUTb ONTUMAJIbHbIE MAPaMeTpbl CNeKaHus
Kenesnctblx neckos. Mpu ucnonbsosaHum 10 % TonavMBa AOCTUFHYTbI HaWAyYlMe MOKasaTenu
cnekaHusa. ONTUManbHbIMW NapaMeTPammn CreKaHUA KeNe3nCTbiIX NecKoB B CMECU C ApYyrumu
METaIyPruyeckMMmn OTXOA4aMM ABISIOTCA: NPOU3BOAMTEIbHOCTL - 0,92 T/M2-yac, mexaHu4ecKas
npoyHocTb — 80,0 %, CKOPOCTb cnekaHua — 19,3 MM/MUH, Bbixod roaHoro — 82,0 %, MakcumanbHas
Temnepatypa B cnoe — 1340 °C. PesynbTaTbl nabopaTopHbIX NAABOK, MPOBEAEHHbIX B
VHAYKUMOHHOW NAaBU/IbHOM Neyu, CBUAETENbCTBYIOT O BO3MOXKHOCTM NPUMEHEHUSA arnomepaTa B
KayecTBe 3amMeHUTeNs MeTa/l/IoWMXTbl MPU BbINIaBKe YyryHa W cTanu. MNposeaeHHble MaaBKu
NOATBEPKAAIOT NPUHUMMUANBbHYIO BO3MOXKHOCTb MCMO/b30BAHMA arloMepaTta, M3roToBAEHHbIX U3
OTXO40B [MIMHO3EeMHOr0 NMPOW3BOACTBA XKEJIe3UCTOro Necka, ABMAETCA TEXHOrEHHbIM LIMXTOBbIM
MaTepuasiom, KOTOpbIA MPUroAeH K MWCMONb30BaHUIO B KayectBe 5 %-HoW p[o6aBkuM K
MEeTa/I/IMYECKON LIMXTE NPU BbINJIABKE YKENe30yrnepogmncTbix Cnaasos, 6AM3KMX MO cocTasy K
YyryHam.
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ABSTRACT

According to the earlier conclusions about the possibility of direct processing of high-sulfur copper
concentrates with copper-lead matte, analysis of the thermal regime of converting was carried
out. It is shown that the traditional calculation methods used to calculate autogenous smelting are
not entirely correct and require taking into account the effect of excess sulfur on the temperature
regime of the process. It has been established that in the process of converting copper-lead
mattes, a wide range of temperature variation is observed - from 1027 °C to 1300 °C. When the
concentrate is combined with the matte, the temperature regime of the process is stabilized,
which ensures the optimal level of SO, concentration in the gases required for the production of
sulfuric acid. Based on the calculation of the material balance of converting copper-lead mattes
using the existing technology and with the addition of a concentrate, the structure of the heat
balance of the converting process was established. A strong change in the structure of the heat
balance is shown, which is explained by the reduction of magnetite with excess sulfur and an
increase in heat due to the oxidation of an additional amount of iron sulfide introduced with the
concentrate. A comparative analysis of the technological parameters of the 1st converting period
of copper-lead mattes calculated by the proposed method with the practical data of a specific
metallurgical unit allows assessing the degree of approximation of the processes occurring in the
unit until the thermodynamic equilibrium.

Key words: copper-lead matte, high sulfur copper concentrate, converting, material balance,
thermal regime, sulfur, sulfiding.
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Introduction

production of Kazzinc LLP, due to the lack of an
alternative method for processing copper-lead mattes.

The deterioration in the quality of primary sulfide

raw materials due to the increased content of impurities
in them led to the complication of the composition of
the products obtained during matte smelting. This
problem acquires particular relevance for the conditions
of converting copper-lead mattes produced by Kazzinc
LLP, which are characterized by an increased content of
metal impurities: up to 25% lead, up to 4% arsenic and
up to 1.0% antimony. When converting such mattes,
poor quality blister copper (96-98% Cu) is obtained.
Recycled converter slags contain up to 35% lead, ~3%
copper and up to 1.5% of arsenic and antimony. Despite
the low technological performance of the process,
converting remains the main process of blister copper
production in the technological scheme of the lead

The results of extensive studies of foreign
experience in the processing of copper concentrates in
converters [[1], [2], [3]] showed wide opportunities for
using the converter as a smelting unit, especially in the
first period of converting copper matte. However,
despite the achieved positive results, the introduction of
the developed methods into production has a
restriction due to the lack of effective devices for loading
a fine concentrate into the converter. Known
installations for loading the concentrate into the
converter require specific preparation (drying, grinding,
using a complex loading installation) and do not provide
a minimum dust removal when loading fine material

[[4], 5], [6], [7], [8], [S]].
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Many foreign researchers express an opinion about
the effectiveness of using a converter exclusively as a
melting unit for direct smelting of sulfide copper
concentrates with copper extraction in one stage. On
this principle, the processes of continuous converting
and obtaining blister copper in one stage using
autogenous processes are built. However, as the
analysis shows, this approach is not entirely effective,
due to the large yield of copper-rich slags, which require
additional processing to extract valuable metals from
them. In addition, the obtained converter slags are
characterized by an increased content of lead, arsenic
and antimony, the presence of which significantly
reduces the quality of the products obtained and the
extraction of copper into blister copper.

In the well-known works devoted to the direct
smelting of concentrates in converters, the issues of the
simultaneous use of high-sulfur components of the
concentrate (pyrite, chalcopyrite, etc.) as a sulfiding
agent to improve the quality of converter slag and
blister copper are practically not considered. The
solution of this issue will improve the efficiency of direct
smelting of concentrates in converters, and improve the
technological performance of the converting process as
awhole.

The results of systematic studies of the theoretical
features of the interaction of non-stoichiometric higher
sulfides with the components of the slag melt,
conducted by the Scientific Center named after I.A.
Onaev [[10], [11]] showed that excess sulfur formed as
a result of dissociation of higher sulfides is completely
spent on magnetite reduction and slag sulfiding.
Perhaps, these are single studies, where the possibility
of simultaneous use of high-sulphur copper concentrate
as a sulfidizing agent to improve the quality of
converting products has been proved. It has been
established that when the concentrate is blown into the
converter slag bath at the initial moment, its chemical
composition practically does not change. Higher sulfides
(pyrite, chalcopyrite) are mixed in the slag bath, without
dissociation to their stable sulfides. With further
bubbling of the melt, excess sulfur released as a result of
the dissociation of higher sulfides is completely
absorbed by the slag melt and provides deep reduction
of magnetite and sulfidation of oxides of non-ferrous
and associated (Pb, As, Zn, Sb) metals, with their deep
sublimation into dust in the form of their non-toxic
sulfides [[12], [13]].

Based on the results of theoretical and
experimental studies, a method was developed for
depleting converter slag with high-sulfur copper

concentrate, which formed the core of the technology
for direct smelting of high-sulphur copper concentrates
in converters together with copper matte. The
developed technology has been introduced at the
Balkhash, Zhezkazgan and Irtysh copper smelters. The
obtained positive results of the industrial operation of
the technology provide great opportunities for its use in
the conditions of converting copper-lead mattes at
Kazzinc LLP.

The purpose of this work is to predict the
technological modes of the converting process based on
the calculation of material and heat balances for
converting copper-lead mattes with high-sulfur copper
concentrate.

Research methods

The main methodological principle of the
developed technology of direct smelting of
concentrates in converters is a thermodynamic
approach to describing the bubbling process of
converting mattes. This way provides a reliable
determination of the qualitative and quantitative
characteristics of the formed complex condensed
(liquid) and vapor-gas phases for given input
converting parameters: compositions and quantities
of initial materials, temperature conditions, redox
potentials, etc.

The thermodynamic approach is based on the
idea of achieving thermodynamic equilibrium (or a
state close to it) between the smelting products
(matte-slag), which makes it possible to use the laws
of chemical thermodynamics to establish the
behavior of non-ferrous and related impurity metals
during the converting of copper-lead mattes
together with a concentrate.

As the basic core of research, the results of
works on the study of the forms of presence of
metals in converting products [10], data on the
behavior of compounds of non-ferrous and related
metals under the conditions of converting copper-
lead mattes with high-sulfur copper concentrate
[13] were used.

The structuring of the obtained results with a
large array of industrial data (65 points of product
compositions) was carried out based on a
multivariate rectilinear analysis of statistical
dependencies, which provided the way to establish
the optimal technological parameters and modes of
the converting process. To solve such problems in
metallurgical practice, mathematical models [[13],
[14], [15], [16], [17], [18], [19], [20]] are widely used,
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which describe with sufficient accuracy the
calculation of the equilibrium yield of smelting
products and the composition of chemically reacting
systems. This approach leads to carry out a complex
procedure for describing the converting of copper-
lead mattes using a well-developed technique for
constructing algorithms and programs designed to
obtain reliable data.

The paper uses an iterative algorithm for
modeling the converting process, which describes
the existing process of converting copper-lead
mattes with a sufficiently high accuracy and allows
predicting the optimal parameters and thermal
conditions for converting copper-lead matte
together with high-sulfur copper concentrate.

To supply a finely dispersed concentrate, an
ejection device can be used, which is connected to
the loading pipe without any special costs and
technical complications. The scheme of concentrate
supply to the converter is shown in Figure 1.

i
—
2
oc————

air blast L

4 A T
0
=
— e .

Figure 1 - Scheme of supplying fine materials
to the converter
1 - bunker; 2 - conveyor; 3 - loading pipe; 4 - converter;
5 - air duct; 6 - axis of the air flow inlet pipe,
o - nozzle inlet angle, 22-309.

The device and method of operation of the
ejection device for supplying finely dispersed
materials to the converter are described in detail in
[21].

Results and discussion

Autogenous smelting of sulfide raw materials of
non-ferrous metals is characterized by a complex
mechanism for the formation of the final products of
the process. The prediction of the technological
modes of operation of furnaces, including
converters, is carried out on the basis of the
calculation of the material and heat balances of the

smelting. When determining the thermal effect from
the interaction of the initial charge and oxidizing
blast at a given amount of oxygen, the following
main processes are taken into account:

1. Dissociation of higher sulfides:

FeS, = FeS + 1/2S, (1)
2CuFeS; = Cu,S+ 2FeS + 1/2S,. (2)

2. Oxidation of elemental sulfur released by
reactions (1) and (2):

S, +20; = 2S0,. (3)
3. Oxidation of iron sulfide:
2FeS + 30, + Si0, = 2Fe0-Si0, + 250,.  (4)

The amount of iron sulfide oxidized by reaction
(4) is calculated from the oxygen balance. In this
case, it is assumed that elemental sulfur is the first
to interact with oxygen and the degree of reaction
(3) is equal to unity.

The heat released during the course of reactions
(3) and (4) forms the main income items of the heat
balance of smelting.

Let us consider the traditional problem of
simplified calculation of heat release during
autogenous smelting of sulfide raw materials under
conditions of equilibrium between matte, slag and
gas phase. In this case, it is necessary to take into
account not only SO,, but also S, in the composition
of the gas phase, due to the equilibrium of the
reaction:

2(Fe0) +3/25; = 2[FeS] + SO,. (5)

The achievement of equilibrium in this case is
explained by the fact that the oxidation of sulfur to
SO, proceeds until an equilibrium ratio between
them is established in accordance with reaction (5).
In this case, the ratio between the values of the
partial pressures Pso2 and Ps; is determined by the
activities of FeS and FeO, which depend on the
composition of the matte and slag.

If we accept that the partial pressure of sulfur in
the gas phase is determined by equilibrium (5), then
it can be found from the expression:

Psa = K - P4y (22eS)4s3, (6)

aFe0

—— 84 ——
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1,906 - 9219,26

2225 [14],

K=exp (
where: K — reaction equilibrium constant (5);
ares, areo — activity [FeS], (FeO);
Ps2, Pso2 — partial pressures of S; and SO, in the
gas phase.

The calculation method is narrowed to
determining the values of ares, generating the
material and heat balances of the process.
Accounting for the presence of elemental sulfur in
the gas phase leads to the need to reconsider the
material and heat balances. Therefore, the
calculations are carried out taking into account the
introduction of the iteration for the partial pressure
of sulfur.

For industrial iron silicate slags, the value of afeo
is in a rather narrow range (from 0.35 to 0.45),
therefore, in calculations, its value is usually taken
equal to are0=0.4, which corresponds to real
industrial slags. When carrying out specific
calculations for multicomponent slags, experimental
data [22] can be used. Taking into account the
assumption of the constancy of areo, according to the
data of [23], it is possible to determine the value of
ares depending on the copper content in the matte,
similarly to how it was done in [[24], [25], [26]]. After
that, using expression (6), the equilibrium partial
pressure of elemental sulfur in the gas phase is
determined.

As initial data for the calculation, the following
are usually chosen: the composition of the
concentrate and quartz flux, the copper content in
the matte, the Fe/SiO2 ratio in the slag, the degree
of enrichment of the blast with oxygen, and the
operating temperature of the process.

The underburning of sulfur in the gas phase and
the corresponding adjustment of the oxygen
consumption for smelting, due to their influence on
the heat balance, are important for the correct
choice of the technological regime of the
autogenous process. These circumstances should
strongly affect the melting of high-sulfur copper
concentrate with copper-lead matte, which has an
interest from the point of view of extracting copper
and associated metals into targeted products. Note
that the proposed calculation method is applicable
for autogenous smelting of sulfide raw materials and
the process of converting pure copper mattes
together with high-sulfur copper concentrate.

Mentioned traditional method for calculating
autogenous melts does not take into account the
interaction between the components of the
products formed during the smelting process -
matte, slag and the gas phase, which can change the
amount of heat release and the structure of the heat
balance. This condition has direct relevance when
performing calculations for the conditions of
converting complex composition copper-lead
mattes with high-sulfur copper concentrate. In this
case, calculations have to consider that due to the
existence of equilibrium according to reaction (5),
part of the elemental sulfur formed as a result of the
dissociation of higher sulfides does not burn out, but
it is almost completely absorbed by the melt and is
spent on slag sulfiding. Along with this, in the
calculations it is also necessary to take into account
the contribution to the heat balance of the 1st
converting period, heat release from the oxidation
reactions of PbS and ZnS, which are present in a
significant amount in the matte. Thus, the
complication of the mechanism of phase formation
makes it necessary to consider, along with the main
processes 1-3 considered above, the occurrence of
additional processes 4, 5 in the slag melt:

4. Sulfidation of oxides of non-ferrous metals,
iron and associated metal impurities with elemental
sulfur released by reactions (1) and (2):

2MeO + 3/2S, = 2MeS + SO,, (7)
(Me - Cu, Pb, Zn, As, Sb, Fe).

5. Interactions between oxides and sulfides of
non-ferrous metals and iron according to exchange
reactions:

Me!O + Me?S = Me!S + Me?0. (8)

The interaction of sulfur with magnetite cannot
be neglected either:

2Fe304 + 1/2S; = 6Fe0 + SO, 9)

as a result of which the equilibrium content of
magnetite in the slag is established.

The reliability of the assumptions was verified by
a comparative analysis of the results of temperature
fluctuations and the composition of the converting
products (matte, slag), obtained by calculation and
direct measurements of the technological
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parameters of converting copper-lead mattes in the
industrial scale.

For technological calculations, an iterative
algorithm for modeling the process of converting
copper-lead mattes was used, which allows
predicting the optimal parameters and thermal
conditions of the converting process with a
sufficiently high accuracy.

Temperature measurements of converter slags
during their discharge and melts during each loading
of a new portion of matte in the plant were carried
out using an HD 1150A optical pyrometer. The
results of measurements of the temperature and
compositions of the converting products, obtained
by calculation and direct measurements in the
factory, showed their good consistency.

The developed modeling algorithm was used to
estimate the heat balance of converting copper-lead
mattes  together  with  high-sulfur  copper
concentrate.

The reliability of the model was checked based
on a comparative analysis of the predicted
temperature and compositions of slag and matte
with those measured in an industrial scale.
Temperature variations observed in the conditions
of converting copper-lead mattes for four charges of
the converter with matte, obtained in the plant, and
during the joint smelting of high-sulfur copper
concentrate with copper-lead matte, are shown in
Fig.2.

It can be seen that with the existing technology
for converting copper-lead mattes, strong
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temperature fluctuations are observed - from 1027
°C to 1300 °C (Fig. 2(A)). This indicates that the
converter is operated in the intense thermal load
mode. Fluctuations in the temperature regime
reduce the stability of the converter, and, as a result,
lead to a reduction in its service life.

