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MINERAL PROCESSING

UGLERODLI OLTIN SAQLAGAN KONSENTRATLARNI QAYTA
ISHLASHDA NATRIY LIGNOSULFONATINING SANOATDA
QOOLLANI LI SHI

K. Sanakulov, U.A. Ergashev, S.S. Karomatov, F.G. Chuliyev, |.E. Farmonov
AiNavomet &lolnur gi ya kombinati o AJ, Ob6zbekiston Respub

AnnotatsiyaHozirgi vaqtda jahon oltin gazib olish sanoati oson boyitiladigan oksidlangan oltin tarkibli rudalar zawirstéaimgl &amagikab

tarkibli (giyin boyitiladigan) mi ner al x 0 ma s hy o a Okinnisqhytanshlasigda onmg i s h i k
strukturaviy va moddiy jihatdan not eki s- m)acgrashimstuaingdel, oltinizagralarining sulfidli emider-s p e r
al matritsa va wuglerodl:i komponentl ar bilan zigmehdhongol gngaahigshjpanayg

ajralib chiqi srhoibnbii nkgaomaeyftfierkutvicnhii yhAupzraegga k el t i rudaldrni qaytMishtaghgarjalb@tish Hamdar i k k
ularni gayta ishlash uchun maxsus, ilmiy asoslangan samarali texnologiyalarni yaratish zaruratini belgilaydi.

Ushbu magolada murakkab mineral tarkibga ega va gimmatbaho metallning yuqori darajada inkapsulyatsiyaie ggamigi Ui artdanesitby
konining ikki karra murakkab rudal ari dan ol t i nicclilishrdarajasibi osbifish s luglesodliy u z a g a
hamda sul fidli fazal arning sal bi jandattadgidottai natjalaikggdimgany Xomashyenihotliadamo#sidlavechi | g a n
tayyorlash usullarini, jumladan biokimyoviy va termik ishlov berishni, shuningdek, kombinatsiyalashgan gaigteoishlash sxentalgra al ohi da e o6t
Kompleks texnologiyalarni joriy etish oltin ajralishini sezilarli darajada oshirish hamda konning murakkabatkieknikdplarins od iy ko dér sat ki
sida sanoat miqgyosi dsahaordoziltalsahrtniir iysahr autcihsuhni zkaoréurrs asthialrgta n .

Kal i t qigirobdyatiladigan oltin, uglerodli modembpiag, sorbsiya faolligi, sorbsion sianlash, kuydirish, erkin ofitsiyakaasay lignosul-
fonati, ajratib olish.

INDUSTRIAL APPLICATION OF SODIUM LIGNOSULFONATE IN TF
PROCESSING OF CARBONACEOUSEEAIRING
CONCENTRATES

K. Sanakulov, U.A. Ergashev, S.S. Karomatov, F.G. Chuliev, |.E. Farmonov
Navoiy Mining and Metallurgical Companyo JSC, Republ

Abstract At present, the global gold mining industry is facing objective technological challenges caused by the aéplesion hefnefteated
oxidized gelibaring ores and the increasing proportion of refractory mineral raw materials. Significant p@cessingndiffieudtieictural and mineralogi-
cal heterogeneity of gold, its occurrence in ultrafine and nanoscale form#fjlasmwellas the close assodijold particles with sulfide mineral matri-
ces and carbonaceous components of ores. The presence of naturally occurring active carioon leadstal théfdmifeceggbich reduces gold recov-
ery during conventional cyanidation. These factors necessitate the involve arehtribldeinatzory ores in processind the development of specialized,
scientifically grounded technological solutions.

This paper examines the technological challenges associated with gold extractiefnactonydmelsi@f the Aursmzatoy deposit, which are char-
acterized by a complex mineral composition and a high degree of noble metal encapsulation. The results lotscqlershetiesl aimiepi at increasing
the degree of gold liberation and reducing the adverse effects of carbonaceous and sulfide phases are aedigneld. fadtituldreaapplication of
preliminary oxidative pretreatment methods, including biochemical and thermal treatments, as well as corshiés] firscetssimg fhawvthe implemen-
tation of integrated technologies can significantly enhance gold recovery and create favorable condititawsl|dpntieatiodustredtory ores of the depos-
it with acceptable tecBoonomic performance

Keywords:refractory gold, carbonaceous matterolseg, sorption activity, cardeach (sorption cyanidation), roasting, Ifkeengapsulation,
sodium lignosulfonate, recovery.
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KINETICS AND INFLUENCING FACTORS IN THE CARBOTHER
REDUCTION PROCESS OF STEELMAKING DUST
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llkhamov M.A., Munosibov Sh.M., Matkarimov S.T., Karimjonov B.R.,
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Abstrhltd . present paper sets out the findings of a scientific in
carbothermic reduction process of steelmaking dust. El ecfoicoaran®
zinc oxides, which represent valuable secondary raw mat er itayds, b u
focuses on the effects of temperature, carbon content, peeacrst.i caer -s i
bothermic reduction experiments wer e 70HInldA@E,t ewi twh t o lne ther wiermp ea at
The degree of reduction and metallization was determined thraugh ¢
tur al changes wer g agxamiffedcuadsiomg Xcanning -dl epershnhveni spestiopygcopm
ment al data were analysed using thecosnhtrrionlkliinngg csotreep smoodfe It dites tpirdodcraettsi
zinc oxide undergoes reduction more rapidly than iron oxildietsanda p!
volatilization behaviour. The activation energies and ki nfeitdti ngpar
provide a scientific basis for the optimisation of car botechmaki ngr
dust recycling under industrially relevant conditions.

Keyworsdse:el making dust, ¢ rbothermlc reduction, zinc oxide, iron
isolid reaction, secoayadiyf fraractmiaoceyri as¢tanniXng el ectron microscopy
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POOLAT ERITI SH PECHI CHANGLARI N
JARAYONNI NG KI NETI KASI VA TAOSI

Ihpamov M.A. Munosibov Sh.M.Matkarimov S3T.Karimjonov B.R.

