MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOIMA https://mst.misis.ru/

2024;9(3):271-282 Golik V. I. et al. Environmentally sound geotechnologies for leaching metals...

SAFETY IN MINING AND PROCESSING INDUSTRY AND ENVIRONMENTAL PROTECTION

Research paper

https://doi.org/10.17073/2500-0632-2023-11-184
VIIK 504.55.054:622(470.6)

Environmentally sound geotechnologies for leaching metals
from polymetallic ore processing wastes and wastewater

V.I. Golik":2 >4, Yu.I. Razorenov® ,
N.G. Valiev* , 0.A. Gavrina®

! Moscow Polytechnic University (MPU), Moscow, Russian Federation
2 North Caucasian Mining and Metallurgical Institute (NCSTU), Vladikavkaz, Russian Federation
3M. I Platov South Russian State Polytechnic University (NPI), Novocherkassk, Russian Federation
4Ural State Mining University, Ekaterinburg, Russian Federation

SResearch Institute of Comprehensive Exploitation of Mineral Resources of the Russian Academy of Sciences,
Moscow, Russian Federation

< v.i.golik@mail.ru

Abstract

Global challenges (increased consumption of georesources, climatic changes, limited reserves) increase the
relevance of the problems of growing waste accumulation and environmentally-sound modernization of
mineral extraction. In this regard, the existing approaches to the design of geotechnologies for metal mining
need to be improved based on a concept of so-called circulation waste management and ecologization of
technological processes. The paper is devoted to the issue of formation of conceptual bases and directions of
ecologization of geotechnologies at leaching metals from polymetallic ore processing wastes and wastewater.
The study presents recommendations for improving in-situ leaching of ores in blocks, allowing to determine
the optimal conditions for increasing the completeness of subsoil use and reducing environmental damage.
It was revealed that at metal extraction with solution circulation through brine chambers the content of Na,
Cl, SO, and Ca ions in dialysate was low, while without circulation through brine, it significantly exceeded
corresponding MPCs. This proves the fundamental feasibility of controlling natural leaching processes by
enhancing the oxidizing potential of natural solvents through the addition of industrial oxidizing agents.
It was found that increasing the duration of agitation leaching (both with and without mechanoactivation)
leads to a uniform expansion of the local maximums of Pb yield from the pulp when the minimum NaCl
concentration decreases from 11-12 to 7% at H,SO, concentration of 0.6%. One of key results of the study is
justifying the expansion of the use of disintegrators to realize targeted activation of tailings. The practical
significance of the obtained results lies in the proved feasibility of optimizing the flow sheet of electrochemical
extraction of metals from wastewater on the basis of the obtained regularities of the use of brine circulation
through brine chambers. In addition, the totality of the obtained results of using a disintegrator for re-
extraction of lead from geomaterials will allow developing a methodology for calculating the parameters
of mechanoactivation action to increase the degree of metal recovery from the tailings of North Ossetia-
Alania’s (Zgidskoe, Sadonskoe, Arkhonskoe deposits) polymetallic ores beneficiation. The most promising
way for further research is to substantiate methods of using underground space for complete removal of
wastes (wastewater and tailings) after their multistage treatment.

Keywords

tailings, wastewater, acid leaching, mechanochemical activation, Pb recovery, geotechnologies, waste
management

For citation

Golik V.I., Razorenov Yu.l., Valiev N.G., Gavrina O.A. Environmentally sound geotechnologies for leaching
metals from polymetallic ore processing wastes and wastewater. Mining Science and Technology (Russia).
2024;9(3):271-282. https://doi.org/10.17073/2500-0632-2023-11-184

© Brigida V. S., Golik V. |, Razorenov Yu. |, Valiev N. G., Gavrina 0. A, 2024

271



MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2024;9(3):271-282 Golik V. I. et al. Environmentally sound geotechnologies for leaching metals...

