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ɻʠʜʨʦʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ ˉ5 ɸʆ çʅɻʄʂè  

ɸʥʥʦʪʘʮʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʠʨʦʚʘʷ ʟʦʣʦʪʦʜʦʙʳʚʘʶʱʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʦʙʲʝʢʪʠʚʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʚʳʟʦʚʘʤʠ, 
ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʠʩʪʦʱʝʥʠʝʤ ʟʘʧʘʩʦʚ ʣʝʛʢʦʦʙʦʛʘʪʠʤʳʭ ʦʢʠʩʣʝʥʥʳʭ ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʠʭ ʨʫʜ ʠ ʚʦʟʨʘʩʪʘʶʱʝʡ ʜʦʣʝʡ ʫʧʦʨʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨɹ̫ . 
ʉʫʱʝʩʪʚʝʥʥʫʶ ʩʣʦʞʥʦʩʪʴ ʧʝʨʝʨʘʙʦʪʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʪʨʫʢʪʫʨʥʘʷ ʠ ʚʝʱʝʩʪʚʝʥʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʟʦʣʦʪʘ, ʝʛʦ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʦʡ 
ʠ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʬʦʨʤʝ (1 ʥʤ = 10ϖϔ ʤ), ʘ ʪʘʢʞʝ ʪʝʩʥʘʷ ʘʩʩʦʮʠʘʮʠʷ ʯʘʩʪʠʮ ʟʦʣʦʪʘ ʩ ʩʫʣʴʬʠʜʥʦʡ ʤʘʪʨʠʮʝʡ ʠ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʫʜ. 
ʅʘʣʠʯʠʝ ʧʨʠʨʦʜʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʫʛʣʝʨʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʵʬʬʝʢʪʫ çpreg-robbingè, ʩʥʠʞʘʷ ʠʟʚʣʝʯʝʥʠʝ ʟʦʣʦʪʘ ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʦʤ ʮʠʘʥʠʨʦʚʘʥʠʠ. ʋʢʘʟʘʥʥʳʝ 
ʬʘʢʪʦʨʳ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʦʚʣʝʯʝʥʠʷ ʚ ʧʝʨʝʨʘʙʦʪʢʫ ʨʫʜ ʜʚʦʡʥʦʡ ʠ ʪʨʦʡʥʦʡ ʫʧʦʨʥʦʩʪʠ ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ, ʥʘʫʯʥʦ 
ʦʙʦʩʥʦʚʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ.   
ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʠʟʚʣʝʯʝʥʠʷ ʟʦʣʦʪʘ ʠʟ ʨʫʜ ʜʚʦʡʥʦʡ ʫʧʦʨʥʦʩʪʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ɸʫʤʠʥʟʦ-ɸʤʘʥʪʦʡ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʩʣʦʞʥʳʤ ʤʠʥʝʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ ʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʠʥʢʘʧʩʫʣʷʮʠʠ ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʣʘ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʨʝʟʫʣʴʪʘʪ r
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʦʧʳʪʥʦ-ʧʨʦʤʳʰʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ ʩʪʝʧʝʥʠ ʚʩʢʨʳʪʠʷ ʟʦʣʦʪʘ ʠ ʩʥʠʞʝʥʠʝ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ 
ʫʛʣʝʨʦʜʠʩʪʳʭ ʠ ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʧʨʠʤʝʥʝʥʠʶ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʩʳʨʴʷ, ʚʢʣʶʯʘ̫ ʙʠʦʭʠ-
ʤʠʯʝʩʢʦʝ ʠ ʪʝʨʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ, ʘ ʪʘʢʞʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʩʭʝʤ ʧʝʨʝʨʘʙʦʪʢʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʟʚʦʣʷʝʪ 
ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʠʟʚʣʝʯʝʥʠʝ ʟʦʣʦʪʘ ʠ ʩʦʟʜʘʪʴ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʦʩʚʦʝʥʠʷ ʫʧʦʨʥʳʭ ʨʫʜ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʧʨʠ ʧʨʠʝʤʣʝʤʳʭ ʪʝʭʥʠ-
ʢʦ-ɻ ʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʷʭ.  

 ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʧʦʨʥʦʝ ʟʦʣʦʪʦ, ʫʛʣʝʨʦʜʠʩʪʦʝ ʚʝʱʝʩʪʚʦ, ʧʨʝʛ-ʨʦʙʙʠʥʛ, ʩʦʨʙʮʠʦʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ, ʩʦʨʙʮʠʦʥʥʦʝ ʮʠʘʥʠʨʦʚʘʥʠʝ, ʦʙʞʠʛ, 
ʩʚʦʙʦʜʥʦʝ ʟʦʣʦʪʦ, ʢʘʧʩʫʣʠʨʦʚʘʥʠʝ, ʣʠʛʥʦʩʫʣʴʬʦʥʘʪ ʥʘʪʨʠʷ, ʠʟʚʣʝʯʝʥʠʝ.  



 

Mining bulletin of Uzbekistan ˉ 1(104) 2026 
 
 

MINERAL PROCESSING 

Annotatsiya. Hozirgi vaqtda jahon oltin qazib olish sanoati oson boyitiladigan oksidlangan oltin tarkibli rudalar zaxiralarining kamayib borishi hamda murakkab 
tarkibli (qiyin boyitiladigan) mineral xomashyo ulushining ortishi bilan bogóliq obyektiv texnologik muammolarga duch kelmoqda. Oltinni qayta ishlashda uning 
strukturaviy va moddiy jihatdan notekis taqsimlanganligi, ultradispers va nanooólchamli shaklda (1 nm = 10 -  m) uchrashi, shuningdek, oltin zarralarining sulfidli miner-
al matritsa va uglerodli komponentlar bilan zich bogólanganligi jarayonni murakkablashtiradi. Tabiiy faol uglerodning mavjudligi anôanaviy sianlash jarayonida oltinning 
ajralib chiqishini kamaytiruvchi ñpreg-robbingò effektini yuzaga keltiradi. Mazkur omillar ikki va uch karra murakkab tarkibli rudalarni qayta ishlashga jalb etish hamda 
ularni qayta ishlash uchun maxsus, ilmiy asoslangan samarali texnologiyalarni yaratish zaruratini belgilaydi. 

Ushbu maqolada murakkab mineral tarkibga ega va qimmatbaho metallning yuqori darajada inkapsulyatsiyalanganligi bilan tavsiflanadigan Auminzo-Amantoy 
konining ikki karra murakkab rudalaridan oltin ajratib olishda yuzaga keladigan texnologik muammolar koórib chiqilgan. Oltinni ochilish darajasini oshirish va uglerodli 
hamda sulfidli fazalarning salbiy taôsirini kamaytirishga qaratilgan laboratoriya va tajriba-sanoat tadqiqotlari natijalari tahlil qilingan. Xomashyoni oldindan oksidlovchi 
tayyorlash usullarini, jumladan biokimyoviy va termik ishlov berishni, shuningdek, kombinatsiyalashgan qayta ishlash sxemalarini qoóllashga alohida eôtibor qaratilgan. 
Kompleks texnologiyalarni joriy etish oltin ajralishini sezilarli darajada oshirish hamda konning murakkab tarkibli rudalarini maqbul texnik-iqtisodiy koórsatkichlar aso-
sida sanoat miqyosida oózlashtirish uchun zarur shart-sharoitlarni yaratishi koórsatilgan.  

 Kalit soózlar: qiyin boyitiladigan oltin, uglerodli modda, preg-robbing, sorbsiya faolligi, sorbsion sianlash, kuydirish, erkin oltin, inkapsulyatsiya, natriy lignosul-
fonati, ajratib olish.  

UGLERODLI OLTIN SAQLAGAN KONSENTRATLARNI QAYTA 
ISHLASHDA NATRIY LIGNOSULFONATINING SANOATDA 
QOôLLANILISHI  

K. Sanakulov, U.A. Ergashev, S.S. Karomatov, F.G. Chuliyev, I.E. Farmonov  
 

ñNavoiy kon-metallurgiya kombinatiò AJ, Oózbekiston Respublikasi 

INDUSTRIAL APPLICATION OF SODIUM LIGNOSULFONATE IN THE 
PROCESSING OF CARBONACEOUS GOLD-BEARING 
CONCENTRATES   

K. Sanakulov, U.A. Ergashev, S.S. Karomatov, F.G. Chuliev, I.E. Farmonov  
 

ñNavoiy Mining and Metallurgical Companyò JSC, Republic of Uzbekistan  

Abstract. At present, the global gold mining industry is facing objective technological challenges caused by the depletion of reserves of easily beneficiated 
oxidized gold-bearing ores and the increasing proportion of refractory mineral raw materials. Significant processing difficulties arise from the structural and mineralogi-
cal heterogeneity of gold, its occurrence in ultrafine and nanoscale forms (1 nm = 10ϖϔ m), as well as the close association of gold particles with sulfide mineral matri-
ces and carbonaceous components of ores. The presence of naturally occurring active carbon leads to the so-called ñpreg-robbingò effect, which reduces gold recov-
ery during conventional cyanidation. These factors necessitate the involvement of double- and triple-refractory ores in processing and the development of specialized, 
scientifically grounded technological solutions. 

This paper examines the technological challenges associated with gold extraction from double-refractory ores of the Auminzo-Amantoy deposit, which are char-
acterized by a complex mineral composition and a high degree of noble metal encapsulation. The results of experimental and pilot-scale studies aimed at increasing 
the degree of gold liberation and reducing the adverse effects of carbonaceous and sulfide phases are analyzed. Particular attention is paid to the application of 
preliminary oxidative pretreatment methods, including biochemical and thermal treatments, as well as combined processing flowsheets. It is shown that the implemen-
tation of integrated technologies can significantly enhance gold recovery and create favorable conditions for the industrial development of refractory ores of the depos-
it with acceptable techno-economic performance.  

Keywords: refractory gold, carbonaceous matter, preg-robbing, sorption activity, carbon-in-leach (sorption cyanidation), roasting, free gold, encapsulation, 
sodium lignosulfonate, recovery.  

ɻʛʞʝʞʦʡʞ 
ʇʨʦʙʣʝʤʘ ʧʝʨʝʨʘʙʦʪʢʠ ʫʛʣʝʨʦʜʠʩʪʳʭ ʩʫʣʴʬʠʜʥʳʭ ʫʧʦʨʥʳʭ 

ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʠʭ ʨʫʜ ʦʩʪʘʸʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʭ ʟʘ-
ʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʛʠʜʨʦʤʝʪʘʣʣʫʨʛʠʠ [1,2]. 
ɺ ʨʫʜʘʭ ʜʘʥʥʦʛʦ ʪʠʧʘ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʟʦʣʦʪʘ ʥʘʭʦʜʠʪʩʷ ʚ 

ʪʦʥʢʦʜʠʩʧʝʨʩʥʦʡ ʬʦʨʤʝ, ʙʫʜʫʯʠ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʘ ʚ ʩʫʣʴʬʠʜʥʳʭ 
ʤʠʥʝʨʘʣʘʭ ʣʠʙʦ ʘʩʩʦʮʠʠʨʦʚʘʥʘ ʩ ʫʛʣʝʨʦʜʠʩʪʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. 
ʂʣʶʯʝʚʦʡ ʪʨʫʜʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʚ ʵʪʠʭ ʨʫʜʘʭ ʫʛʣʝʨʦ-

ʜʠʩʪʳʭ ʚʝʱʝʩʪʚ (ʋɺ), ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʩʦʨʙʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦ-

ʩʪʴʶ. ɼʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʷʚʣʝʥʠʝ ʧʨʝʛ-
ʨʦʙʙʠʥʛʘ (preg-robbing): ʟʦʣʦʪʦ, ʧʝʨʝʰʝʜʰʝʝ ʚ ʨʘʩʪʚʦʨ ʚ ʧʨʦʮʝʩʩʝ 
ʮʠʘʥʠʨʦʚʘʥʠʷ, ʧʦʚʪʦʨʥʦ ʩʦʨʙʠʨʫʝʪʩʷ ʫʛʣʠʩʪʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʯʪʦ ʚ 
ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʨʝʟʢʦ ʩʥʠʞʘʝʪ ʩʪʝʧʝʥʴ ʝʛʦ ʠʟʚʣʝʯʝʥʠʷ ʠʟ ʨʫʜʳ. 
ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʚʣʠʷʥʠʷ ʧʨʝʛ-ʨʦʙʙʠʥʛʘ ʚ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ 

ʙʳʣʠ ʠʩʧʳʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ: ʠʥʪʝʥʩʠʚʥʦʝ ʮʠʘʥʠʨʦʚʘʥʠʝ ʩ 
ʙʳʩʪʨʳʤ ʦʪʜʝʣʝʥʠʝʤ ʨʘʩʪʚʦʨʘ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 
ʩʦʨʙʝʥʪʦʚ, ʧʨʠʤʝʥʝʥʠʝ ʬʣʦʪʘʮʠʦʥʥʳʭ ʤʘʩʝʣ, ʢʝʨʦʩʠʥʘ ʠ ʜʨʫʛʠʭ 
ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ ʜʣʷ ʧʘʩʩʠʚʘʮʠʠ ʫʛʣʝʨʦʜʘ, ʚʳʩʦ-
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ʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʮʠʘʥʠʨʦʚʘʥʠʝ, ʦʙʨʘʙʦʪʢʘ ʩʝʨʥʠʩʪʳʤʠ ʱʝʣʦʯʘ-
ʤʠ ʠ ʜʨʫʛʠʝ. ʅʘ ʨʷʜʝ ʧʨʝʜʧʨʠʷʪʠʡ ʦʪʤʝʯʝʥʳ ʧʦʣʦʞʠʪʝʣʴʥʳʝ 
ʨʝʟʫʣʴʪʘʪʳ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʤʝʪʦʜʦʚ, ʦʜʥʘʢʦ ʤʥʦʛʠʝ ʠʟ ʥʠʭ 
ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ: ʧʦʚʳʰʝʥʠʝ 
ʨʘʩʭʦʜʘ ʨʝʘʛʝʥʪʦʚ, ʩʣʦʞʥʦʩʪʠ ʩʘʥʠʪʘʨʥʦʡ ʦʯʠʩʪʢʠ, ʨʠʩʢ ʛʠʜʨʦʬʦ-
ʙʠʟʘʮʠʠ ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʠʭ ʯʘʩʪʠʮ ʠ ʥʝʙʣʘʛʦʧʨʠʷʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 
ʦʙʦʨʫʜʦʚʘʥʠʝ.  

