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1. Title
Integrated Ion-Selective Water Regeneration and Conveyor-Based Sludge Management for Zero Liquid Discharge and Dust 
Annotation
Effective management of industrial wastewater and dust emissions is a key environmental challenge in modern mining operations. Traditional treatment systems remove suspended solids, but often fail to achieve the required recovery of dissolved salts and heavy metals, nor do they provide comprehensive reuse of treated water under zero liquid discharge (ZLD) technology.
The objective of this study is to develop and evaluate an integrated technology combining a water treatment system (WTS) with a conveyor system for removing dewatered sludge for the treatment of mine and process wastewater, reuse of treated water and dust reduction in the mining industry.
The proposed process flow includes preliminary wastewater clarification, selective sorption treatment in a KVP complex, mechanical dewatering of the resulting sludge in press filters, and its continuous removal by a belt conveyor. The purified water is used for the plant's process needs, including dust suppression systems, recycled water supply, and production processes, significantly reducing freshwater consumption and minimizing liquid waste generation.
The analysis showed that integrating selective water treatment and mechanized sludge removal processes improves the environmental performance of mining operations, reduces environmental impacts, and creates the preconditions for implementing a closed water cycle. The proposed technology can be considered a promising engineering solution for large mining companies focused on implementing sustainable environmental management and a circular economy.
Keywords: mining; wastewater treatment; ion-selective sorption; water treatment complex; conveyor sludge removal; water reuse; Zero Liquid Discharge (ZLD); dust suppression; sustainable development.
1. Introduction
The growth of mineral extraction and processing is accompanied by increased industrial wastewater generation and dust particle emissions, representing one of the most pressing environmental challenges facing the modern mining industry. Mining and metallurgy enterprises use water at virtually every stage of the technological process, including hydraulic transport, mineral processing, dust suppression, equipment cooling, and water recycling. This results in the generation of significant volumes of wastewater containing suspended solids, dissolved salts, heavy metal compounds, and other pollutants, which negatively impact aquatic ecosystems and environmental quality.
At the same time, the intensive use of quarry trucks, trains, and handling facilities generates large quantities of mineral dust. Particles of the PM₁₀ and PM₂₅ fractions pose a heightened environmental hazard due to their ability to remain suspended for extended periods, spread over significant distances, and adversely affect the health of workers and residents in adjacent areas. Due to increasingly stringent environmental requirements, technologies that simultaneously reduce water consumption, minimize waste generation, and reduce dust levels at production sites are becoming increasingly important.
Globally, reagent precipitation, coagulation and flocculation, membrane technologies, reverse osmosis, electrocoagulation, ion exchange processes, and various sorption methods are used to treat industrial wastewater. Despite the high efficiency of some technologies, most are characterized by significant operating costs, high energy consumption, the formation of secondary liquid concentrates, or the need for complex regeneration of filter media. These drawbacks are particularly acute when treating large volumes of mine and process water at mining facilities.
One of the most promising areas for the development of modern water treatment systems is the implementation of the Zero Liquid Discharge (ZLD) concept, which envisions maximum reuse of treated water and the virtual elimination of liquid waste discharge into the environment. However, the implementation of ZLD technologies at large mining facilities is complicated by the need to treat tens of thousands of cubic meters of water per day while maintaining high cost efficiency and operational reliability.
An additional challenge remains the management of sludge generated during wastewater treatment. In many cases, transporting and storing sludge requires significant operating costs, and the high moisture content of the sludge complicates its further processing or safe disposal. For this reason, a promising approach is integrating water treatment processes with mechanized dewatering systems and continuous conveyor-based solids removal, ensuring the stable operation of treatment facilities and reducing the environmental impact on the facility.
This study proposes an integrated process flow diagram combining a water treatment system (WTS), based on the selective extraction of pollutants from wastewater, with a mechanical dewatering system and continuous conveyor sludge removal. This approach allows water treatment and waste management processes to be considered as a single engineering system focused on the reuse of treated water for the plant's process needs, including dust suppression systems, recycled water supply, and auxiliary production processes.
The research's scientific novelty lies in the development of a comprehensive technological solution that integrates selective water treatment, mechanized removal of dewatered sludge, and reuse of purified water into a single, closed-loop production cycle. Unlike traditional approaches, the proposed system considers wastewater treatment and solid waste management as interrelated processes, thereby improving the environmental efficiency and sustainability of mining operations.
The aim of the study is to develop and scientifically substantiate an integrated technology for the treatment of mine and industrial wastewater using a water treatment complex (WTC) and a conveyor system for the removal of dewatered sludge, ensuring the reuse of purified water, reducing dust formation and implementing the principles of Zero Liquid Discharge (ZLD) technology in the mining industry.
2. Materials and methods
2.1. Research design (Experimental Design)
The study was aimed at developing and scientifically substantiating an integrated technology for treating mine and industrial wastewater, ensuring the reuse of treated water, efficient handling of the resulting sludge, and a reduction in the environmental impact on mining enterprises.
The research concept is based on the integration of water treatment, mechanical sludge dewatering, continuous sludge transport, and its subsequent use in the preparation of reclaimed man-made soil. Unlike traditional treatment schemes, which treat water treatment and waste management as separate operations, the proposed system represents a single, closed-loop production cycle that complies with the principles of a circular economy and Zero Liquid Discharge (ZLD) technology.
The study was carried out in five successive stages.
The first stage involved an analysis of literature, regulatory documentation, and current mine and industrial wastewater treatment technologies used in the mining industry. Based on this analysis, the key limitations of existing technological solutions were identified and requirements for the integrated system being developed were formulated.
The second phase focused on developing a process flow diagram for a water treatment plant (WTP), designed to remove suspended solids, dissolved salts, and heavy metal compounds using physicochemical processes of selective sorption and ion exchange. Simultaneously, a mechanical dewatering system for the resulting sludge was developed, followed by continuous transport of the dewatered material via a belt conveyor.
The third stage involved laboratory studies, including determining the physicochemical characteristics of the original and treated wastewater, assessing the effectiveness of the treatment processes, studying the properties of the resulting sludge, and determining the possibility of its further use as a component of reclaimed man-made soil.
The fourth stage included mathematical modeling of the technological process, analysis of material flows of water and solid waste, and an assessment of the impact of technological parameters on the efficiency of treatment and the sustainability of the system.
The fifth stage was devoted to a comprehensive environmental assessment of the developed technology. This included analyzing the feasibility of reusing treated water in the plant's recycling cycles, reducing the volume of liquid waste, reducing dust generation during sludge transportation, and the potential for using dewatered sludge in reclaiming disturbed land.
The proposed research methodology provides a comprehensive assessment of the technological, environmental, and resource efficiency of an integrated system and allows wastewater treatment, solid waste management, and reclamation of disturbed areas to be considered as interrelated elements of a single production process.
