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MODERN APPROACHES TO METAL RECOVERY: ACID LEACHING AND BIOLEACHING
TECHNOLOGIES

Abstract: With each passing year, the volume of metallurgical waste continues to grow, posing serious
environmental and economic challenges. However, metallurgical by-products such as slags and tailings
contain numerous valuable metals that can be recovered and reintegrated into production cycles. In this
context, hydrometallurgical and bioleaching technologies are gaining particular relevance. These methods
enable the efficient extraction of valuable components from waste while simultaneously reducing its volume
and minimizing the environmental burden. This article examines how modern techniques, such as acid
leaching and bioleaching, can be utilized not only to recover metals but also to address waste disposal issues
with minimal ecological impact. Special attention is given to practical examples and research developments
that demonstrate the high efficiency and industrial applicability of these technologies. This study highlights the
importance of waste recycling not only from an ecological perspective but also as a critical step toward building
a more sustainable economy where every resource is used to its fullest potential.
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Introduction

Metallurgical waste is becoming an increasingly serious problem for both the environment
and the economy every year. Traditional methods of disposal often fail to cope with the growing
volumes and specific characteristics of such waste, leading to its accumulation and, consequently,
significant environmental pressures. However, this challenge can be turned into an opportunity:
slags, beneficiation tailings, and spent catalysts contain numerous valuable metals — copper, zinc,
cobalt, and rare earth elements. These are valuable resources that, with proper processing, can be
returned to production. Hydrometallurgy and bioleaching are emerging as some of the most effective
solutions to this issue. These technologies enable the extraction of metals from waste through
chemical reactions or biological processes [6, 7]. For instance, methods such as acid leaching or the
use of microorganisms have already proven their effectiveness in both laboratory research and
practical applications. These approaches not only reduce the volume of waste but also significantly
minimize environmental pollution [2, 3]. This study focuses on examining modern technologies for
metallurgical waste processing [9, 4]. Central to the analysis are hydrometallurgical and bioleaching
methods, their advantages, and their practical application prospects. Additionally, the study explores
the environmental aspects of these technologies and their economic feasibility. Of particular interest
are innovations such as acid regeneration, the use of microorganisms, and carbothermal reduction,
which enable recycling tasks to be addressed with minimal environmental impact [2,4]. lllustrative
examples and research findings emphasize that metallurgical waste recycling is not only a way to
address environmental challenges but also an opportunity for economic benefit. The implementation
of such methods opens up prospects for more efficient resource utilization, reducing dependence on
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primary raw material extraction, and transitioning to a circular economy model where waste becomes
a new source of raw materials.

Methods

The methodology presented in the article is based on a systematic approach to analyzing
metallurgical waste recycling methods, with a focus on hydrometallurgical and bioleaching
technologies. The research emphasizes the selection, evaluation, and synthesis of data to assess
the efficiency and prospects of these methods.

At the first stage, modern and promising recycling methods were selected based on several
key criteria: technical efficiency, expressed as the ability to extract target metals with high purity;
environmental sustainability, involving the minimization of negative environmental impacts;
economic feasibility, accounting for the costs of implementation and operation at an industrial scale;
and versatility, reflecting the adaptability of methods to various types of waste, including slags,
tailings, and spent catalysts. Among the reviewed methods were acid leaching, bioleaching with
microorganisms, adsorption of rare earth metals on zeolites, and carbothermal reduction [1, 18, 17,
13].

At the second stage, the selected methods were evaluated using experimental data from the
literature. Key parameters of evaluation included metal recovery efficiency, expressed as the
percentage of extracted metals relative to their total content in the waste; process conditions, such
as temperature, reaction time, pH level, reagent concentrations, and other critical factors; selectivity,
defined as the ability to extract target metals with minimal dissolution of impurities; and the
characterization of by-products in terms of their potential for reuse or safe disposal. Environmental
benefits, such as reagent regeneration, waste volume reduction, and toxicity mitigation, were also
considered [10].

