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Abstract 
 

The accumulation of metal-containing waste, particularly lead and copper slags, presents a pressing environmental and 

economic issue in Kazakhstan. This study investigates bioleaching as a sustainable alternative to conventional extraction 

methods for recovering valuable metals from industrial waste. Metal-tolerant microorganisms, including Acidithiobacillus 

ferrooxidans, Nitrosomonas europaea, and micromycetes such as Aspergillus niger and Aspergillus flavus, were isolated and 

characterized to enhance bioleaching efficiency. Experiments using heap and tank leaching under controlled conditions 

examined key factors such as temperature, pH, particle size, and organic content. Bioleaching showed superior performance 

over sulfuric acid leaching, achieving recovery rates of 4.32 kg/t for copper and 14.91 kg/t for zinc. Optimal conditions were 

identified at +30 to +35 °C, pH 7–9, and particle sizes of 0.5–1.0 mm. Microscopic analysis confirmed that micromycetes 

contributed to metal dissolution by stabilizing pH and supporting microbial activity. The findings demonstrate that 

bioleaching is an effective, eco-friendly method that reduces the need for harsh chemicals while improving resource 

efficiency. The study supports further development of bioleaching technologies for industrial-scale applications. 
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1. Introduction 

The growing global demand for critical metals, coupled with 

the depletion of high-grade ore deposits, has intensified the 

search for sustainable and efficient metal recovery 

technologies. Among the most promising alternatives is 

bioleaching an environmentally friendly method that utilizes 

microorganisms to extract valuable metals from low-grade 

ores and industrial waste.[1,2] This technology has proven 

effective for processing a wide range of metallurgical by-

products, including copper and lead slags, steel slags, and 

electronic waste, offering a viable alternative to conventional 

hydrometallurgical and pyrometallurgical methods.[3] Recent 

research has confirmed the potential of bioleaching for the 

recovery of metals such as copper, zinc, iron, chromium, and 

vanadium.[4] Classical bioleaching agents like 

Acidithiobacillus ferrooxidans, known for oxidizing iron and 

sulfur compounds, have been extensively studied for their role 

in enhancing metal solubilization from solid matrices.[5] Other 

acidophilic bacteria, such as A. thiooxidans and A. ferridurans, 

have shown success in the treatment of steel slags, often 

combined with selective precipitation techniques to optimize 

metal recovery. In more complex systems, mixed microbial 

consortia including Leptospirillum spp., Sulfobacillus spp., 

Ferroplasma spp., and Acidithiobacillus spp. have achieved 

high recovery rates of copper, zinc, and even gold from pyritic 

tailings and non-ferrous slags.[6] 

The present study builds on these advancements by 

focusing on the bioleaching of lead slag for the recovery of 

copper and zinc, introducing a broader microbial consortium 

that includes not only acidophilic bacteria but also nitrifying 

bacteria (Nitrosomonas europaea) and filamentous fungi 

(Aspergillus niger and Aspergillus flavus).[1,3,7,8] This 

represents a notable departure from previous studies that 

primarily relied on iron- and sulfur-oxidizing bacteria. The 
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inclusion of N. europaea, typically associated with nitrogen 

cycling, adds a novel dimension to the process, as its 

metabolic by-products can influence pH dynamics and 

indirectly affect metal solubility. Likewise, the use of fungal 

strains is particularly significant due to their ability to secrete 

organic acids, facilitating metal dissolution even under neutral 

to mildly alkaline conditions.[9–13] While Acidithiobacillus 

species remain dominant in bioleaching literature, the 

combination of fungi and nitrifying bacteria explored in this 

study offers a unique and innovative approach. For instance, 

A. ferrooxidans is commonly employed in copper slag 

leaching, while A. thiooxidans and A. ferridurans are favored 

for their selectivity in treating steel slags. Studies on printed 

circuit boards (PCBs) also highlight the use of biogenic 

sulfuric acid and ferric iron for cost-effective metal 

recovery.[14–17] However, few investigations have examined the 

synergistic role of micromycetes, which, in this study, were 

found to stabilize pH and promote microbial activity during 

metal extraction.[18] 

