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Abstract 

The mining industry is one of the priority sources of environmental 

pollution by potentially toxic metals. The impact on the environment 

remains significant even after the end of mining activities. Numerous 

studies report the environmental impact of abandoned mines. 

Therefore, cleaning of mine territories from the pollution is of 

priority importance. Phytoremediation and microbial remediation are 

some of the methods. The study of plants for their possible use in 

phytoremediation is of great interest. Such works are of great 

importance in developing modern phytoremediation technologies, as 

they allow us to find new hyperaccumulators for possible mine 

reclamation.  

Microorganisms possessing resistance to heavy metals, such as fungi 

and bacteria, as well as unicellular algae, may be used to clean up 

tailings contaminated with potentially toxic metals. The 

microbiological method of tailings treatment is based on the ability 

of microorganisms to transform and decompose chemical 

compounds.  

 Microbial remediation and phytoremediation are attracting more and 

more attention due to their relatively low cost and environmental 

friendliness. A large number of studies related to the investigation of 

mine plants and microorganisms and their utilization for mine 

cleanup demonstrate the promise of using bioremediation. Further 

development of bioremediation technologies will be associated with 

wider implementation of the research findings in practice and the 

possible use of biotechnology in bioremediation. 

The successful practical application of mine bioremediation requires 

a complex interdisciplinary approach associated with biological, 

ecological, biotechnological, and geographic-geological areas.  
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Introduction  

 

Mining plays an important role not only for other industries but also for the economy as a whole. (Karn et al., 

2021). Mining production is increasing worldwide. However, the mining industry is one of the primary sources of 

environmental pollution caused by heavy metals. The impact on the environment remains significant even after 

the end of mining activities. There is a large number of abandoned mines around the world. This is the particular 

case for lead-zinc mines, the vast majority of which have been abandoned for decades (Gutiérrez et al. ,2016).  

Tailings may contain high levels of toxic metals such as lead, copper, cobalt, nickel, cadmium, manganese, 

molybdenum, iron, and others. In addition, tailings contain high levels of cyanide and rhodanide, which are also 

harmful to the environment. The content of potentially toxic metals could be very significant. Thus, Courtney 

(Courtney, 2013) reported that Pb concentrations are up to 10000 mg/kg and Zn concentrations are up to 20000 

mg/kg in tailings storage facilities. On the other hand, Wang et al. (2016) reported Fe concentrations of 144 mg/kg 

and 83000 mg/kg. Rzymski et al. (2017) evaluated the chemical composition of water discharged from copper 

mine wastes. These authors collected samples from copper mine tailings, and the results showed that the total 

copper concentration ranged from 259.3 mg/L to 2.77 mg/L and from 0.02 mg/L to 0.002 mg/L for Mo, among 

many other heavy metals. 

The release of copper from the waste rocks of an abandoned mine in Brazil amounted to 7.2 tons over 30 

years (Perlatti et al., 2021). Although mining in the Cartagena-La Union (SE Spain) mining district ceased in 1992, 

various studies have shown that large quantities of toxic metals continue to be transported into nearby ecosystems 

(Conesa and Schulin, 2010).  

In abandoned lead-zinc mine tailings in China, Pb, Zn, Cd, and As are critical heavy metals in soils near 

tailings that require more attention (Han et al., 2023). Even former post-mining mounds - the ancient remains of 

temporary mining operations - are more heavily contaminated with potentially toxic metals than their surroundings 

(Podgórska and Jóźwiak, 2024). 

Abiotic factors may influence the dispersion of potentially toxic metals from mines. For example, climatic 

influences such as intense rainfall greatly influence the dispersion of metals in semi-arid areas since soils are 

generally poorly covered by vegetation (Navarro et al., 2008). In the territory of a gold-silver mine, Cd, Cu, Pb, 

and Zn are dispersed due to the movement of debris under the influence of wind and water (Jung, 2001). 

Thus, the problem of heavy metal pollution may not be limited to the mine areas but may be of a more 

significant nature. Therefore, cleaning of mine territories from the pollution is of priority importance. 

Phytoremediation and microbial remediation are some of the methods. In recent years, there has been great interest 

in mine rehabilitation and bioremediation research, especially phytoremediation.  

The aim of the article was to consider the potential of plants and microorganisms for bioremediation 

technologies in mine rehabilitation. 

The originality of this review is the consideration of using the potential of plants both plants and 

microorganisms in mine rehabilitation  

Phytoremediation 

2.1. Characteristics of reviews on mine phytoremediation and related topics  

There are a variety of interesting reviews on phytoremediation. Here are examples of some of them: some 

reviews are related to specific regions, for instance, the exploitation of mines in the Mediterranean basin (Boi et 

al., 2023), and other reviews discuss phytoremediation of abandoned mines in Korea (Lee et al. 2023).  
A certain number of reviews specialize in a particular topic. For example, a review on the recultivation of 

iron ore mine tailings using organic additives in combination with phytoremediation (Sarathchandra et al. 2023). 

A review related to phytoremediation of environments impacted by the acid drainage of mines (Thomas, Sheridan, 

and Holm, 2022). A review related to rhizosphere management to improve plant growth and phytoremediation of 

copper mine tailings (Pérez et al., 2021). Phytoremediation by Biochar of heavy metal-contaminated mine tailings 

is also discussed (Das et al., , 2021).  
The effects of chromite contamination on plants and the environment, as well as phytoremediation of Cr-

contaminated soils, were evaluated by Ghosh and Maiti (2021). The differences in reclamation, reclamation, and 

phytoremediation, as well as the importance of geochemical processes in the remediation of sulfide mine tailings, 

were assessed by Xie and van Zyl (2020).  

One review notes the gaps in achieving geochemical stability of tailing ponds (Punia, 2019). The ecological 

potential of plants for phytoremediation and eco-remediation of fly ash and mining waste sediments is considered 

(Gajić et al., 2018).  

There are few reviews with a broader focus. One of these reviews comprehensively discusses the background 

and application of phytoremediation (Wang et al., 2017).  