TEXHOJIOT'MYECKASA BE3OMNMACHOCTb B MMHEPAJIbHO-CbIPbEBOM KOMIMJIEKCE
N OXPAHA OKPYXXAIOLLEU CPE[bI

Hay4Hasa cTaTbs

JKOJIOrMYEeCKH YNCTbIE reoTEeXHOJIOrUM Bblill eNlauyuBaHNUA MEeTal1oB
U3 TBepAbIX U XXUAKUX OTXO0AO0B 060rau.|,e|-mu nomMeTaslZliyeckKoro cbipbs

B.U. Tonuk! 2 >4, F0.A. PasopeHos?® R
H.T. Bannes* , 0.A. TaBpuna’®
! Mockoeckuti nonumextuueckuti yuugepcumem (MIIY), 2. Mockea, Poccutickas @edepayus
% Cesepo-Kaskasckuii 2opHo-memasnypeuueckuii uHcmumym, (CKI'TY), 2. Bradukaska3, Poccutickas @edepayus

5 FOx#cHo-Poccutickuti 2ocydapcmeeHHbili nonumextuueckuii ynusepcumem (HIIA) um. M. H. ITnamosa,
2. Hosouepxacck, Poccuiickas @edepayus

4 Vpansckuii 2ocydapcmeeHHbili 20pHbiil yHusepcumem (YITY), 2. Ekamepun6ype, Poccutickas @edepayust

S UHcmumym npo6iem KOMNIeKCHO20 0c8oeHuUs Hedp um. akademuka H. B. MenvHukosa Poccuiickoli akademuu HayK,
2. Mockea, Poccuiickas ®edepayus

DA v.i.golik@mail.ru

AHHOTauus

[1Mo6anbHbIE BBI3OBBI (POCT MOTPEOIEHMS TeOPEeCYPCOB, KIMMATUUECKIE U3MEeHEeHNsI, OTPAHMYEHHOCTD 3a-
1acoB) MOBBIMIAIOT AKTYaJbHOCTD MPOOIEM POCTA HAKOIIEHUST OTXO0B U 9KOJIOTUUECKO MOAepHU3aIUN
JIOOBIUM MMHEPAIbHOTO ChIPbs. B CBSI3M C 9TUM CYILIECTBYIOIIME MTOAXOAbI K ITPOEKTHPOBAHMIO T€OTEXHO-
JIOTUIT TOOBIYM META/IJIOB HYKIAIOTCSI B COBEPUIEHCTBOBAHUM HA OCHOBE KOHLIEIIUM IIUPKY/ISIIMOHHOTO
yIIpaBaeHUs OTXOAAMU U IKOJIOTU3AIUYU TEXHOJIOTUUEeCKUX IpolieccoB. CTaThbs MOCBsIeHa Borpocy dop-
MMPOBaHMSI KOHIIEIITYIbHBIX OCHOB ¥ HAIIPaBI€HMI 9KOJOTM3aLMM FeOTEXHOIOT I ITPY BhIIeIauBaHUN
METaJUIOB M3 TBEPABIX M XUAKUX OTXOAOB OOOTalieHus] MOJMMETA/UIMYECKOTO ChIpbsi. B McciemoBaHmM
TpeaJiokeHbl PeKOMeHIalMy 110 COBEPIIeHCTBOBAHMIO ITO3€MHOIO BBIIIEIaUMBaHMS PYH, B GIOKax, Mo-
3BOJISIIOIINE ONPENEeIUTh ONITYMAJIbHbIE YCJIOBYS IJISI ITOBBIIIEHMSI IIOJTHOTHI MCITO/Ib30BaHMsI HEAP M YMEHb-
neHus yiep6a okpykarolei cpefe. BoisIBIeHO, UTO P U3BJIeUEHUM METAIOB C IUPKYISIMel pacTBopa
yepes paccoybHble KaMepsbl conepskanne noHos (Na, Cl, SO, n Ca) B tuanm3aTe 6bUI0 HU3KUM, a 6€3 IUPKY-
JISILIMY B paccoJie cyiiecTBeHHo npessbiaio [TIK (mo Na, Cl, SO, u Ca). 3To qoKa3bIBaeT MPUHINITUATIbHYIO
BO3MOXKHOCTD YIIPABJIEHMS IIPOIIECCAaMM TTO3€MHOTO BBIIIEIaYMBAHNS ITYTEM YCUIIEHUSI OKUCIUTETBHOTO
MOTEHIIMAIA PACTBOPUTEEN 3a cUeT 0OaBAeHUS] TTPOMBIIIIEHHBIX OKUCIUTENel. YCTaHOBIEHO, UYTO POCT
MIPOO/KMUTENIbHOCTM arMTallMMOHHOTO BbIle/lauuMBaHus (Kak C MCIIO/JIb30BaHMEM, TaK U 6e3 MexXaHOaKTu-
BalluM) MPUBOOUT K PaBHOMEPHOMY PacCIIMPEeHMIO JIOKAJbHBIX MAaKCMMYMOB BbIxoma Pb M3 mysbIiel mpu
CHMKEHUM MUHUMaJIbHOI KoHmeHTpauyu NaCl ¢ 11-12 go 7 % npu H,SO, = 0,6 %. OgHUM 13 KITIOYEBBIX pe-
3y/IbTATOB UCCIeIOBaHMS SIB/ISIeTCSI 060CHOBaHME paclIMpeHus 06J1aCTH MUCII0Nb30BaHMS Je3UHTEerpaToOpPOB
IIJISL OCYIIeCTBJIEHNST HAIPABJIEHHOTO aKTYBAIIMOHHOTO BO3/ECTBUSI HA XBOCTHI ob6oramenust. [Ipaktuye-
CKOe 3HaueHMe MOSyUYeHHBIX Pe3y/IbTaTOB 3aK/IIUYAETCS B BO3MOKHOCTY ONTUMMMU3AIUY TEXHOIOTUUECKOM
CXeMbI 3JIEKTPOXMMUYECKOTO M3BJIEUEHNSI METAJUIOB 3 TEXHOTEHHBIX CTOKOB HAa OCHOBAaHUM ITOTYUYEHHBIX
pes3yJbTaTOB IIPMMEHEeHUS IUPKY/ISIMUM PACCOTIOB Uuepe3 paccoibHbie KaMepbl. KpoMe TOTo, COBOKYITHOCTD
TTOJTyYEeHHBIX Pe3y/IbTATOB MCITONIb30BaHUS Te3MHTErpaTopa Ijis MOBTOPHOTO U3BJIEUeHMSI CBUHIIA U3 Te-
oMaTepuasoB MO3BOJIUT pa3paboTaTh METOAMKY pacyeTa MmapaMeTpOB MeXaHOAaKTMBAIMOHHOTO BO3/eii-
CTBUS [AJIS1 TIOBBINIEHMS CTEMEHY M3BJI€UEHMUS META/IOB M3 XBOCTOB OOOTAIeHMS IOJIMMETA/INYECKOTO
ceipbsi PCO-Ananust (3ruackoe, CamoHckoe, ApXOHCKOe MecTOpoxaeHust). Haubosee mepcrneKTMBHBIM
HalpaB/JeHueM JaJbHeMNIX MCCIeqOBaHMii SIBsSeTCSI 060CHOBaHME IyTel MCIOIb30BaHUS MTOA3E€MHOTO
MIPOCTPaHCTBA [IJIs ITOJIHOTO 3aXOPOHEHMSI OTXOHOB (TEXHOTEHHBIX CTOKOB M XBOCTOB 00OTallleHMsI) Mocje
MX MHOTOCTaAMUITHO 06paboOTKN.

