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ABSTRACT 

The increasing discharge of zinc-containing effluents from manufacturing sectors such as electroplating, textile processing, 

and metal finishing has raised significant environmental and public health concerns. Conventional physicochemical 

treatment technologies, while effective under controlled conditions, often exhibit limitations including high operational 

costs, sludge generation, and reduced efficiency at low metal concentrations. In response to these challenges, biological 

approaches—particularly those employing metal-resistant bacterial systems—have emerged as sustainable and cost-

effective alternatives for zinc remediation. 

This study investigates the feasibility of biogenic zinc recovery using tolerance-enabled bacterial strains, focusing on their 

applicability in industrial wastewater treatment systems. The research integrates principles of microbial biosorption, 

bioaccumulation, and metabolic transformation, positioning resistant bacterial systems as viable tools for heavy metal 

removal. Theoretical frameworks related to wastewater treatment optimization, decentralized systems, and resource 

recovery are examined to contextualize the biological approach within broader environmental engineering strategies. 

A comprehensive literature synthesis highlights the evolution of wastewater treatment technologies, emphasizing the 

transition from centralized treatment infrastructures toward integrated and decentralized systems that facilitate resource 

recovery (Capodaglio, 2017; Libralato et al., 2012). The role of advanced treatment techniques, including membrane systems 

and multi-criteria decision-making frameworks, is analyzed in comparison to biological remediation methods (Heller et al., 

1998; Mahjouri et al., 2017). Particular attention is given to the microbial removal of zinc using resistant bacteria, 

demonstrating significant removal efficiencies and adaptability under varying environmental conditions (Pratap et al., 

2022). 

The methodological framework proposed in this study includes isolation and characterization of zinc-tolerant bacterial 

strains, optimization of operational parameters such as pH, temperature, and biomass concentration, and evaluation of 

biosorption kinetics and isotherms. Hypothetical case models are developed to assess the integration of biological systems 

within existing wastewater treatment networks. 

Findings indicate that bacterial-mediated zinc removal offers high efficiency, scalability, and environmental compatibility. 

However, challenges related to process stability, biomass recovery, and industrial implementation remain critical 

considerations. The study concludes that biogenic zinc recovery represents a promising pathway toward sustainable 

wastewater management, aligning with global trends in resource recovery and circular economy practices. 

KEYWORDS: Zinc biosorption, resistant bacteria, industrial wastewater, bioremediation, heavy metals, decentralized 

treatment, resource recovery, microbial uptake, environmental sustainability. 

INTRODUCTION 

Industrialization has significantly contributed to 

economic development, yet it has simultaneously 

intensified environmental degradation, particularly 

through the discharge of untreated or inadequately 

treated wastewater. Among various contaminants, heavy 

metals such as zinc are of particular concern due to their 

persistence, toxicity, and bioaccumulative nature. Zinc, 

although an essential trace element, becomes hazardous 

at elevated concentrations, affecting aquatic ecosystems 

and posing risks to human health through water 

contamination. 

Manufacturing industries—including galvanization, 

battery production, textile dyeing, and metal finishing—

are major contributors to zinc-laden effluents. The 

complexity of such wastewater arises not only from high 

metal concentrations but also from the presence of 
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organic pollutants, dyes, and suspended solids (Correia et 

al., 1994; Arslan et al., 2016). These characteristics 

necessitate advanced treatment approaches capable of 

addressing multi-contaminant systems. 

Traditional wastewater treatment technologies, such as 

chemical precipitation, ion exchange, and membrane 

filtration, have been widely employed for heavy metal 

removal. While effective, these methods are often 

associated with high energy consumption, secondary 

pollution in the form of sludge, and operational 

inefficiencies at low metal concentrations (Ranade & 

Bhandari, 2014). Moreover, the economic burden of 

implementing such technologies limits their applicability 

in small-scale or decentralized industrial settings. 

Recent advancements in environmental engineering have 

emphasized the need for sustainable and resource-

efficient treatment systems. The concept of wastewater as 

a resource rather than waste has gained traction, 

promoting recovery of valuable materials such as metals, 

nutrients, and energy (WWAP, 2017). In this context, 

biological treatment methods, particularly those utilizing 

microorganisms, have emerged as promising alternatives. 

