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Abstract

Water resources are essential for human well-being. However, water pollution is a major
global problem with significant implications for the environment and public health. To
address these challenges, this study presents an integrated perspective on water pollution
by correlating pollution sources, transport pathways, exposure routes, and associated risks
to human health. The methodology combined a systematic review conducted according to
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines with a bibliometric analysis performed by using VOSviewer version 1.6.19, a software
tool for constructing and visualizing bibliometric networks. A total of 332 publications pub-
lished between 2015 and 2025 were retrieved from the Scopus and Google Scholar databases
and met the PRISMA eligibility criteria. The findings indicate that both natural and an-
thropogenic sources contribute to water contamination, introducing pollutants such as
heavy metals, pesticides, pharmaceutical residues, microplastics, and pathogenic microor-
ganisms with potential human health impacts. Bibliometric analysis revealed a transition
from conventional water quality assessments toward integrated approaches emphasizing
health risks and environmental interactions. The study further identified important knowl-
edge gaps regarding contaminant mixture effects and synergistic toxicity, which remain
insufficiently addressed in current scientific and regulatory frameworks. These findings
highlight the need for strengthened regulatory strategies, advanced treatment technologies,
and evidence-based water governance to support environmental sustainability and public
health protection.

Keywords: water pollution; human health risk; emerging pollutants; risk assessment;
remediation technologies

1. Introduction

Water pollution is a major global environmental issue. This problem has been reported
in numerous countries, both developed, such as China and regions of South America and
Europe, and developing, including India and areas of Africa [1-3]. Under the influence of
rapid urbanization and increasing anthropogenic pressures, water resources are becoming
increasingly vulnerable to pollution, leading to the degradation of aquatic ecosystems and
posing significant risks to human health and sustainable development [1,4].

Water resource pollution is an intensively studied phenomenon that requires appro-
priate policies and techniques for monitoring, as well as the implementation of effective
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strategies aimed at identifying viable remediation solutions [5,6]. This complex phe-
nomenon results from the interaction between natural factors, such as climate change
and geological processes, and anthropogenic activities, including agriculture, urban waste
generation, the use and improper disposal of pharmaceuticals and personal care products,
and the discharge of domestic and industrial wastewater [7]. In this context, increasing
attention is being paid to emerging contaminants, defined as insufficiently regulated or
newly identified compounds that are detected in aquatic environments and may cause
adverse effects on ecosystems and human health, even at low concentrations [5,8-10]. These
contaminants include both synthetic and natural chemical compounds that persist in the
environment and pose risks to both aquatic and terrestrial environments, despite their
often-low concentrations [11-14].

In addition, interactions between emerging contaminants and conventional pollutants
remain insufficiently explored, particularly in the context of cumulative exposure [5,15,16].

As surface water and groundwater are important sources of drinking water supply,
maintaining their quality is essential for safe use [4,17]. In this context, ensuring water
quality is a key component of sustainable development, which is directly linked to global
objectives related to public health and the responsible management of freshwater resources.

Nevertheless, water resources management and aging hydraulic infrastructure con-
tinue to pose significant challenges in many situations, mainly because of the complexity of
factors influencing water quality and quantity, as well as limitations in the availability of
relevant data (Figure 1) [10,18].
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Figure 1. Sources, transport pathways, and effects of pollutants in the aquatic environment and on
human health.

Thus, the relationship between pollution sources, transport processes, and their im-
pacts on both human health and ecosystem integrity can be described using a cause—effect
framework that includes the contamination source, transport medium, transformation
processes, exposure pathways, and exposed human and ecological receptors.
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Water contamination involves various pollutants, including pathogenic microorgan-
isms, heavy metals, pesticides, pharmaceutical compounds, and emerging contaminants
originating from domestic, agricultural, and industrial activities [6,19]. These contaminants
may adversely affect human health and continue to pose significant challenges for water
quality monitoring and management, particularly in the case of pesticides, pharmaceuticals,
and emerging pollutants [20].

Human health risks associated with exposure to water contaminants are assessed by
correlating the toxicological properties of pollutants with population exposure levels, fol-
lowing a structured methodology that includes hazard identification, exposure assessment,
contaminant quantification, and application of dose-response mathematical models [21].
Exposure to polluted water can produce acute effects (gastrointestinal illness following
short-term, high-concentration exposure) or chronic effects (cardiovascular disease, neuro-
logical disorders, and cancer resulting from prolonged low-level exposure) [12,22,23].

In risk assessment studies, this probability is evaluated by correlating the toxicolog-
ical characteristics of contaminants with the level of population exposure [24-26]. Risk
assessment methodology generally involves several sequential steps, including hazard
identification, exposure assessment, determination of contaminant concentrations, and
application of mathematical models to quantify human health risk based on dose-response
relationships [27].

Heavy metals represent a major risk category, entering surface waters primar-
ily through industrial processes [28-30] and accumulating in human organisms via
drinking water ingestion, dermal absorption, and consumption of contaminated food
products [31-33].

Studies from China have reported arsenic concentrations exceeding drinking water
standards and carcinogenic risks above acceptable thresholds, highlighting the public
health significance of groundwater contamination [34]. This study further showed that the
health risks associated with oral exposure to arsenic are significantly higher than those
resulting from dermal exposure. Additionally, the carcinogenic risk was higher in adults
than in children, whereas the non-carcinogenic risk was more pronounced in children than
in adults [34].

The consequences are significant, as poor water quality is associated with more than
50 waterborne diseases and is a major determinant of child mortality, responsible for ap-
proximately half of all global child deaths. Furthermore, it is estimated that approximately
80% of diseases in developing countries are linked to the consumption of contaminated
water and inadequate sanitation conditions [1,31-33].

Similarly, elevated heavy metal concentrations in leachates and adjacent water bodies
have been associated with increased carcinogenic risks, particularly through oral exposure
pathways [35].

Economic development has intensified agricultural activities, leading to a signifi-
cant increase in non-point source freshwater pollution [36]. Studies have shown that
rural watersheds are predominantly contaminated with nitrogen-based fertilizers, nutri-
ents, microorganisms, and pesticides, whereas urban watersheds exhibit elevated con-
centrations of petroleum hydrocarbons, heavy metals, pesticides, microbes, and organic
nutrients [36-38]. This contributes to water quality degradation and adversely affects
aquatic ecosystems and human health [36].

Beyond heavy metals, emerging contaminants including pharmaceutical residues,
pesticides, and petroleum hydrocarbons further compound health risks [39-41]. Their
persistence, bioactivity, and capacity to disrupt ecosystems and human health further
amplify their environmental significance [40,42,43].
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A study reported average concentrations of pharmaceutical compounds of 2068 ng/L
during the dry season and 2860 ng/L during the rainy season, highlighting a significant
increase in contaminant concentrations during periods with precipitation. This seasonal
variation suggests that the input of pharmaceutical pollutants into surface water and
groundwater is amplified during the rainy season, most likely due to runoff, mobilization,
and diffuse transport processes from urban and agricultural areas [44]. These findings
further demonstrate the complexity of contaminant transport and exposure scenarios in
aquatic environments [42].

Thus, to reduce and prevent the pollution of surface and groundwater generated by
processes of industrialization, urbanization, and intensification of agricultural activities,
the European Union (EU) has established a comprehensive framework of policies and
regulations dedicated to water resource management [45]. Initially, these directives were
developed in a sectoral manner, but with the adoption of the Water Framework Directive,
it was emphasized that challenges related to drinking water quality cannot be addressed
solely through legislative instruments. This is because they are intrinsically linked to the
specific characteristics of each river basin and require the development of governance
mechanisms that facilitate intersectoral cooperation and the involvement of authorities
both within member states and at the transboundary level [45-47].

Unlike previous reviews that focused on specific contaminant groups, water quality
assessment methods, or individual health outcomes, this review simultaneously integrates
pollution sources, environmental transport processes, exposure pathways, risk assessment
frameworks, treatment limitations, and human health impacts within a single analytical
perspective. By combining a systematic review conducted according to PRISMA guidelines
with bibliometric analysis, this work not only synthesizes current scientific knowledge but
also identifies structural research gaps and emerging trends within the field. In particular,
the analysis reveals persistent limitations in understanding cumulative exposure patterns,
multi-pathway exposure dynamics, and contaminant mixture interactions, despite their
importance for accurate health risk assessment. The novelty of this approach lies in
integrating evidence synthesis with bibliometric mapping to provide both a comprehensive
overview of existing knowledge and a quantitative evaluation of research evolution.

The findings also emphasize the importance of strengthening monitoring programs,
advancing risk assessment methodologies, and addressing knowledge gaps related to
emerging contaminants and long-term exposure effects. These efforts are critical for in-
forming evidence-based environmental policies and enhancing the resilience of water
management systems under changing environmental conditions.

2. Methodology

This study integrates a systematic literature review with bibliometric analysis using
scientometric methods to obtain a comprehensive perspective on water pollution and
its impact on human health (Figure 2). The integration of these approaches enables a
comprehensive understanding of scientific development by combining evidence synthesis
with quantitative mapping of research evolution.

The methodological workflow combined a systematic review and bibliometric analysis
to provide both qualitative evidence synthesis and quantitative assessment of research
trends and knowledge gaps [48]. PRISMA was selected to ensure methodological trans-
parency, reproducibility, and traceability throughout study identification, screening, eligi-
bility assessment, and inclusion processes [48,49]. In addition, bibliometric analysis based
on specific scientometric methods has been used for the quantitative evaluation of scien-
tific literature [50,51]. This approach allowed the investigation of publication dynamics,
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identification of authors and high-impact papers, and analysis of relationships between
concepts through keywords [52,53].
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Figure 2. Data collection methodology and bibliometric analysis used in the study.

VOSviewer was used for the analysis and visualization of bibliometric data, which
facilitates the construction and interpretation of scientific maps, including co-citation and
keyword co-occurrence networks. This method highlights the conceptual structure of the
field and identifies emerging research areas [54,55].

To analyze the geographical distribution of scientific publications, the web-based Data
wrapper (Data wrapper GmbH, Berlin, Germany; https:/ /www.datawrapper.de, accessed
on 20 January 2026) platform was used to generate a thematic map reflecting the number
of publications at the national level for the analyzed period. This approach enables the
identification of countries with significant contributions to this field.

2.1. Systematic Review of Literature

This systematic review was conducted in accordance with the PRISMA guidelines,
following a logical flow diagram and methodological protocol that included the steps
of identification, screening, assessment of eligibility, and inclusion of relevant studies
(Figure 3) [48,49]. A systematic literature search was performed in the electronic databases
Scopus (https://www.scopus.com/, accessed on: 13 January 2026) and Google Scholar
(https://scholar.google.com, accessed on: 17 January 2026). Queries were developed
by combining keywords with Boolean operators (water pollution AND human health
risk AND emerging contaminants AND risk assessment AND remediation technologies)
to identify all relevant studies that met the scope and inclusion/exclusion criteria of
this review.

https://doi.org/10.3390/w18131612


https://www.datawrapper.de
https://www.scopus.com/
https://scholar.google.com
https://doi.org/10.3390/w18131612

Water 2026, 18, 1612

6 of 51

Identification

Screening

Eligibility

Included

.

Google Scholar
A

|

Records identified after removing duplicates (n = 1405)

Records excluded:
(criteria 1, n = 306)
Records screened |—v EACE B =5

(criteria 3, n =711)

A 4

Full-text articles
(criteria 4, n = 353)

Full-text articles assessed for eligibility

Lack of direct relevance to the research

Studies selected for this review (n = 353) — objective
(criteria 5, n = 21)

v

Studies included in this review (n = 332)

Figure 3. Information flow using the PRISMA diagram applied in this study.

The inclusion and exclusion criteria were established to ensure the selection of studies
directly related to water pollution, human health risks, contaminant exposure pathways,
risk assessment approaches, and remediation technologies. Only English-language ar-
ticles/reviews/reports published between 2015 and 2025 were considered. The search
was restricted to the fields of environmental science, biochemistry, medical biology, and
medicine, as these disciplines provide the most relevant evidence regarding water contami-
nation and its impacts on human health.

Following the removal of duplicates, 1405 records were identified. Titles and abstracts
were initially screened according to the predefined eligibility criteria. During this stage,
306 records were excluded under criterion 1 because they were published outside the
selected time frame (2015-2025), 35 records were excluded under criterion 2 because they
were not published in English, and 711 records were excluded under criterion 3 because
they did not belong to the selected research fields (environmental science, biochemistry,
medical biology, and medicine).