KnioueBble cnoea

XBOCTBI 0OOTallleHMsI, paCTBOPbI/ CTOKM, KMCIIOTHOE BBIIIEeIauMBaHMe, MEXaHOXMMMUYECKasT aKTUBaLs, 13-
BiieueHne Pb, reorexHonoruu, yrpasjiaeHnue 0TXoaamu
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Introduction

Mining enterprises around the world step up the
rate of accumulation of various types of waste, cau-
sing environmental degradation due to the growth of
production, gradual transition to the mining of lean
and disseminated ores, as well as due to the compli-
cation of mineral deposits mining conditions [1-3].
Big data from the enterprise can be used to reduce re-
source consumption and optimize reserves at mines
using digital twin approach [4]. Digital models of
geologic mineral reserves in combination with GIS
technologies allow forming digital twins of depo-
sits, determining the design of more rational mining
methods [3]. At the same time, solutions to some en-
vironmental problems can be achieved by optimizing
existing technological processes, as well as improving
the quality of management of natural-technogenic
systems [5, 6].

Heap leaching methods, which are widely used
around the world, allow metals to be extracted more
profitably from various types of low-grade ores. At
the same time, even the existing level of understan-
ding of its fundamentals does not allow to fully ensure
environmentally sound implementation in the pur-
suit of sustainable development of mineral resource
base [7]. This gives rise to the problem of formation
of wastewater, dry waste dumps and dust contami-
nation. Each dusting facility is characterized by indi-
vidual peculiarities, which allows the use of process
models to minimize emissions into the atmosphere,
but does not allow to completely solve this problem
[8]. Minimizing the consequences, i.e., hydrosphere
pollution, requires the development of measures that
take into account a whole set of mutually determined
factors [9, 10]. Tailings storage facilities (TSFs) are
anthropogenic deposits composed of ore processing
tailings, which participate in environmental pollu-
tion with chemical ingredients due to natural and an-
thropogenic leaching processes [11-14]. Thus, in our
country, more than 45 billion tons of solid waste (in-
cluding dusting ones) have already been stockpiled
in the form of waste dumps, of which beneficiation
wastes annually add about 140 million m3/year to this
figure [15].

