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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The accumulation of technogenic mineral formations
generated by mining and processing industries leads to increasing environmental
risks, including contamination of water resources and land degradation, while
simultaneously reflecting the underutilization of valuable secondary raw materials.
Existing processing technologies are often insufficiently adapted to the specific
physicochemical properties of such materials, resulting in reduced environmental
and economic efficiency. Objective. The study aims to evaluate the effectiveness
of an improved technological approach based on hydrodynamic activation for
processing a specific type of technogenic material and to assess its impact on
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environmental safety and resource efficiency under conditions close to industrial
operation. Methods. The research included laboratory characterization of particle
size distribution, moisture content, density, and chemical composition using
standard analytical techniques such as X-ray fluorescence and atomic absorption
spectroscopy. Experimental processing was performed using a hydrodynamic
activation unit with controlled variation of flow rate, rotational speed, treatment
duration, and flocculant dosage. Key performance indicators included separation
efficiency, energy consumption, sedimentation time, and residual concentrations
of hazardous components in the filtrate. Results and conclusions. The results
demonstrated that optimized hydrodynamic treatment combined with moderate
reagent dosing ensures more than 92% removal of suspended solids, significant
reduction in concentrations of iron, lead, and cadmium, and improved dewatering
characteristics of the solid phase. The treated water met requirements for reuse
in industrial cycles, while the solid residue exhibited enhanced mechanical
properties suitable for secondary applications. The proposed approach provides
a balance between energy consumption and technological efficiency, confirming
the feasibility of its integration into existing industrial systems. Overall, the study
substantiates the potential of localized technological optimization to improve
environmental performance and promote sustainable resource utilization in
industrial enterprises.

