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ABSTRACT

Water pollution is a severe worldwide issue threatening ecosystem quality, human health, and the sustainability of the
environment in the long term. Some of the major contaminants affecting freshwater bodies are industrial effluents, agricultural
effluents, domestic effluents and novel contaminants like pharmaceuticals and micro plastics among others. The effects of these
stressors on the quality of water, biodiversity, ecosystem services and quality-added water scarcity. Climate change, population
increase, and socioeconomic differences in access to clean water further increase the impact of water pollution on environmental
sustainability. Sustainable solutions involve a combined and preventative solution, such as nature-based solutions, high-
technology wastewater treatment systems, clean production, and efficient environmental governance. Water quality indices,
heavy-metal pollution indices, biological indicators, and remote sensing are the environmental indicators and monitoring tools
that are essential to evaluate the dynamics of pollution and make policy decisions. Nevertheless, gaps in research have remained,
especially on the emergent contaminants and the lack of capacity to monitor in the developing areas. This review identifies the
major sources of pollution, its effects and sustainable solutions to help in the protection of water resources in the long term.

Keywords- Water pollution; Environmental sustainability; Ecosystem services; Wastewater treatment; Nature-based
solutions.

I INTRODUCTION

Water pollution is a serious international problem that poses a threat to the stability of the ecological condition,
human health, and sustainable development (Nti et al., 2023). The high rate of industrialization, agricultural intensification,
urbanization, and population growth have all added to the emission of contaminants into freshwater sources leading to the
extensive degradation of water quality (UNEP, 2022). Heavy metals, pesticides, nutrients, pharmaceuticals, microplastics,
and pathogenic microorganisms are still found in rivers, lakes, and groundwater systems, as they exceed the natural self-
purification ability of these systems and transform the work of these ecosystems (Nasr, 2022). Environmental sustainability
seeks to focus on safeguarding the natural ecosystems, sound management of resources and equity across generations. The
main element in the achievement of sustainability is clean and accessible freshwater which helps to sustain biodiversity,
agricultural productivity, energy production, and the health of people (Khan & Srivastava, 2025)

Nevertheless, rising water pollution levels compromise numerous environmental sustainability pillars as they
diminish the quality of ecosystem services, decrease freshwater supply, promote eutrophication, and elevate the concentration
of toxic substances in food webs (Batuwita et al.,2022).
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Effects of water pollution are not limited to the ecological systems but also to serious health hazards to humans (Lin
et al., 2022). Millions of cases of gastrointestinal infections, heavy-metal toxicity, and chronic illnesses are caused by
polluted water, particularly in countries with low and middle incomes because the sanitation infrastructure is inadequate
(WHO, 2023). In response to these issues, the latest scientific documents focus on the use of integrated and sustainable
practices, including integrated water resources management (IWRM), nature-based solutions (NBS), green infrastructure,
and applying the principles of a circular economy to the treatment of wastewater and reuse of it (Bunclark & De La Vega
Hernandez, 2022).Innovations in environmental monitoring, including water quality indicators, heavy-metal indicators,
remote sensing, GIS-based evaluations, etc, are instrumental in locating the hotspots with pollution, and aligning it with
policy-making (Sustain, 2026).

Thus, it would be necessary to comprehend the intricate interconnection between water pollution and environmental
sustainability in order to develop effective management approaches, enhance environmental policies, and provide long-term
security of water resources in a sustainability context.

II. CONCEPT OF ENVIRONMENTAL SUSTAINABILITY

Environmental sustainability is described as the responsible use and conservation of natural resources to guarantee
long term wholeness, strength and viability of ecosystems to current and upcoming generations (Ziaul & Shuwei, 2023). It is
one of the fundamental principles of sustainable development, together with economic and social sustainability, and insists
on ensuring ecological balance and promoting human well-being (Mezentseva et al., 2024). One of the main principles of
environmental sustainability is ecosystem services preservation of which are water purification, nutrient cycling, climate
regulation, provision of habitats, and maintenance of biodiversity (Ali & Kamraju, 2023). Freshwater systems are also
especially important to support such services, including rivers and lakes, wetlands and groundwater. Once the water quality
has been affected by pollution, the ability of such systems to provide the necessary services is reduced and causes the
ecological instability and decreased resistance to environmental factors (Banaduc et al., 2022).

