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Integrated Approaches to Water Quality Assessment and Treatment: A Comprehensive Review

ABSTRACT  
This review paper critically examines the fundamental components of water quality assessment, key pollution sources, monitoring methods, and modern treatment approaches. Emphasis is placed on integrating physical, chemical, and biological parameters such as pH, dissolved oxygen, and microbial indicators within widely adopted models like Water Quality Indices (WQI). The analysis encompasses regulatory frameworks from international and national bodies (WHO, EPA, BIS) and explores various water pollution sources, including agricultural runoff, industrial discharge, and domestic waste. The synthesis also covers innovations in sensor technologies, advanced analytical methods, and evolving standards all supporting public health and environmental sustainability. The findings advocate for comprehensive monitoring, rigorous regulation, and adaptive management as essential pillars for achieving global water quality goals.
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1 . INTRODUCTION 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK13]Water quality management stands at the interface of environmental protection, public health, and resource sustainability. The increasing complexity of anthropogenic impacts ranging from urbanization and industrialization to agricultural practices has led to heightened concern over water contamination and its implications. Precise assessment of water quality relies on multi-parametric analysis, including measurement of physical parameters (temperature, turbidity, colour), chemical constituents (pH, TDS, dissolved oxygen, nutrients, heavy metals), and biological content (microbial indicators such as bacteria and protozoa). The use of quantitative models especially Water Quality Indices enables a holistic understanding and clear communication of water status. Regulatory standards set by organizations like WHO, EPA, and BIS provide benchmarks for safe water, highlighting the global significance of consistent monitoring. As pollution sources diversify and technological advancements accelerate, this review aims to synthesize current methodologies, regulatory approaches, and innovative treatment strategies relevant to effective water quality management.
2 . Fundamentals of Water Quality  
Water quality assessment rests on a range of physical, chemical, and biological parameters. Key physical indices include temperature, turbidity, and colour; major chemical determinants are pH, total dissolved solids (TDS), hardness, dissolved oxygen (DO), chlorides, and various nutrients; while biological indicators involve microorganisms such as bacteria, algae, protozoa, and viruses.(Tyagi et al., 2024a).The measurement and monitoring of these variables enable a comprehensive evaluation of water status, guiding the detection of contaminants and identifying pollution sources. Research consistently demonstrates that these metrics are directly linked to the suitability of water for drinking, agriculture, and ecological health(Tyagi et al., 2024b).
2.1 Water Quality Indices (WQI):
 The Water Quality Index (WQI) is a widely adopted tool that synthesizes multiple water quality parameters into a single, easily interpretable value, gauging the status of a water body(Chidiac et al., 2023; Nayar, n.d.). Modern WQI models, such as the weighted arithmetic index, apply statistical methods and expert-derived weights to physical, chemical, and biological measurements (e.g., pH, TDS, DO, BOD, turbidity, electrical conductivity, chlorides, and alkalinity)(Nayar, n.d.)(Chidiac et al., 2023). The resulting indices classify water into categories (excellent, good, poor, etc.), supporting decision-making for treatment and resource management(Chidiac et al., 2023)(Gaur et al., 2022). The strength of WQI lies in its ability to communicate complex scientific data in an accessible form, as documented in reviews by (Chidiac et al., 2023)(D. Kumar et al., 2024)
2.2 Regulatory Standards:
 International and national bodies including the WHO, US EPA, and BIS (Bureau of Indian Standards) establish comprehensive water quality standards(Prasad et al., 2022)(Saleh & Hassan, 2021). These include threshold values for critical analytes such as pH, TDS, heavy metals (e.g., Pb, Cd, Cr), and microbiological content, tailored to minimize adverse health effects(Prasad et al., 2022). Countries derive their own standards from WHO guidelines, factoring in local considerations like economic context and technological capabilities(Prasad et al., 2022). Regular monitoring against these benchmarks is essential for public health protection and environmental conservation, as highlighted by (Prasad et al., 2022)(Saleh & Hassan, 2021)