This review is broadly focused and will not only deal with phytoremediation but also with the microbial 

remediation of mines.  
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2.2. Phytoremediation technologies 

Phytoextraction, phytostabilization, phytovolatilization, and rhizofiltration can be distinguished in 

phytoremediation (Sharma et al., 2023).  

Phytoextraction and phytostabilization are of particular interest. 

Phytoextraction has great potential as a method for cleaning up soils contaminated with metals. (Seth et al., 

2012). This phytoremediation method has great promise for the cleanup of mine soils.  

Strategies for the use of phytoextraction are different. These strategies may be related to the type of plant 

species used: natural hyperaccumulators, fast-growing plant species with high biomass production, and genetically 

modified plants (Suman et al., 2018). Another strategy is to increase the bioavailability of potentially toxic metals. 

The efficiency of phytoextraction can be improved by chemical, microbial, soil, and genetic approaches related to 

bio-availability, uptake, and sequestration of potentially toxic metals (Asgari Lajayer et al., 2019). A number of 

studies on the use of phytoextraction for the remediation of mine soils have been conducted. The high potential 

for uptake of antimony from contaminated soil by wild plants grown at three antimony mines has been 

demonstrated (Zhang et al., 2021). Potential phytoextraction from mine waste was evaluated using two species 

that are endemic to New Caledonia (Losfeld et al., 2015). The effectiveness of phytoextraction of plants that 

accumulate potentially toxic metals and the effect of chemical chelators on the removal of cadmium, lead, zinc, 

and copper (Cu) from rice fields that had been continuously irrigated with mining wastewater from mines during 

a 55-year period was shown (Tai et al., 2018). Studies related to the investigation of mine flora and its accumulating 

abilities in relation to potentially toxic metals have great potential for developing phytoextraction technologies.  

Phytostabilization is of great importance in reducing the bioavailability of heavy metals.  

Phytostabilization of mine tailings is a technology for soil remediation but requires further research related 

to the study of new plant species to be used in phytostabilization and chemistry of mine tailings in ongoing field 

trials (Mendez and Maier, 2008). 

Rhizofiltration refers to using plants to remove pollutants, mainly used for water purification (Yadav et al. , 

2011). This technology may hold promise for mine water treatment (Tapia et al., 2024).  

The study of mine plants for their possible use in phytoremediation is of great interest. The results of different 

studies show the great potential of native species for their possible use in phytoremediation (Chang et al., 2018). 

Such works are of great importance in the development of modern phytoremediation technologies, as they allow 

us to find new hyperaccumulators for possible mine reclamation. 
 

3. Microbiological remediation 

 

The microbiological method of tailings treatment is based on the ability of microorganisms to transform and 

decompose almost all chemical compounds. These processes are diverse and depend on the physical and chemical 

conditions of the environment, the nature of the pollutant, the composition of microbial communities, etc. 

Microbial remediation is characterized by a simple process, eco-friendly, and low energy consumption, which 

makes it competitive with chemical and physical methods resulting in high reagent consumption, energy 

consumption, and environmental pollution (Pathak, Dastidar and Sreekrishnan, 2008, 2009; Dusengemungu et al., 

2020; Liapun and Motola, 2023). Comparing biological and chemical leaching, for example, the biological method 

has been shown to be advantageous. Bacteria that oxidize iron and sulfur actively contributed to eliminating Cu, 

Ni, Zn, and Mn from tailings (Aromaa et al., 2013). Other authors investigated the possibility of vanadium removal 

using three species of microorganisms. It was shown that bacteria - Acidithiobacillus thiooxidans and 

Pseudomonas putida are able to remove more than 90% of vanadium. However, the maximum vanadium removal 

was observed in the case of the use of ascomycete Aspergillus niger and was about 94% (Mirazimi, Abbasalipour, 

and Rashchi, 2015). The use of a mixed bacterial culture consisting of Acidithiobacillus ferrooxidans and 

Sulfobacillus thermosulfidooxidans resulted in the leaching of zinc from lead-zinc sulfide tailings. Interestingly, 

the results of the bioleaching residue toxicity assessment showed that the use of Acidithiobacillus ferrooxidans 

culture resulted in a significant 20-fold reduction in the potential environmental risk index of the tailings, turning 

them into non-hazardous waste (Liao et al., 2021). Studies by other authors have also shown that biological 

leaching reduces Zn and Pb contamination by 96.36% and 95.84%, respectively. Toxicity and environmental risk 

analysis showed that the biological leaching process significantly reduces the environmental risk caused by metals 

present in tailings (Ye et al., 2021). Some authors, by detecting the presence of Acidithiobacillus ferrooxidans, 

already point out their presumed involvement in oxidative processes in mines, as in the case of the Shanouch nickel 

deposit (Khaynasova and Pashkevich, 2019). 

Thus, microorganisms possessing resistance to heavy metals, such as fungi and bacteria, as well as unicellular 

algae, may be used to clean up tailings contaminated with heavy metals. 
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3.1. Specific features of the interaction between microorganisms and metals 
The interaction between microorganisms and metals is a complex set of different processes in nature that 

involve various ones. 
 

3.1.1. Biosorption 

Biosorption (passive absorption) can be carried out by dead biomass or living bacterial cells by surface 

complexation on the cell wall and other outer layers (Raklami et al., 2022). Eukaryotic photosynthetic 

microorganisms, microalgae, are actively used for this purification method. Since 1990, the use of microalgae for 

bioremediation of metal-contaminated areas has been described. Shanab et al. (2012) reported a high percentage 

of bioabsorption of mercury, cadmium, and lead by Pseudochlorococcus - up to 97%, 86%, and 70%, respectively. 

Zhou et al. (2012) found that Chlorella pyrenoidosa and Senedesmus obliquus completely removed zinc and copper 

from aqueous solutions. Gani et al.(Gani et al., 2017) showed the efficiency of bioremediation of several heavy 

metals (Zn, Fe, Cd, and Mn) from domestic and food wastewater using Botryococcus sp. In the study of Palma et 

al. (Palma et al., 2017), the bioremediation potential of Chlorella-like microalgae consortia for the removal of 

heavy metals (Ni 24.8%, Co 10.5%, Mn 24.8%, and Sr 26.4%) from nickel processing industries was investigated. 