Sustainability of the environment is also generally understood within systems-based theories that interconnect
human pressures to environmental change (Rabbi, 2025). The pressure-state-response (PSR) framework is one of the most
used methods, and it can be viewed as having an impact on the environment by depicting that the anthropogenic pressures of
industrial discharge, agricultural runoff, and urban wastewater change the environment and lead to a degradation of water
quality and disruption of the ecosystem (An et al., 2025). The responses of the society, such as environmental policies,
pollution control efforts, and monitoring initiatives, are then needed to decrease these impacts and reinstate sustainability
(OECD, 2021). Environmental sustainability and water sustainability cannot be separated because the availability and quality
of freshwater have a direct impact on the ecological health, food security, energy production, and human health. Sustainable
water management entails ensuring that the amount and quality of water resources are sustained within ecological boundaries
(Khondoker et al., 2023). Nonetheless, the increased pollution loads have jeopardized the sustainability of water by
increasing the rate of eutrophication, encouraging toxic pollution, and disturbing aquatic food webs (Tiwari & Pal, 2022).
Environmental sustainability has in the past few years extended its meaning to incorporate resilience and adaptive capacity
in global change. The growth in population, climate change, and new types of contaminants are putting more strain on
freshwater systems, which require an adaptive and integrated way of management. Solutions to the problems should therefore
be both sustainable, incorporating environmental monitoring, technological innovation, policy implementation, and
stakeholder involvement to mitigate the risk of pollution and increase the resilience of the ecosystem (Moore & Schindler,
2022)

III. SOURCES AND TYPES OF WATER POLLUTION

There are many diverse anthropogenic and natural sources of water pollution which cause the introduction of
physical, chemical and biological pollutants into freshwater systems. The growing complexity and high volume of sources
of pollution is an indicator of the growing demands of industrialization, agriculture, urbanization and population (Sharma et
al., 2023). To determine the environmental effects of the water pollutants and design strategies of managing water pollution
sustainably, it is important to know how they were contaminated and their classifications.

3.1 Industrial Sources

One of the greatest contributors of water pollution in the world is industrial activities. The effluents released by
manufacturing plants, mining activities, oil refineries, and power stations usually have a high level of heavy metal, organic
chemicals, acids and thermal contaminant (Morin-Crini et al., 2022). Different metals, including cadmium (Cd), lead (Pb),
mercury (Hg), nickel (Ni), and chromium (Cr), are of particular concern since they are persistent, toxic, and can
bioaccumulate in aquatic organisms (Edo et al., 2024). Poor treatment of industrial wastewater in most developing areas
results in direct discharge of such contaminants into rivers and groundwater, which ultimately causes ecological degradation
on a long-term basis (Singh et al., 2024).
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3.2 Agricultural Sources

Agricultural runoff represents a major non-point source of water pollution, particularly in intensively farmed
regions. Overuse of fertilizers, pesticides and animal manure brings about nitrogen and phosphorus and agrochemicals to the
system of surface and groundwater (Hussain et al., 2025). Enrichment of nutrients hastens the eutrophication process and
leads to the appearance of algal blooms, which depletes the dissolved oxygen and disturbs the aquatic life cycles (Lan et al.,
2024). The pesticide residues, such as herbicides and insecticides, are also dangerous because they are toxic to non-target
organisms and may cause health problems to humans as a result of drinking contaminated drinking water (Ali, 2023).
3.3 Domestic and Urban Wastewater

The sources of organic matter, nutrients, pathogens, and emerging contaminants are found in domestic sewage and
urban runoff in large amounts. Poorly treated or untreated municipal wastewater exposes bacteria, viruses, parasites,
pharmaceuticals, personal care products, and household chemicals into the water bodies. UNESCO (2021) suggests that over
80 percent of all wastewater in the world is not adequately treated and released into the environment, especially in the low-
and middle-income countries. Urban stormwater runoff also adds to the pollutants of the surface oils, heavy metals, plastics
and sediments, which are predominantly found in densely populated zones with surfaces that are impermeable (Wang et al.,
2022).
3.4 Emerging Pollutants

