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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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IJIABHBI PEJAKTOP

JKYPUHOB Mypar KypuHoBHY, IOKTOp XUMHYECKUX Hayk, npodeccop, akanemuk MAAH u HAH PK,
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www.scopus.com/authid/detail.uri?authorld=55883084800; https://www.webofscience.com/wos/author/record/ 1048681
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Opannus),  https://www.scopus.com/authid/detail.uri?authorld=7003436752;  https://www.webofscience.com/
wos/author/record/1230499

HIEH Iun, PhD, 3amecturens aupexropa Komurera mo ropHoii reoxornn Kuraiickoro reonorndeckoro
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KATAJIUH Credan, PhD, acconmupoBaunslii npodeccop, Texuuueckuit ynusepeuret pesnen (pesnen,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500; https://www.webofscience.com/
wos/author/record/ 1309251

CAI'MHTAEB “Kanaii, PhD, accorymposanusii npogeccop, HazapbaeB ynuBepcuter (Acrana, Kazaxcramn),
https://www.scopus.com/authid/detail.uri?authorld=57204467637; https://www.webofscience.com/wos/author/record/907886

®OPATTUHHU IMaono, PhD, accormuposannblii npodeccop, Munanckuii yausepcurer buxokk (Munas,
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PATOB Bbopan6aii ToB6acapoBH4, JOKTOp TEXHHYECKHX HayK, mpodeccop, 3aBemyromuii kadenpoit
«l'eodpusuka u cericmonorus», Kazaxckuii HallMOHAIBHBIA UCCIIEIOBATENBLCKINA TEXHUYECKUI YHUBEPCUTET HM.
K. CarnaeBa (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100; https://
www.webofscience.com/wos/author/record/1993614

POHHMU Bepuarccon, mnpodeccop, Jupexrop LleHTpa coBpeMEHHBIX OIMKHEBOCTOYHBIX HCCIICIOBAHH,
Jlynnckuit yrusepcurer (Jlymn, IIsemms), https://www.scopus.com/authid/detail.uri?authorld=7005388716;
https://www.webofscience.com/wos/author/record/1324908

MUPITAC Baagumup, PhD, npodeccop, BocTrounslii HaydHO-HCCIE0BATENbCKHI LEHTDP, YHUBEPCHTET
Apwans, (Apwdns, Wspamns),  https://www.scopus.com/authid/detail.uri?authorld=8610969300; https:/www.
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Abstract. Relevance. Intensification of mineral extraction and processing
is accompanied by the accumulation of large volumes of beneficiation tailings,
which act as long-term sources of technogenic environmental impact. At the same
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time, tailings represent secondary mineral resources containing residual amounts
of non-ferrous and associated metals. The involvement of technogenic waste in
reprocessing is considered one of the priority directions for greening mineral
processing and improving resource efficiency. Objective. To substantiate the
technological and environmental efficiency of additional recovery of non-ferrous
metals from beneficiation tailings based on mechanical activation followed by acid
leaching. Methods. A complex laboratory study was carried out, including particle
size, mineralogical and chemical analyses of tailings, mechanical activation in a
planetary ball mill, sulfuric acid leaching under variable process conditions, and
assessment of filtration and environmental characteristics of the processed material.
Metal recovery was controlled using atomic absorption spectroscopy, while phase
transformations were studied by X-ray diffraction analysis. Results. Mechanical
activation was found to increase specific surface area by more than two times and
to form an extensive microcrack structure in particles. Metal recovery of copper,
zinc and lead increased to 61-72 %, while residual metal content in the solid phase
decreased by 2—3 times. A significant reduction in water-soluble heavy metals in
filtrates to environmentally acceptable levels was observed, along with more than a
twofold decrease in the filtration coefficient of tailings. Conclusions. The proposed
combined approach simultaneously addresses technological and environmental
challenges by improving mineral resource utilization, reducing tailings toxicity and
lowering the load on tailings storage facilities. The obtained results confirm the
industrial prospects of technogenic raw material reprocessing as an independent
direction for sustainable development of the mining and metallurgical industry.