Another key distinction of the current study is its 

operational pH. Whereas most bioleaching studies report 

optimal metal recovery at highly acidic conditions (pH 1.8–

2.5), the present research achieved superior results in the 

neutral to mildly alkaline range (pH 7–9). This atypical pH 

preference suggests that certain microbial consortia may 

function effectively in less corrosive environments, 

potentially reducing infrastructure costs and environmental 

risks.[17–25] By evaluating the bioleaching potential of an 

expanded microbial spectrum, this study advances current 

understanding of microbial metal recovery and its application 

to industrial waste treatment.[16,22–24] The inclusion of 

Nitrosomonas europaea and filamentous fungi underscores 

the importance of microbial diversity in optimizing metal 

recovery processes, particularly from complex matrices such 

as lead slag.[25–28] Future research should aim to scale this 

approach for industrial applications and explore its integration 

into circular economy frameworks for metal recycling.[29–31] 

 

2. Materials and methods 

2.1 Materials  

Technological waste samples were collected from the former 

Shymkent Lead Plant in October 2024. Two distinct types of 

waste were identified: lead slag and copper slag. Prior to 

experimentation, the samples were manually ground using a 

porcelain mortar and sieved through a laboratory mesh with a 

cell size of 0.1 cm to obtain uniform particle sizes. Iron-

oxidizing bacteria (Acidithiobacillus ferrooxidans), nitrifying 

bacteria (Nitrosomonas europaea), and micromycetes 

(Aspergillus niger and Aspergillus flavus) were isolated from 

the waste materials under laboratory conditions through 

incubation in selective nutrient media, as described in Section 

2.2. All chemical reagents used in this study including 

ammonium sulfate ((NH₄)₂SO₄), potassium hydrophosphate 

(K₂HPO₄), magnesium sulfate (MgSO₄), sodium chloride 

(NaCl), iron sulfate (FeSO₄), calcium carbonate (CaCO₃), 

sodium nitrate (NaNO₃), and potassium chloride (KCl) were 

of analytical grade and employed without further purification. 

 

2.2 Methods 

2.2.1 Microorganisms cultivation 

To isolate and identify microorganisms suitable for the 

bioleaching process, selective nutrient media were employed 

to promote the targeted growth of different microbial groups. 

Incubation was performed at 25 °C for 7 days, with biomass 

growth monitored every 24 hours. Iron-oxidizing bacteria 

(Acidithiobacillus ferrooxidans) were cultivated in an acidic 

medium (pH 2.0) containing: (NH₄)₂SO₄ – 2.0 g/L, K₂HPO₄ – 

1.0 g/L, MgSO₄·7H₂O – 0.5 g/L, NaCl – 0.2 g/L, and 

FeSO₄·7H₂O – 44.2 g/L. Nitrifying bacteria (Nitrosomonas 

europaea) were grown on Vinogradsky medium comprising 

glucose – 20.0 g/L, K₂HPO₄ – 1.0 g/L, MgSO₄·7H₂O – 0.5 g/L, 

CaCO₃ – 20.0 g/L, yeast extract – 10.0 g/L, and a 

microelement solution – 1 mL. Micromycetes (Aspergillus 

niger and Aspergillus flavus) were cultivated on both liquid 

and solid Czapek media containing: sucrose – 30.0 g/L, 

NaNO₃ – 2.0 g/L, K₂HPO₄ – 1.0 g/L, MgSO₄·7H₂O – 0.5 g/L, 

KCl – 0.5 g/L, and FeSO₄·7H₂O – 44.2 mg/L. Fungal cultures 

were incubated at 28–30 °C for 5–7 days under aeration. 