During the joint processing of the concentrate
with the matte, the temperature variation is
insignificant, which is between 1120 °C and 1270 °C
(Fig. 2(B)). Process temperature equalization
ensures converter stability, performance and
extended converter life.

Despite the small number of measured
temperatures, it can be seen that the model
prediction is justified for the composition of the slag.
The predicted temperatures of matte and slag,
according to existing technology, are usually subject
to significant fluctuations, which is in good
agreement with the measured temperatures.
Comparative analysis of the predicted composition
of the slag and the content of silica in it (Table 1),
taking into account the uncertainty in the weight of
added materials at the plant allows to conclude that
the developed model predicts the iron content well
in the slag. However, the tendency to underestimate
the silica content and overestimate the iron content
suggests that more material flows are being added
to the converter than expected during operation.

Table 1 shows the comparative results of the
measured and predicted technological indicators for
the content of iron and silica in white matte and
converter slags selected during the research.
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Figure 2 - Dynamics of changes in the temperature regime of the 1st period
of copper-lead matte converting:

A) - according to the existing technology;
B) - with the addition of high-sulfur copper concentrate.
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Table 1 - Comparative analysis of the compositions of the products of converting of copper-lead mattes of the 1st period

Products Chemical composition, wt. %
Cu Pb Zn Fe As Sb S SiO2
Copper lead matte 35.5 26.0 14 15.1 2.8 0.7 15.0
Quartz flux - - - - - - 85.0
Copper concentrate 24.5 2.5 3.4 28.6 0.1 0.2 35 3.6
White matte 56.4 20.9 0.2 3.5 3.6 1.0 13.5 i
70.6 4.0 0.2 2.9 0.6 0.6 18.2
Converter slag 7.9 22.3 2.1 24.7 2.4 0.6 ) 22.3
1.2 0.7 0.2 47.8 0.3 0.2 26.8
Converter dust 1.1 55.7 0.8 2.6 5.2 0.8 5.9 11
0.8 58.9 8.7 0.4 5.3 1.3 10.0 0.3
The numerator is existing technology; The denominator is new technology.
Table 2 - Dynamics of changes in the content of SO; in waste gases
) Existing technology New technology
Ne Discharge #
(Cu), % SOz, % (Cu), % SO2, %
1 Discharge #1 4.07 5.07 1.09 8.35
2 Discharge #2 3.91 6.5 0.58 9.02
3 Discharge #3 4.34 6.08 1.47 11.26
4 Discharge #4 11.94 7.5 0.39 12.95

Table 3 - Material balance of the 1st converting period of copper-lead matte according to the existing technology

Name P;z:':ﬁzs Cu Pb Zn Fe As sb s Si0.

% t % |t | % |t |%|t|% |t |%|t|%|t]|%|t|%]|t

Matte 57.4 | 100 [35.5/355| 26 | 26 |1.4|1.42(15.2|152(2.8|2.8|0.7|0.7|15.1|15.1

Blowing 36.0 | 62.7

Quartz flux 6.58 | 11.5 85 |9.7

Total: 100 | 174.2 35.5 26.0 1.42 15.2 2.8 0.7 15.1 9.7

White matte 29.8 | 51.8 |66.5|34.5| 4.5 [2.34|0.1|0.07|6.02| 3.1 |3.8/1.9|0.3|0.1|146| 7.6

Converterslag | 257 | 44.7 |2.23| 1.0 {32.0|14.3|0.9|0.40|26.6|11.9(0.7| 0.4 | 0.6 | 0.3 20.7|9.3

Dust 8.23 | 14.3 [0.12|0.02|65.1| 9.3 | 6.6 0.94(0.92| 0.1 |3.7|0.5|2.2|0.3|5.26| 0.7 |3.40| 0.4

Exhaust gases | 36.3 | 63.2 10.7| 6.8

Total: 100 | 174.2 35.5 26.0 1.42 15.1 2.8 0.7 15.1 9.7

It can be seen that after sulfiding converter slag
with high-sulphur copper concentrate, its quality is
significantly improved compared to converter slag
obtained by the existing technology. The content of
copper in the slag is reduced by more than 6 times.
The lead content is significantly reduced: from 22%
to 0.72%, which indicates the almost complete
sublimation of lead into dust. The content of zinc
and arsenic is reduced by 10 times, antimony - by 3
times. Deep sublimation of impurities into dust

removes them from the general technological chain,
which as a result will significantly improve the
quality of the resulting targeted products.

The results of calculations of the gas phase,
obtained by the model, showed that under the
conditions of converting the concentrate with the
matte, the stabilization of the temperature regime
in the converter allows increasing the SO, content in
gases by more than 1.5 times (Table 2), and maintain
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Table 4 - Material balance of the 1st converting period of copper-lead mattes together with high-sulphur copper
concentrate

Products
Cu Pb Zn Fe As Sb S SiO2
Name output
% t % t % t % | t % t | % |t | % |t % t % |t
Matte 56.9| 100.0 |35.5|35.5(26.0|26.0{1.4|1.42{15.2|15.2|2.8|2.8|0.7|0.7|15.1|15.1
Blowing 31.3| 54.9
Quartz flux 557 | 9.8 85 [8.3
Cu concentrate | 20| 10.9 |23.6| 26 | 2.5 | 0.3 |3.4|0.37|28.6| 3.1 | 0.1|0.01]|0.20.02[31.9| 3.5 | 3.6 | 0.4
Total: 100 | 175.6 38.1 26.3 1.79 18.3 2.8 0.7 18.6 8.7
White matte 36.3| 63.8 |59.5/37.9(14.2| 9.1 | 0.1|0.08|5.47| 3.5 |52|19|0.4|0.1|13.6| 8.8
Converterslag |18.9| 33.2 | 0.2 |0.07|18.6| 6.2 38.1(12.7]0.2 1.3(0.3 24.1| 8.0
Dust 11.0| 194 | 0.1 |0.02(57.0(11.0|8.8|1.71(10.9| 2.1 |80|09(3.1(03|4.80| 09 | 3.5 |0.7
Exhaust gases | 33.7| 59.2 15.1| 8.9
Total: 100 | 175.6 38.1 26.3 1.79 18.3 2.8 0.7 18.6 8.7
White matte Slag Gases Others
20.0% 30.0% 44.4% 5.6%
Total heat per 100 tons of matte: 239551.45 kJ
Matte Oxidation reactions Others
31.5% Fes Pbs Zns 4,5%
49.2% 12.4% 1.6%
A)
Sulfid
White matte Slag Gases deco:'Jn Ic:::;tinn Others
20.8% 20.6% 41.7% P 11.2%
5.7%
Total heat per 100 tons of charge (matte + concentrate): 259221.56 kJ
Oxidation reactions
Matte Sulfidation Others
16.2% Fes Pbs Zns 2.5% 3.3%
59.3% 14.9% 3.8%

B)
Figure 3 - The structure of the heat balance of converting copper-lead mattes:
A) - according to the existing technology;
B) - with the addition of high-sulfur copper concentrate

the optimal level throughout 1st converting period.
This ensures the stability of the sulfuric acid plant.
Tables 3 and 4 show the material balances of the
1st converting period of copper-lead mattes
according to the existing technology and in their
joint processing with high-sulfur concentrate,
calculated according to practical plant data: ratio

(Fe)/(Si0y)=1.3, the degree of enrichment of the
blast with oxygen is 23%, the operating temperature
is 1523 K. 2Zyryanovsky high-sulfur copper
concentrate was used as a sulfiding agent.

Figure 3 shows the structures of the heat
balances of the 1st period of converting copper-lead
matte according to the existing technology and the
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joint smelting of matte with high-sulfur copper
concentrate, calculated on the basis of the
corresponding material balances (Tables 3, 4).

It is easy to see that the total heat per 100 kg of
charge (matte + concentrate), equal to 259221.56 kJ,
only slightly exceeds the value of the total heat of
converting copper-lead mattes using the existing
technology, which is 239551.45 kJ. At the same time,
a significant change in the structure of the heat
balance of converting during the joint smelting of
the concentrate together with the matte looks very
attractive (Fig. 3 (B)). The change in the ratio of the
articles of heat input can be interpreted by the
complete assimilation of elemental sulfur by the
melt and sulfidation of the slag. A significant
contribution to the change in the structure of the
total heat balance during the joint converting of the
concentrate with matte is made by an additional
amount of iron sulfide introduced with the
concentrate, the oxidation of which "closes" the
heat balance of converting.

Thus, the calculation method proposed in this
paper, which takes into account the presence and
behavior of elemental sulfur and the additional
amount of iron sulfide introduced with high-sulfur
copper concentrate, can be used to refine the
material and heat balances of converting during the
joint processing of high-sulfur copper-containing
concentrates and products with copper-lead mattes.

Conclusions

1. When calculating the conversion of copper-
lead mattes together with a high-sulfur concentrate,
it is necessary to take into account the presence of
elemental sulfur, which is almost completely
consumed for the sulfiding of slag metal oxides.

2. On the example of direct processing of
concentrate in converters, a comparative analysis of
the heat balances of two oxidizing melts was carried

out: converting copper-lead matte according to the
existing technology, and joint melting of
Zyryanovsky high-sulfur copper concentrate with
copper-lead matte. It is shown that in the second
case there is a strong change in the structure of the
heat balance towards improvement due to the
process of sulfiding of the slag and oxidation of an
additional amount of FeS introduced with the
concentrate.

3. Comparative analysis of the technological
parameters of the 1st converting period of copper-
lead mattes calculated by the proposed method with
the practical data of a particular metallurgical unit
allows to assess the degree of approximation of the
processes occurring in the unit until the
thermodynamic equilibrium.

4. For a more accurate prediction of the heat
balance of converting copper-lead mattes together
with high-sulfur copper concentrate, it is necessary
to know the activity values of magnetite, sulfides
and oxides of non-ferrous metals in complex
multicomponent sulfide melts.
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TYWIHAEME

KymbIcTa BypbIH KacanfaH KOFapbl KYKIPTTi MbIC KOHLEHTPATTapblH MbIC-KOPFaCbIH LUTENHIMEH
bipnecin Tikene eHaey MyMKiIHAIr Typanbl KOPbITbIHAbINAP HEri3iHAE KOHBEPTEPAEYAiH blay
pexumiHe Tangay XKyprisingi. AstoreHai 6ankbimanapapl ecentey ylWiH KongaHblAaTbiH A3CTYpAI
ecenTey aicTepi TONbIFbIMEH AYPbIC €MeC »aHe apTblK KYKiPTTiH, NPOLECTiH TemnepaTypanbiK,
pexXumiHe acepiH eckepyai KaxkeT eTeai. MbiC-KOpFacbiH WTENHAEPiIH KOHBEpPTepAey NpoueciHae
TemnepaTtypaHblH, ©3repyiHiH, KeH AnanasoHbl 6ap ekeHairi aHblkTanabl — 1027 °C-taH 1300 °C-Ka
AeiiH. KoHueHTpaTTbl wreliHMeH 6Gipre KoHBepTepniey KesiHAe NPOLECTiH, TemnepaTtypanbik,
pexXumi TypaKTaHAbIpbliaabl, Oy KYKIPT KbIWKbIAbIH 6HAipyre KaxKeTTi rasgapgafrbl SO2
KOHLLEHTPALMACBIHbIH, OHTalNbl AeHreliH KamTamacbi3 eTedi. KonpaHbicTasbl TeXHONOTUA
6GOVMbIHIWA KOHE KOHLEHTPATTbl KOCbIN  MbIC-KOPFacblH  WITEWHAEPIH KOHBepTepaeyaiH,
maTtepuangblk HanaHcblH ecenTtey HerisiHae KOHBepTepney NPOLECIHIH, Kblny ©GanaHCbiHbIH,
KypblabiMbl 6enrineHai. Mblny 6anaHCbIHbIH, KypblIbIMbIHBIH, €43Yyip e3repici KepceTinreH, 6yn
MarHeTUTTiH, apTbIK, KYKIPTNeH blAblPaybIMEH KaHE KOHLLEHTPATNEH eHri3ifreH Temip cynbouaiHi,
KOCbIMLLA  Me/WepiHiH, TOTbIFYbIMEH KbINYAblH, YOfapblnayblMeH TyciHAipineai. HakTbl
MEeTaNNYPruAbIK — arperaTrblH, MNPaKTUKaNblK ~ AepeKTepiMeH  MbIC-KOPFacbiH  WTelHAepiH
KoHBepTep/eyAiH 1-wi Ke3eHiH yCbiHbINFaH daicTeme 6oMbIHWA ecenTenreH TEXHONOTUANbIK
napameTpaepiH canbiCTbipmManbl Tangaybl OHAAFbl MPOLECTEPAH TepMOAUHAMUKabIK Tene-
TEHAIKKE KaKblHAAY AdpereciH baFanayfa MyMKiHAIK Gepesi.

Tyiiin ce30ep: MbIC-KOPFaCbIH LUTENMHI, KOFapbl KYKIPTTi MbIC KOHLEHTPaTbl, KOHBepTephey,

mMaTepuangplik 6anaHc, Kolay peXUMI, KyKipT, cynbduarey.
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AHHOTAUMA

B pabore Ha OCHOBaHWM paHee CAENaHHbIX BbIBOLOB O BO3MOXHOCTM MPAMOW NepepaboTku
BbICOKOCEPHUCTbIX MEAHbIX KOHLEHTPATOB COBMECTHO C MEZHO-CBMHLIOBbIM LUTEMHOM NpPOBeAeH
aHanM3 TenI0BOro pPeXKMma KOHBEPTUPOBAHMA. MOKa3aHo, YTO TPAAMLMOHHbIE METOAbI pacyeTa,
npUMeHaeMble 418 pacyeTa aBTOreHHbIX NNAaBOK HE COBCEM KOPPEKTHbI, ¥ TPEBYIOT yyeTa BAUAHUA
M36bITOYHOW Cepbl Ha TEMNEepaTypHblii pexuMm npouecca. YCTaHOBAEHO, 4YTO B npouecce
KOHBEPTUPOBAHWA MEAHO-CBMHLLOBbIX LUTEMHOB Habt0AAETCA LIMPOKUIA AMaNa3oH BapbUpOBaHUA
Temnepatypbl — o1 1027 °C go 1300 °C. Mpu COBMECTHOM KOHBEPTUPOBAaHMM KOHLIEHTpaTa Co
WTEMHOM TemnepaTypHbIi pexrMm npouecca ctabuamsnpyetcs, 4To obecneynsaet onTUManbHbI
ypoBeHb KOHLeHTpauumn SOz B rasax, HeobxoAMMbIM Ana NPOM3BOACTBA CEPHOW KUcnoTbl. Ha
OCHOBaHUW pacyeTa MaTepuasbHOro 6anaHca KOHBEPTUPOBAHWUA MELHO-CBMHLOBbIX LUTEMHOB NO
CYLLLECTBYIOLLLEW TEXHONOMUM U C f06aBNEHNEM KOHLEHTPATA YCTaHOB/IEHA CTPYKTYpa TENIOBOrO
6anaHca npouecca KOHBepTMPOBaHWA. MOKasaHO CUAbHOE M3MeHeHMe CTPYKTYpbl TenioBoro
6anaHca, KoToOpbli OBGDBACHAETCA BOCCTAHOBNEHUMEM MarHeTuTa W36bITOYHOW cepolt U
yBENMYEHMEM Tenaa 3a CYET OKUCNEHWUA [OMOSHUTENBHOMO KO/AuuyecTBa cynbduaa Kenesa,
BBOAMMOTO C KOHUEHTpaToM. CpaBHUTENbHbIA aHa/iuM3 pacCYMTaHHbIX MO Npeafiaraemom
MEeTOAMKe TEXHONOrMYECKMX MapaMeTpoB 1-ro nmepuMoga KOHBEPTUPOBAHMA MeAHO-CBUHLOBbIX
WTEMHOB C MPaKTUYECKMMM AAaHHBbIMU KOHKPETHOro MeTasi/lyprayeckoro arperata nossonset
OLEHUTb CTeneHb MPUBAMMKEHMA MPOTEKAOWMX B HEM MPOLECCOB K TEPMOAMHAMUYECKOMY
paBHOBECHIO.