ʅʙʫʞʩʡʙʤʴ ʡ ʥʞʫʧʝʡʣʡ ʡʪʪʤʞʝʧʛʙʦʡʸ 
ʈʫʜʘ ʤʝʩʪʦʨʦʞʜʝʥʠʷ çɸʫʤʠʥʟʦ-ɸʤʘʥʪʘʡè, ʚʳʙʨʘʥʥʘʷ ʜʣʷ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʪʘʢʞʝ ʦʪʥʦʩʠʪʩʷ ʢ ʫʛʣʝʨʦʜʠʩʪʳʤ ʩʫʣʴʬʠʜʥʳʤ 
ʫʧʦʨʥʳʤ ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʠʤ ʨʫʜʘʤ. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʮʠʦ-
ʥʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ, ʚ ʢʦʥʮʝʥʪʨʘʪʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʦʙʦʛʘʱʝʥʠʠ 
ʵʪʠʭ ʨʫʜ, ʩʦʜʝʨʞʘʥʠʝ ʩʚʦʙʦʜʥʦ ʮʠʘʥʠʨʫʝʤʦʛʦ ʟʦʣʦʪʘ ʩʦʩʪʘʚʣʷʝʪ 
50ï52 % (ʪʘʙʣʠʮʘ 1).  

ʊʘʙʣʠʮʘ 1 
ʈʝʟʫʣʴʪʘʪʳ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʟʦʣʦʪʦ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʘ ʨʫʜʳ ɸʫʤʠʥʟʦ-ɸʤʘʥʪʘʡʩʢʦʛʦ ʨʫʜʥʦʛʦ 

ʧʦʣʷ (ʢʨʫʧʥʦʩʪʴ 94 % ʢʣʘʩʩʘ - 0,071ʤʤ) 

ʍʧʩʥʴ ʦʙʮʧʟʝʞʦʡʸ ʠʧʤʧʫʙ ʡ ʮʙʩʙʣʫʞʩ ʞʜʧ ʙʪʪʧʯʡʙʯʡʡ ʪ ʩʬʝʦʴʥʡ ʡ 
ʨʧʩʧʝʧʧʚʩʙʠʬʷʲʡʥʡ ʣʧʥʨʧʦʞʦʫʙʥʡ 

ʜ/ʫ % 

ʉʚʦʙʦʜʥʦʝ ʠ ʚ ʚʠʜʝ ʩʨʦʩʪʢʦʚ ʩ ʨʫʜʥʳʤʠ ʠ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʤʠ 
ʢʦʤʧʦʥʝʥʪʘʤʠ (ʠʟʚʣʝʢʘʝʤʦʝ ʮʠʘʥʠʨʦʚʘʥʠʝʤ) 

11,9 52,0 

ʀʟʚʣʝʢʘʝʤʦʝ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ NaOH (ʧʦʢʨʳʪʦʝ ʧʣʸʥʢʘʤʠ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʝ ʩ ʘʥʪʠʤʦʥʠʪʦʤ ʠ ʘʤʦʨʬʥʳʤ 
ʢʨʝʤʥʝʟʸʤʦʤ) 

0,36 1,6 

ʀʟʚʣʝʢʘʝʤʦʝ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʦʡ (ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʝ ʩ 
ʦʢʩʠʜʘʤʠ, ʛʠʜʨʦʢʩʠʜʘʤʠ ʞʝʣʝʟʘ, ʭʣʦʨʠʪʘʤʠ, ʢʘʨʙʦʥʘʪʘʤʠ ʠ ʧʨ.) 

1,14 5,0 

ʀʟʚʣʝʢʘʝʤʦʝ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ (ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʝ ʩ 
ʩʫʣʴʬʠʜʘʤʠ) 

3,33 14,7 

ʀʟʚʣʝʢʘʝʤʦʝ ʧʦʩʣʝ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʦʙʞʠʛʘ ʧʨʠ t=650ÁC (ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʝ ʩ ʫʛʣʝʨʦʜʠʩʪʳʤ ʚʝʱʝʩʪʚʦʤ) 2,37 10,1 

ʊʦʥʢʦʚʢʨʘʧʣʝʥʥʦʝ ʚ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʝ ʤʠʥʝʨʘʣʳ 3,81 16,6 

ʁʫʧʜʧ ʛ ʡʪʮʧʝʦʧʢ ʨʩʧʚʞ ʨʧ ʚʙʤʙʦʪʬ: 22,9 100,0 

ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʠʟʚʣʝʯʝʥʠʝ ʟʦʣʦʪʘ ʧʨʠ ʧʨʷʤʦʤ ʩʦʨʙʮʠʦʥʥʦʤ 
ʮʠʘʥʠʨʦʚʘʥʠʠ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 25ï30 %. ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ 
ʥʠʟʢʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 
ʫʛʣʝʨʦʜʘ (Cʦʨʛ) ʚʦ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʝ ð 3,0ï5,0 %.  

ʉʞʠʬʤʵʫʙʫʴ ʡʪʪʤʞʝʧʛʙʦʡʢ ʡ ʡʮ ʧʚʪʬʟʝʞʦʡʞ 
ʉʦʨʙʮʠʦʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʢʦʥʮʝʥʪʨʘʪʦʚ ɸʫʤʠʥʟʦ-ɸʤʘʥʪʘʡ, 

ʦʧʨʝʜʝʣʸʥʥʘʷ ʧʦ ʤʝʪʦʜʠʢʝ ʀʈɻʀʈɽɼʄɽʊ, ʩʦʩʪʘʚʣʷʝʪ 90ï95 % 
(ʪʘʙʣʠʮʘ 2).  

ʊʘʙʣʠʮʘ 2 
ʈʝʟʫʣʴʪʘʪʳ ʩʦʨʙʮʠʦʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʘ  

ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʨʦʙʳ R C n m 
Cʦʨʙʮʠʦʥʥʘʷ                
ʘʢʪʠʚʥʦʩʪʴ, % 

ʌʣʦʪʦʢʦʥʮʝʥʪʨʘʪ (ʙʝʟ ʩʦʨʙʝʥʪʘ) 

3,1 

0,23 

26,0 

22,30 

91,6 ʌʣʦʪʦʢʦʥʮʝʥʪʨʘʪ (ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʩʦʨ-
ʙʝʥʪʘ) 

- 17,50 

 
(1) 

 
 

R ï ʦʪʥʦʰʝʥʠʝ ɾ:ʊ ʚ ʧʫʣʴʧʝ 

ʉ - ʢʦʥʮʝʥʪʨʘʮʠʷ ʟʦʣʦʪʘ ʚ ʨʘʩʪʚʦʨʝ ʧʨʷʤʦʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ, 

ʤʛ/ʣ 

n ï ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚ ʠʩʭʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʛ/ʪ 

m ï ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚ ʢʝʢʘʭ ʩʦʨʙʮʠʦʥʥʦʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ ʛ/
ʪ.  
ʋʩʣʦʚʠʷ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʨʙʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʣʦʪʦʢʦʥʮʝʥ-

ʪʨʘʪʘ: ʢʦʥʮʝʥʪʨʘʮʠʷ NaCN ï 2000 ʤʛ/ʣ; ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ï 24 ʯ; 
ʨʅï10,5-11,0; ʊ:ɾ=1:3,1; ʟʘʛʨʫʟʢʘ ʩʤʦʣʳ ï 10,0%;  
ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʩʦʨʙʮʠʦʥʥʦʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ ʦʛʘʨʢʦʚ, ʧʦʣʫ-

ʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʞʠʛʘ ʬʣʦʪʦ-ʢʦʥʮʝʥʪʨʘʪʦʚ ʜʘʥʥʳʭ ʨʫʜ, 
ʩʪʝʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʟʦʣʦʪʘ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 70ï75 %. ɼʣʷ 
ʚʳʷʩʥʝʥʠʷ ʧʨʠʯʠʥ ʩʪʦʣʴ ʥʠʟʢʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʟʦʣʦʪʘ ʠʟ ʦʛʘʨʢʦʚ 
ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘ-
ʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Apreo 2 SEM 

(ʨʠʩʫʥʦʢ 1).  
ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ 

ʦʩʥʦʚʥʘʷ ʤʘʩʩʘ ʩʚʦʙʦʜʥʦʛʦ ʟʦʣʦʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʘʩʪʠʮʘʤʠ ʥʘʥʦ 
ʨʘʟʤʝʨʦʚ, ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʧʦʜʚʝʨʛʘʶʪʩʷ ʢʘʧʩʫʣʠʨʦʚʘʥʠʶ ʧʨʠ ʦʙʞʠ-
ʛʝ.  
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʦʙʞʠʛʝ ʥʘʨʷʜʫ ʩ ʚʩʢʨʳʪʠʝʤ ʫʧʦʨʥʦʛʦ 

ʟʦʣʦʪʘ ʯʘʩʪʴ ʩʚʦʙʦʜʥʦʛʦ ʟʦʣʦʪʘ ʥʘʥʦ ʨʘʟʤʝʨʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ 
ʣʝʛʢʦ ʧʦʜʚʝʨʛʘʝʪʩʷ ʢʘʧʩʫʣʠʨʦʚʘʥʠʶ. 
ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʠʟʚʣʝʯʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ 

ʟʦʣʦʪʘ ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʠʟʚʣʝʯʴ ʜʦ ʦʙʞʠʛʘ, ʦʩʪʘʚʣʷʷ ʦʙʞʠʛ ʪʦʣʴʢʦ 
ʜʣʷ ʚʩʢʨʳʪʠʷ ʫʧʦʨʥʦʛʦ ʟʦʣʦʪʘ. 
ʆʜʥʘʢʦ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʟʦʣʦʪʘ ʤʝʪʦʜʦʤ ʩʦʨʙʮʠ-

ʦʥʥʦʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʠʩʢʣʶʯʠʪʴ ʵʬʬʝʢʪ ʧʨʝʛ-
ʨʦʙʙʠʥʛʘ. ʊʝʭʥʦʣʦʛʠʠ ʧʘʩʩʠʚʘʮʠʠ ʫʛʣʝʨʦʜʠʩʪʳʭ ʤʠʥʝʨʘʣʦʚ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʝʘʛʝʥʪʦʚ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ 
ʚʝʱʝʩʪʚ ʧʨʠʚʣʝʢʘʶʪ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ. ʆʧʳʪ ʨʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʭ 
ʨʘʙʦʪ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʨʫʜʳ ʠʣʠ ʢʦʥʮʝʥʪʨʘʪʘ ʪʘʢʠʤʠ 
ʨʝʘʛʝʥʪʘʤʠ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʩʦʨʙʮʠʦʥʥʫʶ ʘʢʪʠʚ-
ʥʦʩʪʴ ʫʛʣʠʩʪʦʛʦ ʚʝʱʝʩʪʚʘ ʠ ʫʤʝʥʴʰʠʪʴ ʧʦʪʝʨʠ ʟʦʣʦʪʘ ʩ ʭʚʦʩʪʘʤʠ  
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ʮʠʘʥʠʨʦʚʘʥʠʷ [3-6]. 
ʅʘ ʥʘʰ ʚʟʛʣʷʜ, ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʵʪʦʡ 

ʦʙʣʘʩʪʠ ʤʦʞʝʪ ʩʪʘʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʫʛʣʝʨʦʜʠʩʪʳʭ 
ʢʦʥʮʝʥʪʨʘʪʦʚ ʜʣʷ ʧʘʩʩʠʚʘʮʠʠ ʋɺ ʧʝʨʝʜ ʩʦʨʙʮʠʦʥʥʳʤ ʮʠʘʥʠʨʦʚʘ-
ʥʠʝʤ. ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʪʠʭ ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʥʘʤʠ ʙʳʣ ʧʨʦʚʝ-
ʜʝʥ ʢʦʤʧʣʝʢʩ ʮʝʣʝʚʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʦʣʫʧʨʦ-
ʤʳʰʣʝʥʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʚʢʣʶʯʘʶʱʠʡ ʧʦʜʙʦʨ ʨʝʘʛʝʥʪʦʚ ʠ ʠʟʫʯʝ-
ʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʨʘʙʦʪʢʠ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʝʛʦ ʢʦʥ-

ʮʝʥʪʨʘʪʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʟʚʣʝʯʝʥʠʝʤ ʟʦʣʦʪʘ ʤʝʪʦʜʦʤ ʮʠʘʥʠʨʦ-
ʚʘʥʠʷ.  

 ʈʝʟʫʣʴʪʘʪʳ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠ ʧʦʣʫʧʨʦʤʳʰʣʝʥʥʳʭ ʠʩʧʳʪʘʥʠʡ 
ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʫʛʣʝʨʦʜʠʩʪʳʭ ʫʧʦʨ-
ʥʳʭ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʠʛʥʦʩʫʣʴʬʦʥʘʪʘ 
ʥʘʪʨʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʩʪʝʧʝʥʠ ʠʟʚʣʝʯʝʥʠʷ ʟʦʣʦʪʘ ʥʘ 3
ï10 % (ʪʘʙʣʠʮʘ 3 ʠ 4).  

