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Abstract

This study provides a comprehensive overview of emerging contaminants in water
resources. It includes a global perspective with specific insights from Portugal. Following
PRISMA 2020 guidelines, peer-reviewed studies published between 2020 and 2025 were
critically assessed to identify patterns of contamination, monitoring gaps and
technological readiness levels. Results indicate frequently detected emerging
contaminants including pesticides, antibiotics and antidepressants in surface water,
groundwater and wastewater systems. Advanced analytical methods, particularly liquid
chromatography coupled with high-resolution mass spectrometry, stands out as the main
detection technique, allowing the identification of trace levels of contaminants. These
techniques also support the identification of pollution patterns associated with
agriculture, urban and industrial effluents. However, significant asymmetries persist
between international and Portuguese research. Particularly evident in systematic
monitoring networks and integrated risk assessment approaches. Conventional
water/wastewater treatment plants show limited removal efficiency, while advanced
oxidation processes, adsorption technologies and microalgae-based systems demonstrate
promising but variable performance depending on scale and operational maturity. The
findings highlight gaps between scientific advances and regulatory implementation,

emphasizing the need for strengthened monitoring frameworks and technology scale-up
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strategies. They also call for improved integration between science, governance, and
sustainability policies to ensure resilient water resource management in line with the
Sustainable Development Goals.

Keywords: water resources; antibiotics; nitrates; pesticides; PFAS; heavy metals; water
treatment technology

1. Introduction

Emerging contaminants (ECs) are increasingly recognized as a major environmental
and public health concern. Their persistence, continuous release into aquatic systems, and
potential impacts on ecosystems and human health make them particularly relevant [1].

For the purpose of this study, ECs are operationally defined as synthetic or naturally
occurring chemical substances that are not yet fully regulated or routinely monitored, but
that have the potential to enter aquatic environments and cause adverse ecological or
human health effects, even at trace concentrations. This definition includes
pharmaceuticals, personal care products, per- and polyfluoroalkyl substances (PFAS),
microplastics, and other persistent or bioactive compounds. Additionally, certain
conventional pollutants, such as nitrates, phosphorus, and heavy metals, were considered
within the analytical framework when they exhibit emerging behavior in specific
environmental contexts, particularly in terms of increased occurrence, evolving risk
perception, or insufficient regulatory control [2]. This operational approach allows for a
comparative analysis between traditionally regulated contaminants and newly
recognized substances, reflecting the dynamic and context-dependent nature of the ECs
concept in contemporary environmental research.

Intensive agriculture, a recognized driver of soil and water contamination,
contributes to the occurrence of pesticides in water resources. Nitrates and phosphorus,
although classic contaminants, are often addressed as ECs, depending on where they
occur and as accumulate addressing environmental pressures and evolving research
priorities [3]. In this context, conventional pollutants such as nitrates, phosphorus, and
heavy metals are included when they exhibit characteristics associated with emerging
environmental risks, including increased occurrence, complex interactions with other
contaminants, or insufficient regulatory control under current environmental conditions.

Throughout this review, the term “emerging contaminants” is used for substances
not yet fully regulated or routinely monitored, whereas conventional pollutants such as
nitrates, phosphorus, and heavy metals are only discussed within an emerging risk
context when justified by occurrence patterns, exposure concerns, or regulatory gaps.

The historical limitation has been mainly analytical: many ECs occur in complex
matrices and at extremely low concentrations, requiring advanced chromatography, mass
spectrometry, and new sensors for broader and more agile surveillance [1].

Another emerging concern is the interaction between pollutants, such as
microplastics, PEAS, and organic contaminants, which can alter bioavailability, transport,
and toxicity, complicating risk assessments based on isolated substances.

On the regulatory and policy side, there is a growing movement to classify and limit
priority substances, support monitoring, and fund improvements in water treatment.
However, global implementation is uneven and often lagging behind the rapid pace of
environmental dispersion [4]. Promising mitigations strategies include pre-screening of
sources, advanced treatment technologies (activated carbon adsorption, advanced
oxidation, membranes), circular waste management, and source reduction policies for
high-risk products [1].
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New scientific approaches, such as exposomic epidemiology, defined as the study of
environmental exposures and their relationship with health outcomes, are increasingly
used to better understand cumulative risks associated with ECs [5]. From a public health
perspective, incomplete scientific evidence should not be a barrier to taking preventive
action; precautionary principles guide efforts to reduce emissions, improve labelling, and
increase transparency on industrial chemical formulations [6].