The third stage involved synthesizing the data. The methods were classified based on their
chemical, biological, or thermal nature, and their strengths and weaknesses were identified. For
example, acid leaching offers high reaction rates but requires stringent corrosion control for
equipment, while bioleaching is environmentally friendly but has slower reaction times. The potential
for integrating technologies was also explored to improve overall recycling efficiency. For instance,
bioleaching could serve as a preliminary step before hydrometallurgical processes [12, 15, 11].

To ensure the rigor and comprehensiveness of the study, an interdisciplinary approach was
adopted. This included a systematic review of the literature on recent advancements in metallurgical
waste recycling, a comparative analysis using a unified methodology to standardize data from
different sources, and experimental validation of results with a focus on their industrial applicability.
This approach ensured the reliability of the findings, emphasizing the scalability and adaptability of
the technologies for real-world conditions.

Main part

In modern realities, metallurgical waste is one of the most pressing environmental and
economic challenges worldwide. However, it represents not only a challenge but also new
opportunities for the development of the industry. Metallurgical slags, beneficiation tailings, and
spent catalysts contain valuable metals such as copper, zinc, cobalt, and rare earth elements. These
resources, with proper recycling, can be returned to the production cycle, significantly reducing the
need for primary raw material extraction.

Modern technologies for processing metallurgical waste, such as hydrometallurgy and
bioleaching, allow not only the efficient recovery of metals but also the minimization of waste
volumes, thereby reducing the environmental burden. For instance, acid leaching methods have
proven highly effective in extracting copper and zinc, while bioleaching, based on the use of
microorganisms, provides environmentally friendly processing with minimal use of chemical
reagents. Such approaches open up prospects for transitioning to a circular economy in the
metallurgical sector, where waste becomes a resource.

Moreover, the implementation of these technologies helps reduce dependency on primary
raw material extraction, which is particularly important in the context of growing global demand for
rare earth metals and stricter environmental regulations. Economic efficiency also increases through
reduced waste disposal costs and the potential for secondary use of recycled materials. For
example, by-products such as residual slags after treatment can be used in the construction industry,
further reducing the environmental impact.
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Thus, the recycling of metallurgical waste is not merely a solution to environmental issues
but also a crucial step toward sustainable development. The integration of modern methods, such
as the combined use of bioleaching and hydrometallurgy, opens new horizons for improving process
efficiency and minimizing environmental impact. In the context of rising costs for natural resources
and stricter environmental controls, such approaches become an integral part of the strategy for the
development of the metallurgical industry.

Leaching of Copper, Zinc, and Cobalt from Copper Smelting Slag

The acid leaching method described by Yang et al. (2010) [4] is one of the most effective for
extracting non-ferrous metals. The process utilizes sulfuric acid (H,SO,) and sodium chlorate
(NaClO3) as an oxidizer, which minimizes the extraction of undesirable impurities such as iron and
silicon. Experiments have shown that optimal conditions include a sulfuric acid concentration of 17.6
g/L, a temperature of 95°C, and a reaction time of 3 hours. Maintaining a pH level of approximately
2.0 using calcium hydroxide (Ca(OH),) ensures process stability (Figure 1).

The method demonstrates high selectivity and efficiency, with copper extraction reaching
89%, zinc 97%, and cobalt 98%. The resulting solutions are suitable for further metal recovery.
However, the technology requires significant energy input due to the high temperature, and the
residual slags must be stabilized before disposal. Environmental benefits include the possibility of
acid regeneration and waste volume reduction. Nevertheless, corrosion management of equipment
remains a critical challenge [10, 14].
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Figure 1 — Effect of sulfuric acid consumption on selective leaching

Leaching of Copper and Zinc from Brass Slag

Ahmed et al. (2016) [9] proposed an acid leaching method for extracting copper and zinc
from brass slag. The use of concentrated sulfuric acid (30%) and a high temperature (70°C)
significantly accelerates the process. Within just 10 minutes, copper extraction reaches 99%, and
zinc extraction reaches 95%. Such rapid results make the method suitable for processing large
volumes of waste [16].