The solution to waste problems in the recovery
of polymetallic raw materials can be achieved with
greening and widespread use of in-situ leaching
geotechnologies. Progressive technologies of in-situ
leaching in blocks are implemented in mining indus-
try to maintain and strengthen the mineral resource
bases of technologically developed countries [16, 17].
The history of implementing and development of the
in-situ block leaching at nuclear industry enterprises
of the USSR in Kazakhstan is described in [18]; at the
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same time some processes remain insufficiently stu-
died. Thus, for Jimidon ore field, increasing the avai-
lability for processing of low-grade reserves of poly-
metallic raw materials can be achieved by improving
the quality of breaking (blasting) and selective energy
consumption in the blasting preparation of ores [19].
At mining enterprises in Russia, primarily in the nu-
clear industry, in-situ block leaching methods are
used in mining of a large share of commercial pro-
ducts, for example, at Priargunsky MCC. In this case,
suboptimal topology of the surface well network is
used, which does not allow the use of directional dril-
ling to minimize the number of injection wells (when
they are drilled in parallel to the ore body) that leads
to an increase in waste generation with low efficiency
of in-situ leaching [20].

The rate of leaching processes is determined
by the metal content, the thickness of the diffusion
layer and the diffusion coefficient. The rate of che-
mical reaction is crucial for the extraction of rare
earth elements in the process of in-situ leaching
(which is accompanied by ion migration, which gives
it an electrochemical character) with two parameters
being the most important: solution resistance and
charge transfer resistance [21]. In addition, the maxi-
mum recovery corresponds to a high velocity of solu-
tion movement relative to the reaction surface. In the
Caucasus, most of the exploited deposits are of the
quartz-polymetallic type in the quartz-keratophyre
formation, e.g., Sadonskoe. It is characterized by
polymetallic and pyrrhotite types of mineralization.
Water is the cause of the hydrolysis process. When
a certain acidity is reached, iron sulfate reacts to form
iron hydroxide. Of the methods of solution purifica-
tion the most commonly used is chemical, the disad-
vantage of which is the possibility of environmental
pollution by reagents in case of emergency violation
of the process conditions.

The existing mathematical methods for con-
trolling leaching processes require a large amount
of a priori information about the structure and pro-
perties of the deposit, with one of the main me-
thods being the method of expert reviews, which does
not provide sufficient reliability of the results ob-
tained [22, 23]. The noted features of mining practice
are most acutely manifested in the implementation of
processes where the error can reduce the performance
of a process to an unacceptable level [24, 25]. For ex-
ample, if the parameters of ore breaking for leaching
are wrong, the highly efficient process with chemical
dissolution of metals becomes impossible to use.

The existing approaches to the design of geotech-
nologies for metal extraction need to be improved
based on the concept of circulation waste manage-
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ment and greening of technological processes [26, 27].
Study [28] convincingly proved the necessity of sol-
ving the primary problems for “the transition to the
circulation economy in the conditions of handling
technogenic mineral formations”. The drawback of
realizing the author’s idea of creating pathways to
achieve the goal is the perception of the circulation
approach as a “closed supply chain concept”. While,
for example, for coal mine’s methane it is formu-
lated as “conversion of waste (methane) into ener-
gy” [29, 30]. In this regard, the author’s hypothesis of
“circulation management of tailings” consists in: “the
optimization of technological processes of leach-
ing, mechanochemical activation of geomaterials or
other methods allowing to transform beneficiation
tailings into the source of additionally recoverable
metals with the subsequent use of tailings in pro-
duction of building materials or at facilities for burial
(inert filler of underground space)”.

In this regard, the purpose of the study is the for-
mation of conceptual bases and directions of ecolo-
gization of geotechnologies at leaching metals from
polymetallic ore processing wastes and wastewater. In
this regard, the following problems should be solved:
1 - to analyze and classify measures to improve ge-
otechnologies of underground metal leaching; 2 - to
simulate the process of electrochemical metal extrac-
tion from wastewater; 3 — to substantiate the effi-
ciency of metal extraction with the use of preliminary
mechanochemical activation of dry tailings.

Methods

The study targets are technogenic deposits of
North Ossetia-Alania (Russia). Intensive exploitation
of ore deposits is accompanied by the formation of
dumps of substandard ores and tailings of processing
plants located in river valleys.