A number of works clearly indicate the bioadsorption capacity of various algae, primarily Chlorella vulgaris and 

Scenedesmus spinosus. These algae have shown not only high resistance to metals from mine water, such as Cu 

and Mo but also their intensive elimination. In the case of Chlorella vulgaris, removal of Mo up to 64.7% and Cu 

up to 99.9% was observed.  

Gram-positive bacteria, in particular, have a high biosorption capacity among other bacteria as they have a 

thick peptidoglycan cell wall (van Hullebusch, Zandvoort, and Lens, 2003; Ahluwalia and Goyal, 2007). Such 

bacteria include Bacillus sp. (Ren et al., 2015; Shameer, 2016), which can be considered as a broad-spectrum 

adsorbent. Bacillus sp has been successfully applied for the removal of metals such as Cu(II), Pb(II), Cr, Zn, and 

Cd (Wang et al., 2006). Several works have shown the major role of surface polysaccharides of Bacillus in metal 

adsorption (Shameer, 2016). It should be noted that Bacillus can also perform bioremediation at low temperatures 

(Ren et al., 2015). Micrococcus luteus is also a good biosorbent of Cu Pb, although it is inferior to Bacillus sp. 

Sporosarcina sp. is used in this study (Zhao et al., 2016) to remove Cr (VI) in marine sediments. Other Gram-

positive bacteria, such as Cellulosimicrobium, Aeribacillus are also used as heavy metal adsorbents. 

However, gram-negative bacteria such as Acinetobacter sp, Stenotrophomonas sp., Methylobacterium sp., 

and Pseudomonas sp. also exhibit sorption properties. It has been shown that adsorption occurs due to carboxyl 

and hydroxyl groups in the cell walls of Pseudomonas aeriginosa (An et al., 2020). 

To optimize the efficiency of biomining, the influence of a number of factors, such as pH, temperature, initial 

concentration of contaminants, or the amount of biosorbent, is evaluated. The binding mechanism depends on the 

chemical nature of each pollutant and the initial amount of biomass. However, other factors must be taken into 

account, such as the possible toxicity of contaminants to bacterial cells if living cells are used in this process. 

 

3.1.2. Bioaccumulation 

Bioaccumulation (active absorption) is a process in which potentially toxic metal ions pass through the cell 

membrane into the cytoplasm and bind there to proteins or accumulate in vacuoles. Bioaccumulation occurs in two 

stages: the adsorption of metal ions on the surface of cells, known as the biosorption method, and the active 

transport of metals within cells. Zolgharnein et al. (Zolgharnei et al., 2010) demonstrated the uptake of metal ions, 

copper, zinc, cadmium, and lead by the bacterium Pseudomonas aeruginosa. Pseudomonas putida accumulated 

cadmium both intracellularly and in the periplasm, indicating the presence of metal binding and/or efflux systems 

in cells that mediate resistance to metal toxicity (Manara et al., 2012). The accumulation of metal ions in the 

cytoplasm and periplasm was also reported for E. coli (Nnaji et al., 2023).  

Microorganisms have evolved various mechanisms of metal resistance, such as intracellular chelation by 

metallothionein proteins and glutathione-derived peptides called phytochelatins (Kneer et al., 1992; Presta and 

Stillman, 1997) and metal accumulation in vacuoles (Volesky, 1994; Raspanti et al., 2009). The bioaccumulation 

process is supported by synthesizing low molecular weight proteins such as metallothionein, which are rich in thiol 

(cysteine) groups. They bind potentially toxic metals into non-biologically active forms, eliminating them from 

the metabolism. The amino acid cysteine is a precursor of known heavy metal chelators such as metallothioneins, 

glutathioneones, and phytochelatins (Cobbett and Goldsbrough, 2002; Clemens, 2006).  

 

3.1.3. Biomineralization of metal ions 

Biomineralization of metal ions is the formation of minerals due to the activity of microorganisms (Tayang 

and Songachan, 2021). This phenomenon is widespread and represents an important part of biological, geological, 

and chemical cycles (Zhang et al., 2022). Some bacteria are capable of precipitating oxides, sulfates, and 

phosphates in the form of minerals (Arias, Cisternas, and Rivas, 2017). However, carbonate deposition is more 

important for the biomineralization of heavy metals. 

Thus, the microorganism Terrabacter tumescens forms mineral carbonates of nickel, copper, lead, cobalt, 

zinc, cadmium, and calcium due to the production of the enzyme urease, which hydrolyzes urea. Through this 
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process, the pH of the soil increases, and carbonates are formed, which leads to the mineralization of soluble heavy 

metal ions present in the soil environment (Li et al., 2016). Currently, many studies are now focused on ureolytic 

bacteria that have demonstrated very high removal rates of heavy metals from the environment (Zhao et al., 2019), 

such as Sporosarcina pasteurii, Stenotrophomonas rhizophila and Variovorax boronicumulans (Jalilvand et al., 

2020). 

 

3.1.4. Biotransformation 

Biotransformation is a process in which the interaction between bacteria and heavy metals results in the 

formation of less toxic metal compounds (Emenike et al., 2018). Many bacteria have been described for their 

ability to biotransform metals, such as Micrococcus and Acinetobacter species, that convert arsenic into a less 

soluble and less toxic form (Pande et al., 2022). Also noteworthy are strains of the genus Alcaligenes that transform 

elemental mercury into its monovalent compounds (Gupta and Nirwan, 2015). 

 

3.1.5. Bioleaching 

Bioleaching is a method based on the ability of certain microorganisms to convert heavy metals into soluble 

and extractable compounds (Sarkodie et al., 2022). The bacteria used in this process can mobilize potentially toxic 

metals in the soil through autotrophic and heterotrophic leaching. Acidophilic microorganisms involved in 

autotrophic leaching (species of the genera Acidithiobacillus, Thiobacillus) (Pande et al., 2022) oxidize iron (II) 

and reduce elemental sulfur. The end products of these reactions, ferric iron, and sulfuric acid, reduce soil pH, 

which leads to an increase in the solubility of metals. The mobilization of metals through heterotrophic bioleaching 

is achieved through the formation and release of organic acids (oxalic, gluconic, malonic, etc.), which increase the 

solubility of potentially toxic metals due to their chelation (Wang et al., 2021). In addition, heterotrophs such as 

Pseudomonas aeruginosa can produce biosurfactants and siderophores to bind and remove toxic metals from 

contaminated soil (Feng et al., 2021). Bioleaching can be used to recover metals from mining and metallurgical 

wastes (Fomchenko and Muravyov, 2020). 