[bookmark: OLE_LINK4]3. Sources and Types of Water Pollution  
Water pollution arises from diverse sources with complex contaminant profiles. The main sources include agricultural runoff industrial discharge and domestic waste, each contributing a range of pollutants pathogens, heavy metals, pesticides, and emerging contaminants via both point and non-point sources (Lin et al., 2022)(Gao et al., 2025)(Zhang et al., 2023).Agricultural Runoff, Industrial Discharge, and Domestic Waste: Agricultural runoff is a major non-point source introducing nutrients (nitrates, phosphates), pesticides, and pathogens to water bodies(Lin et al., 2022)(Gao et al., 2025)(Zhang et al., 2023). Fertilizer and pesticide application on croplands is washed into streams and rivers during rain, leading to eutrophication, algal blooms, and increased microbial loads(Gao et al., 2025)(Sabo et al., 2022). Industrial discharge is primarily a point source, releasing a cocktail of chemicals including heavy metals (cadmium, arsenic, mercury, lead), solvents, and organic pollutants directly into receiving waters. Industries such as tanneries, paper mills, and metal plating are particularly notable contributors(Zhang et al., 2023)(Singh et al., 2024). Domestic household waste, municipal sewage, household cleaners, and pharmaceuticals also introduces pathogens, nutrients, and a variety of chemical contaminants into local waterways, especially in regions lacking adequate wastewater treatment(Lin et al., 2022)(Gao et al., 2025). Point and Non-point Sources: Point sources discharge pollutants from identifiable locations such as effluent pipes or wastewater outfalls. Typical point sources include industrial plants, sewage treatment facilities, and confined animal feeding operations(Liu et al., 2023). In contrast, non-point sources are diffuse and harder to trace, arising from land runoff, atmospheric deposition, and widespread agricultural activities(Sabo et al., 2022). Non-point source pollution is now widely recognized as a dominant cause of water quality degradation globally(Liu et al., 2023)(Sabo et al., 2022).
Types of Pollutants
Pathogens: Bacterial, viral, and protozoal contaminants stemming from sewage, livestock, and agricultural runoff are a major public health concern, especially in developing regions(Lin et al., 2022)(Jamwal et al., 2011).
1. Heavy Metals: Metals such as lead, mercury, cadmium, and arsenic are persistent, bioaccumulate, and pose risks of carcinogenicity, neurotoxicity, and organ damage in humans and wildlife(Zhang et al., 2023)(Singh et al., 2024). Their sources are both industrial and agricultural, including fertilizers and untreated effluents.
2. Pesticides: Persistent Organic Pollutants (POPs) like DDT accumulate in sediments and biota, disrupting endocrine systems and causing reproductive, neurological, and carcinogenic effects(Lin et al., 2022)(Banerjee et al., 2023).
3. Emerging Contaminants: Recent research highlights pharmaceuticals, personal care products, microplastics, and per- and polyfluoroalkyl substances (PFAS) as "emerging contaminants" chemicals not previously monitored but now recognized for environmental persistence and toxicity even at trace levels(Mishra et al., 2023)(Nishmitha et al., 2025)(Wang et al., 2024).
Collectively, water pollution is recognized as a pressing environmental and public health issue, with sources and contaminants well documented in contemporary peer-reviewed research(Lin et al., 2022)(Zhang et al., 2023)(Nishmitha et al., 2025)(Wang et al., 2024).
4. Water Quality Monitoring and Assessment 
Sampling Techniques and Analytical Methods: Traditional water sampling employs strategies such as grab sampling, composite sampling, and automatic collection, which are designed based on site type, hydrological dynamics, and required temporal resolution(Hilton et al., 1989)(Nelson & Ward, 1981). Studies have compared these methods showing, for example, that composite and automatic sampling can capture episodic contamination events missed by periodic grab samples (Hilton et al., 1989). Optimal network design, including selection of locations, frequency, and parameters, is crucial for effective long-term monitoring(Li et al., 2021)(Coraggio et al., 2022). High-frequency sampling has been shown to significantly reduce the uncertainty in observations, enabling more accurate detection of temporal trends and episodic pollution(Coraggio et al., 2022). Statistical and spectral analyses (Nyquist frequency, power spectral density, and wavelet analysis) aid in optimizing sampling frequency to balance data quality against cost and resource constraints(Coraggio et al., 2022).