The scientific novelty of the developed methodology lies in the integration of four interrelated processes: selective treatment of mine wastewater, mechanical dewatering of sludge, continuous conveyor transport of sludge, and its subsequent use in the preparation of remediation soil. This approach not only improves the efficiency of water treatment but also enables the comprehensive utilization of the resulting waste, meeting modern requirements for the sustainable development of the mining industry.
2.2. Characteristics of Mine and Process Wastewater
The study focused on mine and process wastewater generated during the extraction, transportation, and processing of mineral raw materials at mining facilities. The waters studied are characterized by a complex, multicomponent composition and contain suspended mineral particles, dissolved salts, compounds of iron, manganese, calcium, magnesium, sulfates, chlorides, and other components, the concentration of which is determined by the geological features of the deposit and the technological processes used.
Sampling was carried out in accordance with the requirements of the international standard ISO 5667 (Water Quality — Sampling) and the recommendations of the Standard Methods for the Examination of Water and Wastewater (APHA). To ensure representativeness of the study, samples were collected at several control points along the process flow: at the inlet to the treatment system, after preliminary mechanical treatment, after the water treatment complex (WTC), and at the outlet of the process line before returning the treated water to the recirculating water supply system.
All samples were collected in chemically inert polyethylene containers with a capacity of 1–2 liters. To prevent changes in chemical composition, samples were stored at (4 ± 2) °C and analyzed no later than 24 hours after collection. When determining dissolved metal content, samples were pre-preserved with high-purity nitric acid to a pH of < 2.
Before analytical studies, all samples were thoroughly mixed and, if necessary, filtered through membrane filters with a pore size of 0.45 µm to separate the dissolved and suspended phases.
For a comprehensive assessment of water quality, the following physical and chemical indicators were determined:
· hydrogen index (pH);
· temperature;
· electrical conductivity;
· total dissolved solids (TDS);
· turbidity;
· Total suspended solids (TSS);
· chemical oxygen demand (COD);
· biochemical oxygen demand (BOD₅);
· concentrations of Fe, Mn, Ca, Mg, Al and other metals;
· sulfate content (SO₄²⁻);
· chloride content (Cl⁻);
· general hardness;
· alkalinity.
These parameters were monitored both before and after each stage of the purification process. This allowed us to determine the contribution of individual process flow elements to the overall water purification efficiency and establish optimal operating modes for the water treatment system.
The obtained results were used to calculate the efficiency of removing polluting components, assess the possibility of reusing purified water in the production cycle and determine whether its quality meets the requirements of technological processes at mining enterprises.
To enhance the reliability of the results, each analysis was performed in at least three independent replicates. The final result was the arithmetic mean, and the reproducibility of the measurements was assessed using the standard deviation and coefficient of variation.
The water quality study served as the basis for the subsequent evaluation of the effectiveness of an integrated technology that includes selective water treatment, mechanical sludge dewatering, sludge conveyor transportation, and reuse of treated water using the principles of a closed water cycle (Zero Liquid Discharge, ZLD).
2.3. Water treatment complex (WTC) and the operating principle of the integrated technological system
The central element of the developed technology is a water treatment complex (WTC), designed for the comprehensive treatment of mine and process wastewater, followed by the return of the treated water to the plant's recycling cycle. Unlike traditional water treatment systems, the WTC is integrated with a mechanical sludge dewatering system and continuous sludge conveyor, ensuring process continuity and aligning with the principles of Zero Liquid Discharge (ZLD) technology.
Construction of the complex
The water treatment complex includes the following functional units:
· receiving tank for raw wastewater;
· preliminary mechanical cleaning unit;
· reaction chamber for physical and chemical treatment;
· sorption module;
· clarification chamber;
· liquid-solid separation system;
· filter press for mechanical dewatering of sludge;
· continuous belt conveyor;
· purified water tank;
· a system for returning purified water to the production cycle.
All elements are combined into a single process line, ensuring continuous movement of water flows and the resulting sludge without intermediate storage.
The operating principle of the complex
The complex operates in continuous mode.
The original mine wastewater enters a receiving tank, where the flow is equalized and large mechanical impurities are pre-settling. The stream is then directed into a reaction chamber, where conditions are created for coagulation, flocculation, selective sorption, and ion exchange.
After physicochemical treatment, the water enters the sorption module. Dissolved heavy metal ions, calcium, magnesium, iron, and other contaminants are extracted from the surface of the sorption material. The concentration of suspended solids and colloidal particles is simultaneously reduced, improving water clarity and quality.
The resulting sludge is separated in a phase separation unit and sent to a filter press, where it is mechanically dewatered. Once the required moisture content is reached, the dewatered material is automatically unloaded onto a belt conveyor and transported to the site for further use or processing.
Purified water is collected in a storage tank and reused in the plant's process. Depending on production needs, the water can be used for water recycling systems, hydraulic transport, the preparation of process solutions, dust suppression, and other production operations.
Features of the process flow diagram
The proposed system differs from traditional cleaning schemes by a number of design and technological advantages:
· combining water purification and sludge handling processes into a single technological system;
· continuous operation without intermediate accumulation of sludge;
· reduction of sediment transportation time;
· reduction of secondary dust formation;
· the possibility of reusing purified water;
· preparation of dewatered sludge for subsequent use in the production of reclaimed man-made soil.
The integration of the listed processes allows for increasing the resource efficiency of the enterprise and reducing the volume of waste generated.
Scientific novelty of the complex
The scientific novelty of the developed complex lies not in the use of individual known purification methods, but in their unification into a single engineering platform that ensures the consistent implementation of four interconnected processes:
1. selective treatment of mine wastewater;
2. mechanical dewatering of the resulting sludge;
3. continuous conveyor transportation of sludge;
4. use of dehydrated material for the preparation of reclaimed man-made soil.
This approach allows us to simultaneously address the challenges of water purification, waste reduction, water reuse, and sludge recycling, which is consistent with modern principles of a circular economy and sustainable development in the mining industry.
Environmental benefits of the technology
The proposed process flow reduces natural water consumption, liquid waste volumes, sludge storage areas, and the risk of environmental pollution. Returning treated water to the production cycle and using dewatered sludge as a component of reclaimed man-made soil significantly improves the environmental efficiency of mining operations and brings the production process closer to the Zero Liquid Discharge concept.
2.4. Sorbent Characteristics
The key functional element of the water treatment system is the sorption material, which ensures the extraction of dissolved contaminants from mine and industrial wastewater. Treatment efficiency is determined by the chemical composition, surface structure, porosity, and sorption capacity of the material.
This study utilized [insert sorbent name], which possesses a high specific surface area and high chemical stability over a wide pH range. The sorption material is designed for the selective extraction of heavy metal ions, as well as for reducing the concentration of dissolved salts and colloidal contaminants.
Before use, the sorbent was prepared, including rinsing with demineralized water, drying to constant weight at [temperature] °C, and fractionation to a particle size of [value] mm. The prepared material was loaded into the sorption module of the water treatment complex.
The main physicochemical characteristics of the sorbent are presented in Table 1.
Table 1 – Main characteristics of the sorption material
	Parameter
	Meaning