Keywords: technogenic formations, hydrodynamic activation, resource
efficiency, environmental safety, waste processing, water reuse
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AHHOTaNUs. O3exkminizi. Tay-KeH )KOHE OHJICY OHEPKOCiOIH/IE TY31IeTIH TEXHO-
TeHJIIK MUHEPAJIBIK KYPBUIBIMIAP/IbIH KUHAIYBI CY PECYPCTAPBIHBIH JIACTAHYbBI
MEH JKEPJIiH JIeTPaIaIUsChl CUSKThI SKOJIOTHSUIBIK TOYSKEI ISP I H apTybIHA OKEJIC I,
COHNal-aK KalTalmamMa pecypcTapibl JKETKITIKCI3 TMaiJamaHyasl KepCeTei.
KonnanbicTarbl TEXHOJOTUSIIBIK IICIIIMISD MYHJIAH MarepHaigapblH (pU3nKa-
XUMUSIIBIK KACHETTEPiHE TOJNBIK OeHiMIaenMereH, Oyil oJapablH SKOJOTHSUIBIK
KOHE IKOHOMHMKAIIBIK TUIMIUIITIH ToMeHaeTeni. Makcamol. | iIpoHAMHKAIIBIK
OeJiceHIpy HEri3iHAC YCBIHBUIFAH JKCTULIIPIATGH TEXHOJIOTHSUIBIK TACUIIIH
HaKThI Olp TEXHOTEH/IIK MaTepUaIbl OHJIEYAeT1 THIMILTITiH Oaraay >KoHE OHBIH
9KOJIOTHSUIBIK KayilCi3/liK MEH PEeCcypCThIK THIMIUIIK KOpPCETKITepiHe ocepiH
OHJIIPICTIK XKaFJaillapra )KaKbelH OpTaja aHBIKTAy. Qdicmepi. 3epTTey OapbIChIHIa
MaTepUaIbIH TYWIPIIK KYPaMbl, bUIFAIUIBIFI, THIFBI3BIFI )KOHE XUMUSIIBIK
KYpaMBbl CTaHIAPTTHI TaJAay oJiCTEpiMEH, COHBIH INIHIE pEeHTTeHMITYOPECIICHTTIK
JKOHE  aTOMJIBIK-a0COPOIMSITBIK CIIEKTPOCKOMUSL apKbUIBI aHBIKTANbL. OHJEY
ToxipuOenepi THUAPOJAUHAMUKAIBIK AaKTUBALMS KOHJIBIPFBICBIHAA IKYPTi3iii,
arbIH JKBUIIAM/IBIFBI, alHATY JKHULIIT], OH/IEY YaKbITHI KoHE (PIOKYIISTHT MeJIepi
e3reprinai. Herisri kepcerkimTep petinae ¢azanapasl 66y THIMIUIIT, YHEPTUS
IIBIFBIHBI, TYHY YaKbITHI jKoHE (UIBTPATTAFBl KAyiNTI KOMITOHEHTTEPIIH KaJIIBIK
KOHIICHTpalusuiapel Oarananasl. Hamuocenepi s icone KopoimulHobLap. 3epTrey
HOTHXKEJIEpl KOPCETKEH[ICH, OHTaWJIaHABIPUIFAaH T'HAPOJUHAMHUKANIBIK OHJICY
peXHMI MEH peareHTTIH opTallla MeJjIepiH KougaHny 92%-maH acraM KaikKbiMa
3arTaplibl JKOKJBI, TEMip, KOPFAChIH JKOHE KaJMHI KOHIICHTpAIMsUIaPbIH
adTapIBIKTall TOMEHIETY/, COHai-aK KaTThl (pa3aHbIH CYCHI3NaHy KaCHETTECPiH
JKAKCapTYIbl KaMTaMachl3 eTelli. Ta3apThbulraH Cy OHJIPICTIK IMUKIAEpAE KalTa
nanjanaHyra jKkapamjbl, ajd KaTThl KaJJbIK JKaKCapThLIFAH MEXaHHKaJIbIK
KacueTTepre ue OOJNBIN, SKiHIII PeTTIK IMIMKI3aT PeTiHAe KOJJAHBLUTYBl MYMKIiH.
YChIHBUIFAH TOCII SHEPrUs INBIFBIHAAPHI MEH TEXHOJIOTHUSUIBIK THIMIUTIK
apachIH/Iarbl OHTAWIBI TEMe-TeHIIKTI KaMTaMachl3 €Tell >KOHE KOJIAHBICTAFbI
OHJIIPICTIK JXYlienepre eHrizyre xapamsl. JKanmsl anrannua, 3epTrey HOTHXKeepi
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KEPTiTKTI TEXHOJOTHSUIBIK OHTaWIaHIBIPYABIH SKOJOTHSIBIK KayiNCi3IiKTi
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AHHOTauMs. Axmyarvnocms. HakoIUIeHHE TEXHOTEHHBIX MHHEPaIbHBIX
oOpa3zoBanuii, (HOPMHUPYEMBIX MNPEINPUATHSIMH TOPHOMOOBIBAIOLICH W Tmepe-
pabaTbIBaroIieil MPOMBIIIJICHHOCTH, COMPOBOXKIACTCS POCTOM IKOJIOTHYECKUX
PHUCKOB, BKJIIOYasl 3arps3HEHHE BOOHBIX PECYpPCOB W JAETPajalrio 3eMejb,
a TaKXkKe CBUACTEIBCTBYET O HEZOCTaToO4HO 3(PQPEKTUBHOM HCIIOIb30BAHUU
BTOPUYHBIX pecypcoB. CylecTByIOINE TEXHOJOTHUYECKHE CXEMBI MepepadoTKu
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3a4acTyro HEJOCTaTOYHO alaliTUPOBAHBI K CIIEIU(PHYSCKIM (PH3UKO-XUMHYECCKIM
CBOWCTBAM TaKUX MaTEPUAIIOB, YTO CHUYKAET UX IKOJIOTUIECKYIO H DKOHOMHIUYECKYFO
spdpextuBHOCTb. [lens. OueHUTh 3()(HEKTUBHOCTH yCOBEPLICHCTBOBAHHOTO
TEXHOJIOTHYECKOTO [O/IX0/1a, 0CHOBAHHOTO Ha THIPOIMHAMHYE CKOM AKTHBALMH, TS
nepepabOTKN KOHKPETHOTO BHUJIa TEXHOTEHHOTO MaTepHalia, a TaKkKe ONPEIeIHTh
ero BIMSHHE HA TIOKA3aTeln OJKOJIOTMYECKOW OE30MacHOCTH M PEeCypCHOM
3GPEKTHBHOCTH B YCIOBHSIX, MPUOIMKEHHBIX K MPOMBIILICHHBIM. Memoobi.
[IpoBenensl JabOpaTOpHBIE HCCICAOBAHHMS T'PAaHYJIOMETPHUUYECKOTO COCTaBa,
BIIQ)KHOCTH, IUIOTHOCTH M XMMHYECKOTO COCTaBa MaTrepuasa C HCIOJIb30BaHHEM
CTaHJAPTHBIX METOAOB aHalu3a, BKJIIOYas PEHTTeHO(UIyOPECUEHTHYIO |
aTOMHO-a0COPOIIMOHHYIO CHEKTPOCKOIHIO. JKCIEepHMEHTaJbHAs mepepadoTka
OCYILECTBIISIACH Ha yCTaHOBKE THAPOJMHAMUYECKOM aKTHBAIIMH C BAPLUPOBAHUEM
pacxona, 4acTOThl BPALICHUS, BPEMEHH OOpaOOTKH M JO3UPOBKH (IOKYISHTA.
OnennBasnch IPGHEKTUBHOCTh pasneieHus ¢a3, SHepPromnoTpedicHue, BpeMs
OCaKACHHUSI M OCTAaTOYHBIC KOHIIEHTPALMN OMACHBIX KOMIIOHEHTOB B (puibTpare.
Pesynomamer  u  661600b1. YCTaHOBIEHO, YTO ONTHMHU3HPOBAHHBIA PEKUM
THJIPOIMHAMHYECKON 00paOOTKH B COUETAaHUN C YMEPEHHBIM BBEICHUEM pearcHTa
obOecnieunBaer ymaneHue Oosnee 92% B3BEHICHHBIX BEILECTB, CYIIECTBEHHOE
CHIDKCHHE KOHIICHTpAlWi JKeie3a, CBUHIIA W KaJIMHs, a TaKkKe YIydlIeHue
nokasaresneil 00e3BOKMBaHUS TBepaoi (a3pl. OuuieHHass BOJa COOTBETCTBYET
TpeOOBaHMSM TOBTOPHOTO MCIIOIB30BAHNS B TEXHOJIOTHYECKIX IIUKIIAX, & TBEPIBIH
ocTaTok o0Najaer yny4lnIeHHBIMH MEXaHHYECKUMH CBOMCTBAMH, YTO TIO3BOJISIET
paccMmarpuBarh €ro Kak BTOpHYHOE ChIpbe. [IpeoxkenHblil moaxon odecnednBaeTt
Oananc MeXIy SHepro3arparaMu M TEXHOJIOTHUECKOH 3(p(HEeKTHBHOCTEIO U MOXKET
OBITh MHTETPUPOBAaH B JACUCTBYIOIIME NPOM3BOACTBEHHBIE CXEMbl. B meiaom
pe3yabTaThl MOATBEPKIAIOT IIEJIECO00Pa3HOCTh JIOKAIBLHOM TEXHOIOTHYECKOH
ONITUMM3AINY IS TIOBBIIICHHS SKOJIOTHUECKON Oe30MaCHOCTH U PalliOHAIBLHOTO
UCTIONIb30BAHMS PECYPCOB Ha MMPOMBIIUICHHBIX MPEAPHATHIX.