IMTTU MISIS Olmaligfiled z be ki st on Respubli kasi
2Tokgodn sanoati va ge o-kamganoatala mahatliylashtirishgva sahoat kaoperatdiyagsh iivojaméiiyomarkazi DM

O6zbekiston Respubli kasi

3SToshkent davlat texnika wuniversiteti, O6zbekiston

AnnotatsyaUs hbu i shda podl at eritish changini kar bot er gansk natijalak bagomh | ar ay
etilgan. Elektr yoy pechi changida kod6p mi qdo hybasobtaeadiiammovatahitucshun ok si dl a
jiddiy xavf tugédiradi. Ushbu tadgiqgot har or atk,l awnglsérr ckd nmit g kaarsii ,g az & ral
Karbotermik gaytarish tajribalafi 106 0 AC har or at oraligdida ol i b vabnetallizhtslya darajgsagravimetrik vac h i S i
fazaviy tahlillar orqald.i aniglandi . Fazaviy kiakapika v energeligpaisinrspektross u kt ur a v
kopiya usullari yordamida o6rganil di. J ar ay on nldrgisgaruvclei yadro koaueéli yondanzidar at q i
tahl il gilindi. Natijalar shuni koor sat adi k ibagarorligiwa uschisk xususiyatiniegrpasayisto k s i d |
bilan bogoligq. Arrenius tengl amasi asosi da a lodtuchuh dolmarbssinaroitande kadpateynakl a r i v
tiklash jarayonl arini optimallashtirish va plxdzmagladeri ti sh changini gqa
Kalit popaodaltarerri ti sh changi, karbotermi k ti kI ani sdiasi, gamattiq reaksyya, d i , tem

ikkilamchi xomashyo, skanerlovchi elektron mikroskopiya, energiya dispersion spektroskopiya

Introduction of 6680 kJ/mol, while for FeO this valud 19 3d/mol [1,18]. This
The rapid development of the modern metallurgical indystryides scientific evidence for the selective reduction of zinc oxide.
leading to a sharp increase in steel production volumes. In electriglacShrinking Core Model is widely used in the mathematical
furnaces (EAF), converters, and othéerhigrature units, largedescription of the reduction process. This model takes into account the
amounts of ddiéte waste are generated during steel smefiiegervation of an unreduced core within the particle and the
processes. This steelmaking dust (Electric Arc Furr&®HD)st movement of the reaction front towards the center over time [19]. The
contains, along with iron and zinc oxidderrows and heavy correlation of experimental data with this model allows for the
metals such as lead, chromium, and manganese, which are, ondinetifination of riteiting stages of the process and the
hand, valuable secondary raw materials, and on the other batahlishment of optimal technological parameters.
source of environmental hazards [1,2]. Furthermore, several studies have shown that factors such as
Scientific research shows that the content of iron oxidedefRg€rature, carbon content, particle size, gas environment
FeOs) in steel smelting dust can read%0 and the proportion afomposition, and reduction time significantly affect the reduction
zinc oxide (ZnO) in some cases can re&&ith [5,4]. Therefore, theékinetics [8,9,20]. An increase in temperature intensifies the Boudouard
recovery of metal resources and the reduction of waste throwgittibe, raises CO concentration, and activates diffusion processes,
processing of this dust is one of the priority tasks of the metddladiigato a sharp increase in the degree of metallization.
industry. Traditional hydrometallurgical and pyrometallurgitalvever, the literature review indicates that a comprehensive
technologies are characterized by high reagent consumptiofjnetidtianalysis of the carbothermic reduction process of steelmaking
stage processes, and environmental limitations [5,6]. dust, specifically the simultaneous reduction of ZnO and FeO, their
In recent years, the cathenmal reduction technology forteraction, and ardepth scientific substantiation of tHienitibey
processing steelmaking dust has gained special attention dstagests has not been adequately addressed. In particular, the
high efficiency, technological simplicity, and industrial applicabifigtdmination of kinetic parameters for process optimization under near
The main advantage of this method is that at high temperaturegjustriaonditions remains a pressing scientific challenge.
oxide is first reduced and released in vapor form, while iron oxides purpose of this article is to conducteathistudy of the
transition to a metallic state. This allows for selective dezindifieatiionregularities of the cahsomal reduction process for
and metallization of iron [10,11]. steelmaking dust, identify the reduction mechanisms of FeO and ZnO,
Despite the thermodynamic favorability of thetheammn and scientifically substantiate the role of the main technological factors
reduction process, its effectiveness under actual industrial coniifioasding the process.
primarily determined by kinetic factors. Several researchers Hdaterials and methods
demonstrated that the reduction of ZnO and FeO in the presenc&es| smelting dust generated during the steel smelting process in
carbon or CO is a mattpe gasolid phase process-142The an electric arc furnace was selected as the object of research. Dust
process rate is limited by CO formation through the Boushualds were collected from gas purification systems under industrial
reaction, gas diffusion, chemical reaction, and the removal of pooditaiss, dried in laboratory conditions, and purified from mechanical
from the system [15]. impurities. The average patrticle size of the samples ranged from 10 to
It has been widely reported in the literature that the kindfi@cof, and their finely dispersed structure exhibited a high surface
carborthermal reduction of ZnO proceed faster than that of Fe@edhe
main reason for this is the lower thermodynamic stability of ZnOTdued chemical analysis was conducted usirguthuotes-
the volatility of zinc [16,17]. Studies conducted by Chen et akntavéXRF) technique. The results of the study are summarised in
determined that the reduction activation energy of ZnO is in tHabdagde
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Table 1
Chemical composition of EAF dust (wt.%)

ComponeReotd FeOs FeO ZnO| Si, Ol CaO| AJO; Mn O PbO| NaO

Content31.2 41.6 4.6 16.2 3.4 3.4/ 0.9 3.7, 1.3 10. 4

Std.-PC 300  Highvac. [&] )0 2 pm

Fig. 1. Initial SEM microstructure of steel smelting dust

The irregular shape and high porosity of dust particles i@@tédcrements. In each experiment, the sample was held at the
favorable conditions for the reduction process. given temperature fol630 mi nut es. The heat i
Scanning electron microscopy (SEM) images of dust p@riiciesAt the end of the experiment, the samples were rapidly coole
obtained from the steelmaking furnace gas cleaning system reeea ginepared for subsequent analysis.
irregular shape, high porosity, and wide patrticle size distribution. Thesdetermine the time dependence of the reduction process,
structural features increase the specific surface area of the papaiesents were repeated at various time intervals. This metho
and create favorable conditions fgplighphase reactions duringllowed for comparative analysis of the reduction kinetics of ZnO ar
the carbothermal reduction process. The porous structure faciitd@es
the diffusion of CO gas into the inner part of the particle, leading thanphase composition of the reduced products was determine
acceleration of the reduction kinetics. using Xay diffraction (XRD) analysis, and the degree of transition of
The chemical composition of the dust was determinedyusiraxies to metallic state was assessed. The microstructure of the initi
fluorescence (XRF) and erdisggrsive spectral analysis (ED&)d reduced samples was studied using a scanning electron
methods. According to the research results, the main compomécrissgope (SEM), and the distribution of elements by phases wa
the dust composition are Fef0z,Bad ZnO, with zinc oxide contedétermined using EDS.
around 180% and the total share of iron oxides constiiitg 40 The degree of metallization was calculated using the following
Additionally, small amounts of Cafa8IMgO were detected.  expression:

Highpurity carbon coke powder was used as the reducing agent. M = Fe o 100%
The ash content of the carbon did not exceed 8%, and #ieeparticle ‘? ¢ Q)
was selected in the range-8D8th. The carbon content was varied ol
between-85% relative to the dust mass. where Rguis the amount of iron in metallic statgs fee total

Carbosihermal reduction experiments were conducted andmmt of iron in the sample.
laboratory conditions in a tubular electric furnace. The dust and catbaiic analysis of the reduction process was carried out by
mixture was blended in predetermined ratios and placed in cyletdrivdting the dependence of the degree of reédpttine and
ceramic crucibles. The experiments were carried out in an tempesature. The degree of reduction was calculated using the
controlled gas environment. following formula:

The temperature was varied in the range from 700 to 1150
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m-m

a=
rnO b rT}inal

where @is the initial mass,isithe mass at a given tinagjisn

the mass after complete reduction.

@

dezincification mechanism.

Analysis of the dependence of the reduction [didmreene

showed that in the initial stage of the process, the reduction of ZnO
occurs very rapidly, while the reduction of FeO occurs relatively slowly
but steadily. This circumstance confirms the existence of a selective

The obtained experimental data were analyzed based on #hesharp increase in the degree of metallization in the range of
Shrinking Core Model. The following kinetic equations were 16@@l th 5@confirms the presence of an optimal temperature range
for the reduction process.
The figure shows the effect of temperature on the degree of
metal |l i
degree of metallization rises from 45% to 96%. A sharp increase in the
degree of metallization, particularly in the rangeloi $000A C,
indicates the existence of an optimal temperature range for the
reduction process.
It was determined that an increase in temperature has a decisive
impact on the speed and completeness of the reduction process. In the
the reduction of ZnO b
temperatures abc

determine the rdimiting stage of the process:
for the case limited by chemical reaction:

1- (1 -a)1/3 kt
for the case limited by diffusion:

32(1-a)2
3

1 42(1 a) kt

Arrhenius equation:

E
k= AexpE2
p(RT)

Graphs were constructed in In k vs. 1/T coordinates, an

©)

4

®)

parameters were evaluated based on linear relationships.

The influence of factors such as temperature, carbon
particle size, gas environment, and reduction time on the |

zati

range of 8680 0 A C,
The reaction rate constants were determined for differentv apor
temperatures, and the activation energy was calculated usixgdébevas observed.

/mol

2

process was studied separately. When each factor was chaigy
remaining parameters were kept constant. This approach al <

the identification of individual impact mechanisms of the proce
Each experiment was repeated at least three times. The
values and deviations of the obtained results were calculated

that the experimental error did not exceed 5%.
Results

Laboratory experiments have shown that the proct

on. As
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carbothermic reduction of steelmaking dust has a corgtégze muiu
kinetic mechanism. It was found that the behavior of ZnO and FeQ,
oxides during the reduction process differs significantly, whi

explained by differences in their thermodynamic stability and kinet

parameters.
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At temperatur est € b viedicate8 0 0RO reducti@=90110kJ/mol.
thermodynamically favorable reduction of zinc oxide. The lower activation energy of ZnO and the evaporation property
The temperature dependence of Gibbs free energy for the odagtiorensure its faster reduction. The reduction of Fef@reccurs
ZnO + C Y Zn + CO is shown istowlyt due tb itheuhigh .actidasion eandrgy.e Tihts stientificallyt
at temperatures above 8 0 0 A Gubsta@iatésithe medhanesra of selectve zngrembvalansi t i o
negative valuegiy < 0), which indicates that the reduction of zinlm a C@ich gas environment, the reduction rate increased
oxide with carbon is thermodynamically favorable. significantly. The main part of ZnO was reducdd mirdites,
The figure shows the dependence of the reduction degreevdiil2n@B0 minutes were required for complete reduction of FeO.
and FeO on time during the carbothermic reduction process. Thes found that open oplessure systems are more effective,
reduction of ZnO occurs rapidly in the3Bsm2tutes, reachithg & as the increase in pressure leads to partial condensation of zinc
0.850.90The reduction of FeO is relatively slower, reaching a vedipeis.
U & -0®5n%B0minutes. The obtained results demonstrated that thethearbah
In the temperature range of -10D® 0 AcC, t h eductioe gpmoess ofosteelmaking dust is effective for selective
metallization increased sharply, reacH6&090his temperaturedezincification and obtaining iron products with a high degree of
range indicates the thermodynamically and kinetically most favetalifation under industrial conditions. Under optimal conditions, zin
region for the carbothermic reduction process. can be released in vapor form and subsequently collected througt
Discussion condensation, while iron is reused as a secondary raw material ir
These results are consistent with the research conducted lmgeCdlkmgical processes.
and Pickles, who also observed the reduction of ZnO at lo®enclusion
temperatures compared to FeO. In this study, the thermodynamic and kinetic principles of the
As temperature increases, the equilibrium of the Boudatlzoghermal recovery process for dust generated during steel
reaction shifts to the right, increasing the concentration of Csneltiig were comprehensively examined. Experimental and
leads to the acceleration of chemical reactions atstid gdlseoretical analyses revealed that the reduction of iron and zinc oxide
interface and the enhancement of diffusion processes. in steel smelting dust occurs through -stageltgasolidphase
It was found that when the carbon content was varied-betwesath&nism.
15%of the dust mass, the reduction efficiency differed significantly. &t research results showed that the-tbarpeal reduction of
a carbon content ofiB%%, the reduction of ZnO and FeO occurréh@ begins at lower temperatures and proceeds faster compared t
the highest level. FeO. This phenomenon is attributed to the lower thermodynamic
With insufficient carbon, CO formation is limited, and the dstab#ityf of zinc oxide, zinc's volatility, and its relatively low activatiol
reduction decreases. Conversely, excess carbon led to inereaggyd The reduction of iron oxides primarily intensifies at high
energy consumption and higher residual carbon in the productewiieratures and culminates in the formation of metallic iron.
significantly increasing the degree of metallization. Based on kinetic analysis, it was determined that the ZnO
This indicates that the reduction process is mainly associatedwgtibn process is mainly limited by diffusion and zinc evaporatior
the Boudouard reaction. The optimal amount of carboa enstriés the FeO reduction process is limited by the chemical reaction &
balance between CO formation and oxide reduction. the gasolid interface. The activation energies calculated using the
The reduction degtiere relationships were analyzed basedAomenius equation confirmed these conclusions and demonstrated th:
the shrinking core model. Experimental points for the ZnO réurigtiooess follows Arrhenius's law.
process fit well with the model limited by diffusion and evaporatidtwéts found that an increase in temperature significantly enhance:
was determined that the reduction of FeO is mainly limitedths riie and completeness of the reduction process by accelerating th
chemical reaction at thesgdid phase interface. Boudouard reaction, resulting in increased CO concentration. Optimz
An increase in the coke content significantly improved zinc reduntimin conditions were achieved in the temperature range of 100C
due to the intensification of both direphaskdreactions and indid 1 5O, with the degree of metallization reactifgp.9The
rect gaphase reduction mechanisms. The experimental resubistiaral range of carbon content was determinedl&beflibe
summarized in Table2. dust mass, and it was shown that higher amounts decrease energ
efficiency.
Table2