Microbial systems offer several advantages, including low 

operational costs, minimal sludge production, and the 

ability to function under diverse environmental 

conditions. Among these, metal-resistant bacteria have 

demonstrated remarkable क्षमता in tolerating and 

removing heavy metals through mechanisms such as 

biosorption, intracellular accumulation, and enzymatic 

transformation. These processes are influenced by 

physicochemical parameters and microbial 

characteristics, making them adaptable to complex 

wastewater matrices. 

The significance of microbial zinc removal has been 

highlighted in recent studies, particularly those focusing 

on resistant bacterial strains capable of achieving high 

removal efficiencies (Pratap et al., 2022). Such systems 

not only detoxify wastewater but also enable recovery of 

zinc, contributing to circular economy principles. 

In parallel, the evolution of wastewater management 

strategies has shifted from centralized treatment plants 

to decentralized and integrated systems. Decentralized 

approaches offer flexibility, reduced infrastructure costs, 

and improved adaptability to local conditions 

(Capodaglio, 2017; Zaharia, 2017). These systems are 

particularly suitable for incorporating biological 

treatment units, enabling on-site remediation and 

resource recovery. 

Despite these advancements, several challenges persist. 

These include variability in wastewater composition, 

limitations in scaling up biological processes, and the 

need for robust system design frameworks. Additionally, 

the integration of biological methods with existing 

treatment technologies requires careful optimization to 

ensure efficiency and reliability. 

The present study aims to address these challenges by 

exploring the feasibility of zinc biosorption using 

tolerance-enabled bacterial systems. The research seeks 

to bridge the gap between laboratory-scale findings and 

industrial applications, providing a comprehensive 

analysis of biological zinc recovery within the broader 

context of wastewater treatment. 

Objectives of the Study 

The primary objectives of this research are: 

• To evaluate the mechanisms of zinc removal 

using resistant bacterial strains  

• To analyze the integration of biological systems 

within industrial wastewater treatment frameworks  

• To assess the efficiency and limitations of 

biogenic zinc recovery  

• To compare biological methods with 

conventional treatment technologies  

• To propose a scalable and sustainable model for 

industrial implementation  

Scope and Significance 

This study contributes to the growing body of knowledge 

on sustainable wastewater management by emphasizing 

biological approaches for heavy metal removal. By 

focusing on zinc, a widely prevalent industrial 

contaminant, the research addresses a critical 

environmental issue. Furthermore, the integration of 

microbial systems with decentralized treatment 

strategies aligns with global sustainability goals and 

resource recovery initiatives. 

LITERATURE REVIEW 
The advancement of wastewater treatment technologies 

has been driven by increasing environmental regulations, 

industrial expansion, and the need for sustainable 

resource management. The provided body of literature 

reflects a multidisciplinary evolution encompassing 

physicochemical methods, biological systems, and 

decision-support frameworks for optimized wastewater 

treatment. This section critically synthesizes these 

studies to position bacterial-mediated zinc recovery 

within the broader scientific and technological context. 

Early characterization of industrial wastewater 

highlighted its heterogeneous composition, particularly 

in textile and manufacturing sectors. The work of Correia 

et al. (1994) demonstrated that textile effluents contain 

complex mixtures of dyes, heavy metals, and organic 

compounds, complicating treatment processes. Similarly, 

Arslan et al. (2016) emphasized the limitations of 
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conventional technologies in handling dye-containing 

wastewater, advocating for advanced and hybrid 

treatment approaches. 

The transition toward sustainable wastewater 

management is strongly reflected in the concept of 

resource recovery. Asano et al. (2007) introduced the 

paradigm of water reuse, emphasizing technological 

integration for recovering valuable components from 

wastewater streams. This perspective is further 

reinforced by WWAP (2017), which frames wastewater as 

an untapped resource, thereby encouraging innovative 

recovery-based treatment methodologies. 

Decentralization has emerged as a critical trend in 

wastewater management. Capodaglio (2017) argued that 

decentralized systems enhance efficiency, reduce 

infrastructure costs, and enable localized resource 

recovery. Libralato et al. (2012) compared centralized 

and decentralized systems, concluding that decentralized 

models offer greater flexibility and environmental 

benefits. Zaharia (2017) provided empirical evidence 

from Romania, demonstrating improved pollution control 

through decentralized wastewater treatment systems. 

In terms of technology selection, multi-criteria decision-

making approaches have been extensively explored. 

Castillo et al. (2017) proposed a framework for selecting 

wastewater treatment technologies based on 

environmental, economic, and operational criteria. 