Knioyeeblie c€n108a: MeAHO-CBMHLOBbIM LITEWH, BbICOKOCEPHWUCTbIA MEAHbBIN  KOHLEHTpPaT,
KOHBEPTMPOBaHWE, MaTepuasbHbli 6anaHc, TENI0BOW PEXMUM, cepa, CyibouampoBaHue.
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ABSTRACT

The principal and most expensive type of degradation that currently affects the performance of
reinforced concrete bridge constructions is the corrosion of steel reinforcement. Strong financial
losses result from the corrosion of reinforced concrete structures. One popular technique for
preventing corrosion in reinforced concrete structures is cathodic protection. Since it can give
necessary current in a situation where reinforced concrete buildings have high resistance,
impressed present cathodic protection (ICCP) provides strength and adaptability. Conductive
coatings, discrete anode systems, titanium-based mesh in cementitious overlay, conductive
overlay with carbon fibers, and flame-sprayed zinc are examples of anode materials that are often
used for impressed current cathodic (ICC). Chloride ions, in particular, are exceedingly difficult to
permeate through a continuous epoxy coating on steel, making an epoxy coating a very effective
barrier to these hostile chemicals. Epoxy resins are a great option for shielding metal surfaces from
the environment and hostile environments because of their outstanding anti-corrosion qualities,
good adherence to a variety of surfaces, and chemical resistance. In this work, the cathodic
protection, ICCP, various conductive coatings, and epoxy coating as anode material are reviewed.
Keywords: protection, impressed current, reinforced concrete corrosion, epoxy coatings.
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Introduction

elements, corrosion of metals in engineering
eauioment might result in accidents [1]1. Concrete
structures, like all building materials, are graduallv

One of the major issues contributing to  and irreversiblv destroved. This happens not onlv
significant economic losses worldwide is metal  under the voke of time but also because of manv
corrosion. Due to the early collapse of structural factors. Corrosion destruction is one of the
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significant reasons for the decrease in durability and
damage to reinforced concrete structures. External
and internal influences on concrete lead to the
destruction of the structure of the hardened mixture
and the loss of quality characteristics such as
strength, density, and so on. In simpler terms, they
lead to the corrosion of concrete. Corrosion of
concrete is the process of destruction of the
structure of concrete and its embrittlement under
the influence of environmental factors. It occurs
under the influence of some aggressive substance,
and the penetration of this substance into the
concrete structure through the pores or cracks of
the concrete structure. An adverse setting refers to
the consequences of water and cold temperatures,
the process of dampening and subsequent drying of
concrete, as well as the effects of both clean and
mineral-laden waters [[1], [2]].

Since it might eventually affect structural
performance and integrity, steel corrosion in
concrete structures is still considered the major
obstacle in the construction industry. When steel in
a concrete building deteriorates as a result of
exposure to a corrosive environment, corrosion
takes place [2]. Corrosion is an electrochemical
process. Steel's mechanical qualities, specifically its
bond strength, deteriorate due to rust. The most
significant issue is how to prevent corrosion in
structures made of concrete and reinforced
concrete, and finding a solution will help structures,
buildings, and structures used for a variety of
functions last longer. For diverse technological
domains, there are numerous strategies to stop
metals from corroding [3].

One popular technique for preventing corrosion
in reinforced concrete structures is cathodic
protection. Cathodic protection is considered a
technique used to stop corrosion occurring in metal
surfaces, which involves making a metal surface the
cathode of an electrochemical cell. Bridges and
jetties are two reinforced concrete constructions
that may be repaired using the embedded cathodic
steel reinforcement from this process. Nonetheless,
of the amount of chloride present in the concrete, it
has been demonstrated that this approach prevents
corrosion from occurring in reinforced concrete
structures [3]. By cathodic polarizing a metal surface
that has rusted, cathodic protection (CP) slows down
corrosion [4].

Anodes connected to a power source that
continually produces electrical flow make up
systems for influenced current cathodic protection.
In the sacrificial anode method of protection, active

metals other than the base metal are utilized to
"sacrifice" ions. These "sacrificial anodes" have a
higher electrochemical potential than typical alloys
like magnesium, aluminum, or zinc. When compared
to a sacrificial anode, this technique frequently
presents substantially longer protection. An endless
power source powers the anode [4].

The ICCP consists of a monitoring system, an
anode system that corrodes slowly, and an outer
current power source that pushes a small amount of
electric current during the reinforcing steel to
balance the current flow from the effect of
corrosion. Although RC structures may be repaired
using any of the two CP systems, the ICCP system
offers more adaptability and durability due to its
current output's ability to be changed to generate
the required current in situations of high concrete
structure resistivity [5].

Conducive coatings, independent anode
systems, titanium-based mesh in cementitious
overlay, conductive overlay with carbon fibers, and
flame-sprayed zinc are some examples of anode
components for the ICCP system [5]. The selection of
anode materials, which is largely based on the life
cycle of the structures, the kinds of corrosion and
structure, anode installation techniques, operation,
the requirement for routine maintenance, and the
life cycle price of the CP system, has not yet been
proven to be efficient and appropriate for the
majority of anodes currently in use [6]. Epoxy-based
materials are considered one of the best in the line
of anti-corrosion materials. They have excellent
adhesion to ferrous metals, many types of plastics,
and glass [7].

Coatings are traditionally distinguished by high
protective properties, hardness, chemical
resistance, excellent water resistance, and
resistance to oil products. Materials of this group of
chemical curing, as a result of which they are
resistant to solvents and petroleum products, the
coating film does not soften under the influence of
high temperatures [8].

Epoxy resins have high adherence to metals and
are resistant to halogens, and some acids (strong
acids, particularly oxidizing acids, have poor
resistance). Various types of glue, plastics, electrical
insulating varnishes, and textolite (glass and carbon
fiber plastics) are prepared from epoxy resins. Epoxy
resins are promising products for the production of
anti-corrosion coatings. Coatings based on them are
characterized by high hardness, abrasion, and
chemical resistance, and excellent adhesion to
various substrates [9].
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Corrosion process in Reinforced Concrete
Structures

Typically, the alkaline concrete environment
passivates the reinforcing steel in concrete,
shielding it from corrosion. Environmental factors,
however, have the potential to eliminate the
passivating layer from the surface of steel, cause
substantial corrosion in reinforced concrete
structures, and take away the passivating layer from
the surfaces of steel [10].

There are some main reasons why steel in
concrete passivates and corrodes. First of all, the pH
of the concrete where the rebars are inserted is
decreased by atmospheric carbon dioxide
consumption. If the pH drops below 11, corrosion
might begin. This process is known as the
carbonation of the concrete overlay.

Secondly, chloride infiltration of the concrete
overlay, such as that caused by exposure to

seawater or deicing salts. Chloride intrusion can be
brought on by direct contact with de-icing salts on
surfaces like bridge decks, balconies, and pavement
as well as by aerosols from bridge decks and
roadways on nearby civil buildings [10].

Depassivation of the reinforcing steel causes the
establishment of a local corrosion cell that works
similarly to the battery (Figure 1). Local areas that
have been depassivated serve as anodes and passive
areas serve as cathodes. Rust is produced when
oxygen is reduced to hydroxyl ions at the cathodic
sites and iron is oxidized at the anodic sites.
Chlorides cause pitting corrosion, which can cause
the rebars to deteriorate quickly and lose their
integrity in localized areas. Carbonation causes
regular corrosion on the steel surface, but this
process is rather slow. Particularly, corrosion
brought on by carbonation results in the production
of several corrosion products, which weaken and
break the concrete overlay [10].

Concrete

Cl- O,
H:0 -

Cathode Reaction

Products of corrosion

AnudeReacﬁunl Fe = FEH + 2e¢ |
H:0 +1/2 02 + 2¢ =3 20H |

Ccl 0, co, Cl1°

Passive film

Broken Intact

Steel bar

Figure 1 - Schematic image of a corrosion cell

Steel corrodes in concrete structures when it
starts to degrade after being exposed to an
environment that can do so [11]. When a structure
is subjected to corrosion, current leaves it at the
anode site, moves across an electrolyte, and then
returns to it at the cathode site. The electrolyte, a
liquid that conducts electricity, is utilized to transfer
electrons from the anode to the cathode [12]. Figure
2 shows a visual representation of the corrosion that
occurs in the steel process at the anode and
cathode.

Electrochemical reactions, such as the oxidation
of iron, can be used to characterize corrosion. These

electrochemical reactions are anodic (produce
electrons). The electrolyte's characteristics influence
the cathodic process, which consumes electrons.

The oxygen reduction cathodic reaction is what
causes corrosion in concrete. Steel corrosion in
concrete has the following reactions as

Anodic reaction, oxidation of iron
2Fe —» 2Fe* + 4e (1)

Cathodic reaction, oxygen reduction

O; + 2H,0 + 4e—» 40H (2)

—— 94 ——
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(Corrosion Process)
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2H.O+0,+4¢ —>40H

Caihode
\

Water medium

Iron pipe T

Figure 2- Diagram of the corrosion occurring in the corrosion process

Simultaneous reactions occur in the cathodic
and anodic zones on the surface of steel. An exposed
steel surface in concrete that forms an
electrochemical cell is referred to as a corrosion
system. A cathodic and anodic region, an electron
conductor (rebar), an ion conductor (electrolyte),
and a conductor for ions make up an electrochemical
cell. Concrete pore water serves as an electrolyte
[13].

Iron (II) hydroxide is created by combining two
distinct processes, as shown in equation (3), while
iron (lll) hydroxide is created by additional oxidation,
as shown in equation (4). Iron (lll) hydroxide is
shown to dehydrate in equation (5) to generate
Fe,05.nH20, also known as rust. These are the
equations written as,
Fe; O3.nH>O  (Iron (1l) hydroxide) (3)
4Fe(OH); + 0; +2H,0— 4Fe(OH); (4)
(Iron (1) hydroxide)

FE(OH)g_P Fe>03.nH>0 (5)

(Rust)

Cathodic Protection
Impressed Current Cathodic Protection
(1ccp)

In protected concrete constructions, a passive
oxide coating stops steel from corroding. However,
the oxide coating may become less effective or even
disappear due to corrosion brought on by chloride-
or carbonation-induced contamination of the
concrete around the steel bar. Concrete cracking
and spalling may result from additional corrosion

[14]. Corrosion is typically prevented by corrosion-
product- or oxygen-adsorbed film (or protective
layer), and the rate of corrosion that occurs on steel
surfaces can be slowed down by highly alkaline
water. Utilizing an existing repair technique, such as
cathodic protection, can stop or reduce steel
corrosion in RC structures [15].

Cathodic protection offers greater benefits than
other methods for restoring RC structures since it
requires less time for monitoring and inspections, a
wider range of anode systems, and less time for
removing concrete and repairing it [16].

The key advantages of cathodic protection over
the other anti-corrosion treatment techniques are
that it may be used by simply maintaining a dc circuit
and that its effectiveness can be monitored
continually. A coated structure is frequently treated
with cathodic protection to prevent corrosion in
potential coating-damaged areas. It can be used to
extend the life of existing constructions [17].

By using galvanic (sacrificial) anodes or
"impressed" current, cathodic protection can be
provided in one of two methods.

Sacrificial Anode Cathodic Protection
(SACP)

As displaced in Figure 3, the SACP system is
composed of an outside sacrificial anode, such as a
metal having a greater potential for the electrode
than steel reinforcement, that is electrically linked to
another metal that acts as the anode.

However, due to the high concrete resistivity,
galvanic anodes typically are unable to economically
produce sufficient current. Therefore, the RC
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structures are repaired using current cathodic
protection (ICCP) [18]. This strategy is thought to be
more costly and requires a reliable source of low
direct current (DC) power to provide the system with
current.
Impressed Current Cathodic Protection
(Iccp)

In the situation of ICCP, an external power
source is used to initiate a modest amount of current
via the reinforcing steel to reverse the flow of the
metal, which commonly employs platinum used as a
node because of the slow rate of corrosion, as seen
in Figure 3. Steel reinforcement in RC structures will
accept electrons from the external anode, causing it
to become cathodic and so prevent more corrosion
[19]. A true system in practical applications often
includes a DC power supply, monitoring devices, and
cabling [18].

The optimum use for ICCP is in large buildings in
which galvanic CP would not create enough current
to guarantee total protection. The ICCP is widely
utilized in concrete projects due to its improved
capacity to deliver high voltages when compared to
the SACP. A 1-5A and 2-24V DC power source will

Advanta

normally power each separately controlled anode
zone [18]. To permit current to pass and flow
through the ICCP, the shielding metal, and anode
must be in contact with an electrolytic medium
(concrete). Although concrete has a high electrical
impedance, the presence of the pore solution, which
behaves as an electrolyte, allows current to pass
through.

Although it is significant to consider hydrogen
embrittlement in steel, alkali-silica reaction in
aggregates, and interactions with nearby structures
when utilizing the technique, ICCP outperforms the
SACP system in terms of flexibility and durability
[18].

The ICCP system needs a constant direct current
(DC) power supply despite being more effective, in
particular, for concrete in high-resistance
environments. Furthermore, it is critical to ensure
that the anode material used in the ICCP system is a
good electrical conductor with a low corrosion rate
and mechanical properties, is affordable, is easily
produced in a range of shapes, is simple to install,
and can handle large current densities [15]. The
advantages of ICCP are depicted in Figure 3.

zes of ICCP

Current output
can be adjusted

Low concrete removal
costs result in cost savings

Can be used with Environments with high
particular elements resistivity are applicable

Figure 3 - Advantages of Impressed Current Cathodic Protection (ICCP)

Coating

CATHODE (REBAR)

Figure 4 - A schematic diagram of cathodic protection used for the corrosion prevention of rebars steel in concrete:
conductive coating
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The principle of protection of cathodic using
conductive coating is shown schematically in Figure
4,

Applying the polymer/graphite dispersion to the
concrete surface will install the anode. The
conductive coating is devoted to a secondary anode.
The secondary anode's current distribution is
controlled by a "primary anode" that is embedded
into it at a distance of one to two meters apart and
made of materials that can withstand anodic
reactions, like platinum-clad titanium, copper-cored
niobium, or MMO-titanium. Applying conductive
coatings is simple and less expensive [[20], [21], [22],
[23]]. Additionally, coatings that conduct conductive
can be utilized on any structure of concrete
structures.

Conductive Coatings

One of the most popular and well-known anode
technologies for the protection of the cathodic of
reinforced concrete structures is the conductive-
coated anode. It is reasonably simple to maintain
and affordable. The installation of anodes at certain
locations is necessary for the majority of used
systems for the current protection of the cathode.
The fundamental drawback of such a solution is poor
protective current distribution, which is mostly
caused by the anodes' constrained surface area.
Additionally, cutting apertures and removing the
external concrete layer are relatively expensive
construction  tasks associated with anode
installation. Another issue is the potential harm to
anodes during assembly. The majority of issues can
be resolved by using conductive coatings as anodes.

The alternative method of solving this issue
makes it possible to implement coating and cathodic
protection simultaneously, hence enhancing the
efficiency of protection. The following benefits come
with this solution, such as installation simplicity, the
ability to guard difficult-to-reach areas, and the
assurance of a sizable anodic system surface
permitting similar spreading of the protective
current. Additionally, there is a significant decrease
in the cost of installing cathodic protection systems
(applying coatings is far less expensive than installing
anodes in points) [[24], [25]].

The industry is encouraged by the speed of
technological advancement to look for improved
anode materials for CP systems. Anode materials

that are typically utilized for ICCP consist of coatings
that are conductive, titanium-based mesh used in
cementitious overlays, discrete anode systems, and
conductive overlay with carbon fibers [26].

There are two types of coatings as inorganic and
organic coatings. The dispersion of zinc dust in an
inorganic or organic binder might be spherical,
lamellar, or a combination of both [27]. The binder
is used to separate organic coatings from inorganic
ones, which is frequently epoxy for organic coatings
and silicate for inorganic coatings. The most popular
technique for preventing the corrosion of metallic
elements in transportation and infrastructure is the
use of organic coatings [28].

Roller, Brush, or air spray methods are used to
apply organic anode coatings to thicknesses of 0.25
to 0.50 mm [29]. Disbandment is a common failure
mode that can be brought on by-products obtained
from the anodic reaction that may be acidic to the
alkaline concrete, causing the coating to lose
adhesion [30]. Although wet adhesion and cathodic
disbonding resistance can be improved by applying
an epoxy coating to a substrate that has already had
3-glycidoxyy propyl silane treatment, Sofian and
Noda disagree [31].

