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In terms of the intensity, scale and negative consequences of the impact on the ecological state of the hydrological system
of the Kryvyi Rih iron ore basin, the leading place belongs to enterprises and facilities of the mining industry. First of all, the discharge
of untreated or insufficiently treated wastewater from industrial enterprises has a significant impact. Under such conditions, the surface
waters of the Ingulets and Saksagan Rivers, within the limits of the Kryvyi Rih iron ore basin, have practically lost their natural
properties. Firstly, their hydrological regime has changed, and secondly, the salt and microcomponent composition has undergone
significant changes. An analysis of the existing desalination methods showed that not all methods are suitable for the demineralization
of mine waters with a high salt content and / or with a large volume of mine waters, as in the case of Kryvyi Rih. A resource-saving
technology for the complex processing of highly mineralized mine waters by mining enterprises of the Kryvyi Rih iron ore basin has
been developed. Of all the known methods of water desalination, the only potentially technically and economically feasible method
in this case is reverse osmosis in combination with evaporation and crystallization. The proposed processing technology is based on
the successive application of several stages, namely: pre-treatment of polluted mine waters by coagulation and soda-lime softening;
desalting at a reverse osmosis plant; evaporation of the reverse osmosis concentrate in an evaporator with further evaporation of the salt
concentrate in a vacuum crystallizer; dehydration of salt sludge in a centrifuge with additional drying of salt crystals in a rotary disk
dryer. The introduction of the proposed technology makes it possible to obtain demineralized water, the hydrochemical parameters
of which correspond to the quality standards of surface water bodies, and marketable mineral products that can be used as valuable raw
materials for the needs of the national economy. Key words: mining enterprises, highly mineralized mine waters, water desalination
methods, resource-saving technology, water quality standards.

Po3pobka pecypco30epirarouoi TexHo/10ril KOMILIEKCHOI NepepodKkH BHCOKOMiHepali30BaHMX INAXTHUX BOJ HiANPUEMCTB
Kpusopisbskoro 3aiizopynHoro 6aceiiny. Kyiikxosa /I.B.