 

3.1.6. Methylation 

Methylation is a process by which pollutants, including potentially toxic metals, are converted into volatile 

compounds by the enzymatic activity of microorganisms (Tarfeen et al., 2022). Bacteria of the genera 

Pseudomonas, Escherichia, Clostridium, and Bacillus have a significant ability to convert mercury, selenium, 

arsenic, and lead into gaseous form.  

 

3.2. Limitation of the use of microbiological remediation 

Despite the obvious advantages (discussed at the beginning of this section), the widespread use of bacteria 

for bioremediation of the environment from potentially toxic metals has a number of limitations. For example, it 

is necessary to provide optimal conditions for bacterial activity, which is achieved by implementing additional 

agrotechnical measures (fertilization, irrigation, plowing, etc.), which result in additional costs. The next 

disadvantage is the resistance of microorganisms only to certain pollutants. Many strains that are promising agents 

of environmental biotechnology cannot be used in the bioremediation of disturbed areas due to their pathogenicity 

for humans and animals. Furthermore, there is a problem of maintaining sufficient numbers of introduced bacteria 

in an open ecosystem. Nevertheless, some of these limitations could be overcome. 

 

4. Conclusion 

 

Plants and microorganisms can be widely used to reduce mine soil pollution. Microbial remediation and 

phytoremediation are attracting more and more attention due to their relatively low cost and environmental 

friendliness. A large number of studies related to the investigation of mine plants and microorganisms and their 

utilization for mine cleanup demonstrate the high efficiency of bioremediation. These studies contribute to the 

rapid development of bioremediation technologies. The joint use of plants and microorganisms for cleaning mine 

soils also has great prospects.  

Further development of bioremediation technologies will be associated with wider implementation of the 

research findings in practice, as also possible use of biotechnology in phytoremediation and increasing resistance 

to environmental pollution (Gladkov et al., 2023; Gladkov and Gladkova, 2023, 2024). An individual approach is 

necessary when using bioremediation in field conditions. This is because types of organisms, environmental 

factors, toxicants, and their concentrations, as well as features of the contaminated site, play an important role in 

the effective use of bioremediation. To achieve greater effectiveness of phytostabilization, for example, 

microtopography, which accounts for different soil characteristics, should also be considered along with plant 

species (Shahrokh et al., 2023). The faster-growing plants with a high capacity for the accumulation of toxicants 

need to be identified for the use of phytoextraction  (Ojuederie and Babalola, 2017). Thus, the successful practical 
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application of mine bioremediation requires a complex interdisciplinary approach associated with biological, 

ecological, biotechnological, and geographic-geological areas.   

 
 

References 

 

Ahluwalia, S. S. and Goyal, D. (2007) ‘Microbial and plant derived biomass for removal of heavy metals from 

wastewater’, Bioresource Technology, 98(12), pp. 2243–2257. doi: 10.1016/J.BIORTECH.2005.12.006. 

An, Q. , Deng. S., Xu J., Nan H, Li Z, Song J..L.(2020) ‘Simultaneous reduction of nitrate and Cr(VI) by 

Pseudomonas aeruginosa strain G12 in wastewater’, Ecotoxicology and Environmental Safety, 191, p. 

110001. doi: 10.1016/J.ECOENV.2019.110001. 

Arias, D., Cisternas, L. A. and Rivas, M. (2017) ‘Biomineralization Mediated by Ureolytic Bacteria Applied to 

Water Treatment: A Review’, Crystals 2017, Vol. 7, Page 345, 7(11), p. 345. doi: 10.3390/CRYST7110345. 

Aromaa, J., Makinen, J., Vepsalainen, H., Kaartinen, T., Wahlstrom, M., Forsen, O. (2013) ‘Comparison of 

chemical and biological leaching of sulfide tailings’, Physicochemical Problems of Mineral Processing, 

49(2), pp. 607–620. doi: 10.5277/PPMP130220. 

Asgari Lajayer, B., Khadem Moghadam, N., Maghsoodi, M. R., Ghorbanpour, M., Kariman, K.  (2019) 

‘Phytoextraction of heavy metals from contaminated soil, water and atmosphere using ornamental plants: 

mechanisms and efficiency improvement strategies’, Environmental Science and Pollution Research. 

Environ Sci Pollut Res Int, pp. 8468–8484. doi: 10.1007/s11356-019-04241-y. 

Boi, M. E., Fois, M., Podda, L., Porceddu, M.,  Bacchetta, G.(2023) ‘Using Mediterranean Native Plants for the 

Phytoremediation of Mining Sites: An Overview of the Past and Present, and Perspectives for the Future’, 

Plants. Multidisciplinary Digital Publishing Institute, p. 3823. doi: 10.3390/plants12223823. 

Chang Kee, J., Gonzales, M. J., Ponce, O., Ramírez, L., León, V., Torres, A.,et al. (2018) ‘Accumulation of heavy 

metals in native Andean plants: potential tools for soil phytoremediation in Ancash (Peru)’, Environmental 

Science and Pollution Research, 25(34), pp. 33957–33966. doi: 10.1007/s11356-018-3325-z. 

Clemens, S. (2006) ‘Toxic metal accumulation, responses to exposure and mechanisms of tolerance in plants’, 

Biochimie, 88(11), pp. 1707–1719. doi: 10.1016/J.BIOCHI.2006.07.003. 

Cobbett, C. and Goldsbrough, P. (2002) ‘Phytochelatins and metallothioneins: roles in heavy metal detoxification 

and homeostasis’, Annual review of plant biology, 53, pp. 159–182. doi: 

10.1146/ANNUREV.ARPLANT.53.100301.135154. 