Based on the inclusion of pigmentary carbon in
a coated polymer matrix, Darowicki et al. [32] were
given electrochemical tests for conducting coatings.
Impedance measurements have been used to
calculate the electrochemical characteristics of
conducting coatings. Using data from coatings'
electric and electrochemical investigations, the
following result has been reached. The amount of
graphite in coatings affects their electric and
electrochemical characteristics. Over 50% of
graphite content coatings are distinguished by
minimal resistances and potential stability under
prolonged anodic polarization.

Nevertheless, they also have worse mechanical
qualities, and after 12 days of exposure, they start to
become porous. Due to this, high graphite content
coatings despite having outstanding electric
properties cannot be used to cover concrete. Low
barrier qualities and quick increases in resistance
and potential during prolonged anodic polarization
are characteristics of coatings with tiny graphite
concentrations (35% and less). The development of
the steel-graphite cell can significantly reduce the
electrode potential, indicating the porosity of these
coatings [32].
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Epoxy Coating as Anode Material

Corrosive substances, especially chloride ions,
are effectively blocked by an epoxy coating on steel
because the latter will not easily diffuse through a
solid epoxy covering. Consequently, the steel
surface is shielded.

There are two hypotheses have evolved
regarding the protective potential of epoxy-coated
reinforcement.

Firstly, acording to the physical barrier theory,
the epoxy coating serves as a barrier to keep
chloride ions and other abrasive materials from
coming into touch with the steel surface.

Secondly, the epoxy coating functions as a high-
resistance coating, decreasing corrosion by raising
electrical resistance between nearby coated steel
sites where cathodic reactions can occur [33].

These two hypotheses provide a convincing
justification for the usage of epoxy-coated
reinforcement as a safety measure for structures
found in marine settings.

The application, however, hasn't received
adequate research. Epoxy coating is a top base of
concrete, particularly when used as anode material
for an ICCP system.

ERs as Anti-Corrosive Coating

The qualities of epoxy resin rely on factors such
as resin quality, hardener, and curing circumstances.
Figure 5 displays the primary characteristics of epoxy
- High strength. It is this property that has
provided a stable demand for epoxy resins for many
years. The tensile and compressive strength of the
hardened mixture is comparable to the strength of
typical grades of heavy concrete.

- Excellent adhesive properties: Epoxy resins

resins.

combined with strength, made them an excellent
adhesive.

- Good waterproof properties: cured epoxy
resin is practically waterproof.

- Resistant to a wide range of aggressive
chemicals

- Physical and mechanical parameters at a
higher level.

Gujjar SV et al. [33] looked into the best resin
coating among the ones currently in use for mild
steel surfaces. The resins such as polyurethane,
epoxy, phenolic, and polyester) were applied to the
mild steel surface using pneumatic spray coating.
The corrosion rate and mechanical characteristics of
mild steel covered with various resins were also
evaluated and compared to a bare steel surface
through the execution of numerous experiments
(including an immersion test, a salt spray test, a test
of tensile strength, and a test of scratch hardness).

It was found that mild steel samples coated
using epoxy resin got good corrosion resistance.
Epoxy resin-coated mild steel specimens had a
considerably higher tensile strength. The surface
morphology of the surface of the mild steel
specimens covered with epoxy resin exhibits minute
rust particles when compared to other resins and
plain mild steel. FESEM analysis showed that
samples coated with epoxy resin had the least
damaged surfaces when compared to other resin-
covered surfaces. Epoxy resins were used to create
the coated samples, which outperformed samples
composed of polyurethane, phenolic, and polyester
resins. A polyamide hardener is used to cure the
two-component epoxy clear lacquer known as
FINECOAT-EP 200. Epoxy resin is considered the
ideal resin used for coating mild steel surfaces to
block corrosion and improve mechanical properties
[33].

High Strength

have excellent adhesive properties, which,
Epoxv Resin Properties
High Physical and High Anti- Excellent Adhesive Good Waterproof
Mecha[.ucal Corrosion and
Properties Chemical Resistant

Figure 5 - The main properties of epoxy resins
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Conclusions

It is clear from the review that corrosion of
concrete reinforcing is a significant problem and
must be considered when constructing concrete
structures exposed to harsh conditions. One of the
main factors harming reinforced concrete (RC)
constructions is corrosion of the steel reinforcing the
concrete. Designing an effective protection plan
requires an understanding of the corrosion process,
including its thermodynamic and  kinetic
characteristics.

One of the most broadly applicable and
economically advantageous methods for preventing
steel corrosion in reinforced concrete has been
demonstrated to be cathodic protection. Conduit
coatings can protect difficult-to-reach areas and
provide a broad surface area for the anode system

to ensure regular distribution of the protective
current. They are also simple to install. The cost of
installing a cathodic protection system is also
significantly reduced since the coating is far less
expensive than installing spot anodes. Epoxy coating
can be employed as an anode material in an ICCP
system owing to its outstanding anti-corrosion and
mechanical qualities.
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AmmaH yHugepcumemi an Axaus, AMmaH, 19328, MopdaHus
3 HaHomexHo102uAnapOblH YMmMbIK AWbiK 3epmxaHacsl, an-®apabu Kazaxk yammelx yHusepcumemi, Aamamel, Ka3akcmax
4 [lempoHac mexHon02uanbIK yHusepcumemi, baHdap-Cepu-UckaHdap 31750, MNepak, Manaiizus
> A6ali ameiHAarel Ka3¥IY, }apamblabicmaHy #aHe 2eoepagus uHcmumymsi
6 )KLLIK «Concrete Corrosion Tech», Xamgpu Muddnmop Apaie, 12, bupmuHaem, AHeaus B17 OIN
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TYWIHAEME

Kasipri yakpITTa TemipbeToH Kenip KypblbiIMAAPbIHbIH, *KYMbICbIHA 9Cep eTeTiH By3bl1yAbIH, Herisri

oHe eH KbimbaT Typi-6onar apmatypaHbliH, KOPpo3usAcbl. TeMIpOETOH KOHCTPYKLMANAPbIHbIH,

KOPPO3MACHI aUTap/bIKTal KapKbl/bIK LWbIFbIHAAPFa aKenedi. TeMipbeTOH KOHCTPYKUMANapbiHaa
KOPpPO3usAHbl BonablipmayapbiH, KaXKeTTi agicTepiHiH, bipi-kaToATbl KOpFaHbIC. KaToATbl KOpFaHbIC

(ICCP) 6epikTik neH berimaenyfi kamTamacbi3 eTefi, ©1TKeHi on TemipbeToH fFumapaTTapsbl

Makana kengi: 9 winde 2023
CapanTtamagaH eTri: 15 mameiz 2023
Kabbinganabl: 24 mameiz 2023

JKOFapbl KapPCblIbIKKA Me BoNFaH sKaFdanaa KaxeTTi ToK 6epe anagbl. ICCP ywiH apTypAi eTKi3riw
»KabblHAAP MeH aHOATbI MaTepuanaap, MbiCabl, KEMIPTEKTI TaNLWbIKTbI OTKI3riW }abblHaap MeH
MbIpPbIW, COHAAN-aK AWUCKPETTi aHoATap TYPiHAEri aHOATHIK JKyhenep »KoHe LemeHTTey

»KabblHbIHAAFbI TUTAH HerisiHAeri Topaap Kui KoagaHblnagabl. Xaopua noHaapsl, acipece, 6onatka

KaTTbl SMOKCMATI abblH apKbl/ibl €HY KMbIH, BY/1 OHbl KaTTbl XMMUA/IbIK 3aTTapAaH Kopfay yLWiH eTe

TUIMA] TOCKaybln eTeai. INoKCMATI Waiblipiap meTann 6eTTepiH Koppo3usaFa Kapcbl KACUETTEPIHIH,

9PTYpAi beTTepre »KaKCbl aAre3UACbIHbIH, YKOHE XMMMAIK TO3IMAINITIHIH, apKacbiHAA KOpLUafaH
opTa MeH KOppo3uA/bIK OpPTaHblH, dCepiHEH KOpfayAblH Tamalla Hyckacbl 6onbin Tabblnagpl.

Ocblnaiwa, 6yn KymbiC aHOA4, MaTepuanbl peTiHae KaToaTbl Kopfayapl, ICCP, apTypai eTki3riw

KabblHAAPAb! KIHE 3MOKCMATI KabblHAapabl KapacTbipadbl. byn agictep meH matepuangap

TEMIpOETOH KOHCTPYKUMANAPbIH KOPPO3UAZAH KOPFay KOHE JKYMbIC KafAalblHAA ONapAblH,
BepiKTiri MeH ceHiMAINIriH *KaKkcapTy YWiH YIKEH MaHbI3Fa Ke.

TyliiH ce30ep: KOpFaHbIC, KENTIPiNreH TOK, TeMip6eTOH KOPPO3UACHI, IMOKCUATI KabbliHAAP.
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AHHOTAUMA

OCHOBHbIM U Haubosnee [OPOroCTOALMM BUAOM PaspyLIeHWs, KOTOPbI B HacTosliee Bpems
BAWAET HA 3KCMAyaTaLMOHHbIE XapPaKTEPUCTUKM Kene306eTOHHbIX MOCTOBbIX KOHCTPYKLUMIA,
AB/AETCA KOPPO3UA CTasIbHOM apmaTypbl. KOppo3us Kene306eTOHHbIX KOHCTPYKLMIA MPUBOAUT K
3HaYMTENbHbIM PUHAHCOBLIM NoTepsam. OAHMM U3 BOCTPebOBaHHbIX METOAO0B NpeaoTBpaLLEeHuUs
KOPPO3MM B 3KeNe306EeTOHHbIX KOHCTPYKLMAX ABNAETCA KaToAHan 3awmTa. KatogHas 3awumra (ICCP)
obecneunBaeT NPOYHOCTb M aAANTUBHOCTb, TaK KaK MOXET BblAaBaTb HEOOXOAUMbIA TOK B
CUTyaumu, Koraa xenesobeToHHble 34aHMsA 061a4at0T BbICOKMM conpoTusaeHnem. ns ICCP yacto
MCMNONb3YIOTCA Pa3/INyHble TOKOMPOBOAALME MOKPbLITUA W aHOAHble MaTepuasnbl, Takue KaK
TOKONPOBOAALLME NMOKPBLITUA C YIAEPOAHbIMU BOIOKHAMM U LIMHK, @ TaKXKe aHOAHble CUCTEMbI B
BMAE AMCKPETHbIX aHOAOB W CETKM Ha OCHOBE TUTaHa B LEMEHTUPYIOLLEM MOKPbITUK. MOHbI
XN0puAa, 0COBEHHO, TPYAHO MPOHMKAIOT Yepes CNIOWHOEe 3MOKCUAHOE NOKPbITUE Ha CTanu, YTo
AenaeT ero oyeHb 3GPeKTUBHLIM HapPbePOM ANA 3aALUTHI OT ArPECCUBHbBIX XMMUYECKUX BELLECTB.
INOKCUAHbIE CMOAbI NPEACTaBAAT COBOM OT/IMYHBIN BAapWMAHT ANA 3aWWUTbl METANNINYECKMX
NOBEepXHOCTeN OT BO3LEUCTBMA OKPYXKaloWel cpedbl W arpeccuMBHbIX cpep 6Gnarogapa ux
BbIJQIOLMMCA aHTUKOPPO3UMHBIM CBOMCTBaM, XOPOLUEN aare3nun K pasiniyHbiM NOBEPXHOCTAM U
XMMMWYECKOW CTOMKOCTU. Takum 06pa3om, B LlaHHOM paboTe paccMaTpMBalOTCA KaTogHan 3awuTa,
ICCP, pa3nnyHble TOKONPOBOAALLME MOKPbLITUA U 3MOKCUAHOE NOKPbITUE B KayecTBe maTepuana
aHoZa. 3T MeToAapl M MaTepuanbl UMEOT 60/bLOoe 3HAYEHME ANA 3aLMUTbI Kene306eTOHHbIX
KOHCTPYKUMWA OT KOPPO3UW W YAYYLLIEHUA WX [O/TOBEYHOCTM M HALENKHOCTU B YCNOBUAX
3KcnayaTauuu.

Knrouessbie cnosa: 3awmTa, Ha/I0XKEHHbIN TOK, KOppo3uun KenesobeToHa, 3MOKCUAHblIE NOKPbITUA.
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ABSTRACT

Proton exchange membranes (PEMs) that function at elevated temperatures surpassing 100°C
and exhibit exceptional mechanical, chemical, and thermochemical stability have garnered
significant interest. This is primarily due to their practical utility in proton exchange membrane
fuel cells (PEMFCs). In the present era, an extensive array of polymers and polymer-blended
membranes have been scrutinized for their applicability in this domain. Each of these materials
presents a set of advantages and disadvantages. However, the realm of PEMFCs is still in search
of the perfect membrane endowed with distinct properties. Graphene oxide, a two-dimensional
substance arising from the oxidation of graphite, has manifested itself as a promising candidate.
Oxygen (O) functional groups are incorporated within the sp? carbon (C) plane of the oxidized
graphite, forming graphene oxide. This material can be synthesized by exfoliating graphite oxide,
a three-dimensional carbon-based compound, into layered sheets using ultrasonic or mechanical
agitation. The presence of multiple reactive oxygen functional groups renders graphene oxide
suitable for a diverse array of applications, such as composite polymers, energy conversion
materials, environmental safeguards, sensors, transistors, and optical components. This
versatility is attributable to its outstanding electrical, mechanical, and thermal properties. Among
the various methodologies for graphene oxide synthesis, the modified Hammer method stands
out for its simplicity, cost-effectiveness, and high yield. This research delves into the structural
analysis of graphene oxide obtained through the Hammer method, utilizing commercially
available graphite. The study involves the creation of membranes based on
carboxymethylcellulose (NC) that integrate dispersed graphene oxide (GO) sheets. These novel
membranes, as well as pristine graphene oxide, were subjected to a comprehensive array of
analytical techniques including XRD, XPS, Raman, FTIR, and SEM microscopy. Additionally,
electrophysical characterizations were undertaken employing electrochemical impedance
spectroscopy (EIS) measurements. The investigation uncovered that the introduction of NC into
the graphene oxide matrix significantly enhances the electron conductivity of the composite
membrane. Simultaneously, the presence of graphene oxide contributes to the mechanical
robustness and thermomechanical stability of the membrane structure. The principal impetus
behind this article lies in furnishing vital insights into the physical and structural attributes of
graphene oxide membranes relevant to their deployment in hydrogen energy applications.

Keywords: Hammers method, graphene oxide, nanocellulose, XRD, XPS, IR Fourier spectroscopy,
impedance spectroscopy (EIS)
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Introduction

Graphene oxide (GO) originates from the
exfoliation of graphite oxide, resulting in a layered
structure containing one or multiple carbon atom
layers, accomplished through ultrasonic or
mechanical processes [1]. These GO sheets are
mainly classified as chemically generated graphene,
displaying analogous characteristics to pristine
graphene. However, a fundamental distinction
exists between graphene and GO: while graphene
solely comprises sp? hybridized carbon atoms, GO
encompasses a carbon framework featuring diverse
oxygen based functional groups.

Back in 1859, Brodie labeled graphene oxide as
either graphite oxide or graphitic acid [2]. This was
achieved through the chemical treatment of
graphite using KCIO; and HNOs;. The subsequent
step involves the transformation of graphite oxide
into monolayer sheets of GO, a process that can be
accomplished using various thermal and
mechanical techniques [3]. In the current context,
the monatomic carbon stratum within graphite
oxide is recognized as graphene oxide (GO).

Four methods of GO synthesis are well known,
such as Brody's method [2], Staudenmaier's
method [4], Hammer and their modifications [[5],
[6]], and Tur's method [7]. At present, the synthesis
of GO by the modified Hammer method is
considered to be the most common method.

GO contains various functional groups of active
oxygen, and its polymer composites enable the
development of materials for energy conversion
and environmental protection [8].

In addition, GO can be used to produce
membranes for obtaining pure water. In recent
years, multilayer two-dimensional films for
purification and chemical separation of water have
been obtained from bilayer hydroxides (LDHs),
transition metal dichalcogenides (MoS,;, WS,),
transition metal carbides (MXene), and many other
materials based on graphene [[9], [10], [11], [12]].