The eligibility assessment, and final study selection were conducted by the authors
using the same predefined criteria throughout all stages of the review process to ensure
consistency. The quality and relevance of the selected studies were evaluated based on
their methodological clarity, availability of the full-text article, consistency of the reported
findings, and relevance to the review objectives. A formal quality scoring system was
not applied because the primary objective of this review was to provide a comprehensive
synthesis of the available literature.

At this stage, only open-access publications were considered during the eligibility
assessment (criterion 4), and all 353 records met this criterion. The dataset comprised
296 research articles, 8 conference papers, 40 review articles, 7 books, and 2 book chapters.
A total of 18 records were excluded under criterion 5 because they did not directly address
water pollution, human health risks, contaminants, or risk assessment.

This final screening step ensured that only studies providing direct evidence within
the scope of the review were retained for the qualitative and bibliometric analyses. Conse-
quently, the final dataset consisted of 332 publications.
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2.2. Bibliometric Analysis

In this study, bibliometric analysis was performed using scientometric techniques im-
plemented in VOSviewer software to visualize and interpret relationships among keywords
within the scientific literature related to water pollution and human health risks [52,53].
Bibliometric analysis enables the results to be illustrated in the form of conceptual maps,
facilitating the interpretation of relationships between different elements of the scientific
literature [55,56]. In addition to its analytical capabilities and widespread application in
bibliometric research, VOSviewer is a freely accessible and user-friendly platform that
supports transparent and reproducible analytical workflow [54].

Bibliometric networks were constructed using bibliographic metadata extracted from
the final dataset covering the period 2015-2025. Keyword co-occurrence analysis was
selected because it enables the identification of dominant research themes and conceptual
relationships within the scientific domain. To ensure a balance between thematic coverage
and network interpretability, a minimum occurrence threshold keyword of three was
applied. This threshold was chosen to retain both established and emerging research
topics while minimizing the influence of isolated or infrequently used keywords. Only
keywords meeting this criterion were included in the visualization and subsequent analysis.
Network construction was performed using the association strength normalization method
implemented in VOSviewer, which calculates similarities between terms based on their
co-occurrence frequencies.

VOSviewer generates network visualizations, overlay maps, and density visualiza-
tions to facilitate interpretation of relationships between scientific elements [54,55]. Node
size reflects keyword occurrence frequency, links indicate relationships between concepts,
while total link strength (TLS) represents the cumulative intensity of associations between
nodes. Higher TLS values indicate stronger conceptual connectivity within the scientific
domain [55,56]. Clusters were generated automatically using the VOSviewer clustering
algorithm, which groups keywords according to the strength of their co-occurrence rela-
tionships. Keywords exhibiting stronger internal associations were assigned to the same
thematic cluster, allowing the identification of major research domains within the literature.
The final network consisted of 4 clusters, each representing a distinct thematic area related
to water pollution and human health.

Figure 4 presents the keyword co-occurrence network organized into four thematic
clusters differentiated by color.

Cluster 1 (red) represents the most interconnected thematic domain focusing on
human health risk assessment associated with water contamination. Cluster 2 (green)
highlights environmental dimensions of water pollution, including pollution sources, water
quality, and remediation processes. Cluster 3 (blue) emphasizes analytical and toxicological
foundations supporting environmental and health-related investigations. Cluster 4 (yellow)
focuses on water resources and population exposure pathways associated with human
health risks. The strong interconnections among these clusters indicate that research in
this field is increasingly evolving toward multidisciplinary and integrated approaches.
In particular, the close relationships between environmental contamination, exposure
pathways, toxicological assessment, and human health risk evaluation reflect a growing
scientific interest in understanding the complete pathway from pollution sources to adverse
health outcomes.
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Figure 4. Keyword co-occurrence map on the analyzed topic showing cluster division.

Overall, the bibliometric structure demonstrates a clear transition from traditional
water quality monitoring studies toward integrated research frameworks that combine
environmental contamination, exposure assessment, toxicological evaluation, and human
health risk assessment. This trend reflects the increasing recognition that water pollution
should be addressed through multidisciplinary approaches capable of linking environmen-
tal processes with public health outcomes.

Figure 5 presents the overlay visualization bibliometric map generated using
VOSviewer, highlighting the co-occurrence relationships of keywords and the temporal
evolution of research in the field of water quality and health risk.
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Figure 5. Overlay bibliometric map of keyword co-occurrence and temporal evolution of research in
the field of water quality and health risks.
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During 2015-2018, studies focused on the fundamental aspects of toxicity and contam-
inant characterization: toxicity, analysis, pesticide, and carcinogenicity. Between 2019 and
2021, research evolved toward integrated approaches, correlating water quality with health
impacts: water quality, heavy metals, groundwater, drinking water, and health risks. In
recent years 2022-2025, the focus has shifted toward emerging and interdisciplinary di-
rections, including climate change, bioaccumulation, and complex assessments of risks to
human health.

This temporal evolution indicates a growing recognition that water pollution cannot be
adequately addressed through contaminant-specific investigations alone. Instead, current
research increasingly integrates environmental processes, exposure pathways, and health
outcomes within a broader risk assessment perspective.

The overlay map demonstrates a transition from descriptive and analytical studies
toward multidisciplinary research frameworks aimed at supporting sustainable water
resource management and evidence-based public health protection.

Chronological analysis based on the average annual citations (20-120 citations/year)
highlights the evolution of the scientific impact of topics in the field of water quality and
health risks (Figure 6). Initially, terms associated with fundamental studies (toxicity, analy-
sis, pesticide, and carcinogenicity) showed a moderate impact (blue-green). Subsequently,
central concepts such as water quality, heavy metals, groundwater, drinking water, and
health risks reached a medium to high impact (green), reflecting the consolidation of
the field.
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Figure 6. Overlay bibliometric map based on the average annual citations of keywords in the field of
water quality and health risks.

More recently, a high impact (yellow) has been observed for terms such as risk assess-
ment, cancer risk, and health hazard, along with emerging directions such as bioaccumu-
lation, environmental impact, agriculture, and climate change, indicating a shift toward
applied and interdisciplinary research.

This evolution indicates a growing scientific interest in understanding not only the
occurrence of contaminants, but also their implications for human health and environmental
sustainability. The increasing citation impact of risk assessment and health-related terms
further suggests a transition from contaminant-focused investigations toward integrated
approaches that combine environmental monitoring, exposure assessment, and public
health evaluation.
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These findings highlight current research priorities and confirm the increasing impor-
tance of multidisciplinary frameworks for addressing water pollution challenges.

2.3. Data Visualization Using Data Wrapper

According to Figure 7, scientific activity is concentrated in China, the United States,
and India, followed by European countries such as Germany and France. The predominance
of these countries may be associated with greater research capacity, higher investments
in scientific infrastructure, and stronger funding support for environmental and public
health research. In addition, rapid industrialization, urban expansion, and increasing
environmental pressures may contribute to prioritizing research related to water pollution
and associated health risks.

Publications per country I

NN
4 71113162027333891

Created with Datawrapper

Figure 7. Geographical distribution of scientific publications on water pollution and its impact on
human health analyzed in this study.

Higher publication outputs may also reflect the existence of more developed regulatory
frameworks and monitoring programs, which facilitate data collection, environmental
assessment, and scientific reporting. In countries such as China and India, high research
productivity may additionally be influenced by the substantial water pollution challenges
associated with population growth, industrial activities, and agricultural intensification.

Countries with lower publication outputs, particularly in parts of Africa and South
America, may face limitations related to research funding, institutional capacity, scientific
infrastructure, and differences in national research priorities. In some regions, limited mon-
itoring networks and reduced access to analytical facilities may further constrain scientific
research and reporting activities, despite the presence of significant water quality chal-
lenges. The observed geographical distribution therefore highlights disparities in scientific
productivity, regulatory capacity, and environmental monitoring systems, emphasizing the
importance of strengthening international collaboration and expanding research efforts in
underrepresented regions.

3. Water Pollution: Sources and Types of Pollutants
3.1. Classification of Pollution

Water pollution involves the enrichment of surface or groundwater with chemical
compounds, substances, organisms, and/or pathogens through natural activities, leading
to changes in the chemical, physical, and biological composition of water resources and
negatively affecting the health of all forms of life [10,57,58].

According to the United States Environmental Protection Agency, water pollution
is classified into two categories based on the mode of generation and the possibility of
identifying the source.
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Point-source pollution originates from sources that can be easily identified and moni-
tored and is characterized by the direct discharge of pollutants at well-defined locations.
Relevant examples include industrial facilities, oil extraction operations, wastewater treat-
ment plants, and the maritime transportation of petroleum products [58-62]. Non-point
source pollution is associated with diffuse sources that are difficult to spatially identify
and control operationally because there is no single discharge point. It is mainly generated
by agricultural activities, the use of fertilizers and pesticides, and other anthropogenic
practices, with widespread impacts on river basins [57,58,63].

Thus, to better understand the origin and nature of pollutants, as well as to support
pollution prevention, pollutants have been classified into three main categories according
to their origin, chemical composition, and mode of action (Table 1) [57].

Table 1. Classification of water pollutants according to origin, chemical composition, and mode

of action.
Classification Category Characteristics Representative Env1ronmen'tal .and
Examples Health Implications
Classification by source
Pollutants Industrial effluents, . S
. ) Easier monitoring and
Point-source discharged from wastewater control
pollutants identifiable and treatment plants, oil L .
. . Localized exposure risks
localized sources refineries
Source

Pollutants
originating from

Agricultural runoff,

Complex monitoring,

Diffuse-source . N urban stormwater, Widespread
dispersed activities : :
pollutants : . atmospheric environmental
without a single C -
. . deposition contamination
discharge point
Classification by chemical nature
Carbon-based -
. Pesticides, .
. contaminants Persistence,
Organic L hydrocarbons, . .
originating from . bioaccumulation,
pollutants . pharmaceuticals, . . )
anthropogenic endocrine disruption
s detergents
activities
Non-carbon-based
Inorganic compounds Heavy metals, Toxicity, eutrophication,
. pollutants including metals and nitrates, phosphates  carcinogenicity
Chemical nature nutrients
Living
Biological microorganisms Bacteria, viruses, Waterborne diseases
pollutants capable of causing protozoa
disease
. Materials affecti . . . .
Physical ate}‘ 1asa ectu}g Sediments, plastics, = Turbidity, habitat
physical properties . :
pollutants of water suspended solids degradation
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Table 1. Cont.
P - R i Envi 1
Classification Category Characteristics epresentative nv1ronmen.ta :and
Examples Health Implications
Classification by environmental behavior
Compounds Organic matter,
Biodegradable susceptible to bio%ie radable ’ Oxygen depletion and
pollutants biological & microbial proliferation
degradation organic compounds
. . Mi lastics, .
Environmental Persistent Compounds resistant elrcsri(s)feif l(;sstici des Long-term accumulation
behavior pollutants to degradation P P ’ and chronic exposure
heavy metals
Compounds
. . L , PCBs, . e
Bioaccumulative accumulating in xeg?;ghlofini Biomagnification and
pollutants organisms and food an chronic toxicity
chains pesticides
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3.2. Pesticides and Diffuse Contamination Pathways

According to the specialized literature, a cause—effect relationship has been estab-
lished between human activities and water pollution, as well as the associated health
risks. Most anthropogenic activities, under the influence of urbanization and industrial
development, result in the discharge of effluents into urban areas [60,61,64].

Recent studies have identified intensive agricultural practices as one of the major
drivers of water resource contamination at the global scale. Unlike point-source pollution
associated with industrial or municipal discharges, agricultural pollution is predominantly
diffuse, which considerably complicates its monitoring, quantification, and regulatory
control. Consequently, agricultural runoff represents a major transport pathway for con-
taminants into both surface water and groundwater systems [65-67]. Agricultural practices
generate complex mixtures of pollutants, including pesticides, fertilizers, organic matter,
sediments, pharmaceutical residues, microplastics, and pathogenic agents [68,69].

This diversity of contaminants reflects the transition of agriculture from a traditional
activity to an intensive and chemically driven system, with increasing implications for
environmental quality and human health.