 

2.2.2 Polymerase chain reaction (PCR) analysis 

Polymerase chain reaction (PCR) analysis was employed to 

determine the species composition of the isolated 

microorganisms. Genomic DNA was extracted using the 

PureLink™ Genomic DNA Kit (Invitrogen, Carlsbad, USA) 

and the GeneJET Genomic DNA Purification Kit. DNA 

concentration was measured with a Qubit® 2.0 fluorimeter 

using the Qubit™ dsDNA HS Assay Kit (Life Technologies, 

Oregon, USA). DNA quality was assessed via electrophoresis. 

Universal primers were used to amplify bacterial 16S rRNA, 

while ITS primers were used for fungal identification: ITS1 

(5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-

TCCTCCGCTATTGATATGC-3′). Fig. 1 Phylogenetic tree 

of Aspergillus niger strain AS1 based on ITS region sequences. 

The tree was constructed using the Neighbor-Joining method. 

Reference sequences were obtained from GenBank and 

annotated with their accession numbers. The position of the 

isolated strain AS1 is marked with a black dot (●). The 

evolutionary relationships indicate high similarity between  
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Fig. 1: Phylogenetic tree of Aspergillus niger AS1. 

 

 
Fig. 2: Setups for bioleaching in laboratory conditions: A. Laboratory setup simulating heap leaching ; B. Laboratory setup simulating 

tank leaching. 

 

AS1 and other A. niger and Aspergillus spp. strains, 

confirming its taxonomic identity. 

 

2.2.3 Method of bioleaching 

The bioleaching process was simulated using two approaches: 

heap bioleaching and tank bioleaching. Heap bioleaching was 

performed in 200 mL plastic percolators, where the leaching 

solution percolated through a stationary layer of solid material, 

simulating natural leaching conditions (Fig. 2A). In contrast, 

tank bioleaching was conducted in 250 mL glass conical flasks, 

maintaining a solid-to-liquid (S:L) ratio of 1:5 (Fig. 2B). Both 

experiments were carried out for 12 days at ambient 

temperatures ranging from 22 to 24 °C. The study utilized 

particles with a size fraction of 0.05–0.1 cm. For comparison, 

a control experiment using conventional sulfuric acid leaching 

(H₂SO₄ at 3 g/L) was included. 

The study included four experimental variants: (1) 

bioleaching with Acidithiobacillus ferrooxidans cultures, (2) 

bioleaching with Nitrosomonas europaea cultures, (3) 

bioleaching using a consortium of micromycetes (Aspergillus 

niger and Aspergillus flavus), and (4) a control leaching 

experiment using sulfuric acid. The pH of the leachate was 

measured using a Hanna HI-2211 pH meter. Biomass growth 

was assessed via membrane filtration. The concentration of 

Fe²⁺ ions was determined by complexometric titration using 

disodium EDTA, with sulfosalicylic acid serving as the 

colorimetric indicator. Microbial counts were estimated  

by the serial dilution method. 

 

2.2.4 Method of metal concentration control 

Metal concentrations in the leachate were measured using the 

ICP-OES (Inductively Coupled Plasma Optical Emission 

Spectroscopy) method on an EXPEC 6500 spectrometer (FPI, 

China). The instrument was operated under the following 

conditions: pump speed – 50 rpm, observation mode – dual 

view, RF power – 1150 W, and analysis time – 15 seconds. 

 

2.2.5 Statistical analysis of data 

Statistical analysis was performed using Microsoft Excel. The 

arithmetic mean was calculated for each experimental group 

based on the number of replicates and the group as a whole. 

The standard deviation (ΔΧ) of the results was determined 

using the following Eq. (1): 

∆Χ =
𝑡𝑃𝑓⋅𝑆

√𝑛
                                    (1) 
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where tPf – coefficient, S - the absolute standard deviation of 

the measured value, calculated for a sample of n data points, n 

– number of samples. 