3a IHTeHCUBHICTIO, MaclTabaMy i HeraTHBHUMHU HAaCJliIKaMH BIUIMBIB Ha €KOJIOTIYHHUH CTaH riapooriyHoi cucteMu KprBopi3pkoro
3aJTi30pyaHOro OaceifHy MpoBiIHE MicCIle HAJICKUTh i IIPUEMCTBAM 1 00’ ekTaM ripHIY000yBHOI Tay3i. [lepmr 3a Bce, CyTTEBO BILIH-
Ba€ CKHJ HEOYMINEHHWX a00 HEJOCTATHBO OUYMIIEHWX CTIYHUX BOJ MPOMHUCIOBUX IMIANPHEMCTB. 3a TAKHMX yMOB ITOBEPXHEBI BOAU
piuok Inrymenp ta Cakcaranb, B Mexkax KpHBOpi3bkoro 3amizopynHoro GaceiiHy, MpakTHYHO BTPATHIIM CBOI NMPUPOAHI BIACTUBOCTI.
[To-mreprre, 3MiHUBCS TXHIH TAPONOTIYHHI PEXUM, ITO-APYTe, CYTTEBUX 3MiH 3a3HAB CONBOBUI Ta MIKDOKOMIIOHEHTHHH CKiIaa. AHai3
ICHYIOUHMX CIIOCOOIB OTPICHEHHSI Ta 3HECOJICHHS TIOKa3aB, 10 HEe BCI METOAM MPUAATHI JJIs IeMiHepasi3alii IIaXTHUX BOJ i3 BUCOKUM
BMICTOM COJIEH Ta/dll 3 BENUKUM OOCATOM IIAXTHHX BOJ, SK y Bumanky Kpmsoro Pory. Po3zpobmeHo pecypcosbepirarody TexHOIO-
Til0 KOMIUIEKCHOT IepepoOKH BUCOKOMIHEPaTi30BaHUX IIAXTHHX BOJ TipHUYOA00YBHUX HinnpueMcTB KpHBOpI3bKOTo 3ai1i30pynHOro
OaceiiHy. 3 ycix BiJOMHX CITOCOOIB 3HECOJICHHs BOJM €IWHUM TOTCHI[IIHO TEXHIYHO Ta EKOHOMIYHO JOLIJIBHAM METOIOM Y IIbOMY
BUIIAIKy € 3BOPOTHHH OCMOC B IO€JHAHHI 3 BUIIAPIOBAHHIM Ta KpHCTaJi3anieio. 3anponoHOBaHa TEXHONIOTIS epepoOKH OCHOBaHA
Ha MOCTIIOBHOMY 3aCTOCYBaHHI JAEKIJIBKOX CTaliid, a caMme: IMomnepeaHboi 00poOKH 3a0pyIHEHUX HIAXTHUX BOJ METOZAMH KOATyJIALil
Ta COJ0-BAIHAHOIO IOM SIKILIEHHS; 3HECOJICHHS Ha YCTAHOBLI 3BOPOTHOIO OCMOCY; BUIIAPIOBAHHS KOHLICHTPATY 3BOPOTHOTO OCMOCY
y BHUIIAQPHOMY amapati 3 MOJAJbIIMM BHUIIAPIOBaHHSIM COJBOBOTO KOHLICHTPATy y BaKyyM-KpHCTaJi3aTopi; 3HEBOJHEHHS COJBEOBOTO
IIaMy Ha HEeHTpHY3i 3 JOCYNIyBaHHSM KPHCTAJB COJel B POTOPHO-AMCKOBIN cymaplii. BrpoBa/keHHs 3alporOHOBAHOI TEXHO-
JIoTi1 JO3BOJISIE OTPUMATH 3HECOJICHY BOMY, TiIPOXiMIUHI MOKA3HUKHU SIKOI BiJIIOBiIalOTh HOPMATHBAM SIKOCTI MMOBEPXHEBHX BOIOIM,
Ta TOBapHi MiHEPAIbHI NPOAYKTH, III0 MOKYTh BUKOPHCTOBYBATUCS B SIKOCTI LlIHHOT CHPOBHHHU HA MOTPEOU HAPOJHOTO TOCIOAAPCTRA.
Knouosi crosa: TipHnuof00yBHI MiNIPUEMCTBA, BUCOKOMIHEpali30BaHi MIaXTHI BOJH, METOIH 3HECOJICHHs BOAH, pecypco3bepiraioua
TEXHOJIOTi5l, HOPMATHUBY SKOCTi BOJIHL.

Formulation of the problem. Mining enterprises
have a significant negative impact on water bodies [1, 2].
Its consequence is a constant reduction in reserves and
deterioration in the quality of water resources, as a result
of pumping and discharging untreated mine and quarry
waters into surface water bodies.

In 2020 alone, mining enterprises discharged 191
million m* of mine and quarry water into surface water

bodies and watercourses of Ukraine [3], most of which
is classified as polluted. The most negative impact on
surface water bodies is the discharge of a large amount
of mineralized mine water.

Research topicality. The aggravation of the shortage
of drinking and technical water against the background
of increasing technogenic pollution of the environment
in a number of mining towns and villages cast doubt on
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the possibility of further implementation of long-term
plans for the development of the mining industry with-
out ensuring environmental safety requirements in terms
of the protection and rational use of water resources.

This problem is extremely relevant for the conditions
of the Kryvyi Rih iron ore basin, the needs of which in
high-quality drinking water are not provided by local
sources of water supply, and the degree of degradation
of water resources due to excessive pollution by highly
mineralized (up to 40 g/dm?) mine waters with a high
chloride content (up to 20 g/dm?®) significantly exceeds
similar indicators in other regions [4].

Relation of copyright work with important sci-
entific and practical tasks. Today, mineralized mine
waters are of limited use in the industrial water sup-
ply of mines and related industries and are mainly dis-
charged into natural reservoirs. In this case, soil salini-
zation and a change in the hydrochemical composition
of storage reservoirs occur, which requires additional
costs for the elimination of such technogenic conse-
quences. In addition, the discharge of mineralized mine
waters has a detrimental effect on the flora and fauna of
water bodies.