Advancements in Sensors and Real-Time Monitoring: Recent years have seen remarkable progress in the use of multi-parameter sondes, optical sensors, and especially Internet of Things (IoT)-enabled platforms for real-time, in situ monitoring(M. Kumar et al., 2024)(Essamlali et al., 2024a). Optical sensors leveraging multi-peak fluorescence, absorbance, and reflectance have improved detection sensitivity, particularly for nutrients, organic matter, and emerging contaminants(M. Kumar et al., 2024). IoT devices paired with RFID technology and scalable sensor networks facilitate continuous, remote monitoring of parameters such as pH, dissolved oxygen, temperature, turbidity, and heavy metals(Essamlali et al., 2024a)(Essamlali et al., 2024b). These systems provide immediate alerts, early warning for contamination events, and enhanced spatial and temporal coverage that is impossible with manual sampling alone(M. Kumar et al., 2024).
Data Interpretation and Machine Learning Approaches: The surge in high-resolution data necessitates advanced analytical approaches. Machine learning (ML) algorithms are increasingly adopted to analyse, interpret, and predict water quality states. Support Vector Machines (SVM), Artificial Neural Networks (ANN), and hybrid models (such as WDT-ANFIS) have demonstrated significant improvements in forecasting, anomaly detection, and feature selection(Zhu et al., 2022)(Kalaivanan & Vellingiri, 2022)(Prabu et al., 2025). ML-based models can capture complex relationships, handle large datasets, and enhance early detection of pollution incidents, outperforming traditional statistical approaches(Prabu et al., 2025)(Nasir et al., 2022). Integrating in situ sensor data, satellite/remote sensing, and ML has further enabled the development of robust proxy models for variables that are difficult to measure directly, such as phosphorus and microplastics (Zhu et al., 2022).
5. Water Treatment Technologies  
Conventional Treatment Processes: Coagulation, flocculation, sedimentation, filtration, and disinfection constitute the backbone of conventional water treatment processes. These methods are highly effective in removing suspended solids, reducing turbidity, and eliminating pathogens. Coagulation and flocculation aggregate fine particles, which then settle in sedimentation tanks; rapid sand filters further reduce particulates; and chemical (chlorine) or physical (UV) disinfection ensures microbial safety. Despite limitations in removing certain organic micropollutants and emerging contaminants, conventional treatment remains universally adopted for large-scale water purification due to reliability and cost-effectiveness(E2-14-03-02, n.d.)(Ayach et al., 2024).
5.1 Advanced Physical and Chemical Methods: 
Membrane filtration (microfiltration, ultrafiltration, nanofiltration, reverse osmosis) has advanced significantly, providing high removal rates of dissolved solids, metals, and pathogens. Innovations in membrane design include incorporation of nanomaterials such as graphene oxide or MXene achieving >99% rejection of salts and other pollutants while reducing fouling and enhancing permeability(Foorginezhad et al., 2025)(Bera et al., 2022)(Azmi et al., 2025). Adsorption using activated carbon, zeolites, or novel nanomaterials enables selective removal of organics and heavy metals, with ongoing research focusing on optimizing adsorbent structures(Adam et al., 2022). Ion exchange resins efficiently target specific ions (nitrates, hardness, heavy metals), often used as tertiary steps in municipal and industrial water management(Adam et al., 2022)(Azmi et al., 2025).
5.2 Biological Treatments: 
Activated sludge processes, employing aerobic microbial communities, excel at degrading biodegradable organics and nutrients. Modifications like moving bed biofilm reactors (MBBR) and sequential batch reactors provide operational flexibility and footprint reduction. Biofilm-based systems (trickling filters, rotating biological contactors) enhance resilience to load variation and toxic shocks; constructed wetlands utilize plant-microbe interactions and substrate adsorption for decentralized or rural treatment, achieving significant reductions in BOD, COD, and nutrients(Ateia, 2016)(Sravan et al., 2024)(Zhao et al., 2019)(Dotro et al., n.d.)(Rathinam Krishnaswamy & Ribeiro Da Silva, 2025).
5.3 Novel and Emerging Technologies: 
Recent developments harness nanotechnology for pollutant-specific adsorption, catalysis, and disinfection, markedly boosting performance for persistent and low-concentration contaminants(Gehrke et al., 2015). Advanced oxidation processes (AOPs) including ozonation, Fenton reactions, and photocatalysis generate reactive radicals for rapid degradation of pharmaceuticals, pesticides, and endocrine disruptors(Loeb et al., 2019)(Hübner et al., 2024)(Ren et al., 2021). Photocatalytic materials (e.g., TiO₂ ) driven by solar or artificial UV degrade organic pollutants efficiently, albeit with scaling and economic constraints. Atmospheric water harvesting using advanced adsorbents represents a frontier for decentralized water sourcing.