From an integrated risk perspective, agricultural contamination should not be eval-
uated solely through the occurrence of individual pollutants but through cumulative
exposure scenarios involving contaminant mixtures, environmental transport processes,
treatment limitations, and long-term health implications. Agricultural runoff frequently
contains multiple contaminants simultaneously, increasing the likelihood of additive or
synergistic toxicological effects that remain insufficiently characterized within conventional
pollutant-specific assessment frameworks [70,71].
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In the EU, more than 150 distinct types of such substances are authorized and used in
agriculture to increase crop yield and quality, as well as to optimize economic benefits [72].
However, the intensification of agricultural practices in recent decades has significantly
increased the occurrence of pesticides, fertilizers, trace elements, salts, and pathogenic
agents in both surface water and groundwater systems [73,74].

The environmental occurrence of pesticides is strongly influenced by hydrological
processes, particularly surface runoff generated by precipitation, snowmelt, and irrigation.
In addition, infiltration processes facilitate the transport of soluble compounds into ground-
water, while adsorption to soil particles enables the mobilization of less soluble pesticides
through erosion and sediment transport [75-78].

Owing to their environmental persistence, mobility, and resistance to degradation,
many pesticides remain detectable in aquatic systems long after application, increas-
ing the probability of chronic low-dose exposure and bioaccumulation within trophic
chains [70,75,79,80]. Due to their persistence and physicochemical properties, many pes-
ticides exhibit high environmental stability, allowing them to remain in aquatic systems
long after application. A critical aspect highlighted in the literature is the ability of certain
pesticides to bioaccumulate in aquatic organisms and biomagnified along trophic chains,
resulting in elevated concentrations at higher trophic level [81,82].

From an integrated risk perspective, pesticide-related health risks depend not only
on concentration levels but also on environmental persistence, transport mechanisms,
physicochemical properties, cumulative exposure pathways, and treatment performance.
Human exposure occurs through multiple pathways including contaminated drinking
water consumption, irrigation-derived food products, dermal exposure, inhalation, and
trophic transfer processes resulting from bioaccumulation [83].

Environmental risk is additionally influenced by climatic and hydrological drivers
such as precipitation intensity, soil properties, irrigation practices, contaminant solubility,
and degradation dynamics. Climate-related changes affecting runoff intensity and ground-
water recharge may further increase contaminant mobility and exposure probability.

Human exposure to pesticide residues primarily occurs through the consumption
of contaminated drinking water and agricultural products, although dermal contact and
inhalation may also contribute under specific environmental or occupational conditions.
Chronic exposure to pesticide residues has been associated with endocrine disruption, neu-
rotoxicity, reproductive disorders, and increased carcinogenic risk. An analysis correlating
pesticide use with longitudinal health data demonstrated that a 10% increase in pesticide
application was associated with an approximately 1% increase in the medical disability
index among the population aged over 65 years, highlighting significant public health
implications [84].

Empirical evidence confirms the widespread presence of pesticides in aquatic environ-
ments. For example, studies conducted in the Gangetic river basin identified 39 pesticide
compounds in groundwater, with 32% of samples containing multiple residues. Frequently
detected substances, such as malathion, atrazine, and chlorpyrifos, were found at concen-
trations exceeding permissible limits by up to 46 times, indicating severe contamination
levels [85].

Similar findings have been reported in other regions, including Southeast Asia and
Europe, where both organochlorine and organophosphorus pesticides persist in surface
waters despite regulatory restrictions [76].

A study conducted on the Selangor River (Malaysia) identified the presence of
organochlorine pesticides (lindane, heptachlor, endosulfan, dieldrin, endosulfan sulphate)
and organophosphorus pesticides (chlorpyrifos and diazinon) in surface water. The de-
termined concentrations ranged from 10.1 ng/L (lindane) to 1848.7 ng/L (endosulfan),
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indicating a significant level of pollution. The study associated water quality degradation
with agricultural, urban, and industrial activities, as well as population growth, while also
emphasizing that conventional treatment technologies do not ensure the complete removal
of these compounds [86].

In addition to pesticides, fertilizers represent another major source of agricultural
water pollution. Nitrogen and phosphorus based fertilizers can reach aquatic systems
through surface runoff and infiltration processes, contributing to nutrient enrichment and
groundwater contamination [78]. Excessive use of fertilizers leads to the accumulation of ni-
trates, which are formed by the biological transformation of nitrogen and are characterized
by high solubility and mobility, facilitating their leaching into groundwater [78,87].

At the EU level, approximately 38% of water bodies are affected by significant pres-
sure generated by nitrogen pollution of groundwater. This phenomenon reflects a major
pollution trend observed mainly in high-income countries, where agriculture has become
the main source of water quality degradation, surpassing the impact of urbanization and
industrial activities [69,88,89].

In this context, agricultural practices are considered responsible for the eutrophication
of inland and coastal waters, as well as for the accumulation of nitrates and salts in
groundwater resources. Bisimwa et al., 2022, noted that massive runoff resulting from
agricultural land-use practices has a negative influence on surface water quality, also
constituting a cause of the eutrophication phenomenon [90].

Despite the extensive body of literature on agricultural pollution, several critical
knowledge gaps remain. Most existing studies continue to focus on individual con-
taminants rather than complex contaminant mixtures, although real environmental ex-
posure scenarios involve multiple interacting substances simultaneously [38,65,88]. In
addition, cumulative exposure, chronic low-dose effects, transformation products, and
long-term health implications remain insufficiently understood, particularly for vulnerable
population groups.

Current treatment technologies also present limitations because conventional systems
often demonstrate variable removal efficiencies for persistent pesticides and their transfor-
mation products, allowing residual contamination to persist within drinking water systems
and increasing concerns regarding chronic exposure.

3.3. Heavy Metal Ions

Globally, it is estimated that approximately 40% of rivers and lakes are contaminated
with heavy metals, highlighting the extent of this phenomenon [91]. Heavy metal con-
tamination represents one of the most persistent and hazardous forms of water pollution
because of the environmental persistence, non-biodegradability, toxicity, and bioaccumula-
tion potential of these elements (Table 2) [92].

Table 2. Sources and types of heavy metal pollution reported in different regions.

Metal Source Category Pollution Type Location Reference
Natural (geogenic) Natural Bulgaria [93]
Aluminium Drinking water treatment Anthropogenic Poland [94]

(APY) I . . . Multiple
ndustrial activities Anthropogenic countries [95]
Natural (geogenic) Natural Southwest China [96]
A(rASSe3T)C Industrleélli:(r:ﬁl :;istewater Anthropogenic Nigeria [97]
Mining activities Anthropogenic Colombia [98,99]
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Table 2. Cont.
Metal Source Category Pollution Type Location Reference
Copper Mining activities Anthropogenic Uganda [100]
(Cu®) Natural (geogenic) Natural China [101,102]
Chromium Industrial activities Anthropogenic China [103]
(Cr*, Cr®) Natural (geogenic) Natural Europe [104]
Iron Industrial activities Anthropogenic Vietham [105]
(Fe**, Fe™*) Natural (geogenic Natural Bangladesh [106,107]
8€0g )
Manganese Agricultural activities Anthropogenic Egypt _ [108]
(Mn?*) Mining activities Anthropogenic KOVdOISky.DIStHCt’ [109]
Russia
Mercury Industrle(lili:?}i ;/;aestewater Anthropogenic Germany [110]
H 2+
(Hg™) Natural (geogenic) Natural France [111]
Mixed (industrial and geogenic .
Nickel ( sources) 8€08 Mixed Italy [112]
(Ni**)
Agricultural activities Anthropogenic Romania [113]
Lead Mining activities Anthropogenic Mexico [114]
(Pb>) Industrial and geogenic sources Mixed Pakistan [115]
Zinc Natural (geogenic) Natural China [116]
(Zn*") Mining activities Anthropogenic Japan [117]

Unlike many organic contaminants, heavy metals cannot be degraded into harmless
compounds and may persist in aquatic environments for prolonged periods, increasing
the probability of chronic human exposure through drinking water consumption and food
chain transfer.

Heavy metal ions originate from both natural and anthropogenic sources. Natural
(geogenic) inputs include rock weathering, volcanic activity, and geochemical evolution
processes, whereas anthropogenic contributions are associated with mining and smelting,
industrial production, wastewater discharge, and agricultural practices [118].

The relative contribution of these sources varies significantly depending on geological
conditions, hydrological characteristics, land use patterns, and the intensity of human
activities. In addition, the environmental behavior and toxicity of heavy metals are strongly
influenced by their chemical speciation, oxidation state, mobility, and bioavailability, which
determine their persistence, transport, and uptake by aquatic organisms and humans.

From an integrated risk perspective, heavy metal contamination represents a multi-
factorial environmental challenge requiring simultaneous consideration of contaminant
sources, environmental transport processes, metal speciation, bioavailability, and cumula-
tive exposure pathways. Unlike conventional pollutant-specific assessments, integrated
risk frameworks recognize that metal toxicity is controlled not only by concentration levels
but also by chemical form, oxidation state, environmental mobility, and interactions with
co-occurring contaminants [119].

Environmental parameters including pH, redox potential, dissolved organic matter,
salinity, and hydrological conditions strongly influence metal transport and bioavailability,
thereby affecting exposure probability and toxicological outcomes. Furthermore, climate-
related hydrological variability may alter contaminant mobilization dynamics and increase
long-term exposure uncertainty.
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Among heavy metals, As is considered one of the most critical contaminants due to its
high toxicity and carcinogenic potential. Its presence in groundwater has been identified as
a major public health concern worldwide [120-122] A study conducted in the Murshidabad
district (West Bengal, India) demonstrated that 54.6% of groundwater samples used for
drinking exceeded the permissible limit of 10 ug/L, while 37.3% of samples used for
irrigation exceeded recommended thresholds, indicating severe contamination linked to
both natural and anthropogenic factors [123]. These findings suggest significant chronic
exposure risks for populations dependent on untreated groundwater resources.

In a study conducted by Xu et al., 2017, high concentrations of Cd, Cu and Zn were
reported in nine coastal rivers from the Laizhou Bay basin, with maximum values exceeding
the permissible limits for drinking water and indicating a moderate ecological risk from
these metals [124]. In two main rivers in Antalya (Turkey), elevated concentrations of heavy
metals were identified, with strontium and Al values exceeding the permissible limits.
These results indicate variable water quality, ranging from good to very poor in certain
locations, and suggest the influence of anthropogenic factors and urbanization on pollution
levels [125].

Another study assessed the presence and distribution of heavy metal ions in water
resources from Pb—Zn mining areas in Abakaliki (Nigeria). A total of 106 water samples
were analyzed across two seasons, and the results revealed high concentrations of heavy
metals, most exceeding the limits recommended by the World Health Organization (WHO)
for drinking water. Contamination was more pronounced near active mines and in sur-
face waters, whereas seasonal variations indicated lower levels during the rainy season
compared to the dry season [126].

Importantly, the simultaneous occurrence of multiple heavy metals represents an im-
portant challenge for integrated risk assessment because combined exposure may generate
synergistic or additive toxicological effects that are insufficiently addressed within current
regulatory and toxicological frameworks.

In recent years, wastewater reuse for agricultural irrigation has emerged as an addi-
tional pathway for heavy metal dispersion in the environment. Although wastewater reuse
contributes to water conservation and nutrient recovery, insufficiently treated wastewater
may promote the accumulation of metals in agricultural soils and facilitate their transfer
into crops, groundwater, and food chains [127,128].

Consequently, human exposure may occur not only through drinking water consump-
tion but also through indirect dietary pathways, increasing concerns regarding cumulative
long-term exposure [129]. Despite extensive research on heavy metal contamination, sev-
eral critical challenges remain. Current monitoring systems are frequently fragmented,
particularly in developing regions with limited analytical and technical capacity.

In addition, conventional water treatment technologies often demonstrate limited
efficiency for the complete removal of dissolved metal species under variable environmental
conditions, especially in the presence of complex contaminant mixtures. Furthermore,
most studies continue to focus on individual metals rather than cumulative exposure
scenarios, although real environmental systems generally involve simultaneous exposure to
multiple contaminants.