Conesa, H. M. and Schulin, R. (2010) ‘The Cartagena-La Unión mining district (SE spain): A review of 

environmental problems and emerging phytoremediation solutions after fifteen years research’, Journal of 

Environmental Monitoring. The Royal Society of Chemistry, pp. 1225–1233. doi: 10.1039/c000346h. 

Courtney, R. (2013) ‘Mine tailings composition in a historic site: Implications for ecological restoration’, 

Environmental Geochemistry and Health, 35(1), pp. 79–88. doi: 10.1007/s10653-012-9465-z. 

Das, P. K., Das, B. P. and Dash, P. (2021) ‘Chromite mining pollution, environmental impact, toxicity and 

phytoremediation: a review’, Environmental Chemistry Letters. Springer Science and Business Media 

Deutschland GmbH, pp. 1369–1381. doi: 10.1007/s10311-020-01102-w. 

Dusengemungu, L., Kasali, G., Gwanama, C.,  Ouma, K. O. (2020) ‘Recent Advances in Biosorption of Copper 

and Cobalt by Filamentous Fungi’, Frontiers in Microbiology, 11, p. 582016. doi: 

10.3389/FMICB.2020.582016/BIBTEX. 

Emenike, C. U. . Jayanthi, B., Agamuthu, P.,  Fauziah, S. H.(2018) ‘Biotransformation and removal of heavy 

metals: a review of phytoremediation and microbial remediation assessment on contaminated soil’, 

Environmental Reviews,  26(2), pp. 156–168. doi: 10.1139/ER-2017-0045. 

Feng, Q., Luo, L., Chen, X., Zhang, K., Fang, F., Xue, Z., et al. (2021) ‘Facilitating biofilm formation of 

Pseudomonas aeruginosa via exogenous N-Acy-L-homoserine lactones stimulation: Regulation on the 

bacterial motility, adhesive ability and metabolic activity’, Bioresource Technology, 341, p. 125727. doi: 

10.1016/J.BIORTECH.2021.125727. 

Fomchenko, N. and Muravyov, M. (2020) ‘Sequential Bioleaching of Pyritic Tailings and Ferric Leaching of 

Nonferrous Slags as a Method for Metal Recovery from Mining and Metallurgical Wastes’, Minerals 2020, 

Vol. 10, Page 1097, 10(12), p. 1097. doi: 10.3390/MIN10121097. 

Gajić, G., Djurdjević, L., Kostić, O., Jarić, S., Mitrović, M.,  Pavlović, P. (2018) ‘Ecological potential of plants 

for phytoremediation and ecorestoration of fly ash deposits and mine wastes’, Frontiers in Environmental 

Science, 6(NOV), p. 405017. doi: 10.3389/FENVS.2018.00124/BIBTEX. 

Gani, P., Sunar, N. M., Matias-Peralta, H., Parjo, U. K.,  Oyekanmi, A. A. (2017) ‘Green Approach in the Bio-

removal of Heavy Metals from wastewaters’, in MATEC Web of Conferences. EDP Sciences. doi: 

10.1051/matecconf/201710306007. 



Evgeny A. GLADKOV et al. / Acta Montanistica Slovaca, Volume 29 (2024), Number 3, 582-591 
 

588 

Ghosh, D. and Maiti, S. K. (2021) ‘Biochar assisted phytoremediation and biomass disposal in heavy metal 

contaminated mine soils: a review’, International Journal of Phytoremediation. Int J Phytoremediation, pp. 

559–576. doi: 10.1080/15226514.2020.1840510. 

Gladkov, E. A. Tereshonok, D. V., Stepanova, A. Y., Gladkova, O. V.  (2023) ‘Plant–Microbe Interactions under 

the Action of Heavy Metals and under the Conditions of Flooding’, Diversity 2023, Vol. 15, Page 175, 

15(2), p. 175. doi: 10.3390/D15020175. 

Gladkov, E.A. and Gladkova, O.V. (2023) ‘ Plants and urban natural sciences’, Biologia 78, 3381–3385. 

https://doi.org/10.1007/s11756-023-01543-y 

Gladkov, E. A. and Gladkova, O. V. (2024) ‘Prospects of urban biotechnology for ornamental plants’, City and 

Environment Interactions, 21, p. 100131. doi: 10.1016/J.CACINT.2023.100131. 

Gupta, S. and Nirwan, J. (2015) ‘Evaluation of mercury biotransformation by heavy metal-tolerant Alcaligenes 

strain isolated from industrial sludge’, International Journal of Environmental Science and Technology, 

12(3), pp. 995–1002. doi: 10.1007/S13762-013-0484-9. 

Gutiérrez, M., Mickus, K. and Camacho, L. M. (2016) ‘Abandoned PbZn mining wastes and their mobility as 

proxy to toxicity: A review’, Science of The Total Environment, 565, pp. 392–400. doi: 

10.1016/J.SCITOTENV.2016.04.143. 

Han, W. , Zhao, R., Liu, W., Wang, Y., Zhang, S., Zhao, K., Nie, J. (2023) ‘Environmental contamination 

characteristics of heavy metals from abandoned lead–zinc mine tailings in China’, Frontiers in Earth 

Science, 11, p. 1082714. doi: 10.3389/feart.2023.1082714. 

van Hullebusch, E. D., Zandvoort, M. H. and Lens, P. N. L. (2003) ‘Metal immobilisation by biofilms: 

Mechanisms and analytical tools’, Reviews in Environmental Science and Biotechnology, 2(1), pp. 9–33. 

doi: 10.1023/B:RESB.0000022995.48330.55/METRICS. 

Jalilvand, N. , Akhgar, A., Alikhani, H. A., Rahmani, H. A.,Rejali, F. (2020) ‘Removal of Heavy Metals Zinc, 

Lead, and Cadmium by Biomineralization of Urease-Producing Bacteria Isolated from Iranian Mine 

Calcareous Soils’, Journal of Soil Science and Plant Nutrition, 20(1), pp. 206–219. doi: 10.1007/S42729-

019-00121-Z. 

Jung, M. C. (2001) ‘Heavy metal contamination of soils and waters in and around the Imcheon Au-Ag mine, 

Korea’, in Applied Geochemistry. Elsevier Ltd., pp. 1369–1375. doi: 10.1016/S0883-2927(01)00040-3. 