ʋʙʚʤʡʯʙ 3 
ʉʞʠʬʤʵʫʙʫʴ ʤʙʚʧʩʙʫʧʩʦʴʮ ʡʪʨʴʫʙʦʡʢ ʨʧ ʧʨʩʞʝʞʤʞʦʡʷ ʛʤʡʸʦʡʸ ʦʙʫʩʡʸ ʤʡʦʜʧʪʬʤʵʭʧʦʙʫʙ ʦʙ  ʪʧʩʚʯʡʧʦʦʧʞ ʯʡʙʦʡʩʧʛʙʦʡʞ              

ʭʤʧʫʧʣʧʦʯʞʦʫʩʙʫʙ  

 

ʍʤʧʫʧʣʧʦʯʞʦʫʩʙʫ   ʍʤʧʫʧʣʧʦʯʞʦʫʩʙʫ + 10 ʣʜ/ʫ  ʤʡʜʦʧʪʬʤʵʭʧʦʙʫ ʦʙʫʩʡʸ  

ʊʧʝʞʩʟʙʦʡʞ Au, ʜ/ʫ 

ʁʠʛ-ʞ 
Au, %  

ʊʧʝʞʩʟʙʦʡʞ Au  ʊʧʝʞʩʟʙʦʡʞ Au, ʜ/ʫ  ʊʧʝʞʩʟʙʦʡʞ Au   

ʁʠʛ-ʞ 
Au, %   

ʁʪʮ ʎʛʧʪʫ 
ʛ  

ʟ. ʭ. ʥʜ/ʤ 
ʛ ʪʥʧʤʞ ʥʜ/

ʜ 
ʁʪʮ ʎʛʧʪʫ 

ʛ  
ʟ. ʭ. ʥʜ/
ʤ 

ʛ ʪʥʧʤʞ  
ʥʜ/ʜ 

3 21,0 15,1 28,1 0,02 0,11 21,0 13,1 37,6 0,02 0,11 

6 21,0 13,8 34,3 0,01 0,12 21,0 12,7 39,5 0,01 0,11 

12 21,0 13,2 37,1 0,01 0,10 21,0 12,5 40,5 0,01 0,10 

18 21,0 13,5 35,7 0,01 0,10 21,0 12,7 39,5 0,01 0,10 
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ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʥʝʦʙʭʦʜʠʤʦʝ ʚʨʝʤʷ ʩʦʨʙʮʠʦʥ-
ʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʠʩʭʦʜʥʦʛʦ ʧʨʦʜʫʢʪʘ ʩʦʩʪʘʚʣʷʝʪ 12 ʯʘʩʦʚ. 
ɼʦʙʘʚʣʝʥʠʝ ʣʠʛʥʦʩʫʣʴʬʦʥʘʪʘ ʥʘʪʨʠʷ ʠʟ ʨʘʩʯʝʪʘ 10 ʢʛ/ʪ, ʧʦʚʳʰʘ-
ʝʪ ʠʟʚʣʝʯʝʥʠʝ ʟʦʣʦʪʘ ʠ ʩʥʠʞʘʝʪ ʥʝʦʙʭʦʜʠʤʦʝ ʚʨʝʤʷ ʩʦʨʙʮʠʦʥʥʦ-
ʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ.       
ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʠ ʧʨʦʚʝ-

ʜʝʥʳ ʧʦʣʫʧʨʦʤʳʰʣʝʥʥʳʝ ʠʩʧʳʪʘʥʠʷ, ʚʢʣʶʯʘʶʱʠʝ ʦʙʨʘʙʦʪʢʫ 
ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʘ ʣʠʛʥʦʩʫʣʴʬʦʥʘʪʦʤ ʥʘʪʨʠʷ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ 

ʩʦʨʙʮʠʦʥʥʦʝ ʮʠʘʥʠʨʦʚʘʥʠʝ, ʘ ʪʘʢʞʝ ʦʢʠʩʣʠʪʝʣʴʥʳʡ ʦʙʞʠʛ ʭʚʦ-
ʩʪʦʚ ʩʦʨʙʮʠʦʥʥʦʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ.  
ʇʦʣʫʯʝʥʥʳʡ ʦʛʘʨʦʢ ʠʟ ʚʨʘʱʘʶʱʝʡʩʷ ʪʨʫʙʯʘʪʦʡ ʧʝʯʠ ɺɻʊʇ-8,5 

ʧʦʜʚʝʨʛʘʣʠ ʩʦʨʙʮʠʦʥʥʦʤʫ ʮʠʘʥʠʨʦʚʘʥʠʶ ʚ ʸʤʢʦʩʪʠ ʦʙʲʸʤʦʤ 1 
ʤ3, ʟʘʪʝʤ ʧʨʦʚʦʜʠʣʠ ʛʦʨʷʯʫʶ ʱʝʣʦʯʥʫʶ ʦʙʨʘʙʦʪʢʫ ʭʚʦʩʪʦʚ ʩʦʨʙ-
ʮʠʦʥʥʦʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ ʦʛʘʨʢʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʧʨʦʤʳʰʣʝʥʥʳʭ 
ʠʩʧʳʪʘʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.  

 

ʉʡʪ. 1. ʅʡʣʩʧʪʣʧʨʡʰʞʪʣʡʢ ʙʦʙʤʡʠ ʧʜʙʩʣʙ  
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ʋʙʚʤʡʯʙ 4 
ʉʞʠʬʤʵʫʙʫʴ ʨʧʤʬʨʩʧʥʴʱʤʞʦʦʴʮ ʡʪʨʴʫʙʦʡʢ ʨʧ ʧʨʩʞʝʞʤʞʦʡʷ ʛʤʡʸʦʡʸ ʦʙʫʩʡʸ ʤʡʦʜʧʪʬʤʵʭʧʦʙʫʙ ʦʙ                                                        

ʪʧʩʚʯʡʧʦʦʧʞ ʯʡʙʦʡʩʧʛʙʦʡʞ ʭʤʧʫʧʣʧʦʯʞʦʫʩʙʫʙ  

 ̄ ʆʙʡʥʞʦʧʛʙʦʡʞ 

ʁʪʮʧʝʦʴʞ ʝʙʦʦʴʞ  
ʉʞʠʬʤʵʫʙʫʴ ʨʩʞʝʛʙʩʡʫʞʤʵʦʧʜʧ 
ʪʧʩʚʯʡʧʦʦʧʜʧ ʯʡʙʦʡʩʧʛʙʦʡʸ  

ʉʞʠʬʤʵʫʙʫʴ ʨʩʞʝʛʙʩʡʫʞʤʵʦʧʜʧ 
ʪʧʩʚʯʡʧʦʦʧʜʧ ʯʡʙʦʡʩʧʛʙʦʡʸ  

Au, ʛ/ʪ Ss, % Corg, % 
ɼʦ  

Au, ʛ/ʪ 
ʇʦʩʣʝ  
Au, ʛ/ʪ 

ʀʟʚ-ʝ, % Au, ʛ/ʪ Ss, % Corg, % 

1 
ʌʣʦʪʦʢʦʥʮʝʥʪʨʘʪ ʙʝʟ 

ʦʙʨʘʙʦʪʢʠ 

21,3 22,15 3,65 21,30 

14,25 33,10 17,10 0,10 0,16 

2 

ʌʣʦʪʦʢʦʥʮʝʥʪʨʘʪ, 
ʦʙʨʘʙʦʪʘʥʥʳʡ ʣʠʛʥʦ-
ʩʫʣʴʬʦʥʘʪʦʤ ʥʘʪʨʠʷ 
(ʨʘʩʭʦʜ ð 10 ʢʛ/ʪ) 

12,60 40,85 15,50 0,08 0,12 

 ̄ ʆʙʡʥʞʦʧʛʙʦʡʞ 

ʉʞʠʬʤʵʫʙʫʴ ʪʧʩʚʯʡʧʦʦʧʜʧ 
ʯʡʙʦʡʩʧʛʙʦʡʞ ʧʜʙʩʣʙ  

ʉʞʠʬʤʵʫʙʫʴ ʜʧʩʸʰʞʢ ʲʞʤʧʰʦʧʢ 
ʧʚʩʙʚʧʫʣʡ ʮʛʧʪʫʧʛ ʪʧʩʚʯʡʧʦ-
ʦʧʜʧ ʯʡʙʦʡʩʧʛʙʦʡʸ ʧʜʙʩʣʙ  ʊʬʥʥʙʩʦʧʞ ʡʠʛʤʞʰʞʦʡʞ ʡʠ             

ʭʤʧʫʧʣʧʦʯʞʦʫʩʙʫʙ, %  
ɼʦ 

Au, ʛ/ʪ 
ʇʦʩʣʝ 
Au, ʛ/ʪ 

ʀʟʚ-ʝ, 
% 

ɼʦ 
Au, ʛ/ʪ 

ʇʦʩʣʝ 
Au, ʛ/ʪ 

ʀʟʚ-ʝ 
% 

3 
ʍʚʦʩʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴ-
ʥʦʡ ʩʦʨʙʮʠʠ ʙʝʟ 
ʦʙʨʘʙʦʪʢʠ 

17,10 7,15 58,19 7,15 5,40 24,48 78,87  

4 

ʍʚʦʩʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴ-
ʥʦʡ ʩʦʨʙʮʠʠ, ʦʙʨʘʙʦ-
ʪʘʥʥʳʝ ʣʠʛʥʦʩʫʣʴʬʦ-
ʥʘʪʦʤ ʥʘʪʨʠʷ 

15,50 5,20 66,45 5,20 3,25 37,50 87,60  

ʉʡʪ. 2.  ʈʩʧʥʴʱʤʞʦʦʙʸ ʬʪʫʙʦʧʛʣʙ ʨʩʞʝʛʙʩʡʫʞʤʵʦʧʜʧ ʪʧʩʚʯʡʧʦʦʧʜʧ ʯʡʙʦʡʩʧʛʙʦʡʸ ʪ ʨʩʡʥʞʦʞʦʡʞʥ  ʤʡʜʦʧʪʬʤʵʭʧʦʙʫʙ ʦʙʫʩʡʸ  
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ʅʘ ʦʩʥʦʚʝ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʠ ʧʝʨʝʨʘʙʦʪʢʠ ʫʛʣʝʨʦʜʠʩʪʳʭ 
ʫʧʦʨʥʳʭ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ çɸʫʤʠʥʟʦ-ɸʤʘʥʪʘʡè 
ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʟʦʣʦʪʘ ʜʦ ʧʨʦʮʝʩʩʘ ʦʙʞʠʛʘ ʚ ʅɻʄʂ 
ʩʦʟʜʘʥʘ ʧʨʦʤʳʰʣʝʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʩʦʨʙʮʠʦʥʥʦ-
ʛʦ ʮʠʘʥʠʨʦʚʘʥʠʷ (ʨʠʩʫʥʦʢ 2).  
ʆʧʠʩʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʩʦʨʙʮʠʠ: 

ʉʦ ʩʛʫʩʪʠʪʝʣʷ ʩʛʫʱʸʥʥʳʡ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪ ʦʪʢʘʯʠʚʘʝʪʩʷ ʮʝʥʪʨʦ-
ʙʝʞʥʳʤʠ ʥʘʩʦʩʘʤʠ ʚ ʢʦʥʪʘʢʪʥʳʡ ʯʘʥ  (V-20ʤ3). ɼʣʷ ʧʘʩʩʠʚʘʮʠʠ 
ʩʦʨʙʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʢʦʥʪʘʢʪʥʳʡ ʯʘʥ 
ʧʦʜʘʸʪʩʷ ʨʘʩʪʚʦʨ ð ʣʠʛʥʦʩʫʣʴʬʦʥʘʪ ʥʘʪʨʠʷ (LS) ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 
10 %. 
ɼʣʷ ʧʝʨʝʚʦʜʘ ʜʨʘʛʦʮʝʥʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʪʚʸʨʜʦʡ ʬʘʟʳ ʚ ʞʠʜ-

ʢʫʶ ʬʘʟʫ ʚ ʱʝʣʝʚʠʢ-ʧʫʣʴʧʘʜʝʣʠʪʝʣʴ ʧʦʜʘʸʪʩʷ ʮʠʘʥʠʩʪʳʡ ʥʘʪʨʠʡ 
ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 1500ï2000 ʤʛ/ʣ. ɺ ʢʘʯʝʩʪʚʝ ʩʦʨʙʝʥʪʘ ʧʨʠʤʝʥʷʝʪ-
ʩʷ ʠʦʥʦʦʙʤʝʥʥʘʷ ʩʤʦʣʘ ʤʘʨʢʠ D-301G. ɼʚʠʞʝʥʠʝ ʩʤʦʣʳ ʠ ʧʫʣʴʧʳ 
ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʘʵʨʦʣʠʬʪʦʚ. 
ʉʚʝʞʠʡ ʠʣʠ ʦʪʨʝʛʝʥʝʨʠʨʦʚʘʥʥʳʡ (ʦʙʝʟʟʦʣʦʯʝʥʥʳʡ) ʩʦʨʙʝʥʪ 

ʟʘʛʨʫʞʘʝʪʩʷ ʚ ʧʨʠʝʤʥʫʶ ʝʤʢʦʩʪʴ (V = 12 ʤį), ʦʪʢʫʜʘ ʘʵʨʦʣʠʬʪʦʤ 
ʧʦʜʘʝʪʩʷ ʚ ʨʘʩʭʦʜʥʳʡ ʙʫʥʢʝʨ (V = 1,5 ʤį). ʀʟ ʨʘʩʭʦʜʥʦʛʦ ʙʫʥʢʝʨʘ 
ʩʤʦʣʘ ʯʝʨʝʟ ʜʦʟʠʨʫʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ ʧʦʩʪʫʧʘʝʪ ʚ ʩʦʨʙʮʠʦʥʥʳʝ 

ʧʘʯʫʢʠ ˉ4 ʠ ˉ5.  
 ɼʘʣʝʝ ʠʦʥʦʦʙʤʝʥʥʘʷ ʩʤʦʣʘ ʜʚʠʞʝʪʩʷ ʧʨʦʪʠʚʦʪʦʢʦʤ ʢ ʜʚʠʞʝ-

ʥʠʶ ʧʫʣʴʧʳ ʚ ʩʪʦʨʦʥʫ ʧʝʨʚʦʛʦ ʩʦʨʙʮʠʦʥʥʦʛʦ ʧʘʯʫʢʘ. ʅʘʩʳʱʝʥʥʘʷ 
ʩʤʦʣʘ ʩʘʤʦʪʝʢʦʤ ʧʦʩʪʫʧʘʝʪ ʥʘ ʙʘʨʘʙʘʥʥʳʡ ʛʨʦʭʦʪ (ɹɻ-900ʭ1600
[1]). ʅʘʩʳʱʝʥʥʳʡ ʩʦʨʙʝʥʪ ʩ ʙʘʨʘʙʘʥʥʦʛʦ ʛʨʦʭʦʪʘ ʥʘʧʨʘʚʣʷʝʪʩʷ ʚ 
ʙʫʥʢʝʨ (V = 9,7 ʤį) ʜʣʷ ʦʪʤʳʚʢʠ ʦʪ ʠʣʦʚ. ʇʦʩʣʝ ʦʪʤʳʚʢʠ ʥʘʩʳʱʝʥ-
ʥʘʷ ʩʤʦʣʘ ʥʘʧʨʘʚʣʷʝʪʩʷ ʥʘ ʨʝʛʝʥʝʨʘʮʠʶ. 
ʀʙʣʤʷʰʞʦʡʞ 
ʇʨʦʚʝʜʸʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ 

ʥʠʟʢʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʟʦʣʦʪʘ ʠʟ ʫʛʣʝʨʦʜʠʩʪʳʭ ʫʧʦʨʥʳʭ ʬʣʦʪʦʢʦʥ-
ʮʝʥʪʨʘʪʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ɸʫʤʠʥʟʦ-ɸʤʘʥʪʘʡ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ 
ʩʦʨʙʮʠʦʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʚʝʱʝʩʪʚʘ, ʚʳʟʳʚʘʶʱʘʷ 
ʵʬʬʝʢʪ ʧʨʝʛ-ʨʦʙʙʠʥʛʘ. 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʢʦʥʮʝʥʪʨʘʪʘ 

ʣʠʛʥʦʩʫʣʴʬʦʥʘʪʦʤ ʥʘʪʨʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʘʩʩʠʚʘʮʠʠ ʫʛʣʝʨʦʜʠʩʪʳʭ 
ʤʠʥʝʨʘʣʦʚ ʠ ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʦʨʙʮʠʦʥʥʦʛʦ ʮʠʘʥʠʨʦʚʘ-
ʥʠʷ. ɿʘʧʫʩʢ ʚ ʨʘʙʦʪʫ ʜʘʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʦʙʨʘʙʦʪ-
ʢʦʡ ʬʣʦʪʦʢʦʥʮʝʥʪʨʘʪʘ ʣʠʛʥʦʩʫʣʴʬʦʥʘʪʦʤ ʥʘʪʨʠʷ ʧʦʟʚʦʣʠʣ ʧʘʩʩʠ-
ʚʠʨʦʚʘʪʴ ʫʛʣʝʨʦʜʥʳʝ ʤʠʥʝʨʘʣʳ ʠ ʧʦʚʳʩʠʪʴ ʩʢʚʦʟʥʦʝ ʠʟʚʣʝʯʝʥʠʝ 
ʟʦʣʦʪʘ ʠʟ ʨʫʜʳ ʩ 71,0-72,0 % ʜʦ 80,0 %  
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KINETICS AND INFLUENCING FACTORS IN THE CARBOTHERMIC 
REDUCTION PROCESS OF STEELMAKING DUST  

UDC 669.332.242  DOI:10.70769/2181-7383.MBU.1(104).2026.2 

Abstract. The present paper sets out the findings of a scientific investigation into the kinetics and key influencing factors of the 
carbothermic reduction process of steelmaking dust. Electric arc furnace dust has been found to contain significant quantities of iron and 
zinc oxides, which represent valuable secondary raw materials, but which also pose serious environmental risks. The present study 
focuses on the effects of temperature, carbon content, particle size, gas atmosphere, and reduction time on the reduction kinetics. Car-
bothermic reduction experiments were conducted within the temperature range of 700ï1150ÁC, with coke serving as the reducing agent. 
The degree of reduction and metallization was determined through gravimetric and phase analyses. Phase composition and microstruc-
tural changes were examined using X-ray diffraction, scanning electron microscopy, and energy-dispersive spectroscopy. The experi-
mental data were analysed using the shrinking core model to identify the rate-controlling steps of the process. The findings suggest that 
zinc oxide undergoes reduction more rapidly than iron oxides, a phenomenon attributable to its diminished thermodynamic stability and 
volatilization behaviour. The activation energies and kinetic parameters were calculated based on the Arrhenius equation. The findings 
provide a scientific basis for the optimisation of carbothermic reduction processes and the improvement of the efficiency of steelmaking 
dust recycling under industrially relevant conditions.   
 Keywords: steelmaking dust, carbothermic reduction, zinc oxide, iron oxides, kinetics, metallization degree, activation energy, gas
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ʃʁʆɾʋʁʃɹ ʁ ʍɹʃʋʇʉʔ, ɻʄʁʘʗʒʁɾ ʆɹ ʈʉʇʏɾʊʊ                  
ʃɹʉɺʇʋɾʉʅʁʐɾʊʃʇɼʇ ɻʇʊʊʋɹʆʇɻʄɾʆʁʘ                                 
ʊʋɹʄɾʈʄɹɻʁʄʕʆʇʂ ʈʔʄʁ  

ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʣʦʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʥʘʫʯʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ ʠ ʦʩʥʦʚʥʳʭ ʚʣʠʷʶʱʠʭ ʬʘʢʪʦʨʦʚ ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʪʝʨʤʠʯʝ-
ʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʪʘʣʝʧʣʘʚʠʣʴʥʦʡ ʧʳʣʠ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʳʣʴ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʫʛʦʚʳʭ ʧʝʯʝʡ ʩʦʜʝʨʞʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʦʚ 
ʞʝʣʝʟʘ ʠ ʮʠʥʢʘ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʮʝʥʥʦʝ ʚʪʦʨʠʯʥʦʝ ʩʳʨʴʝ, ʥʦ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʝʨʴʝʟʥʫʶ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʦʧʘʩʥʦʩʪʴ. ɺ ʜʘʥʥʦʤ ʠʩ-
ʩʣʝʜʦʚʘʥʠʠ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʣʠʷʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʦʜʝʨʞʘʥʠʷ ʫʛʣʝʨʦʜʘ, ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʳ ʠ ʚʨʝʤʝʥʠ ʚʦʩʩʪʘʥʦʚʣʝ-
ʥʠʷ ʥʘ ʢʠʥʝʪʠʢʫ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʤʫ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 700-1150 ÁC, ʧʨʠ ʵʪʦʤ 
ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʚʳʩʪʫʧʘʣ ʢʦʢʩ. ʉʪʝʧʝʥʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʤ ʠ ʬʘʟʦʚʳʤ ʘʥʘʣʠʟʦʤ. ʌʘʟʦ-
ʚʳʡ ʩʦʩʪʘʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʙʳʣʠ ʠʟʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʵʥʝʨ-
ʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʩʞʠʤʘʶʱʝʛʦʩʷ ʷʜʨʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
ʵʪʘʧʦʚ ʢʦʥʪʨʦʣʷ ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʦʢʩʠʜ ʮʠʥʢʘ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʙʳʩʪʨʝʝ, ʯʝʤ ʦʢʩʠʜʳ ʞʝʣʝʟʘ, ʷʚʣʝʥʠʝ, ʦʙʫʩʣʦʚ-
ʣʝʥʥʦʝ ʝʛʦ ʩʥʠʞʝʥʥʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʧʦʚʝʜʝʥʠʝʤ ʫʣʝʪʫʯʠʚʘʥʠʷ. ʕʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʠ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʨʘʩʩʯʠ-
ʪʘʥʳ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʶʪ ʥʘʫʯʥʫʶ ʦʩʥʦʚʫ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 
ʠ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʨʘʙʦʪʢʠ ʩʪʘʣʝʧʣʘʚʠʣʴʥʦʡ ʧʳʣʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦ-ʘʢʪʫʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʪʘʣʝʧʣʘʚʠʣʴʥʘʷ ʧʳʣʴ, ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ, ʦʢʩʠʜ ʮʠʥʢʘ, ʦʢʩʠʜʳ ʞʝʣʝʟʘ, ʢʠʥʝʪʠʢʘ, ʩʪʝʧʝʥʴ ʤʝʪʘʣʣʠʟʘʮʠʠ, 

ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, ʛʘʟʦ-ʪʚʝʨʜʘʷ ʨʝʘʢʮʠʷ, ʚʪʦʨʠʯʥʦʝ ʩʳʨʴʝ, ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ   

ʁʤʮʙʥʧʛ ʅ.ɹ.1, ʅʬʦʧʪʡʚʧʛ ʑ.ʅ.2, ʅʙʫʣʙʩʡʥʧʛ ʊ.ʋ.3, ʃʙʩʡʥʟʧʦʧʛ ɺ.ʉ.3  
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2 ɻʋ ʅʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʠʡ ʮʝʥʪʨ ʧʦ ʨʘʟʚʠʪʠʶ ʣʦʢʘʣʠʟʘʮʠʠ ʠ ʧʨʦʤʳʰʣʝʥʥʦʡ ʢʦʦʧʝʨʘʮʠʠ ʚ ʛʦʨʥʦ-ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ  

ʧʨʠ ʄʠʥʠʩʪʝʨʩʪʚʝ ʛʦʨʥʦ-ʜʦʙʳʚʘʶʱʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʛʝʦʣʦʛʠʠ, ʈʝʩʧʫʙʣʠʢʘ  ʋʟʙʝʢʠʩʪʘʥ 
3 ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʝʩʧʫʙʣʠʢʘ  ʋʟʙʝʢʠʩʪʘʥ 
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POôLAT ERITISH PECHI CHANGLARINI KARBOTERMIK TIKLASHDA 
JARAYONNING KINETIKASI VA TAõSIR ETUVCHI OMILLAR   

Ilʮamov M.A.1,  Munosibov Sh.M.2,  Matkarimov S.T.3,  Karimjonov B.R.3 

 

1 MTTU MISIS Olmaliq filiali, Oózbekiston Respublikasi 
2 Togó-kon sanoati va geologiya vazirligi huzuridagi Togó-kon sanoatida mahalliylashtirish va sanoat kooperatsiyasini rivojlantirish ilmiy-amaliy markazi DM, 

Oózbekiston Respublikasi 
3 Toshkent davlat texnika universiteti, Oózbekiston Respublikasi 

Annotatsiya. Ushbu ishda poólat eritish changini karbotermik tiklash jarayonining kinetikasi va asosiy taôsir etuvchi omillarini ilmiy oórganish natijalari bayon 
etilgan. Elektr yoy pechi changida koóp miqdorda temir va rux oksidlari mavjudligi aniqlangan, ular qimmatli ikkilamchi xomashyo hisoblanadi, ammo atrof-muhit uchun 
jiddiy xavf tugódiradi. Ushbu tadqiqot harorat, uglerod miqdori, zarrachalar oólchami, gaz atmosferasi va tiklanish vaqtining tiklanish kinetikasiga taôsiriga qaratilgan. 
Karbotermik qaytarish tajribalari 700-1150 ÁC harorat oraligóida olib borildi, qaytaruvchi sifatida koks ishlatildi. Qaytarilish va metallizatsiya darajasi gravimetrik va 
fazaviy tahlillar orqali aniqlandi. Fazaviy tarkib va mikrostrukturaviy oózgarishlar rentgenografik, skanerlovchi elektron mikroskopiya va energetik-dispersion spektros-
kopiya usullari yordamida oórganildi. Jarayonning tezlikni nazorat qilish bosqichlarini aniqlash uchun eksperimental maôlumotlar qisqaruvchi yadro modeli yordamida 
tahlil qilindi. Natijalar shuni koórsatadiki, rux oksidi temir oksidlariga qaraganda tezroq tiklanadi, bu uning termodinamik barqarorligi va uchish xususiyatining pasayishi 
bilan bogóliq. Arrenius tenglamasi asosida aktivlanish energiyalari va kinetik parametrlari hisoblandi. Olingan natijalar sanoat uchun dolzarb sharoitlarda karbotermik 
tiklash jarayonlarini optimallashtirish va poólat eritish changini qayta ishlash samaradorligini oshirish uchun ilmiy asos boólib xizmat qiladi. 
Kalit soózlar: poólat eritish changi, karbotermik tiklanish, rux oksidi, temir oksidlari, kinetika, metallizatsiya darajasi, faollanish energiyasi, gaz-qattiq reaksiya, 

ikkilamchi xomashyo, skanerlovchi elektron mikroskopiya, energiya dispersion spektroskopiya 

Introduction 
The rapid development of the modern metallurgical industry is 

leading to a sharp increase in steel production volumes. In electric arc 
furnaces (EAF), converters, and other high-temperature units, large 
amounts of dust-like waste are generated during steel smelting 
processes. This steelmaking dust (Electric Arc Furnace Dust - EAFD) 
contains, along with iron and zinc oxides, non-ferrous and heavy 
metals such as lead, chromium, and manganese, which are, on the one 
hand, valuable secondary raw materials, and on the other hand, a 
source of environmental hazards [1,2]. 

Scientific research shows that the content of iron oxides (FeO, 
Fe2O3) in steel smelting dust can reach 30-50%, and the proportion of 
zinc oxide (ZnO) in some cases can reach 15-35% [3,4]. Therefore, the 
recovery of metal resources and the reduction of waste through the 
processing of this dust is one of the priority tasks of the metallurgical 
industry. Traditional hydrometallurgical and pyrometallurgical 
technologies are characterized by high reagent consumption, multi-
stage processes, and environmental limitations [5,6]. 

In recent years, the carbon-thermal reduction technology for 
processing steelmaking dust has gained special attention due to its 
high efficiency, technological simplicity, and industrial applicability [7-9]. 
The main advantage of this method is that at high temperatures, zinc 
oxide is first reduced and released in vapor form, while iron oxides 
transition to a metallic state. This allows for selective dezincification 
and metallization of iron [10,11]. 

Despite the thermodynamic favorability of the carbon-thermal 
reduction process, its effectiveness under actual industrial conditions is 
primarily determined by kinetic factors. Several researchers have 
demonstrated that the reduction of ZnO and FeO in the presence of 
carbon or CO is a multi-stage gas-solid phase process [12-14]. The 
process rate is limited by CO formation through the Boudouard 
reaction, gas diffusion, chemical reaction, and the removal of products 
from the system [15]. 

It has been widely reported in the literature that the kinetics of 
carbon-thermal reduction of ZnO proceed faster than that of FeO. The 
main reason for this is the lower thermodynamic stability of ZnO and 
the volatility of zinc [16,17]. Studies conducted by Chen et al. have 
determined that the reduction activation energy of ZnO is in the range 

of 60-80 kJ/mol, while for FeO this value is 90-110 kJ/mol [1,18]. This 
provides scientific evidence for the selective reduction of zinc oxide. 

The Shrinking Core Model is widely used in the mathematical 
description of the reduction process. This model takes into account the 
preservation of an unreduced core within the particle and the 
movement of the reaction front towards the center over time [19]. The 
correlation of experimental data with this model allows for the 
identification of rate-limiting stages of the process and the 
establishment of optimal technological parameters. 

Furthermore, several studies have shown that factors such as 
temperature, carbon content, particle size, gas environment 
composition, and reduction time significantly affect the reduction 
kinetics [8,9,20]. An increase in temperature intensifies the Boudouard 
reaction, raises CO concentration, and activates diffusion processes, 
leading to a sharp increase in the degree of metallization. 