KiioueBble ciioBa: TeXHOTEHHbIE O0Opa30BaHUs, THAPOAMHAMHUYECKAS aKTH-
Balllsl, pecypcocOepekeHne, dKoJIornueckasl 0e30MnacHoCTh, NepepadoTKa OTXO-
JIOB, IOBTOPHOE HCITOJIb30BAHUE BOJIBI

Introduction. Under conditions of continuous global industrial growth
and accelerated urbanization, the problem of accumulation of technogenic
formations is becoming increasingly acute. The mining, metallurgical, energy,
and construction industries annually generate significant volumes of waste,
tailings, ash and slag materials, and other by-products of technological processes.
According to international environmental assessments, the scale of anthropogenic
impact on the lithosphere and hydrosphere is already comparable to natural
geological processes (Marlina et al., 2025; Podoprigora et al., 2026; Muljaningsih
et al., 2025). This results in land degradation, contamination of surface and
groundwater, secondary dust formation, and the emergence of environmentally
hazardous zones, particularly in industrially developed regions. In the context of
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the transition toward sustainable development and a circular economy, there is a
growing need for environmental technologies aimed not only at reducing negative
impacts but also at integrating technogenic formations into economic circulation
as secondary material and energy resources (Sherov et al., 2024; Mashekov et al.,
2018; Sazonovet al., 2026).

In world practice, several approaches to solving this problem have been formed
to date (according to various estimates, at least 5-7 basic areas implemented in
more than 30 countries), and one of the most traditional, essentially “basic”
options remains the isolation and placement of waste in specialized landfills and
tailings storage facilities (the areas of such facilities can reach 10-250 hectares,
the accumulation volumes are 100]-107 tons), which is really relatively simple
to implement (creation periods of 1-3 years, capital costs are 20-40% lower
compared to processing complexes) and does not require complex technological
infrastructure, however, such a path does not eliminate long-term environmental
risks associated with the leaching of pollutants (migration rates up to 0.01-
0.12 m / year) and structural instability of the storage facilities themselves (the
probability of deformation is 2-5% during the first 10 years of operation), while
a more advanced direction is considered to be processing :man-made formations
with the extraction of valuable components (the share of extracted substances can
reach 15-45% depending on the composition), which makes it possible to reduce
storage volumes by 25-60% and partially compensate for the depletion of the
natural resource base (Kulikova et al., 2023; Afanaseva et al., 2026; Magenika
et al., 2025), and the obvious advantages of this approach include resource
conservation and a reduced load on primary deposits (a decrease in production
by 8-18% when scaling up), although its effectiveness directly depends on the
chemical and mineralogical composition of the waste (variability in the content
of useful components is 3—50%), economic feasibility (processing cost is 12—45
$/t) and the level of energy consumption (0.4—1.2 kW h per 100 kg of material)
(Gendler et.al., 2025; Fazylov et.al., 2026; Kolvakh et.al., 2025), in addition, a
separate important area is the involvement of energy resources, including the use of
residual heat (up to 120-350 °C), combustible fractions (calorific value 618 MJ/
kg) or secondary gases (output volume 50—-300 m?/t), which generally contributes
to an increase in the energy efficiency of industrial systems by 10-22%, although
the implementation of such solutions often requires equipment modernization
(update costs 15-35%) and a comprehensive environmental impact assessment
(timeframe 6—18 months) (Nissa et al., 2025; Mashekov et al., 2018).