Over the past few years, emerging pollutants, such as pharmaceuticals, endocrine-disrupting compounds,
microplastics, and nanomaterials have been gaining more and more attention (Imparato et al., 2022). These pollutants cannot
be entirely eliminated using standard wastewater treatment mechanisms and can continue to exist in water bodies in low
levels with long-term ecological consequences (Koul et al., 2022In particular, microplastics have been widely detected in
freshwater systems, where they play a role of waterborne vectors of chemical and microorganisms toxicants and may pose
a risk to aquatic life and food security (Li et al., 2018).
3.5 Biological Contamination

Biological pollution refers to intrusion of harmful micro-organisms like bacteria, viruses, protozoa and helminths
into the waters. Poor sanitation, discharge of sewage and livestock rearing are directly associated with such form of pollution
(Ali et al., 2025). Contaminated water is one of the causes of the leading causes of death among the population through
waterborne diseases such as cholera, dysentery, and hepatitis and it is a serious matter of concern in the regions where
individuals lack access to clean drinking water (WHO, 2023). In general, the issue of water pollution could be defined as the
combination of different sources and types of contaminants, which in most cases, occur in the same water body (Ghosh et
al., 2023). The cumulative and synergistic influences of the chemical, physical and biological pollutants make it difficult to
manage the quality of water and this leads to more risk of degrading the environment in the long run. These various sources
of pollution need combination and sustainable solutions, which encompass prevention of pollution, use of efficient treatment
methods and sound regulatory controls (Zhang et al., 2023).

Table 1. Major Sources and Types of Water Pollution

Source Category Key Pollutants Main Activities Environmental Impact
Industrial Heavy metals, chemicals, dyes Factories, mining Toxicity, sediment contamination
Agricultural Nitrates, phosphates, pesticides Farming, livestock utrop ication, groundwater
pollution
Domestic Wastewater, detergents, pathogens Households, sewage Oxygen depletion, disease risks
merging Pharmaceuticals, microplastics Hospitals, households = Unknown long-term effects
Contaminants

IV. ENVIRONMENTAL AND HUMAN HEALTH RISKS

Water pollution poses devastating effects to the health and the integrity of the environment due to the fact that the
polluted water bodies serve as channels through which the toxic substances, pathogens and nutrients are conveyed through
the food chain and ecosystems (Babuji et al., 2023). What makes these risks complex is that the pollutants are here to stay and
the impact has been built over time and even further enhanced by the interaction of the pollutants with other biological
systems. Such effects are essential in taking into account the macro-level impacts of the water contamination on the
sustainability of environment (Singh et al., 2024).

4.1 Ecological and Environmental risks.

Aquatic ecosystems are quite sensitive to water quality changes. These chemical pollutants can be heavy metals,
pesticides, and other organic pollutants that can disrupt the normal physiological processes of aquatic organisms, and their
reproduction and survival rates (Zhang et al., 2023). The non-biodegradable nature of the heavy metals, including cadmium,
lead and mercury, and possible bioaccumulation of these metals in sediments and biota make them particularly dangerous,
as in the long-term, these substances will contaminate the ecosystem (Sharma et al., 2024). These chemicals can last decades,
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despite the sources of pollution being minimized, thus restricting the recovery of the ecosystems (Gnanasekaran & Raj,
2023). The agricultural runoff and wastewater discharge enhance nutrient enrichment in freshwater systems, which in turn
increases eutrophication. Overload of nitrogen and phosphorus encourages algal growths that lower the amount of light
penetration and dissolved oxygen leading to hypoxia or anoxia (Tiwari & Pal, 2022). This may result in fish kills, the death
of benthic organisms, and species changes, which ultimately leads to a decrease in biodiversity and ecosystem resilience
(Lan et al., 2024). The frequent occurrence of eutrophication undermines the stability of the ecosystem and undermines the
ability of aquatic ecosystems to deliver the necessary services to the ecosystem. New pollutants, such as microplastics and
the residues of pharmaceuticals, carry even greater risks to the ecology because of the ubiquitous nature and lack of long-
term effects knowledge (Updhyay et al., 2025). Aquatic organisms can consume microplastics at different troic levels, which
lead to physical injury, oxidative stress, and feeding behavioral changes. In addition, they are capable of transporting harmful
substances and pathogens, increasing the flow of pollutants along aquatic food chains (Li et al., 2018).
4.2 Human Health Risks