Karn, R., Ojha, N., Abbas, S., Bhugra, S. (2021) ‘A review on heavy metal contamination at mining sites and 

remedial techniques’, in IOP Conference Series: Earth and Environmental Science. IOP Publishing Ltd. 

doi: 10.1088/1755-1315/796/1/012013. 

Khaynasova, T. S. and Pashkevich, R. I. (2019) ‘Taxonomic analysis of the acidophilic chemolithotrophic 

microorganism culture taking part in bioleaching of sulphide ore of the shanuch deposit’, International 

Journal of Applied and Fundamental Research (Международный журнал прикладных и 

фундаментальных исследований), (№10 2019), pp. 28–33. doi: 10.17513/mjpfi.12862. 

Kneer, R., Kutchan, T. M., Hochberger, A.,  Zenk, M. H. (1992) ‘Saccharomyces cerevisiae and Neurospora crassa 

contain heavy metal sequestering phytochelatin’, Archives of Microbiology, 157(4), pp. 305–310. doi: 

10.1007/BF00248673/METRICS. 

Lee, S. H., Park, H. and Kim, J. G. (2023) ‘Current Status of and Challenges for Phytoremediation as a Sustainable 

Environmental Management Plan for Abandoned Mine Areas in Korea’, Sustainability (Switzerland). 

Multidisciplinary Digital Publishing Institute, p. 2761. doi: 10.3390/su15032761. 

Li, M., Cheng, X., Guo, H., Yang, Z. (2016) ‘Biomineralization of Carbonate by Terrabacter Tumescens for Heavy 

Metal Removal and Biogrouting Applications’, Journal of Environmental Engineering, 142(9). doi: 

10.1061/(ASCE)EE.1943-7870.0000970. 

Liao, X. , Ye, M., Li, S., Liang, J., Zhou, S., Fang, X., et al. (2021) ‘Simultaneous recovery of valuable metal ions 

and tailings toxicity reduction using a mixed culture bioleaching process’, Journal of Cleaner Production, 

316. doi: 10.1016/j.jclepro.2021.128319. 

Liapun, V. and Motola, M. (2023) ‘Current overview and future perspective in fungal biorecovery of metals from 

secondary sources’, Journal of Environmental Management, 332, p. 117345. doi: 

10.1016/J.JENVMAN.2023.117345. 

Losfeld, G. , Mathieu, R., L’huillier, L., Fogliani, B., Jaffré, T.,  Grison, C. (2015) ‘Phytoextraction from mine 

spoils: insights from New Caledonia’, Environmental Science and Pollution Research, 22(8), pp. 5608–

5619. doi: 10.1007/s11356-014-3866-8. 

Manara, A. , DalCorso, G., Baliardini, C., Farinati, S., Cecconi, D., Furini, A. (2012) ‘Pseudomonas putida 

response to cadmium: Changes in membrane and cytosolic proteomes’, Journal of Proteome Research, 

11(8), pp. 4169–4179. doi: 10.1021/PR300281F. 

Mendez, M. O. and Maier, R. M. (2008) ‘Phytostabilization of Mine Tailings in Arid and Semi-arid 

Environments—An Emerging Remediation Technology’, Environmental Health Perspectives, 116(3), p. 

278. doi: 10.1289/EHP.10608. 



Evgeny A. GLADKOV et al. / Acta Montanistica Slovaca, Volume 29 (2024), Number 3, 582-591 
 

589 

Mirazimi, S. M. J., Abbasalipour, Z. and Rashchi, F. (2015) ‘Vanadium removal from LD converter slag using 

bacteria and fungi’, Journal of environmental management, 153, pp. 144–151. doi: 

10.1016/J.JENVMAN.2015.02.008. 

Navarro, M. C., Pérez-Sirvent, C., Martínez-Sánchez, M. J., Vidal, J., Tovar, P. J., Bech, J. . (2008) ‘Abandoned 

mine sites as a source of contamination by heavy metals: A case study in a semi-arid zone’, Journal of 

Geochemical Exploration, 96(2–3), pp. 183–193. doi: 10.1016/j.gexplo.2007.04.011. 

Nnaji, N. D. , Onyeaka, H., Miri, T., Ugwa, C. (2023) ‘Bioaccumulation for heavy metal removal: a review’, SN 

Applied Sciences, 5(5), pp. 1–12. doi: 10.1007/S42452-023-05351-6/METRICS. 

Ojuederie, O. B. and Babalola, O. O. (2017) ‘Microbial and plant-assisted bioremediation of heavy metal polluted 

environments: A review’, International Journal of Environmental Research and Public Health. Int J Environ 

Res Public Health. doi: 10.3390/ijerph14121504. 

Palma, H. , Killoran, E., Sheehan, M., Berner, F., Heimann, K.. (2017) ‘Assessment of microalga biofilms for 

simultaneous remediation and biofuel generation in mine tailings water’, Bioresource Technology, 234, pp. 

327–335. doi: 10.1016/j.biortech.2017.03.063. 

Pande, V. , Pandey, S. C., Sati, D., Bhatt, P., Samant, M.  (2022) ‘Microbial Interventions in Bioremediation of 

Heavy Metal Contaminants in Agroecosystem’, Frontiers in Microbiology, 13. doi: 

10.3389/FMICB.2022.824084. 

Pathak, A., Dastidar, M. G. and Sreekrishnan, T. R. (2008) ‘Bioleaching of heavy metals from anaerobically 

digested sewage sludge’, Journal of environmental science and health. Part A, Toxic/hazardous substances 

& environmental engineering, 43(4), pp. 402–411. doi: 10.1080/10934520701795624. 

Pathak, A., Dastidar, M. G. and Sreekrishnan, T. R. (2009) ‘Bioleaching of heavy metals from sewage sludge: A 

review’, Journal of Environmental Management, 90(8), pp. 2343–2353. doi: 

10.1016/J.JENVMAN.2008.11.005. 