" f Cok idual Zinc in Clink Particle size and structural properties were found to significantly
Effect of Coke Content on Residual Zinc in Clinker i ence the reduction kinetics, with higher reduction rates observed

finedispersed dust. However, the need for granulation to ensure

Coke content, wt.% Residual Zn, wt.% process stability under industrial conditions was substantiated. The
composition of the gas environment and reduction time were also four
52 13,4 to directly affect process efficiency, with a notable increase in reductic
rate observed in a-@& environment.
65 10,56 The results of the conducted research demonstrated that the

carborthermal reduction process of steelmaking dust is scientifically
and technologically feasible for selective dezincification and obtainin
iron products with a high degree of metallization. The obtained kineti
and technological regularities serve as a solid scientific foundation fc
developing resouszving and environmentally safe technologies for
The activation energies calculated based on Arrhenius plotpraesasing metallurgical waste.
follows:
For ZnO reducti@=60680kJ/mol;

80 7,98

90 7,98
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HYDROMETALLURGICAL PROCESSING OF EAF DUST: ZINC
EXTRACTION AND RECYCLING IRON RESIDUE IN STEELMAK

llkkhamov M.A., Munosibov Sh.M., Matkarimov S.T., Maksudov Sh.A.,
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Almalyk Branch of NUST MISIthe Developmesitiocalization and State Technical University, DSc, State Technical University
Industrial Cooperation in the Mining professor
and Metallurgical Industry, PhD

A b s t r HEecttic.arc steel smelting furnace dust (EAP dust) is one of the most problematic waste in modern metalalegyl frechrolagiokigi
point of view due to its high dispersity, high content of zinc, lead, and other associated elements. In setaftthearsraase iia the share ef zinc
containing secondary raw materials in the metal charge, the amount of this dust has also increased. In #liggizalynathpdrofreimplex processing
of PE PE dust based on sulfuric acid leaching was considered. A spent sulfuric acid electis@t¢leMaingiy &hd Zn (30 g/l) was used as the
solvent reagent. The leaching process was carried out at a tempér&turefo€60 -liquid ratm of 4:6, foi-220minutes. The research results showed
that zincontaining phases accelerate the dissolution kinetics, reduce energy consumption, and provide tinepoasautignaffefiec from the solution
and subsequent obtaining the cathode metal by electrolysis. In addition, it has been substartiztéartinat téisieréormed after leaching can be re-
turned to the steelmaking process as a charge additive. The proposed technologaiim @, Esegpffecient, and eronmentally friendly alternative to
traditional pyrometallurgical methods of processing EAP dust. This approach serves the implementatioriaiulae @comgrigstbf@igh the processing
of metallurgical waste, the restoration of zinc, and the return of iron components to production.

K e y wo rekbdric arc furnace dust, zinc, hydrometallurgy, sulfuric acid leaching, electrolysis, secondary resouraesessomgprehensive pr
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POOLAT ERITI SH PECHI CHANGLARI N
QAYTA ISHLASH: RUXNI AJRATIB OLISH VA TEMIR TARKIBLI
QOLDIQ MAXSULOTLARDAN QAYTA FOYDALANISH

Ihamov M.A, Munosibov Sh.M.Matkarimov S3T.Maksudov Sh3
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Annot aitlseikytar d mayleiripao sh pechi changi (EYPE Geghsaamign ) v gdu b eekerengtm-ys@ e r s | i ¢

ing koopligi sababli zamonaviy metallurgiyada eokggilyibagda ketall shixtasidaxrmxo | o gi k
saql ovchi i kkil amchi xomashyolar ulushining ort ideBEYREcchanginhkompleks tayta asi d a
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Tadqiqot natijalari rux tarkibli fazalarning eritish kinetikasini jadallashtirishi, energiya sarfini kamagiinshdaarsaiaacadniajratib olish va keyinchalik

el ektroliz orqali katod metallini ol i sh i mk dnbidydaitgianni tteamdi nmi ntlaarskhiibnlii ko

jarayoniga shixta qod6shimchasi sifatida qgayt ar ihtgshh nmunngk i anrl @ agni a va syo sp iarnc
usullariga nisbatan resurs tejamkor, energiya jihatdan samarali va ekologik toza muqgobil yechim hisoblanadietlisinbiyay chétgistilarini gayta
ishlash, ruxni gayta tiklash va temir komponentlarini ishlab chigarishga gaytarish orgali aylanma igtistatjpadsamshdaniimat giladi.

Kal i t elsko yoylilpexh changi, rux, gidrometallurgiya, sulfat kislotali tanlab eritish, elektroliz, ikkilamchagsaistdaskompleks

Introduction cesses (e.g. Plasmadust, Tetronics) and vacuum processing methods

Modern steel metallurgy is characterized by a steady incrgage MHR process, Japa#d)].[4These technologies have been
production volumes, which is accompanied by a growing andeundreftrated to provide a high degree of zinc recovery; however, they
industrial waste. One of the most complex and environmentallydgzaedsignificant capital investments and complex equipment, which
ous types of such waste is dust from electric arc furnaces (EARitghibbir widespread application.
is generated during the smelting of scrap metalcamdairomg The hydrometallurgical methods for processing EAF dust are
semifinished products. According to various estimates, for evellyasedaodn the conversion of zinc and associated metals into a solution
steel melted in arc furnaces, 15 to 25 kg of dust is formed, camithirsnlgsequent selective extraction. The principal reagents employed
zinc, lead, cadmium, chlorine, and other elements classified asrh#mldaching process are solutions of sulfuric acid, ammonium chlo-
ous substances. ride, acetic acid, and complexing systebhs [7