[bookmark: OLE_LINK9]6. Water Treatment Plant Design and Management
Structural and Design Considerations: Structural integrity is vital to WTP durability and reliability. Key components including tanks, sumps, and clarifiers must withstand hydrostatic, seismic, thermal, and environmental loads. The design process differs substantially from conventional reinforced cement concrete (RCC): for liquid-retaining structures, “no tension” is assumed on the water-retaining face to prevent cracking, ensuring long-term water-tightness. According to IS 3370 and ACI standards, M30-grade concrete (1:1.5:3) and minimum reinforcement (≥0.3% cross-section in both directions) are required. Design steps include calculating vessel dimensions, determining wall thickness for crack control, and providing hoop and vertical reinforcements. Recent studies advocate for pre-stressed concrete in large plants, which reduces material use, shrinks construction footprints, and enhances seismic performance by 17% compared to conventional RCC (Bisen, 2025)(Parekar & Mistri, 2025).
Modern WTPs must be adaptable, ensuring resilience to increased loads and evolving water quality challenges. Finite element modelling and advanced simulation tools are now routine for optimizing strength, material efficiency, and serviceability(Bisen, 2025).
Automation, Monitoring, and Sustainability Innovations: Automation has become central to WTP management, improving both process control and operational efficiency. Distributed control systems, SCADA, and PLCs automate chemical dosing, filtration, and disinfection, supporting rapid anomaly detection and reducing human error(Bagyaveereswaran et al., 2016)(Dubey et al., 2016). IoT sensors with real-time monitoring of flow, pH, conductivity, dissolved oxygen, and temperature enable predictive maintenance and fine-grained process optimization. Advanced data analytics and digitalization further enhance performance, allowing for automatic adjustments to changing influent water quality(Bagyaveereswaran et al., 2016)(Forhad et al., 2024)(Cairone et al., 2024).
Sustainability is addressed through modular, energy-efficient layouts and green technologies. Recent innovations include natural flocculants, electrocoagulation, advanced oxidation, and use of renewable energy sources. Biological processes such as MBRs, algae-based reactors, and constructed wetlands integrate resource recovery (energy, nutrients, water reuse), supporting a circular economy model for WTPs(Waste Water Treatment: Biotechnological Innovations for Sustainable Management, n.d.)(Mojiri et al., 2024). The adoption of low-energy pumps, fine-pore diffusers, and “smart” automation systems further reduces carbon footprints and environmental impacts.
Operation, Maintenance, and Cost Optimization: Optimized O&M is supported by the total cost of ownership (TCO) framework, which considers capital, energy, chemical, labour, maintenance, and replacement costs over the plant’s service life. Proactive strategies include:
Preventive maintenance to reduce failures and extend component lifespan(Hernández-Chover et al., 2020).Upgrading pumps and blowers to high-efficiency models or incorporating variable frequency drives. Optimizing aeration with fine-pore systems and automated controls for major energy savings- Using automation to monitor chemical usage and equipment condition, reducing waste and downtime.
Research on energy, operation, and maintenance costs confirms that thorough asset management and digitalization significantly lower both direct expenses and indirect losses from unplanned shutdowns(Turkmenler & Aslan, 2017). Scalability, modularity, and decentralized tech also help plants address seasonal and load variability, while ensuring long-term resilience.