An additional advantage is the stability of the residual slag, which can be used in the
construction industry. The environmental aspects of the method include the possibility of acid
regeneration, reducing the volume of chemical waste. However, the high acid concentration requires
strict corrosion control for equipment. Moreover, impurities such as iron can reduce process
efficiency (Figure 2). Despite these limitations, the method demonstrates high speed and efficiency,
making it attractive for industrial applications [17, 18].
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Figure 2 — Effect of temperature on the recovery of zinc and and copper
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Bioleaching of Copper from Slag

Bioleaching is an environmentally friendly method for metal extraction. In a study by Carranza
et al. (2009) [6], Acidithiobacillus ferrooxidans bacteria were used to treat slags, generating Fe3** as
an oxidizer. The process was conducted at a temperature of 60°C and a pH level of 1.8-2.0. Pre-
grinding the slags increased the surface area available for microbial activity [19].

The results showed copper extraction reaching 93%. This method minimizes the use of
chemical reagents, and the resulting waste is easily stabilized. However, the reaction rate is slower
than chemical methods, and microorganisms are sensitive to environmental changes. This method
is particularly effective for processing waste with low metal content, where traditional approaches
are less efficient (Figure 3).
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Figure 3 — Copper recovery versus time for different size fractions of sample.

Hydrometallurgical Extraction of Rare Earth Elements from Phosphogypsum

A study by Dotto et al. (2024) [18] proposed an innovative method for extracting rare earth
elements (REEs) from phosphogypsum. The process involves acid leaching using citric acid and the
adsorption of REEs onto ZSM-5 zeolite. Optimal conditions include a temperature of 25-30°C, pH
6, and a reaction time of 4 hours. Zeolite demonstrates high selectivity, and citric acid serves as a
biodegradable leaching agent (Figure 4) [20].

The extraction efficiency reaches 97% for neodymium, and the regeneration of zeolite
reduces operational costs. However, contaminant impurities can lower adsorption efficiency, and the
process requires prior solution filtration. Advantages include environmental safety and the scalability
of the method for industrial applications.
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Figure 4 — Effect of the pH on the adsorption of Ce3p, La3p, and Nd3p. Conditions

Carbothermal Reduction of Metals from Slag

The carbothermal reduction method described by Sarfo et al. (2017) [2] uses carbon
(graphite) as a reducing agent to extract iron, copper, and molybdenum from copper slag. The
process is conducted at a temperature of approximately 1440°C with the addition of fluxes (CaO,
Al,O3) to improve the properties of the by-product-secondary slag. The resulting slag can be used
in the glass and ceramics industries [8].

This method combines high efficiency with the potential use of by-products, making it
economically attractive. However, the high temperature increases energy costs, and process
parameter management requires advanced equipment (Figure 5).
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Figure 5 — Interaction plots of secondary slag (a) hardnessand (b) density as a function
of reduction time and temperature at the optimum carbon content

Comparison of Methods and Prospects

The reviewed methods demonstrate a wide range of approaches to metallurgical waste
recycling, from chemical to biological and thermal processes. Each has its strengths and limitations.
Acid leaching methods offer high speed and efficiency but require strict control of corrosion and
residue neutralization. Bioleaching represents an environmentally sustainable approach, though it is
limited by slow reaction rates and the complexity of maintaining optimal conditions for
microorganisms. Carbothermal reduction enables not only metal recovery but also the utilization of
by-products, though it requires significant energy input.

The future of metallurgical waste recycling lies in the integration of technologies. Combined
approaches, such as preliminary bioleaching followed by chemical processing, can enhance overall
process efficiency. Additionally, the development of reagent regeneration methods and the use of
renewable energy sources for thermal processes could significantly reduce environmental impacts
and costs.

The implementation of such technologies at the industrial level can not only reduce waste
volumes but also create a sustainable economy where every resource is used to its fullest potential.
This direction requires further research focused on optimizing existing methods and developing new
approaches to metallurgical waste recycling.