Water degradation directly impacts on human health by exposing them to polluted drinking water, recreational water
and eating contaminated aquatic food products (Sharma et al., 2022). One of the greatest causes of waterborne diseases is the
presence of pathogenic microorganisms contained in untreated wastewater or poorly treated wastewater that includes cholera,
dysentery, typhoid fever, and hepatitis (Narania & Kaur.,2026). Such illnesses are still one of the major concerns of the
population in most developing countries, especially in areas where there is a lack of safe drinking water and sanitation
facilities (WHO, 2023). The chemical pollution of water resources can be both acute and chronic. When drunk through water,
alongterm exposure to heavy metals may lead to a neurological disorder, kidney damage, cardiovascular disorders, and even
cancer. E.g., the severe public health crisis in a number of regions in the world has been associated with arsenic and lead
contamination of the ground water (Sharma & Kumar, 2025). Likewise, the hormonal imbalance, reproductive disorders,
and developmental outcomes have been linked to exposure to pesticide residues and endocrine-disrupting compounds (Jain et
al.,2023). Toxic substances that have been bioaccumulated and biomagnified in fish and other aquatic creatures can increase
the levels of toxic substances in human diets (Ray & Shaju, 2023). Societies in which people mostly consume fish as a main
source of protein are at a high risk of them in particular, which underscores the convergence of environmental degradation
and food security (Cojocaru et al., 2022).
4.3 Socioeconomic and Long-Term Sustainability Implications

In addition to the direct health effects of water pollution, it has high socioeconomic costs (Schwarzenbach et al.,
2010). Higher health care expenses, fisheries and agricultural productivity, and clean water supplies make a contribution to
economic instability and social unequalities (Shahid et al., 2024). Low-income and marginalized communities are usually at
a disproportionate risk of these effects, which confirms the connection between environmental sustainability and social
justice (UNEP, 2022). In general, environmental and human health hazards of water contamination negatively impact the
robustness of the ecosystem, the wellbeing of a population, and sustainability in the long term (Akhai & Taneja, 2025). These
risks need to be addressed on an integrated basis, which incorporates prevention of pollution, efficient water treatment,
environmental monitoring as well as health risk evaluation as part of the sustainability agenda (Lako & Como, 2024).

V. ENVIRONMENTAL SUSTAINABILITY AND WATER POLLUTION.

Environmental sustainability and water pollution are fundamentally interconnected, as the condition of freshwater
resources directly shapes the long-term stability of ecological and human systems (Banaduc et al., 2022). Sustainable settings
require healthy fresh water environments that can support the delivery of vital services elicited by fresh water like clean
water, biodiversity, nutrient control and climate control (Ogwu et al., 2025). Once the water bodies are polluted, these
processes are reduced, and the natural systems that support the health of people and the overall sustainability goals are
compromised (UNEP, 2022). Water pollution is also a cause of a certain sustainability issue, which is called quality-induced
scarcity of water where only freshwater cannot be consumed or reused even though it may seem that there is enough of it.
This type of scarcity further stresses already strained areas, namely, arid and semi-arid ones (Ribeiro and Rosa, 2024). The
climate change further increases these pressures, changing the temperature, precipitation, and hydrological regimes and
altering the distribution and behavior of the pollutants and making the ecology more ecologically sensitive (Saxena, 2025).

Moreover, tainted fresh water systems reduce the advancement towards global sustainability initiatives especially
those stipulated under the United Nations Sustainable Development Goals (SDGs). Water pollution obstructs targets related
to clean water and sanitation, good health, food security, climate resilience, and ecosystem protection, while
disproportionately affecting low-income and marginalized communities (United Nations, 2023).

Table 2. Interlinkages Between Water Pollution and Environmental Sustainability

Sustainability Dimension = How Water Pollution Impacts It Example
Environmental Loss of biodiversity, habitat degradation Fish mortality, ecosystem imbalance
Social Health risks, unsafe drinking water Cholera, heavy metal poisoning
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Economic Reduced crop yield, higher treatment costs Costly desalination and filtration
Climate Resilience Lower adaptive capacity Increased algal blooms under warming

VI. SUSTAINABLE SOLUTIONS AND MITIGATION APPROACHES

Environmental sustainability in the situation of water pollution needs to be achieved through integrated,
preventative, and science-based solutions that would mitigate pollution on the source and enhance resilience of the
ecosystems. Modern solutions are focused on the shift to the non-separated, end of pipeline treatment to the ecological,
technological, and governance-based holistic frameworks (Kumar et al., 2025).