Quantitative values and parameters of wastewa-
ter in the conditions of the Sadonskoe ore cluster de-
posit are given in Table 1.

The volumes of storage of tailings from the pro-
cessing plants of the North Caucasus are given in
Table 2.

To assess the prospects in the field of improve-
ment of underground geotechnologies, a retrospec-
tive review of the theory and practice of application
of technological innovations at the enterprises of the
Ministry of Atomic Energy and Industry of the USSR
was carried out.

To solve the second problem, wastewater with
electrochemically treated leaching reagents were
tested. Sulfate-chloride wastewater of the Arkhon-
skoe deposit (North Ossetia-Alania) with predomi-
nance of sodium cations was tested at a unit in the
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All-Union Research Institute of Chemical Technology
(Moscow). The base for determining the performance
of metal leaching from natural resources is the results
of leaching of ores and their processing products in
percolator columns using natural reagents.

The third problem was solved on the basis of tes-
ting of Mizursky processing plant tailings. The pulp
was activated by high-energy grinding in DESI-11
unit with rotor speeds of 50 and 200 Hz for 0.25 and
1 h, respectively. To form a pulp, the ground tailings
samples were screened using a 2.0 mm mesh sieve and
mixed with the filtrate. The modeling technique was
developed by analogy with the technique considered
in [31-33], and consisted in data processing based on
the Savitzky-Golei filter combined with three-dimen-
sional interpolation using the method of R.]. Renka
(Robert Renka) [34-36]. The algorithms were im-
plemented as “scripts” (using Vi IMproved software
(version 9.0)) in Python (version 2.7.10). The final
three-dimensional plots were built using Gnuplot
software (version 5.4).

Table 1
Characterization of industrial wastewater
Wastewater
Deposit volume, | Metal content, g/m3
m3/h
Sadonskoe 300 Lead - 5, zinc - 7
Zgidskoe 24 Lead - 5, zinc - 12
Kholstinskoe 70 Lead - 8, zinc — 25
Archonskoe 30 Lead - 65, zinc — 7
Khanikom-Kakadurskoe 150 Lead - 5, zinc — 100
Copper - 12,
Urupskoe 350 zinc — 41, iron - 0.2
Molybdenum - 37,
Tyrnyauz 400 tungsten — 45

Table 2
Ore processing tailings storage quantities
ore Quantity
Talhl.lgs Storage of beneficiation| Grades of Metals, %
Facility (TSE) tailings, tons
Mizursky processing Zinc - 0.15-0.25,
plant 3,000,000 lead - 0.13-0.19
Fiagdon processing Zinc — 0.18-0.24,
plant 3,000,000 116aq - 0.18-0.24
Electrozinc plant 3,000,000 -
Urupskoe processing Zinc - 0.25-0.40,
lant 4,000,000 copper - 0.36-0.46,
p iron - 30-35
Tymyauz processing Tungsten — 0.25-0.40,
{ant 120,000,000 |copper — 0.36-0.46,
b iron — 30-35%
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Findings
Improvement of geotechnology
of in-situ leaching of metals

Leaching of polymetallic raw materials is the pro-
cess of filtration of aqueous solution through rock stra-
ta under the action of gravity, capillary forces at inter-
phase boundaries or due to pressure gradients between
injection and production (pumping-out) wells. The in-
ternal structure of a porous medium is random and its
geometry can be described only approximately. In this
connection, the determination of aqueous solutions
flow parameters on the basis of hydraulic equations
shall be approximated, with some degree of probability.

The main parameters of the filtration process are
viscosity, permeability, velocity, and pressure of a li-
quid [37, 38]. A liquid moving in a porous medium is
a non-Newtonian one, for which the relation descri-
bing the rate of strain change as a function of stress is
described by the rheological law:

ou,

Ty :TO+“E’ (D)
where p is dynamic viscosity; 1, is initial shear stress;
u, is flow velocity in the direction being square with
OX axis.

In a porous medium, a non-Newtonian liquid
satisfies the equation of motion and the continuity
equation in the absence of inflows and discharges:

oY VP V(- pT T,
ot
AeM) | G(p7)=0 ©

o P )
where p is density of medium; m is porosity; V is the
velocity vector; p is pressure distribution; 7 is stress
tensor.

The permeability of an ore-bearing formation dif-
fers depending on its density, but under the conditions
of chaotic variation of filtration characteristics at each
point of a formation it is possible to assume its state to
be homogeneously permeable. If the filtration charac-
teristics of a formation, porosity and permeability, vary
from point to point, the formation is heterogeneous.