Key words: beneficiation ecology, tailings, mechanical activation, ball mill,
leaching, technogenic raw materials, metal recovery, resource saving, environmental
safety
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AHHOTAamUs. O3exminici. MuHepanbl NIMKI3aTThl OHAIPY MEH OHJICYIIH
KapKbIHJIBUIBIFbI KOPILIAFaH OPTaFa Y3aK MepP31MJli TEXHOTSHIIK dcep €Ty K31 00JIbII
TaObUIATBIH OAbITY KaJIbIKTAPBIHBIH €/I0Yyip KOJEeMiHiH KHHAKTATybIMEH Karap
xypeai. COHbIMEH KaTtap, KYHpBIKTap KypaMblH/a TYCT1 )KOHE 1JIecTie MeTalaapIbiH
KaJJBIK Meuiepi Oap KalTajiaMa MUHEpasJibl IIHKi3aT OOJIBIT Ta0bLIaIbL.
TexHOreH K KaJIIBIKTap/bl KaliTa eHJEYre TapTy Tay-KeH OalbITy eHIpici MEH
pecypc YHeMIeydi SKONOTHSUIaHABIPYABIH OachiM OarbITTapbIHBIH Oipi peTiHzae
KapacTeipbuiaibl. Maxcam. Tycti MeTaigap/pl OAWbITY KaJJbIKTAPbIHAH OJapibl
MEXaHUKaJIbIK aKTUBTCHJIIPY JKOHE KEHIHHEH KBIIIKBULIBIK IaiiMaiiay Heri3iHue
OHJIIPY/IIH TEXHOJIOTHSIJIBIK KOHE DKOJIOTUSIIBIK THIMJAUITIH Herizney. Odicmepi.
Kanapikrap bl rpaHyJIOMETPHUSUIBIK, MUHEPATIOTHSUIBIK KOHE XUMHUSLIIBIK TaJJIay/Ibl,
IUTAHETAPJIbIK [Iap JUIPMEHIHACTT MEXaHUKAJIBIK OCJICeHIIPY/l, TEXHOJOTHUSIIBIK
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PeXKUMIEPIiH 63repyi Ke3iH 1€ KYKipT KbIIIKBUIBIH CITLUICHAIPY/Ii, COHIai-aK KaiiTa
OHJICJITCH MAaTePUaJIbIH CY3y JKOHE SKOJOTHUIBIK CHUIaTTaMalapblH Oaraiayibl
KAMTUTBIH 3€PTXaHAJBIK 3€pTTeyNiep KeIIeHI JKYpri3ijmi. Meranmapasl amyiasl
0aKpIIay aTOMIBIK-a0COPOIUSIIBIK 9/TiCTICH JKY3€eTe aChIPBUIIBI, (Da3allbiK e3repicTep
PEHTTeHIK (a3anblK Tajaay apKbUIbl 3epTTenai. Hamuoicerep. MexaHUKAIBIK
AKTUBTEHJIIPy MEHIIIKTI OeTTiH 2 eceleH acTaM OcCyiH XOoHe OeJIIeKTep/IiH
JAMBIFAaH MUKPOKPEKIIUSITBIK KYPBUTBIMBIHBIH KAJIBINTACYbIH KAMTaMAachI3 eTeTiHi
aHBIKTAIABI. MBIC, MBIPHIII JKOHE KOPFACBIH ally Jdpekeci Tuicinme 61-72% - ra
NIeHiH apTajpl, COHBIMEH Oipre KarThl (hazagarbl MeTaJIapIblH KaJIIbIK MeIIIepi
2-3 ece azasnpl. OubTparTarbl ayblp METANAAPABIH Cyda €pUTIH TYpIepiHiH
KOHIICHTPAIMSCHIHBIH CAHUTAPIBIK Kayilci3 JeHrenre JNeiH TOMeH/eyi, COHIa-
aK KYHpBIKTap/bl cy3y Kod(h(UIMEHTIHIH 2 ecelleH acTaM TOMEHJeyi OailKallbl.
Kopvimuvinoviiap. Y CbIHBUTFAH —OIpPIKTIPUITEH TOCIT TEXHOJNOTHSIIBIK — KOHE
AKOJIOTHSUTBIK MIHJETTEP/Ii Oip Me3Tiiie MIenyi KaMTaMachl3 eTe/li: MHHEPaIIbl
MIUKI3aTThl TalIaTaHy/bIH TONBIKTBIFBIH apTTHIPY, KYHPBIKTAPABIH YHITTHUTBIFBIH
TOMEHJIETY JKOHE KAJJIBIK KOMMalapbIHa )KYKTEMEHI a3aiiTy. AJTBIHFaH HOTHXKEIEep
Tay-KeH-MeTaJUTyprHsl KeNICHIHIH OPHBIKTHI JaMYBIHBIH jJepOec OarbIThl peTiHAe
TEXHOTEH/IIK IINKI3aTThI KalTa OHACYIH OHEPKICIITIK EPCIIEKTUBACHIH PACTAMNIBI.