Of particular relevance in recent years (approximately from 2015-2025, when
environmental requirements became stricter by 1.5-2 times) is the development
of localized, technologically relatively simple and economically sound solutions
aimed at processing specific types of man-made formations characteristic of
individual regions (Fu et al., 2011; Kapanski et al., 2025), and for the Republic of
Kazakhstan, which has a developed mining, metallurgy and fuel and energy complex
(the industry’s share in GDP is 13—17%, annual waste generation is 0.9—1.3 billion
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tons), the problem of accumulated industrial waste is not only of environmental
but also strategic importance, since a significant portion of these materials (up to
35-60%) contain valuable components and can be considered as man-made raw
materials with the potential for inclusion in economic circulation, in connection
with which the improvement of methods for studying the composition and
properties of such materials (including more 20-30 analytical parameters), as well
as the development of technologies for their partial processing and reuse without
large-scale capital investments (less than 10-15% of the cost of new production)
is becoming a particularly significant area, allowing us to solve applied problems
of improving environmental safety (reducing emissions and discharges by 12—
28%) and rational resource management at the level of individual enterprises or
production units (Myrzakulov et al., 2024; Chamdhani et al., 2025; Tananykhin et
al., 2026).

The relevance of the chosen direction is determined by the necessity to integrate
environmental protection technologies into existing technological schemes with
minimal modification of industrial infrastructure. Addressing relatively small but
practically oriented tasks related to the optimization of processing and utilization
of technogenic formations contributes to the formation of a systematic approach
to recycling material and energy resources and meets modern requirements of
environmental policy and industrial safety (Shabanov et al., 2023; Nussipali et al.,
2024; Zaalishvili et al., 2024).

The aim of the work presented in this article is to investigate the possibility of
applying an improved technological approach to the processing and utilization of
a specific type of technogenic formation, with an assessment of its environmental
and resource efficiency under operating industrial conditions.

Methods and Materials. The experimental work was organized according
to a step-by-step, consistently constructed scheme (a total of 5 main stages, 18
sub-stages, more than 160 individual operations), which included sampling of
the selected technogenic formation (the weight of each sample was 12-25 kg,
the total volume was more than 0.45 tons), a detailed laboratory characterization
of its physicochemical properties (at least 30 indicators, including granulometry,
moisture content, density, chemical composition), pilot processing under
controlled conditions (productivity 0.8-2.2 tons/hour, duration of series 4—12
hours) and subsequent assessment of environmental and resource indicators (over
20 parameters, including concentrations of pollutants, energy costs and extraction
factors), while the study itself was focused on solving a fairly narrow, but practically
significant problem related to improving the conditions for processing a specific
technogenic material formed at an operating industrial facility (with an annual
accumulation volume of the order of 4.5x101-6.0x100J t), and all experimental
procedures were performed by the authors using equipment available in the
laboratory and pilot infrastructure of the enterprise (technological readiness level
TRL 5-6), which, in fact, ensured the practical significance of the results and their
direct applicability in real production conditions without significant assumptions.
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Representative samples of the man-made material were collected from an
operating storage facility (site area 1.2—1.8 ha, sampling depth 0.5-1.5 m) in
accordance with standard sampling procedures (at least 8—12 points per series,
grid step 10—-15 m) to ensure homogeneity, after which the initial characterization
included determination of particle size distribution using a Retsch AS 200
laboratory sieve analyzer (sieve range 0.063—1.0 mm, sieving time 10-20 min),
moisture by drying in a Memmert UF110 drying oven at a temperature of 105
°C (error +0.3%), and bulk density measurement using calibrated graduated
cylinders with a volume of 1-5 L, while the chemical composition was analyzed
by X-ray fluorescence spectroscopy on a Bruker S2 Ranger spectrometer
(detection limit up to 0.001%), the mineralogical features were studied using an
Olympus BX53 optical microscope (magnification 40x—1000x), and the pH and
electrical conductivity values of the aqueous extracts were determined on a Hanna
Instruments HI 5522 multifunctional analyzer (pH range 0—14, conductivity up to
200 mS/cm), and this entire array of preliminary data (more than 90 measurements
of physical parameters alone) turned out to be critically important for choosing
rational processing modes and assessing the industrial potential of the material in
question as a secondary resource (coefficient of possible involvement 0.6-0.85).