1.1. Legislative and Regulatory Overview of ECs

The regulation of ECs in Europe has evolved gradually. Key instruments include:
Directive (EU) 2020/2184 on the quality of water intended for human consumption, which
extends monitoring requirements to a broader set of contaminants, including endocrine
disruptors and microplastics, and emphasizes risk-based management programs [7];
Commission Implementing Decision (EU) 2022/679, which establishes watch lists for
substances of emerging concern, such as pharmaceuticals, new pesticides, and PFAS,
enabling early detection and mitigation [8]; Regulation (EU) 2020/741, which sets
minimum standards for the reuse of treated wastewater, promoting safe application in
agriculture while encouraging risk-based approaches and advanced treatment [9]. The
United States Environmental Protection Agency (EPA) Contaminant Candidate List
(CCL) follows a similar logic. The US list is based on five-year cycles of review and
prioritization of contaminants, based on scientific evidence, including PFAS, cyanotoxins
and disinfection by-products. However, institutional and technical differences result in
different rates of conversion of watch lists into binding legal limits [10].

These regulatory developments have direct implications for wastewater treatment
and reuse. Many ECs are not effectively removed by conventional treatment processes,
requiring advanced technologies such as ozonation, advanced oxidation, and membrane
filtration, as well as continuous monitoring. From a public health perspective, water reuse
raises important concerns regarding exposure to ECs [9,10].

1.2. Portuguese Scenario

In recent years, Portugal has faced several challenges in water quality, particularly
regarding the presence of ECs [11]. According to Sampaio [12], the absence of specific
regulations does not reduce their importance, as several studies demonstrate their
potential to cause adverse impacts on both human health and aquatic ecosystems.

ECs include pharmaceuticals, personal care products (such as preservatives or filters
present in sunscreens), pesticides of different formulations, per- and polyfluoroalkyl
substances (PFAS), paraben compounds, microplastics, nanomaterials, as well as
metabolites and by-products resulting from industrial chemicals [13,14]. There are also
ECs characterized by high persistence, environmental mobility and toxicity, which
implies considerable risks even at very low levels of occurrence [12].

National and international scientific literature has provided consistent evidence of
the occurrence of these pollutants in Portuguese surface waters. A recent study identified
the presence of PFAS in several rivers in the country, with significant seasonal variation,
revealing their recurrent detection in river basins such as Ave, Lega, Antua and Cértima
[15]. These findings reinforce that ECs not only accumulate in ecosystems but are also
resistant to natural degradation processes.

Studies involving Portugal, Spain and France have conducted a comparative analysis
of a wide range of ECs in wastewater treatment plants, rivers and coastal areas. The results
show limitations in conventional treatment systems, with 30 to 70% of the substances
investigated remaining after the treatment process. This highlights a technological gap
with direct implications for water quality management [16,17].
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1.3. Legislative and Regulatory Framework of ECs in Portugal

The legislative and regulatory framework for ECs in Portugal is part of an increas-
ingly demanding and comprehensive European context. The Water Framework Directive
(WFD, 2000/60/EC) [18] and the European list of priority substances laid the foundations
for the identification and control of pollutants. The Directive 91/271/EEC [19] on urban
wastewater treatment and subsequent regulations have guided the modernization of san-
itation and treatment infrastructure. More recently, the European Union has consolidated
standards on the reuse of treated wastewater through Regulation (EU) 2020/741 [20] and
developed the Strategy on Pharmaceuticals in the Environment [COM (2019)128], reflect-
ing growing concern about substances such as pharmaceuticals, PFAS, microplastics and
disinfection by-products, now recognized as regulatory priorities [21,22].

Portuguese legislation has gradually transposed these EU requirements. Key instru-
ments include Decree-Law No. 152/97 [23] (wastewater treatment), Decree-Law No.
119/2019 [24] (reuse and effluent management), and technical guidance issued by the Por-
tuguese Environment Agency (APA) [25]. These measures aim to align national practices
with EU standards, encompassing treatment, monitoring, and risk management. Despite
this formal alignment, implementation remains partial. Limitations include insufficient
individualized monitoring of specific compounds, gaps in analytical capacity at WWTPs,
and the absence of regulatory limits for emerging pharmaceuticals and PFAS mixtures.