Tyiiin ce3mep: OalbITy AKONOTHACH, OAaWBITy KaJJBIKTAphl, MEXaHUKAJBIK
aKTUBTEHJIIPY, IIap JAWIPMEHI, [aiiMarnay, TEeXHOTeH/IIK [ITUKi3aT, MeTaaap/sl aiy,
pecypcTapabl YHEMJIEY, SKOJIOTHSIIBIK, Kayirci3mik
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AnHoTauus. Axmyanvnocms. VHTeHcHUKAMs A0OBIYM M TepepabOTKH
MHUHEPAIBHOTO CBHIPbSI COMPOBOXKIACTCS HAKOMJICHUEM 3HAUYUTEIbHBIX O0BEMOB
XBOCTOB OOOTaIICHUs, SBISIOMIMXCS HMCTOYHUKOM JJIMTEIBHOTO TEXHOTEHHOTO
BO3/IEHCTBUSI Ha OKpyXawllylo cpeny. OIHOBPEMEHHO XBOCTBHI MPEACTABISIOT
co00Ol BTOPHYHOE MHUHEpaIbHOE CBHIPHE, COIEepIKallee OCTATOYHBIE KOIWYEeCTBA
LBETHBIX W COIMYTCTBYIOHIMX METa/JIoB. BoBleUueHHE TEXHOTEHHBIX OTXOAOB
B TOBTOPHYIO IEpepadOTKy paccMaTpuBaeTCs Kak OJHO W3 TPUOPHTETHBIX
HampaBlICHUH  SKOJOTHU3AalUH  TOPHO-OOOTAaTHTENLHOTO  MPOW3BOACTBA U
pecypcocbepexenust. [Jen. OOOCHOBAaTh TEXHOJOTHYECKYIO M AIKOJIOTHUYECKYIO
3QPEKTUBHOCTh JOM3BICUCHHS LBETHBIX METaJIOB W3 XBOCTOB OOOTaIeHHUS
Ha OCHOBE HX MEXAaHMYECKOM aKTHBAallMM M TOCJIEAYIOUIEr0 KHCIOTHOTO
BhIIenauynBanus. Memoowl. I1poBe€H KOMIUIEKC 1a00paTOPHBIX UCCIIEIOBAHMIA,
BKJTIOUAIOIIUI TpaHyJIOMETPHUECKUI, MUHEPAJIOrHIeCKH 1 XUMUUECKUI aHaIu3
XBOCTOB, MEXaHMYECKYIO0 AaKTHUBALMIO B IUIAHETAPHOW INApOBOM MeENbHUIIE,
CEpHOKHCIIOTHOE  BBIIIENAYMBAHUE IPU  BapbUPOBAHUM  TEXHOJIOTUUYECKHX
PEKUMOB, a TaKKe OLCHKY (UIBTPAIIMOHHBIX M HKOJIOTHUECKUX XapaKTePUCTUK
nepepadoTaHHOro Marepuaia. KOHTpoIb M3BICUCHUS! METAJUIOB OCYILECTBIISICS
aTOMHO-a0COPOLIMOHHBIM METOOM, (ha30Bble M3MEHEHUS H3y4aluCh METOJOM
pentreHodazoBoro ananmusa. Pe3zyabmamosl. YCTAaHOBJICHO, YTO MeXaHUYECKas
aKTHBaIMsI OOeclieunBaeT yBEIHMUCHHE YACIBHOW MOBEPXHOCTH Oosiee 4eM B 2
pasza u popMHpOBaHHE Pa3BUTOW MUKPOTPEHIMHHON CTPYKTYphl YacTull. CTeneHb
W3BJICYCHUS ME/IH, IMHKA U CBUHIIA YBEIMYHBACTCSI COOTBETCTBEHHO 110 6172 %,
P OAHOBPEMEHHOM CHHMIKCHHUH OCTaTOYHOTO COAEP)KAHHS METajUIOB B TBEPAOU
¢aze B 2-3 paza. OTMEYeHO yMEHbBILICHUE KOHLIEHTPALNH BOAOPACTBOPHUMBIX (hopM
TSOKEIBIX METAJUIOB B (puiIbTpaTe MO CaHUTApHO OE30MACHBIX YPOBHEH, a Takke
CHIDKCHHE KOd(PHIMEHTa QUIBTPALMU XBOCTOB Oojee yeM B 2 pasa. Bwigooul.
[IpeanoxeHHbIE KOMOWHHPOBAHHBIM TIOAXOJ OOECIEeUYMBAET OIHOBPEMEHHOE
pelIeHHe TEXHOJOTMYECKMX M DKOJOTMYECKHX 3a/ady: IOBBIIICHHE ITOJHOTHI
WCTIOJIb30BAHUSl MHUHEPAIBHOTO CBIPbS, CHIDKEHHE TOKCHYHOCTH XBOCTOB U
yMEHBILICHHE Harpy3kd Ha XBOcTOXpaHwiuiia. [lomydeHHBIE pe3ynbTaThl
MOATBEPKAAIOT MPOMBIIIJICHHYI0 NEPCIEKTUBHOCTh MEpepadOTKH TEXHOTECHHOTO
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CBHIPbS KaK CaMOCTOSITEILHOTO HAMpaBICHUS YCTOWYHMBOTO Pa3BUTHS TOPHO-
METaJUTyPrHYeCKOT0 KOMILICKCA.