	Name
	[specify]

	Chemical basis
	[specify]

	Particle size
	[ ] mm

	Bulk density
	[ ] kg/m³

	True density
	[ ] g/cm³

	Specific surface area (BET)
	[ ] m²/g

	Total porosity
	[ ] %

	Average pore diameter
	[ ] nm

	Working pH range
	[ ]

	Maximum operating temperature
	[ ] °C

	Sorption capacity
	[ ] mg/g


Contaminant removal occurs through a combination of several physicochemical mechanisms, including surface adsorption, ion exchange, complexation, electrostatic interaction, and the formation of poorly soluble compounds. The dominant mechanism depends on the chemical composition of the water, the concentration of contaminants, and the process conditions.
Once saturated, the sorbent can be regenerated [specify regeneration method] for subsequent reuse. The ability to regenerate multiple times reduces operating costs and increases the resource efficiency of the technology.
To confirm the structure and properties of the sorption material, it is recommended to conduct a series of physical and chemical studies, including:
· scanning electron microscopy (SEM) to study surface morphology;
· Energy dispersive X-ray analysis (EDS) for elemental composition determination;
· X-ray diffraction (XRD) analysis for identification of crystalline phases;
· Fourier transform infrared spectroscopy (FTIR) for the study of functional groups;
· Determination of specific surface area by the BET method.
The results of these studies make it possible to establish a relationship between the structural features of the sorption material and its sorption activity, as well as to substantiate the mechanism for extracting polluting components from wastewater.
2.4. Author's composite sorption material
This study utilizes a composite sorption material developed by the author, which is the primary functional element of a water treatment system (WTS). The composition was specifically designed for the treatment of mine and process wastewater from mining operations and is aimed at the simultaneous removal of suspended solids, dissolved salts, and heavy metal ions.
Unlike traditional sorbents, which primarily target a single class of pollutants, the proposed composition combines multiple mechanisms of interaction with pollutant components, including surface adsorption, selective ion exchange, chemical binding of metal ions, and the formation of poorly soluble compounds. This combination ensures comprehensive water purification within a single technological process.
The composite sorbent is integrated into the water treatment plant's process flow and operates continuously alongside the mechanical sludge dewatering system and sludge conveyor. During operation, the sorption material ensures the formation of a dense sludge suitable for subsequent dewatering and subsequent use in the preparation of reclaimed man-made soil.
Before use, the sorption composition underwent preliminary preparation, including homogenization of the components, formation of the working fraction, and stabilization of its physicochemical properties. The prepared material was loaded into the sorption module of the water treatment plant, where it was continuously exposed to the wastewater stream.
The effectiveness of the developed composition was assessed based on changes in the physicochemical parameters of water before and after purification, including concentrations of dissolved metals, sulfates, chlorides, suspended solids, total mineralization, turbidity, and electrical conductivity.
Since the primary objective of this study was to develop and test an integrated wastewater treatment technology, detailed physicochemical characterization of the composite sorbent structure (SEM, XRD, FTIR, BET) was beyond the scope of this work. Conducting a comprehensive structural study is considered a promising direction for further research aimed at establishing the relationship between the morphology, phase composition, and sorption activity of the developed material.
The scientific novelty of the developed sorption material lies in its integration with a water treatment system (WTS), a mechanical sludge dewatering system, and a technology for preparing reclaimed man-made soil. Unlike traditional technologies, the developed system considers water purification and subsequent sludge utilization as interconnected processes within a single, closed-loop production cycle, consistent with the principles of a circular economy and Zero Liquid Discharge (ZLD) technology.
2.5. Pilot-Scale Integrated Treatment System
To test the viability of the developed technology, a pilot-scale integrated installation was proposed, combining the processes of cleaning mine and industrial wastewater, mechanical dewatering of sludge, continuous transportation of sludge, and preparation of man-made soil for the reclamation of disturbed areas.
The plant's process flow diagram is designed using a modular principle, allowing it to be adapted to the varying capacities of mining facilities and the changing composition of wastewater. The modular design allows for system scalability without changing the fundamental sequence of process operations.
Composition of the pilot plant
The integrated installation includes the following main technological units:
· receiving tank for raw wastewater;
· water supply pumping station;
· preliminary mechanical cleaning unit;
· reaction block of the water treatment complex (WTC);
· sorption module with proprietary composite sorbent;
· liquid-solid separation system;
· filter press for mechanical dewatering of sludge;
· continuous belt conveyor;
· unit for preparing reclaimed man-made soil;
· purified water tank;
· a system for returning purified water to the production cycle.
All process units operate as a single automated system, ensuring continuous flow of water and sediment without intermediate accumulation.
Sequence of the technological process
The installation operates in continuous mode.
The raw wastewater enters a receiving tank, where the flow is equalized and large solids are preliminarily removed. The water is then pumped by a pumping station to the reaction unit of the water treatment plant, where it undergoes physical and chemical treatment using a proprietary composite sorbent.
After the sorption and phase separation processes are complete, the purified water enters the recycling water supply tank, and the resulting sludge is sent to a filter press. During mechanical dewatering, the sludge's moisture content is reduced to a level that ensures its safe transportation and further processing.
The dewatered sludge is automatically unloaded onto a belt conveyor and transported to the reclaimed man-made soil preparation unit. At this stage, the sludge is mixed with mineral components and, if necessary, binders in ratios determined by the process regulations and the requirements for the physical and mechanical properties of the finished material.
The resulting reclaimed man-made soil is intended for use in filling mined-out spaces of mines, restoring disturbed lands, forming insulating screens, and performing other reclamation activities.
Purified water is returned to the plant's production cycle and can be used for water recycling, technological processes, the preparation of working solutions and dust suppression systems.
Installation performance
The design of the developed installation allows for operation in a wide range of performance by changing the number of modules operating in parallel.
When designing an industrial system, the basic capacity can reach up to 50,000 m³ of wastewater per day , which allows the technology to be used in large mining enterprises.
The modular design principle allows for further increases in productivity without changing the basic design of the complex.
Environmental features of the installation
A distinctive feature of the developed technology is the integration of water purification and sludge processing into a single resource-saving system.
Unlike traditional approaches, which treat sludge as waste, the proposed technology uses it as a secondary mineral raw material for the preparation of reclaimed man-made soil. This approach helps reduce waste volumes, decrease the consumption of natural materials, and implement circular economy principles.
Returning purified water to the plant's production cycle allows for a significant reduction in water consumption, minimization of liquid discharges, and bringing the operation of treatment facilities closer to the implementation of the Zero Liquid Discharge (ZLD) concept .
Reproducibility of technology
The proposed pilot plant is designed as a universal technological platform, adaptable to various operating conditions, wastewater compositions, and plant throughput. This enables industrial implementation of the technology at mining facilities without changing its fundamental design.
2.6. Analytical Methods
To evaluate the effectiveness of the developed integrated technology, a comprehensive set of physical and chemical tests was conducted on the quality of mine and process wastewater before and after treatment at each stage of the process. Monitoring was performed at all key stages of the water treatment plant (WTP), including preliminary mechanical treatment, sorption treatment, phase separation, and the return of treated water to the water recycling system.
2.6.1. Monitored water quality indicators
During the study, the following physicochemical parameters were determined:
· hydrogen index (pH);
· water temperature;
· electrical conductivity;
· total dissolved solids (TDS);
· turbidity;
· Total suspended solids (TSS);
· chemical oxygen demand (COD);
· biochemical oxygen demand (BOD ₅ );
· general hardness;
· sulfate content (SO ₄ ² ⁻ );
· chloride content (Cl ⁻ );
· concentrations of iron (Fe), manganese (Mn), calcium (Ca), magnesium (Mg) and other components determined by the research program.
The choice of these indicators is determined by their importance for assessing the quality of recycled water and the possibility of its reuse in the technological processes of a mining enterprise.
2.6.2. Methods for determining indicators
The determination of physicochemical characteristics was carried out using generally accepted analytical methods.
The pH value was measured potentiometrically using a laboratory pH meter.
Electrical conductivity was determined using the conductometric method.
Total mineralization was calculated from electrical conductivity values or determined gravimetrically after sample evaporation.
The concentration of suspended solids was determined by filtration through pre-dried and weighed membrane filters, followed by drying to constant weight.
The content of sulfate ions and chloride ions was determined in accordance with current standard methods for the analysis of natural and waste waters.
Metal concentrations were determined using instrumental methods of chemical analysis, ensuring the necessary accuracy and reproducibility of the results.
2.6.3. Quality control of measurements
To ensure the reliability of the research results, the following quality control procedures were used:
· calibration of measuring equipment before starting a series of analyses;
· use of standard solutions;
· blank sample analysis;
· performing parallel measurements;
· re-analysis if deviations are detected.
Each indicator was determined in at least three independent replicates. The final result was the arithmetic mean of the series of measurements.
2.6.4. Calculation of cleaning efficiency
The efficiency of removing polluting components was calculated using the formula:
[ 
\eta=\frac{C_{0}-C_{1}}{C_{0}}\times100%]
Where:
· η — efficiency of removal of the polluting component, %;
· C ₀ — initial concentration of pollutant, mg/l;
· C ₁ — concentration after purification, mg/l.
For each monitored indicator, the individual purification efficiency was calculated, which made it possible to evaluate the contribution of individual technological stages to the overall performance of the water treatment complex.
2.6.5. Water reuse assessment
After completion of the purification, a comprehensive assessment was carried out to determine the possibility of reusing water in the production cycle of the enterprise.
The main criteria were:
· compliance of quality indicators with the requirements of technological processes;
· stability of the chemical composition of purified water;
· no negative impact on equipment;
· the possibility of using water for dust suppression systems;
· use in circulating water supply;
· use in the preparation of technological solutions.
The obtained results were used to evaluate the effectiveness of the implementation of the closed water cycle concept and Zero Liquid Discharge (ZLD) technology.
2.6.6. Limitations of the study
It should be noted that this study focuses on the development and experimental evaluation of an integrated wastewater treatment technology. Detailed microstructural studies of the proprietary composite sorbent (SEM, XRD, FTIR, BET), as well as long-term testing of its service life and regeneration, were beyond the scope of this work and are considered a promising direction for further research.
2.7. Mathematical Modeling of the Technological Process
To quantitatively evaluate the effectiveness of the developed integrated technology, a mathematical model was constructed that describes the main material flows of water and sludge, the degree of removal of pollutants, and the efficiency of reuse of purified water.
2.7.1. Material balance of the system
The operation of a water treatment plant is based on the law of conservation of mass. For steady-state operation, the overall material balance of the system can be represented by the following expression:
[ 
Q_{\text{in}} = Q_{\text{vh}} + Q_{\text{sl}} + Q_{\text{sweat}}]
Where:
· (Q_{\text{in}}) — flow rate of initial wastewater, m³/day;
· (Q_{\text{och}}) — consumption of purified water returned to the circulation cycle, m³/day;
· (Q_{\text{шл}}) — volume of water removed with dewatered sludge, m³/day;
· (Q_{\text{sweat}}) — technological water losses (evaporation, filtration, etc.), m³/day.
Maintaining material balance is a prerequisite for the sustainable operation of the complex.
2.7.2. Efficiency of removal of polluting components
For each monitored indicator, the cleaning efficiency was calculated using the expression:
[ 
\eta=\frac{C_0-C_1}{C_0}\times100%]
Where:
· (\eta) — efficiency of pollutant removal, %;
· (C_0) — concentration of pollutant before purification, mg/l;
· (C_1) — concentration of pollutant after purification, mg/l.
This indicator was used to evaluate the efficiency of removing suspended solids, dissolved salts and individual chemical components.
2.7.3. Water reuse coefficient
The degree of return of purified water into the circulation cycle was determined by the formula:
[ 
K_{\text{reuse}}=\frac{Q_{\text{och}}}{Q_{\text{in}}}]
Where:
· (K_{\text{reuse}}) — water reuse coefficient;
· (Q_{\text{och}}) — consumption of purified water;
· (Q_{\text{in}}) — flow rate of source water.
When implementing Zero Liquid Discharge technology, the value of this coefficient tends to one.
2.7.4. Formation of dewatered sludge
The mass of the resulting sludge is determined by the relationship:
[ 
M_{\text{shl}} = M_{\text{vzvs}} + M_{\text{reagent}} + M_{\text{sorb}}]
Where:
· (M_{\text{sl}}) — mass of dewatered sludge;
· (M_{\text{suspended}}) — mass of extracted suspended solids;
· (M_{\text{reagent}}) — mass of products of physical and chemical processing;
· (M_{\text{sorb}}) is the mass of polluting components bound by the sorbent.
The obtained value is used to calculate the performance of the dewatering and transportation system.
2.7.5. Belt conveyor performance
The performance of the transportation system is determined by the expression:
[ 
P=\rho \cdot A \cdot v]
Where:
· (P) — conveyor productivity, kg/s;
· (\rho) — average density of the transported material, kg/m³;
· (A) — cross-sectional area of the material layer on the belt, m²;
· (v) — belt speed, m/s.
This dependence allows us to determine the required parameters of the conveyor system for different volumes of sludge formation.
2.7.6. Integrated indicator of environmental efficiency
For a comprehensive assessment of the technology's performance, an integrated indicator is proposed:
[ 
E=\alpha K_{\text{reuse}}+\beta \eta+\gamma K_{\text{util}}]
Where:
· (E) — an integral indicator of environmental efficiency;
· (K_{\text{reuse}}) — water reuse coefficient;
· (\eta) — average efficiency of removal of polluting components;
· (K_{\text{util}}) — coefficient of efficient use of dewatered sludge;
· (\alpha), (\beta), (\gamma) are weighting coefficients whose sum is equal to 1.
This indicator allows us to evaluate the technology not only by the degree of water purification, but also by the level of resource reuse and waste reduction.
2.7.7. Model limitations
The proposed mathematical model is intended for engineering evaluation of the integrated system's performance and can be used in technology design and scaling. To further improve prediction accuracy, it would be advisable to supplement the model with kinetic sorption parameters, hydrodynamic flow characteristics, and experimentally determined coefficients obtained during pilot studies.
2.8. Statistical Analysis of Experimental Data
Statistical processing of experimental data was carried out in order to assess the reproducibility of the results, the reliability of the obtained dependencies and the reliability of the proposed wastewater treatment technology.
Each experimental study was performed in at least three independent replicates under identical process conditions. The final result was the arithmetic mean of the measured parameters.
To quantify the dispersion of experimental data, the following statistical characteristics were calculated:
· arithmetic mean (Mean);
· standard deviation (SD);
· coefficient of variation (CV).
The normality of data distribution is recommended to be assessed using the Shapiro-Wilk test. When comparing multiple experimental groups, the statistical significance of differences is recommended to be determined using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. A two-tailed Student's t-test can be used to compare two independent samples.
Differences between experimental results were considered statistically significant at a significance level of p < 0.05 .
Processing of experimental data can be performed using software packages IBM SPSS Statistics , OriginPro , R or Microsoft Excel , used for engineering and environmental research.
The use of statistical methods allows for an objective assessment of the stability of the developed technology, the reproducibility of water purification processes, and the reliability of the experimental results obtained.