However, the literature review indicates that a comprehensive 
kinetic analysis of the carbothermic reduction process of steelmaking 
dust, specifically the simultaneous reduction of ZnO and FeO, their 
interaction, and an in-depth scientific substantiation of the rate-limiting 
stages, has not been adequately addressed. In particular, the 
determination of kinetic parameters for process optimization under near
-industrial conditions remains a pressing scientific challenge. 

The purpose of this article is to conduct an in-depth study of the 
kinetic regularities of the carbon-thermal reduction process for 
steelmaking dust, identify the reduction mechanisms of FeO and ZnO, 
and scientifically substantiate the role of the main technological factors 
influencing the process. 

Materials and methods 
Steel smelting dust generated during the steel smelting process in 

an electric arc furnace was selected as the object of research. Dust 
samples were collected from gas purification systems under industrial 
conditions, dried in laboratory conditions, and purified from mechanical 
impurities. The average particle size of the samples ranged from 10 to 
100 ɛm, and their finely dispersed structure exhibited a high surface 
area. 

The chemical analysis was conducted using the X-ray fluores-
cence (XRF) technique. The results of the study are summarised in 
Table 1.  
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The irregular shape and high porosity of dust particles create 
favorable conditions for the reduction process. 

Scanning electron microscopy (SEM) images of dust particles 
obtained from the steelmaking furnace gas cleaning system reveal their 
irregular shape, high porosity, and wide particle size distribution. These 
structural features increase the specific surface area of the particles 
and create favorable conditions for gas-solid phase reactions during 
the carbon-thermal reduction process. The porous structure facilitates 
the diffusion of CO gas into the inner part of the particle, leading to an 
acceleration of the reduction kinetics. 

The chemical composition of the dust was determined using X-ray 
fluorescence (XRF) and energy-dispersive spectral analysis (EDS) 
methods. According to the research results, the main components in 
the dust composition are FeO, Fe2O3, and ZnO, with zinc oxide content 
around 15-30% and the total share of iron oxides constituting 40-55%. 
Additionally, small amounts of CaO, SiO2, and MgO were detected. 

High-purity carbon coke powder was used as the reducing agent. 
The ash content of the carbon did not exceed 8%, and the particle size 
was selected in the range of 50-80 ɛm. The carbon content was varied 
between 5-15% relative to the dust mass. 

Carbon-thermal reduction experiments were conducted under 
laboratory conditions in a tubular electric furnace. The dust and carbon 
mixture was blended in predetermined ratios and placed in cylindrical 
ceramic crucibles. The experiments were carried out in an inert or 
controlled gas environment. 
The temperature was varied in the range from 700 to 1150 ÁC, with 

50 ÁC increments. In each experiment, the sample was held at the 
given temperature for 30-60 minutes. The heating rate was set at 10 Á
C/min. At the end of the experiment, the samples were rapidly cooled 
and prepared for subsequent analysis. 

To determine the time dependence of the reduction process, 
experiments were repeated at various time intervals. This method 
allowed for comparative analysis of the reduction kinetics of ZnO and 
FeO. 

The phase composition of the reduced products was determined 
using X-ray diffraction (XRD) analysis, and the degree of transition of 
oxides to metallic state was assessed. The microstructure of the initial 
and reduced samples was studied using a scanning electron 
microscope (SEM), and the distribution of elements by phases was 
determined using EDS. 

The degree of metallization was calculated using the following 
expression: 

 
(1) 

 
where Femet is the amount of iron in metallic state, Fetotal is the total 

amount of iron in the sample. 
Kinetic analysis of the reduction process was carried out by 

determining the dependence of the degree of reduction (Ŭ) on time and 
temperature. The degree of reduction was calculated using the 
following formula:     

Table 1 
Chemical composition of EAF dust (wt.%) 

Component Fetotal Fe2O3 FeO ZnO SiO2 CaO Al2O3 MnO PbO Na2O 

Content 31.2 41.6 4.6 16.2 3.4 3.4 0.9 3.7 1.36 10.4 

Fig. 1. Initial SEM microstructure of steel smelting dust 
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   (2) 

 
where m0 is the initial mass, mt is the mass at a given time, mfinal is 

the mass after complete reduction. 
The obtained experimental data were analyzed based on the 

Shrinking Core Model. The following kinetic equations were used to 
determine the rate-limiting stage of the process: 

for the case limited by chemical reaction: 
 

(3) 
 

for the case limited by diffusion: 
 

 
(4) 

 
The reaction rate constants were determined for different 

temperatures, and the activation energy was calculated using the 
Arrhenius equation: 

 
(5) 

 
Graphs were constructed in ln k vs. 1/T coordinates, and kinetic 

parameters were evaluated based on linear relationships. 
The influence of factors such as temperature, carbon content, 

particle size, gas environment, and reduction time on the reduction 
process was studied separately. When each factor was changed, the 
remaining parameters were kept constant. This approach allowed for 
the identification of individual impact mechanisms of the process. 

Each experiment was repeated at least three times. The average 
values and deviations of the obtained results were calculated, ensuring 
that the experimental error did not exceed 5%. 

Results 
Laboratory experiments have shown that the process of 

carbothermic reduction of steelmaking dust has a complex, multi-stage 
kinetic mechanism. It was found that the behavior of ZnO and FeO 
oxides during the reduction process differs significantly, which is 
explained by differences in their thermodynamic stability and kinetic 
parameters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Analysis of the dependence of the reduction degree (Ŭ) on time 
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 
dezincification mechanism. 

A sharp increase in the degree of metallization in the range of 
1000-1150 ÁC confirms the presence of an optimal temperature range 
for the reduction process. 

The figure shows the effect of temperature on the degree of 
metallization. As the temperature increases from 900ÁC to 1150ÁC, the 
degree of metallization rises from 45% to 96%. A sharp increase in the 
degree of metallization, particularly in the range of 1000-1150ÁC, 
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 
range of 800-900ÁC, the reduction of ZnO begins, and zinc is released 
in vapor form. At temperatures above 1000ÁC, active reduction of iron 
oxides was observed. 

Fig. 2. Influence of temperature on the degree of metallization 

Fig. 3. Temperature dependence of Gibbs free energy for the 
reduction reaction of ZnO in the presence of carbon 

Fig. 4. Dependence of the degree of reduction (ŭ) on time. 
The rapid reduction of ZnO and the slower reduction of FeO 

confirm the mechanism of selective dezincification 
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At temperatures above 800ÁC, ȹG < 0 indicates 
thermodynamically favorable reduction of zinc oxide. 

The temperature dependence of Gibbs free energy for the reaction 
ZnO + C Ÿ Zn + CO is shown in the figure. As evident from the graph, 
at temperatures above 800ÁC, Gibbs free energy transitions to 
negative values (ȹG < 0), which indicates that the reduction of zinc 
oxide with carbon is thermodynamically favorable. 

The figure shows the dependence of the reduction degree of ZnO 
and FeO on time during the carbothermic reduction process. The 
reduction of ZnO occurs rapidly in the first 20-30 minutes, reaching Ŭ å 
0.85-0.90. The reduction of FeO is relatively slower, reaching a value of 
Ŭ å 0.90-0.95 in 60 minutes. 

In the temperature range of 1000-1150 ÁC, the degree of 
metallization increased sharply, reaching 90-96%. This temperature 
range indicates the thermodynamically and kinetically most favorable 
region for the carbothermic reduction process. 

Discussion 
These results are consistent with the research conducted by Chen 

and Pickles, who also observed the reduction of ZnO at lower 
temperatures compared to FeO. 

As temperature increases, the equilibrium of the Boudouard 
reaction shifts to the right, increasing the concentration of CO. This 
leads to the acceleration of chemical reactions at the gas-solid 
interface and the enhancement of diffusion processes. 

It was found that when the carbon content was varied between 5-
15% of the dust mass, the reduction efficiency differed significantly. At 
a carbon content of 10-15%, the reduction of ZnO and FeO occurred at 
the highest level. 

With insufficient carbon, CO formation is limited, and the degree of 
reduction decreases. Conversely, excess carbon led to increased 
energy consumption and higher residual carbon in the product, without 
significantly increasing the degree of metallization. 

This indicates that the reduction process is mainly associated with 
the Boudouard reaction. The optimal amount of carbon ensures a 
balance between CO formation and oxide reduction. 

The reduction degree-time relationships were analyzed based on 
the shrinking core model. Experimental points for the ZnO reduction 
process fit well with the model limited by diffusion and evaporation. It 
was determined that the reduction of FeO is mainly limited by the 
chemical reaction at the gas-solid phase interface. 

An increase in the coke content significantly improved zinc removal 
due to the intensification of both direct solid-phase reactions and indi-
rect gas-phase reduction mechanisms. The experimental results are 
summarized in Table2. 

 
 
 
 
 

 
     
 
 
 
 
 
 
 
The activation energies calculated based on Arrhenius plots are as 

follows: 
For ZnO reduction: Ea=60-80 kJ/mol; 

For FeO reduction: Ea=90-110 kJ/mol. 
The lower activation energy of ZnO and the evaporation property 

of zinc ensure its faster reduction. The reduction of FeO occurs more 
slowly due to the high activation energy. This scientifically 
substantiates the mechanism of selective zinc removal. 

In a CO-rich gas environment, the reduction rate increased 
significantly. The main part of ZnO was reduced in 30-40 minutes, 
while 40-60 minutes were required for complete reduction of FeO. 

It was found that open or low-pressure systems are more effective, 
as the increase in pressure leads to partial condensation of zinc 
vapors. 

The obtained results demonstrated that the carbon-thermal 
reduction process of steelmaking dust is effective for selective 
dezincification and obtaining iron products with a high degree of 
metallization under industrial conditions. Under optimal conditions, zinc 
can be released in vapor form and subsequently collected through 
condensation, while iron is reused as a secondary raw material in 
metallurgical processes. 

Conclusion 
In this study, the thermodynamic and kinetic principles of the 

carbon-thermal recovery process for dust generated during steel 
smelting were comprehensively examined. Experimental and 
theoretical analyses revealed that the reduction of iron and zinc oxides 
in steel smelting dust occurs through a multi-stage gas-solid phase 
mechanism. 

The research results showed that the carbon-thermal reduction of 
ZnO begins at lower temperatures and proceeds faster compared to 
FeO. This phenomenon is attributed to the lower thermodynamic 
stability of zinc oxide, zinc's volatility, and its relatively low activation 
energy. The reduction of iron oxides primarily intensifies at high 
temperatures and culminates in the formation of metallic iron. 

Based on kinetic analysis, it was determined that the ZnO 
reduction process is mainly limited by diffusion and zinc evaporation, 
while the FeO reduction process is limited by the chemical reaction at 
the gas-solid interface. The activation energies calculated using the 
Arrhenius equation confirmed these conclusions and demonstrated that 
the process follows Arrhenius's law. 

It was found that an increase in temperature significantly enhances 
the rate and completeness of the reduction process by accelerating the 
Boudouard reaction, resulting in increased CO concentration. Optimal 
reduction conditions were achieved in the temperature range of 1000-
1150 ÁC, with the degree of metallization reaching 90-96%. The 
optimal range of carbon content was determined to be 10-15% of the 
dust mass, and it was shown that higher amounts decrease energy 
efficiency. 

Particle size and structural properties were found to significantly 
influence the reduction kinetics, with higher reduction rates observed in 
fine-dispersed dust. However, the need for granulation to ensure 
process stability under industrial conditions was substantiated. The 
composition of the gas environment and reduction time were also found 
to directly affect process efficiency, with a notable increase in reduction 
rate observed in a CO-rich environment. 

The results of the conducted research demonstrated that the 
carbon-thermal reduction process of steelmaking dust is scientifically 
and technologically feasible for selective dezincification and obtaining 
iron products with a high degree of metallization. The obtained kinetic 
and technological regularities serve as a solid scientific foundation for 
developing resource-saving and environmentally safe technologies for 
processing metallurgical waste. 

Table 2 
Effect of Coke Content on Residual Zinc in Clinker 

Coke content, wt.% Residual Zn, wt.% 

52 13,4 

65 10,56 

80 7,98 

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

UDC 669.332.242   DOI:10.70769/2181-7383.MBU.1(104).2026.3 

Abstract. Electric arc steel smelting furnace dust (EAP dust) is one of the most problematic waste in modern metallurgy from an ecological and technological 
point of view due to its high dispersity, high content of zinc, lead, and other associated elements. In recent years, as a result of the increase in the share of zinc-
containing secondary raw materials in the metal charge, the amount of this dust has also increased. In this study, a hydrometallurgical method of complex processing 
of PE PE dust based on sulfuric acid leaching was considered. A spent sulfuric acid electrolyte containing H2SO4 (120-160 g/l) and Zn (30-50 g/l) was used as the 
solvent reagent. The leaching process was carried out at a temperature of 60-65 ÁC, in a solid-liquid ratio of 1:6, for 120-240 minutes. The research results showed 
that zinc-containing phases accelerate the dissolution kinetics, reduce energy consumption, and provide the possibility of effective extraction of zinc from the solution 
and subsequent obtaining the cathode metal by electrolysis. In addition, it has been substantiated that the iron-containing residue formed after leaching can be re-
turned to the steelmaking process as a charge additive. The proposed technology is a resource-saving, energy-efficient, and environmentally friendly alternative to 
traditional pyrometallurgical methods of processing EAP dust. This approach serves the implementation of the principles of a circular economy through the processing 
of metallurgical waste, the restoration of zinc, and the return of iron components to production.  
 Keywords: electric arc furnace dust, zinc, hydrometallurgy, sulfuric acid leaching, electrolysis, secondary resources, comprehensive processing.  