 

3. Results and discussion 

3.1 Identification of microorganisms promising for 

bioleaching 

Microbiological analysis of technogenic waste from the lead  

smelter revealed the absence of Acidithiobacillus ferrooxidans 

in all surface samples, suggesting that oxidative microbial 

activity had ceased likely due to the neutral or slightly alkaline 

pH of the environment. However, aqueous waste samples 

contained Thiobacillus thiooxidans, and small quantities of T. 

thiocyanooxidans were detected, likely associated with the 

presence of organic carbon compounds such as xanthates and 

cyanides. In copper slag deposits, no microorganisms were 

identified in the upper layers (0 - 20 cm), but microbial 

populations were detected at depths of 20 - 60 cm, with 

concentrations ranging from 10 to 10² cells/g. These 

subsurface isolates were found to be adapted to low 

temperatures (5 - 15  °C) and high concentrations of 

molybdenum ions (>13.0 mg/L). Additionally, thiobacteria 

closely related to Thiobacillus thiooxidans and 

Acidithiobacillus ferrooxidans were isolated from nearby 

mine waters. In total, 56 isolates of autotrophic 

microorganisms and 42 isolates of micromycetes with 

potential bioleaching activity were successfully cultured from 

the technogenic waste samples. 

 

3.2 Screening and selection of active strains 

As a result of screening for growth on waste-containing media, 

the following promising strains were 

identified: Acidithiobacillus ferrooxidans ShU1, a Gram-

negative, rod-shaped bacterium (0.3–0.4 × 0.7–1.7 μm), 

exhibits motility via a polar flagellum. Its optimal growth 

occurs at pH 0.5–9.0 and 28–35 °C. This strain oxidizes Fe²⁺, 

elemental sulfur, and sulfur compounds. SEM images of the 

samples are presented on Fig. 3. 

Fig. 3 presents scanning electron microscopy (SEM) 

images of Acidithiobacillus ferrooxidans strain ShU1 at 

different magnifications. Image A (left) shows a densely 

populated microbial community at 5,500× magnification, 

while Image B (right) provides a high-resolution view of a 

single bacterium at 30,000× magnification. In both images, 

multiple rod-shaped cells are observed, consistent with the 

known morphology of A. ferrooxidans, a Gram-negative, 

acidophilic, chemolithoautotrophic bacterium commonly 

involved in bioleaching and iron/sulfur oxidation 

processes.[32,33] The cells exhibit a length of approximately 

1.36–1.38 µm and a diameter of 0.45–0.48 µm, which aligns 

well with previously reported dimensions of A. ferrooxidans, 

typically ranging from 1.0–2.5 µm in length and 0.3–0.6 µm 

in width.[34] The differences in scale and morphology between 

images A and B highlight the dynamic structural features of A. 

ferrooxidans in varying environmental or growth conditions. 

In the context of bioleaching, such structural traits are critical, 

as they influence microbial adhesion to mineral surfaces, 

colonization efficiency, and metal solubilization 

performance.[35] These SEM images confirm the successful 

isolation and characterization of A. ferrooxidans ShU1 from 

technogenic environments, with morphological attributes 

suitable for metal bioleaching applications. The rod-like form, 

size consistency, and smooth cell surface morphology reflect 

well-documented traits of this species and support its role in 

biohydrometallurgical processes. 

Fig. 4 presents microscopic and SEM images of the 

filamentous micromycete Aspergillus niger strain AS1, 

highlighting its morphological structures and surface 

characteristics. Image A (left) is a light microscopy image 

captured at 250× magnification. It clearly shows typical 

features of A. niger, including long, septate hyphae and darkly 

pigmented, globular conidial heads formed on conidiophores. 