Until now, among the main technical methods of
mine water treatment is their settling in storage ponds
with further discharge into water bodies. Additional
methods for filtration and reagent water treatment can
reduce the content of colloidal substances and iron in it.

The treatment facilities operating at the mining
industry enterprises are not designed to remove dis-
solved mineral salts from mine waters, and the methods
and technologies known in world practice to reduce the
mineralization of natural and waste water have not been
widely used in continental conditions. In connection
with the above, the problem of purification (process-
ing) of mineralized mine waters of mining enterprises
is quite relevant. Its solution has an important scientific
and practical significance.

Analysis of recent research and publications. The
existing methods of water desalination are divided into
two main groups: with and without changes in its state
of aggregation [5-11].

The first group of methods includes distillation, heat-
ing water to a supercritical temperature (350 °C), freez-
ing, and the gas hydrate method. The second group of
methods includes ion exchange, electrodialysis, reverse
osmosis (hyperfiltration), ultrafiltration, extraction, and
others.

The oldest methods for obtaining demineralized
water (distillate) are thermal methods — distillation and
evaporation.

The basis of the process is the transfer of water into
the vapor phase with its subsequent condensation. The
most important advantage of this method is the mini-
mal amount of reagents used and the volume of waste
that can be obtained in the form of solid salts. However,
the method also has a number of significant drawbacks.
For example, high water consumption, salt deposits on

equipment, which makes it difficult to maintain, high
energy consumption.

Most often, water desalination is carried out by ion
exchange. Until some time, ion exchange was considered
the most developed and reliable method of water desali-
nation. The essence of the process is to replace hardness
salt ions with sodium ions. By selecting ion exchangers,
the degree of their regeneration and the number of puri-
fication steps, it is possible to achieve the required depth
of water purification of almost any initial composition.
The method is good in many respects, but sometimes it
is economically unprofitable. In many ways, the choice
of this method will depend on the initial indicator for
the amount of salts in the water. During desalination by
ion exchange, the volume of ion exchangers and equip-
ment, as well as the consumption of reagents, grow in
proportion to the salt content of water, that is, capital and
operating costs increase. Due to the complexity of oper-
ations for the separation of a mixture of ion exchang-
ers and their regeneration, such devices are used mainly
for the purification of low-salinity waters. It should be
taken into account that salts are found in a small volume
of regenerates, respectively, in a high concentration.
The direct discharge of such wastes is prohibited, since
regenerates, as a rule, have a pH value that is different
from the standards, which requires additional costs for
their neutralization.

Extraction of dissolved substances from water can
be carried out by membrane methods. In this case, the
degree of desalination is determined by the membrane
selectivity. Usually, when desalination of water, two
methods of membrane separation are considered — nano-
filtration and reverse osmosis. With nanofiltration, par-
tial desalination of water is achieved. More complete
desalination provides high and low pressure reverse
osmosis. The total degree of desalination depends on the
cationic and anionic composition of water and is approx-
imately 50-70% for nanofiltration, 80-95% for low-pres-
sure reverse osmosis, and 98-99% for high-pressure
reverse osmosis. In reverse osmosis, the performance of
membrane elements, energy consumption and, accord-
ingly, capital and operating costs are slightly dependent
on the salt content. However, during the operation of
reverse osmosis plants, an additional source of pollution
in the discharges is compounds for chemical washing of
reverse osmosis membranes.

Selection of previously unresolved tasks of the gen-
eral problem. When developing a technological scheme
for the treatment of mineralized wastewater, deminerali-
zation processes cause the greatest difficulties.

An analysis of the existing methods of water desal-
ination showed that not all methods are suitable for the
demineralization of mine waters with a high salt content
and/or with such a large volume of mine waters, as in the
case of Kryvyi Rih. The choice of desalination method
is based on the quality and quantity of water supplied
for treatment and the requirements for the quality of
purified water, plant capacity, as well as technical and
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economic aspects. As a rule, to obtain purified wastewa-
ter that would meet the requirements of environmental
safety [12, 13], it is not enough to use any one method,
and therefore, a combination of several physicochemical
methods is necessary.