Compared with other 2D membranes, graphene
oxide (GO) membranes have better sheet structure,
efficient separation, and flexible fabrication
methods. Studies have shown that GO multilayer
membranes can effectively trap  water
contaminants, and water molecules can quickly
flow between layers with virtually no friction [[12],
[13]].

Because cellulose is partially crystalline, it
comprises regions that are both crystalline and
non-crystalline [14]. The polymer's molecular and
intermolecular chemical constituents possess
distinctive characteristics, including hydrophilicity,
limited solubility in certain agqueous environments,
and a capacity for straightforward chemical
modification. Cellulose can be categorized into
different structural arrangements and transformed
from one configuration to another through either
chemical or thermal processes [15].

Nanocellulose (NC) exhibits superior physical,
chemical, biological, magnetic, electrical and optical
characteristics compared to some materials in their
nanoscale form [16]. Conceptually, NCs can be
obtained at different stages using hydrolysis
technique, i.e. (1) extraction of
extractives/hemicellulose using physicochemical,
biological or a combination of two or more
treatments, (3) separation of cellulose unit fibrils or
microfibrils to obtain nanofibers using different
substances and (4) solvent removal, ultrasonic
treatment, centrifugation, stabilization and drying
[[17], [18], [19], [20]].

As a natural nanomaterial, plant-derived
nanocellulose and natural cellulose have the same
properties as graphene, such as large size, specific
surface area, mechanical and chemical properties,
high crystallinity, biodegradability, and renewable
resource intensity [21]. Recently, many researchers
have been working on combining NCs with
graphene to create functional hybrid composites of
nanocellulose and graphene [[22], [23], [24]].

Experimental part
Two different graphene oxide (GO, GO+NC)

based samples were fabricated by the Hammers
method (Table 1) [[25], [26]].

Table 1 - Samples of graphene oxide

Name Thickness
1. GO 18.03 — 23.5 micron
2. GO+NC(1/1) 12.36 micron

The morphological structure of the samples
was determined using the SEM Crossbeam 540
research instrument. The results obtained are
shown in Figure 1.
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(a)

Figure 1 - SEM images of samples of graphene oxide a)
(GO) and b) GO + nanocellulose (NC)

The spectra of GO, GO+NC were studied by X-
ray photoelectron spectroscopy. The results
obtained are presented in fig. 2. The spectra of the
two samples in the figure show the difference in
binding energy (GO = 280-290 eV, GO+NC = 290-
300 eV).

IR spectra were determined using a Nicolet iS10
IR Fourier spectrometer (Fig. 3-a) and the Raman
spectra were studied (Fig. 3-b).
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Figure 2 - X-ray photoelectron spectrum (XPS) of GO +
NC samples

Figure 3 - a) FTIR spectra and

b) Raman spectra of GO and GO + NC samples

The electrical characteristics of the samples
were studied in various temperature ranges by the
method of impedance spectroscopy (HF2
Impedance spectroscopy, Zurich). The copper
element was deposited on the surface of the
sample by magnetron sputtering to create an
electrical ohmic contact. Plasma power 40 W,
deposition time 30 min.

(b)

Figure 4 - a) the process of magnetron deposition and
b) the type of samples obtained

Impedance measurements were carried out at
a sinusoidal voltage amplitude of 50 mV in the
frequency range from 10 Hz to 1 MHz. On fig. 5
shows the measurement results.

Results and Discussion

As can be seen from the SEM images (Fig. 1),
the addition of nanocellulose to graphene oxide
leads to the formation of a composite material with
pores and folds.

On fig. 2 shows the C 1s XPS spectra for GO and
GO + NC. It can be seen that the spectrum of C 1s
GO has two peaks at 284.6 and 286.6 eV,
corresponding to the sp? and C-O carbon functional
groups, respectively. However, the addition of
nanocellulose led to an upward shift in the binding
energy and a twofold decrease in the overall
intensity. The peak shift is related to a change of
oxidation state of GO after adding NC, where the
higher binding energy shows higher oxidation state
[27]. The intensity is directly connected to the
number of atoms with respective oxidation state.
Thus, there is a certain degree on the amount of
oxidized atoms in GO+NC composite which is less
than the amount of non-oxidized atoms in pristine
GO without any addition. Also, the XPS spectrum of
graphen oxide showed there isn’t any elements
other than C and O, indicating the absence of
foreign impurities.

A typical Raman spectrum (Fig. 3b) of GO is
characterized by an approximate G band. The
Raman spectrum has a 1605 cm?® band
corresponding to the E2g phonon of the sp? C
atoms and a 1353 cm™ D band corresponding to the
point phonon K absorption mode of Alg symmetry.
Here, the graphene G band was observed at 1600
cm?, which was slightly shifted from the GO
position. There was no difference in the Raman
spectra of GO and GO + NC models.

In the FTIR GO spectrum (Fig. 3a), there is a
strong and broad elongated O-H vibrational band
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which occurs at 3410 cm™ from - due to oxidation.
In addition, the carboxyl at 1721 cmt hasa C=0
stretching band, an O-H deformation vibrational
band at 1404 cm™ and a C - O stretching band at
1087 cm™. The addition of nanocellulose resulted in
an increase in the total FTIR conductivity signal and
additional peaks.
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Figure 5 - frequency dependence of electrical resistance
with temperature change,
a) GO, B) GO + NC

In Figure 5, it can be seen the difference in the
electrical resistance of graphene oxide and GO + NC
samples. Temperature dependences of the
research samples were also revealed. The obtained
results show that at room temperature the
electrical resistance of graphene oxide is one order
of magnitude higher than GO+NC. As the
temperature increases, the resistance of both
samples decreases and the conductive property
increases. Whether these materials can be used as
a fuel cell is evidenced by actual studies.

Conclusions

Graphene oxide and GO + NC results obtained
by simple chemical wet process, XRD, FTIR, Raman,
SEM showed successful results. It was investigated
that the conductivity of the samples increased with
increasing temperature during operation using
electrochemical impedance spectroscopy (EIS)
measurements. XPS results showed that the
addition of NC to the GO leads to the increase of
oxidation degree of the whole membrane. GO with
elevated levels of oxygen content could make the
membrane significantly more hydrophilic. This
enhancement in hydrophilicity would lead to
improved membrane properties, such as a decrease
in biofouling processes and an increase in water
flux. Also, GO can be easily dispersed in water and
exfoliated in a wide range of solvents due to the
hydrophilicity. Graphene oxide plays an important
role in the development of science and technology
today. Studies show that graphene oxide can be
used for not only making battery and
supercapacitor cathodes, electrical sensors,
photovoltaic devices, electrochromic devices and
optical devices, but also for making membranes in
hydrogen energy. Many studies provide evidence
for the future utilization of graphene oxide, which is
an advanced technology based on graphene oxide.
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TYWIHAEME

ofapbl Temnepatypasa MYMbIC iCTEWTIH »KaHe Tamalla MeXaHMKaNblK, XUMWANbIK KaHe
TEPMOXMMUANBIK  TYPaKTbIIbIKKA Me MpOTOH asnmacy MmembpaHanapbl (PEM) npoToHAb!
membpaHanbiK oTbiH anemeHTTepiHae (PEMFC) npakTMKanbik KOoNAaHbIAYbIHA GainaHbICTbl Ken
Haszap ayaapyaa. Kasipri yakbiTTa ocbl MaKkcaTTap YWiH NOMMEPNEPMEH apanackaH KenTtereH
NOAMMEPAI KIHE dPTYpAi membpaHanap 3epTrenyae, onapAplH, 6apAbiFbIHAA aPTbIKLIbLIbIFbI
»KoHe KemLwiniktepi 6ap. [lereHmeH, PEMFC 6ipereii kacvueTtTepi 6ap ngeanapl membpaHanap ani
[e oK. FpadeH oKcUAiHIH KypaMblHAA 9PTYPAi PeaKTUBTI oTTeri GyHKLMOHaNAbIK TonTapsl bap,
6yn OHbIH Tamawa KacueTTepiHe 6aiNaHbICTbI OHbI MOAMMEP KOMMO3UTTEPI, SHEPruAHbI
TYPAeHAipyre apHanfaH matepuangap, KopliafaH opTaHbl KOpfay KongaHbanapbl, ceHcopnap,
TPaH3UCTOPNAPbI KIHE ONTUKANbIK KoNAaHbanap CUAKTbI KenTereH KongaHbanapaa aNekTpik,
MEXaHUKaNbIK KaHe XbINYMblK KacueTTepi Heris peTiHAe KongaHbinagpl. MpadeH oOKcuAiH
CUHTEe3Aey YWIH KeHiHeH KONAAHbINATbIH 3iC KapanaibiM NPoLecc, KyHbl TOMEH »KaHe XoFapbl
KipicTiniriHe 6ainaHbicTbl MognduKaumanaHFaH Xammep agici 6onbin Tabbinagbl. byn KymbicTta
6i3 KoMMmepUMANbIK rpaduTiH NanaanaHy apKblibl XaMmepc aicimeH anbiHFaH rpadeH OKCUAiHIH,
KYPbINbIMABIK  3epTTeynepi Typanbl 6asaHAalimbls. byn rpadeH OKCUAIHIH,  KypblnbiMAbIK
cunaTTamanapbiH 6epeTiH enlwey KypbinfbliapbiIMeH ap TYp/i CMEKTPOMETPAEepAiH, KemerimeH
KapacTbipblnagbl. [ucnepcTi rpadeH okeuai (GO) napakTapbl 6ap KapboKcMmeTMLEennonosa
(NC) Herizingeri membpaHanap PEMFC KongaHwb6anapbl ywiH acanbin, 3epTrengi. byn
membpaHanap meH rpadeH okcuai XRD, XPS, Raman, FTIR skaHe SEM MWKPOCKOMWACBIHbIH,
KOMOMHAUMACHI apKblabl 3epTTendi, an 3NeKTPOPU3IUKANbIK CUNATTay INEKTPOXUMUANDBIK
nmnegaHc cnektpockonusckl (EIS) enwempaepi apkpiabl opbiHganabl. GO-Fa CMC Kocy 6ykin
MeMbpaHaHbIH, 3N1eKTp  OTKI3riWTiriH  KofapblnaTtaTtbiHbl, an GO MmembpaHaHbIH,  ¥KaKCbl
MEXaHUKaNbIK KaHe TEPMOMEXaHMKaIbIK TYPAKTbIIbIFbIH KAMTaMacbl3 eTeTiHi aHbIKTanabl. byn
MaKanaHbl KasyablH, Herisri moTuBaumsacbl rpadeH OKCUAIHIH, cyTeri 3HepreTMKacbiHAA
KONAAHbINATbIH MemMbBpaHanap YWiH KaxeTTi GU3MKanbIK KypbUibIMAbIK cunattamanap bepy
60onbin Tabblnagpl.

TyiiiH ce3dep: Xammepc apici, rpadeH okcuai, HaHouennonosa, XRD, XPS, UK ®ypbe-
CMeKTpocKonua, umnegaHc cnektpockonusa (EIS)
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AHHOTALMUA

MpoToHoo6MeHHble membpaHbl (PEM), paboTatoLume npu BbICOKMX TemnepaTypax sbiwe 100 °C, ¢
NPeBOCXOAHON MeXaHUYEeCKOM, XMMUYECKOW U TePMOXMMMUYECKON CTabUAbHOCTBIO, NMPUBAEKAU
60/blIOE BHMMaHWE B CBA3U C WMX NPAKTUYECKMM MPUMEHEHMEM B TOMJIMBHbLIX 3/I@MEHTax C
nNpoToHoO6MeHHbIMU membpaHamu (PEMFC). B HactosAwee Bpems AN 3TOMO MPUMEHEHUs
MCCNep0BaHO OTPOMHOE KOIMYECTBO MONMMEPOB M Pa3/IMYHbIX NOMMEPHBLIX MeMbpaH, Bce U3
KOTOPbIX MMEIOT KaK MAOCbl, TaK U MUHYCbl. OfHAKO MAEANbHbIX MEMBPAH C YHWKAAbHbIMMU
csoictBammn ana PEMFC Bce ewe HeT. Okcup rpadeHa npeactaBnser coboit ABYMEpPHbI
maTtepuan, 06pa3oBaHHbIN U3 OKUCAEHHOrO rpaduTa ¢ GYHKLMOHANbHBIMM FPYNnamun Kucaopoaa
(0), 3aHumarowmMmmn naockocTb sp? yrnepoda (C). Okecua rpadeHa MOXKHO MOAYYUTb MyTEM
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paccnamBaHuA oKcuaa rpaduTa (OKMCNAEHHOTO TPEXMEPHOrO MaTepurana Ha OCHOBe yriepoaa) Ha
NaMUHUPOBAHHbIE  /IUCTbI € UCMO/Nb30BAaHWMEM  Y/NbTPA3BYKOBOTO WM  MEXaHU4YecKoro
nepemewwnBaHuna. OKeug rpadeHa coaepkuT pasnnyHble GyHKLMOHA/bHbIE TPYMMbl aKTUBHOTO
KMcnopopaa, UTO AenaeT ero OCHOBOM [ANA MHOTUX MPWIOMEHWI, TaKMX KaK NOAMMEpHble
KOMMO3UTbI, MaTepuanbl ANA NpeobpasoBaHUA SHEPrUM, NPUNOKEHUA ANA  3aLWMUTbI
OKpYy:KaloWwen cpeabl, AATYMKWM, TPAH3UCTOPbI M ONTUYECKME NPUNOXKEHUA 6narogaps ero
NPEBOCXOAHbIM  3/IEKTPUYECKUM, MEXAaHUYECKMM U TEPMMYEecKMm cBoicTBam. LLnpoko
MCNo/Nb3yemMmblM MeTOAOM CUHTe3a OKcuaa rpadeHa ABAAETCA MOAMPULMPOBAHHBIA MeTos,
Xammepca 13-3a ero NpocToro NpoLecca, HU3KoM CTOMMOCTU U BbICOKOTO BbIxoAa. B aToi paboTe
Mbl COOBLLAaEM O CTPYKTYPHbIX WCCNEAO0BAHUAX OKCMAa rpadeHa, MNOoNyYEHHOro MeToAOoM
Xammepca € UCNONb3OBaHMEM  TeXHUYECKOro  rpadurta. MembpaHbl Ha  ocHoBe
KapbokcumeTuauenntonossl (NC) ¢ auMcTamu AUCNEepCMOHHOrO okcuia rpadeHa (GO) 6bian
M3roToB/IEHbI U UCCNeA0BaHbl AnA npumeHeHna PEMFC. 3T membpaHbl 1 nepBuyHbili GO 6bi1n
M3y4eHbl ¢ nomolLlblo KombuHaumm XRD, XPS, Raman, FTIR n SEM-mukpockonuu, B To Bpems Kak
3NEKTPOPU3NYECKME XaPAKTEPUCTUKM OblaM  BbIMONHEHbI C  WCMO/Nb30BAHUEM W3MEPEHUN
3N1EKTPOXMMMYECKON MMneaaHcHoM cnekTpockonuu (EIS). BoisisneHo, uto gobasneHne NC k GO
NOBbILLAET INEKTPUYECKYID MPOBOAMMOCTb BCeil membpaHbl, a GO obecneumBaer xopoLuyto
MEXaHUYECKyl0 M TepMOMEXaHMYECKYl0 CTabunbHOCTb membpaHbl. OCHOBHOM MOTUBALMK
HanmucaHnA 3ToW cTaTbu ABnAeTcA obecrieyeHne HeoBXOAUMbIX OU3NUECKUX CTPYKTYPHBIX
XapaKTEPUCTUK ANa membpaH 13 okeuaa rpadeHa, UCnonb3yemMbix B BOAOPOAHOW SHEPreTUKeE.