6.1 Integrated Water Resources Management (IWRM)

The concept of Integrated Water Resources Management (IWRM) is one concept that is believed to be among the
pillars of sustainable water governance. It promotes a combination of control of the water, land among other associated
resources in order to realize the greatest social and economic benefits without diminishing the ecosystems. Cumulative
pollution pressures can be reduced with the help of IWRM, which includes water quality goals in a basin-level plan, and enables
stakeholder participation (Shemer et al., 2023).

6.2 Nature-Based Solutions (NBS)

The Nature-Based Solutions are affordable, sustainable solutions that can be used to stop the pollution of water.
Constructed wetlands, riparian buffers, floodplain restoration and green roofs enhance natural purification processes, reduce
the nutrient and sediment loads, and enhance the ecological stability (Barman et al., 2024). The solutions also provide co-
benefits such as biodiversity conservation and climate adaptation, thus making them more sustainable than conventional
engineered systems (Kabisch et al., 2017).

6.3 Sustainable Wastewater Treatment and Reuse

The existing wastewater treatment systems are energy-oriented, resource-recycling based, and based on the
principles of a circular economy. The methods that can be used to remove nutrients, pathogens and new contaminants are
membrane bioreactor, advanced oxidation process and anaerobic digestion. The freshwater resources are reduced by
using treated wastewater in agriculture and industries and are used to allocate water in a sustainable manner (van der Hoek
etal., 2016).

6.4 Pollution Prevention and Cleaner Production

Pollution prevention is also geared towards minimizing the contaminant process creation through optimization of
process, substitution of dangerous materials, and wastes. Such cleaner production practices will contribute significantly to
the reduction of the number of pollutants in the water bodies, the reduction of the cost of cleaning, and the eventual high
level of environmental protection particularly in the industrial and agricultural industries (UNIDO, 2019).

6.5 Policy, Governance, and Stakeholder Engagement

Sustainable water pollution can only be achieved through proper governance. Strong institutional capacity in water,
cross sectoral coordination and involve stakeholders should go hand in hand with regulatory frameworks that achieve
standards in water quality and prevent discharges. Compliance and long-term stewardship of water resources are also
reinforced through community involvement and the creation of social awareness (OECD, 2015).

6.6 Technological Innovation and Monitoring

Emerging digital technologies including smart sensors, real-time monitoring systems, and data-driven decision-
support tools enhance early detection of pollution events and improve regulatory compliance. The innovations can be used
along with modeling and risk-assessment to adjust the adaptive water management to the changing environment (Hong et
al., 2021).

VII. ENVIRONMENTAL INDICATORS AND MONITORING TOOLS

Sustainable water management requires environmental indicators and monitoring tools, as they present credible
information on the status of water quality, the trend of pollution as well as the ecological condition. These tools facilitate
evidence-based planning, finding the points of pollution hotspots, and measuring the efficiency of environmental policies
and mitigation strategies through the combination of chemical, biological, and technological testing.

7.1 Water Quality Indices (WQI)

Water Quality Indices (WQI) is an oversimplification of the sophisticated pool of water quality parameters, which
combines the parameters of pH, dissolved oxygen (DO), biochemical oxygen demand (BOD), nutrient and turbidity in a
single score. WQI enable a complete comprehension of the drinkability, irrigation, and aquatic life of water, and thus they
are usually used in the international monitoring programs due to their simplicity and reliability (Sutadian et al., 2016).

7.2 Heavy Metal Pollution Indices

The contamination of heavy metals is usually determined by the following indices: Contamination Factor (CF),

Pollution Load Index (PLI), Geo-accumulation Index (Igeo), Enrichment Factor (EF), Contamination Degree (CD), and
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Potential Ecological Risk Index (PERI). The indices measure the pollution rates, the origins of contamination, and the
ecological threats, especially in industrial and mining-related areas (Nasir et al., 2023).
7.3 Biological Indicators (Bioindicators)

Biological indicators like algae, macroinvertebrates, fish and aquatic plants provide delicate information about the
well-being of the ecosystem as they are susceptible to the pollution and changes in habitat in the long run. The examples of
such tools are the Biological Monitoring Working Party (BMWP) score and Macroinvertebrate Community Index (MCI),
which might be used to evaluate the ecological state and obtain the complex analysis that would be impossible with the help
of chemical parameters only (Muifloz et al., 2022).