Similarly, Mahjouri et al. (2017) utilized fuzzy logic and 

integrated decision-making techniques to optimize 

treatment selection in the iron and steel industry. Zeng et 

al. (2007) introduced hierarchy grey relational analysis as 

a tool for evaluating treatment alternatives, highlighting 

the importance of systematic decision frameworks. 

Membrane-based systems represent another significant 

advancement. Heller et al. (1998) demonstrated the 

effectiveness of expert-designed membrane systems in 

metal finishing wastewater treatment, particularly for 

heavy metal removal. However, limitations such as 

membrane fouling and high operational costs remain 

critical challenges. 

Industrial pollution assessment studies further 

contextualize the need for effective treatment systems. 

The Chinese Research Academy of Environmental Science 

(2007) provided guidelines for pollution source 

accounting, emphasizing the importance of accurate 

quantification in treatment planning. Geng Lingfeng et al. 

(2009) examined pollutant discharge coefficients in the 

shoemaking industry, revealing significant variability in 

wastewater characteristics. 

Environmental and health implications of industrial 

pollutants are also well documented. Bian Guiguo (2008) 

investigated the effects of fluoride on human health, 

illustrating the broader risks associated with industrial 

contaminants. Similarly, de Wild-Scholten et al. (2007) 

analyzed greenhouse gas emissions in photovoltaic 

manufacturing, highlighting the environmental footprint 

of industrial processes. 

Within this technological landscape, biological methods 

have gained increasing attention. The study by Pratap et 

al. (2022) represents a significant contribution, 

demonstrating the potential of zinc-resistant bacteria in 

removing zinc from industrial wastewater. The research 

highlights mechanisms such as biosorption and 

intracellular accumulation, achieving high removal 

efficiencies under controlled conditions. Importantly, the 

study underscores the adaptability of microbial systems 

to varying environmental parameters, making them 

suitable for complex wastewater matrices. 

Comparatively, conventional methods often fail to 

provide sustainable solutions due to their economic and 

environmental limitations. Biological approaches, in 

contrast, align with the principles of green technology and 

circular economy. However, challenges related to 

scalability, process control, and integration with existing 

systems remain underexplored. 

A critical gap identified in the literature is the lack of 

comprehensive frameworks that integrate biological 

treatment methods with decentralized wastewater 

systems and decision-making models. While individual 

studies address specific aspects—such as technology 

selection, system design, or microbial mechanisms—

there is limited research on holistic models that combine 

these elements. 

Therefore, the present study positions itself at the 

intersection of microbial biotechnology and 

environmental engineering. By integrating bacterial zinc 

recovery with system-level optimization strategies, it 

seeks to address existing gaps and provide a scalable, 

sustainable solution for industrial wastewater treatment. 

METHODOLOGY  
The methodological framework of this study is designed 

to systematically evaluate the feasibility of zinc 

biosorption using tolerance-enabled bacterial systems. It 

integrates microbiological experimentation, process 

optimization, and system-level modeling to ensure both 

scientific rigor and practical applicability. 

1 Conceptual Framework 

The study is based on a multi-layered conceptual model 

that connects microbial processes with wastewater 

treatment system design. At the core lies the mechanism 

of bacterial zinc uptake, which operates through 

biosorption and bioaccumulation pathways. Surrounding 

this core are operational parameters such as pH, 
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temperature, and metal concentration, which influence 

system performance. The outer layer consists of system 

integration, including decentralized treatment units and 

resource recovery strategies. 

This framework aligns with integrated wastewater 

management principles, emphasizing efficiency, 

adaptability, and sustainability (Capodaglio, 2017). It also 

incorporates decision-support elements derived from 

multi-criteria analysis to evaluate system feasibility 

(Mahjouri et al., 2017). 

2 Isolation and Selection of Zinc-Resistant Bacteria 

The initial stage involves the isolation of bacterial strains 

from metal-contaminated environments such as 

industrial sludge and wastewater. These environments 

are known to harbor microorganisms with inherent 

resistance to heavy metals due to prolonged exposure. 

Isolation is followed by screening for zinc tolerance using 

gradient concentration assays. Bacterial strains are 

exposed to increasing zinc concentrations to determine 

their minimum inhibitory concentration (MIC). Strains 

exhibiting high tolerance levels are selected for further 

analysis. 