Maksudov Sh.A.,  
Independent Researcher, Tashkent 

State Technical University   

ɼʁɽʉʇʅɾʋɹʄʄʌʉɼʁʐɾʊʃɹʘ ʈɾʉɾʉɹɺʇʋʃɹ ʈʔʄʁ ʖɽʈ:          
ʁʀɻʄɾʐɾʆʁɾ ʏʁʆʃɹ ʁ ʉɾʏʁʃʄʁʆɼ ɿɾʄɾʀʇʊʇɽɾʉɿɹʒɾɼʇ 
ʇʊʋɹʋʃɹ ɻ ʊʋɹʄɾʈʄɹɻʁʄʕʆʇʅ ʈʉʇʁʀɻʇɽʊʋɻɾ   

ɸʥʥʦʪʘʮʠʷ. ʇʳʣʴ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʩʪʘʣʝʧʣʘʚʠʣʴʥʦʡ ʧʝʯʠ (ɼCʇ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʢʦʣʦʛʠʯʝʩʢʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʧʨʦʙʣʝʤʥʳʭ ʦʪʭʦ-
ʜʦʚ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʜʠʩʧʝʨʩʥʦʩʪʠ, ʚʳʩʦʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʮʠʥʢʘ, ʩʚʠʥʮʘ ʠ ʜʨʫʛʠʭ ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ. ɺ ʧʦʩʣʝʜʥʠʝ 
ʛʦʜʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʚʝʣʠʯʝʥʠʷ ʜʦʣʠ ʮʠʥʢʩʦʜʝʨʞʘʱʝʛʦ ʚʪʦʨʠʯʥʦʛʦ ʩʳʨʴʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʰʠʭʪʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʢʦʣʠʯʝʩʪʚʦ ʵʪʦʡ ʧʳʣʠ. ɺ ʜʘʥʥʦʡ 
ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʛʠʜʨʦʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʤʝʪʦʜ ʢʦʤʧʣʝʢʩʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʧʳʣʠ ʕʇʕ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʝʨʥʦʢʠʩʣʦʪʥʦʤ ʚrɦʝʣʘ-
ʯʠʚʘʥʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʷʶʱʝʛʦ ʨʝʘʛʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʪʨʘʙʦʪʘʥʥʳʡ ʩʝʨʥʦʢʠʩʣʳʡ ʵʣʝʢʪʨʦʣʠʪ, ʩʦʜʝʨʞʘʱʠʡ H2SO4 (120-160 ʛ/ʣ) ʠ Zn (30-50 ʛ/
ʣ). ʇʨʦʮʝʩʩ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60-65 Áʉ, ʚ ʩʦʦʪʥʦʰʝʥʠʠ ʪʚʝʨʜʦʝ-ʞʠʜʢʦʝ 1:6, ʚ ʪʝʯʝʥʠʝ 120-240 ʤʠʥʫʪ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʮʠʥʢʩʦʜʝʨʞʘʱʠʝ ʬʘʟʳ ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʪ ʢʠʥʝʪʠʢʫ ʨʘʩʪʚʦʨʝʥʠʷ, ʩʥʠʞʘʶʪ ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ 
ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʮʠʥʢʘ ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʣʫʯʝʥʠʝʤ ʢʘʪʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʵʣʝʢʪʨʦʣʠʟʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʦʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 
ʚʦʟʚʨʘʪʘ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʛʦ ʦʩʪʘʪʢʘ, ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʧʦʩʣʝ ʚʳʱʝʣʘʯʠʚʘʥʠʷ, ʚ ʢʘʯʝʩʪʚʝ ʜʦʙʘʚʢʠ ʢ ʰʠʭʪʝ ʚ ʧʨʦʮʝʩʩʝ ʚʳʧʣʘʚʢʠ ʩʪʘʣʠ. ʇʨʝʜʣʘʛʘʝʤʘʷ 
ʪʝʭʥʦʣʦʛʠʷ ʷʚʣʷʝʪʩʷ ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʤ, ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʤ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʳʤ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ 
ʧʠʨʦʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʧʝʨʝʨʘʙʦʪʢʠ ʧʳʣʠ ʕʇʕ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʩʣʫʞʠʪ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʥʮʠʧʦʚ ʮʠʨʢʫʣʷʨʥʦʡ ʵʢʦʥʦʤʠʢʠ ʧʫʪʝʤ ʧʝʨʝʨʘʙʦʪʢʠ 
ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʦʪʭʦʜʦʚ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʮʠʥʢʘ ʠ ʚʦʟʚʨʘʪʘ ʞʝʣʝʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʳʣʴ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʧʝʯʠ, ʮʠʥʢ, ʛʠʜʨʦʤʝʪʘʣʣʫʨʛʠʷ, ʩʝʨʥʦʢʠʩʣʦʪʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ, ʵʣʝʢʪʨʦʣʠʟ, ʚʪʦʨʠʯʥʳʝ ʨʝʩʫʨʩʳ, ʢʦʤ-
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POôLAT ERITISH PECHI CHANGLARINI GIDROMETALLURGIK 
QAYTA ISHLASH: RUXNI AJRATIB OLISH VA TEMIR TARKIBLI 
QOLDIQ MAXSULOTLARDAN QAYTA FOYDALANISH  

Ilʮamov M.A.1,  Munosibov Sh.M.2,  Matkarimov S.T.3,  Maksudov Sh.ɹ.3 

 

1 MTTU MISIS Olmaliq filiali, Oózbekiston Respublikasi 
2 Togó-kon sanoati va geologiya vazirligi huzuridagi Togó-kon sanoatida mahalliylashtirish va sanoat kooperatsiyasini rivojlantirish ilmiy-amaliy markazi DM, 

Oózbekiston Respublikasi 
3 Toshkent davlat texnika universiteti, Oózbekiston Respublikasi 

Annotatsiya. Elektr yoyli poólat eritish pechi changi (EYPE changi) yuqori dispersligi, tarkibida rux, qoórgóoshin va boshqa yoóldosh elementlarn-
ing koópligi sababli zamonaviy metallurgiyada ekologik va texnologik jihatdan eng muammoli chiqindilardan biri hisoblanadi. Soónggi yillarda metall shixtasida rux 
saqlovchi ikkilamchi xomashyolar ulushining ortib borishi natijasida ushbu chang miqdori ham koópaymoqda. Mazkur tadqiqot ishida EYPE changini kompleks qayta 
ishlashning sulfat kislotali tanlab eritishga asoslangan gidrometallurgik usuli koórib chiqildi. Erituvchi reagent sifatida tarkibida HϜSOϞ (120ï160 g/l) va Zn (30ï50 g/l) 
boólgan ishlatilgan sulfat kislotali elektrolit qoóllanildi. Tanlab eritish jarayoni 60ï65 ÁC haroratda, qattiq-suyuqlik nisbatida 1:6, 120ï240 daqiqa davomida olib borildi. 
Tadqiqot natijalari rux tarkibli fazalarning eritish kinetikasini jadallashtirishi, energiya sarfini kamaytirishi hamda ruxni eritmadan samarali ajratib olish va keyinchalik 
elektroliz orqali katod metallini olish imkoniyatini taôminlashini koórsatdi. Bundan tashqari, tanlab eritishdan keyin hosil boóladigan temir tarkibli qoldiqni poólat eritish 
jarayoniga shixta qoóshimchasi sifatida qaytarish mumkinligi asoslandi. Taklif etilayotgan texnologiya EYPE changini qayta ishlashning anôanaviy pirometallurgik 
usullariga nisbatan resurs tejamkor, energiya jihatdan samarali va ekologik toza muqobil yechim hisoblanadi. Ushbu yondashuv metallurgiya chiqindilarini qayta 
ishlash, ruxni qayta tiklash va temir komponentlarini ishlab chiqarishga qaytarish orqali aylanma iqtisodiyot tamoyillarini amalga oshirishga xizmat qiladi. 
Kalit soózlar: elektr yoyli pech changi, rux, gidrometallurgiya, sulfat kislotali tanlab eritish, elektroliz, ikkilamchi resurslar, kompleks qayta ishlash  

Introduction 
Modern steel metallurgy is characterized by a steady increase in 

production volumes, which is accompanied by a growing amount of 
industrial waste. One of the most complex and environmentally hazard-
ous types of such waste is dust from electric arc furnaces (EAF), which 
is generated during the smelting of scrap metal and iron-containing 
semi-finished products. According to various estimates, for every ton of 
steel melted in arc furnaces, 15 to 25 kg of dust is formed, containing 
zinc, lead, cadmium, chlorine, and other elements classified as hazard-
ous substances. 

The problem of processing EAF dust has become particularly 
relevant in recent decades due to the increase in the proportion of 
galvanized scrap in the metallic charge. The zinc coating, evaporating 
in the high-temperature zone of the arc furnace, concentrates in the 
dust-gas phase and is captured by gas cleaning systems. As a result, 
the ZnO content in the dust can reach 20-40%, and in some cases 
even exceed 50%, making this waste a valuable secondary source of 
zinc. 

On the other hand, the direct return of EAF dust to the steelmaking 
process without preliminary processing is impossible due to the accu-
mulation of zinc, which causes intensive dust formation, increases the 
load on gas cleaning systems, and deteriorates the operational perfor-
mance of the furnace. Therefore, processing EAF dust to extract zinc 
and return the iron-containing component is an important scientific and 
technical task, having both economic and environmental significance. 

Pyrometallurgical methods for processing zinc-containing dust are 
the most widespread in industrial practice. A classic example is the 
Waelz process, in which dust mixed with a carbon-containing reducing 
agent is subjected to high-temperature treatment in a rotary kiln. Zinc 
and lead are reduced and volatilized, and then captured as oxides in 
the gas purification system [1-3]. 

Despite its relative simplicity and industrial development, the 
Waelz process is characterized by a number of drawbacks, including 
high energy consumption, the formation of secondary waste, and the 
production of so-called "dirty" zinc oxide, which requires additional 
processing. 

In recent years, there has been a proliferation of proposals for 
more intensive pyrometallurgical technologies, including plasma pro-

cesses (e.g. Plasmadust, Tetronics) and vacuum processing methods 
(e.g. VHR process, Japan) [4-6]. These technologies have been 
demonstrated to provide a high degree of zinc recovery; however, they 
require significant capital investments and complex equipment, which 
limits their widespread application. 

The hydrometallurgical methods for processing EAF dust are 
based on the conversion of zinc and associated metals into a solution 
with subsequent selective extraction. The principal reagents employed 
in the leaching process are solutions of sulfuric acid, ammonium chlo-
ride, acetic acid, and complexing systems [7-10]. 

The utilisation of NHϞCl solutions in the leaching process has been 
demonstrated to yield zinc extraction efficiencies ranging from 60 to 80 
per cent. Nevertheless, a substantial proportion of the zinc remains in 
the form of poorly soluble zinc ferrites, thereby impeding the efficacy of 
the process [11]. Sulfuric acid leaching, particularly under autoclave 
conditions, has been demonstrated to yield a higher degree of zinc 
extraction (up to 95-98%), yet necessitates elevated temperatures and 
pressures, as well as corrosion-resistant equipment [12-14]. 

A thorough analysis of extant literature data indicates that the 
primary issue encountered during hydrometallurgical processing of 
EAF dust pertains to the dissolution of ZnFe2O4 ferrite phases, which 
exhibit stability under conventional leaching conditions. A promising 
approach to solving this problem is the intensification of the process by 
increasing the temperature, using preheated material, and optimising 
the electrolyte composition [13-17]. 

Materials and Methods 
The object of research was the dust from electric arc furnaces 

formed during the smelting of scrap metal and hot briquetted iron. The 
dust is characterized by high dispersity, developed specific surface 
area, and complex phase composition (Table 1).  

The majority of zinc is present in the form of oxide and ferrites, 
while iron is predominantly in oxide phases, creating conditions for 
selective extraction of zinc using hydrometallurgical methods.  

The proposed method for processing electric arc furnace (EAF) 
dust consists of the following main stages: feeding hot dust into a 
leaching reactor; sulfuric acid leaching of zinc; separation of the pulp 
into solid and liquid phases; multi-stage purification of the resulting 
electrolyte; electrolytic production of cathode zinc; and recycling of the 
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iron-containing residue back into the steelmaking process. 
A distinctive feature of the technology is the use of hot dust at a 

temperature of 200-300ÁC, which is fed into a tank with mechanical 
stirring without preliminary cooling. 

The leaching agent used was spent sulfuric acid electrolyte con-
taining: 

H2SO4 - 120-160 g/l; 
Zn - 30-50 g/l. 
The leaching process was carried out under the following condi-

tions: a temperature of 60ï65 ÁC, a solid-to-liquid ratio of 1:6, and a 
leaching duration of 120ï240 min. 

Based on the data presented in Table 2 and Figure 3, it can be 
seen that as a result of the initial leaching, the degree of iron and zinc 
leaching increased by 47-50%. By controlling the sulfuric acid concen-
tration, it is possible to ensure high efficiency of the process. 

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

After leaching, the electrolyte was purified from impurities in three 
successive stages: hydrolytic purification to precipitate iron and alumi-
num; cementation for the removal of copper, cadmium, and lead; and 
final chemical purification to adjust the electrolyte composition to meet 
the requirements for subsequent electrolysis. 

 

The purified solution was directed to the electrolysis department, 
where cathode zinc was produced using standard technology. Solu-
tions containing 50-60 g/l Zn and 100-120 g/l H2SO4 were reused, 
which increases the closure of the water-reagent cycle.  

Fig.1. Spectral analysis of primary samples 

Fig.2. Primary samples 

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 K2O 1.95 mass% 0.0158 0.0131 0.0393 

3 CaO 33.8 mass% 0.0527 0.0102 0.0306 

4 Cr2O3 0.148 mass% 0.0023 0.0032 0.0096 

5 MnO 1.29 mass% 0.0064 0.0060 0.0180 

6 Fe2O3 32.1 mass% 0.0117 0.0114 0.0342 

7 Co2O3 (0.0586) mass% 0.0068 0.0206 0.0617 

8 CuO 0.129 mass% 0.0020 0.0029 0.0088 

9 ZnO 2 mass% 0.0207 0.0013 0.0040 

10 Ga2O3 0.0402 mass% 0.0016 0.0040 0.0121 

11 As2O3 0.0411 mass% 0.0032 0.0081 0.0244 

12 Rb2O 0.0142 mass% 0.0004 0.0007 0.0020 

13 SrO 0.0086 mass% 0.0003 0.0004 0.0013 

14 ZrO2 0.269 mass% 0.0035 0.0018 0.0053 

15 Ag2O 0.0083 mass% 0.0005 0.0006 0.0017 

16 CdO 0.0655 mass% 0.0013 0.0027 0.0082 

17 SnO2 0.0556 mass% 0.0012 0.0006 0.0017 

18 BaO 0.0431 mass% 0.0016 0.0028 0.0085 

19 Ir2O3 0.0451 mass% 0.0026 0.0072 0.0215 

20 PbO 1.22 mass% 0.0045 0.0022 0.0065 

21 Yb2O3 0.0248 mass% 0.0023 0.0057 0.0170 
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Results 
The results of this study confirm the possibility of using the sulfuric 

acid hydrometallurgical method for the selective extraction of zinc from 
the dust of the electric arc furnace (EDF), followed by electrolysis and 
purification of the electrolyte. Direct use of hot dust (200-300 ÁC) with-
out preliminary cooling provides additional intensification of the process 
and contributes to improving the kinetics of zinc dissolution. This is an 
important technological feature of the proposed approach. 