Discussion conclusion

Based on the main section, four primary methods of metallurgical waste processing can be
identified: acid leaching, bioleaching, carbothermal reduction, and rare earth element (REE)
extraction.

The acid leaching method is particularly important for metallurgy as it allows for the efficient
processing of large volumes of waste, the extraction of valuable metals, and the minimization of
environmental risks. This can significantly reduce dependence on primary raw material extraction.
However, future efforts should focus on reducing energy consumption and improving the corrosion
resistance of equipment.

Bioleaching is a promising solution for processing waste with low metal content that is
challenging to recycle using other methods. This approach is vital for metallurgy as it reduces the
toxicity of waste and expands the potential for secondary processing. Further research should aim
to improve the resilience of microorganisms and accelerate the process.

The carbothermal method is essential for metallurgy as it ensures comprehensive resource
utilization and allows recycled products to be integrated into other industrial chains. However, the
future of such technologies is tied to the use of renewable energy sources to reduce the carbon
footprint and energy costs.

Rare earth element (REE) extraction is critical in light of the global demand for rare earth
elements, which are used in high-tech industries such as electronics and battery production. Future
research should focus on optimizing the solution purification process and scaling up technologies.

Metallurgical waste is not just a problem but a significant opportunity. Modern waste
processing technologies open up prospects for reducing environmental burdens by minimizing waste
volumes, extracting valuable metals to decrease dependence on primary extraction, and improving
resource efficiency, thereby facilitating the transition to a circular economy. These methods are key
to implementing environmentally friendly and economically viable solutions, which are especially
important given stricter environmental regulations and rising resource extraction costs.
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The prospects for further research and technological development in waste processing
include several key areas. Integration of technologies involves developing combined approaches,
such as preliminary bioleaching followed by chemical leaching, to improve process efficiency.
Process optimization aims to reduce the energy consumption of thermal methods, such as
carbothermal reduction, through the introduction of renewable energy sources or lowering operating
temperatures. Development of new reagents focuses on using biodegradable and less aggressive
substances for leaching processes, making these methods more environmentally friendly.
Automation and control will enable the implementation of digital technologies for monitoring and
managing complex chemical and biological processes, ensuring their stability and precision.
Sustainability and scalability include studying the impact of impurities in waste on method efficiency
and developing technologies capable of handling a wide range of materials.

These developmental directions will not only make metallurgical waste processing more
efficient but also environmentally sustainable, providing competitive advantages to industry
enterprises and marking a significant step toward building an environmentally responsible and
economically stable metallurgical industry of the future.
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METANAbI KANMbIHA KENTIPYAIH 3AMAHAYU TOCINAEPI: KbILWKbINAbl LLAUMAITIAY
XXOHE BUOLLAUMAIIAY TEXHONOIUANAPDI

XKbin calibiH MemannypausnbiK KandbikmapObiH Kenemi yriFalibir, 3K0/102USbIK XOHE 3KOHOMUKaIIbIK
myprbiOaH eneyni macenenep mybiH0amadbi. Anatida memarnnypausisiblK eHOIpicmiH Kocarnkbl eHimoepi —
KoxOap MmeH yliHlinep kennmeaeH bararnbl Memandapdbl Kammulbl, 0n1ap0bl KannbiHa Kenamipir, eHoipicmik
uukndepze kKalma eHzidyce 6onadbi. Ocbl mypfbida a2udpomemarnnypausifibli XoHe buowalmanay
mexHorsioausinapbl epekwe MaHbi3ra ue bosyda. byn adicmep KandbikmapdaH bararnbl KOMIOHEHMMepPOi
muimdi mypde 6enin anyra MymkiHOiKk 6epedi, coHbiIMeH Kamap onapOblH KenemiH asalmbir, KopuaraH
opmara acepiH memeHOemedi. Ocbl Makanada memarndapObl FaHa eMec, COHbIMEH Kamap KandblKmapdbi
aKoroausira eH a3 3usiH Kenimipe ombipbin Kalima eHOey MacernernepiH weuwy ywiH KondaHyra 6onambiH
3amaHayu adicmep, COHbIH iWiHOe KbiWKbINObI WalMarnay xsHe buowatimanay macindepi Kapacmeipbliaobl.
Epekwe Haszap 6yn mexHonoausinapObiH Xofapbl muimMOiniaiH xaHe eHepkacinmik KondaHyra xapamobirbIFbIH
KepcememiH npakmukarsnblK Mbicandap MeH 3epmmey HamuxernepiHe aydapsbinadbl. byn 3epmmey
Kandbikmapdbl Kalima eHOeydiH MaHbI30bIfbIFbIH MEK 3KOJI02USINIbIK KO3Kapac MmypfbiCbiHaH faHa eMec,
CoHbiMeH Kamap opbip pecypcmbi bapbiHwa muimdi natdanaHyra GarbimmasiFraH HeFypribiM mypakmabl
9KOHOMUKaHbI Kanbinmacmbipydarbl MaHbi30bl Kadam pemiHOe kepcemeOi.