Pérez, R.  Tapia, Y., Antilén, M., Casanova, M., Vidal, C., Silambarasan, S., Cornejo, P. (2021) ‘Rhizosphere 

Management for Phytoremediation of Copper Mine Tailings’, Journal of Soil Science and Plant Nutrition. 

Springer Science and Business Media Deutschland GmbH, pp. 3091–3109. doi: 10.1007/s42729-021-

00591-0. 

Perlatti, F. , Martins, E. P., de Oliveira, D. P., Ruiz, F., Asensio, V., Rezende, C. F., et al. (2021) ‘Copper release 

from waste rocks in an abandoned mine (NE, Brazil) and its impacts on ecosystem environmental quality’, 

Chemosphere, 262, pp. 127843–127843. doi: 10.1016/j.chemosphere.2020.127843. 

Podgórska, M. and Jóźwiak, M. (2024) ‘Heavy metals contamination of post-mining mounds of former iron-ore 

mining activity’, International Journal of Environmental Science and Technology, 21(4), pp. 4645–4652. 

doi: 10.1007/s13762-023-05206-y. 

Presta, A. and Stillman, M. J. (1997) ‘Incorporation of copper into the yeast saccharomyces cerevisiae. 

Identification of Cu(I)-metallothionein in intact yeast cells’, Journal of Inorganic Biochemistry, 66(4), pp. 

231–240. doi: 10.1016/S0162-0134(96)00216-4. 

Punia, A. (2019) ‘Innovative and sustainable approach for phytoremediation of mine tailings: a review’, Waste 

Disposal and Sustainable Energy. Springer, pp. 169–176. doi: 10.1007/s42768-019-00022-y. 

Raklami, A.,  Meddich, A., Oufdou, K., Baslam, M. (2022) ‘Plants—Microorganisms-Based Bioremediation for 

Heavy Metal Cleanup: Recent Developments, Phytoremediation Techniques, Regulation Mechanisms, and 

Molecular Responses’, International Journal of Molecular Sciences 2022, Vol. 23, Page 5031, 23(9), p. 

5031. doi: 10.3390/IJMS23095031. 

Raspanti, E. , Cacciola, S. O., Gotor, C., Romero, L. C., García, I. (2009) ‘Implications of cysteine metabolism in 

the heavy metal response in Trichoderma harzianum and in three Fusarium species’, Chemosphere, 76(1), 

pp. 48–54. doi: 10.1016/J.CHEMOSPHERE.2009.02.030. 

Ren, G.  Jin, Y., Zhang, C., Gu, H., Qu, J.  (2015) ‘Characteristics of Bacillus sp. PZ-1 and its biosorption to 

Pb(II)’, Ecotoxicology and Environmental Safety, 117, pp. 141–148. doi: 

10.1016/J.ECOENV.2015.03.033. 

Rzymski, P. Klimaszyk, P., Marszelewski, W., Borowiak, D., Mleczek, M., Nowiński, K.,  et al. (2017) ‘The 

chemistry and toxicity of discharge waters from copper mine tailing impoundment in the valley of the 

Apuseni Mountains in Romania’, Environmental Science and Pollution Research, 24(26), pp. 21445–

21458. doi: 10.1007/s11356-017-9782-y. 

Sarathchandra, S. S., Rengel, Z. and Solaiman, Z. M. (2023) ‘A Review on Remediation of Iron Ore Mine Tailings 

via Organic Amendments Coupled with Phytoremediation’, Plants. Multidisciplinary Digital Publishing 

Institute, p. 1871. doi: 10.3390/plants12091871. 

Sarkodie, E. K., Jiang, L., Li, K., Yang, J., Guo, Z., Shi, J. et al. (2022) ‘A review on the bioleaching of toxic 

metal(loid)s from contaminated soil: Insight into the mechanism of action and the role of influencing 

factors’, Frontiers in Microbiology, 13. doi: 10.3389/FMICB.2022.1049277. 



Evgeny A. GLADKOV et al. / Acta Montanistica Slovaca, Volume 29 (2024), Number 3, 582-591 
 

590 

Seth, C. S. Remans, T., Keunen, E., Jozefczak, M., Gielen, H., Opdenakker, K.  et al. (2012) ‘Phytoextraction of 

toxic metals: A central role for glutathione’, Plant, Cell and Environment. Plant Cell Environ, pp. 334–346. 

doi: 10.1111/j.1365-3040.2011.02338.x. 

Shahrokh, V., Martínez-Martínez, S., Faz, Á., Zornoza, R., & Acosta, J. A. . (2023) ‘Efficiency of large-scale 

aided phytostabilization in a mining pond’, Environmental Geochemistry and Health, 45(7), p. 4665. doi: 

10.1007/S10653-023-01520-Z. 

Shameer, S. (2016) ‘Biosorption of lead, copper and cadmium using the extracellular polysaccharides (EPS) of 

Bacillus sp., from solar salterns’, 3 Biotech, 6(2), pp. 1–10. doi: 10.1007/S13205-016-0498-3/FIGURES/8. 

Shanab, S., Essa, A. and Shalaby, E. (2012) ‘Bioremoval capacity of three heavy metals by some microalgae 

species (Egyptian Isolates)’, Plant Signaling & Behavior, 7(3), p. 392. doi: 10.4161/PSB.19173. 

Sharma, J. K., Kumar, N., Singh, N. P., Santal, A. R. (2023) ‘Phytoremediation technologies and their mechanism 

for removal of heavy metal from contaminated soil: An approach for a sustainable environment’, Frontiers 

in Plant Science. Frontiers Media S.A., p. 1076876. doi: 10.3389/fpls.2023.1076876. 

Suman, J. , Uhlik, O., Viktorova, J.,Macek, T.. (2018) ‘Phytoextraction of Heavy Metals: A Promising Tool for 

Cleanup of Polluted Environment?’, Frontiers in plant science, 9. doi: 10.3389/FPLS.2018.01476. 

Tai, Y. P. , Yang, Y., Li, Z., Yang, Y., Wang, J., Zhuang, P., Zou, B. (2018) ‘Phytoextraction of 55-year-old 

wastewater-irrigated soil in a Zn-Pb mine district: effect of plant species and chelators’, Environmental 

technology, 39(16), pp. 2138–2150. doi: 10.1080/09593330.2017.1351493. 