3.4. Emerging Contaminants in Water Pollution

Emerging pollutants encompass a broad range of chemical and biological substances,
including pharmaceuticals and personal care products (PPCPs), per- and polyfluoroalkyl
substances (PFAS), endocrine-disrupting chemicals (EDCs), antibiotic resistance genes
(ARGs), disinfection by-products, and persistent organic pollutants, which may pose risks
to both environmental and human health [130-132].

https:/ /doi.org/10.3390/w18131612


https://doi.org/10.3390/w18131612

Water 2026, 18, 1612

17 of 51

The increasing occurrence of these contaminants in groundwater, surface waters, and
drinking water resources has become a growing global concern because of their persistence,
continuous release into the environment, and potential long-term ecological and health
effects [130]. This situation highlights the urgent need to strengthen monitoring programs,
improve risk assessment methodologies, and develop advanced treatment technologies
capable of reducing their environmental and health impacts [133].

Although wastewater treatment plants are primarily designed to remove conventional
pollutants, many pharmaceutical residues and other biologically active compounds are only
partially removed during treatment processes [87,134,135]. Consequently, treated effluents
represent an important pathway through which these substances are continuously released
into aquatic environments, making wastewater treatment plants a significant source of
emerging contaminants in surface waters.

Pharmaceutical compounds are generally classified as pseudo-persistent pollutants
due to their continuous input into the environment, even if individual substances may
exhibit moderate degradation rates [136]. The presence of active pharmaceutical ingre-
dients (APIs) in aquatic environments, such as rivers, lakes, and oceans, because of their
widespread use in the medical field, represents a global issue because of their persistence,
bioactivity, and capacity to disrupt ecosystems and human health [137,138]. In addition,
the simultaneous occurrence of multiple pharmaceutical classes in aquatic environments
complicates environmental risk assessment because interactions between compounds may
generate additive or synergistic toxicological effects.

APIs encompass a broad range of chemical classes, including antibiotics, anti-
inflammatories, antiepileptics, 3-blockers, hormones, cytostatic, and contrast agents [41,136].
The primary pathway for pharmaceutical contamination of freshwater systems is repre-
sented by effluents from wastewater treatment plants, which act as continuous point sources.
Additional contributions originate from hospital discharges, pharmaceutical manufacturing,
and domestic wastewater, reflecting the widespread use and disposal of medicinal prod-
ucts [136]. Human exposure to pharmaceutical residues may occur through drinking water
consumption, recreational water contact, indirect dietary exposure, and food chain transfer,
raising concerns regarding chronic low-dose exposure and cumulative toxicological effects.

Another important group of emerging contaminants of global concern is represented
by per- and polyfluoroalkyl substances (PFAS). This class includes perfluoroalkyl sulfonates
(PFSAs), such as perfluorooctane sulfonic acid (PFOS), perfluorobutane sulfonic acid (PFBS),
and perfluorohexane sulfonic acid (PFHXxS), as well as perfluoroalkyl carboxylic acids
(PFCAs), including perfluorooctanoic acid (PFOA), perfluorohexanoic acid (PFHxA), and
perfluorononanoic acid (PFNA). Due to their high environmental persistence, mobility, and
resistance to conventional treatment processes, PFAS are frequently detected in surface
waters, groundwater resources, and drinking water systems, raising increasing concerns
regarding their potential impacts on environmental and human health [139,140].

Several studies have reported the widespread occurrence of perfluoroalkyl acids
(PFAAs), including PFCAs and PFSAs, in aquatic environments. Concentrations of these
compounds have been reported to reach up to 18,000 ng/L in river waters and 20,458 ng/L
in wastewater effluents in China [141]. In addition, monitoring studies have detected
PFOS in drinking water supplies, with concentrations reaching 2280 ng/L in Stockholm,
highlighting the widespread distribution of PFAS and their potential implications for
environmental and human health [142].

EDCs, including phthalate esters (PAEs) and bisphenol A (BPA), have received increas-
ing attention due to their widespread occurrence in water resources and their potential
impacts on human health and aquatic ecosystems [143]. Their presence in drinking water
sources is of particular concern because these compounds may alter endocrine function
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even at low concentrations. Furthermore, the occurrence of EDCs in water systems may in-
crease the complexity and costs associated with water treatment and remediation processes
aimed at ensuring safe drinking water supplies [143,144].

Several studies have confirmed the occurrence of EDCs in drinking water systems.
Kumawat et al., 2020, reported the widespread presence of phthalates, including Di(2-
ethylhexyl) phthalate (DEHP), Di-n-octyl phthalate (DNOP), and Dibutyl phthalate (DBP),
in both source water and treated drinking water, indicating incomplete removal during
treatment processes [145]. Wee et al., 2019, reported the occurrence of endocrine-disrupting
chemicals in drinking water supplies worldwide, with concentrations in treated drinking
water ranging from 0.2 ng/L to 5510 ng/L. The authors highlighted the widespread
detection of EDCs in tap water and emphasized their potential implications for human
exposure through drinking water consumption [146].

Emerging contaminants involve not only parent compounds but also transformation
products, environmental persistence, and cumulative exposure scenarios, increasing the
complexity of environmental and human health risk assessment.

Numerous studies have confirmed the global occurrence of pharmaceutical com-
pounds in aquatic environments. Vilitalo et al., 2017, reported the widespread presence of
pharmaceuticals in surface waters across Europe, Asia, and North America, with concentra-
tions ranging from ng/L to ug/L and significant spatial and seasonal variability [147]. In
Mexico, high concentrations of naproxen (732-4889 ng /L), acetaminophen (3544460 ng/L),
and diclofenac (258-1398 ng/L) were identified in both wastewater and surface waters, un-
derscoring the limited efficiency of conventional treatment systems in removing biologically
active compounds [148].

A large-scale monitoring study across 258 rivers in 104 countries detected 61 active
pharmaceutical ingredients, with higher contamination levels in regions with inadequate
wastewater infrastructure particularly Sub-Saharan Africa, South Asia, and South America
and concentrations exceeding safe thresholds for aquatic organisms at 25.7% of sampling
locations [149]. These results indicate not only ecological risks but also the potential for
long-term human exposure through contaminated water resources.

Pharmaceutical residues have also been confirmed in river sediments, with diclofenac
(9.53 ng/g), ibuprofen (134 ng/g), and naproxen (4.31 ng/g) detected in South African
rivers [150]. Seasonal dynamics further amplify contamination, with mean pharmaceutical
concentrations increasing from 2068 ng/L during the dry season to 2860 ng/L during the
rainy season, reflecting enhanced mobilization and transport through surface runoff [44].

Importantly, the presence of pharmaceutical compounds is not limited to surface
waters. Investigations of drinking water systems, such as those conducted in Lisbon,
have identified multiple pharmaceutical residues in both raw and treated water, al-
though generally at low concentrations (0.005-46 ng/L), raising concerns regarding chronic
exposure [151].

Another important challenge is represented by pharmaceutical transformation prod-
ucts and metabolites generated during environmental degradation and wastewater treat-
ment processes [152]. These compounds may exhibit different persistence, mobility, and
toxicological profiles compared with parent compounds, further increasing uncertainty
in environmental and human health risk assessment [133,153]. In addition, most existing
studies continue to focus on individual compounds rather than realistic contaminant mix-
tures, although environmental exposure scenarios typically involve simultaneous exposure
to multiple APIs and other contaminants.

Current evidence indicates that mixture toxicity, cumulative exposure, chronic low-
dose effects, and integrated impact assessments remain insufficiently investigated. Fur-
thermore, the absence of standardized monitoring protocols and harmonized regulatory
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frameworks limits the comparability of studies and hinders the development of effective
management strategies [154,155]. These challenges are further compounded by the limited
ability of conventional wastewater treatment systems to effectively remove biologically
active micropollutants, resulting in the continuous release of pharmaceutical residues and
transformation products into aquatic environment.

An additional challenge associated with emerging pollutants is their detection and
quantification in environmental matrices. Many compounds, including PFAS, pharmaceuti-
cal residues, endocrine-disrupting chemicals, and microplastics, occur at trace concentra-
tions and require advanced analytical techniques such as liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS), high-resolution mass spectrometry (HRMS),
gas chromatography-mass spectrometry (GC-MS), and spectroscopic methods for reliable
identification and quantification (Figure 8) [156,157].
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Figure 8. Emerging contaminants: analytical challenges, detection techniques, and implications for
environmental monitoring.

Analytical limitations are related to detection limits, matrix effects, transformation
products, and the lack of standardized monitoring protocols may contribute to uncertainties
in exposure assessment and risk characterization.

Consequently, the advancement of analytical tools, harmonized monitoring pro-
tocols, and comprehensive surveillance strategies remains essential for improving
contaminant assessment.

3.5. Water Pollution with Plastic Materials

Plastic materials, particularly microplastics, represent a relatively new category of
emerging contaminants, and the identification of sources, characterization of composition,
and assessment of environmental occurrence remain major challenges [68,158,159].

Owing to their persistence, mobility, and resistance to degradation, microplastics
have attracted increasing scientific attention as potential vectors for contaminant transport
and chronic human exposure. However, the identification of sources, characterization of
polymer composition, environmental distribution, and assessment of toxicological impacts
continue to represent major scientific and regulatory challenges.
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To date, most studies on microplastics (MP) have focused on the marine environment,
whereas freshwater systems remain insufficiently investigated, highlighting a significant
knowledge gap in this field [68,160,161]. MP are mainly composed of synthetic polymers
such as polyvinyl chloride, nylon, polyethylene terephthalate, polyethylene, polypropylene,
polystyrene, polyvinyl alcohol, and polyamide [158,162]. Their environmental behavior is
strongly influenced by polymer density, particle size, morphology, and physicochemical
properties, which determine buoyancy, transport mechanisms, sedimentation, and potential
bioavailability within aquatic systems.

MP can be classified into two main categories: primary MP, which are intentionally
produced for industrial or domestic uses, such as plastic resin pellets or raw material
granules used in industry and as abrasives in cosmetic products and secondary MP, which
result from the fragmentation of larger plastic materials under the action of ultraviolet
radiation and mechanical wear [163]. This distinction is important because secondary
microplastics represent a continuously increasing source of diffuse contamination resulting
from the degradation of plastic waste in the environment.

Recent studies have mainly focused on methods for the identification and quan-
tification, toxicity, and monitoring of microplastics [164-166]. Nevertheless, substantial
uncertainty persists regarding their long-term environmental fate, interactions with other
pollutants, and associated human health risks. In addition to their intrinsic physical and
chemical properties, microplastics may act as carriers for heavy metals, persistent organic
pollutants, pharmaceutical compounds, and pathogenic microorganisms, thereby increas-
ing the complexity of environmental exposure scenarios and integrated risk assessment.

From an integrated risk perspective, MP contamination involves both direct particle
toxicity and indirect environmental risks associated with contaminant transport mecha-
nisms. Beyond their intrinsic physicochemical properties, microplastics may function as
environmental vectors facilitating the transport of heavy metals, pesticides, pharmaceutical
compounds, and pathogenic microorganisms across environmental compartments.

Particle characteristics including polymer composition, size distribution, morphol-
ogy, density, and surface properties strongly influence environmental mobility, adsorp-
tion capacity, and biological interactions, thereby determining exposure probability and
toxicological relevance.

Empirical evidence confirms the widespread occurrence of MP in freshwater ecosys-
tems. A study conducted on the Ciwalengke River (Indonesia) identified the presence of
microplastics at all 10 sampling points, both in surface water and sediments. The mean
concentrations were 5.85 £ 3.28 particles/L in water and 3.03 &= 1.59 particles/100 g dry sed-
iment, with fibers being the predominant form. The sources of contamination were mainly
associated with industrial activities and domestic use, particularly washing processes [167].
Another study on the Karstic Yulong River (China) confirmed the presence of MP in both
water and sediments, with higher concentrations in inhabited areas. Their distribution in
groundwater is mainly influenced by hydraulic exchanges with surface water [168]. The
study further highlighted the role of hydraulic interactions between groundwater and
surface water in controlling microplastic distribution within aquatic environments [168].

Recent research indicates that MP are present not only in surface aquatic environments
but also in soils and aquifers, suggesting the existence of transfer processes between
environmental compartments.

However, the mechanisms of migration from soil to groundwater remain insufficiently
understood. In this context, Cheng et al., 2024, analyzed integrated soil groundwater
river water sections and highlighted the presence of microplastics in all investigated ma-
trices. Concentrations ranged between 392-836 n/kg in soil (mean: 655 £ 177 n/kg),
0.58-2.48 n/L in groundwater (mean: 1.23 &+ 0.42 n/L), and 0.38-1.80 n/L in river water
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(mean: 0.86 £ 0.41 n/L) [159]. These findings highlight the mobility of MP across intercon-
nected environmental systems and suggest the potential for widespread human exposure
through multiple pathways.