The research novelty lies in the fact that the devel-
opment of a resource-saving technology for the com-
plex processing of highly mineralized mine waters of
the mining enterprises of the Krivoy Rog iron ore basin
makes it possible to obtain demineralized water, the
hydrochemical parameters of which correspond to the
quality standards of surface water bodies, and market-
able mineral products that can be used as valuable raw
materials for the needs of the national economy.

Methodological or general scientific significance.
Compliance with the “Rules for the protection of surface
waters from pollution by recycled waters” [14] through
the introduction of the proposed technology for the
complex processing of highly mineralized mine waters
allows the ability of self-purification of water bodies and
watercourses to be fully manifested, which leads to the
preservation of the purity of water bodies and the sani-
tary improvement of adjacent territories.

Outline of the main material. The Kryvyi Rih iron
ore basin is the largest basin in Ukraine with rich iron
ore deposits. It is considered the main mining center
of the country, which is located on the territory of the
Dnipropetrovsk region.

Recently, the mining enterprises of the Kryvyi Rih
iron ore basin annually pump out about 40 million m?
of wastewater to the surface, among which 21-22 mil-
lion m* of quarry water and 16-17 million m* of highly
mineralized mine water. Basically, these are waters with
a high content of chlorides, sulfates, sodium, potassium,
magnesium and calcium ions with an increased level of
total mineralization from 5 to 96 g/dm’. The average
value of the total mineralization is 40 g/dm? [4].

Approximately 28-30 million m? of mine and quarry
water per year is used to replenish the circulating water
supply systems at mining and processing plants. The
rest (10-12 million m?®) of mine water is annually accu-
mulated and temporarily contained in the storage pond
located in the Svistunov gully [15, 16].

Periodic discharge of mine water residues from the
storage pond leads to a temporary deterioration in the
qualitative composition of the surface runoff of the
Ingulets River until it is flushed. Firstly, its hydrological
regime changes, and secondly, its salt and microcom-
ponent composition changes significantly. The surface
waters of the Ingulets River are significantly overfilled
with chlorides, sulfates, nitrates, nitrites, and other pol-
lutants [17].

Based on the description of various methods of water
desalination, the following conclusions can be drawn.
Of all the above methods of water desalination, the
only potentially technically and economically feasible
method in this case is reverse osmosis combined with
evaporation and crystallization.

These methods are the most commonly used technol-
ogies for conditions similar to mine water conditions in
the Kryvyi Rih iron ore basin.

The use of the technology has several advantages:

— water does not undergo phase transitions (evapora-
tion or freezing), which ensures low energy costs when
using this method, in comparison with other known
demineralization technologies;
high selectivity of polyamide
(96-99.8%);

— relatively low operating costs;

— simplicity of the technological process;

— technically simple control over the quality of puri-
fied water (for example, electrical conductivity);

— reverse osmosis provides complete bactericidal
treatment of water due to the combined processes of
demineralization and disinfection, as a result of the
small diameter of the membrane pores, which do not
let in not only salt ions, but also bacteria, spores and
viruses. However, when water is discharged into the
water supply system, it must undergo disinfection.

The technological process of purification of mineral-
ized mine waters of mining enterprises of the Kryvyi Rih
iron ore basin includes the following main stages:

— receiving and averaging of incoming mine water;

— reagent lime-soda softening and clarification of
mine water, which is supplied for treatment, with sep-
aration of the resulting suspension by settling and addi-
tional filtration on granular filters;

— membrane desalination of mine waters with pre-
liminary pH adjustment;

— treatment of reverse osmosis concentrate by evapo-
ration on an evaporator unit;

— concentration of saturated brine after the evapora-
tion unit in a vacuum crystallizer;

— centrifugation of a suspension of crystalline salts
(sodium chloride);

— final drying of crystalline salts (sodium chloride) to
a moisture content of 15-20%.

The proposed technology for the complex processing
of highly mineralized mine waters of the mining enter-
prises of the Kryvyi Rih iron ore basin is shown in Fig. 1.