In a mathematical model of potential flow, the
total formation flow rate is the sum of the flow rates
of all layers (composing the formation). For simpli-
fication, a heterogeneous formation is modeled as
a quasi-uniform formation with averaged formation
permeability

kh,
kav = z T’ (3)

where k; is permeability of the i-th layer; h, is thick-
ness of the i-th layer; h is thickness of the whole for-
mation.
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In generalized form, the model of diffusion of
solution for leaching of metals from ores can be rep-
resented by the Fokker-Planck equation:

3
_ZaiDil(Xl’Xz’Xs)+
ow i-1 OX;

ot 3& 0
+Zzax8x D3 (x,,X,,x;)

i=1 j=1 i

w, “)

where W(V, t) is velocity probability density function;
D! is flow drift vector; D? is diffusion tensor.

The presence of particles coarser than 5 mm in
a layer adjacent to a solid phase increases the intensi-
ty of metal particles transport in the extracted liquid.

The optimal leaching method is the one that en-
sures the transit of metals into a mobile state with
minimal ore preparation costs and provides per-
meability of the crushed ore for leaching solutions.
Mineral extraction technologies, including leaching
methods, and their individual components are eval-
uated by the criterion of the completeness of metal
extraction from ores [39, 40]. It follows from the re-
view of studies [41] that measures to improve in-situ
leaching of ores in blocks (with controlled permea-
bility of the blocks for leaching solutions) can be sys-
tematized (Table 3).

Simulation of efficiency of metal recovery
from wastewater

The method of electrochemical softening of con-
centrated solutions through electrodialysis desa-
lination consists in using the phenomenon of selec-
tivity of ion-exchange membranes: cation-exchange
membranes pass positive ions, while anion-exchange
membranes pass negative ions.

Membrane electrolysis provides reagent-free
softening of natural solutions and concentrating of
minor elements. Electrodialysis and activation in
diaphragm electrolyzers with decomposition of salt
systems into acid and alkali and neutralization of
solutions are rather promising. The disadvantage of
the method is the deposition of hardly soluble com-
pounds in brine chambers.

The parameters of metal recovery from a solution
are determined for options with the solution circu-
lation through brine chambers and without the cir-
culation. Natural solutions are fed into the desalting
chamber, and pure water is fed into the acid/alkali
generation chamber. After that, the reagents required
for the generation of alkali and acid (selected for the
implementation of the technological cycle) are fed
into the chambers. As the proportions of magnesi-
um, calcium ions, and acids increases, the efficiency
of the investigated process deteriorates due to a de-
crease in the quality of membrane contact with brine
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due to the adhesion of carbonate precipitates and
magnesium oxide. Energy consumption for removal
of 1 kg of salt is 0.6 kW (at residual concentrations
of Zn = 0.3-0.4 mg/dm? and Pb = 0.06—0.08 mg/dm?,
respectively).

To implement the author’s approach, a series of
tests was carried out for different schemes of brine
(solution) circulation. The obtained performance data
for these schemes are presented in Table 4 and Figs. 1, 2.

It follows from the surface analysis presented in
Fig. 1, that the option of the electrochemical method
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with brine circulation through brine chambers is the
most efficient way to leach metals from industrial
wastewater. Extraction of metals from brines is car-
ried out in sorption and washing columns up to 4 m
high and 1-1.5 m in diameter. Consumption of rea-
gents per 1000 m® of solution: cationite (anionite),
0.8 kg; regenerating reagent, 100—-150 kg.

It follows from the analysis of the concentrations
presented in Fig. 3, that the values for Na, Ca, Cl, and
SO, significantly exceed the MPCs (Na - 6,089, Ca —
650, Cl - 4,600, and SO, — 153 mg/dm?).