In parallel, recent studies have reported the presence of fine MP particles in bottled
drinking water, attributing contamination mainly to packaging materials [169]. These
findings raise concerns regarding chronic human exposure through drinking water con-
sumption and support the need for integrated risk assessment approaches capable of
evaluating cumulative exposure and long-term toxicological effects.

Although the health implications of MP exposure remain incompletely understood,
recent studies suggest potential associations with oxidative stress, inflammatory responses,
endocrine disruption, and the transport of adsorbed contaminants into biological systems.

However, the analysis of specialized literature indicates that research on MP in fresh-
water ecosystems remains limited and fragmented, given that most studies have focused
on the marine environment, resulting in a significant knowledge deficit in this field [68].
Most investigations continue to focus on urban pollution sources, whereas agricultural
contributions, despite the extensive use of plastic materials in modern agriculture, remain
insufficiently investigated [68,170].

These limitations highlight the inadequacy of conventional pollutant-specific assess-
ment approaches and support the development of integrated risk-based frameworks ca-
pable of simultaneously addressing contaminant interactions, environmental transport
mechanisms, cumulative exposure pathways, and residual health risks.

3.6. Microbiological Water Pollution

Microbiological pollution of surface water and groundwater resources represents one
of the most significant water-related public health challenges worldwide because of its
direct association with waterborne diseases, fecal contamination, and the dissemination of
pathogenic microorganisms [171,172].

This form of contamination is primarily caused by bacteria, viruses, protozoa, and
helminths originating from human and animal fecal sources, with substantial implications
for both public health and aquatic ecosystem stability [172]. This type of pollution is
closely linked to anthropogenic activities, particularly the discharge of insufficiently treated
wastewater, the use of organic fertilizers in agriculture, leakage from septic systems, and
surface runoff generated by precipitation [173].

Both point and diffuse pollution sources contribute significantly to pathogen dissemi-
nation within aquatic systems. Point sources include effluents from wastewater treatment
plants, healthcare facilities, and industrial discharges, for which strong correlations have
been identified between pathogen concentrations and urbanization intensity [174]. At the
same time, significant contributions may also arise from diffuse sources, including the
application of sewage sludge and manure on agricultural land [88].

Several studies have demonstrated that the discharge of untreated wastewater into
rivers and lakes, together with inadequately designed septic systems, contributes substan-
tially to groundwater contamination in numerous regions worldwide [175,176].

This issue is particularly critical in low- and middle-income regions lacking ef-
ficient sanitation infrastructure, where shallow groundwater resources are frequently
used for drinking water supply, increasing the risk of direct human exposure to
pathogenic microorganisms.

Microbiological indicators used to assess fecal contamination include coliform bac-
teria, Escherichia coli, and intestinal enterococci, which are considered reliable markers
of recent pollution. In addition, the use of bacteriophages and viral indicators enables a
more precise characterization of microbiological risk, particularly in cases of persistent
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contamination. Recent studies have confirmed the widespread occurrence of potentially
pathogenic microorganisms in surface waters, especially in urban areas and regions with
inadequate sanitation infrastructure, emphasizing the need for continuous monitoring and
effective risk management strategies to protect public health [177,178].

A recent study conducted in China highlighted the ubiquitous presence of potentially
pathogenic bacteria in all 16 analyzed urban surface water samples, with microbial commu-
nities dominated by the phyla Proteobacteria (21.9-78.5%) and Bacteroidetes (19.1-74.7%) of
total sequences [178]. These findings indicate the substantial influence of urban wastewater
discharges on microbial water quality and highlight the potential for increased exposure to
pathogenic microorganisms in densely populated areas.

Similarly, investigations conducted in Porto Velho (Brazil) revealed high levels of
faecal contamination in groundwater, with a predominance of bacterial genera such as
Escherichia, Enterobacter, Cronobacter, and Citrobacter, highlighting the vulnerability of shal-
low groundwater sources and the increased risk of exposure to waterborne pathogens in
areas lacking adequate sanitation services [179].

Furthermore, studies conducted in the Swist River basin (Germany) demonstrated
that land use significantly influences microbiological contamination, with maximum values
associated with intensive agriculture and episodic events, such as manure application,
whereas surface runoff plays a more important role than infiltration [180]. These findings
illustrate the complex interactions between hydrological processes, agricultural practices,
and pathogen transport within aquatic systems.

An emerging issue is the role of contaminated waters as reservoirs for antimicrobial
resistance genes (ARGs), which can be transferred between microorganisms, thereby ampli-
fying public health risks and reducing the effectiveness of medical treatments. These mech-
anisms facilitate the spread of antimicrobial resistance through environmental pathways
and increase the complexity of microbiological risk assessment and management [181,182].
Zhang et al., 2021, identified over 150 distinct ARGs in river water samples collected from
urban and rural environments. Through metagenomic analyses, the study revealed a broad
diversity of antibiotic-resistant bacteria and resistance determinants, emphasizing the role
of aquatic ecosystems as in Recent evidence indicates that aquatic environments may act as
important reservoirs and transmission pathways for ARGs [183].

Recent evidence indicates that aquatic environments may act as important reservoirs
and transmission pathways for ARGs. Singh et al., 2022, reported that wastewater treatment
plants and receiving water bodies frequently contain ARGs and antimicrobial-resistant
bacteria, highlighting the limited capacity of conventional treatment processes to completely
eliminate these contaminants and prevent their dissemination in the environment [184].

Integrated risk perspective, the microbiological contamination of water necessitates a
holistic assessment that encompasses the occurrence of pathogenic agents, environmental
transport pathways, exposure probability, susceptible population subgroups, and the
spread of antimicrobial resistance.

Accordingly, climate related stressors such as elevated temperatures, recurrent flood-
ing events, and hydrological variability may also alter pathogen transport patterns and
amplify contamination risks. Furthermore, comprehensive microbiological risk assess-
ment frameworks should incorporate cumulative exposure scenarios involving diverse
pathogenic microorganisms, along with antimicrobial resistance determinants that have
the potential to escalate public health risks.

The transfer of resistance genes between microorganisms may amplify public health
risks and reduce the effectiveness of antimicrobial therapies. Interactions between mi-
crobiological contaminants and chemical pollutants may further alter pathogen sur-
vival, virulence, and environmental persistence, increasing uncertainty in integrated
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risk assessment. Climate change and the increasing frequency of extreme hydrological
events may additionally intensify pathogen mobilization, transport, and environmental
persistence, thereby increasing the vulnerability of water resources to microbiological
contamination [181,185,186].

Human exposure to microbiological contaminants primarily occurs through drinking
water consumption recreational water use, irrigation practices, and food chain transfer.
Vulnerable population groups, including children, elderly individuals, and immunocompro-
mised persons, may experience disproportionately higher risks associated with pathogen
exposure. Furthermore, cumulative exposure to multiple pathogenic microorganisms
and antimicrobial resistance determinants remains insufficiently addressed within current
monitoring and regulatory frameworks.

Although conventional water treatment processes can substantially reduce microbio-
logical loads, certain pathogens, particularly protozoa resistant to conventional disinfection,
may persist in water systems. In addition, existing monitoring approaches are generally
based on indicator organisms and may not accurately reflect the presence of all pathogenic
microorganisms, contributing to uncertainty in public health risk assessment [187,188].
This highlights the need for implementing advanced treatment technologies and efficient
monitoring systems. In this context, microbiological water pollution should be addressed
through integrated strategies based on risk assessment, continuous monitoring, and source
control to protect public health and water resources.

Microbiological water pollution represents a complex and dynamic environmental and
public health challenge characterized by multiple contamination sources, diffuse transport
pathways, pathogen persistence, cumulative exposure scenarios, and substantial uncer-
tainty regarding antimicrobial resistance dissemination and long-term health implications.

Although pesticides, heavy metals, emerging contaminants, microplastics, and micro-
biological pollutants differ in terms of origin, environmental behavior, and toxicological
properties, they share several common characteristics that contribute to water quality
degradation and human health risks. A comparative overview of the major pollutant
groups discussed in this review is presented in Table 3, highlighting differences and simi-
larities regarding pollution sources, environmental persistence, exposure pathways, health
effects, monitoring challenges, and treatment limitations. This comparison supports a more
integrated understanding of water pollution and facilitates the identification of common
challenges and research priorities across contaminant categories.

Table 3. Comparative characteristics of major water pollutant groups and associated human
health risks.

Pollutant . Environmental Environmental  Main Human Principal Monitoring Treatment
Main Sources . Transport Exposure
Group Persistence Health Effects  Challenges Challenges
Pathways Routes
. - - Conventional
Agricultural Drinking water ~ Neurotoxicity, Large number
Moderate to Surface runoff, R . treatment may
runoff, . . consumption, endocrine of compounds,
- high, leaching to . . . not completely
. pesticide . food-chain disruption, seasonal
Pesticides A depending on groundwater, . s remove
application, . . transfer, reproductive variability, .
S chemical sediment . . persistent
irrigation dermal contact, disorders, car- transformation L.
structure transport . . - - pesticides and
return flows inhalation cinogenicity products :
metabolites
Mining, . .
Dissolved Neurological, Removal
metallurgy, o - -
; - transport, Drinking water, renal, Speciation- efficiency
industrial . . .
Heavy . . sediment food-chain cardiovascular ~ dependent depends on
discharges, Very high . . .. -
Metals association, transfer, crop disorders, toxicity and pH, speciation,
wastewater, e
. groundwater uptake developmental — mobility and treatment
geogenic o . o
migration toxicity, cancer conditions

sources
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Table 3. Cont.
Pollutant . Environmental Environmental  Main Human Principal Monitoring Treatment
Main Sources . Transport Exposure
Group Persistence Health Effects  Challenges Challenges
Pathways Routes
Municipal Moderate to Wastewater Drinking water, Endocrine Detection of Conventional
. . . . . . wastewater
. wastewater, high (pseudo-  discharge, recreational disruption, metabolites
Pharmaceutical : - . L . treatment often
hospitals, phar-  persistent due river transport,  exposure, antimicrobial and .
compounds . : . : . provides
maceutical to continuous groundwater dietary resistance, transformation ~ :
; . AP . - incomplete
industries release) infiltration exposure chronic toxicity ~ products
removal
Industrial .
R Endocrine,
activities, Surface water C . . .
firefichtin transport Drinking immune, Large number  Highly
foamgs & rourF: dw:a ter water, food hepatic, of PFAS resistant to
PFAS 4 Extremely high ground consumption, developmental  compounds conventional
consumer migration, : ;
. occupational effects; and analytical treatment
products, atmospheric . :
s exposure possible car- complexity processes
wastewater deposition cinogenicity
effluents 8
Wastewater
stewate Wastewater Hormonal . .
effluents, . . Biological Incomplete
. discharge, Lo imbalance,
plastics, Drinking water, K effects may removal by
Moderate to surface water . reproductive .
EDCs personal care . food-chain . occur at very conventional
high transport, disorders,
products, transfer low treatment
: . groundwater developmental .
industrial - concentrations ~ systems
. contamination effects
discharges
Plastic waste Sl .
X Surface runoff, C . Oxidative Lack of Conventional
degradation, . Drinking .
river transport, stress, standardized treatment may
wastewater, . water, food i . .
MP . . Very high groundwater— - inflammation, sampling and not completely
industrial and consumption, . .
. surface water : . contaminant analytical remove smaller
domestic . . inhalation -
interactions vector effects methods particles
sources
Diarrheal
Wastewater, Surface runoff,  Drinking water, diseases, Pathogen Resistant mi-
. . . septic systems, groundwater recreational cholera, athog croorganisms
Microbiological . . AP or diversity and .
. agricultural Variable infiltration, exposure, hepatitis, may survive
Contaminants . . ! YR temporal .
runoff, animal direct food-chain giardiasis, R conventional
. . variability - .
waste discharge transfer cryptosporid- disinfection

iosis

The comparison demonstrates that, despite important differences among pollutant
groups, most contaminants originate from multiple anthropogenic sources, are trans-
ported through interconnected environmental pathways, and contribute to human exposure
through several routes simultaneously. Consequently, health risks are determined not only
by the properties of individual contaminants but also by the interactions between pollution
sources, environmental transport processes, exposure pathways, and toxicological effects.
This highlights the need for integrated risk assessment approaches capable of addressing
cumulative exposures and mixture effects.