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7.1 Technical and Economic Challenges: A primary barrier in modern water treatment is the slow translation of innovative laboratory technologies to large-scale, reliable field implementation. High capital costs, the long lifespan of infrastructure, and the low price of water in many regions discourage investment and inhibit rapid adoption of new technologies. Rigidities in existing infrastructure and risk-aversionstemming from potential public health impacts make utilities hesitant to depart from proven approaches.(Shemer et al., 2023)Furthermore, even with technological advances such as robust membranes or energy-efficient processes, economic constraints remain; for example, energy demand and membrane replacement are major operating cost components in seawater reverse osmosis (SWRO) desalination, with typical large plant costs ranging from $0.28–0.53/m³ but much higher for smaller plants and remote deployments.(Shemer et al., 2023)
7.2 Regulatory and Social Barriers: Regulatory frameworks can constrain innovation, as current norms and compliance standards may not accommodate emerging or alternative approaches, such as nature-based solutions or decentralized treatment options. Studies show a lack of policy incentives, cumbersome permitting processes, and insufficient monitoring systems hinder widespread innovation.(Demaree et al., 2025)Although stakeholder support for alternative systems can be cultivated, reforms in policy and enhanced training for regulators and utility staff are key to foster broader acceptance and sustained change. Socially, historic traditions and short-term economic interests such as the reliance of farmers on conventional practices also impede transitions to sustainable water quality management. Broader engagement and incentives are required to align stakeholder behavior with long-term goals.(Demaree et al., 2025)
7.3 Climate Change Impacts: Climate change exacerbates existing challenges by altering both water availability and water quality. Increased frequency of extreme weather events leads to rising turbidity, greater organic loads, more variable flows, and a higher risk of system overloading or contamination of supplies.(Wa Ter Forum, n.d.)(Kurniawan et al., 2024) For instance, elevated flows erode riverbanks (increasing turbidity and sedimentation), while prolonged droughts or higher temperatures concentrate pollutants and challenge existing treatment processes even causing regulatory breaches for disinfection byproducts or pathogens.(Wa Ter Forum, n.d.)Climate models for regions such as Southeast Asia and Ethiopia suggest that infrastructure failures and water stress will intensify under “business as usual” emissions scenarios, reinforcing the need for adaptive, climate-resilient treatment infrastructure, investment in monitoring, and integrated management strategies.(Bulti & Yutura, 2023)
7.4 Access Barriers in Developing Regions: In developing regions, access problems stem from rapid urbanization, population growth, lack of financial resources, and underdeveloped infrastructure.(Emile et al., 2022)(Bulti & Yutura, 2023) Studies show that in rural Africa and parts of Asia, more than 75% of households lack access to clean or piped water, with both economic hardship and governance gaps contributing to limited coverage.(Emile et al., 2022)Unbalanced development manifests as high rates of water supply connectivity but poor sewerage and low rates of effective wastewater treatment (often less than 50% of collected sewage being properly treated).(Somly6dy, 1995)The deficiency is aggravated by confusing institutional arrangements, insufficient investment, inequitable pricing models, and workforce skills gaps.(Bulti & Yutura, 2023)Dispersed adaptation skills and temporary coping mechanisms such as intermittent supply or informal community water sources are widespread but often make long-term service provision less reliable.(Bulti & Yutura, 2023)
7.5 Integrated Solutions and the Path Forward: Multiple research reviews advocate for systemic reform, including regulatory flexibility, blended funding models, utility business innovation, and increased investment in both hard and soft infrastructure (skills, monitoring, data systems).(Shemer et al., 2023)(Shamshad & Ur Rehman, 2025a)(Demaree et al., 2025) Successful pathways integrate climate foresight, community participation, and contextually appropriate technology selection such as modular, decentralized treatment systems or nature-based solutions to address regional vulnerabilities and ensure water resilience for all populations.(Demaree et al., 2025)(Bulti & Yutura, 2023)
[bookmark: OLE_LINK11] 8. Future Perspectives  
8.1 Integration of Renewable Energy and Smart Technologies: Water treatment and desalination are traditionally energy-intensive and heavily reliant on non-renewable sources. The transition to renewable energy integration is a transformative trend, motivated by climate goals, operational cost reductions, and resilience improvements. Solar photovoltaic (PV), wind, and biomass are now being directly coupled to membrane-based desalination (e.g., RO, membrane distillation) and thermal-based processes (e.g., MSF, MED), with growing deployment in both arid and coastal regions(Choi et al., 2024)(Shamshad & Ur Rehman, 2025b). For example, solar-powered reverse osmosis has substantially lowered energy requirements and greenhouse gas emissions in remote or off-grid facilities, making safe water production feasible far from large urban centers’ and reducing specific energy consumption below that of fossil-based operations(Choi et al., 2024)(Shamshad & Ur Rehman, 2025b).
Research also underlines the synergies achieved by integrating wastewater treatment with biogas production via anaerobic digestion, thus converting waste to energy and reducing the net carbon footprint of treatment plants. Innovative use of salinity gradient power (i.e., harvesting energy from the mixing of freshwater and brine) further exemplifies this promising trajectory for co-locating clean energy and water production systems(Choi et al., 2024).