The presence of ECs in effluents raises several concerns, including ecotoxic effects on
aquatic organisms, potential bioaccumulation, formation of toxic by-products, and human
health risks in the context of water reuse are key concerns [12,16]. Ensuring safe reuse
requires treatment, targeted monitoring, and risk assessment that incorporates chronic
exposure and mixture effects. Regulation (EU) 2020/741 [20] establishes minimum criteria
for agricultural reuse but allows Member States to adopt more stringent standards based
on local environmental and public health realities.

From a historical perspective, a trajectory can be traced from the classic regulation of
effluents and sanitation in the 1990s and 2000s, to the intensification of environmental
policies and the inclusion of ECs on European agendas (2010-2020), and the consolidation
of a regulatory framework on water reuse from 2020 onwards.

Thus, conducting in-depth studies on ECs in Portugal is justified not only by their
scientific relevance but also by their strategic relevance in the context of environmental
sustainability, industrial development, and social well-being. Understanding the pres-
ence, behavior, and impacts of these pollutants is essential for designing effective public
policies, promoting more responsible industrial practices, and driving more innovative
treatment technologies.

Despite the growing body of literature on ECs, significant gaps remain in the inte-
gration of monitoring data, technological readiness, and regulatory implementation
within a sustainability framework. Limited attention has been given to how national con-
texts align with international trends in detection capacity, treatment innovation, and gov-
ernance effectiveness.

Therefore, this study addresses three interconnected questions:

(i) What are the dominant trends in occurrence and detection of ECs in recent interna-
tional and Portuguese literature?

(ii) How effective and technologically mature are current treatment solutions, consider-
ing their Technology Readiness Levels?

(iii) What governance and monitoring gaps hinder the transition towards sustainable
wastewater management?

To answer these questions, a systematic review (2020-2025) was conducted to com-
paratively analyze occurrence patterns, analytical methods, treatment technologies and
governance instruments at both international and national levels.

https://doi.org/10.3390/su18105086
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2. Materials and Methods

2.1. Literature Review

The literature review and comparative analysis presented were developed according
to the PRISMA 2020 guidelines [26]. The PRISMA 2020 checklist is provided as Supple-
mentary Material (Table S1), together with the list of screened articles, included and ex-
cluded, with corresponding DOI information (Table S2). However, it is positioned as a
structured comparative review rather than a fully systematic meta-analysis, due to the
qualitative and integrative nature of the analysis. This framework allowed for the con-
sistent structuring of the stages of identification, selection, evaluation, and synthesis of the
literature, reducing bias and ensuring the traceability of decisions made throughout the
process. Therefore, this review should be interpreted as a structured comparative analysis
rather than a fully systematic and exhaustive review, emphasizing methodological con-
sistency and contextual depth over dataset size.

The literature search was performed in October 2025 across three major scientific da-
tabases: Scopus, ScienceDirect and MDPI. These databases were selected due to their
broad coverage of peer-reviewed literature in environmental sciences, water research and
emerging contaminants, as well as their complementary indexing scope. Scopus was used
as the primary multidisciplinary database, ensuring wide coverage of high-impact jour-
nals. ScienceDirect provided access to full-text articles from Elsevier journals, particularly
relevant for applied environmental and engineering studies. MDPI was included to en-
sure representation of recent open-access publications, which are prominent in the field
of emerging contaminants. Although Web of Science was not included, the combined use
of Scopus, ScienceDirect and MDPI ensures substantial overlap with core indexed journals
in environmental sciences. This strategy prioritizes access to full-text, recent, and meth-
odologically detailed studies, while minimizing the risk of systematic exclusion of high-
impact publications. This limitation is acknowledged and discussed in Section 2.4.

The search strategy was based on a Boolean combination of keywords related to
emerging contaminants and water resources: (“emerging contaminants” OR “micropol-
lutants”) AND (“water resources” OR “surface water” OR “groundwater”) AND (“Eu-
rope” OR “America” OR “Portugal”). Additional database specific filters were applied
where available to limit the results to published between 2020 and 2025, only peer-re-
viewed research, review articles with open-access. The language was limited to English,
and an additional filter regarding publication title on ScienceDirect was used to limit to
“emerging contaminants”, available on the database.