Tapia, Y.., Salazar, O., Joven, A., Castillo, B., Urdiales, C., Garcia, A. et al. (2024) ‘Evaluation of sulfate 

rhizofiltration by Carpobrotus chilensis for treating mining waters’, International Journal of 

Phytoremediation. doi: 10.1080/15226514.2024.2338136. 

Tarfeen, N., Nisa, K. U., Hamid, B., Bashir, Z., Yatoo, A. M., Dar, M. A. et al. (2022) ‘Microbial Remediation: A 

Promising Tool for Reclamation of Contaminated Sites with Special Emphasis on Heavy Metal and 

Pesticide Pollution: A Review’, Processes 2022, Vol. 10, Page 1358, 10(7), p. 1358. doi: 

10.3390/PR10071358. 

Tayang, A. and Songachan, L. S. (2021) ‘Microbial Bioremediation of Heavy Metals’, Current Science, 120(6), 

p. 1013. doi: 10.18520/CS/V120/I6/1013-1025. 

Thomas, G., Sheridan, C. and Holm, P. E. (2022) ‘A critical review of phytoremediation for acid mine drainage-

impacted environments’, Science of the Total Environment. Elsevier, p. 152230. doi: 

10.1016/j.scitotenv.2021.152230. 

Volesky, B. (1994) ‘Advances in biosorption of metals: Selection of biomass types’, FEMS Microbiology 

Reviews, 14(4), pp. 291–302. doi: 10.1111/j.1574-6976.1994.tb00102.x. 

Wang, L., Ji, B., Hu, Y., Liu, R., & Sun, W. (2017) ‘A review on in situ phytoremediation of mine tailings’, 

Chemosphere. Chemosphere, pp. 594–600. doi: 10.1016/j.chemosphere.2017.06.025. 

Wang, L., Rinklebe, J., Tack, F. M., & Hou, D.. (2021) ‘A review of green remediation strategies for heavy metal 

contaminated soil’, Soil Use and Management, 37(4), pp. 936–963. doi: 10.1111/SUM.12717. 

Wang, P., Liu, Y., Menzies, N. W., Wehr, J. B., de Jonge, M. D., Howard, D. L. et al. (2016) ‘Ferric minerals and 

organic matter change arsenic speciation in copper mine tailings’, Environmental Pollution, 218, pp. 835–

843. doi: 10.1016/j.envpol.2016.08.007. 

Wang, X., Chen, L., Xia, S., Zhao, J., Chovelon, J. M.,  Renault, N. J.  (2006) ‘Biosorption of Cu(II) and Pb(II) 

from aqueous solutions by dried activated sludge’, Minerals Engineering, 19(9), pp. 968–971. doi: 

10.1016/J.MINENG.2005.09.042. 

Xie, L. and van Zyl, D. (2020) ‘Distinguishing reclamation, revegetation and phytoremediation, and the 

importance of geochemical processes in the reclamation of sulfidic mine tailings: A review’, Chemosphere. 

Pergamon, p. 126446. doi: 10.1016/j.chemosphere.2020.126446. 

Yadav, B. K., Siebel, M. A. and van Bruggen, J. J. A. (2011) ‘Rhizofiltration of a Heavy Metal (Lead) Containing 

Wastewater Using the Wetland Plant Carex pendula’, Clean - Soil, Air, Water, 39(5), pp. 467–474. doi: 

10.1002/clen.201000385. 

Ye, M. ,  Liang, J., Liao, X., Li, L., Feng, X., Qian, W.,et al. (2021) ‘Bioleaching for detoxification of waste 

flotation tailings: Relationship between EPS substances and bioleaching behavior’, Journal of 

environmental management, 279. doi: 10.1016/J.JENVMAN.2020.111795. 

Zhang, K.  Zhang, D., Li, X., & Xue, Y. . (2022) ‘Biomineralization of lead in wastewater: Bacterial reutilization 

and metal recovery’, Journal of Hazardous Materials, 421, p. 126765. doi: 

10.1016/J.JHAZMAT.2021.126765. 

Zhang, Y., Song, B., Zhu, L., Zhou, Z.  (2021) ‘Evaluation of the metal(loid)s phytoextraction potential of wild 

plants grown in three antimony mines in southern China’, International Journal of Phytoremediation, 23(8), 

pp. 781–790. doi: 10.1080/15226514.2020.1857685. 

Zhao, R., Wang B. , Cai Q.T., Li X.X., Liu M., Hu D., Guo D.B., Wang J., Fan C. . (2016) ‘Bioremediation of 

Hexavalent Chromium Pollution by Sporosarcina saromensis M52 Isolated from Offshore Sediments in 

Xiamen, China’, Biomedical and Environmental Sciences, 29(2), pp. 127–136. doi: 10.3967/bes2016.014. 



Evgeny A. GLADKOV et al. / Acta Montanistica Slovaca, Volume 29 (2024), Number 3, 582-591 
 

591 

Zhao, X. , Wang, M., Wang, H., Tang, D., Huang, J.,  Sun, Y. (2019) ‘Study on the Remediation of Cd Pollution 

by the Biomineralization of Urease-Producing Bacteria’, International Journal of Environmental Research 

and Public Health 2019, Vol. 16, Page 268, 16(2), p. 268. doi: 10.3390/IJERPH16020268. 

Zhou, G. J. , Peng, F. Q., Zhang, L. J., Ying, G. G.  (2012) ‘Biosorption of zinc and copper from aqueous solutions 

by two freshwater green microalgae Chlorella pyrenoidosa and Scenedesmus obliquus’, Environmental 

Science and Pollution Research, 19(7), pp. 2918–2929. doi: 10.1007/s11356-012-0800-9. 

Zolgharnei, H. , Karami, K., Assadi, M. M., & Sohrab, A. D.  (2010) ‘Investigation of Heavy Metals Biosorption 

on Pseudomonas aeruginosa Strain MCCB 102 Isolated from the Persian Gulf’, Asian Journal of 

Biotechnology, 2(2), pp. 99–109. doi: 10.3923/ajbkr.2010.99.109. 

 