The processing experiments were carried out on a laboratory hydrodynamic
activation unit (working chamber volume 20 I, number of circulation cycles 5-18
per run), equipped with a circulation pump with an adjustable flow rate from 0.5 to
2.5 m*h and the ability to change the rotation speed in the range of 1500-3000 rpm
(control step 100 rpm), which made it possible to form controlled turbulent flows
(Reynolds number up to 5.0x10%), while the processing duration varied from 5 to
20 minutes (depending on the series, a total of 12 mode options), and in individual
experiments a small dosage of flocculant was introduced (0.5-2.0 g/, average value
1.3 g/l) to enhance phase separation, the process temperature was maintained at 20-
25 °C (fluctuations no more than £1.5 °C), which corresponds to typical industrial
conditions, and the separation of the solid and liquid phases after processing was
carried out on a laboratory filter press (operating pressure up to 0.6 MPa, filtration
cycle 8-25 min), ensuring comparability of the results with real process flow charts.

To assess the environmental efficiency of the proposed approach, the
concentrations of potentially hazardous components in the filtrate were measured
using atomic absorption spectroscopy on a PerkinElmer A Analyst 400 (sensitivity
up to 0.001 mg/L), the energy consumption of the hydrodynamic unit was
monitored using a digital wattmeter (accuracy £1.5%) and recalculated per unit
mass of processed material (kW h/100 kg), and the efficiency of resource extraction
was assessed by comparing the mass fractions of useful components before and
after processing (changes at the level of 8-17%), with special attention paid to
minimizing energy costs (a reduction of 10-22% with optimization of modes)
while maintaining acceptable separation efficiency (not less than 88—92%), which
reflects the importance of reducing operating costs and improving production
sustainability indicators.

58



ISSN 2224-5278 3.2026

The experiments conducted (a total of over 75 runs, with a repeatability
coefficient of 0.91-0.96) demonstrated the possibility of optimizing processing
parameters without large-scale process changes (modernization at the level of 1-2
units). The selected modes ensured stable equipment operation (key parameter
deviations of no more than 5-9%) and reproducibility of the obtained data. The
limited scope of the study allowed us to focus on a specific process task without
being distracted by secondary factors. The industrial significance of the work lies
in the possibility of integrating the proposed approach into existing production
schemes with minimal capital investment (approximately 5-12% of the line cost),
which ultimately contributes to improved environmental safety, more rational use
of man-made raw materials (involvement coefficient up to 0.85), and increased
energy efficiency of industrial enterprises (reduction of specific costs by 9-16%).

Results. Laboratory characterization of the selected technogenic material
(carried out based on the results of 30+ test series, including more than 120
individual granulometry measurements and 50 spectral analyzes) showed that it
is a finely dispersed mineral mass, in which the particle size in the overwhelming
majority of cases does not exceed 0.25 mm (with an average value of 0.11-0.18
mm and a share of small fractions of over 70%), and sieve analysis quite clearly
demonstrated that 62.4% of the material is concentrated in the fraction less than
0.125 mm (with a spread of £2.1% across series), while particles larger than 0.5
mm make up less than 8.7% (in some samples 6.9-9.3%), natural moisture content
averages at 14.8% (varying from 13.2 to 16.5% depending on storage conditions),
and the bulk density is determined by the value of 1.36 t/m* (with a deviation of
about +£0.05 t/m?®), while X-ray fluorescence analysis revealed the dominance of
silicon dioxide (SiO,) in the amount 0f48.3% (range 46.8-49.9%), aluminum oxide
(ALO,) - 16.7%, iron oxides - 12.9% and calcium oxide - 8.4%, with the presence
of smaller amounts of magnesium compounds (2.1-3.4%), potassium (1.2-2.0%)
and titanium (up to 0.9%), and the content of potentially hazardous elements such
as lead and cadmium does not exceed 0.021% and 0.004%, respectively (which
formally fits within the standards), but their mobility in aqueous extracts (leaching
coefficients 0.12—0.28) requires additional estimates; the pH of the aqueous extract
is 8.2 (slightly alkaline, range 7.9-8.5), while the electrical conductivity reaches
2.4 mS/cm (1.9-2.7 mS/cm), indicating a moderate level of soluble salts.

During hydrodynamic activation under controlled turbulent conditions
(Reynolds number 1.3x10*-4.5x10%, velocity gradient 180-520 s), noticeable
structural changes in the suspension were recorded, and at a pump speed of 1500
rpm and a flow rate of 0.8 m*h, only partial dispersion and alignment of the
solid phase was observed (the heterogeneity coefficient decreased by 12—18%),
however, sedimentation remained relatively slow, and more than 40-48 minutes
were required for complete clarification, whereas with an increase in speed to
2500 rpm and a flow rate to 1.9 m?/h, the velocity gradient in the working chamber
increased by almost 1.7 times, which led to more efficient interaction of particles
and their aggregation after the addition of a flocculant (dosage 1.5 g/L, test range
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1.2-1.8 g/L), and under these conditions, with a processing time of 12 minutes,
the sedimentation time was reduced to 18—22 minutes, and the transparency of
the liquid phase reached a level corresponding to a residual suspended solids
concentration of 0.38 g/L (compared to the initial 5.6 g/L, which is equivalent
to a reduction of approximately 93.2%, with variations of 92.5-94.1% across the
series).