KaroueBble ciaoBa: okosorus — oOOramieHHs, XBOCTBI  OOOTameHus,
MeXaHHYeCKass aKTUBAIMs, MIapoBas MENbHHIA, BBIIIECIaYNBAHUE, TEXHOTCHHOE
CBIPBE, M3BIICUCHHE METAILIOB, pecypcocOepekeHIe, FKoornuecKkas 0e30macHOCTb

Introduction. The global development of the mineral resource complex is
accompanied by a steady increase in the man-made impact on the environment,
shaping one of the key environmental issues of our time: the ecology of mineral
beneficiation. The intensification of mineral extraction and processing, the
exploitation of low-grade and difficult-to-process ores, and the increasing volumes
of processed rock mass lead to the accumulation of significant quantities of
beneficiation waste, which has a multifactorial impact on natural ecosystems.
Globally, mining activities transform the lithosphere, hydrosphere, and atmosphere,
alter hydrogeological regimes, promote the dispersion of chemical elements, and
the formation of man-made geochemical anomalies. As the depth and scale of
deposit development increases, the risk of environmental degradation increases,
necessitating the search for effective, environmentally friendly solutions. Enrichment
tailings and associated ore processing waste pose a particular hazard (Bosikov et al.,
2023; Kondratev et al., 2020; Tananykhin et al., 2026). They accumulate in tailings
ponds and dumps, occupying significant areas and creating long-term sources of
pollution. Their impact includes dust formation, the migration of heavy metals and
toxic compounds into groundwater and surface water, and soil disturbance. At the
same time, as noted in the study, mining waste simultaneously serves as a potential
man-made raw material suitable for subsequent processing and the extraction of
residual useful components. This circumstance creates the preconditions for a
transition from waste storage to environmentally oriented recycling.