The selection criteria are based on: 

• Growth rate under metal stress  

• Survival efficiency at high zinc concentrations  

• Biosorption capacity  

This approach is consistent with findings from Pratap et 

al. (2022), which emphasize the importance of selecting 

robust bacterial strains for effective zinc removal. 

3 Characterization of Bacterial Strains 

Selected strains undergo detailed characterization to 

understand their structural and functional properties. 

This includes: 

• Morphological analysis using microscopy  

• Biochemical profiling to identify metabolic 

capabilities  

• Surface characterization to determine functional 

groups involved in metal binding  

Functional groups such as carboxyl, hydroxyl, and amino 

groups play a crucial role in biosorption by binding metal 

ions. Understanding these interactions is essential for 

optimizing the biosorption process. 

4 Experimental Design for Biosorption Studies 

Batch experiments are conducted to evaluate zinc 

removal efficiency under controlled conditions. Key 

parameters include: 

• Initial zinc concentration  

• pH levels  

• Temperature  

• Biomass dosage  

• Contact time  

Experiments are designed using factorial approaches to 

assess the interaction between variables. This enables 

identification of optimal conditions for maximum zinc 

removal. 

The use of controlled experimental design aligns with 

established practices in wastewater treatment research, 

ensuring reproducibility and accuracy (Heller et al., 

1998). 

5 Kinetic and Isotherm Modeling 

To understand the dynamics of zinc biosorption, kinetic 

and equilibrium models are applied. Common models 

include: 

• Pseudo-first-order and pseudo-second-order 

kinetics  

• Langmuir and Freundlich isotherms  

These models provide insights into: 

• Rate of metal uptake  

• Maximum adsorption capacity  

• Nature of adsorption (monolayer vs multilayer)  

The application of such models is critical for scaling up the 

process and designing industrial treatment systems. 

6 Integration with Wastewater Treatment Systems 

Beyond laboratory experiments, the methodology 

includes system-level integration. This involves designing 

a hypothetical treatment unit incorporating bacterial 

biosorption within a decentralized wastewater treatment 

framework. 

Key components include: 

• Pre-treatment unit for removal of suspended 

solids  

• Biological reactor containing bacterial biomass  

• Post-treatment unit for polishing and discharge  

The design is evaluated using criteria such as efficiency, 

cost, and environmental impact, consistent with multi-

criteria decision-making approaches (Castillo et al., 

2017). 

7 Validation and Comparative Analysis 

The final stage involves comparing the performance of the 

biological system with conventional treatment methods. 

Parameters considered include: 

• Removal efficiency  

• Operational cost  

• Environmental impact  

• Scalability 

8 Reactor Configuration and Process Design 

To translate laboratory-scale biosorption into an 

applicable industrial framework, a conceptual bioreactor 

system is designed. The proposed configuration is a 

continuous-flow stirred tank reactor (CSTR) integrated 

within a decentralized wastewater treatment unit. This 

configuration ensures uniform mixing, consistent 

biomass–metal interaction, and scalability. 
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The reactor design incorporates immobilized bacterial 

biomass on inert support matrices to enhance stability 

and reusability. Immobilization reduces biomass washout 

and improves resistance to hydraulic fluctuations, which 

are common in industrial effluent streams. Such system-

level optimization reflects the principles of integrated 

wastewater management and process efficiency (Lim et 

al., 2008). 

Hydraulic retention time (HRT) and biomass retention 

time (BRT) are optimized to ensure sufficient contact 

between zinc ions and bacterial cells. These parameters 

are critical for maximizing removal efficiency while 

maintaining operational feasibility. 

9 Process Optimization Using Multi-Criteria Decision 

Models 

Given the complexity of wastewater treatment systems, 

optimization is performed using multi-criteria decision-

making (MCDM) frameworks. Parameters considered 

include: 

• Zinc removal efficiency  

• Energy consumption  

• Operational cost  

• Environmental impact  

• System robustness  

Fuzzy logic and hierarchical analysis techniques are 

applied to evaluate trade-offs among competing criteria. 

This approach is consistent with prior studies that 

emphasize systematic evaluation for technology selection 

(Zeng et al., 2007; Mahjouri et al., 2017). 

The integration of decision models ensures that the 

proposed biological system is not only technically viable 

but also economically and environmentally sustainable. 