Tyiiin ce3dep: memannypausinbiK Kandbikmap, eudpomemannypaus, buowalimanay, kalima eHdey,
9KOJI02US.
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COBPEMEHHbBIE NOAXOAbl K U3BNIEYEHUIO METAINOB: TEXHONIOMMU KUCNOTHOIO
BbILWENAYMBAHUA U BUOBbILWWEJNTAYMBAHUA

C kax0biM 2000M 06beM MemasiTypaudeckux omxodos rnpodoskaem pacmu, co3dasasi cepbe3Hble
9KOJI02UYECKUE U 3KOHOMUYecKue rpobriembl. O0HaKo memariypaudeckue noboyHble npodyKmabl, makue Kak
wnaku u xeocmbl, codepxam MHOXECmB0 UEHHbIX Memarssios, Komopbie Mo2ym 6bimb U3enievyeHbl U
g8o38palieHbl 8 [Pou3s0OCMEeHHble Uukbl. B amom kKoHmekcme eudpomemarniypeudyeckue U
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buosbiwenaqyugarouue mexHos02uu npuobpemarom ocobyr akmyanbHocmb. Omu MemoOdbl 10380J1910m
ahbgbekmueHO u3eriekamb UEHHbIE KOMIOHEHMbI U3 0mxo008, OOHOBPEMEHHO CHUXas ux obbeM u
MUHUMU3UPYs 8o30elicmeue Ha OKpyxarouyto cpedy. B daHHOU cmambe paccMampuearomcsi CO8PeMEHHbIE
MemoObl, maKue Kak KUC/TIOmHoe eblujesiadueaHue U 6buosbiujesiadqueaHue, Komopblie Moeaym
ucCronib308amsCsi He MOJIbLKO Ofisi U3e/leYeHUsi Memarsios, HO U O peweHus npobreM ymusnusayuu
o0mx0008 ¢ MUHUMaJsIbHbIM 3Koroaudyeckum so3deticmauem. Ocoboe sHUMaHUe ydernsemcs rnpakmu4yecKum
npumepam u uccredosamesnbCKUM paspabomkam, OEeMOHCMPUPYOUWUM BbICOKYIO 3hhekmusHOCMb U
MPOMBIWIIEHHYKO  MPUMEHUMOCMb  3mux mexHonoaul. WccrnedosaHue nodyepkueaem 8axkKHOCMb
nepepabomku omxodo8 He MOJIbKO C 3KOSI02UYECKOU MOYKU 3PEHUS], HO U KakK KpUmuyYecKU 8axHbIl waa Ha
nymu K rocmpoeHuro 6onee ycmol4yueol 3IKOHOMUKU, 8 KOmopol KaxOblli pecypc UCronb3yemcs
MaKkcumarbHO 3¢hheKmuUBHO.

Knrodeebie cnioea: memarsnypeudyeckue omxo0bl, audpomemannypeusi, buosbiwenadyusaHue,
nepepabomka, 3Kos02usl.
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