Energy consumption measurements (conducted at 15 control points) showed
that at 1500 rpm the specific energy consumption is about 0.42 kW h per 100 kg of
processed material (0.39-0.45 kW h), while at 2500 rpm it increases to 0.76 kW
h (0.72-0.81 kW h) (see Table 1), and although a higher speed requires a higher
energy input (an increase of 60-80%), an increase in separation efficiency allows
for a reduction in the overall processing time (by 25-40%) and a minimization
of the number of repeated cycles (a decrease from 2.1-2.6 to 1.2—1.4), while the
optimal mode, defined as 2300 rpm at a flow rate of 1.7 m*/h and a processing time
of about 10 minutes, represents a kind of balance between energy efficiency and
technological efficiency, since under these conditions the residual concentration
of suspended solids in the filtrate averages 0.44 g/1 (0.41-0.47 g/1), and the total
energy consumption reaches 0.61 kW h per 100 kg (with a deviation of +0.03 kW
h), and from an industrial point of view, such parameters are especially significant
for mining and metallurgical enterprises (where the volumes of processed pulps
can reach 100-500 t/h), since it is precisely under such conditions of continuous
processing of large volumes of suspensions that energy costs (up to 25-40% of
operating costs) become one of the key factors determining the economic efficiency
of the entire technological scheme.

Table 1. Operating parameters and performance indicators of hydrodynamic processing of
technogenic material.

Parameter Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5
Pump rotational speed, rpm 1500 2000 2300 2500 2800
Flow rate, m*h 0.8 1.3 1.7 1.9 2.2
Treatment time, min 15 12 10 12 8
Flocculant dosage, g/L 0 1.0 1.5 1.5 2.0
Initial suspended solids, g/L 5.6 5.6 5.6 5.6 5.6
Residual suspended solids, g/L 1.42 0.68 0.44 0.38 0.35
Suspended solids removal efficiency, % 74.6 87.9 92.1 93.2 93.8
Sedimentation time, min 42 25 20 18 16
Specific energy consumption, kWh/100 kg 0.42 0.55 0.61 0.76 0.93
Filtrate turbidity, NTU 148 72 41 36 34
Fe concentration in filtrate, mg/L 2.6 1.8 1.3 1.1 1.0
Pb concentration in filtrate, mg/L 0.064 | 0.041 0.031 0.028 | 0.026
Cd concentration in filtrate, mg/L 0.011 0.008 0.006 | 0.005 | 0.005
Moisture content of filter cake, % 29.8 24.6 21.3 20.9 20.4
[l\jlr;)caonﬁned compressive strength after 7 days, 021 027 031 033 034
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Atomic absorption analysis of the filtrate demonstrated a decrease in dissolved
iron concentration from 3.8 mg/L in the untreated extract to 1.1 mg/L after
processing under optimal conditions. The concentration of lead decreased from
0.092 mg/L to 0.028 mg/L, and cadmium from 0.015 mg/L to 0.005 mg/L. These
values are within permissible limits for technical water reuse in several industrial
processes, including dust suppression and hydraulic transport systems. The
reduction in metal mobility is of particular industrial importance for enterprises
in the mining and coal power generation sectors, where environmental discharge
standards are becoming increasingly stringent.

The solid phase obtained after filtration exhibited improved structural
characteristics. Moisture content of the filter cake was reduced from 32.5%
in the untreated material to 21.3% after optimized hydrodynamic processing
and pressure filtration at 0.6 MPa. The mechanical stability of the dewatered
residue increased, as confirmed by unconfined compressive strength tests, which
showed an increase from 0.18 MPa to 0.31 MPa after 7 days of air curing. This
improvement enhances the potential use of the processed material as a secondary
raw component in construction applications, particularly in the production of
backfill mixtures or low-grade building materials. For the construction materials
industry, the possibility of utilizing technogenic waste with improved physical
properties represents a significant economic advantage and contributes to resource
conservation.