The proposed technology for the complex processing
of highly mineralized mine waters, which are pumped to
the surface by the mining enterprises of the Kryvyi Rih
iron ore basin, will work 24 hours a day, 365 days a year.

The supply of highly mineralized mine water for pro-
cessing is 16 million m*/year. The average value of the
total mineralization is taken to be 40 g/dm? [4].

In the process of mine water preliminary treatment
in contact clarifiers, suspended and colloidal substances,
calcium and magnesium compounds are removed from
the effluents, which will be concentrated in the sludge
fraction. The specified sludge after compaction and filter-
ing on a filter press can be used as a raw material for the
manufacture of cement and other construction mixtures.

During the reverse osmosis process, approximately
three-quarters of the water used for desalination are con-

membranes
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Fig. 1. Resource-saving technology of complex processing of highly mineralized mine waters of mining enterprises
of Kryvyi Rih iron ore basin

1 — mine water storage pond; 2 — contact clarifier for wastewater; 3 — coagulation sludge press filter; 4 — two-layer filter with
granular loading; 5 — decarbonizer; 6 — reverse osmosis plant; 7 — evaporation plant; 8 — clarifier for settling calcium sulfate
crystals; 9 — crystallizer; 10 — salt sludge dewatering centrifuge; 11 — dryer

verted to demineralized water. We accept that this value
will be approximately 70%. Thus, at the outlet of the
reverse osmosis unit will be formed approximately 11.2
million m?/year of demineralized water and 4.8 million
m?/year of highly concentrated brine, respectively.

The resulting highly mineralized brine (with a
salt content of about 80 g/dm?®) enters the last stage
of the desalination process — evaporation/crystalli-
zation. During this process, approximately 93.5% of
the consumption of highly concentrated salt solution
entering the crystallizer is converted to demineralized
water. Thus, at the outlet of the vacuum crystallizer
will be formed approximately 4.49 million m?/year
of demineralized water and 0.31 million m3/year of
solid salt product, respectively. At the same time, the
average allowable density of the salt (solid product)
is 2.16 kg/dm®. Therefore, the approximate amount

of solid product (mineral salts) formed after the com-
plex processing of highly mineralized mine waters
of the mining enterprises of the Kryvyi Rih iron ore
basin using the proposed technology will be about
669,600 tons.

The product obtained in the course of complex pro-
cessing is a mixture of mineral salts, mainly sodium
chloride, which can later be used as a water softening
agent or in public utilities as a technical salt.

In addition, calcium sulfate (the so-called alabaster,
gypsum), which is released from a concentrated salt
solution after evaporation in a clarifier, can be used later
in construction for the manufacture of dry plaster, slabs
and panels for partitions, etc. It can also be used in medi-
cine for the manufacture of plaster bandages, which pro-
vides the fixation of individual parts of the body, and in
art, mainly in sculpture and architecture.
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Thus, after the complex processing of highly mineral-
ized mine waters using the proposed technology, approxi-
mately 15.69 million m? of demineralized water and about
0.31 million m* of solid salt product will be obtained,
which, in terms of mass, will be 670 thousand tons.

Consequently, the proposed technology for the complex
processing of highly mineralized mine waters can be consid-
ered practically waste-free, since all impurities are removed
from the water in the form of valuable raw materials.

Conclusions. The paper solves an urgent practi-
cal problem, which consists in the development of a
resource-saving technology for the complex processing
of highly mineralized mine waters of the mining enter-
prises of the Kryvyi Rih iron ore basin.

After complex processing of highly mineralized
mine waters using the proposed technology, approxi-
mately 15.7 million m* of demineralized water with a
salt content of 0.1-0.5% of their initial concentration
and about 0.31 million m? of solid salt product will be
obtained, which, in terms of mass, will be 670 thou-
sand tons.

Perspectives for the further use of research results.
The introduction of the proposed technology makes it
possible to obtain demineralized water, the hydrochemi-
cal parameters of which correspond to the quality stand-
ards of surface water bodies, and marketable mineral
products that can be used as valuable raw materials for
the needs of the national economy.
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