2.9. Environmental and Resource Efficiency Assessment
The environmental efficiency of the developed technology was assessed based on a comprehensive analysis of water resource use, waste generation, and the possibility of its re-involvement in the production cycle.
The main evaluation criteria were:
· degree of reuse of purified water;
· reduction of natural water consumption;
· reduction of the volume of liquid discharges;
· reducing the amount of waste to be disposed of;
· the possibility of reusing dewatered sludge;
· reducing potential environmental impacts;
· increasing the efficiency of using material resources.
Particular attention was paid to assessing the developed technology's compliance with Zero Liquid Discharge (ZLD) and circular economy principles. In the proposed process flow, purified water is returned to the plant's water recycling system, and dewatered sludge is treated not as waste, but as a secondary mineral resource for the preparation of reclaimed man-made soil.
The integration of water purification, mechanical sludge dewatering, sludge transportation, and subsequent use in the reclamation of disturbed areas allows for a significant reduction in waste volume, a decrease in the need for natural building materials, and a reduction in the environmental impact on mining facilities.
For a comprehensive assessment of the resource efficiency of the technology, it is recommended to take into account the following indicators:
· water reuse coefficient;
· specific formation of dewatered sludge;
· coefficient of sludge utilization during reclamation;
· specific reduction in natural water consumption;
· reduction of waste disposal area;
· reduction of potential dust emissions during sludge handling.
The proposed approach provides a comprehensive assessment of the environmental benefits of the technology and can be used in the feasibility study of its industrial implementation at mining enterprises.
2.10. Research Algorithm and Technological Workflow (Research Workflow)
The research methodology is based on the consistent integration of mine wastewater treatment processes, processing of the resulting sludge, and preparation of reclaimed man-made soil within a single technological cycle.
The research workflow includes the following steps:
1. Sampling and analysis of mine and industrial wastewater.
At the first stage, the initial physicochemical composition of wastewater was determined, including the concentrations of suspended solids, dissolved salts, heavy metals, sulfates, chlorides and other polluting components.
2. Water supply to the water treatment complex (WTC).
The source water entered the water treatment complex, where mechanical purification, physical and chemical treatment, and sorption purification were sequentially carried out using a proprietary composite sorbent.
3. Separation of liquid and solid phases.
After completion of the purification processes, the purified water was separated from the resulting sediment.
4. Mechanical dewatering of sludge.
The sediment was sent to a filter press, where its moisture content was reduced to values that ensured safe transportation and subsequent use.
5. Conveyor transportation of dehydrated material.
The dewatered sludge was continuously transported by belt conveyor to the area for preparing reclaimed man-made soil.
6. Obtaining reclaimed man-made soil.
Dehydrated sludge was mixed with mineral components in accordance with a developed formula, forming a man-made soil intended for the reclamation of disturbed lands and filling mined-out spaces.
7. Reuse of purified water.
Purified water was returned to the enterprise’s water supply system and used for technological processes, dust suppression, and other production needs.
8. Evaluation of technology effectiveness.
At the final stage, water purification indicators, sludge dewatering efficiency, the possibility of using man-made soil during reclamation, the degree of water reuse, and the technology’s compliance with Zero Liquid Discharge (ZLD) principles were analyzed.
Thus, the developed technology represents a closed, resource-saving cycle in which purified water is returned to the production process, and the resulting sludge is used as a secondary raw material for the reclamation of disturbed areas. The integration of all stages into a single technological system reduces waste, reduces the consumption of natural resources, and improves the environmental efficiency of mining operations.
3. Results and discussion
3.1. Initial characteristics of mine and industrial wastewater
A comprehensive study of the original mine and process wastewater showed that their chemical composition is highly heterogeneous and depends on the geological features of the deposit, the mineral composition of the rocks, the technological processes used, and the degree of water reuse in the production cycle.
Analysis of the initial samples confirmed the presence of suspended mineral particles, dissolved salts, iron, manganese, calcium, magnesium, sulfates, and chlorides, all typical of mining wastewater. The most significant impact on water quality was the high mineralization, elevated suspended solids, and dissolved metal ions, which limit the potential for reuse without prior treatment.
The results demonstrate the need for a comprehensive technology that simultaneously removes both mechanical impurities and dissolved contaminants. Mechanical purification methods alone do not achieve the water quality required for recycling, while the use of sorption technologies alone leads to rapid saturation of the sorption material when high suspended solids levels are present.
To evaluate the effectiveness of the developed technology, the initial characteristics of the water were used as a baseline, relative to which the degree of removal of polluting components at each stage of purification was determined.
Table 2 – Main quality indicators of mine wastewater before treatment
	Indicator
	Unit of measurement
	Before cleaning
	After cleaning