The branching conidiophores with radiating phialides 

terminating in chains of dark conidia (asexual spores) are 

characteristic of this species.[36] The bluish coloration may 

result from staining (e.g., lactophenol cotton blue) commonly 

used for fungal visualization, enhancing contrast between the 

hyphae and conidial structures. Image B (right) shows a SEM 

image at 200× magnification, revealing the ultrastructural 

surface details of A. niger colonies. The hyphal structures are 

visible as tubular filaments, while conidial heads appear as 

densely packed, globular aggregates with rough surface 

textures. These surface features are consistent with the 

formation of mature conidia and indicate the organism’s 

ability to form spores under solid-state culture conditions. 

SEM analysis also confirms robust hyphal development and 

sporulation, both essential traits for bioleaching efficiency due 

to high metabolic activity and secretion of organic acids. The 

ability of Aspergillus niger to form extensive mycelial 

networks and produce significant quantities of organic acids 

(especially citric, oxalic, and gluconic acids) makes it 

particularly attractive for biohydrometallurgical applications, 

including bioleaching of heavy metals from industrial 

wasteand slag.[37] These acids play a key role in 

metalsolubilization by chelating metal ions or lowering the pH 

of the environment, thereby enhancing leaching kinetics. The    
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Fig 3: SEM images of Acidithiobacillus ferrooxidans ShU1. 

 

Fig. 4: Microscopic images of the micromycete Aspergillus niger AS1. 

 

Fig. 5: General appearance of colonies and conidia of Aspergillus flavus AISK. 

 

distinct morphological integrity and sporulation observed in A. 

niger AS1 suggest that this strain is well-suited for use in 

bioleaching processes under variable environmental 

conditions. Its filamentous growth form enables extensive 
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colonization of solid substrates, while its resistance to metal 

toxicity allows it to survive in metal-rich waste 

environments.[38] 

Fig. 5 presents light microscopic images of the filamentous 

fungus Aspergillus flavus strain AISK, captured at 250× 

magnification. The figure illustrates key morphological 

features characteristic of the species, including hyphal 

networks, conidiophores, and chains of conidia, essential for 

fungal identification and biofunctional assessments. Fig. 5A 

displays elongated, septate hyphae with branching 

conidiophores terminating in chains of conidia. The conidia 

are globose to subglobose in shape, arranged in loose, dry 

chains, and vary in pigmentation from light to dark brown. 

These are consistent with descriptions of A. flavus, whose 

conidia typically measure 3.5 - 5.0 µm in diameter and exhibit 

echinulate (roughened) surfaces under higher magnification.[39] 

The distinct separation between spore chains and hyphal 

structures supports the species’ well-known ability for prolific 

asexual sporulation. Morphological integrity in sporulation is 

an important indicator of fungal viability and potential for 

environmental colonization, including in bioleaching systems. 

Fig. 5B shows a broader view of the fungal colony structure, 

with visible vesicles at the tips of conidiophores where 

conidial formation initiates. Spherical terminal vesicles, a 

hallmark of A. flavus, support biseriate conidial development 

involving both metulae and phialides. The image also shows 

developing conidial heads, loosely radiating from the vesicle 

another taxonomic trait differentiating A. flavus from close 

relatives like A. niger or A. oryzae. Aerial hyphae in the image 

appear transparent and thin-walled, likely representing 

younger mycelium. While it is infamous for aflatoxin 

production in food spoilage,[40-42] non-toxigenic strains such as 

AISK are increasingly studied for their ability to participate in 

bioleaching and biosorption processes. A. flavus is known to 

produce a range of organic acids such as oxalic, gluconic, and 

citric acids that facilitate the solubilization of heavy 

metals.[43,44] Its robust sporulation and resistance to extreme 

conditions, including high metal concentrations, make it a 

promising candidate for mycogenic metal recovery from 

industrial slags, mine tailings, and contaminated soils. 

 

3.3 The influence of abiotic and biotic factors on the 

efficiency of bioleaching 

The waste leaching solutions had a pH of 7–9, which could 

inhibit microbial growth and activity. To evaluate the 

influence of different factors on bioleaching efficiency, the 

following conditions were examined: temperature, light 

exposure, and organic compound concentration. 