Knrouesbie cnosa: meton Xammepca, okeug, rpadeHa, HaHouenntonosa, XRD, XPS, UK dypbe-
CMEKTPOCKONUA, MMNeaaHCHoM cnektTpockonuu (EIS)
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ABSTRACT

Due to their crucial qualities and functionalities, polymers have received a lot of attention in
recent years as food packaging materials. These characteristics include non-toxicity, ease of
availability, biocompatibility, and biodegradability, showing their promise as an alternative to
traditional plastic packaging, which has long been under investigation for its environmental
impact. Given the present emphasis on sustainable development, research into biopolymers as
eco-friendly and sustainable food packaging materials is critical. The synthesis of biodegradable
polymers-based on starch represents a significant stride towards sustainable packaging solutions.
As the global demand for eco-friendly materials continues to grow, ongoing research and
innovation in this field are poised to lead to the development of starch-based packaging films
with improved properties and widespread commercial applications. As a result, the primary goal
of this review is to create a biodegradable polymer based on corn-starch and PVA with strong
physicomechanical characteristics for usage in plastic bags.
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Introduction

Synthetic polymers and products made from
them have a high demand for attributes of human
life, but their use creates a lot of problems.
Synthetic polymer materials are yielded from non-
renewable raw materials, and their accumulation
and problematic disposal lead to a deterioration of
the environmental situation and the creation of a
global problem. The volume of production of
synthetic plastic materials, mainly polyolefin, is
more than 300 million tons per year. Polyolefin is
polyethylene and polypropylene, which can be
obtained by petroleum organic synthesis. It is
worth emphasizing that up to 98% of the world's

plastics are produced from non-renewable raw
materials such as oil, gas, and coal processing
products. Their stocks are limited [1]. Nowadays,
the scope of use of plastic materials is extensive
and is used in almost all areas of human activity.
The largest share of processing of synthetic
polymers falls on the manufacture of containers
and packaging. The volume of this sector is
approximately 60% of the total volume of plastics
processing. About 40% of plastic is used for food
packaging and the bottling of drinks. A large mass
of used goods is made of synthetic polymers, and
only about 20% are recycled [[2], [3], [4]].
According to data from the World Bank
organization, about 2.01 billion tons of solid
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household waste are generated annually in the
world, and around 242 million tons (12%) of the
total amount of solid waste is related to plastic
materials [5]. The problem of solid waste
management is relevant in the world and the
Republic of Kazakhstan is not excluded. In 2021 the
amount of solid household waste in Kazakhstan was
estimated at 125 million tons for what we used 3
200 official landfills and only 18.3% of solid
household waste is recycled [6].

Utilization is a possible solution to reduce the
volume of waste of artificial plastics. The utilization
process can include recycling, combustion,
pyrolysis, and recirculation. Combustion and
pyrolysis can contribute to the reduction of waste
but worsen the environmental situation. In
addition, highly toxic compounds such as furans
and dioxins are formed during combustion [7].

Plastic considerably pollutes the air, water, and
soil because it contains harmful compounds (lead
and cadmium pigments, which are frequently used
as additives in low-density polyethylene, high-
density polyethylene, and polypropylene), and
because it is not biodegradable. Plastic bags have
the potential to harm the environment in three
different ways. Firstly, natural resources that need
to be protected are mainly used for the
manufacture of plastic bags: oil, natural gas, or
coal. Secondly, during the production of plastic,
many harmful pollutants are formed, which
production companies need to properly deal with.
According to market research, the plastic bags of
Kazakhstani manufacturers, which produce them
mainly based on petrochemical products, do not
decompose quickly because of mineralization and
can remain in microscopic form indefinitely [8].
Numerous illnesses, including blood and renal
ailments, immunological and brain system
abnormalities, and birth defects in children, can be
brought on by these compounds [9]. In addition to
being extremely poisonous, the primary chemicals
utilized in the production of plastic bags include
certain carcinogens including benzene and vinyl
chloride, as well as gaseous and liquid
hydrocarbons that harm the environment. It was
found that some synthetic plastics used for the
manufacture of plastic containers increase the risk
of cancer. Since a moderately dangerous substance
for the human body is used for their production -
bisphenol A (diphenyl propane A). Bisphenol A
dissolves well in an aqueous medium; therefore, it
can get into food and directly into the human body
through the blood [1].

A more effective and popular way to accelerate
the biological degradation of the polymer matrix of
synthetic polymers is to add various natural
additives to the polymer structure that serve as a

nutrient medium for microorganisms and
accelerate the destruction of the polymer
composition. Polysaccharides (starch, dextrin,

chitosan, cellulose, wood processing waste) have
become the most widespread in the production of
biodegradable packaging [[10], [11]]. Despite a
significant amount of work devoted to the
production of biopolymer materials, their
characteristics, and applications, the issue of
creating biodegradable systems to reduce the time
of biological decomposition has not been fully
resolved [12]. The development of new plastic
polymer materials that decompose due to
microorganisms in soil and water is one of the
urgent and priority directions of science
development [13]. Polymer degradation can also
be caused by exposure to ultraviolet and thermal
radiation, sunlight, hydrolysis, and oxidation of air
[14].

The addition of poly (ethylene glycol) methyl
ester methacrylate [PEGMA] to polymer
compositions filled with natural fillers to create
biodegradable compositions has not been
previously carried out, which is a novelty of this
work. In this regard, studies on the effect of poly
(ethylene glycol) methyl ether methacrylate in
polymer compositions based on polyvinyl alcohol
and natural starch filler for the creation of
biodegradable polymers are of both scientific and
practical interest.

To achieve this goal, the following scientific
tasks were set:

1) Selection of certain components and their
ratio.

2) Study technological parameters in the
production of materials with high-performance
characteristics, such as physical, mechanical, and
technological properties.

3) Observe the ability to rapidly biodegrade,
considering the regulation of degradation
processes.

4) Study the solubility of [PVA-b-S]-g-PEGMA
biofilms in water, tea, coke, and soil.

Consequently, PEGMA was grafted onto a
PVA/S mix copolymer with potassium persulfate
acting as the initiator. By using elongation and
tensile strength tests, the impact of the blend ratio
([PVA]:[S]:[PEGMA]) and the molecular weight (300,
500, and 950 g/mol) of PEGMA on the
physicomechanical characteristics of PVA/S blends

— 11—



Complex Use of Mineral Resources. 2024; 329(2):110-130

ISSN-L 2616-6445, ISSN 2224-5243

was investigated. It was discovered that the water
phase is the best environment for the
biodegradability of the produced PVA/S/PEGMA
mix films. Additionally, the study aims to offer a
quick and affordable way to create biodegradable
starch/PVA/PEGMA mix films with better physical
qualities, which may find potential uses in the
disposable packaging industries [15].

Biodegradable Polymers

The biodegradability of polymers is the ability
of a material to decompose without residue under
the influence of bacteria, fungi, UV radiation, light,
solar radiation, and other natural factors in natural
conditions on environmentally friendly substances
[16]. The main concept of biopolymer production is
to create methods close to the natural cycles of
nature. To obtain them, renewable raw materials
are used, containing in their composition
substances that arise in plants during
photosynthesis. Biopolymers are being developed,
which are later used as fertilizers, and thanks to
microbes and hornbeams, water and carbon
dioxide are converted in natural conditions.

Biodegradation is a chemical process caused by
biological activity that changes the chemical
structure of a material and contributes to the
production of natural end products of metabolism.

Synthesis of Biopolymers

Currently, there are three possible directions to
produce biopolymers:

1. Synthesis of plastics based on renewable
polymers. The synthesis of biodegradable plastics
based on natural high-molecular polymers, such as
starch, cellulose, chitosan, protein, etc. is used to
create composite materials with a variety of natural
fillers. Today, biodegradable materials based on
cellulose and its derivatives are the most common
source of raw materials to produce disposable
tableware, packaging material, and other products.

2. Giving the ability to biodegradate plastic
materials popular today from petrochemical raw
materials. To give biodegradation to plastics,
molecules with certain functional groups are
introduced into the structure of the main polymer,
accelerating its photo-destruction. Composite
materials with biodegradable additives that initiate
the decomposition of the initial polymer are also

obtained. Or purposefully synthesize biodegradable
plastics based on petrochemical polymers. For
example, a mixture of cellulose, alkyl ketones or
compounds containing carbonyl groups accelerates
the photodecomposition and biodegradation of
polyethylene, polypropylene, or polyethylene
terephthalate.

3. Production of biodegradable polyesters by
chemical or biological methods. According to
literary sources, this direction has been actively
developing recently. The direction is based on the
biotechnological or chemical synthesis of
biopolymers based on hydroxycarboxylic acids,
such as glycolic, lactic, valerian, and others [1].

The biodegradability and non-toxicity of
bioplastics are the fundamental requirements for
purchasing them. Standards for polymaterials are
used for this purpose, and they provide for testing
of all additives and polymers to prevent
environmental harm [17].

The biodegradation of polymer materials is
significantly influenced by the size and chemical
structure of the molecule, the presence and type of
replacements, and supramolecular micro- and
macrostructure [18].

There are certain fragments in the structure
which enhance the biodegradation of plastic [18]:

1) heteroatoms;

2) double bonds R = CH2; R = CH-R1; hydroxyl
groups R—CH2-0OH; R—CH(OH)-R; ether bonds R-—
CO-H; R—CO-R1, etc.;

3) less than five CH2 groups;

4) volumetric substituents;

5) Natural products of microorganisms, such as
starch, cellulose, lactose, magnesium, and urea.

The main mechanisms of polymer
biodegradation are biological hydrolysis, which
begins with the adsorption of microorganisms on
the surface and biological oxidation depends on the
chemical composition of the monomer link [18].

Types of Bioplastic Materials

The two categories of raw materials used to
create bioplastics are renewable and
renewable raw materials. Polvmer materials are
also distinguished bv spbontaneous decombosition

non-

in the natural environment. that is. bv
biodegradation: biodegradable and non-
biodegradable [18]. Based on the above

characteristics. all olastics are divided into the

following groups as shown in Table 1.
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Table 1 - Classification of plastics by raw materials

The raw material

Type of plastic

Non-biodegradable plastics from non-renewable raw
materials.

Some examples of these include polyethylene,
polypropylene, polyvinyl chloride, polyethylene
terephthalate, polystyrene, polybutylene terephthalate,
polycarbonate, and polyurethane.

Biodegradable from non-renewable

materials.

plastics raw

These are synthetic, non-natural materials derived from
petrochemical hydrocarbon raw materials; yet, due to
specific structural properties, they are biodegradable.
Polybutyrates (adipic acid, dimethyl terephthalate, and
1,4-butanediol  copolymers  (PBAT), polybutylene
succinates (PBS), polyvinyl alcohol (PVA),
polycaprolactones (PCL), and polyglycolic acid (PGA) are
examples of this category.

Non-biodegradable plastics are based on natural raw
materials.

These include biopolyethylene, biopolyvinyl chloride,
terephthalic PET biopolyesters, etc.

Biodegradable plastics from natural raw materials:

- with the formation of a polymer chain in a natural way.
These are biopolymers based on starch, cellulose, etc.

- with the formation of a polymer chain with the help of
microorganisms in a certain environment. These are
polyhydroxyalkanoates;

- with the formation of a polymer chain, during the
synthesis of a monomer due to a biological process. This
is polylactic acid.

In this work, the type of biodegradable plastics from
natural raw materials prepared by a new biopolymer is
examined and studied for degradability.

Natural Biopolymers
Bioplastics from Biomass

Polysaccharides are the most famous natural
macromolecules. These are high-molecular
carbohydrates consisting of glycoside bonds. They
are often one of the important structural elements
of the framework of plants and animals. Plants such
as potatoes, wheat, legumes, sunflowers, beets,
and a variety of wood serve as raw materials to
produce a variety of biodegradable polymer
products. Now, natural polymers such as
polysaccharides, cellulose, rubber, polypeptides,
chitin, epoxidized oil, lignin, pullulan, polyesters,
etc. are used. The most popular is starch because it
is less expensive and obtained from potatoes,
wheat, corn, and rice [19].

Starch is a white amorphous powder, tasteless
and odorless. Starch does not dissolve in cold water
but swells in hot water and forms a paste. In
industry, starch is obtained from potatoes (starch
content - up to 24%) or corn kernels (57-72%).

Amylopectin (Figure 1), is a highly branching
polymer composed of short chains of -1,4 linked by
-1,6-links. Connections, and amylose, an essentially

linear polysaccharide comprised of -1,4-
anhydroglucose units, make up starch. Due to the
valence angles between the glucose atoms,
amylose molecules have between 200 and 20,000
glucose units and are made up of them in a spiral
shape. The polvmer amylopectin contains a
significant amount of branching. Thirty glucose
units are connected along the length of a short-side
chain. The starch source affects the relative ratio of
the two elements. The usual concentration of
amylose is between 15 and 25 percent and is often
present as a secondary component. As a raw
material for biodegradable goods, starch is
currently readily accessible at a cost that is far
lower than that paid even for commercial polymers.
However, because pure starch has an excessive
amount of hydroxyl groups that may absorb water,
items created from it have two severe drawbacks:
fragility and susceptibility to moisture. The
economic potential of starch-based polymers is
considerably reduced by these two characteristics;
however, research is already underway to enhance
starch-based materials. Starch-based materials'
rather low mechanical qualities were traditionally
overlooked by combining them with other
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Figure 1 - Chemical structure of amylose (a) and amylopectin (b)

biopolymers, adding a lot of plasticizers like glycerin
or ethylene glycol, or altering the chemical makeup
of starch itself. The ratio of amylose to
amylopectin, the ability of the starch to form films,
the size and shape of the grain, and the
temperature at which the starch becomes
gelatinous are all influenced by the source of the
starch. The overall structure, shape, and thermal
properties of starch are influenced by the ratio of
amylose and amylopectin [18].

The decomposition of biopolymers is facilitated
by hydroxyl groups that bind water. Starch is a
polymer with functional (-OH) hydroxyl groups in
the structure, which consist of D-glucose. When a
small amount of acid is added to the starch solution
as a catalyst, its hydrolysis occurs. Macromolecules
break down into smaller molecules (dextrin,
maltose), and the final product of the hydrolysis
reaction is alpha glucose. The reaction mechanism
proceeds as follows: a positively charged ion is
attracted to an oxygen bridge between two alpha-
glucose residues, and connects with an oxygen
atom, thereby breaking the connection. On the
atom of the second fragment of the starch
molecule, it forms a positive charge, which attracts

the water molecule to itself. The oxygen in the
water molecule is attached to a carbon atom, and
one of the hydrogen molecules is separated from
the water molecule. As a result, dextrin molecules
are formed, which are hydrolyzed by the same
mechanism to form maltose molecules. The final
product of starch hydrolysis is an alpha-glucose
molecule. Starch is a very popular vegetable
polysaccharide  with  excellent film-forming
properties. However, some hydroxyl groups can be
replaced with ether or ester groups. In this case,
water will not be able to easily affect the polymer.
To increase the heat resistance of polymers, acid
resistance, and shearing force, additional chemical
treatment is required, which makes it possible to
create additional bonds between different parts of
the polymer - starch [20].

The excellent properties of starch as a natural
multi-tonnage polymer arouse the interest of
researchers and large manufacturers for the
development and production of various starch-
based products.

The main advantages of starch as a natural
polysaccharide [21]:
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Figure 3 - The chemical structure of Carboxymethylcellulose

— the renewability and inexhaustibility of raw
materials from year to year, such as potatoes, corn,
wheat, rye, etc. This raw material has a huge
advantage over cellulose obtained from wood,
which takes at least 17-20 years to grow.

— easy modification and giving valuable
characteristics  through  chemical, physical,
biological, or combined interaction.

— a wide range of reactions with starch
related to the chemistry of low molecular weight
compounds.

— the ability to give biodegradable properties
to synthetic polymers using starch.

— environmental friendliness, no toxicity and
convenience of working with starch.

Cellulose (Figure 2) is a fascinating natural
polymer that contains reactive OH groups. The
molecular structure of starch and cellulose are
identical; cellulose is a polysaccharide. The d-
glucose units in starch are connected to -glycosidic
bonds, but they are not present in cellulose.

Cellulose has high mechanical strength, does
not dissolve in water and organic solvents, and also
does not melt. Cellulose, when interacting with
acid, is easily hydrolyzed. It is known that to obtain

cellulose gum, it is necessary to dissolve cellulose in
a solution of sodium hydroxide and carbon
disulfide. Then it is converted to sulfuric acid and a
cellophane film is obtained [22]. The simplest
cellulose derivative is methylcellulose. It has high
film-forming properties, good solubility, and low
oxygen permeability. Methylcellulose has all the
prospects as a raw material for biodegradable
materials [23]. The characteristics of edible films
made of methylcellulose were studied with the
introduction of special extracts saturated with
polyphenols and antioxidants into the mixture [24].
A film packaging made of cellulose glued with
starch, with high resistance to fats, allowed for
direct contact with food products, was obtained.
This packaging is resistant to high or low
temperatures and is used when baking products in
the oven or microwave [25].