The problem of processing EAF dust has become particuld@iie utilisation of iiHsolutions in the leaching process has been
relevant in recent decades due to the increase in the propaftioromdtrated to yield zinc extraction efficiencies ranging from 60 to 80
galvanized scrap in the metallic charge. The zinc coating, evgpenratng Nevertheless, a substantial proportion of the zinc remains in
in the higtemperature zone of the arc furnace, concentrates timetfeem of poorly soluble zinc ferrites, thereby impeding the efficacy of
dustgas phase and is captured by gas cleaning systems. As ahequibcess [11]. Sulfuric acid leaching, particularly under autoclave
the ZnO content in the dust can rea®2tnd in some casegonditions, has been demonstrated to yield a higher degree of zinc
even exceed 50%, making this waste a valuable secondary sextreet@fn (up to-98%), yet necessitates elevated temperatures and
zinc. pressures, as well as corrgsgistant equipmentla2

On the other hand, the direct return of EAF dust to the steelmakirtborough analysis of extant literature data indicates that the
process without preliminary processing is impossible due to tipeimacy-issue encountered during hydrometallurgical processing of
mulation of zinc, which causes intensive dust formation, incre&#ds thust pertains to the dissolution gdufefrite phases, which
load on gas cleaning systems, and deteriorates the operationaxpésfoistability under conventional leaching conditions. A promising
mance of the furnace. Therefore, processing EAF dust to extegmpraiach to solving this problem is the intensification of the process by
and return the iroontaining component is an important scientifinanehsing the temperature, using preheated material, and optimising
technical task, having both economic and environmental signifitemetectrolyte compositioi7).3

Pyrometallurgical methods for processitaniinting dust are  Materials and Methods
the most widespread in industrial practice. A classic example isTHee object of research was the dust from electric arc furnaces
Waelz process, in which dust mixed with ecoeathioig reducingformed during the smelting of scrap metal and hot briquetted iron. The
agent is subjected to féghperature treatment in a rotary kiln. Zost is characterized by high dispersity, developed specific surface
and lead are reduced and volatilized, and then captured as aidasand complex phase composition (Table 1).
the gas purification syste8j.[1 The majority of zinc is present in the form of oxide and ferrites,

Despite its relative simplicity and industrial developmenthilthéron is predominantly in oxide phases, creating conditions for
Waelz process is characterized by a number of drawbacks, iseladiive extraction of zinc using hydrometallurgical methods.
high energy consumption, the formation of secondary waste, and tieeproposed method for processing electric arc furnace (EAF)
production of -salled "dirty" zinc oxide, which requires addititusal consists of the following main stages: feeding hot dust into a
processing. leaching reactor; sulfuric acid leaching of zinc; separation of the pulp

In recent years, there has been a proliferation of proposais &wlid and liquid phases;-stagé purification of the resulting
more intensive pyrometallurgical technologies, including plasefectpodyte; electrolytic production of cathode zinc; and recycling of the
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Table 1
Chemical composition of dust, wt. %:
Analyzed result (FP method, Scatter)
No. Component Result (mass%) Unit Stat. Err. LLD LLQ
1 SO3 1.73 mass% 0.0056 0.0117 0.0351
2 K20 1.95 mass% 0.0158 0.0131 0.0393
3 CaO 33.8 mass% 0.0527 0.0102 0.0306
4 Cr203 0.148 mass% 0.0023 0.0032 0.0096
5 MnO 1.29 mass% 0.0064 0.0060 0.0180
6 Fe203 32.1 mass% 0.0117 0.0114 0.0342
7 C0203 (0.0586) mass% 0.0068 0.0206 0.0617
8 Cu0o 0.129 mass% 0.0020 0.0029 0.0088
9 Zno 2 mass% 0.0207 0.0013 0.0040
10 Ga203 0.0402 mass% 0.0016 0.0040 0.0121
11 As203 0.0411 mass% 0.0032 0.0081 0.0244
12 Rb20 0.0142 mass% 0.0004 0.0007 0.0020
13 Sro 0.0086 mass% 0.0003 0.0004 0.0013
14 Zr02 0.269 mass% 0.0035 0.0018 0.0053
15 Ag20 0.0083 mass% 0.0005 0.0006 0.0017
16 cdo 0.0655 mass% 0.0013 0.0027 0.0082
17 Sn0O2 0.0556 mass% 0.0012 0.0006 0.0017
18 BaO 0.0431 mass% 0.0016 0.0028 0.0085
19 Ir203 0.0451 mass% 0.0026 0.0072 0.0215
20 PbO 1.22 mass% 0.0045 0.0022 0.0065
21 Yb203 0.0248 mass% 0.0023 0.0057 0.0170
Spectrum
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Fig.1. Spectral analysis of primary samples
ironcontaining residue back into the steelmaking process. The purified solution was directed to the electrolysis department

A distinctive feature of the technology is the use of hot dwgteaeacathode zinc was produced using standard technology. Solu
temperature of 286 0 A C, which i s f ed tons comtaireng-60agmh En amdi H0AD g/ht8@ Wwesenréused, |

stirring without preliminary cooling. which increases the closure of thereeent cycle.
The leaching agent used was spent sulfuric acid electroly*> ~==

taining:
HSQ -126160 gfl;
Zn-3050 g/l.

The leaching process was carried out under the following
tions: a temperature df668 AC ~toliquid matio lofi 15, and ¢
leaching duration ofi22D min.

Based on the data presented in Table 2 and Figure 3, it
seen that as a result of the initial leaching, the degree of iron
leaching increased bys@%. By controlling the sulfuric acid con
tration, it is possible to ensure high efficiency of the process.

These conditions ensure sufficient aggressiveness of the
for the dissolution of ZnO and partial decomposition of zinc
without significant transfer of iron into the solution.