7.4 Remote Sensing and GIS Technologies

The remote sensing and Geographic Information Systems (GIS) have revolutionized water monitoring as it has
made it possible to analyse the water quality and land-use impacts on a large scale and in real time. These sensors (Landsat,
Sentinel-2, and MODIS) present the data regarding chlorophyll-a, turbidity, suspended solids and temperature of the surface
When used together with GIS, they help to map pollution, model the watershed, and predict ecological risks (Gholizadeh et
al., 2016).

7.5 Microbiological Monitoring

Microbiological monitoring detects pathogenic microorganisms using culture-based and molecular techniques.
PCR, qPCR, and next-generation sequencing (NGS), PCR, and qPCR are new methods that can quickly identify microbial
contaminants to improve the recognition of the possible risk of waterborne diseases in the early stages and tracking the
efficacy of treatment (Paruch, 2022).

7.6 Big Data, IoT, and Smart Monitoring Systems

Digital technologies, including the Internet of Things (IoT), artificial intelligence (Al), and big data analytics, support
smart monitoring systems that operate on the principle of real-time monitoring of the water parameters.Cloud-based
platforms process sensor data to enable predictive modeling, anomaly detection, and adaptive environmental management,
enhancing early-warning capabilities and sustainability outcomes (Zhang et al., 2023).

VIII. FUTURE CHALLENGES AND RESEARCH GAPS

Although the issue of water pollution and its consequences on environmental sustainability have advanced
considerably, there have been numerous challenges and knowledge gaps that have restricted the use of the current
management techniques. These issues are critical in the realization of sustainable water resource management in the context
of growing environmental, climatic and socioeconomic demands.

8.1 Climate Change and Intensifying Pollution Pressures

Climate change shifts the hydrology and increases the extreme events, which mobilize pollutants during floods and
concentrate the contaminations during droughts. Nevertheless, the majority of literature continues to consider climate change
and pollution independently, which shows that combined models are required (Van Vliet et al., 2023).

8.2 Emerging Contaminants

Freshwater systems are increasingly contaminated with pharmaceuticals, personal care products, nanomaterials, and
antibiotic-resistant microbes though their long-term effects are not well comprehended (Gomes, 2024). They can be difficult
to eliminate by the current treatment technologies, and better risk assessment frameworks are required (aus der Beek et al.,
2016).

8.3 Data Gaps in Developing Regions

Limited monitoring infrastructure, insufficient funding, and inconsistent datasets restrict accurate water quality
assessment in developing regions. This geographic imbalance reduces global applicability of sustainability research and
underscores the need for standardized monitoring and capacity-building (Lukhabi et al., 2023).

8.4 Lack of Interdisciplinary Integration

Numerous researches concentrate on the ecological or chemical components, and do not correlate pollution with
social-economic or health outcomes of people. More successful sustainability policies require holistic and cross-disciplinary
directions (Fuller et al., 2022).

8.5 Governance and Policy Implementation Gaps

The effectiveness of pollution control is decreased by weak enforcement, disjointed institutions and inadequate
policy appraisal. The governance structure needs to be reinforced and the stakeholders involved in order to guarantee a long-
term success (Steinebach, 2019).

8.6 Technological and Methodological Limitations

The modern monitoring tools offer potential new opportunities, yet they are too expensive, and demand that data
are combined, which is not easily available in areas that have limited resources. The difficulty in the future would be
concentrating on low cost and scalable technologies (Vasavi et al., 2025).
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IX. CONCLUSIONS

One of the biggest obstacles to environmental sustainability is water pollution which pollute the ecosystem, reduces
biodiversity, and availability of safe freshwater. The industrial, agricultural, and domestic contaminants along with the
emerging contaminants lead to the further worsening of the water scarcity and the population health and food security is
threatened. Sustainable development preventive measures should be combined with solutions such as solutions in nature,
improved treatment of wastewater, clean production and proper environmental governance. In order to improve the safety
of the water resources and long-term ecology, the monitoring systems need to be improved, and the gaps in the research, in
particular, in the developing regions, should be closed.
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