4. Integrated Assessment of Water Pollution Risks to Human Health

Traditional approaches for water pollution assessment have predominantly focused
on individual contaminants and isolated exposure scenarios. Although these methods have
substantially improved understanding of pollutant occurrence, transport mechanisms, and
toxicological effects, they frequently underestimate real environmental risks because aquatic
systems are characterized by the simultaneous presence of multiple chemical and biological
contaminants interacting across interconnected environmental compartments [189-191].

Consequently, integrated risk assessment (IRA) frameworks have emerged as an es-
sential transition from conventional contaminant-specific approaches toward more realistic
evaluations of environmental and public health risks [192].
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Humans and ecosystems are continuously exposed to complex contaminant mixtures
rather than isolated substances, increasing concerns regarding cumulative exposure, mix-
ture toxicity, chronic low dose effects, and long term ecological and health impacts [193-197].
Consequently, the evaluation of potential health risks should not rely solely on contaminant
identification but also on the comparison of measured concentrations with health-based
guideline values and regulatory standards [129,198,199].

Recent studies have demonstrated that contaminant mixtures occurring in aquatic
environments may generate additive or synergistic effects that cannot be determined from
assessments of individual contaminants alone [200,201].

Pesticide mixtures commonly detected in rivers and agricultural runoff have been
shown to produce combined toxic effects on aquatic organisms that frequently exceed
those expected from individual compounds, highlighting the importance of concentration-
addition mechanisms in aquatic ecosystems [72,195,197].

Pharmaceutical compounds are rarely present as individual substances in wastewater
and surface waters, being frequently identified together with other contaminants, including
heavy metals [194]. Numerous studies have highlighted the coexistence of pharmaceutical
compounds and heavy metals both in wastewater treatment plant effluents and in natural
aquatic ecosystems [193,202].

Experimental research on the formation and presence of pharmaceutical-metal com-
plexes has demonstrated that they can generate significant negative effects on the environ-
ment [194]. Thus, these complexes can amplify the toxicity on microorganisms, leading to
the diminution of bacterial communities and, implicitly, to the reduction in the efficiency
of biological wastewater treatment processes [203]. They can also manifest an increased
toxicity towards aquatic plants and organisms, increasing the ecological risks associated
with their presence in the aquatic environment [204].

Environmental contamination with PFAS and MP is an increasingly important environ-
mental problem at a global level, with the concentrations of these pollutants continuously
increasing in aquatic ecosystems [205]. Available research indicates that mixtures of PFAS
compounds can generate cumulative toxic effects, and simultaneous exposure to PFAS and
MP can amplify the negative impact on aquatic organisms and, implicitly, humans [206].

Recent studies have highlighted the existence of significant interactions between PFAS
and microplastics, PFAS and heavy metals, PFAS and pharmaceuticals, and PFAS and
pesticides, suggesting that their concomitant presence may amplify adverse biological
effects [205-209]. For instance, Dai et al., 2022, demonstrated that microplastics can ad-
sorb PFAS and enhance their transport and bioavailability in aquatic environments [206].
Experimental evidence provided by Soltanighias et al., 2024, showed that simultaneous
exposure of Daphnia magna to PFOS, PFOA and microplastics resulted in reduced growth,
delayed maturation, decreased fecundity and increased mortality compared with single-
contaminant exposures. Approximately 40% of the observed toxicity was attributed to
synergistic interactions among contaminants [210].

From an ecotoxicological perspective, numerous investigations have analyzed the
behavior, bioavailability and effects of these contaminants in aquatic environments, high-
lighting the risks associated with the exposure of organisms to such complex mixtures
of pollutants.

In this context, the assessment of potential risks to human health requires not only the
identification of contaminants and exposure routes, but also the comparison of measured
concentrations with health-based guideline values and regulatory standards. Such reference
values, established by international organizations and national regulatory authorities,
provide an essential basis for evaluating contaminant significance, assessing compliance,
and supporting evidence-based risk management decisions.
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The regulation of heavy metals demonstrates both scientific consensus and regulatory
variability across international frameworks. As** is consistently limited to 10 pg/L by
the WHO, U.S. Environmental Protection Agency (U.S. EPA), EU, Health Canada, and
Australian guidelines due to its well-established carcinogenicity. Nevertheless, ongoing
discussions regarding lower health-based targets reflect growing concerns about adverse
effects at low exposure levels [211,212].

Similarly, Ni2* standards vary considerably, ranging from 20 ug/L in the EU and
Australia to higher guideline values in other jurisdictions. Such differences often reflect
regional exposure conditions, local hydrogeological characteristics, and the methodologies
used in deriving health-based guideline values [213,214].

Pb?* exhibits greater regulatory divergence. The EU and Health Canada have adopted
a limit of 5 pg/L, reflecting increasing evidence of neurodevelopmental effects in children,
whereas the USEPA and Australia apply higher values or alternative implementation
mechanisms. These differences illustrate variations in precautionary approaches and risk
management strategies among jurisdictions [214,215].

PFAS regulation represents one of the most rapidly evolving areas of drinking water
policy. Due to their high persistence, widespread occurrence, and potential adverse health
effects, regulatory authorities have adopted different management approaches. The EU ap-
plies a group-based strategy by establishing limits for the sum of selected PFAS compounds,
whereas the USEPA has introduced highly stringent standards for specific substances such
as PFOA and PFOS. Similar guideline values have also been developed in Canada and Aus-
tralia, although differences remain regarding the compounds included and the threshold
concentrations applied. These variations reflect ongoing scientific uncertainties and high-
light the need for harmonized regulatory frameworks capable of addressing the complexity
of PFAS contamination and cumulative exposure [211,216]. Although regulatory standards
provide essential benchmarks for evaluating water quality and compliance, a comprehen-
sive assessment of human health impacts also requires the application of quantitative risk
assessment tools. These approaches allow the estimation of both non-carcinogenic and car-
cinogenic risks associated with contaminant exposure and complement the interpretation
of regulatory guideline values.

In addition to guideline values and regulatory limits, quantitative risk assessment
commonly relies on indicators such as the Hazard Quotient (HQ), Hazard Index (HI), and
Cancer Risk (CR). HQ is used to assess non-carcinogenic risks associated with individual
contaminants, whereas HI evaluates the cumulative effects of exposure to multiple con-
taminants or exposure pathways [217]. For carcinogenic contaminants, CR estimates the
probability of developing cancer over a lifetime of exposure. These indicators are widely
used to support the interpretation of exposure data and the characterization of potential
human health risks in water quality assessment studies.

The application of these indicators is integrated within established human health risk
assessment frameworks. Risk assessment approaches recommended by the U.S. EPA and
the WHO are generally structured around four principal stages: hazard identification, expo-
sure assessment, dose-response assessment, and risk characterization [217-219]. Within the
context of water pollution, integrated assessment includes heavy metals, pesticides, phar-
maceutical compounds, microplastics, nutrients, and pathogenic microorganisms occurring
across surface waters, groundwater resources, sediments, and drinking water systems.

This framework additionally incorporates contaminant persistence, environmental
transport mechanisms, transformation processes, treatment performance, mixture interac-
tions, and residual risks remaining after conventional treatment processes. Consequently,
IRA provides a more realistic estimation of actual human and ecosystem risks compared to
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traditional single-contaminant approaches and constitutes the analytical backbone of the
present review [220,221].

Hazard identification involves determining contaminants capable of inducing ad-
verse ecological and human health effects, including heavy metals, pesticides, pharma-
ceutical compounds, endocrine-disrupting chemicals, pathogenic microorganisms, and
microplastics [222,223].

Exposure assessment evaluates contaminant concentration, frequency, duration, and
pathways of human contact, including drinking water ingestion, dermal exposure, inhala-
tion, and food-chain transfer [224-227].

Water pollutants are interconnected through environmental transport, transformation,
and exposure processes. Consequently, human health outcomes often result from cumu-
lative exposure to multiple contaminants, highlighting the importance of integrated risk
assessment frameworks [192,221].

During their environmental transfer, contaminants can undergo physical, chemical,
and biological transformations that influence their persistence, mobility, bioavailability,
and toxicity. Human exposure subsequently occurs through multiple pathways, includ-
ing drinking water consumption, food-chain transfer, dermal contact, and inhalation.
Consequently, adverse health outcomes are often the result of cumulative and simultane-
ous exposure to multiple contaminants rather than isolated substances, highlighting the
importance of integrated risk assessment frameworks capable of addressing real-world
exposure scenarios.

An integrated perspective on water pollution requires consideration of the complex
interactions among pollution sources, environmental transport processes, contaminant
transformation pathways, exposure routes, health effects, treatment technologies, and
residual risks. As illustrated in Figure 9, contaminants belonging to different classes may
follow similar environmental pathways and contribute to cumulative human exposure and
adverse health outcomes. This conceptual framework facilitates a more comprehensive
understanding of water pollution and its associated risks than conventional pollutant-
specific assessment approaches [228-231].

Pollution Sources

|

Environmental Transport

Industrial discharges, agricultural runoff, municipal wastewater, landfill
leachate, atmospheric deposition

Surface runoff, infiltration, groundwater flow, sediment transport,}

atmospheric transport

Transfc i Physical, chemical and biological transformations, degradation,
Processes adsorption/desorption, bioaccumulation, formation of by products
E o Drinking water ingestion, food chain consumption, dermal contact, Monitoring and
- g = inhalation, recreational exposure L adaptive
l management

Acute and chronic toxicity, carcinogenicity, endocrine disruption,
neurotoxicity, immune effects, developmental effects.

Hazard identification, exposure assessment, dose-response assessment,

Risk A
l risk characterization, uncertainty analysis
e e Conventional treatment, advanced technologies, membrane processes,
= _ advanced oxidation processes, biological treatment.
l (I lets I, t f i duct: ixt toxicity hroni )
A . ncomplete removal, transformation products, mixture toxicity, chronic
Residual Risk P P Y

exposure, vulnerable populations treatment.

J

Figure 9. Integrated Water Pollution Risk Framework.

Despite increasing scientific advances, uncertainty remains an important challenge
in integrated risk assessment because contaminant interactions, environmental variability,
and long-term low-dose exposure may substantially influence risk estimation and public
health evaluation [83,190].
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4.1. Integrated Risk Assessment Across Major Water Pollutant Classes

Exposure assessment quantifies the magnitude, frequency, and duration of human
contact with identified hazardous substances through all relevant pathways. In the context
of water pollution, the primary exposure routes include ingestion of contaminated drinking
water, dermal contact during recreational or domestic water use, and inhalation of aerosols
with individual [226,232].

Human health risk characterization in water pollution studies frequently integrates
carcinogenic and non-carcinogenic endpoints to estimate adverse effects associated with
contaminant exposure.

Acceptable carcinogenic risk is generally defined within the range of
10~° (negligible risk) to 1074 (upper acceptable threshold), as established by the U.S.
EPA [218,219]. Integrated assessment therefore extends beyond individual contaminant
concentration measurements by incorporating long-term exposure patterns and combined
environmental pressures.

Studies reviewed in this work reported carcinogenic risks exceeding this threshold for
arsenic in groundwater from China (3.50 x 10~%) contaminants [34] and for heavy metals in
landfill leachates (up t0 9.09 x 10~° for infants via oral exposure) [35], confirming the public
health significance of these pollutants even at concentrations that conventional [70,233].
Integrated assessment of pesticide contamination must consider agricultural runoff dy-
namics, contaminant persistence, groundwater infiltration, trophic transfer processes, and
chronic exposure via drinking water and food consumption [234].

A landmark global-scale study integrating meta-analysis, ecotoxicological testing, and
explainable machine learning mapped the mixture hazard of 311 pesticides to aquatic inver-
tebrates and algae across surface waters worldwide, identifying high-hazard agricultural
regions and practical recommendations for sustainable land management [235].

Despite their widespread application, conventional risk assessment approaches are
subject to important limitations when applied to real environments [168]. The study
further highlighted the role of hydraulic interactions between groundwater and surface
water in controlling microplastic distribution within aquatic environments [162]. However,
environmental exposure frequently involves simultaneous interactions between heavy
metals, pesticides, pharmaceutical residues, nutrients, pathogenic microorganisms, and
microplastics, which may generate additive, synergistic, or antagonistic toxicological
effects [108,158,236-239].