Table 3

Measures to improve in-situ leaching of ores in blocks

and crushing thickness of a vertical layer)

Process Essence of the process Effect of implementation
1 2 3
Rock blasting Advanced horizontal undercutting by blastholes (by a value of the Rationalization of compensation space

formation, optimization of the ore grain

Blasting by layer with variable line of least resistance

size to be shrinked

shape

Approximation of a layer shape to the vertical projection of the release

Spraying with

Wells with casing and positioning of fine-grained layer in broken ore |Regular spraying by reagent solutions

reagent solutions . .
g Hydraulic rock fracturing

within the shrinked ore and in time

Collection

Capturing solution leaks with electro-vacuum units

Optimization of reagent consumption

of solutions

Drainage by perforated pipes to a unit bottom

Creation of impervious screens made of polymeric materials

Minimizing environmental damage

Process intensifi- |Use of liquid explosives in blastholes for ore blasting

Displacement of leached ore pieces

ferent grade ores

cation . . with destruction of colmataged zones
Ore movement when breaking new layers on it
High-pressure compressed air pulse action Increase in permeability through
Ultrasound action during electromagnetic treatment of solutions with B?I?l(;‘;lgi:n]gmt fillers and destruction
passing them through electric field Increasing the rate and completeness
Action by pulsating electric current with low-frequency pulses of metal recovery

Combining the Excavation of balance ores for conventional processing, shrinkage of |Comprehensive improvement of deposit

extraction of dif- |a portion of balance and off-balance ores and leaching

development performance

Table 4

Performance of metal recovery from solutions at different types of solution circulation

Performance of metal recovery from solutions (brines)
Component N Initial solution with bring circulation without circulation
(wastewater) through brine chambers
in dialysate

Model options 1 2 3

Pb 1 2.2+0.3 0.1+0.02 0.08+0.02

Zn 2 40+1.2 0.4+0.05 0.3+£0.03

Mg 3 70+£1.9 10+2 8+1,1

Ca 4 20046 30+1.2 40+1.7

Na 5 450+15 72+1.5 90+1.3

SO, 6 580+20 100+11 95+4

Cl 7 900+5 114+19 105+5
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Metal recovery with preliminary
mechanochemical activation of dry tailings

Since mechanoactivation is effectively used to
convert tailings into a binding component of a back-
fill material [42], it was decided to use the geomateri-
als activation effect to increase the yield of lead from
tailings. Geomaterials were pre-milled in a laborato-
ry ball mill, screened using a 4.0 mm mesh sieve and
subjected to mechanoactivation (dry) in a DESI-11
disintegrator. The rotor speeds were 50 and 200 Hz.
The testing program included the use of sulfuric acid
and sodium chloride in different proportions. The
acid concentration varied in the range including 20,
90 and 160 g/1, and that of sodium chloride, 2, 6, and
10 g/1. The preparation of the liquid fraction of the
pulp implied preliminary preparation of chemical
reagents (in separate flasks) in the proportions spe-

cified in the methodology of the test. All calculations
were performed to obtain one liter of leaching solu-
tion with selected solid to liquid fraction ratio (S/L)
values of 1/4.1, 1/7 and 1/10, respectively. After ob-
taining the activated solid fraction of the geomateri-
al, it was mixed with the liquid solution in a specified
S/L fraction ratio to obtain a pulp. Agitation leaching
was then carried out in laboratory columns.

Weight concentrations of leaching solution
components in the final pulp, %, were determined
by the following formula (using sulfuric acid as an
example):

m,(H,S0,) =

m, (H,S0,)
%xloo, )

p

where M, is weight of pulp, consisting of the weight of
solution (varying depending on the ratio of the con-
centrations of the reagents in 1 liter) and a constant
weight of a subsample of solid dry waste, equal to
50 g; m; (H,SO,) is weight of sulfuric acid in the liquid
fraction of the pulp at different concentrations of the
acid and sodium chloride in it, g.

Lead concentration in the pulp was determined
by standard method using atomic absorption spec-
trometer “KVANT-AFA” (KORTEK LLC). Q-Q plots
(quantile-quantile plots — goodness-of-fit criterion
of model construction) were plotted in Microsoft Ex-
cel 2010 software. The lead extraction performance
at preliminary activation of the tailings and leaching
time of 0.25 h (option I), as well as at preliminary ac-
tivation of tailings by dry method in the disintegrator
and leaching time of 1 h (option II) are presented in
Table 5 and Fig. 3.
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It follows from the analysis of Fig. 3, a, that the
activation effect at v = 50 Hz and leaching duration
of 0.25 h causes an increase in the beneficiation per-
formance at H,SO, (concentration) = 0.8-0.9% and
NaCl = 11.5-14%. In addition, a pronounced second
maximum is traced: Pb = 28% at H2S04 = 0.32-0.45%
and NaCl = 5-7.6%. Increasing the leaching time from
0.25 to 1 h and v to 200 Hz leads to an increase in the
absolute values and the area of the second zone of lo-
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cal maximum, which significantly changes the idea of
the process (Fig. 3, b). At H2SO4 = 0.9%, increasing the
concentration of NaCl from 1 to 14% leads to a mono-
tonic increase in lead yield from 4% to more than 40%
(concentration of NaCl = 13.5%). The area of the local
maximum is limited to the region from 0.5 to 0.7% of
H,SO, and from 7 to 14% of NaCl. The goodness-of-fit
criterion for verifying the quality of the four three-di-
mensional Q—Q models is the graph shown in Fig. 4.