After leaching, the electrolyte was purified from impurities
successive stages: hydrolytic purification to precipitate iron ar
num; cementation for the removal of copper, cadmium, and I¢
final chemical purification to adjust the electrolyte compositior: o 1iicct
the requirements for subsequent electrolysis. Fig.2. Primary samples

18§ O' zbeki ston konchili k xabarnomasi ~ 1 (104) 2026



METALLURGY

Results complete, and the decomposition of ferrite is limited. Conversely, ex-

The results of this study confirm the possibility of using thecasi$ivrec acidity increases the likelihood of iron oxide dissolving and
acid hydrometallurgical method for the selective extraction of Ze& foonformation in the solution. This makes further purification diffi-
the dust of the electric arc furnace (EDF), followed by electrolgslsamtican negatively affect electrolysis.
purification of the electrolyte. Direct use of hot-8uet (200A C)  Whus, bptimizing acid concentration is crucial for maintaining bal-
out preliminary cooling provides additional intensification of theapiecésdween zinc extraction and selectivity towards iron. The results
and contributes to improving the kinetics of zinc dissolution. Thlieig #mat within the studied range, it is possible to achieve a high
important technological feature of the proposed approach. degree of zinc extraction while maintaining the corresponding iron level

EDP dust is a complex technogenic material with a heterogerieeysoductive leaching solution.
mineralogical composition and high variability depending on the operareet the requirements of electrolytic zinc production, the pro-
ing conditions, steel grade, and additives. While iron was maimlyaisgosolution required purification after leaching. Hydrolytic cleaning,
ciated with oxide phases, zinc in the investigated dust predomaeabeshiation, and chemical correction comprised three stages of clean-
oxide forms and in the structure of zinc ferrites. Since ZnO disgokkkough this nsilige method is standard industrial practice, it
readily in acidic environments, while iron oxides dissolve pbagiéen modified to account for the profile of impurities contained in
controlled leaching conditions, this distribution promotes the $eéedtigéwasher of electric arc furnaces.
extraction of zinc through sulfuric acid leaching. Iron and aluminum were removed by hydrolytic purification using

In the hydrometallurgical processing of EDP dust, zinccéemitdled sedimentation. This stage is particularly important because
(ZnFeQy) is usually considered one of the main factors limitingezitissolved iron, especially in its trivalent form, can cause significant
extraction. Zinc ferrite has a stable spinel structure and sh@nablems during electrolysis, such as increased energy consumption
reactivity in dilute sulfuric acid. Nevertheless, partial decompasitiba décrease in cathode quality. During hydrolysis, iron is converted
ferrites can occur under sufficiently aggressive conditions, suchirsoluble hydroxide or basic sulfate phases, and then extracted
elevated temperature, optimal acid concentration, and increa$emnctre- solution.
tact time. This increases the zinc transfer to the solution. At the saopper, cadmium, and lead were extracted by cementation. These
time, proper control of leaching parameters can reduce iron disegiutibies can alter the electrochemical behavior and reduce the purity
this is important for reducing impurities during subsequent elettoalitede zinc. In the process of cementation, zinc dust is usually
purification. used to displace more noble metals from the solution. Due to its sim-

One of the most important results of this work is demonstrailigghytend cestfectiveness, this method is effective and widely used.
intensification of leaching when hot dust is fed into a reactor withTimefinal stage of chemical purification led to a change in the elec-
chanical stirring at t e mp e r wolyte compositibne mamtieiny the2 cdr&entetions of 3Widic adicCand
leaching, the dust is typically cooled during conventional hydronretaliitihin the optimal range for electrolysis. The final composition of
gical processing, resulting in higher energy consumption antid@ientrolyte stabilized to approximéi8@lg/h@inc and 1080 g/
kinetic activity. Supplying hot dust, on the contrary, quickly iddf2@gsvhich is suitable for obtaining zinc as an electrolyte.
the thermal potential of the system, reduces the time requirethtthe electrolysis shop, the purified electrolyte was used to pro-
achieve the desired leaching tempera6iré (8 ) , and ducegathode eiac irt theeusual manner. The main advantage of the
mass distribution. proposed processing method is the reuse of solutions ce®@aining 50

Increasing the temperature at the initial stage of pulp fogfiation and 14@0 g/l b5Q. Electrolyte recirculation reduces the
leads to faster dissolution of ZnO and accelerated diffusion of esagentf water and reagents, making the process more efficient and
and products in the liquid phase. In addition, due to the rapid cealigngf wastewater. Using the spent electrolyte as a leaching agent, it
the furnace gas flow, hot dust may contain phases with higher tefesbilele to create a partially closed cycle. This meets modern stand-
density or partially amorphous structures. This can also improwdsdohsustainable metallurgical processing.
ing. As a result, the process becomes more dynamic and efficientTaagroduction of cathode zinc is proof that the purification strate-
heating the pulp does not require more energy. gy effectively reduces the concentration of impurities to levels that meet

For the leaching of sulfuric acid, a spent electrolyte containthg i&fuirements of industrial electrolysis.

160 g/l G and 360 g/l Zn was used. Because it maintains a morAfter leaching, the solid residue mainly consists of iron oxides with
closed wateeagent cycle and reduces fresh acid consumptionadsiwgzinc content. This residue is valuable because it can be reused in
spent electrolyte is an important technological advantage. Ursteelcproduction as a shixta additive. This type of disposal offers two
tain operating conditions (tempera#rs 60AC, s ol i d maim atlvahtagesuFRirglly, fhis mduees waste accumulation and facili-
ratio 1:6, leaching duration24@0min), high zinc dissolution wtdes the cyclical use optoglucts from metallurgical production.
achieved while simultaneously limiting excessive iron transfeBdootidy, since iron is not lost in tailings, the returantdimorg

solution. residue increases the overall material efficiency of steel plants.

The initial leaching stage led to an increase in the degree of kmw zinc content is necessary when smelting steel, as it can cause
and iron extraction by approximatglyel &s shown in Table 2 angperational problems such as wear and tear of refractories and in-
the spectral analysis results shown in Figure 3. This indicatesctieatstitk zinc circulation. The results show that the proposed leaching
chosen conditions provide sufficient aggressiveness of the mesbuditfons ensure sufficient zinc removal. This allows for the pro-
ZnO dissolution and partial decomposition of zinc ferrites. If deisshaglof residues without affecting the steelmaking process.
happened, the process would not have led to uncontrolled dissol@u@mall, it is shown that the hydrometallurgical method is effective,
of iron oxides; otherwise, the contamination of the solution wointéhsifies processes, and is environmentally safe. Using hot dust re-
increased and the purification would have been more difficult. duces energy losses and requires no cooling.-gffiectteshess

and consumption of fresh acid increase when using spent electrolyte.

Discussion Multistage purification provides-duglity electrolyte suitable for

The results show how important it is to regulate the conceeiratiofysis. Finally, processing thmir@aining residue brings addi-
of sulfuric acid during leaching. In the acid concentration range&dechnological and environmental benefits.