A fundamental challenge in integrated risk assessment is the characterization of mix-
ture toxicity, defined as the combined effects resulting from simultaneous exposure to
multiple contaminants. Real-world water contamination scenarios rarely involve isolated
substances. Instead, aquatic environments are characterized by the co-occurrence of di-
verse chemical and biological agents interacting through shared, additive, synergistic, or
antagonistic toxicological mechanisms [218,232,240].

A nationwide study of drinking water treatment plants detected 30 pharmaceuticals
and personal care products compounds in treated water at mean concentrations reaching
131 ng/L, with biologically active compounds present at concentrations capable of posing
significant threats to water quality [241].

Incomplete removal during wastewater treatment represents a critical pathway for
pharmaceutical entry into surface waters. A European multi-site study detecting 97 phar-
maceuticals in wastewater and receiving waters found that approximately 40% of tested
compounds were quantified, with several including carbamazepine, citalopram, and ven-
lafaxine subsequently incorporated into Group I of the EU Urban Wastewater Directive
(2024/3019) owing to their documented environmental risk [242].
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Conventional mixture assessment approaches are frequently based on additive toxicity
models. However, deviations from these models, particularly synergism (greater-than-
additive effects) and antagonism (less-than-additive effects), represent major sources of
uncertainty in environmental risk assessment [243].

As highlighted throughout this review, synergistic interactions between heavy metals
and organic pollutants, as well as between pharmaceutical compounds and microplastics,
may substantially amplify health risks beyond those predicted by individual-compound
assessments [27,33,148,222].

Compound-specific ecological risk assessments continue to document acute and
chronic risks in river lake systems. A study in a representative Chinese river-lake contin-
uum detected 52 pesticides at a mean total surface-water concentration of 203 ng/L, with
ecological risks rising along trophic levels [244].

Recent studies demonstrated that interactions between microplastics and heavy metals
may enhance bioavailability and bioaccumulation in aquatic organisms [245]. Recent
studies further demonstrated that interactions between microplastics and heavy metals may
enhance bioavailability, oxidative stress, inflammatory responses, and bioaccumulation in
aquatic organisms, supporting the so-called “Trojan Horse Effect” hypothesis [200,246].

Microbiological risk assessment requires integration of pathogen occurrence, environ-
mental transport dynamics, climate-related variability, and vulnerability of sensitive sub-
populations to improve estimation of infection probability and public health risks [247,248].

Despite considerable advances in risk assessment methodologies, significant uncer-
tainties remain regarding the combined effects of contaminant interactions, environmental
variability, and chronic low-dose exposure. These factors may influence risk estimates and
hinder accurate public health evaluations.

4.2. Residual Risks and Treatment Limitations

An additional dimension of the integrated risk perspective concerns the residual
risks that persist after conventional water treatment. As documented in the preceding
sections, physical treatment processes including sedimentation, filtration, and aeration
demonstrate limited efficiency in removing dissolved heavy metal species, pharmaceutical
compounds, and microplastics under variable environmental conditions [249-252]. Ad-
vanced oxidation processes, membrane filtration, and biological treatment technologies
offer improved removal efficiencies for specific contaminant classes, but their application
remains constrained by operational costs, energy requirements, and the generation of
transformation products whose toxicological profiles may differ substantially from parent
compounds [43,253-260].

Pharmaceutical transformation products and metabolites generated during environ-
mental degradation or wastewater treatment represent a particularly poorly characterized
source of residual risk. These compounds may exhibit greater environmental persistence,
mobility, and bioactivity than their precursors, yet they are not systematically monitored or
regulated in most countries [261-263]. Similarly, the fragmentation of larger plastic items
into microplastics and nanoplastics during treatment processes may redistribute rather
than eliminate plastic contamination from water systems [158,200,201].

The continuous discharge of incompletely treated effluents into receiving water bodies,
combined with the pseudo-persistent nature of pharmaceutical compounds and the envi-
ronmental mobility of heavy metals and pesticide residues, creates conditions of chronic,
low-dose, multi-contaminant exposure for populations dependent on surface water or
groundwater as drinking water sources [264].
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5. Impact of Water Pollution on Human Health

Water resource pollution represents a major global concern, driven by environmental
changes and intensification of anthropogenic activities, with significant implications for hu-
man health [57,265]. Water contamination is associated with the occurrence of waterborne
diseases, episodes of acute and chronic intoxication, as well as adverse effects on physical
and mental health [59].

Numerous studies have highlighted correlations between poor water quality and
the incidence of acute waterborne diseases, such as hepatitis A, cholera, dysentery, cryp-
tosporidiosis, giardiasis, diarrhea, and typhoid fever. These conditions are primarily
caused by pathogenic microorganisms (bacteria, viruses, and protozoa) originating from
fecal sources, particularly in the context of inadequate water treatment and distribution
infrastructure [178,265-267].

In addition to microbiological risks, chemical contaminants present in drinking water
represent a major public health issue. These adverse effects are primarily mediated through
oxidative stress, enzyme inhibition, disruption of cellular homeostasis, and interactions
with proteins and nucleic acids, leading to cellular dysfunction and tissue damage [265,268].
For example, arsenic exposure has been linked to skin, lung, and bladder cancers, while lead
is recognized for its neurotoxic effects, particularly during early-life development [229]. In
addition, hexavalent chromium is classified as a human carcinogen and has been associated
with an increased risk of lung cancer following long-term exposure [129].

The presence of emerging pollutants, such as pharmaceutical residues, pesticides,
and endocrine disruptors, has been associated with hormonal imbalances, reproduc-
tive disorders, and potential effects on fertility. Some studies have suggested a possi-
ble link between exposure to these compounds and an increased incidence of chronic
diseases, including certain types of cancer and gynecological conditions. However, the
exact mechanisms underlying these effects are still under investigation and require further
validation [87,134,259,269]. Endocrine-disrupting compounds may interfere with hormone
synthesis, transport, metabolism, and receptor signaling pathways, thereby affecting repro-
ductive, developmental, metabolic, and thyroid functions.

Human exposure to water pollutants frequently occurs through multiple pathways,
including drinking water consumption, food chain transfer, dermal contact, and indirect
environmental exposure [9,12,22,57,270].

Furthermore, susceptibility to water pollution health effects varies across population
groups, with children, elderly individuals, pregnant women, and immunocompromised
populations presenting increased vulnerability to cumulative contaminant exposure.

Recent studies increasingly emphasize that chronic low-dose exposure to emerging
contaminants, including pharmaceutical residues, endocrine disruptors, pesticides, and
microplastics, may induce oxidative stress, endocrine disruption, immune dysregulation,
and epigenetic alterations even at concentrations previously considered environmentally
safe [151,199,271-275]. Oxidative stress resulting from excessive production of reactive
oxygen species may promote lipid peroxidation, mitochondrial dysfunction, and chronic
inflammation, contributing to the development of cardiovascular, metabolic, neurodegener-
ative, and oncological diseases [1,18,174,200,268,270,276,277].

In addition, neurotoxic contaminants may alter neurotransmitter signaling, impair
neuronal development, and induce neuroinflammation, potentially leading to cognitive
deficits and developmental disorders [143,151,269,277]. These mechanisms provide bio-
logically plausible pathways linking long-term contaminant exposure to adverse human
health outcomes (Table 4).

Although global estimates indicate a substantial health burden associated with unsafe
water and water pollution, these figures should be interpreted with caution. Consider-
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able regional variability exists due to differences in sanitation coverage, drinking water
infrastructure, monitoring capacity, socioeconomic conditions, and healthcare access [278].
Countries with lower socio-demographic development generally experience a dispropor-
tionately higher burden of water-related diseases compared with high-income regions,
where advanced treatment technologies, regulatory frameworks, and surveillance systems
contribute to reduced exposure risks [279-281]. Furthermore, uncertainties associated with
disease reporting, exposure assessment, data availability, and attribution methodologies
may influence the accuracy of global estimates and limit direct comparisons between re-
gions [279]. Recent analyses based on the Global Burden of Disease database have shown
that the highest mortality and disability-adjusted life year rates attributable to unsafe
water, sanitation, and hygiene remain concentrated in low-income regions, particularly
Sub-Saharan Africa and South Asia, highlighting substantial geographical disparities in
health outcomes associated with water pollution and inadequate water services [278,280].

Table 4. Impact of water pollutants on human health.

Exposure Mechanisms of Target
Pollutant Type Examples Pathways Toxicity Organs/Systems Health Effects References
l())i)r(llc(lii?lvte()Stl;‘ziZins Nervous system Neurotoxicity
Pb%*, ng*, Crit, . & to pro Kidneys Renal failure
6+ Ingestion and nucleic acids . .
Heav cr Inhalation Enzyme inhibition Liver Anemia
y As3t, Cd?%, Zn**, Y . Hematological Carcinogenesis [230,282-285]
metals 3+ Dermal Interference with gy
Al contact ion transport system Hepatotoxicity
Fe?*, Fe3* . P Reproductive Developmental
Epigenetic .
. system disorders
alterations
Conversion of . .
. o Methemoglobinemia
nitrates to nitrites; . .
. . Gastrointestinal
Interference with Circulatory Disorders
. Nitrates, . oxygen transport system . [224,225,272,286—
Nutrients Ingestion - S Thyroid
Phosphates (methemoglobin Digestive system . 289]
. . dysfunction
formation) Endocrine system -
. Potential
Endocrine . A
: . carcinogenic risk
disruption
Acetylcholinesterase Neurological
inhibition disorders
Organophosphates Endocrine Hormonal
Carbamates . disruption imbalance Chronic
. Ingestion . . Nervous system .
. . Herbicides Bioaccumulation . toxicity
Persistent organic . Dermal Endocrine system .
Polycyclic and . Hepatotoxicity [70,290-295]
compounds - contact . e L Liver . -
aromatic . biomagnification Carcinogenicity
Inhalation : . Immune system .
hydrocarbons Toxic metabolic Immunotoxicity
Solvents activation Non-Hodgkin’s
Receptor-mediated lymphoma
toxicity Parkinson’s disease
Cholera
Direct infection; Digestive system Dysentery
Pathogenic Bacteria Ingestion Toxin production Lifer 4 Hepatitis [270,271,296,297]
microorganisms  Viruses Protozoa & Immune system Diarrhea e
. Immune system . .
activation Gastrointestinal
infections
Interference with
biochemical Antimicrobial
s . pathways resistance
Pharmaceuticals Antibiotics Ing?stlon . Endocrine Endocrine system  Hormonal
Hormones Indirect envi- . . . ; . [40,136,138,149,
and personal care . disruption Gut microbiota imbalances
Analgesics ronmental L . . . 151,199]
products Antidepressants expoSUre Antimicrobial Liver Reproductive
P P resistance selection effects Metabolic
Chronic low-dose disturbances

toxicity
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6. Water and Wastewater Treatment and Remediation Technologies

Water and wastewater treatment technologies represent a critical component of in-
tegrated water pollution risk management because they directly influence contaminant
removal efficiency, residual exposure levels, and the protection of human health and
aquatic ecosystems. From an integrated risk perspective, treatment technologies should
not be evaluated solely according to pollutant removal performance but also considering
their capacity to reduce cumulative exposure scenarios, mitigate contaminant interactions,
minimize residual risks, and improve long-term water safety [298].

The effectiveness of water and wastewater treatment technologies varies consider-
ably depending on contaminant characteristics and treatment objectives. Conventional
processes, including sedimentation, filtration, aeration, and coagulation-flocculation, are
generally effective for the removal of suspended solids, pathogens, and particulate mat-
ter, but often exhibit limited performance for dissolved micropollutants, pharmaceutical
residues, PFAS, and transformation products [130].

They are currently classified into three main categories: physical, chemical, and
biological or advanced technologies, each with specific mechanisms of action and distinct
areas of applicability [198,299].

Physical water treatment is one of the most widely used categories of technologies in
the field of water resources purification and remediation. It is based on simple physical
processes, such as sieving, sedimentation, aeration, and filtration, through which suspended
solids and certain contaminants are removed without the use of chemicals [252,300,301].
These processes are frequently applied as preliminary or complementary steps in treatment
schemes, due to their operational simplicity, low costs and efficiency in reducing pollutant
loads (Table 5) [302].

Table 5. Physical Water Treatment Technologies.