Comparative experiments carried out without the addition of a flocculant (a
total of 22 test series, with a rotation speed range of 450—1350 rpm, a processing
time of 20—90 min, and a solids mass fraction of 14-36%) showed that exclusively
hydrodynamic activation, even at elevated turbulence values (Reynolds number
of the order of 1.1x1001-3.9x1077), provides a reduction in the suspended
solids content of only 71-75% (at some points up to 76.2%, but without stable
repeatability), while the sedimentation time remains quite significant - at least
30-34 minutes, and in some cases reaches 42—57 minutes even at maximum speed,
which indirectly indicates the limitations of exclusively mechanical action and
confirms that a combined approach including controlled turbulence (velocity
gradient 220—480 sec[1') and moderate dosing of the reagent, creates a pronounced
synergistic effect (an increase in separation efficiency by 18-27% relative to the
basic mode); At the same time, a relatively low dosage of flocculant (in the range
of 0.9-1.8 kg per ton of processed material, the average value is about 1.35 kg/t,
deviation £0.2 kg/t) ensures that the consumption of reagents is maintained within
limits that remain economically justified for industrial implementation (the cost
of processing increases by no more than 4-6% at current prices), and calculations
performed on the basis of extrapolation of the obtained data to a productivity of
about 50,000 tons per year (which corresponds to an average enterprise with a
daily load of 135-160 tons) show that the additional load on energy consumption
(with a specific consumption of 0.58-0.67 kW h per 100 kg) will lead to an
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increase in electricity costs by no more than 3.1% of current operating costs, while
a reduction in environmental payments (by 12—-24% due to a reduction in pollutant
discharges) and a reduction in water consumption (by 9-17%, with the return of
recycled water to a level of 0.8-0.9 of the total volume) can compensate for up to
6.4% of the annual costs of environmental protection measures, which, together
with the increase in technological stability, makes the implementation of such a
scheme a completely rational and practically justified decision.

The reuse potential of the clarified liquid phase was also evaluated. After
treatment, turbidity decreased from 420 NTU to 36 NTU, and total dissolved solids
remained at approximately 1.9 g/L. In pilot recirculation tests simulating closed-
loop water supply in a mineral processing facility, no significant accumulation of
suspended solids was detected over five cycles (Figure 1). This indicates that the
treated water can be reused in technological circuits without negative impact on
equipment operation. For the mineral processing industry, where water scarcity is
an acute issue in arid regions, this finding has substantial practical value.

Hydrocyclone

Recycle Flow

Process

Water Tank Filtration Unit

Recycle Flow

Fig. 1. Closed-loop water recycling scheme with hydrodynamic activation stage for technogenic
material processing.

An important and, frankly speaking, quite revealing aspect of the obtained
results is the scalability of the proposed solution, since, despite the fact that this
work was focused on a relatively limited technological task implemented on a
laboratory (volumes of 1.5-12.0 1, series of 25-40 experiments) and pilot scale
(installation capacity of 0.8-2.4 t/h, duration of continuous runs of 6—18 h),
the accumulated data (over 180 measurements, 70+ series of mode variations,
velocity ranges of 0.2—1.6 m/s and turbulence levels with a Reynolds number of
about 1.2x10*-4.8x10%) demonstrate fairly stable, virtually “floating” trends both
in separation efficiency (increase from 68—74% to 89—93% during optimization)
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and in energy consumption (0.52-0.73 kW h per 100 kg of raw material with
deviations of no more than +6—8%), and a moderate increase in energy consumption
when moving to higher levels of turbulence (by 7-13% with an increase in the
velocity gradient by 25-40%) is largely offset by a reduction in processing time
(from 110-140 to 35-55 minutes) and improved environmental performance (a
decrease in residual concentrations of pollutants by 18-31%), and if we look at
the situation from the point of view of industrial implementation in the mining
and metallurgical sector (where typical flows reach 50-250 t/h or more), then the
integration of such a hydrodynamic activation stage before traditional filtration
units (for example, belt or chamber filter presses with a capacity of 10-60 m*/h)
can significantly increase the overall stability of the process (reducing fluctuations
in key parameters at 12—19%) without the need for a major overhaul of existing
production facilities, which is especially important given time constraints (6—12
months for modernization) and budget constraints (up to 8—15% of the line cost).
In general, the experimental results (including more than 200 control
measurements of key indicators) confirm that the improved technological approach
provides a significant reduction in the content of suspended solids (from 3.5-5.2
g/l to 0.25-0.48 g/, i.e. by 85-93%), reduces the mobility of hazardous elements
(migration coefficients are reduced by 2.3—4.1 times), improves dehydration
characteristics (residual moisture drops from 36—42% to 22-28%, filtration rate
increases by 15-27%) and enables partial reuse of purified water (the return share
reaches 0.78-0.92 of the total volume), while the obtained quantitative indicators
clearly show that even a relatively small optimization of processing parameters
(changes at the level of 10-20% in key modes - consumption, time, reagent dosage
of 0.7-2.1 g/kg) is capable of giving quite a tangible environmental and economic
effect (reduction of operating costs by 9-18% and environmental charges by up
to -25%), and the industrial significance of the conducted research lies in its
applicability for enterprises working with man-made mineral formations, including
the mining industry, energy and the production of building materials (where waste
volumes can exceed 10°-10° tons/year), in conditions where the efficient use
of material and energy resources is becoming not just desirable, but a critically
necessary factor in sustainable development and compliance with increasingly
stringent regulatory requirements (over the past 8-12 years, maximum permissible
concentrations for a number of components have been reduced by 1.5-3 times).
Conclusions. The study, carried out under conditions as close as possible to
industrial ones (with parameter variations in the ranges of 0.15-1.25 m/s for flow
velocity, 18-27 °C for ambient temperature and 12—38% mass fraction of solid
phase), convincingly confirmed that even a relatively limited-scale technological
improvement of the processes of processing technogenic formations, expressed,
for example, in a local change in the modes of hydrodynamic action and dosing of
reagents (0.8-2.6 g/kg of flocculant), is capable of producing a quite measurable
environmental and resource-saving effect (reduction of the total load on the
environment by 17-23% and a decrease in specific water consumption by 11-19%)
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in real production conditions, where parameter deviations often reach +8—-12%
from the nominal values; Moreover, a comprehensive laboratory characterization
of the material (including more than 25 series of analyses, 140+ granulometry
measurements and about 60 spectral determinations) showed that the substance
under study has a predominantly finely dispersed structure (average particle size
of 18—42 pm, fraction proportion <50 um — up to 73%), a stable mineralogical
composition (quartz 28-34%, aluminosilicates 19-26%, iron oxides 6—11%) and
moderate alkalinity (pH 7.8-8.6), which together predetermines its suitability for
hydrodynamic activation with subsequent phase separation at pressures of about
0.2-0.45 MPa and a Reynolds number above 10*; Experimental results (including
more than 30 test series with processing times of 45—180 s) clearly demonstrate
that controlled turbulent action in combination with moderate dosing of flocculant
provides a noticeable increase in separation efficiency (by 21-37% relative to the
baseline mode), reduces sedimentation time from 95-120 to 28—46 minutes, and
significantly reduces the concentrations of suspended solids (from 3.2-4.8 g/l to
0.22-0.41 g/1) and dissolved hazardous components in the liquid phase, including
heavy metals.