The central purpose of this study was to critically analyze current knowledge on ECs
in water resources, with special attention to the Portuguese context in comparison with
international studies. The review focused on ECs such as pharmaceuticals, personal care
products, microplastics, pesticides and persistent industrial substances, recognized for
their potential ecotoxicological and human health risks.

The research was organized into two phases: (i) an international review covering
studies from Europe and the United States, including legislation, analytical methods, and
treatment technologies; and (ii) a national review focused on Portuguese studies address-
ing occurrence and treatment in different water matrices.

A total of 408 articles were identified: 204 from MDP]I, 77 from Scopus, and 127 from
ScienceDirect. All retrieved records were exported to Zotero for reference management
and further screening. The screening and selection process was conducted by three inde-
pendent reviewers, with any disagreement resolved through discussion.

From the initial dataset, 28 articles were removed by incomplete bibliographic infor-
mation. The screening phase excluded 240 records because they were not explicitly fo-
cused on the occurrence or treatment of ECs. Subsequently, title screening was conducted
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to refine the dataset by targeting the mention of ECs, or specifically antibiotics/pharma-
ceuticals, PFAS and pesticides, resulting in the exclusion of 70 articles. This was followed
by abstract screening aimed at identifying studies addressing monitoring, occurrence or
treatment processes, which led to the exclusion of 32 additional articles. A full-text assess-
ment was then conducted, resulting in the inclusion of 24 eligible studies: 12 articles for
the international review and 12 articles for the national review. The study selection pro-
cess is summarized in a PRISMA flow diagram (Figure 1).

| Identification of studies via databases and registers

Records identified from*:
Databases (n=3)
Registers (n=2)

Records removed before
screening.
Records removed for other

reasons (n = 28)

[ Identification

A4

S
Records screened | Records excluded*™
(n=380) (n =240)
Reports sought for retrieval Reports not retrieved
—

g (n=120) (n=0)

; ,,
Reports assessed for eligibility
(n =120) —¥| Reports excluded:

Title Screening (n = 70)
Abstract Screening (n = 32)
Full-text Screening (n = 4)

Studies included in review
(n=24)

Included

*Scopus (n= 77), ScienceDirect (n= 127), MDPI (n= 204).
**Articles excluded by the authors in Zotero.

Figure 1. PRISMA 2020 flowchart built from a database of articles found. Adapted from PRISMA
2020 diagram [26], under the license CC BY 4.0.: Authors, 2025.

The terms used allowed for the identification of recent studies on the occurrence,
concentration, environmental dynamics and management of ECs in European, American,
and Portuguese contexts. Although the initial search retrieved 408 records, the final inclu-
sion of 24 studies reflects the application of strict eligibility criteria, prioritizing recent
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(2020-2025), peer-reviewed studies with quantitative data and direct relevance to ECs in
aquatic environments. Rather than aiming for exhaustive coverage, this review adopted a
focused comparative approach, emphasizing methodological consistency, data quality,
and contextual relevance, particularly in relation to the Portuguese case study. This strat-
egy enables a more robust and coherent cross-analysis between international and national
studies, despite the reduced sample size.

To ensure consistency and relevance, strict inclusion and exclusion criteria were ap-
plied. Inclusion criteria comprised peer-reviewed articles published between 2020 and
2025 that presented empirical data or systematic analyses related to ECs in water matrices.
Exclusion criteria included studies not focused on aquatic environments, purely theoreti-
cal or opinion-based works without empirical support, and studies lacking sufficient
methodological detail.

2.2. Gap Analysis

A gap analysis was conducted through a structured qualitative synthesis of the se-
lected literature.

The synthesis followed a comparative and integrative framework organized into four
analytical axes: (1) occurrence and environmental behavior of ECs; (2) ecological and hu-
man health risks associated with chronic exposure; (3) development, optimization, and
validation of analytical and treatment technologies for trace-level detection and removal;
and (4) regulatory frameworks and their implications for sustainable water management
[24,27]. For each study, the following variables were extracted: target contaminants, envi-
ronmental matrix, concentration range, analytical or treatment technology, operational
scale (laboratory, pilot, or full-scale), and reported performance indicators. International
studies and national Portuguese studies were analyzed in relation to contaminants prior-
itized under national and European legislation, including nitrates, pesticides, and antibi-
otics, with emphasis on analytical techniques, environmental matrices (surface water,
groundwater, wastewater), and compliance with legal thresholds.