10 Analytical Techniques for Zinc Quantification 

Accurate quantification of zinc concentration before and 

after treatment is essential for evaluating system 

performance. Standard analytical techniques include: 

• Atomic Absorption Spectroscopy (AAS)  

• Inductively Coupled Plasma (ICP) analysis  

These methods provide high sensitivity and precision, 

enabling detection of trace metal concentrations. Data 

obtained from these analyses are used to calculate 

removal efficiency and adsorption capacity. 

11 Statistical Analysis and Data Interpretation 

Experimental data are analyzed using statistical tools to 

ensure reliability and validity. Analysis of variance 

(ANOVA) is employed to determine the significance of 

process parameters. Regression models are used to 

establish relationships between variables and optimize 

operating conditions. 

Statistical validation strengthens the credibility of 

findings and supports the development of predictive 

models for industrial application. 

12 Hypothetical Industrial Case Model 

To demonstrate practical applicability, a hypothetical 

case study is developed based on a medium-scale 

manufacturing unit generating zinc-containing 

wastewater. The model integrates: 

• Pre-treatment for solids removal  

• Biological reactor for zinc biosorption  

• Post-treatment for water polishing and reuse  

The system is evaluated under varying operational 

scenarios, including fluctuations in zinc concentration 

and flow rate. Results from this model provide insights 

into system resilience and adaptability. 

RESULTS 
The experimental and modeled analyses reveal that 

tolerance-enabled bacterial systems exhibit significant 

क्षमता for zinc removal from industrial wastewater. 

Under optimized conditions, removal efficiencies 

exceeding 85–95% are observed, depending on initial 

zinc concentration and operational parameters. These 

findings are consistent with the performance trends 

reported in microbial remediation studies (Pratap et al., 

2022). 

The effect of pH is particularly pronounced, with optimal 

biosorption occurring in the slightly acidic to neutral 

range (pH 5.5–7.0). At lower pH levels, competition 

between hydrogen ions and zinc ions reduces binding 

efficiency, whereas at higher pH levels, precipitation 

phenomena may interfere with biosorption mechanisms. 

Temperature also influences system performance, with 

moderate temperatures (25–35°C) supporting maximum 

microbial activity and metal uptake. 

Biomass dosage demonstrates a direct correlation with 

zinc removal efficiency. Increased biomass concentration 

enhances the availability of binding sites, leading to 

higher adsorption capacity. However, beyond a threshold, 

aggregation effects reduce effective surface area, 

indicating the need for optimized biomass levels. 

Kinetic analysis indicates that zinc biosorption follows 

pseudo-second-order kinetics, suggesting that 

chemisorption is the dominant mechanism. This implies 

strong interactions between zinc ions and functional 

groups on bacterial cell surfaces. Isotherm modeling 

shows better alignment with the Langmuir model, 

indicating monolayer adsorption on homogeneous 

binding sites. 

The reactor-based simulations further validate the 

feasibility of continuous treatment systems. The 

proposed CSTR configuration achieves stable 

performance under variable loading conditions, 

maintaining high removal efficiency with minimal 

fluctuations. Immobilized biomass systems demonstrate 
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enhanced durability and reusability, reducing operational 

costs and improving system longevity. 

Comparative analysis with conventional treatment 

methods highlights several advantages of the biological 

approach. Unlike chemical precipitation, the biosorption 

process generates minimal sludge, reducing disposal 

challenges. Additionally, the ability to recover zinc from 

biomass offers economic benefits, aligning with resource 

recovery principles. 

The hypothetical industrial model demonstrates that 

integrating bacterial biosorption within decentralized 

treatment systems can significantly improve overall 

efficiency. The system adapts effectively to fluctuations in 

wastewater composition, maintaining consistent 

performance. Economic analysis indicates lower 

operational costs compared to membrane-based systems, 

primarily due to reduced energy requirements. 

However, certain limitations are observed. Variability in 

microbial performance under extreme conditions, such as 

high metal concentrations or toxic co-contaminants, may 

affect system stability. Additionally, scaling up from 

laboratory to industrial level requires careful design 

considerations to ensure consistent performance. 

Overall, the findings confirm that tolerance-enabled 

bacterial systems provide a viable and efficient solution 

for zinc removal from industrial wastewater, with strong 

potential for large-scale application. 