A number of approaches to addressing environmental issues in enrichment
have been proposed in international and domestic practice. Traditional approaches
include improving flotation and gravity separation systems, increasing the
selectivity of reagent regimes, and implementing closed water circulation systems.
Their advantages include their relative technological maturity and the ability to be
integrated into existing enrichment plants. However, these methods do not eliminate
the problem of accumulated waste and require significant operating costs, including
reagent and energy consumption (Isametova et al., 2025; Kondratev et al., 2020;
Shabanov et al., 2023).

An alternative approach is geotechnological and hydrometallurgical approaches
based on leaching metals from low-grade ores and beneficiation tailings. Their
advantages include reduced waste volumes, the ability to recover previously lost
components, and reduced dust and gas emissions. However, these technologies are
characterized by lengthy processes, the need to control filtration flows, and the risk
of secondary pollution if process conditions are violated (Zaalishvili et al., 2024;
Gendler et al., 2025; Kupavykh et al., 2025).

228



ISSN 2224-5278 2.2026

Combining beneficiation methods with mechanochemical activation of mineral
raw materials is of significant scientific and practical interest. This integration allows
for intensified mineral recovery, increased extraction of valuable components, and
simultaneously reduced environmental hazards from tailings. The potential of this
approach lies in the possibility of integrated utilization of man-made resources
and a reduction in the footprint of tailings storage facilities. Literature emphasizes
that recycling tailings after metal extraction to sanitary levels is considered one
of the most realistic approaches to environmental stabilization in mining regions
(Kozhukhova et al., 2018; Khekert et al., 2025; Dvoynikov et al., 2025). The
relevance of research in the field of enrichment ecology is determined not only
by the scale of accumulated environmental damage but also by strategic resource
conservation objectives. As high-grade deposits are depleted, the role of secondary
and man-made sources of raw materials increases, necessitating the development
of local, technologically feasible solutions aimed at improving the environmental
safety of processing. Of particular importance are studies focused not on global
industry transformation, but on solving practical problems—improving individual
enrichment stages, reducing tailings toxicity, and optimizing processing modes for
specific types of raw materials (Varenik et al., 2023; Malozyomov et al., 2025;
Kondratev et al., 2023).

The choice of this research area is driven by the need to simultaneously consider
environmental and technological factors in the operation of enrichment facilities.
Greening enrichment processes not only minimizes negative environmental impacts
but also increases the utilization of mineral resources, consistent with the principles
of sustainable subsoil use and a circular economy.

The aim of the work is to substantiate and evaluate environmental and
technological solutions aimed at reducing the negative impact of enrichment
processes on the environment through a resource-saving approach and the
involvement of processing waste in a repeated technological cycle.

Methods and Materials. Building on the concepts outlined in the introduction,
the experimental portion of the study focused on solving a local, applied problem
related to the greening of enrichment processes through the recycling of man-made
waste and the assessment of changes in their environmental characteristics. The
authors' overall plan for the study included large-scale laboratory studies of the
properties of enrichment tailings, the selection of a rational method for their post-
processing, and an analysis of the impact of process modes on the recovery of
residual useful components and the reduction of potential environmental hazards.
The experimental program was designed to yield results with practical applicability
to existing enrichment facilities, underscoring the industrial significance of the
topic (Filina et al., 2024; Rassokhin et al., 2022; Malozyomov et al., 2024).

Samples of polymetallic sulfide beneficiation tailings, collected from an
operating tailings storage facility, were used as the source material. Sample
preparation included averaging, air-drying, and particle size classification using a
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laboratory vibrating screen. Particle size analysis revealed a predominance of finely
dispersed particles, which is crucial for both the environmental assessment of dust
formation and the selection of a metal recovery technology. As demonstrated in
previous studies, beneficiation tailings represent not only waste but also potential
mineral resources suitable for recycling, which determined the focus of this study.

The mineralogical and phase composition of the studied material was
determined by X-ray diffraction analysis using a DRON-3 diffractometer and
reflected-light optical microscopy. The chemical composition was monitored
using a flame atomization atomic absorption spectrometer. The obtained data were
used to validate further processing modes and assess the industrial feasibility of
residual metal extraction, which is directly related to resource conservation and
environmental impact reduction.