 

Fig. 6: Effect of temperature conditions on the rate of oxidation 

of divalent iron by a composition of thiobacteria.  

 

3.3.1 Temperature conditions 

Temperature is a key factor for bioleaching processes. As can 

be seen from Fig. 6 at 30-35°C the oxidation rate of Fe²⁺ 

reached 8.9 ± 0.2 g/L per day. When at 15°C the process speed 

decreased by 2 times. However, at 5.5°C, growth inhibition 

was observed by 9 times.  

Fig. 6 illustrates the effect of varying temperature 

conditions on the oxidation rate of ferrous iron (Fe²⁺) by a 

microbial consortium of thiobacteria over a 100-day reaction 

period. The data demonstrate a clear trend of decreasing Fe²⁺ 

concentration over time across all temperature conditions, 

indicating ongoing biological oxidation activity. The initial 

concentration of Fe²⁺ was approximately 10 g/L in all variants. 

The most rapid decrease in Fe²⁺ was observed at optimal 

temperature ranges of 30 – 35 °C and 40 – 45 °C, where Fe²⁺ 

levels dropped to below 1 g/L by day 100. In contrast, lower 

temperatures (0 – 5 °C and 10 – 15 °C) showed a slower rate 

of iron oxidation, with residual Fe²⁺ concentrations remaining 

higher throughout the experiment. This confirms that 

temperature is a critical factor influencing the metabolic 

activity of iron-oxidizing bacteria. The data suggest that 

microbial oxidation of Fe²⁺ is most efficient within the 30 – 

45 °C range, consistent with earlier studies indicating that A. 

ferrooxidans thrives optimally around 35 °C.[45] This increased 

efficiency may be attributed to enhanced enzymatic activity 

and cell growth under warmer conditions, facilitating faster 

electron transfer and biooxidation kinetics.[46,47] This result has 

significant implications for bioleaching and bioremediation 

strategies involving iron-oxidizing consortia, especially in 

climates with variable seasonal temperatures. Operating 

within the identified optimal range can maximize Fe²⁺ 

oxidation and thus enhance metal recovery processes or 
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environmental detoxification involving iron cycling. 

 

3.3.2 The influence of lighting 

Lighting is a crucial factor in bacterial growth, influencing 

their metabolism, reproduction, and survival. Typically most 

bacteria thrive in darkness.[25] Certain species respond to light 

exposure differently. For example, phototrophic bacteria, such 

as cyanobacteria, use light for energy through photosynthesis, 

while excessive exposure to UV or blue light can inhibit 

growth or even cause DNA damage in non-phototrophic 

bacteria. In our case (Fig. 7) direct sunlight caused inhibition 

of bacterial activity due to ultraviolet radiation. Artificial 

lighting had no noticeable effect. The same result was 

observed.[28] Protecting bacterial cultures from UV exposure 

and using controlled lighting conditions can prevent potential 

bacterial inhibition and maintain leaching efficiency. 

 

 

Fig. 7: Effect of light source on the dynamics of biological 

oxidation of divalent iron by a composition of thiobacteria. 

 

3.3.3 The influence of organic impurities 

As can be seen from Fig. 8 increasing the organic 

concentration from 0.1% to 10% slowed down the bioleaching 

process. Organic impurities can significantly affect bacterial 

activity by serving as nutrient sources or inhibitors, depending  

on their composition and concentration. Readily 

biodegradable organic compounds, such as sugars and amino 

acids, can enhance bacterial growth and metabolism, 

promoting biofilm formation and enzymatic activity. 

Conversely, complex or toxic organic pollutants, such as 

hydrocarbons or phenolic compounds, may inhibit bacterial 

functions or require specialized microbial communities for 

degradation. The presence of organic impurities can also 

influence microbial diversity and interactions, impacting 

overall ecosystem stability and bioremediation processes.[25] 

As can be seen from Fig. 8 some organic compounds can serve 

as energy sources for heterotrophic bacteria, potentially 

enhancing bioleaching under certain conditions. However, 

excess organic matter can lead to unwanted microbial 

competition, which can negatively impact the process. 