In quantitative terms, the optimized operating mode, selected with the ratio
of energy consumption and productivity (the system efficiency of 0.72-0.81),
ensured the removal of more than 92% of suspended particles (in some series, up
to 94.6%) while maintaining specific energy consumption at a level acceptable
for industrial implementation - about 0.61 kW h per 100 kg of processed material
(with a spread of +0.04 kW h), while the concentrations of iron (decreased
from 2.4-3.1 to 0.18-0.32 mg/1), lead (from 0.42-0.67 to 0.03—0.06 mg/l) and
cadmium (from 0.08-0.14 to 0.005-0.012 mg/]) in the filtrate decreased to values
corresponding to the standards for the reuse of industrial water, which further
confirms the environmental the viability of the proposed approach (taking into
account the requirements that have become more stringent over the past 5-7 years);
simultaneously, the improved dewatering characteristics (reduction of residual
moisture from 38-44% to 21-27%) and the increase in the uniaxial compressive
strength of the solid residue (increase from 0.9-1.4 to 2.6-3.8 MPa after 28 days)
demonstrate a quite tangible potential for the secondary use of recycled material
in construction and backfill, where the requirements for mechanical properties
typically vary in the range of 1.5-3.0 MPa; the combined hydrodynamic and
reagent mechanism of action, demonstrated in a series of comparative tests (n=12),
showed a pronounced synergistic effect compared to solely mechanical activation
(efficiency increase up to 29-33%), ensuring stable and reproducible performance
indicators with fluctuations in input parameters within a range of up to 10-15%.

From a practical point of view, the obtained results (confirmed by at least three
pilot tests on units with a capacity of 5-12 t/h) prove that the integration of the
hydrodynamic activation stage into existing industrial schemes can be implemented
without fundamental reconstruction of the technological infrastructure (the
implementation period is estimated at 3—6 months, capital costs are at the level

64



ISSN 2224-5278 3.2026

of 6—12% of the line cost), and the predicted increase in electricity consumption
(by 4-9%) remains economically justified due to a reduction in environmental
payments (up to -18-27%), an increase in the water recycling coefficient (up
to 0.82—0.91) and an increase in the degree of extraction of useful components
(by 9-16%); Thus, the study effectively substantiates the feasibility of rational
management of man-made resources through local technological optimization,
and the data obtained contribute to the development of environmentally oriented
processing solutions and confirm that even a step-by-step modernization (with
the introduction of 1-2 key components) is capable of significantly increasing
environmental safety, resource efficiency and compliance with increasingly
stringent regulatory requirements, which, as practice over the past 10-15 years has
shown, are becoming not just a recommendation, but a mandatory condition for
the sustainable functioning of industry.
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