120 to 160 g/l, ztantaining phases dissolve well without losing iroithe overall results show that the developed technology can be
When the acid concentration is insufficient, the dissolution of Zn€efsifor industrial implementation, especially in integrated steel plants
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that seek sustainable solutions for dust control in electric arc feathiss are a temperature 6f%50 A C, a solid to
and zinc extraction. and a leaching time of-220 minutes. At these parameters, the
Conclusion medium aggressiveness allowed for the effective dissolution of ZnO

This study developed and demonstrated an effective hydranadegpalrtial decomposition of zinc ferrites, and the excessive transfer o
lurgical technology for processing dust from electric arc finorao®® the solution was limited. Based on the chemical and spectra
(EDF). The purpose of this research is to maximize zinc extractiatyaiglof the solid residue after leaching, it was found that the de-
ensure the return ofszontaining residue during the steel producfiee of zinc and iron extraction increased by approxb08tedy 47
process. Sulfuric acid leaching edozitaining phases precedethe initial leaching stage. This indicates the effectiveness of the cho-
multistage purification of the electrolyte, followed by the elecrolginditions.
production of cathode zinc. Due to the mineralogical distributiofhef next step was the successful purification of the productive
metals, where zinc is mainly present in the form of zinc oxitezschingy solution in three stages. Iron and aluminum were purified
ferrites, and iron is mainly present in the oxide phases, the tlythiolgtically, cementation was used to remove copper, cadmium, anc
results confirm that EDP dust is a promising secondary raw leedef@llowed by the final chemical adjustment of the electrolyte com:
for zinc extraction. position. This purification sequence allowed for obtaining a high

The developed technology is distinguished by the direct usguafityotlectrolyte that meets the requirements for obtaining zinc as ar
dust at a temperature of 200 to 300 degrees Celsius, which isaleppiddyte. The electrolysis was carried out using standard industrial
to the leaching reactor with mechanical mixing without prefinaictany, resulting in the production of cathode zinc and the formatior
cooling. By utilizing the heat potential of the dust, this techraflsgloéibns containingg8@/l Zn and 1020 g/l Q. During the
solution contributes to the intensification of the process and theroedss; these solutions were reused. The recirculation of electrolyte
tion of total energy consumption. The results showed that thealisgoos improves the closed nature of the technological cycle and
hot dust significantly accelerates the leaching kinetics dueethudas the amount of wastewater.
creased diffusion and chemical reactions. This allows for imprdeeimain result of the proposed technology is the formation of an
zinc dissolution under moderate technological conditions. ironcontaining residue with a low zinc content. This residue can be

For leaching, a spent sulfuric acid electrolyte contdifihg 1&@d in steel production as a mixture additive without harming the
g/l HSQ and 3&0 g/l Zn was used. Because this method redecésological process. This quality helps maintain the principles of a
the need for fresh acid and promotes a more closedgeatercircular economy, as it reduces the amount of waste generated and
cycle, it saves money and the environment. The ideal conditioasafttees the efficient useqmlojucts from metallurgy.
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Abstract In this study, the possibilities of efficiently separating iron, zinc, and copper from copper smelting skaghevbmbpisrandastey, using a
nonrconventional hydrometallurgical method were investigated. The recycling of such wastes is important ngt anialiostilee metalsebut also for
reducing their negative impact on the environment. In order to eliminate technological problems that arsstafieinffehauiftrec acid leaching of
copper smelting slag, the research was carried out in three stages. First, the slag sample was selectivétytédicinetthevibcrifl stage, the obtained
solution was dried; and in the final stage, the resulting solid metal sulfates were selectively leached witfurictmidle@uithg process, the effects of
acid concentration, leaching time, temperature, and stirring speed on the transfer of metals into the solsiietyerestigatprehEne experimental
results showed that an acid concentration of 2ddwo0 ram ate®@imal gomdigions for me o f
metal dissolution. Under these conditions, the degree of metal dissolution into the solution was 89.5% &md68,288.f6%Fer Zhe solution obtained
after selective |l eaching was dried at 150 A C ascebectivey ached with wates ant ibwas bt a i |
determined that a | eaching time of 40 minutes faetadintathaselutigner at ur e of 4¢(
Keywords Copper smelting slag; selective leaching; sulfuric acid leaching; metal sulfates; waferrtescimetglsiohydrorhetsy); extraction

efficiency.
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Introduction organic acid (acetic acid) under atmospheric pressure. Under optim

Copper slag is afiipduct formed in the pyrometallurgical pomditions, the separation efficiency for copper, zinc, and iron reache
cessing of copper, consisting mainly of faySi@®),(Reagnetite 98.04%, 28.8%, and 2%, respectively. Meshram et al. [10] studied tt
(FeOs), and minor amounts of valuable metallic elements sseteetive leaching of metals from copper slag using citric acid, achie
copper, iron, zinc, cobalt, and nickel [1,2]. In addition, someirgpppevvery rates of 99.0% for copper, 89.2% for nickel, 94% for c
slags may contain harmful elements such as lead and arsenido@@}, frid 99.2% for iron under optimized conditions. Acids such as H
considered an important hazardous solid waste that can be utdizédHfé€release highly toxic gases likan@INQduring the selec-
secondary purposes. According to statistics, while the annudivgltdedhing process due to their inherent instability. These gases n
copper production volume is 23 million tons, the annual vohmheledd to environmental pollution but also pose serious risks to ht
copper slag waste has exceeded 70 million tons [4]. Currentlyndndé¢alth, as they can disperse through the air and cause damage
the lack of effective and safe processing and neutralization m#estesepijratory system and other organs [11].
the majority of copper slags are accumulating around smelting pl8ot&iric acid has been favorably received by researchers as &
Only 20% are being used in the productionvafukigitoducts, leaching agent for metal recovery from copper slag. However, thi
including cement additives, fillers, road surface slag, abrasivesnetittdgstill presents certain unresolved challenges. If some stabl
tools, inert aggregates, roofing granules, glass, and tiles [5]. Thiznsfioands or soluble phases within the slag are encapsulated with
tion not only leads to the wastage -whhighresources such as iroimsoluble minerals, it can reduce the recovery efficiency of metals suc
cobalt, copper, lead, and silicon but also poses a serious tlaseabriocobalt, copper, and zinc [12,15]. The process can be optimize
ecological safety, human health, and sustainable developmdnyt.afifesting various parameters, such as the leaching system, aci
heavy metal elements in copper slag can disperse into the surcomedimmation, temperature, and time. However, the selective leachir
soil, groundwater, and open water bodies, causing significantproeesa-using sulfuric acid becomes more prone to silica gel formatic
mental hazards [6]. Currently, there are three main methods forhercalve F8O1concentration, leaching temperature, and duration are
ering valuable metals from copper slag: froth flotation, pyrométaiieeged [13,16]. To address the aforementioned issues, this stud
and hydrometallurgy. In the flotation process, the surface propedgs a combined method of "sulfuric acid pretreatment + drying
differences between valuable and gangue minerals are explodést teaching” for recovering valuable components from copper sla
recover copper and cobalt. This process utilizes various reagettsirgu@inglactor experiments, the effects of pretreatment condi-
as frothers, modifiers, and depressants. However, the efficiéoe® tefnperature, acid concentrationi sigjiddratio, and tidnes
flotation and the grade of the copper concentrate depend on thelltherdrying temperature and duration on the selective leaching ef
mal history (cooling rate) of the slag, which can lead to significaiehios®f nefierrous metals from the slag were investigated in detail.
es of residual copper and cobalt during the process [7,14]. Hydtomgtalisons were made with the conventional sulfuric acid selectiv
lurgy primarily involves transferring valuable metallic elemem¢gadhimg process, and the filtration characteristics of the leaching sol
copper slag into a liquid phase. This process is carried out ustiupalkare analyzed. As a result, the proposed combined proces:
line (strong base) or acidic solutions. Subsequently, the separatemarstrated the potential for efficient, safe, arshengrgyo-
enrichment of various valuable metals present in the liquid pltassiageof copper slag, offering a novel and promising method for i
performed, ultimately leading to their recovery in the form of metalseoy.
other compounds [8]. The selective leaching method using inorddaterials and methods
acids has attracted significant attention from researchers due to itsMggrialsin this study, copper slag obtained from the copper
separation efficiency. Although some researchers have comdlused was used as the sample material. The samples designated f
systematic studies on the selective leaching of copper slag usiegeskeh were first crushed, ground, and prepared for chemical anal
line or organic acids, the separation efficiency has not reackisd Tthedetermine the chemical composition of the samples, a Shima
desired level. For example, Sari et al. [9] investigated the |lzadbig 000 energlispersive-day fluorescence spectrometer was
behavior of metals from copper slag using hydrogen peroxideutilimb@nThe obtained data are presented in Table 1.
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T 4 = Otz B BRNSSIA) 'Was used to reduce the size of the Ragsia) was employed.
Subsequently, to further grind the material and reduce the patrticle size