Smart water technologies including advanced sensor networks (IoT), big data analytics, artificial intelligence (AI), and real-time process automation are revolutionizing both operation and management of water systems. Smart systems enable predictive, adaptive management of water quality, reduce losses through leak detection, enhance treatment efficiency, and facilitate rapid contingency responses. Self-healing, adaptive water networks, inspired by biological self-repair, are emerging in academic literature, promising infrastructure that can automatically isolate and bypass faults to prevent system-wide failures(Narendra et al., 2025)(Shamshad & Ur Rehman, 2025b).
8.2 Circular Economy and Water Reuse: The adoption of circular economy principles is redefining water as a recoverable and reusable resource throughout production, treatment, and consumption chains. Wastewater is no longer seen solely as a waste stream but as a source of water, energy, nutrients, and raw materials. Advanced membrane bioreactor (MBR) plants, UV treatment, and modular electrocoagulation systems enable the safe reuse of effluents for agriculture, industry, and groundwater recharge(Stankiewicz et al., 2024)(Mannina et al., 2022)(Export2769839105056826857, n.d.).
Nutrient recovery is also central. Reuse of nutrient-rich effluents in urban agriculture (or “resource-oriented sanitation”) not only provides irrigation but closes the nutrient loop, reducing the use of synthetic fertilizers while supporting sustainable food production, as seen in pilot projects in Iran and the Middle East(Al-Saidi & Dehnavi, 2024). There is a growing policy emphasis on integrating urban planning, water, and agricultural sectors to maximize these circular benefits(Al-Saidi & Dehnavi, 2024)(Delgado, n.d.)(Mannina et al., 2022).
9. Research Gaps and Policy Recommendations
1.Research gaps persist in several arenas. Technologically, the large-scale reliability of renewable-powered systems under variable climate, the longevity and environmental fate of next-generation nanomaterials and advanced membrane systems, and the long-term impacts of “forever chemicals” in recycled water are all identified as critical areas needing study(Zarei & Destouni, 2024)(Shamshad & Ur Rehman, 2025b)(Stankiewicz et al., 2024). Furthermore, the social acceptability, governance models, and economic frameworks required for a widespread adoption of water reuse lag behind available technological solutions(Al-Saidi & Dehnavi, 2024)(Berbel et al., 2023).There is a recognized need for enhanced interdisciplinary research on system-level trade-offs, addressing interactions between energy, water, food, and resource cycles.
2.Life-cycle and risk assessment frameworks for evaluating emerging technologies, particularly nanomaterials, and advanced oxidation processes(Shamshad & Ur Rehman, 2025b)(Stankiewicz et al., 2024).
3.Participatory policy development to ensure stakeholder buy-in, especially for water reuse in sensitive contexts (e.g., potable reuse or food production)(Diez et al., 2021)(Al-Saidi & Dehnavi, 2024).
4.Data and digital infrastructure investments for real-time monitoring, performance tracking, and adaptive management a gap particularly acute in low- and middle-income countries(Diez et al., 2021)(Shamshad & Ur Rehman, 2025b).
5.Policy recommendations distilled from research literature urge adoption of integrated regulatory frameworks that encompass water reuse, resource recovery, and emission reduction targets, consistent with circular economy principles and the SDGs(Berbel et al., 2023)(Armenia et al., 2023).
6.Creation of incentive structures: subsidies, tariffs, and public–private partnerships to de-risk investment in innovative systems and infrastructure adaptation(Delgado, n.d.)(R. Kumar et al., 2024).
7.Strengthening of multi-agency and cross-sectoral cooperation, as water policy must increasingly cut across urban planning, energy management, agriculture, and environmental protection(Diez et al., 2021)(Armenia et al., 2023).
[bookmark: OLE_LINK12]Conclusions  
The review establishes that sustainable water quality management necessitates a comprehensive, multi-dimensional approach. Integration of physical, chemical, and biological monitoring enables early detection of contaminants and effective pollution source identification. Models like WQI translate complex data into actionable insights, aiding resource management and supporting regulatory compliance. While international standards guide policy frameworks, local adaptation remains vital, considering regional socio-economic conditions. Advances in sensor technology and analytical techniques continue to improve the precision of monitoring and treatment. Ultimately, vigilant regulation, stakeholder engagement, and continuous technological innovation are crucial to overcoming challenges and safeguarding water resources for present and future generations.
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