The authors adopted a combined mechanical activation of tailings followed by
reagent leaching as their primary technological approach. Activation was performed
in a laboratory-scale planetary ball mill with batch operation. Processing was
carried out at a drum speed of 400—450 rpm with a ball-to-material mass ratio of
5:1. Grinding times ranged from 10 to 30 minutes, enabling assessment of mineral
liberation, changes in specific surface area, and the formation of microcracks in the
particles. The choice of a ball mill was based on its widespread use in processing
plants and the potential for industrial scalability of the technology without significant
capital expenditure, further emphasizing the applied and industrial significance of
the conducted research.

Leaching processes were conducted in thermostatted 2 dm?® glass reactors
equipped with mechanical stirrers with a stirring speed adjustable up to 600 rpm.
Sulfuric acid solutions of varying concentrations were used as leaching agents.
Temperatures were maintained at 25-60°C, and experiments lasted up to 4 hours.
pH and oxidation-reduction potential were controlled potentiometrically. The
choice of moderate temperatures and reagent concentrations was dictated by the
need to evaluate environmentally friendly processing modes suitable for industrial
application without significantly increasing operating costs or increasing the
anthropogenic load.

Additionally, the filtration properties of the treated tailings, the density of the
resulting cakes, and residual metal concentrations in the solid phase were assessed.
This allowed us to determine not only the technological but also the environmental
effectiveness of the proposed approach, including the potential reduction in the
migration of pollutants into natural waters. Such an assessment is of significant
industrial significance, as the resistance of tailings to the leaching of toxic
components directly impacts the operational safety of tailings storage facilities and
the environmental stability of mining areas.

Thus, the authors' methodology combined mineralogical, analytical,
technological, and environmental research methods, providing a comprehensive
assessment of the potential for additional valuable component recovery from
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enrichment waste. The practical focus of the study, the use of standard grinding
equipment, and the focus on integration into existing production processes confirm
the significance of the obtained results for addressing the practical challenges of
greening enrichment facilities and improving their industrial efficiency.

Results and discussion. The authors' research yielded a body of experimental
data characterizing both the technological and environmental effectiveness of
tailings reprocessing using mechanical activation and subsequent reagent leaching.
In the first stage, the initial physicochemical characteristics of the studied material
were established. Particle size analysis revealed that the proportion of particles
smaller than 0.074 mm averaged 62%, while the specific surface area of the original
tailings was 1850 cm?/g. The content of residual valuable components, determined
by atomic absorption, was: copper — 0.21%, zinc — 0.34%, and lead — 0.18%,
confirming the feasibility of their inclusion in reprocessing.

Mineralogical studies revealed that a significant portion of the metals are
present in intergrowths with pyrite and quartz, as well as in the form of finely
disseminated sulfides, significantly complicating their extraction using traditional
methods. This explains the need for preliminary mechanical activation aimed at
opening up mineral associations. After processing in a planetary ball mill for 20
minutes, the specific surface area of the material increased to 4120 cm?*g, and
the proportion of particles smaller than 0.044 mm increased to 48%. Microscopic
observations revealed the formation of a developed network of microcracks and
partial destruction of intergranular contacts, which created favorable conditions for
the intensification of hydrometallurgical processes (Figure 1).

Initial tailings Mechanical activation Acid leaching Purified residue

€007
Zn0,09%

§ ) p,005%

Filtration coefficient, m/s - 104

.40 | 38

3| 34 2B

Before After Before After

Figure 1. Flow chart and quantitative results of processing enrichment tailings using mechanical
activation in a ball mill and subsequent sulfuric acid leaching: changes in metal content, degree of
their extraction, toxicity of the filtrate and filtration properties of the residual material.
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Leaching results demonstrated a significant dependence of metal recovery on
activation duration and solution acidity. Using a 5% sulfuric acid solution and a
temperature of 40°C, copper recovery from unactivated tailings was 28%, while
after mechanical activation it was 61%. For zinc, the recovery increased from 32 to
68%, and for lead, from 19 to 44%. Increasing the temperature to 60°C provided an
additional 6-9% increase in recovery, but was accompanied by increased reagent
consumption, which was considered less efficient from an industrial standpoint. A
40°C leaching regime with a 3-hour leaching duration was deemed optimal.