EDP dust is a complex technogenic material with a heterogeneous 
mineralogical composition and high variability depending on the operat-
ing conditions, steel grade, and additives. While iron was mainly asso-
ciated with oxide phases, zinc in the investigated dust predominated in 
oxide forms and in the structure of zinc ferrites. Since ZnO dissolves 
readily in acidic environments, while iron oxides dissolve poorly in 
controlled leaching conditions, this distribution promotes the selective 
extraction of zinc through sulfuric acid leaching. 

In the hydrometallurgical processing of EDP dust, zinc ferrite 
(ZnFe2O4) is usually considered one of the main factors limiting zinc 
extraction. Zinc ferrite has a stable spinel structure and shows low 
reactivity in dilute sulfuric acid. Nevertheless, partial decomposition of 
ferrites can occur under sufficiently aggressive conditions, such as 
elevated temperature, optimal acid concentration, and increased con-
tact time. This increases the zinc transfer to the solution. At the same 
time, proper control of leaching parameters can reduce iron dissolution; 
this is important for reducing impurities during subsequent electrolyte 
purification. 

One of the most important results of this work is demonstrating the 
intensification of leaching when hot dust is fed into a reactor with me-
chanical stirring at temperatures between 200 and 300 ÁC. Before 
leaching, the dust is typically cooled during conventional hydrometallur-
gical processing, resulting in higher energy consumption and lower 
kinetic activity. Supplying hot dust, on the contrary, quickly increases 
the thermal potential of the system, reduces the time required to 
achieve the desired leaching temperature (60-65ÁC), and improves the 
mass distribution. 

Increasing the temperature at the initial stage of pulp formation 
leads to faster dissolution of ZnO and accelerated diffusion of reagents 
and products in the liquid phase. In addition, due to the rapid cooling of 
the furnace gas flow, hot dust may contain phases with higher defective 
density or partially amorphous structures. This can also improve leach-
ing. As a result, the process becomes more dynamic and efficient, and 
heating the pulp does not require more energy. 

For the leaching of sulfuric acid, a spent electrolyte containing 120-
160 g/l H2SO4 and 30-50 g/l Zn was used. Because it maintains a more 
closed water-reagent cycle and reduces fresh acid consumption, using 
spent electrolyte is an important technological advantage. Under cer-
tain operating conditions (temperature 60-65 ÁC, solid and liquid phase 
ratio 1:6, leaching duration 120-240 min), high zinc dissolution was 
achieved while simultaneously limiting excessive iron transfer to the 
solution. 

The initial leaching stage led to an increase in the degree of zinc 
and iron extraction by approximately 47-50%, as shown in Table 2 and 
the spectral analysis results shown in Figure 3. This indicates that the 
chosen conditions provide sufficient aggressiveness of the medium for 
ZnO dissolution and partial decomposition of zinc ferrites. If this had 
happened, the process would not have led to uncontrolled dissolution 
of iron oxides; otherwise, the contamination of the solution would have 
increased and the purification would have been more difficult. 

 
Discussion 
The results show how important it is to regulate the concentration 

of sulfuric acid during leaching. In the acid concentration range from 
120 to 160 g/l, zinc-containing phases dissolve well without losing iron. 
When the acid concentration is insufficient, the dissolution of ZnO is not 

complete, and the decomposition of ferrite is limited. Conversely, ex-
cessive acidity increases the likelihood of iron oxide dissolving and 
Fe3+ ion formation in the solution. This makes further purification diffi-
cult and can negatively affect electrolysis. 

Thus, optimizing acid concentration is crucial for maintaining bal-
ance between zinc extraction and selectivity towards iron. The results 
show that within the studied range, it is possible to achieve a high 
degree of zinc extraction while maintaining the corresponding iron level 
in the productive leaching solution. 

To meet the requirements of electrolytic zinc production, the pro-
ductive solution required purification after leaching. Hydrolytic cleaning, 
cementation, and chemical correction comprised three stages of clean-
ing. Although this multi-stage method is standard industrial practice, it 
has been modified to account for the profile of impurities contained in 
the dust washer of electric arc furnaces. 

Iron and aluminum were removed by hydrolytic purification using 
controlled sedimentation. This stage is particularly important because 
the dissolved iron, especially in its trivalent form, can cause significant 
problems during electrolysis, such as increased energy consumption 
and a decrease in cathode quality. During hydrolysis, iron is converted 
into insoluble hydroxide or basic sulfate phases, and then extracted 
from the solution. 

Copper, cadmium, and lead were extracted by cementation. These 
impurities can alter the electrochemical behavior and reduce the purity 
of cathode zinc. In the process of cementation, zinc dust is usually 
used to displace more noble metals from the solution. Due to its sim-
plicity and cost-effectiveness, this method is effective and widely used. 

The final stage of chemical purification led to a change in the elec-
trolyte composition, maintaining the concentrations of sulfuric acid and 
zinc within the optimal range for electrolysis. The final composition of 
the electrolyte stabilized to approximately 50-60 g/l zinc and 100-120 g/
l H2SO4, which is suitable for obtaining zinc as an electrolyte. 

In the electrolysis shop, the purified electrolyte was used to pro-
duce cathode zinc in the usual manner. The main advantage of the 
proposed processing method is the reuse of solutions containing 50-60 
g/l zinc and 100-120 g/l H2SO4. Electrolyte recirculation reduces the 
amount of water and reagents, making the process more efficient and 
reducing wastewater. Using the spent electrolyte as a leaching agent, it 
is possible to create a partially closed cycle. This meets modern stand-
ards for sustainable metallurgical processing. 

The production of cathode zinc is proof that the purification strate-
gy effectively reduces the concentration of impurities to levels that meet 
the requirements of industrial electrolysis. 

After leaching, the solid residue mainly consists of iron oxides with 
a low zinc content. This residue is valuable because it can be reused in 
steel production as a shixta additive. This type of disposal offers two 
main advantages. Firstly, this reduces waste accumulation and facili-
tates the cyclical use of by-products from metallurgical production. 
Secondly, since iron is not lost in tailings, the return of iron-containing 
residue increases the overall material efficiency of steel plants. 

Low zinc content is necessary when smelting steel, as it can cause 
operational problems such as wear and tear of refractories and in-
creased zinc circulation. The results show that the proposed leaching 
conditions ensure sufficient zinc removal. This allows for the pro-
cessing of residues without affecting the steelmaking process. 

Overall, it is shown that the hydrometallurgical method is effective, 
intensifies processes, and is environmentally safe. Using hot dust re-
duces energy losses and requires no cooling. The cost-effectiveness 
and consumption of fresh acid increase when using spent electrolyte. 
Multi-stage purification provides high-quality electrolyte suitable for 
electrolysis. Finally, processing the iron-containing residue brings addi-
tional technological and environmental benefits. 

The overall results show that the developed technology can be 
useful for industrial implementation, especially in integrated steel plants 
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that seek sustainable solutions for dust control in electric arc furnaces 
and zinc extraction. 

Conclusion 
This study developed and demonstrated an effective hydrometal-

lurgical technology for processing dust from electric arc furnaces 
(EDF). The purpose of this research is to maximize zinc extraction and 
ensure the return of iron-containing residue during the steel production 
process. Sulfuric acid leaching of zinc-containing phases precedes 
multi-stage purification of the electrolyte, followed by the electrolytic 
production of cathode zinc. Due to the mineralogical distribution of 
metals, where zinc is mainly present in the form of zinc oxides and 
ferrites, and iron is mainly present in the oxide phases, the obtained 
results confirm that EDP dust is a promising secondary raw material 
for zinc extraction. 

The developed technology is distinguished by the direct use of hot 
dust at a temperature of 200 to 300 degrees Celsius, which is supplied 
to the leaching reactor with mechanical mixing without preliminary 
cooling. By utilizing the heat potential of the dust, this technological 
solution contributes to the intensification of the process and the reduc-
tion of total energy consumption. The results showed that the use of 
hot dust significantly accelerates the leaching kinetics due to in-
creased diffusion and chemical reactions. This allows for improved 
zinc dissolution under moderate technological conditions. 

For leaching, a spent sulfuric acid electrolyte containing 120-160 
g/l H2SO4 and 30-50 g/l Zn was used. Because this method reduces 
the need for fresh acid and promotes a more closed water-reagent 
cycle, it saves money and the environment. The ideal conditions for 

leaching are a temperature of 60-65 ÁC, a solid to liquid ratio of 1:6, 
and a leaching time of 120-240 minutes. At these parameters, the 
medium aggressiveness allowed for the effective dissolution of ZnO 
and partial decomposition of zinc ferrites, and the excessive transfer of 
iron into the solution was limited. Based on the chemical and spectral 
analysis of the solid residue after leaching, it was found that the de-
gree of zinc and iron extraction increased by approximately 47-50% at 
the initial leaching stage. This indicates the effectiveness of the cho-
sen conditions. 

The next step was the successful purification of the productive 
leaching solution in three stages. Iron and aluminum were purified 
hydrolytically, cementation was used to remove copper, cadmium, and 
lead, followed by the final chemical adjustment of the electrolyte com-
position. This purification sequence allowed for obtaining a high-
quality electrolyte that meets the requirements for obtaining zinc as an 
electrolyte. The electrolysis was carried out using standard industrial 
practice, resulting in the production of cathode zinc and the formation 
of solutions containing 50-60 g/l Zn and 100-120 g/l H2SO4. During the 
process, these solutions were reused. The recirculation of electrolyte 
solutions improves the closed nature of the technological cycle and 
reduces the amount of wastewater. 

The main result of the proposed technology is the formation of an 
iron-containing residue with a low zinc content. This residue can be 
used in steel production as a mixture additive without harming the 
technological process. This quality helps maintain the principles of a 
circular economy, as it reduces the amount of waste generated and 
guarantees the efficient use of by-products from metallurgy.  
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NON-CONVENTIONAL HYDROMETALLURGICAL SEPARATION OF 
IRON, ZINC, AND COPPER FROM COPPER INDUSTRY WASTE   

UDC 669.3 DOI: 10.70769/2181-7383.MBU.1(104).2026.4 

Abstract. In this study, the possibilities of efficiently separating iron, zinc, and copper from copper smelting slag, which is a waste of the copper industry, using a 
non-conventional hydrometallurgical method were investigated. The recycling of such wastes is important not only for the recovery of valuable metals but also for 
reducing their negative impact on the environment. In order to eliminate technological problems that arise during the filtration stage after sulfuric acid leaching of 
copper smelting slag, the research was carried out in three stages. First, the slag sample was selectively leached with sulfuric acid; in the second stage, the obtained 
solution was dried; and in the final stage, the resulting solid metal sulfates were selectively leached with water.During the sulfuric acid leaching process, the effects of 
acid concentration, leaching time, temperature, and stirring speed on the transfer of metals into the solution were comprehensively investigated. The experimental 
results showed that an acid concentration of 2 M, a leaching time of 120 minutes, a temperature of 90 ÁC, and a stirring speed of 300 rpm are optimal conditions for 
metal dissolution. Under these conditions, the degree of metal dissolution into the solution was 89.5% for Cu, 88.7% for Zn, and 59.2% for Fe. The solution obtained 
after selective leaching was dried at 150 ÁC for 90 minutes to obtain solid metal sulfates. In the next stage, this product was selectively leached with water, and it was 
determined that a leaching time of 40 minutes and a temperature of 40 ÁC are the most favorable conditions for the transfer of metals into the solution. 

Keywords: Copper smelting slag; selective leaching; sulfuric acid leaching; metal sulfates; water leaching; non-ferrous metals; hydrometallurgy; extraction 

efficiency. 
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ʆɾʋʉɹɽʁʏʁʇʆʆʇɾ ɼʁɽʉʇʅɾʋɹʄʄʌʉɼʁʐɾʊʃʇɾ ʉɹʀɽɾʄɾʆʁɾ 
ɿɾʄɾʀɹ, ʏʁʆʃɹ ʁ ʅɾɽʁ ʁʀ ʇʋʎʇɽʇɻ ʅɾɽʆʇʂ                              
ʈʉʇʅʔʑʄɾʆʆʇʊʋʁ    

ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʞʝʣʝʟʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʠʟ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ ʰʣʘʢʘ, ʷʚʣʷʶʱʝʛʦ-
ʩʷ ʦʪʭʦʜʦʤ ʤʝʜʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʪʨʘʜʠʮʠʦʥʥʦʛʦ ʛʠʜʨʦʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ. ʇʝʨʝʨʘʙʦʪʢʘ ʧʦʜʦʙʥʳʭ ʦʪʭʦʜʦʚ ʠʤʝʝʪ 
ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʚʦʟʚʨʘʪʘ ʮʝʥʥʳʭ ʤʝʪʘʣʣʦʚ, ʥʦ ʠ ʜʣʷ ʩʥʠʞʝʥʠʷ ʠʭ ʥʝʛʘʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. ʉ ʮʝʣʴʁ ʫʩʪʨʘʥʝ-
ʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ ʩʪʘʜʠʠ ʬʠʣʴʪʨʘʮʠʠ ʧʦʩʣʝ ʩʝʨʥʦʢʠʩʣʦʪʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ ʰʣʘʢʘ, ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʪʨʠ ʵʪʘʧʘ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʦʙʨʘʟʝʮ ʰʣʘʢʘ ʧʦʜʚʝʨʛʘʣʩʷ ʩʝʣʝʢʪʠʚʥʦʤʫ ʚʳʱʝʣʘʯʠʚʘʥʠʶ ʩʝʨʥʦʡ ʢʠʩʣʦʪʦʡ, ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʦʣʫʯʝʥʥʳʡ 
ʨʘʩʪʚʦʨ ʚʳʩʫʰʠʚʘʣʩʷ, ʘ ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʪʚʝʨʜʳʝ ʩʫʣʴʬʘʪʳ ʤʝʪʘʣʣʦʚ ʩʝʣʝʢʪʠʚʥʦ ʚʳʱʝʣʘʯʠʚʘʣʠʩʴ ʚʦʜʦʡ. ɺ ʧʨʦʮʝʩʩʝ 
ʩʝʨʥʦʢʠʩʣʦʪʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʢʦʤʧʣʝʢʩʥʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʪʳ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʢʦʨʦʩʪʠ ʧʝʨʝ-
ʤʝʰʠʚʘʥʠʷ ʥʘ ʩʪʝʧʝʥʴ ʧʝʨʝʭʦʜʘ ʤʝʪʘʣʣʦʚ ʚ ʨʘʩʪʚʦʨ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʠʩʣʦʪʳ 2 ʄ, ʧʨʦʜʦʣʞʠʪʝʣʴ-
ʥʦʩʪʴ ʚʳʱʝʣʘʯʠʚʘʥʠʷ 120 ʤʠʥʫʪ, ʪʝʤʧʝʨʘʪʫʨʘ 90 ÁC ʠ ʩʢʦʨʦʩʪʴ ʧʝʨʝʤʝʰʠʚʘʥʠʷ 300 ʦʙ/ʤʠʥ ʷʚʣʷʶʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʜʣʷ ʨʘʩʪʚʦʨʝʥʠʷ 
ʤʝʪʘʣʣʦʚ. ʇʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʩʪʝʧʝʥʴ ʨʘʩʪʚʦʨʝʥʠʷ ʤʝʪʘʣʣʘ ʚ ʨʘʩʪʚʦʨʝ ʩʦʩʪʘʚʠʣʘ 89,5% ʜʣʷ Cu, 88,7% ʜʣʷ Zn ʠ 59,2% ʜʣʷ Fe. ʈʘʩʪʚʦʨ, ʧʦʣʫʯʝʥʥʳʡ 
ʧʦʩʣʝ ʩʝʣʝʢʪʠʚʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ, ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 150 ÁC ʚ ʪʝʯʝʥʠʝ 90 ʤʠʥʫʪ ʩ ʧʦʣʫʯʝʥʠʝʤ ʪʚʝʨʜʳʭ ʩʫʣʴʬʘʪʦʚ ʤʝʪʘʣʣʦʚ. ʅʘ ʩʣʝ-
ʜʫʶʱʝʤ ʵʪʘʧʝ ʜʘʥʥʳʡ ʧʨʦʜʫʢʪ ʩʝʣʝʢʪʠʚʥʦ ʚʳʱʝʣʘʯʠʚʘʣʠ ʚʦʜʦʡ, ʧʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ 40 ʤʠʥʫʪ ʠ ʪʝʤʧʝʨʘʪʫʨʘ 
40 ÁC ̫ ʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʜʣʷ ʧʝʨʝʭʦʜʘ ʤʝʪʘʣʣʦʚ ʚ ʨʘʩʪʚʦʨ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʜʝʧʣʘʚʠʣʴʥʳʡ ʰʣʘʢ; ʩʝʣʝʢʪʠʚʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ; ʩʝʨʥʦʢʠʩʣʦʪʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ; ʩʫʣʴʬʘʪʳ ʤʝʪʘʣʣʦʚ; ʚʦʜʥʦʝ ʚʳʱʝʣʘʯʠ-

ʚʘʥʠʝ; ʮʚʝʪʥʳʝ ʤʝʪʘʣʣʳ; ʛʠʜʨʦʤʝʪʘʣʣʫʨʛʠʷ; ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʚʣʝʯʝʥʠʷ. 

ɹʮʥʞʝʧʛ ʅ.ʊ., ʗʤʝʧʱʞʛ ʊ.ʅ., ɹʠʡʥʧʛʙ ɹ.ɺ. 
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MIS SANOATI CHIQINDILARIDAN TEMIR, RUX VA MISNI 
NOANõANAVIY GIDROMETALLURGIK AJRATIB OLISH  

Annotasiya. Ushbu tadqiqotda mis sanoati chiqindisi hisoblangan mis eritish shlagi tarkibidan temir, rux va mis metallarini noanôanaviy gidrometallurgik usulda 
samarali ajratib olish imkoniyatlari oórganildi. Mazkur chiqindilarni qayta ishlash nafaqat qimmatli metallarni qayta tiklash, balki atrof-muhitga salbiy taôsirni kamaytirish 
nuqtayi nazaridan ham dolzarb hisoblanadi. Sulfat kislotada tanlab eritish jarayonidan soóng filtrlash bosqichida yuzaga keladigan texnologik muammolarni bartaraf 
etish maqsadida tadqiqot ishlari uch bosqichda olib borildi. Dastlab, shlak namunasi sulfat kislotada tanlab eritildi, keyingi bosqichda olingan eritma quritildi va oxirgi 
bosqichda hosil boólgan qattiq metall sulfatlari suvda tanlab eritildi. Sulfat kislotada tanlab eritish jarayonida kislota konsentratsiyasi, jarayon davomiyligi, harorat va 
aralashtirish tezligining metallarning eritmaga oótish darajasiga taôsiri kompleks ravishda oórganildi. Tajriba natijalari shuni koórsatdiki, 2 M kislota konsentratsiyasi, 120 
minut davomiylik, 90 ÁC harorat va 300 ayl/min aralashtirish tezligi metallarning eritmaga oótishi uchun optimal sharoitlar hisoblanadi. Ushbu sharoitlarda metallning 
eritmaga erish darajasi Cu uchun 89,5%, Zn uchun 88,7% va Fe uchun 59,2% ni tashkil etdi. Tanlab eritish natijasida olingan eritma 150 ÁC haroratda 90 minut 
davomida quritilib, qattiq metall sulfatlari olindi. Keyingi bosqichda ushbu mahsulot suvda tanlab eritilib, 40 minut davomiylik va 40 ÁC harorat metallarning eritmaga 
oótishi uchun eng maqbul sharoit ekanligi aniqlandi. 

Kalit soózlar: mis eritish shlagi; tanlab eritish; sulfat kislotada eritish; metall sulfatlari; suvda eritish; rangli metallar; gidrometallurgiya; ekstraksiya samaradorligi. 

Introduction  
Copper slag is a by-product formed in the pyrometallurgical pro-

cessing of copper, consisting mainly of fayalite (Fe2SiO4), magnetite 
(Fe3O4), and minor amounts of valuable metallic elements such as 
copper, iron, zinc, cobalt, and nickel [1,2]. In addition, some copper 
slags may contain harmful elements such as lead and arsenic [3]. It is 
considered an important hazardous solid waste that can be utilized for 
secondary purposes. According to statistics, while the annual global 
copper production volume is 23 million tons, the annual volume of 
copper slag waste has exceeded 70 million tons [4]. Currently, due to 
the lack of effective and safe processing and neutralization measures, 
the majority of copper slags are accumulating around smelting plants. 
Only 20% are being used in the production of high-value products, 
including cement additives, fillers, road surface slag, abrasives, cutting 
tools, inert aggregates, roofing granules, glass, and tiles [5]. This situa-
tion not only leads to the wastage of high-value resources such as iron, 
cobalt, copper, lead, and silicon but also poses a serious threat to 
ecological safety, human health, and sustainable development. The 
heavy metal elements in copper slag can disperse into the surrounding 
soil, groundwater, and open water bodies, causing significant environ-
mental hazards [6]. Currently, there are three main methods for recov-
ering valuable metals from copper slag: froth flotation, pyrometallurgy, 
and hydrometallurgy. In the flotation process, the surface property 
differences between valuable and gangue minerals are exploited to 
recover copper and cobalt. This process utilizes various reagents, such 
as frothers, modifiers, and depressants. However, the efficiency of 
flotation and the grade of the copper concentrate depend on the ther-
mal history (cooling rate) of the slag, which can lead to significant loss-
es of residual copper and cobalt during the process [7,14]. Hydrometal-
lurgy primarily involves transferring valuable metallic elements from 
copper slag into a liquid phase. This process is carried out using alka-
line (strong base) or acidic solutions. Subsequently, the separation and 
enrichment of various valuable metals present in the liquid phase are 
performed, ultimately leading to their recovery in the form of metals or 
other compounds [8]. The selective leaching method using inorganic 
acids has attracted significant attention from researchers due to its high 
separation efficiency. Although some researchers have conducted 
systematic studies on the selective leaching of copper slag using alka-
line or organic acids, the separation efficiency has not reached the 
desired level. For example, Sari et al. [9] investigated the leaching 
behavior of metals from copper slag using hydrogen peroxide and an 

organic acid (acetic acid) under atmospheric pressure. Under optimal 
conditions, the separation efficiency for copper, zinc, and iron reached 
98.04%, 28.8%, and 2%, respectively. Meshram et al. [10] studied the 
selective leaching of metals from copper slag using citric acid, achiev-
ing recovery rates of 99.0% for copper, 89.2% for nickel, 94% for co-
balt, and 99.2% for iron under optimized conditions.  Acids such as HCl 
and HNO3 release highly toxic gases like Cl2 and NOx during the selec-
tive leaching process due to their inherent instability. These gases not 
only lead to environmental pollution but also pose serious risks to hu-
man health, as they can disperse through the air and cause damage to 
the respiratory system and other organs [11]. 

Sulfuric acid has been favorably received by researchers as a 
leaching agent for metal recovery from copper slag. However, this 
method still presents certain unresolved challenges. If some stable 
compounds or soluble phases within the slag are encapsulated within 
insoluble minerals, it can reduce the recovery efficiency of metals such 
as iron, cobalt, copper, and zinc [12,15]. The process can be optimized 
by adjusting various parameters, such as the leaching system, acid 
concentration, temperature, and time. However, the selective leaching 
process using sulfuric acid becomes more prone to silica gel formation 
when the HϜSOϞ concentration, leaching temperature, and duration are 
increased [13,16]. To address the aforementioned issues, this study 
proposes a combined method of "sulfuric acid pretreatment + drying + 
water leaching" for recovering valuable components from copper slag. 
Using single-factor experiments, the effects of pretreatment condi-
tionsðtemperature, acid concentration, liquidïsolid ratio, and timeðas 
well as drying temperature and duration on the selective leaching effi-
ciency of non-ferrous metals from the slag were investigated in detail. 
Comparisons were made with the conventional sulfuric acid selective 
leaching process, and the filtration characteristics of the leaching solu-
tion were analyzed. As a result, the proposed combined process 
demonstrated the potential for efficient, safe, and energy-saving pro-
cessing of copper slag, offering a novel and promising method for its 
recovery.  

Materials and methods  
Materials. In this study, copper slag obtained from the copper 

industry was used as the sample material. The samples designated for 
research were first crushed, ground, and prepared for chemical analy-
sis. To determine the chemical composition of the samples, a Shimad-
zu EDX-7000 energy-dispersive X-ray fluorescence spectrometer was 
utilized. The obtained data are presented in Table 1.  
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METALLURGY 

Initially, a jaw crusher (ɼʨʦʙʠʣʢʘ ʱʝʢʦʚʘʷ ɼʑ 80Ĭ150, NPK 
"ʄʝʭʘʥʦʙʨ-ʪʝʭʥʠʢʘ" Russia) was used to reduce the size of the slag. 
Subsequently, to further grind the material and reduce the particle size 

to less than 2 mm, a roller crusher (ɺʘʣʢʦʚʘʷ ʜʨʦʙʠʣʢʘ ɼɺɻ 200Ĭ125, 
Russia) was employed.  

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 

High-purity chemical reagents were used to conduct the experimental 
work. A 96% sulfuric acid (HςSOτ) solution was employed to transfer 
the metallic components from the slag into the leachate. Sodium hy-
droxide (NaOH) was used to regulate the solution's pH, while hydrogen 
peroxide (HςOς) was utilized to enhance the oxidation process. All 
solutions used in the experiments were prepared using distilled water.  

Methods. Selective Leaching (sulfiric acid). To determine the influ-
ence of key process parameters on the leaching of metals from the 
slag, selective leaching experiments were conducted. During the exper-
iments, sulfuric acid concentration (1.4ï2.4 M), leaching time (90ï140 
minutes), temperature (70ï120 ÁC), and agitation speed (100ï350 
rpm) were sequentially varied and studied. All experiments were car-
ried out in a 1000 ml beaker using a laboratory magnetic stirrer. The 
temperature was continuously monitored throughout the process.                     
An MS7-H550-S model stirrer (DLAB, Beijing, China) was used for the 
experiments.   

Selective Leaching (water). After the selective leaching process in 
sulfuric acid, the resulting suspension was dried by heating without 
prior filtration. This yielded solid metal sulfates. In the subsequent 
stage, this solid product was leached in plain water to study the selec-
tive leaching process in an aqueous environment. During the water 
leaching experiments, the focus was on key process parameters: 
leaching duration (30ï80 minutes), temperature (30ï80 ÁC), and the 
solid-to-liquid ratio (S/L), which were sequentially varied. All experi-

ments were conducted under laboratory conditions. 
A simplified process flow diagram illustrating the overall sequence 

of operations performed in this study is presented in Figure 1. This 
diagram provides a clear and comprehensive visual representation of 
the experimental procedure.  

Results and discussion 

Determining optimal parameters for selective dissolution in sulfuric 
acid. To begin the experimental work, six samples of 100 g each were 
weighed using a balance. Each sample was processed in sulfuric acid 
solutions with different concentrations: 1.4, 1.6, 1.8, 2.0, 2.2, and 2.4 M. 
In the first stage, research was conducted in order to convert the metal 
compounds contained in the sample into sulfate form. 

In this case, initially, experiments were carried out to determine the 
optimal value of the solution concentration. The sulfuric acid concentra-
tion was varied in the range of 1.4ï2.4 M, while the other process pa-
rameters were kept constant: leaching time of 100 minutes, tempera-
ture of 80 ÁC, stirring speed of 300 rpm, and a solid-to-liquid phase 
ratio of 1:5. Through this sequence of experiments, the effect of sulfuric 
acid concentration on the degree of m tal transfer into the solution was 
systematically evaluated. The obtained results served as a basis for 
analyzing the process efficiency and determining the optimal operating 
conditions. In particular, at a sulfuric acid concentration of 1.4 M, the 
degrees of metal transfer into the solution were 75% for copper, 79.1% 
for zinc, and 52% for iron. When the acid concentration was increased 

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
ï140 minutes, the temperature was kept at 80 ÁC, the stirring 
speed was 300 rpm, and the solid-to-liquid 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 Fig. 1. The flow chart of the recovery process  
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