A method is known for producing biopolymers
by the interaction of cellulose with an epoxy
compound and dicarboxylic acid anhydrides. As a
result, the obtained biomaterials are completely
biodegraded in compost in 4 weeks. Products such
as disposable tableware, films, bottles, etc. are
made by molding [26].
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The carboxyl methyl group (-CH,-COOH) of
carboxymethylcellulose (CMC; Figure 3) is linked by
the hydroxyl groups of glucose monomers. CMC is
readily soluble in water, possesses strong film-
forming abilities, and gets along well with other
biomolecules [22].

There is a nitrogen-containing polysaccharide
from the of n-acetyl glucosamine,
interconnected by B-glycoside ties which are called
chitin. It can be obtained by fungi or in the sea (the
shells of shrimps, crabs, and lobsters). The
predominant characteristics of chitin are low
density, layered structure of the polysaccharide,
high ability to form a film, selectivity of interaction
with bacteria, and radio-absorbing  and
radioprotective properties. All these important

residues

properties of chitin make it possible to develop
biodegradable based on it when
interacting with polyethylene [27]. Chitosan is an

materials

amino sugar, a linear polysaccharide derivative,
whose macromolecules are made up of randomly
bound B—(1-4) D-glucosamine units and N-acetyl-D-
glucosamine (Figure 4). It is a chitin derivative.

The main advantages of Chitosan to produce
edible films are non-toxicity, environmental
friendliness, biocompatibility, biodegradability, and
the ability to form films [28]. It has been
established  that  chemical and physical
modifications are used to improve the
technological properties of chitosan in the
manufacture of biofilms. For example, mixing
chitosan with starch or protein [29]. Starch is the
most suitable biopolymer for mixing with chitosan
because it is available as a raw material and has

excellent  physical characteristics (tasteless,
odorless, and transparent) [30].

Agar — a mixture of agarose polysaccharides
and agaropectin obtained by extraction from red
algae (Rhodophyta) is an excellent alternative for
obtaining  biodegradable  polymers. Agar
compositions with synthetic polymers
(polybutylene adipate-terephthalate (PBAT), low-
density polyethylene (LDPE) and polyvinyl alcohol
(PVA)) have been studied [31].

Pectin is a polysaccharide formed mainly by
galacturonic acid residues.  High-strength and
flexible films with heat resistance up to 180 °C are
obtained from a pectin
components and high-amylose starch [32]. The
structure of galacturonic acid is shown in Figure 5.

Protein is a high molecular weight organic
substance consisting of alpha-amino acids
connected to a chain of peptide bonds. It is a
natural polymer made from vegetables and
animals. Soy protein, gluten, etc. are also of
interest to produce biopolymers [33]. The
cohesiveness of the protein, its adhesiveness, the
ability to absorb water and fat, as well as the ability
to texture, give a high degree of film formation to
biodegradable polymers [34]. Soy products such as
soy milk, soy flour and fractionated soy proteins
have also been studied [35]. There are two main
factors in the production of biopolymers based on
soy: this is the concentration of protein and the pH
of the film-forming mixture. When casting the film,
the protein concentration is 4-5%, when using the
"dry" technology; the protein concentration is 80%
[36].

mixture of citrus
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Figure 5 - The chemical structure of Galacturonic acid

Figure 6 - Microorganism: a) Paracoccus, b) Bacillus, c) Spirullum

Bioplastics from Naturally Occurred or
Genetically Engineered Microorganisms

Biopolymers, such as Paracoccus, Bacillus, and
Spirillum (Figure 6), are created by living microbes.
One such biopolymer is poly (3-hydroxybutanoic
acid), which is produced from glucose by certain
microorganisms. PHB is a biopolymer with similar
properties as synthetic polymers, but under aerobic
conditions, it can completely decompose to water
and carbon dioxide molecules. This biopolymer is
obtained by fermentation of glucose strains or
wastewater. Cane sugar and starch are the most
affordable and suitable carbon sources to produce
PHB. According to the LCA categories, the
production of PHB is less environmentally harmful
than the production of polypropylene (PP). The
demand for crude oil in the production of PHB is
much lower; accordingly, this significantly reduces
the impact on the environment. If we consider the
production of PE and PHB, then PE has a lower
environmental impact in terms of acidification and
eutrophication, but if we consider the utilization of
polymers - the burning of synthetic polymers, this

will significantly increase the environmental burden
[22]. Within 9 months after disposal, PHB can be
broken down by microorganisms in the soil and
natural water sources. PHB costs 15 times as much
as polyethylene, though.

Poly(3-hydroxybutyrate)-hydroxy valerate
(PHBV) is a copolymer comprising hydroxybutyrate
(PHB) and hydroxy valerate (HV). It crystallizes
strongly. The tensile strength and crystallinity of
polymers decrease while the impact strength
increases with the development of HV, the melting
point, and the glass transition temperature. PHB is
more delicate than PHBV. PHBV breaks down more
quickly than PHB [24].

Light-sensitive functional groups, such as
carbonyl groups, are integrated into the polymer
chains of photodegradable polymers. These groups
will collect solar energy and use it to disrupt the
polymer's chemical connections, resulting in tiny
pieces that break down more quickly than lengthy
strands. However, these polymers and synthetic
biodegradable polymers have the same problem -
both are obtained from materials that were derived
from fossil fuels [23]. Photodegradable plastic bags
are shown in Figure 7.
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Figure 7 - Photodegradable plastic bags

A significant role is played by the issue of giving
biodegradable properties to existing industrial
polymers such as Polyethylene (PE), Polypropylene
(PP), polystyrene (PS) and polyethylene
terephthalate (PET). The strategy to get photo-
degradable or oxo-biodegradable plastics is to add
to standard conventional plastics such as PE, PP,
PET etc. some photodegrading additives. These
additives are added in at the extrusion stage, they
help to attack free radicals on the polymer and
initiate degradation. The chain breaks with the
formation of smaller fragments, where bacterial
degradation starts. Polymers can be decomposed
within a few months [24].

These additives are mainly based on transition
metals of cobalt (Co), magnesium, manganese, zinc,
iron, or nickel. These metal ions have a high
susceptibility to light, heat, and moisture. These
factors lead to mechanical stress and weaken the
tensile strength of the chain [24].

Synthetic Biodegradable Plastics

Synthetic biodegradable materials can be
obtained by polymerization, such as aliphatic
polyesters, polylactic acid-based polylactic acid
copolymers, and others [26]. Polylactic acid is linear
aliphatic polyester. Polylactic acid is obtained by
polymerization of lactic acid made on the basis of
fermentation of corn sugars or other biological
mass. The breakdown of polylactic acid proceeds in
two stages. In the first stage, the ester groups are
hydrolyzed with water to form lactic acid and other

small molecules. Next comes their decomposition
in the presence of advising microorganisms in a
certain environment. Polylactic acid reaches 72%
decomposition within 45 days under favorable
composting conditions [37]. To date, polylactide is
one of the promising bios-destructive polymaterials
for use as a packaging material. Polycaprolactone is
biodegradable synthetic aliphatic polyester with a
low melting point and high mechanical strength, as
well as high barrier properties to water and fats.
Biodegradation of this polymer occurs by 75% after
28 days of contact with relevant microorganisms
and fungi [38]. Shtilman and other authors
obtained biodegradable copolymers of the product
of the co-polymerization of ethylene with
caprolactone using the grafted copolymerization
method [39]. There are companies “El-Batyr
Biopolymer” LLP and “Eco Products” LLP which
produce biodegradable bags based on PLA in
Astana (Kazakhstan).

PVA is a synthetic polymer with biodegradable
properties, high mechanical characteristics, good
film-forming properties, and high thermal stability,
and PVS has the property of high bonding. PVA has
mainly C-C connections in its chain. They activate
rapid biodegradation [40].

PVA is produced worldwide on an annual basis
in quantities of several hundred tons. It is the
largest quantity of water-soluble polymer currently
manufactured. PVA is produced by hydrolysis of
poly (vinyl acetate) in an alkaline medium, with a
possibility of fluctuating the degree of hydrolysis as
shown in Figure 8 [19].
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Figure 9 - Metabolic pathways of PVA degradation

PVAc is obtained by free radical polymerization.
Fully hydrolyzed PVA has higher performance
characteristics compared to partially hydrolyzed
PVA. The molecular weight of PVA is regulated by
the time of polymerization in the reactor, the rate
of supply of vinyl acetate, the amount of solvent
(methanol), the concentration of the radical

initiator, and the temperature of polymerization.
The degree of PVAc hydrolysis is regulated by the
time of presence, the concentration of the catalyst,
and temperature [41].

Watanabe and his associates explored the PVA
depolymerization mechanism in the 1970s. Their
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Table 2 - Characteristics of the main biodegradable polymers.

Starch-based biopolymers

\

OH
OH
o)
HO ©
OH 0" Ho
OH

In terms of  mechanical
properties, they are close to
conventional polymers and
resistant to fats and alcohol.

A significant  difference in
properties depends on the ratio
of amylopectin and amylose, as
well as other additives. Subject
to composting

Packaging of food and
personal hygiene
products, medical and
sports products

Cellulose-based biopolymers

OH
OH
0 HO
0]
HO 3
OH
OH

They have a sufficiently high
mechanical strength; they are
easily hydrolyzed wunder the
influence of acids. Varieties:
acetyl cellulose, carboxymethyl
cellulose, celluloid, etc.

Products for household
use, construction and
sports purposes, toys

Polylactic acid, polylactide (PLA)

The properties depend on the
stereochemical composition and
may approach the properties of
polypropylene, polystyrene,
polyvinyl chloride

Packaging for household
and construction
purposes, biocomposites

High mechanical strength and
good barrier properties
(concerning water and fats), low
melting point (50 °C).

It can be composted or recycled.

Packaging, fibers for
textiles

Polyhydroxyalkanoates (PHA)

(0]

R

The physicochemical properties
depend on the composition.

The presence of properties
characteristic of both
thermoplastics and elastomers.
High barrier properties.

They are subjected to
composting.

Packaging of food and
personal care products,
biocomposites, foams
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Continued Table 2

Aliphatic-aromatic Copolymer (AAC)

Combines the biodegradability

Packaging, laminates, and

properties of aliphatic parts | material for  storing
with the high mechanical | products in agriculture
properties of aromatic parts. and construction.
Modified Polyethylene terephthalate (pet)
Packaging, agricultural
properties (in | products

can be

High mechanical strength and
good barrier

relation to water and fats).

It j
composting and recycling.

subjected to

further investigation revealed that the compound's
bonds cleave at random, thus grafting won't
significantly ~ affect the  polymer  chain's
biodegradability. Numerous metabolic pathways
exist, some of which are depicted in Figure 9.
Typically, neither the degree of polymerization nor
the degree of hydrolysis affects how quickly PVS
degrades [33].

Polyvinyl alcohol dissolves well in water, and
successfully undergoes final biodegradation due to
the corresponding microorganisms. Therefore,
great interest is shown in the production of
environmental materials based on polyvinyl
alcohol, and their use in a wide range of
applications. The main characteristics of the most
popular biodegradable polymers are shown in Table
2.

The Dependence of the Structure and
Properties of Polymers on Biodegradation

The dependence of the structure and
properties of polymers on biodegradation based
on:

- Molecular weight. It was found that with a
decrease in the molecular weight of
macromolecules, the ability of polymer
biodegradation increases.

- Crystallinity of polymers. It has been proved
that by increasing the degree of crystallinity, the
ability of biodegradation of polymers decreases,
i.e., polymers with an amorphous structure are
destroyed better than polymers with a crystalline
structure. Also, the biodegradability of low-
molecular polymers with a crystalline structure is
better than high-molecular polymers. The ability to
biodegrade is higher when branching in polymer
macromolecules is formed. The introduction of
various modifying additives into polymers
significantly affects the ability to biodegrade [21].

For example, ester plasticizers increase the
biodegradability of PVC on the one hand, however,
uneven dispersion on the polymer surface of a
biodegradable plasticizer -dibutyl phthalate can
lead to a low biodegradability of PVC. The rate and
outcome of polymer biodegradation are
complicated processes that are influenced by
environmental factors such as  humidity,
temperature, pH, light, contact with soil, and type
of soil, in addition to the polymer's structure and
qualities [21].

Oxybiorestructive Additives

There are special oxybiorestructive additives
based on modified starch, lactic acid, and cellulose,
which contain metal ions - carboxylates, which
accelerate photo- and thermal oxidation in polymer
materials (Table 3). The main difference between
these additives from conventional ones is the high
efficiency at low doses of concentration from 1 to
3%, as well as their decomposability by two factors:
UV radiation and the action of microorganisms.

The mechanism of biodegradation due to
oxybioregosing additives is that salts of transition
metals (cobalt, zinc, iron, etc.) contribute to the
appearance of free radicals that create hydroxides
and peroxides as esters, aldehydes, ketones,
alcohols, and carboxylic acids. These compounds
are easily biodegradable. Microbes and fungi
spread on the folds of the film and throughout its
thickness. In the process of biodegradation of
polymers, three stages are distinguished: stage 1 —
oxidative processes (exposure to UV light, high
temperature); Stage 2 - reduction of physical
characteristics (fragility and size reduction); stage 3
— decomposition into molecules and a further chain

of transformations to carbon dioxide and water.
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Table 3 - Characteristics of oxybiorestructive additives

Name Properties
An additive whose principle of operation is based on the reduction of the molecular
PDQ-H weight of the main polymer (to improve biological decomposition) under the action of
UV radiation and oxidizing media. Decomposes by UV radiation and microorganisms
ECM The additive is decomposed by microorganisms
Bio-Batch The additive is decomposed by microorganisms
It contains a unique iron-based ingredient (the company's development) and is mainly
Renatura . . .
used for the biodegradation of polyolefins
Additives and masterbatch mixtures containing prodegradants from metal ions impart
Reverte photo- and thermal decomposition to the base polymer. It also contains a unique
biodegradation booster of the second stage, which uses a reaction rate modifier to
control
D2w the initiation and timing of oxybioregradation
p_Life Prodegradant additives based on masterbatch polyester, polypropylene, or
polystyrene. The company also supplies fully degradable polymer materials
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Figure 10- Schematic illustration of two types of graft-copolymerization

Grafting Copolymerization

Grafting copolymerization is a type of
polymerization, where one or several blocks of
homopolymer are grafted onto a main backbone
like branches. This approach of modification of
polymer allows upgrading properties of main chain
with growing of grafted chain of another polymer.

There are the most popular grafting
techniques: “grafting from” and “grafting to”
techniques. The schematic illustration of two types
of graft copolymerization is shown in Figure 10. The
“Grafting from” method is the initiation of
polymerization of the main chain with monomer
solution by the special catalyst and the “grafting to”
technique uses a special coupling agent [27].
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Synthesis of Biodegradable Starch-Based
Materials

Obtaining biodegradable starch-based
materials boil down to several principles [30]:

— the creation of thermoplastic starch and its
derivatives.

— the creation of a mixture of synthetic and
natural polymers.

— the creation of starch products by extrusion
method.

Methods of obtaining and characteristics of the
obtained materials are widely covered in many
publications and reviews. Thanks to the processing,

starch is modified, can decompose in the
environment, and has the properties of the
necessary thermoplastics. The equipment to

produce modified starch is the same as to produce
ordinary plastic. Modified starch can be dyed, and it
can also be printed using all standard technologies.
This material is antistatic. The physical properties of
modified starch are still inferior to the properties of
resins — low and high-pressure polyethylene, and
polypropylene.  Starch decomposes at a
temperature of 30 °C in two months [[30], [31],
(32]].

Methods of producing extrusion-blown and
injection-molded films containing 50% starch have
been studied. The water resistance of these films
was achieved by applying polyvinyl chloride to the
surface of the film [40]. Mixing urea with polyols
helped to improve starch plasticization and obtain
high-quality films [41]. It has been established that
to improve the technological properties of starch
for the manufacture of biofilms, various
modifications are used, such as mixing with other
compounds, and grafting-copolymerization [42].
Due to intermolecular and intramolecular hydrogen
interactions between the amino and hydroxyl
groups of the major chains of the two components,
chitosan/starch combinations produce films with a
high degree  of film formation.  The
physicomechanical, water-barrier, and miscibility
characteristics of biodegradable films are
influenced by the ratio of starch and chitosan [43].
Films based on starch and agar were investigated. It
was found that the addition of agar improves the
microstructure Mirzoerova et al. used calcium
carbonate as a plasticizer to produce a film based

on starch and polyvinyl alcohol (60:40 wt. %) by
mechanical mixing. It is revealed that with an
increase in the concentration of calcium carbonate,
the mechanical properties of the film increase, in
particular, the tensile strength. The degrees of
biodegradation of films in the soil were
determined. It turned out that with an increase in
the percentage of the plasticizer - calcium
carbonate in the mixture, the degree of
biodegradation increases [42].