Kinetic analysis showed that the majority of metals were released into solution
within the first 90 minutes of the process. The leaching rate of the activated material
was 2.3 times higher than that of the original sample, demonstrating the significant
technological benefits of mechanical preparation. At the same time, the specific
consumption of sulfuric acid decreased from 42 to 31 kg per ton of processed
tailings, which is of significant industrial significance, as the reagent component
accounts for a significant portion of the operating costs of hydrometallurgical
production, particularly in non-ferrous metallurgy.

Additional studies of filtration properties showed that after leaching and
neutralization, the treated tailings form a denser sediment. The filtration coefficient
decreased from 3.8 x 10*to 1.6 x 10*m/s, indicating a decrease in the permeability
of the man-made material. This is of fundamental environmental and industrial
significance, as reduced filtration limits the migration of dissolved contaminants
into groundwater during the storage of treated tailings.

A study of residual metal concentrations in the solid phase confirmed the
effectiveness of the proposed approach. Copper content decreased to 0.07%, zinc
to 0.09%, and lead to 0.05% (Table 1). In terms of total non-ferrous metal recovery,
the overall recovery rate was 64%, which is considered high for this type of man-
made raw material. These results are comparable to those obtained from processing
low-grade natural ores, highlighting the commercial potential of incorporating
tailings into the resource cycle of non-ferrous metallurgy enterprises.

Table 1. Technological and environmental indicators of processing of enrichment tailings after
mechanical activation and leaching.

Initial | After mechanical After After leaching and
Parameter o .. . o e
tailings activation leaching neutralization
Fraction <0.074 mm, % 62 78 81 81
Fraction <0.044 mm, % 21 48 52 52
Specific surface area, cm?/g 1850 4120 4360 4360
Cu content, % 0.21 0.21 0.08 0.07
Zn content, % 0.34 0.34 0.11 0.09
Pb content, % 0.18 0.18 0.06 0.05
Cu extraction, % - - 61 66
Zn extraction, % — - 68 72
Pb extraction, % - - 44 49
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Initial | After mechanical After After leaching and
Parameter o .. . s
tailings activation leaching neutralization
Total non-fel"rous metals B 3 64 69
extraction, %
Cu concentration in filtrate, 18 16 0.9 0.6
mg/L
Zn concentration in filtrate, 34 3.0 16 11
mg/L
Pulp pH 7.2 7.4 2.1 6.8
Filtration f:(;e(z)f?jment, m/s 33 39 21 16
H>SO.4 consumption, kg/t — — 31 31
Energy consumption for B
activation, kWh/t 18 18 18
Additional rp?tal yield, kg/t B 3 76 34
tailings
Cake density, t/m? 1.42 1.48 1.55 1.58

An environmental assessment of the processed material revealed a 2.5-3.2-
fold reduction in water-soluble heavy metals. Copper concentrations in the filtrate
decreased from 1.8 to 0.6 mg/dm?, and zinc concentrations from 3.4 to 1.1 mg/
dm?. This indicates the formation of more stable mineral phases after leaching
and neutralization. From an industrial perspective, this means the potential for the
disposal of treated tailings with a reduced environmental hazard class or their use
as secondary raw materials, for example, in the production of backfill mixtures or
construction materials for the mining industry.

Special attention was paid to the energy performance of the mechanical
activation process. Specific energy consumption for grinding was 18 kWh/t, which
is within the technologically feasible limits for beneficiation plants. Moreover, due
to increased metal recovery, additional marketable output, calculated as copper
equivalent, amounted to 8.4 kg per ton of tailings. An economic assessment showed
that processing 1 million tons of tailings could result in a notional revenue increase
of up to $3.1 million, confirming the high industrial significance of the developed
solution.

In terms of industrial application, the obtained results are of particular interest
to non-ferrous metallurgy companies processing copper-zinc and polymetallic ores.
Furthermore, the technology can also be adapted for gold mining, where gravity-
flotation tailings retain up to 0.4-0.6 g/t of gold. Mechanical activation can increase
the recovery of gold-bearing sulfides, opening up prospects for additional precious
metal recovery.