Representative case studies were further examined to compare experimentally tested
concentrations with environmentally reported levels, highlighting potential discrepancies
between laboratory research conditions and real-world scenarios.

Treatment and detection technologies were classified according to operational scale
and assigned an estimated Technology Readiness Level (TRL) based on the European
Commission TRL framework. The classification considered three main criteria: (i) opera-
tional scale (laboratory, pilot or full-scale implementation), (ii) validation environment
(synthetic solutions versus real aquatic matrices), and (iii) degree of technological integra-
tion under realistic conditions. Laboratory-scale studies conducted under controlled con-
ditions were classified within TRL 34, pilot-scale systems validated under semi-real con-
ditions were assigned TRL 5-6, and full-scale operational technologies were classified
within TRL 7-9.

2.3. Assessment of the Alignment Between Technology and Policy

To evaluate the alignment between scientific research and regulatory priorities, a
semi-quantitative content analysis was performed. Each selected study constituted a unit
of analysis and was systematically coded according to predefined criteria: Environmental
matrix (wastewater, surface water and groundwater), target ECs (PFAS, antibiotics/phar-
maceuticals, pesticides) and contaminants of emerging concern (nitrates, phosphorus and
heavy metals), study typology (review, occurrence, or treatment), and inclusion of risk
assessment components.

A scoring system was applied in which each parameter received a value of 0 (ab-
sence), 0.5 (moderate mention or indirect relevance), or 1 (explicit focus and central
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objective of the study). Moderate mention (0.5) was assigned when the parameter was
discussed but did not constitute the primary research objective. The coding process was
conducted through structured reading of the full texts, and discrepancies in classification
were resolved through iterative review to ensure consistency.

To reduce subjectivity, the evaluation was conducted independently by two review-
ers, with discrepancies resolved through discussion and consensus. This scoring system
was used as an exploratory comparative tool to support the identification of patterns ra-
ther than as a definitive quantitative metric.

The scoring framework encompassed four major parameter groups:

(i) Environmental matrix: wastewater, surface water, groundwater;

(ii) Target ECs: PFAS, antibiotics/pharmaceuticals, pesticides and conventional contam-
inants considered in an emerging risk context: nitrates, phosphorus, and metals;

(iii) Study typology: review, occurrence monitoring, or evaluation of treatment technol-
ogies;

(iv) Inclusion of risk assessment components.

Heatmaps were generated using R software (version 4.5.1) [28] with graphical visu-
alization packages (heatmap), representing the assigned scores on a color gradient rang-
ing from light blue (low alignment) to dark blue (high alignment). All categories were
weighed equally to allow comparative visualization without introducing preferential bias.

This exploratory visualization enabled identification of thematic concentration areas,
research gaps, and potential misalignment between technological innovation and regula-
tory emphasis in both Portuguese and international contexts.

It should be noted that this scoring system is inherently interpretative and is intended
as an exploratory visualization tool to identify patterns and gaps, rather than to provide
statistically robust or fully reproducible quantitative results.

2.4. Limitations of This Study

This study presents several limitations that should be considered when interpreting
the results. The temporal scope (2020-2025) and the databases selected may exclude rele-
vant studies that could provide additional context.

The relatively small dataset (n = 24), and the heterogeneity of the included studies,
particularly in terms of environmental matrices, contaminant types, and differences be-
tween laboratory and environmental concentration ranges, limits direct comparability
across results. Additionally, the literature includes studies with different methodological
approaches (monitoring, detection, treatment, and review articles) which introduces an
additional layer of heterogeneity that limits direct comparability. Therefore, the results
should be interpreted as integrative and indicative trends rather than strictly comparable
quantitative outcomes.

A formal assessment of study quality or risk of bias was not conducted, as the objec-
tive of this review was to provide a structured comparative analysis rather than a fully
systematic quantitative evaluation. Nevertheless, potential selection bias may have been
introduced through the choice of databases, search terms, and the focus on specific groups
of ECs. Furthermore, the screening process (title, abstract, and full-text review) inherently
involves a degree of subjectivity, which may have influenced study inclusion decisions.