NaCl, %

1
0.10.2 0.3 0.4 0.5 0.6 0.7 0.8 09 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
H,SO,, %
Fig. 3. Distribution of lead yield from Mizursky mill tailings:

a - leaching of Pb from pre-activated tailings v = 50 Hz, duration of 0.25 h (option II);
b - leaching of Pb from pre-activated tailings v = 200 Hz, duration of 1 h (option IV)

Table 5
Effect of pre-mechanoactivation of tailings by dry method
mp(H,S0,), m,(NaCl),
N | weight concentration weight concentration Test option N
of test | of sulfuric acid in pulp | of sodium chloride in pulp <
% % 1 | o <
1 0.16 1.58 0.81 | 1.43 <
0.79 1.58 0.95 | 0.86 =
3 0.15 11.79 17.62 | 3.33 51
0 T : .
0 10 20 20 40
12 0.83 13.36 38.1 | 38.1 Test data, %
13 0.54 1.80 6.04 | 5.21 ®Pb (0.25) 2 ®Pb (1) 2
14 0.50 13.38 17.56 | 50.88 Fig. 4. Q-Q for the two model options
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It follows from the analysis of the response sur-
faces that on the whole the obtained data are con-
sistent with the results of studies [43, 44] on chalco-
pyrite processing in a fine grinding mill, where the
growth of H2SO4 concentration was higher by 30%.
Leaching of Cu from ore with sulfuric acid [39] con-
firms the increase in epy process productivity with
the increase of rotor speed in the disintegrator from
50 to 200 Hz. Studies [45, 46] also confirm the effec-
tiveness of DESI-15 for mechano-activation of geo-
materials.

Practical application

The practical significance of the obtained results
lies in substantiating the feasibility of optimizing the
flow sheet of electrochemical extraction of metals
from wastewater on the basis of the obtained regu-
larities of the use of brine circulation through brine
chambers. In addition, the totality of the obtained
results of using a disintegrator for re-extraction of
lead from geomaterials will allow developing a me-
thodology for calculating the parameters of me-
chanoactivation to increase the degree of metal re-
covery from the tailings of North Ossetia-Alania’s
(Zgidskoe, Sadonskoe, Arkhonskoe deposits) polym-
etallic ores beneficiation.

Areas of further research

Further research should be focused on the spe-
cific changes in the parameters of existing geotech-
nologies not only in terms of greening of individual
components or technological processes. In this re-
gard, the most promising area for further research is
to substantiate methods of using underground space
for complete removal of wastes (wastewater and tai-
lings) after their multistage treatment.
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Conclusion

The main area of transformation of natural re-
sources use paradigm should be the circulation ma-
nagement of mining and processing waste. The reces-
sion in mining production with decommissioning of
existing rich ore and exploitable deposits can be mi-
tigated with the development of in-situ leaching pro-
cess with involving substandard reserves in exploita-
tion. The proposed recommendations for improving
in-situ leaching of ores in blocks make it possible to
determine the optimal conditions for increasing the
completeness of subsoil use and reducing environ-
mental damage.

Environmental degradation caused by liquid was-
tes of in-situ leaching of ores can be minimized by
technological means. The method of electrodialysis
and activation in diaphragm electrolyzers is promi-
sing for treatment of mine wastewater. It was revealed
that at metal extraction with solution circulation
through brine chambers the concentrations of Na, Cl,
SO, and Ca in dialysate was low, while without circu-
lation through brine, they significantly exceeded MPCs
(for Na, Cl, SO, and Ca). This proves the fundamental
feasibility of controlling natural leaching processes by
enhancing the oxidizing potential of natural solvents
through the addition of industrial oxidizing agents.

Tailings storage facilities are man-made deposits
within which natural leaching takes place. One of the
key results of the study is the justification for expan-
ding the scope of use of disintegrators in purposeful
mechanical-chemical-activation action. Increasing
the duration of agitation leaching (both with and
without the use of mechanoactivation) leads to a uni-
form expansion of the local peaks of Pb yield from the
pulp while the minimum NaCl concentration decrea-
ses from 11-12 to 7% at H,SO, concentration of 0.6%.
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