 

Fig. 8: Effect of organic impurities on the rate of oxidation of 

divalent iron by a composition of thiobacteria. 

 

3.3.4 Fractional composition of waste 

The optimal particle size is 0.5–1.0 mm (ensures maximum 

extraction of metals). Particles <0.5 mm – reduced leaching 

efficiency due to poor diffusion of solutions. Further studies 

confirm that ultrafine particles can lead to passivation effects 

due to silica and jarosite precipitation, which further reduces 

leaching efficiency. Controlled milling and optimization of 

particle size distribution are key to maximizing metal recovery. 

 

3.3.5 Comparison of bacterial-chemical and sulfuric acid 

leaching 

The results showed that bioleaching using thiobacteria 

demonstrated higher efficiency of copper and zinc extraction 

compared to the sulfuric acid method. The average metal 

extraction rates for each method are shown in Table 1. 

Data analysis shows that bioleaching provides 24% more 

copper and 34% more zinc than sulfuric acid leaching (Fig. 9).  

This method allows for more efficient processing of metal-

containing waste, increasing the degree of its utilization and 

reducing the use of aggressive chemical reagents. Recent 

studies have also demonstrated successful bioleaching of 

nickel, cobalt, and rare earth elements from low-grade ores 

and waste. The integration of bioleaching with 

hydrometallurgical methods such as iron leaching has shown 

promising results for recovering valuable metals from 

complex waste streams.[15,16,18] Expanding the application of 
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bioleaching to a wider range of industrial wastes can make a 

significant contribution to sustainable metal recovery, 

reducing environmental pollution and minimising reliance on 

traditional mining methods. 

 

4. Conclusion 

The conducted studies confirmed the high efficiency of 

bioleaching for extracting copper (4.32 kg/t) and zinc (14.91 

kg/t) from lead smelting waste, surpassing conventional acid 

leaching by 33% and 26%, respectively. It is important to 

emphasize that the high process efficiency at pH 7–9 was 

primarily ensured by the activity of micromycetes 

(Aspergillus niger and A. flavus), as evidenced by fungal 

mycelium development and the secretion of organic acids 

(citrates, oxalates) that stabilized the pH of the medium. The 

participation of Acidithiobacillus ferrooxidans under such 

alkaline conditions requires further investigation, though their 

contribution during initial process stages or in local 

microzones with reduced pH cannot be ruled out. The process 

exhibited pronounced temperature dependence: decreasing the 

temperature to +15 °C reduced efficiency by half, while at 

+5.5 °C, a ninefold decline in productivity was observed. The 

introduction of micromycetes stabilized the process in the 

presence of organic impurities due to the buffering properties 

of fungal metabolites and reduced medium toxicity, as 

confirmed by the development of associated microflora 

(Candida spp.). The obtained results demonstrate the promise 

of a combined microbial consortium for processing industrial 

waste in a neutral-to-alkaline pH range. Further research 

should focus on: A detailed study of the individual 

contributions of consortium components, Process parameter 

optimization for industrial scaling, Assessing the long-term 

stability of the system. The developed approach significantly 

reduces the use of aggressive chemical reagents and offers an 

environmentally safe alternative for the disposal of metal-

containing waste. 

 

Table 1: Analysis of metal content in waste. 

Leaching method Cu recovery (kg/t) Zn recovery (kg/t) 

Bioleaching (heap) 4.32 ±0.15 14.91 ±0.15 

Bioleaching (vat) 3.11 ±0.15 12.60 ±0.15 

Sulfuric acid leaching (heap) 3.24 ±0.15 11.81 ±0.15 

Sulfuric acid leaching (vat) 2.73 ±0.15 6.37 ±0.15 

 

 
Fig. 9: Advantage of bioleaching over sulfur acid leaching. 
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