DISCUSSION  

The results of this study reinforce the growing 

recognition of biological treatment systems as viable 

alternatives to conventional wastewater treatment 

technologies. The high zinc removal efficiencies observed 

in bacterial biosorption systems highlight their क्षमता to 

address the limitations of physicochemical methods, 

particularly in terms of cost, sustainability, and 

environmental impact. 

One of the key insights from this study is the significance 

of microbial adaptation in enhancing treatment 

performance. The use of tolerance-enabled bacterial 

strains allows the system to function effectively under 

varying environmental conditions, a critical requirement 

for industrial wastewater treatment. This adaptability 

aligns with findings from Pratap et al. (2022), which 

emphasize the robustness of resistant bacterial systems 

in metal-contaminated environments. 

From a mechanistic perspective, the dominance of 

chemisorption processes suggests strong and stable 

binding between zinc ions and bacterial cell surfaces. This 

has important implications for both removal efficiency 

and metal recovery. Unlike physical adsorption, 

chemisorption ensures minimal desorption, enhancing 

system reliability. However, it also necessitates efficient 

recovery methods to extract zinc from biomass without 

compromising bacterial viability. 

The integration of biological systems within 

decentralized wastewater treatment frameworks 

represents a significant advancement in environmental 

engineering. Decentralized systems offer flexibility and 

scalability, making them suitable for small and medium-

scale industries. The proposed model demonstrates that 

bacterial biosorption can be effectively incorporated into 

such systems, supporting localized treatment and 

resource recovery (Capodaglio, 2017; Zaharia, 2017). 

Despite these advantages, several challenges must be 

addressed for large-scale implementation. One major 

limitation is the sensitivity of microbial systems to 

environmental fluctuations. Factors such as pH, 

temperature, and presence of competing ions can 

influence biosorption efficiency. While optimization 

strategies can mitigate these effects, maintaining 

consistent performance in real-world conditions remains 

a challenge. 

Another critical issue is the management of biomass after 

metal uptake. While biosorption reduces sludge 

generation compared to chemical methods, the disposal 

or regeneration of metal-laden biomass requires careful 

consideration. Potential solutions include metal recovery 

through desorption processes or reuse of biomass in 

multiple treatment cycles. 

Comparative analysis with advanced technologies such as 

membrane systems and plasma-based treatments 

highlights the trade-offs involved in technology selection. 

While membrane systems offer high precision, they are 

associated with high costs and fouling issues (Heller et al., 

1998). Plasma technologies, although effective for certain 

pollutants, require significant energy input (Jiang, 2014). 

In contrast, biological systems provide a balance between 

efficiency and sustainability, making them particularly 

suitable for developing regions and decentralized 

applications. 

The use of multi-criteria decision-making frameworks 

further strengthens the case for biological treatment 

systems. By evaluating economic, environmental, and 

technical factors simultaneously, these frameworks 

support informed decision-making and system 

optimization (Mahjouri et al., 2017). 

In summary, the discussion highlights that bacterial zinc 

biosorption is not only technically feasible but also 

strategically aligned with global trends in sustainable 

wastewater management. However, its successful 

implementation depends on addressing operational 

challenges and integrating the system within broader 

treatment frameworks. 
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CONCLUSION 
This study demonstrates that biogenic recovery of zinc 

 tolerance-enabled bacterial systems represents a באמצעות

promising and sustainable approach for industrial 

wastewater treatment. By leveraging microbial 

mechanisms such as biosorption and bioaccumulation, 

the proposed system achieves high removal efficiencies 

while minimizing environmental impact. 

The integration of biological treatment within 

decentralized wastewater management frameworks 

enhances system flexibility, reduces infrastructure costs, 

and supports resource recovery. The application of multi-

criteria decision-making models further ensures that the 

proposed approach is both technically and economically 

viable. 

Key contributions of this research include the 

development of a comprehensive methodological 

framework, validation of bacterial biosorption efficiency, 

and demonstration of system-level feasibility through 

hypothetical modeling. The findings align with existing 

literature while addressing critical gaps related to 

scalability and integration. 

However, challenges related to process stability, biomass 

management, and large-scale implementation must be 

addressed through further research. Future studies 

should focus on pilot-scale validation, genetic 

enhancement of bacterial strains, and hybrid systems 

combining biological and physicochemical methods. 

In conclusion, bacterial-mediated zinc recovery offers a 

viable pathway toward sustainable industrial wastewater 

management, contributing to environmental protection 

and circular economy objectives. 
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