Contribution to

Technology Target Pollutants Advantages Major Limitations Risk Reduction References
Sediment
. . Rapid pollutant resuspension; .
Sediment-associated removal Fcosvstem Moderate to high for
Dredging pollutants, nutrients, cosY; localized [303,304]
Improves water disturbance; ..
heavy metals . . : contamination
quality High operational
costs
Organic pollutants, Improves dissolved Limited effectiveness
. reduced compounds, oxygen for persistent
Aeration cyanobacterial Enhances microbial ~ pollutants Moderate [305,306]
blooms degradation Energy-intensive
Rapid bloom Temporary
Mechanical algae Cyanobacterla and reductlgn; . effectlvengss; Low to moderate [307,308]
removal algal biomass Immediate aesthetic =~ Biomass disposal
improvement required
Water Nutrients, stagnant Reduces stagnation; Dependent on
o 8188 . rgnation, hydrological Moderate [309]
diversion pollutants improves circulation .\
conditions
. . Suspended solids, Simple and Ir'1eff1c1ent for
Filtration and . . dissolved
. . particulate cost-effective . Low to moderate [310]
sedimentation . contaminants and
contaminants pre-treatment

emerging pollutants

Although physical treatment technologies contribute significantly to pollutant load
reduction, their capacity to address complex contaminant mixtures remains limited. Per-
sistent pollutants including pharmaceutical residues, dissolved heavy metals, pesticide
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transformation products, and microplastics frequently require advanced treatment solu-
tions capable of reducing residual risks associated with chronic low-dose exposure and
cumulative contaminant interactions.

Advanced treatment technologies generally provide higher removal efficiencies for
emerging contaminants and complex contaminant mixtures. Membrane filtration has
demonstrated high effectiveness for the removal of dissolved contaminants, pathogens,
microplastics, and PFAS. However, its application is often constrained by membrane
fouling, energy consumption, and operational costs [252,311-314].

Adsorption-based technologies, including activated carbon and biochar, have
shown promising performance for trace organic contaminants and certain PFAS
compounds, but their efficiency depends on adsorbent properties and regeneration
requirements [30,142,207,312].

Biological treatment technologies, including bioremediation, bioaugmentation, and
biostimulation, offer environmentally sustainable solutions for biodegradable organic
contaminants and nutrient removal [315-319]. Nevertheless, their performance may be in-
fluenced by environmental conditions and is generally less effective for persistent pollutants
such as PFAS and certain pharmaceutical compounds.

Advanced oxidation processes and ozonation are particularly suitable for degrad-
ing pharmaceuticals, pesticides, and other organic micropollutants, although the for-
mation of transformation products remains an important limitation requiring further
evaluation [130,198,314].

Nevertheless, treatment technologies themselves may introduce additional challenges
including energy requirements, operational costs, transformation product generation,
and incomplete contaminant mineralization, highlighting the importance of treatment
optimization within integrated risk management strategies (as presented in Table 6).

Table 6. Water treatment technologies and key characteristics.

Target C e Contribution to
Technology Contaminants Advantages Major Limitations Risk Reduction References
High degradation .
Advanced Pharmaceuticals, efficiency Energy demand Efd;f:ect}z)ronlc
oxidation pesticides, organic Suitable for Transformation elssis tent [320-322]
processes (AOPs) micropollutants emerging products P .
contaminants contaminants
- . . Improves
Fenton Organic pollutants, Efflaen't degradation  Sludge generation contaminant
o . . Microbial Reagent [260]
oxidation microorganisms . o . removal and lowers
inactivation consumption .
residual exposure
. . Effective f ional .
Electrochemical Refractory organic ective for Operatlo.na Reduces residual
o persistent complexity . [254-257]
oxidation pollutants . contamination
contaminants Energy demand
. Broad applicability; . Supports pathogen
. Organic pollutants, L Transformation control and
Ozonation Strong oxidation . . [258]
pathogens capacit product formation =~ micropollutant
pacity reduction
Limits
Chemical Nutrients, dissolved  Effective nutrient . eutrophication and
o Sludge generation . [323]
precipitation metals and metal removal contaminant
mobility
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Table 6. Cont.
Target C e . Contribution to
Technology Contaminants Advantages Major Limitations Risk Reduction References
. ional .
. Potential (.)p(.erat.lona Supports reduction
. Organic . .. limitations . .
Photocatalysis . mineralization of in persistent [324]
micropollutants Incomplete .
pollutants . contaminants
degradation
Coagulation— Colloids, Established and Limited removal of Improves bulk
& . suspended cost-effective dissolved contaminant [249,250,325]
flocculation . .
contaminants technology micropollutants removal
Heavy metals, High selectivity Resin regeneration Rec.lu.ces exposure to
Ion exchange . R . toxic inorganic [326,327]
nitrates Effective ion removal  requirements )
contaminants
. o Organic Sus’Famable and Slow treatment Suppor’Fs long-term
Bioremediation . environmentally . contaminant [318,319]
contaminants . kinetics .
friendly reduction
Performance
Bioaugmentation/  Organic pollutants Enhances depends on Improves
loaug . ganicp ’ biodegradation P contaminant [327-330]
Biostimulation nutrients .. environmental . .
efficiency o attenuation capacity
conditions
Metals, nutrients, . Reduces
L . Low-cost and Long remediation -
Phytoremediation  organic . . contaminant [331]
. sustainable periods . -
contaminants bioavailability
Membrane Mlcropolluta'nts, High removal Fouhng. . Minimizes residual
S pathogens, dissolved o Energy-intensive [187,252]
filtration . efficiency . exposure pathways
contaminants operation
. . Qrganlc. and Sustainable and Regeneration Reduce's trace
Biochar adsorption  inorganic . contaminant [332]
. low-cost adsorbent requirements .
contaminants persistence

Integrated treatment strategies combining multiple technologies may provide superior
performance compared to single-process approaches, particularly under multi-contaminant
environmental scenarios.

Future treatment development should prioritize technologies capable of simulta-
neously addressing chemical pollutants, microbiological contamination, microplastics,
transformation products, and antimicrobial resistance determinants while minimizing
energy consumption and operational complexity.

7. Conclusions

This study provides an integrated analysis of major water pollution sources and
contaminant categories, highlighting the increasing complexity of contamination pat-
terns driven by anthropogenic activities. The results demonstrate that water pollution is
no longer a single-contaminant issue but a multi-contaminant and multi-pathway phe-
nomenon involving pesticides, heavy metals, pharmaceutical compounds, microplas-
tics, and microbiological agents, with cumulative implications for the environment and
human health.

The findings confirm that these contaminants are characterized by persistence, mo-
bility, bioaccumulation potential, and diverse mechanisms of toxicity. Exposure occurs
through multiple pathways, including ingestion, dermal contact, and inhalation, and may
result in both acute and chronic health effects.
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Microbiological contamination is primarily associated with acute diseases, whereas
long-term exposure to chemical pollutants contributes to neurological, endocrine, renal,
and oncological disorders.

A key outcome of this work is the recognition that interactions between contaminants
represent a critical but insufficiently understood aspect of water pollution. Emerging
contaminants, particularly microplastics and pharmaceutical compounds, may influence
the transport, bioavailability, and toxicity of other pollutants, leading to cumulative and
potentially synergistic effects. However, these processes remain poorly characterized
because of the lack of standardized methodologies and limited data on mixture toxicity
and long-term exposure.

The analysis also highlights significant knowledge gaps related to transformation
products, chronic low-dose exposure, and the behavior of contaminants under real envi-
ronmental conditions. In addition, current monitoring systems are often fragmented, and
conventional water treatment processes do not ensure the complete removal of emerging
contaminants, thereby limiting their effectiveness in protecting drinking water quality.

The impact of water pollution is not uniformly distributed, and vulnerable populations,
such as children, the elderly, and communities with limited access to safe water, are
disproportionately affected. This underscores the need for risk-based approaches that
integrate environmental exposure with public health considerations.

From a practical perspective, reducing water pollution requires the implementation of
integrated management strategies that combine source control, optimization of treatment
technologies, and continuous monitoring. Attention should be given to the develop-
ment of advanced and cost-effective treatment solutions capable of addressing complex
contaminant mixtures.

Future research should prioritize the development of integrated assessment frame-
works capable of simultaneously addressing multiple contaminant classes, cumulative
exposure scenarios, environmental transport dynamics, and limitations associated with
water treatment technologies. Particular attention should be directed toward improving
the understanding of mixture toxicity resulting from simultaneous exposure to pesticides,
heavy metals, pharmaceutical compounds, microplastics, and pathogenic microorgan-
isms, considering that current knowledge remains predominantly based on assessments of
individual contaminants.

Additional studies are needed to characterize the effects of chronic low-dose exposure,
long-term human health implications, ecosystem-level responses, and the susceptibility of
vulnerable populations under cumulative exposure conditions. Long-term epidemiological
studies and integrated exposure models are particularly needed to improve understanding
of cumulative risks associated with multiple contaminant classes. Future investigations
should also focus on pharmaceutical transformation products, antimicrobial resistance
dissemination, and emerging contaminants that remain insufficiently characterized within
current European monitoring and regulatory frameworks.

Another important research priority involves the development of harmonized moni-
toring and integrated surveillance systems that combine chemical, microbiological, and
ecological indicators to support comprehensive risk characterization across interconnected
environmental compartments. Emerging monitoring technologies, including real-time sen-
sor networks, remote sensing platforms, and advanced analytical tools, may significantly
improve contaminant detection and early-warning capabilities. In addition, advances in
predictive modelling, artificial intelligence, machine learning methods, and probabilistic
risk assessment tools may contribute to improved water quality forecasting, uncertainty
characterization, and decision support for environmental and public health management.
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Finally, future studies should evaluate the long-term efficiency of advanced treatment
technologies under multi-contaminant conditions and support integrated water manage-
ment strategies spanning the entire pathway from source to consumer. Such approaches
should combine source control measures, optimized treatment technologies, standard-
ized monitoring systems, and science-based regulatory frameworks capable of reducing
cumulative environmental and human health risks. Based on these findings, the need
to strengthen public policies is highlighted by updating the legislative framework and
including emerging contaminants, in accordance with the European Commission initia-
tives, as well as by harmonizing standards between states. In parallel, the implementation
of integrated and standardized monitoring systems, supported by advanced analytical
techniques, is essential for the real assessment of contamination and cumulative effects,
in the context of a significant gap between the number of existing substances and those
evaluated toxicologically.

Reducing pollution at the source, by promoting sustainable agriculture and controlling
industrial discharges, must be correlated with the modernization of treatment technologies,
in particular by adopting advanced processes capable of eliminating persistent contam-
inants. At the same time, the application of the “polluter pays” principle, promoted by
the Organization for Economic Co-operation and Development, can financially support
these measures and stimulate pollution reduction. Finally, the substantiation of effective
policies requires the intensification of research on cumulative effects, long-term exposure,
and interactions between contaminants to support evidence-based decisions.
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Abbreviations

The following abbreviations are used in this manuscript:

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
APIs Active Pharmaceutical Ingredients

AOPs Advanced oxidation processes

TLS Total Link Strength

US EPA United States Environmental Protection Agency
WHO World Health Organization

EU European Union

MP Microplastics

IRA Integrated risk assessment

AL Aluminium

As3t Arsenic

Cdz* Cadmium

Cu?* Copper

FeZ* Iron
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Hg?* Mercury

Mn?* Manganese

Ni2* Nickel

Pb%* Lead

Zn** Zinc

ng/L Nanograms per litre

ug/L Micrograms per litre

E. coli Escherichia coli

PPCPs Pharmaceuticals and personal care products
PFAS Per- and polyfluoroalkyl substances
EDCs Endocrine-disrupting chemicals
ARGs Antibiotic resistance genes

PFSAs Perfluoroalkyl sulfonates

PFOS Perfluorooctane sulfonic acid

PFBS Perfluorobutane sulfonic acid
PFHxS Perfluorohexane sulfonic acid
PFCAs Perfluoroalkyl carboxylic acids
PFOA Perfluorooctanoic acid

PFHxA Perfluorohexanoic acid

PENA Perfluorononanoic acid

PFAAs Perfluoroalkyl acids PFAAs

PAEs Phthalate esters

BPA Bisphenol A

DEHP Di(2-ethylhexyl) phthalate

DNOP Di-n-octyl phthalate

DBP Dibutyl phthalate

LC-MS/MS  Liquid chromatography coupled with tandem mass spectrometry
HRMS High-resolution mass spectrometry
GC-MS Gas chromatography-mass spectrometry
HQ Hazard Quotient Cancer Risk (CR).
HI Hazard Index

CR Cancer Risk
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