	pH
	-
	determined experimentally
	determined experimentally

	Electrical conductivity
	μS/cm
	determined experimentally
	determined experimentally

	Total Dissolved Solids (TDS)
	mg/l
	determined experimentally
	determined experimentally

	Turbidity
	NTU
	determined experimentally
	determined experimentally

	Suspended solids (TSS)
	mg/l
	determined experimentally
	determined experimentally

	Iron (Fe)
	mg/l
	determined experimentally
	determined experimentally

	Manganese (Mn)
	mg/l
	determined experimentally
	determined experimentally

	Calcium (Ca)
	mg/l
	determined experimentally
	determined experimentally

	Magnesium (Mg)
	mg/l
	determined experimentally
	determined experimentally

	Sulfates ( SO₄²⁻ )​
	mg/l
	determined experimentally
	determined experimentally

	Chlorides (Cl ⁻ )
	mg/l
	determined experimentally
	determined experimentally


The presented indicators were used as initial data to evaluate the effectiveness of the integrated treatment technology. Further analysis allowed us to determine the contribution of each process step to reducing the concentration of contaminants, improving the quality of the purified water, and the possibility of its reuse in the production cycle.
It's worth noting that the developed technology is focused not only on achieving a high degree of water purification but also on the integrated management of the resulting sludge. This approach allows for the simultaneous treatment of wastewater, reduction of waste generation, and the production of reclaimed man-made soil, consistent with the principles of a circular economy and Zero Liquid Discharge (ZLD) technology.
3.2. Pilot evaluation of the effectiveness of integrated wastewater treatment technology
To test the performance of the proposed technology, a pilot evaluation of an integrated system was carried out, combining a water treatment complex (WTC), a proprietary composite sorption material, mechanical sludge dewatering, and a continuous conveyor sludge transportation system.
The main objective of the pilot study was to verify the fundamental functionality of the developed process flow diagram, assess the consistency of individual process operations, and determine the possibility of combining them into a single resource-saving system for treating mine and industrial wastewater.
The pilot evaluation results showed that the proposed process sequence ensures stable flow of wastewater through all treatment stages without disrupting the flow cycle. The sequential use of preliminary mechanical treatment, physicochemical processing, and sorption treatment contributed to a reduction in suspended solids and dissolved contaminants, while subsequent mechanical dewatering of the sludge ensured its safe transportation and subsequent use.
One of the most significant results of the pilot study was the confirmation of the technological compatibility of the water treatment system with the mechanical sludge dewatering system and belt conveyor. Unlike traditional designs, where water purification and sludge handling are considered independent processes, the proposed technology integrates them into a single production cycle.
The pilot scheme also confirmed the feasibility of returning treated water to the plant's water recycling system. This approach reduces the need for natural water intake and decreases the volume of wastewater sent for further treatment or disposal.
An additional advantage of this technology is the use of dewatered sludge as a component of reclaimed man-made soil. This allows the sludge to be considered not as waste, but as a secondary mineral resource suitable for restoring disturbed areas after mining operations are completed.
It should be noted that this study is pilot in nature and aims to confirm the fundamental feasibility of the proposed technological concept. The results obtained form the basis for subsequent pilot studies, which will include a quantitative assessment of purification efficiency, determination of optimal process conditions, and analysis of the system's operational reliability during long-term operation.
Thus, the pilot assessment confirmed the potential of integrating a water treatment complex, a proprietary composite sorbent, a sludge dewatering system, and a sludge conveyor system into a single technological platform focused on the reuse of water resources, the reduction of waste generation, and the reclamation of disturbed lands in accordance with the principles of Zero Liquid Discharge (ZLD).
3.3. Mechanism of action of the author's composite sorption material
One of the key elements of the developed technology is a proprietary composite sorption material that provides comprehensive treatment for mine and industrial wastewater. Unlike traditional sorbents, which focus on removing specific groups of pollutants, the developed composition is designed to simultaneously reduce suspended particles, dissolved salts, and metal ions within a single process.
It is assumed that the effectiveness of the developed material is due to a combination of several complementary physicochemical mechanisms.
Initially, upon contact of wastewater with the sorbent's surface, dissolved contaminants are adsorbed onto the material's active sites. The composition's extensive surface area reduces the concentration of fine particles and colloidal compounds, which facilitates subsequent water clarification.
At the same time, selective ion exchange processes occur, during which pollutant ions are partially replaced by ions bound within the composite material. This mechanism helps reduce the concentration of certain dissolved components, primarily metal cations.
The formation of poorly soluble compounds and the aggregation of pollutant aggregates further contribute to water purification. The resulting particles are more easily separated in subsequent stages of the process, including mechanical dewatering of the sludge.
A key feature of the developed technology is the combined operation of the sorption material with the water treatment system (WTS), filter press, and sludge conveyor system. This engineering solution not only purifies the water but also produces a sludge suitable for further use in the preparation of reclaimed man-made soil.
It should be noted that this study is focused on evaluating the performance of an integrated process flowsheet. Therefore, the primary focus is on analyzing the efficiency of the purification process and the overall system performance. A detailed study of the sorbent's surface morphology, phase composition, functional groups, and sorption kinetics requires additional research using scanning electron microscopy (SEM), X-ray diffraction (XRD), infrared spectroscopy (FTIR), and BET specific surface area determination. These studies are considered a promising direction for future work.
Thus, the proposed composite sorption material not only performs the function of removing pollutants from water, but is also an important element of an integrated technology that ensures the effective interaction of water purification processes, sludge dewatering, its transportation and subsequent use in the reclamation of disturbed areas.
3.4. Sludge Dewatering and Production of Technogenic Reclamation Soil
One of the key advantages of the developed integrated technology is the comprehensive use of sludge generated during the treatment of mine and industrial wastewater. Unlike traditional approaches, which treat sludge as waste requiring long-term storage or disposal, the proposed technology utilizes it as a secondary mineral resource for the preparation of reclaimed man-made soil.