Starch can serve as a filler to produce
reinforced plastics. For this, a little starch is added
to the synthetic polymer, giving these polymer
biodegradable properties. Starch is modified in
various ways to produce plastic masses based on it.
The starch solution is cast to create the film.
However, this method has not been widely applied
due to the high expense of manufacturing starch
solutions. The thermomechanical processing
techniques (wet starch compression, extrusion, and
injection molding) have received most of the
attention in studies related to starch products. The
article shows the results of research and
characteristics of polymer compositions based on
starch and calcium chloride. It has been known the
thermal stability of this composition reduced with
the rising of calcium chloride [44]. According to the
publication [45], starch was modified directly in
extruders, starch esters and esters, grafted
copolymers, and oxidized and cationic starches
were obtained.

To produce biodegradable polymers, starch is
mixed with aliphatic polyesters or polyvinyl alcohol.
Main et al. synthesized polyesters as
polyhydroxyalkanoates by microbes and polylactide
by chemical polymerization [46]. It is noted that
among the above-mentioned synthetic polymers,
polyvinyl alcohol is the most popular in use. PVA
has excellent qualities such as high compatibility
with starch, ease of preparation, absence of
carcinogens, relative cheapness, good
biocompatibility, and biodegradability in nature. It
was found that the usual mixing of polymers
strongly affects the quality of the resulting films.
PVA and starch interact well with each other,
forming  intermolecular and intramolecular
hydrogen bonds due to the excess of hydroxyl
groups in both polymers (Figure 11).
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Figure 11 - Hydrogen bonding between PVA and Starch chains.

This contact causes the films to absorb more
water. However, chemical starch modification can
be used to enhance the water-resistant qualities of
films made of a PVA/Starch (PVA/C) combination.
The most popular technique for enhancing the
qualities of natural polymers like starch is grafting.
In addition, it is assumed that the film from the
PVS/K mixture is biodegradable since both
components easily degrade in the bacterial
environment. In this regard, scientists are faced
with the task of improving the structural integrity of
the polymer mixture. There are various crosslinking
agents for starch crosslinking [21]. A method is
known for producing a biofilm-based on starch and
PVA, a mixture of which was modified with silicon
dioxide nanoparticles. The results were improved
mechanical properties, water resistance, and light
transmission of the films [47].

Crosslinking agents are not safe and toxic,
respectively, and have limitations for their use both
in everyday life and for medical purposes. In
scientific work, maleic acid was used as a
crosslinking agent between starch and PVA using
esterification to increase the physical and
mechanical properties and to create a high-quality
polymer. Maleic acid is a common food additive,
nontoxic, and biologically pure.  These
characteristics are favorable for obtaining
biomaterial being a dicarboxylic acid, the starch
esterification reaction with PVA proceeds through
the substitution of carboxyl groups of maleic acid
with free hydroxyl groups of starch and PVA [48].

Plasticizers, namely their carboxyl and hydroxyl
groups, are utilized to increase molecular dynamics
and provide flexibility. Additionally, crosslinking
changes significantly enhance the tensile strength,

elastic modulus, heat, and water resistance,
swelling capacity, and antibacterial activity of
biofilms. Gas tightness, mechanical rigidity,
transparency, and thermal stability are enhanced
thanks to the filler. Chemical and physical
modifications make it possible to improve films by
changing the molecular structure during
esterification, esterification, due to the formation
of hydrogen bonds and oxidation [22].

Gulati et al. analyzed the effect of
carboxymethyl cellulose (CMC) on the thermal and
mechanical properties of PVS/starch films, which
were synthesized and obtained by casting. Glycerin
is a plasticizer. Citric acid is a crosslinking agent. It
was revealed that with an increase in the
concentration of CMC, the thermal stability of
PVS/starch films increased. The PVA/starch/CMC
film had a maximum tensile strength of 36.56 +
1.54 MPa and was used for testing when adding
walnut shell flour (WSF). The PVA/starch/CMC films
reinforced with WSF have improved thermal
stability and water resistance. However, this also
led to a decrease in the film's biodegradability [23].

Incorporating -polylysine into maize
starch/polyvinyl alcohol (PVA)/glycerin films was
studied by Bin Liu et al. The hydroxyl group of the
starch/PVA combination and the amino group of -
polylysine interacted, according to FTIR studies. The
films' thermal stability increased with the addition
of -polylysine. It was also looked at if adding -
polylysine produced a flatter surface. The tensile
strength and elongation at the break of films, as
well as other strength characteristics, have
improved. The films' antibacterial and water
absorption capacities have also improved [24].
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Intelligent Films Based on Starch

Today, starch-based packaging materials are
being developed with new features that control the
quality of the food packaged inside or determine
the environment of the food. This is how packaging
is called smart packaging. For this, natural active
substances with antibacterial and antioxidant
activity are used.

In  comparison to other biodegradable
polymers, the fundamental benefit of starch-based
film is its lack of color and transparency. Changes in
factors like color can be visibly identified thanks to
the content of indicators in intelligent packaging.
The freshness indicator reacts with some of the
gases released during food storage to reveal the
shelf life of food goods. The shelf life of food goods
is also shown by a temperature-time indicator,
which considers the effects of both time and
temperature accumulation [30].

Films constructed of PVA and starch were
deemed sensible packaging by Abedi-Firoozjah et
al. Due to the chemicals found in PVA/starch films'
antioxidant and antibacterial properties, these films
can be utilized as a sign of the quality and safety of
food. It should be emphasized that the source, kind,
quantity, and composition of the active chemicals
determine how effective these packing sheets are.
The way different polymers and components
interact inside the film structure is also crucial. The
PVA/starch film is given colorimetric characteristics
by the addition of natural food dyes. Products
containing food may benefit from such clever
packaging [25].

Indicator of Freshness

The biopolymer is in a great position to create
intelligent colorimetric films thanks to starch's high
capacity for film formation. These days, there is a
lot of interest in the creation of intelligent pH-
sensitive starch-based films. Changes in pH are the
main indicators of food freshness. When food
begins to rot due to microbial action, the
environment begins to change, and therefore the
freshness and quality of food can be determined by
changing pH values. The environment and the
human body are both safe around organic pH
monitors. Curcumin (CR), carotenoids,
anthocyanins (ATH), and others are some of the
well-known natural markers. Electrochemical and

colorimetric methods are used to determine the pH
values [31].

Ammonia, dimethylamine, triathalon, and other
gases that alter the pH level around the food are
produced as a result of rotting food. Additionally, in
accordance with its function, the organic indicator
present in the packing film will change color in
response to the pH shift. A strong color intensity
results from the high anthocyanin concentration.
The high starch content's porosity results in great
sensitivity. The mechanical strength of the sensor
increases with cellulose binder concentration. The
color of anthocyanins changes from mauve to blue-
violet to blue-green as the pH rises. The customer
assesses the product's freshness based on the color
shift [30].

A colorimetric pH agar/potato
starch/anthocyanin indicator film was created by
Choi et al. This film was used to package pork, and
as the meat's quality declined and the pH altered,
the film's color changed from red to green [32]. The
pH of logs made from chitosan/cornstarch/purple
cabbage extract was examined by Silva-Pereira et
al. This is how they established the fish's
breakdown [33]. Liu et al. (2017) studied
PVA/starch film containing purple yam for quality
control of pasteurized milk. They kept the milk in
this package for 48 hours, after which the color of
the smart film changed from purple to red,
indicating spoilage of milk at room temperature
[36]. To ascertain the deterioration of pasteurized
milk, Mustafa et al. (2020) investigated a film based
on PVA/starch/propolis/red cabbage extract. The
color of the film quickly and clearly changed from
pink to light purple and then to yellow when the pH
value changed from an acidic to an alkaline
environment [37].

Manufacturers of Biodegradable Plastic
Materials

The largest manufacturers of biodegradable
plastic materials are Nature Works (USA), BASF
(Europe), Novamont (Europe), and Mitsubishi
Chemicals (Japan).

Popular brands on bioplastics:

1) Novon™ is a starch-based biopolymer;
modified polysaccharide derivatives are often
added. Products: disposable tableware, egg
packaging, cosmetics, wrapping films for textiles
and clothing, medicinal capsules, diapers for
children, women's tampons, etc.
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2) Biopac™ is a starch-based biopolymer with a
content of 87-94%. Products: packaging of
bakery products, cereals, eggs, etc.

3) Bioceta™ is a cellulose-based biopolymer
with additives. Products: Packaging of batteries for
household electrical appliances.

4) Bioflex™ is a starch-based biopolymer with
the addition of plasticizers such as alcohols, sugars,
fats, wax, and aliphatic polyesters.

Film material decomposes in compost at a
temperature of 30 °C in 56 days with the formation
of products favorable for plant growth.

Market Development for Biodegradable
Polymers

European Bioplastics gave a positive forecast
for the world bioplastics industry. There was no
dynamic plastics production in 2020, mainly
because of Covid-19. But now there is a new
impulse for global bioplastics manufacturing. It is a
positive outlook for the capacity from 2.23 million
tons of bioplastics production in 2022 to 6.3 million
tons -in 2027. The data was done with the
cooperation of the Nova-Institute (Hirth, Germany)
and European Bioplastics [49].

According to data [50]. In 2021 world plastic
production increased by 4% and accounted for
around 390 million tons. The reason is the growing
demand for and development of more
sophisticated applications and products. Over the
next five years, manufacturing capabilities will
continue to rise dramatically and diversify as a
result of the strong development of polymers such
polyhydroxyalkanoates (PHA), polylactic acid (PLA),
and polyamides, as well as the steady expansion of
polypropylene (PP).

Nowadays the world produces annually more
than 1.1 million tons (51%) of biodegradable
plastics based on PLA, PHA, starch blends, and
others. The capacity of bioplastic production will
increase due to the rapid development of PHA
(polyhydroxyalkanoates), polylactic acid (PLA), and

Cite this article as: Iskalieva A, Orazalin Zh, Yeligbayeva G, Irmukhametova G, Taburova S, Toktar T.

others. In 2027 it is predicted to produce more than
3.5 million tons based on these polymers. Global
production of non-biodegradable plastic materials
such as biobased PE, biobased PET, and biobased
PA has amounted to almost 1.1 million tons (48%)
annually. In 2027 it is expected decrease in these
materials will be around 44% [51]. Bioplastics are
widely used in various sectors such as food
packaging, children’s toys, consumer electronics,
auto manufacturing, agriculture, and textiles. In
2022 packaging will be the largest bioplastics
application sector with almost 1.1 million tons
(48%) of the total bioplastics market [52].

Asia is the largest player in this industry and
produces about 41% of eco-plastics. Now, more
than 25% of production capacity remains in Europe.
According to forecasts, in 2027 the share of Europe
and other regions of the world will decrease
significantly while production capacity in Asia will
grow to almost 63% [53].

In 2022, the world's agricultural area is 5 billion
hectares, of which only 0.8 million hectares or
0.015% is allocated to land for the cultivation of
renewable raw materials to produce bioplastics.
Simultaneously with the forecast of a significant
increase in global bioplastics production until 2027,
the earth is projected to grow by up to 0.06%. This
proves that the production of bioplastics does not
interfere in any way with the use of land for
growing food and feed [54].
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TYWIHAEME

O3iHiH,  MaHpI3abl  KacueTTepi MeH  PYHKUMOHANAbIK  MYMKiHAIKTEpiHe  6alinaHbICTbl
nosvmepaepre COHFbI KblaAAPbI asblK-TyNiK Opayblll maTepuangapbl peTiHae Ken KeHin beniHin
KaTblp. Byn cunatTamanapfa  ybITTbl  emecTiri, KoskeTimainiri, 6uoyinecimginiri  kaHe
6UObIAbIPaFbILTLIFLI KaTadbl. byn onapapl KoplwafaH opTafa acepi bBypblHHaH 3epTTenreH
[A9CTYPAi NNACTUKaNbIK KanTamara 6anama etegi. Kasipri yakpITTafbl TypaKTbl Aamyabl eckepe
oTbIpbIn, Buononnmepnepai Tamak, eHimaepiH opay YLWIiH SKONOTUANDIK Tasa XaHe TypaKTbl
maTtepuangap peTiHAe 3epTTey eTe MaHpi3abl. Kpaxman HerisiHaeri BUONOMMANBIK biAbIPANTbIH
nonvMepnepai CuUHTesfdey MaHpi3abl  Kagam  6onbin  Tabbinagpl.  JKONOTUANBLIK — Tasa
MaTepuangapfFa KahaHAplK CypaHbIC ©cin Kene »KaTKaHAbIKTaH, OCbl canajafbl Y3AiKci3
3epTTey/iep MeH MHHOBALMANAP KAacMeTTepi KaKCapTbIIFaH KaHe KeH, KONAAHbIIATbIH Kpaxman
HerisiHaeri opay nNeHKanapblH KeH, eHgipyre akenyi MymkiH. OcblifaH 6ainaHbicTbl, 6yn
WONYAbIH, Herisri mMakcaTbl NAACTMKaNblK NakeTTepAe naiganaHy YywiH »ofapbl ¢usmka-
MEeXaHWKanblK cunattamanapbl 6ap kyrepi Kpaxmanbl meH [BA HerisiHgeri 6uonoruanbik
blAbIPaNTbIH NOAUMEPAI Kacay 60bin Tabblnagpl.
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AHHOTauuA
Bnaropgapa cBoMM KayecTBam W  YHKLMOHANbHbIM BO3MOMKHOCTAM B MNOCAeAHWE roabl

nonnmmepam yaenaetca 6onblwoe BHUMaAHWE B KayecTse mMaTepnanos ANnAa ynakKoOBKU NULLEBbLIX
NPOAYKTOB. 3TN XapaKTEPUCTUKM BK/OYAIOT HETOKCUYHOCTb, AOCTYNHOCTb, 610COBMECTUMOCTb U
CnocobHOCTb K 6M0paS}10)+(€HVII-O, 4YTO CBMAeTenbCTByeT 06 wux nepcnekTMBHOCTU B Ka4yecTse
a/ibTepHaTUBbI Tpa,EI,VILI,MOHHOl‘/‘I NNacTMKOBOM ynaKoBkKe, BO3AeﬁCTBMe KOTOpOl‘;I Ha OKPYyXakoLyo
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cpegy yxXe [OaBHO uccnegyetca. Y4nTbiBas HbIHELHW ynop Ha yCTOﬁHMBOG passutue,
nccnegoBsaHuA GMOI'IOIWIMEPOB KaK 3KON0rnMyecKM 4YUCTbIX U yCTOﬁLIMBbIX maTtepuanos AnAa
YNaKoBKW MULLEBbIX NPOAYKTOB WMeEIT pewatowee 3HavyeHue. CuHTes 6M0pasnaraew\blx
noaMmepoB Ha OCHOBe KpaxXmasa npeacrasnser coboli 3HauUUTEeNbHbIM wWar Ha nytm K
3KO/IOTMYHbIM  YNMAaKOBOYHbIM peLlleHnAM. nOCKOJ’Ibe rno6anbHbIN CNpoC Ha 3KoJ0orn4yecku
YUCTble maTepuanbl NPoAO KAET PacTu, Tekywme nccneqosaHna 1 UHHOBauun B 3Tol obnactu
MOryT npuBectn K paspa60TKe YNaKOBO4YHbIX MNEHOK Ha OCHOBE Kpaxmana C yaydleHHbIMU
CBOWCTBaMM U LMPOKUM KOMMEPYECKUM NpUMeHeHuem. B cBA3M Cc 3Tum OCHOBHOW uenbto
AaHHOro 0630pa ABNAETCA COo34aHue 6M0pa3naraeM0ro nonammepa Ha OCHOBE KYKypy3HOro
Kpaxmasa un MBC ¢ BbICOKMMM ¢M3MKO-M€X3HMHECKMMM XapPaKTePUCTUKAaMU NA UCNONb30BaHUA
B NN1AaCTUKOBbIX NAKeTax.
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