The use of semi-quantitative and interpretative approaches, such as heatmap scoring
and Technology Readiness Level (TRL) classification, involves an element of expert judg-
ment. Although these methods provide a structured framework for identifying trends and
research gaps, they should be interpreted as exploratory rather than definitive.

In addition, given the conceptual breadth of the topic, particular care was taken to
maintain terminological consistency across sections, especially when distinguishing
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between classical pollutants and contaminants discussed under an emerging risk perspec-
tive.

3. Results and Discussion

To systematically evaluate ECs, this section is organized according to study type and
analytical focus. First, contaminant occurrence and detection trends in international and
national literature are presented (Section 3.1), followed by treatment technologies and
their technological readiness level (Section 3.2), and finally governance, monitoring and
implementation gaps (Section 3.3).

The analysis of international and national literature on ECs allowed us to identify
convergent trends, significant methodological advances, and persistent challenges in the
field of environmental governance. The evidence gathered reveals not only the expansion
of scientific knowledge but also increasing complexity of the problem, marked by the
ubiquity of contaminants, the diversity of affected environmental matrices, and the so-
phistication of the analytical techniques employed.

Initially, the consolidation of scientific knowledge and the expansion of the spectrum
of identified contaminants are examined. Next, the technological capacity demonstrated
in the analyzed studies is evaluated, with special attention to the limitations associated
with its systematic implementation. Subsequently, a critical analysis of the structural mis-
alignment between scientific innovation and the regulatory framework is carried out. Fi-
nally, implications for the development of more adaptive and integrated governance
models are discussed.

The analysis of the twelve selected international articles, published between 2020 and
2025, highlights the comprehensive approach to ECs in different environmental matrices,
including drinking water, effluents, and global monitoring systems. The studies range
from reviews of risk profiles and regulatory policies to applied research involving ad-
vanced sensors and electrochemical degradation technologies. This methodological diver-
sity allows for the assessment of both health and environmental impacts and the effective-
ness of technological strategies for pollutant mitigation.

3.1. Occurrence and Detection Trends: International vs. Portuguese Context

Following this integrated review, Figure 2 synthesizes the comparative distribution
of contaminants, sample types and risk assessment approaches across international and
Portuguese studies.

The comparative heatmap highlights differences and convergences between interna-
tional and national studies in terms of sample type, contaminant focus, study design, and
the incorporation of risk assessment. Overall, surface water appears to be the most fre-
quently investigated matrix across both groups, suggesting its prominent role within the
analyzed studies. Wastewater and groundwater are also commonly addressed, reflecting
interest in point sources and treatment system performance. A few studies cover multiple
water types, suggesting a broader environmental surveillance approach.

https://doi.org/10.3390/su18105086
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Figure 2. Comparative heatmap between selected international and national studies [1,29-51],
showing the distribution of evaluated parameters. Scores were assigned as follows: 0 (absence of
the parameter), 0.5 (parameter mentioned but not a primary focus of the study), and 1 (parameter

explicitly addressed as a central objective). Source: Authors, 2025.

With respect to contaminant type, a thematic distinction is suggested. International
studies show a strong emphasis on ECs, such as PFAS, antibiotics/pharmaceuticals and
pesticides, with studies addressing several ECs. These compounds are commonly linked
to global regulatory debates and concerns regarding persistence, bioaccumulation, and
long-term ecological and human health risks within the analyzed literature. Although
conventional contaminants in an emerging risk context such as nutrients (nitrates and
phosphorus) and metals are still addressed in international research, they are compara-
tively less dominant. ECs appear in national research, mainly antibiotics/pharmaceuticals,
with pesticides also moderately represented, but with lower consistency than in the inter-
national literature, with limited representation of PFAS. This asymmetry may suggest dif-
ferences in research priorities with international research more aligned with emerging
global contaminant issues and national research more centered on established water qual-
ity parameters.

In terms of study type, occurrence-based investigations dominate across national
publications. Occurrence and treatment studies are more visible nationally, suggesting
relatively stronger engagement with mitigation strategies and technological development.
Review articles are more prevalent internationally, reflecting a broader effort to synthesize
existing knowledge and guide future research directions, and it is also evident a relative
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scarcity of review articles nationally, suggesting the need to consolidate existing
knowledge.