The industrial significance of the study also manifests itself in the reduced load
on tailings dams. According to the authors' calculations, processing even 25% of
the accumulated tailings of an average mining and processing plant can reduce
the area occupied by them by 12-15%. This directly impacts the environmental
safety of enterprise operations and reduces the costs of constructing new storage
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facilities, which is especially important for mining regions with limited land
resources. Analysis of the obtained data showed that mechanical activation has a
comprehensive effect on technogenic raw materials: it increases the reactivity of
minerals, accelerates diffusion processes, and promotes more complete release of
finely disseminated phases. Moreover, the environmental benefit is expressed not
only in the additional metal recovery but also in the reduction of residual material
toxicity. This dual effect is key to the development of waste-free or low-tonnage
mineral processing technologies.

An important industrial aspect is the ability to integrate the proposed technology
into existing beneficiation plant designs without radical reconstruction. Ball
mills are widely used in grinding processes, allowing the use of reserve capacity
or the introduction of an additional activation stage in the tailings stream. This
significantly reduces capital costs and accelerates the industrial implementation of
the developed solutions.

Thus, the authors' research confirmed the technological feasibility and
environmental effectiveness of tailings post-processing. The resulting numerical
indicators for recovery, toxicity reduction, and improved filtration properties
demonstrate that processing of man-made raw materials can be considered a
standalone industrial approach. Its implementation simultaneously ensures resource
conservation, increased subsoil utilization, and reduced environmental impact,
which is of strategic importance for the sustainable development of the mining and
metallurgical complex.

Conclusion. The conducted study was aimed at solving a local but technologically
and environmentally significant problem related to the reprocessing of beneficiation
tailings and the reduction of their negative impact on the environment through the
application of combined mechanical and hydrometallurgical treatment methods.
The obtained results make it possible to formulate a set of generalizing and specific
conclusions reflecting both the scientific and applied value of the work in the field
of beneficiation ecology and technogenic raw material utilization.

In general terms, the research confirmed that beneficiation tailings should
not be considered solely as waste requiring long-term storage, but rather as a
secondary mineral resource with real industrial potential. The experimental results
demonstrated that the integration of mechanical activation with subsequent acid
leaching creates favorable technological conditions for the additional recovery
of non-ferrous metals while simultaneously reducing the ecological hazard of the
residual material. This confirms the feasibility of transitioning from traditional
waste accumulation practices to resource-saving processing schemes within the
mining and metallurgical industry.

At the methodological level, it was established that preliminary mechanical
activation in a planetary ball mill leads to a significant increase in the specific
surface area of tailings and the formation of a developed microcrack structure,
ensuring more complete liberation of finely disseminated sulfide minerals. This
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structural transformation directly influences the kinetics of leaching processes
and intensifies metal dissolution. Under the selected optimal conditions, copper,
zinc and lead recovery reached 61-72 %, which is comparable to the processing
efficiency of certain low-grade natural ores and confirms the technological viability
of tailings reprocessing.

A number of environmentally important effects were also identified. Residual
metal content in the solid phase decreased by more than twofold, while the
concentration of water-soluble heavy metals in filtrates dropped to environmentally
acceptable levels. In addition, the filtration coefficient of treated tailings decreased
by more than twice, indicating reduced permeability and lower risks of contaminant
migration into groundwater systems. These results are of particular importance for
improving the environmental safety of tailings storage facilities and mining regions
as a whole.

From an industrial perspective, the proposed approach demonstrates practical
applicability due to moderate energy consumption for mechanical activation and
reduced reagent demand during leaching. The additional recovery of marketable
metals and the possibility of reducing tailings volumes create tangible economic
benefits for beneficiation plants, especially in non-ferrous metallurgy and
polymetallic ore processing sectors.

Thus, the study substantiates that the combined technology of mechanical
activation and leaching provides a dual technological and environmental effect.
Its implementation contributes to increased mineral resource utilization, mitigation
of accumulated environmental damage, and the formation of sustainable, circular
processing systems. The obtained results may serve as a scientific and engineering
basis for the development of environmentally oriented beneficiation technologies
and for the industrial scaling of technogenic raw material processing.
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