Table 1
Chemical composition of the copper slag
Elements Fe Zn Cu Si Al K Mg Ni Mn
% 37,9 0,74 0,86 16,4 5,31 0,43 0,25 0,07 0,5

Highpurity chemical reagents were used to conduct the expenmenitalvere conducted under laboratory conditions.

work. A 96% sulfuric aci®@) solution was employed to transfer A simplified process flow diagram illustrating the overall sequence
the metallic components from the slag into the leachate. Sodifimpieyations performed in this study is presented in Figure 1. This
droxide (NaOH) was used to regulate the solution's pH, while tdidgygen provides a clear and comprehensive visual representation of
peroxide @) was utilized to enhance the oxidation processheréixperimental procedure.
solutions used in the experiments were prepared using distilled walResults and discussion

Methods. Selective Leaching (sulfirid ediéYermine the influ-

riy

Determining optimal parameters for selective dissolution in sulfuric

ence of key process parameters on the leaching of metals fewid.Treebegin the experimental work, six samples of 100 g each were
slag, selective leaching experiments were conducted. During theedgped using a balance. Each sample was processed in sulfuric acid
iments, sulfuric acid concentration (1.4i 2.4 M), leaching time (90i 140

minutes), temperaturei {72 0

AC) ,

and

rpm) were sequentially varied and studied. All experiments wewenpaunds contained in the sample into sulfate form.

ried out in a 1000 ml beaker using a laboratory magnetic stirrer.Iilkis case, initially, experiments were carried out to determine the
temperature was continuously monitored throughout the poptiessl value of the solution concentration. The sulfuric acid concentra-
An MSH556S model stirrer (DLAB, Beijing, China) was used foothe&as varied in the range ii.4.4, while the other process pa-

experiments.

solutions with different concentrations: 1.4, 1.6, 1.8, 2.0, 2.2, and 2.4 M.
E390i tlratheifistrstags, pesearch was todducted in order to convert the metal

rameters were kept constant: leaching time of 100 minutes, tempera-

Selective Leaching (wakdtyr the selective leaching processtiir e of 80 AC, stirr-oliqgd phgsee e d o f
sulfuric acid, the resulting suspension was dried by heatingratitho@itl:5. Through this sequence of experiments, the effect of sulfuric
prior filtration. This yielded solid metal sulfates. In the subs@igieohcentration on the degree of m tal transfer into the solution was
stage, this solid product was leached in plain water to study thsysletatically evaluated. The obtained results served as a basis for
tive leaching process in an agueous environment. During thenedgieng the process efficiency and determining the optimal operating
leaching experiments, the focus was on key process paraceefeittons. In particular, at a sulfuric acid concentration of 1.4 M, the
leaching duration i@0 minutes), temperaturég3@ AC) ,
solidtoliquid ratio (S/L), which were sequentially varied. All éapeic, and 52% for iron. When the acid concentration was increased

Fig. 1. The flow chart of the recovery process

to 2 M, the metal transfer efficiencies increased to 82.5% for
Cu, 84.2% for Zn, and 56.3% for Fe, respectively. However,
further increases in sulfuric acid concentration did not have a
significant effect on the degree of metal transfer into the solu-
tion. The experimental results are presented graphically in Fig-
ure 2a.

After determining the optimal concentration of sulfuric acid, a
series of experiments was conducted to study the time parame-
ter, which is one of the important factors affecting the process.
In each experiment, the solution concentration was maintained
at 2 M, the selective leaching time was varied in the range of 90
i140 minutes, the temperature
speed was 300 rpm, and thetstiidid phase ratio was
maintained at 1:5. Through these studies, the effect of selective
leaching duration on the degree of metal transfer into the solu-
tion was systematically analyzed. The obtained results served
as an important basis for evaluating the process efficiency and
determining the optimal time parameter. In particular, when the
selective leaching duration was 90 minutes, the degrees of
metal transfer into the solution were 82% for Cu, 80.3% for Zn,
and 55% for Fe. When the leaching time was extended to 120
minutes, these values increased to 85.9% for Cu, 86% for Zn,
and 57% for Fe, respectively. The experimental results obtained
are presented graphically in Figure 2b.

After determining the optimal duration for the selective leaching
process, in the next stage the effect of temperature, which is
one of the important factors significantly influencing the process,
was studied. For this purpose, a series of experiments was
conducted in which the temperature was varied in the range of

degmneds oft nietal transfer into the solution were 75% for copper, 79.1%
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