Risk assessment is the least represented component overall. International studies
more frequently consider risk assessment, while a few national studies have taken risk
assessment as a parameter explicitly addressed as a central objective of the work. This
integration suggests an effort to link environmental occurrence data with potential eco-
logical and human health implications, thereby increasing policy relevance. The limited
integration of risk assessment may indicate a gap between monitoring activities and deci-
sion-support frameworks, potentially constraining the translation of scientific findings
into regulatory or management actions.

Taken together, the heatmap suggests that international research appears to be char-
acterized by broader thematic scope, greater methodological diversity, and stronger inte-
gration of risk-based perspectives. National research, while robust in occurrence and
treatment of ECs, appears more concentrated and less diversified in terms of contaminant
range. These asymmetries suggest opportunities for strengthening national research
frameworks through expanded attention to ECs, increased incorporation of risk assess-
ment methodologies, and greater engagement with treatment and mitigation strategies.
Conversely, international research may benefit from increased attention to groundwater
systems and more localized, context-specific applications to enhance practical implemen-
tation.

Beyond the patterns observed in the heatmap, broader literature and policy analyses
suggest that, despite technical and scientific advances, the extent and continuity of moni-
toring actions in Portugal remain limited. Unlike in Central European or North American
countries, where there are systematic and widely institutionalized networks for the sur-
veillance of ECs, the Portuguese reality is largely based on finite academic projects and
isolated regional initiatives. This dependence compromises both the spatial representa-
tiveness and temporal consistency of the data collected, hindering an integrated assess-
ment of the status of water bodies and limiting the capacity for regulatory response. Alt-
hough national legislation is formally aligned with the Water Framework Directive
(2000/60/EC) [18], significant gaps remain. Decree-Law No. 69/2023 [25], for example,
while adopting a risk management approach for water intended for human consumption,
does not incorporate most of the ECs among the mandatory monitoring parameters. Sim-
ilarly, Decree-Laws No. 152/97 and 119/2019 [23,24], which regulate the treatment and re-
use of wastewater, still do not include specific indicators for pharmaceutical compounds
and polar pesticides.

To further detail these patterns, Tables 1 and 2 summarize the methodological ap-
proaches and contaminant profiles of the selected studies. This synthesis allows us to iden-
tify global trends, monitoring gaps, and technological advances, establishing a solid basis
for an integrated discussion of the impacts of emerging and classic contaminants in dif-
ferent contexts.

Table 1. International articles on emerging contaminants (references [1,29-39]), including study

type, analytical or treatment methods, sample type, target contaminants, and key findings.

Analytical Sample
2 Ref T E Resul
N eference  Study Type Methods Type Cs esults
1 Levinetal. Literature Re- Monitoring Pro- Drinkine water Arsenic, Nitrate, Risk profiles and health effects in the
[29] view grams & PFAS USA
Zhang et al. Literature Re- Surface water ~ PhACs, pesticides, . . .
AOP E technol d
2 [30] view s and wastewaters ECDs MErging technologies reviewe

Saetchnikov ~ Original Re-

etal. [31] search

Al lu-
Optical sensor queous sott PFAS Multiplexed detection of PEAS

tions
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Madjar et al.

Y 3

5 Das et al. [33]

6 Lietal,[1]

Subirats et al.

7

[34]
8 Nishmitha et
al. [35]
9 Simonetti et
al. [36]
Harish et al.
10 (37]
Boahen et al.
11 [38]
12 Rodrigues et

al. [39]