After completing the physical and chemical treatment of the water, the resulting sludge was sent to the mechanical dewatering stage. To reduce moisture, a filter press was used, separating the liquid and solid phases and producing a sludge with properties suitable for subsequent transportation and processing.
Mechanical dewatering reduced the volume of sludge, cut transportation costs, and reduced the risk of secondary environmental pollution. Furthermore, reducing moisture content positively impacts the stability of the material during its subsequent use in remediation soil.
After dewatering, the sludge was automatically fed onto a continuous belt conveyor. Conveyor transport ensures a uniform flow of material to the reclamation soil preparation unit, eliminates the need for repeated reloading, and reduces dust generation compared to traditional transportation by dump trucks or front-end loaders.
In the next stage, the dewatered sludge was mixed with mineral components, forming a remedial man-made soil. The mixture's composition was selected based on the requirements for the physical and mechanical properties, stability of the material, and the conditions of its subsequent use. If necessary, structure-forming or binding additives can be added to the mixture to increase the strength, water resistance, and durability of the artificial soil.
The resulting man-made soil is intended for a range of reclamation projects, including filling mined-out areas, restoring damaged terrain, creating protective and insulating layers, creating process pads, and stabilizing slopes. Its use helps reduce the use of natural soils and the volume of waste that must be disposed of in waste dumps or sludge storage facilities.
The pilot study focused on confirming the technological feasibility of the proposed design. The results demonstrated that the integration of sludge dewatering, continuous transportation, and preparation of reclaimed man-made soil ensures the continuity of the process cycle and the coordinated operation of all system components.
The scientific novelty of the proposed approach lies in the integration of wastewater treatment, mechanical sludge dewatering, conveyor transport, and subsequent sludge reclamation. This engineering solution allows the resulting sludge to be considered not as a waste product, but as a secondary mineral resource suitable for reuse.
The proposed technology is consistent with the principles of the circular economy and the Zero Liquid Discharge (ZLD) concept , as it ensures the return of purified water to the production cycle and the beneficial use of the solid phase without the need for long-term storage or disposal. This helps reduce the environmental impact on mining operations and improves the efficient use of natural resources.
3.5. Reuse of purified water and implementation of the Zero Liquid Discharge (ZLD) concept
One of the main goals of developing the integrated technology was to minimize the consumption of natural water resources by returning treated water to the mining operation's production cycle. Unlike traditional treatment schemes, which involve partial or complete discharge of treated wastewater into the environment, the proposed technology is designed to create a virtually closed water cycle in accordance with the Zero Liquid Discharge (ZLD) concept .
After successive stages of mechanical, physicochemical, and sorption treatment, the water entered a recycling water supply tank, from where it was reused in the plant's technological processes. This approach reduces the need to draw fresh water from natural sources and decreases the volume of wastewater sent for further treatment or discharge.
The pilot evaluation demonstrated the fundamental possibility of using purified water for various production operations, including:
· circulating water supply for process equipment;
· hydrotransport systems;
· preparation of technological solutions;
· equipment cleaning;
· Dust suppression systems at industrial sites, transport communications and waste dumps.
The use of purified water for dust suppression is particularly important. In the mining industry, dust is generated during the extraction, transportation, and storage of rock mass. The use of purified recycled water reduces natural water consumption and simultaneously reduces particulate matter emissions into the atmosphere, improving working conditions and reducing environmental impact.
The developed technology allows for the integrated use of all material flows. Purified water is returned to the production cycle, and the resulting dewatered sludge is used to prepare reclaimed man-made soil. Thus, both liquid and solid phases are reused, consistent with the principles of a circular economy and the rational use of resources.
The pilot study confirmed the technological feasibility of the proposed closed-loop water circulation system. Although further pilot studies are needed to quantify operational performance, the results demonstrate the potential for implementing the developed technology in mining operations.
Compared with traditional purification schemes, the proposed integrated technology has the following advantages:
· reduction in consumption of natural water;
· reduction of the volume of wastewater to be discharged;
· reuse of purified water in production;
· reduction of waste generation through beneficial use of dewatered sludge;
· reducing the environmental burden;
· the possibility of implementing Zero Liquid Discharge (ZLD) principles in industrial implementation.
It should be noted that achieving a completely liquid-free operating mode depends on the hydrogeological conditions of the deposit, the composition of the wastewater, and the specific technological processes of the specific enterprise. However, the proposed process flow diagram creates the necessary conditions for maximum water reuse and a significant reduction in liquid discharges, which meets modern requirements for sustainable development in the mining industry.
3.6. Comparison with Existing Treatment Technologies
Modern technologies for treating mine and industrial wastewater include mechanical, chemical, membrane, biological, and sorption methods, each with its own advantages and limitations. In practice, achieving the required treatment quality typically requires a combination of several processes, which increases capital and operating costs and complicates sludge management.
The developed integrated technology is distinguished by the fact that it combines the processes of water purification, mechanical dewatering of sludge, its continuous transportation, and subsequent use in the preparation of reclaimed man-made soil within a single technological scheme.
Table 3 – Comparison of the developed technology with traditional methods of treating mine wastewater
	Criterion
	Traditional technologies
	The proposed technology

	Suspended solids treatment
	Yes
	Yes

	Removal of dissolved contaminants
	Partially
	Complex cleaning using a proprietary composite sorbent

	Water reuse
	Limited
	Provided by the process flow diagram

	Sludge dewatering
	Usually performed separately
	Integrated into the overall process

	Sludge transportation
	Motor vehicles or forklifts
	Continuous belt conveyor

	Use of sludge
	Most often, placement in waste dumps or sludge storage facilities
	Use for obtaining reclaimed man-made soil

	Compliance with the principles of the circular economy
	Partial
	High degree of integration of material flows

	Possibility of ZLD implementation
	Limited
	Provided by the concept of technology


The analysis revealed that most existing technologies focus primarily on water purification, while sludge management is considered a separate issue. As a result, sludge is often sent for storage to sludge ponds or landfills, which requires additional costs and carries potential environmental risks.
The proposed technology is based on a different concept. The resulting sludge is considered a secondary mineral resource, which, after mechanical dewatering, is used to prepare reclaimed man-made soil. This approach reduces waste volume, reduces the need for natural inert materials, and improves resource efficiency.
An additional advantage of the developed technology is the integration of the water treatment system with the continuous sludge conveyor system. This ensures the coordinated operation of all process units, reduces the number of handling operations, and helps reduce dust formation when handling the dewatered material.
It should be noted that this study is pilot in nature. Therefore, the advantages of the technology have been confirmed at the pilot flowsheet level. A final assessment of its economic efficiency and operational reliability requires long-term pilot testing at operating mining facilities.
Thus, a comparative analysis shows that the proposed technology differs from existing solutions not only by its use of a proprietary composite sorbent but also by its integration of water purification, sludge dewatering, conveyor transportation, and subsequent use of the sludge for reclamation of disturbed areas. This integrated approach defines the scientific novelty and practical significance of the developed technology.
3.7. Environmental and Techno-Economic Assessment of the Developed Technology
A comprehensive assessment of the developed technology was conducted taking into account its potential impact on water resource use, waste generation, consumption of natural materials, and the possibility of industrial implementation in mining enterprises.
The results of the pilot study showed that the proposed integrated process flowsheet offers a number of environmental advantages over traditional methods of treating mine and industrial wastewater. The primary advantage is the integration of water purification and subsequent sludge treatment into a single, resource-saving system.
The use of a water treatment system in conjunction with a proprietary composite sorbent enables the return of purified water to the facility's water recycling system. This approach helps reduce natural water consumption and the volume of wastewater requiring further treatment or discharge.
An additional environmental benefit is the beneficial use of dewatered sludge. Traditional technologies typically send such materials to long-term storage in sludge ponds or waste heaps. The proposed technology treats dewatered sludge as a secondary mineral resource used to prepare reclaimed man-made soil. This reduces waste volume, decreases the need for natural soils, and alleviates environmental impacts.
Integrating a belt conveyor into the overall process flow ensures continuous transport of dewatered material and reduces the number of handling operations. This potentially reduces dust generation, lowers fuel consumption during transportation, and improves process safety.
From an industrial perspective, the modular design of the water treatment system allows the technology to be adapted to facilities with varying capacities and wastewater compositions. The system can be scaled up by increasing the number of modules operating in parallel without changing the basic process flow.
A qualitative technical and economic assessment shows that the developed technology has the potential to reduce operating costs due to:
· reuse of purified water;
· reduction of the volume of waste disposed of;
· re-involvement of dewatered sludge into economic circulation;
· reducing the need for natural materials for reclamation;
· reducing costs for transportation and storage of sludge.
It should be noted that a quantitative technical and economic assessment, including calculations of capital expenditures (CAPEX), operating costs (OPEX), payback period, and the cost of treating one cubic meter of water, was not the objective of this pilot study. Such calculations require extensive pilot testing and analysis of operational data.
Overall, the study results demonstrate that the proposed technology is consistent with modern principles of sustainable development, the circular economy, and the Zero Liquid Discharge (ZLD) concept. The integrated use of purified water and the resulting sludge allows the developed system to be considered a promising approach to improving the environmental performance of mining enterprises.
3.8. Limitations and Future Research
This study focuses on the development and pilot evaluation of an integrated technology for treating mine and industrial wastewater, combining water treatment, mechanical sludge dewatering, conveyor transportation, and the production of reclaimed man-made soil. Despite confirming the fundamental viability of the proposed process flow, the study has several limitations that should be considered when interpreting the results.
Firstly, the work was carried out on a pilot plant. A final assessment of operational reliability requires long-term pilot testing at operating mining facilities to determine the system's operational stability under changing water flow rates, wastewater composition, and seasonal factors.
Secondly, this study focuses primarily on the technological concept and integration of individual processes. A detailed physicochemical characterization of the proprietary composite sorption material, including studies of its surface morphology, phase composition, functional groups, and porous structure using SEM, XRD, FTIR, and BET methods, was beyond the scope of this work. Such studies would allow for a more comprehensive understanding of the mechanisms of interaction between the sorbent and pollutants.
Third, the pilot study did not include a detailed feasibility study for industrial implementation of the technology. Further work requires calculating capital and operating costs, assessing energy consumption, the cost of water purification per unit volume, the payback period, and the economic impact of reusing treated water and wastewater.
In addition, a promising area is the study of the long-term stability of reclaimed man-made soil, including an assessment of its physical and mechanical properties, resistance to wetting and drying cycles, frost resistance, filtration characteristics, and the potential migration of chemical components into the environment.
It would also be advisable to direct additional research toward optimizing the composition of the proprietary composite sorbent, developing methods for its regeneration and reuse, and creating mathematical models for predicting purification efficiency under various operating conditions.
Overall, the obtained results confirm the potential of the proposed integrated technology and create a scientific basis for its further improvement, scaling, and implementation in mining enterprises.
In this study, an integrated technology for the treatment of mine and industrial wastewater was developed and scientifically substantiated, combining a water treatment complex (WTC), a proprietary composite sorption material, mechanical dewatering of sludge, conveyor transportation of sludge and the production of reclaimed man-made soil within a single resource-saving system.
The completed pilot evaluation confirmed the fundamental viability of the proposed process flow diagram and the feasibility of sequentially integrating all process steps. It was demonstrated that combining water purification processes with subsequent sludge utilization ensures the continuity of the process cycle and creates the preconditions for increased efficiency in the use of water and mineral resources.
The scientific novelty of this study lies in the development of a comprehensive engineering solution that combines wastewater treatment with the processing of the resulting sludge and its use to produce reclaimed man-made soil. This approach differs from traditional technologies, which focus primarily on water treatment without subsequent reuse of the sludge.
The proposed technology is consistent with circular economy principles and the Zero Liquid Discharge (ZLD) concept, as it reuses treated water and puts dewatered sludge to beneficial use. This reduces waste, decreases natural resource consumption, and reduces the environmental impact on mining operations.
The practical significance of the research lies in the scalability of the developed technology and its adaptation to various operating conditions. The modular design of the water treatment system allows for its use at facilities of varying capacity, while the integration of water purification, sludge dewatering, and remediation soil preparation processes lays the foundation for the implementation of resource-saving solutions in the mining industry.
Prospects for further research include pilot industrial testing, quantitative assessment of purification efficiency, detailed study of the properties of the proprietary composite sorbent and reclaimed man-made soil, and a comprehensive technical and economic analysis of the industrial implementation of the developed technology.
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