Original Re-
search

Literature Re-

Literature Re-

view

Original Re-
search

Literature Re-

view

Literature Re-

view

Literature Re-

view

Literature Re-

view

Original Re-
search

Review of nutrient pollution and mitiga-
tion strategies

Surface and

LC-MS/MS Nitrate, Phosphorous

wastewater
PhACs, EDCs, PFAS,

. . Identification of environmental impacts
microplastics, heavy

and main sources

Surface and

Not discussed
wastewater L.
metals, pesticides

CG, HR-MS, Ca-
pillary electro-

Identification of sources, environmental
and health impacts, analytical chal-

Surf ter, L .
rrtace warer lenges, and regulatory limitations. High-

PhACs, PPCPs,
groundwater

EDCs, nanomaterials lights the need for sensitive technolo-

phoresis and nu-

clear magnetic
and wastewater

resonance spec- gies, long-term monitoring, and innova-

troscopy tion in treatment methods.
Nitrates. pesticides Microalgae-biofilter system removed 15—
UPLC-MS/MS  Groundwater o .p ’ 98% of nitrates; low accumulation in bio-
antibiotics, ARGs .
mass (<20 ng/g) allowing reuse
microscopy,
FTIR, UHPLC- PhACs, PFAS, MPs, Conventional technologies fail; need for
Surface and . . .
PDA, LC- wastewater heavy metals, pesti- advanced techniques; data gaps high-
MS/MS, GC- cides lighted
MS/MS
Optical and elec- Surface water, . .
t 1 1 method
trochemical sen- groundwater PFAS and other ECs Comparison between classical methods

and advanced technologies
and wastewater

sors, HR-MS
Membrane filtra-
tion, adsorption,
electrochemical,
advanced oxida-

tion processes,

Surface water,

PFAS, pesticides,
groundwater

medicines

Analysis of global legal sources and

measures
and wastewater

GC, HPLC, LC- Surface water, Evidence of global occurrence, even in
MS/MS, PCR,  groundwater PFAS, PPCPs, MPs remote regions; significant regulatory
ELISA and wastewater gaps
91% of locations with 21 drug; influence
LC-MS/MS Surface water 16 PhACs of urban factors; One Health implica-

tions

Abbreviations: AOPs (advanced oxidation processes), ARGs (antibiotic resistance genes), DW
(drinking water), EDCs (endocrine-disrupting compounds), ELISA (enzyme-linked immunosorbent
assay), FTIR (Fourier-transform infrared spectroscopy), GC-MS (gas chromatography-mass spec-
trometry), HMs (heavy metals), HRMS (high-resolution mass spectrometry), LC-MS/MS (liquid
chromatography-tandem mass spectrometry), MPs (microplastics), PCR (polymerase chain reac-
tion), PFAS (per- and polyfluoroalkyl substances), PhACs (pharmaceuticals), PPCPs (personal care
products), SEM (scanning electron microscopy), UPLC-MS/MS (ultra-performance liquid chroma-
tography—tandem mass spectrometry), and XRD (X-ray diffraction).

Recent international literature has focused on reviewing existing knowledge on ECs,
with review articles assessing different techniques, multiple water matrices and ECs, how-
ever there is a growing congruence towards LC-MS/MS as monitoring tool for determina-
tion of ECs. The literature demonstrates a strong concentration on ECs, particularly PFAS,
pharmaceuticals, while conventional contaminants such as nitrates and heavy metals are
associated with agricultural runoff. Studies conducted in the United States and Europe
highlight the widespread occurrence of arsenic, nitrates, PFAS, and pharmaceutical resi-
dues in drinking water and surface waters, emphasizing both ecological and public health
implications [29,38,39]. Urban monitoring campaigns reveal extensive pharmaceutical
contamination, with compounds detected in up to 91% of sampling points and mixtures
present in 79%, indicating complex exposure scenarios in densely populated regions [39].
At the same time, nutrient pollution remains a structural problem in Europe, where

https://doi.org/10.3390/su18105086



Sustainability 2026, 18, 5086

13 of 25

approximately 40% of water bodies fail to achieve “good ecological status” reflecting the
persistent impact of nitrogen and phosphorus inputs despite decades of regulation [32].

A notable characteristic of international literature is the increasing integration of en-
vironmental monitoring with human exposure pathways and toxicological assessment.
Several studies connect contaminant occurrence to vulnerable populations, chronic inges-
tion risks, endocrine disruption, antimicrobial resistance, and food-chain bioaccumulation
[29,35,38]. This integration reflects a shift toward a One Health perspective, in which en-
vironmental contamination, ecosystem integrity, and public health are treated as inter-
connected dimensions of the same risk framework. In parallel, global assessments empha-
size the need for holistic mitigation strategies that combine technological innovation with
exposure reduction and regulatory reform [33,35].

Another prominent trend is the growing incorporation of risk modelling and predic-
tive tools. Environmental modelling, ecological risk assessment, and human health risk
frameworks are increasingly embedded within contaminant studies, strengthening the
policy relevance of scientific findings [29,32]. Advanced detection and monitoring tech-
nologies, including multiplexed optical sensors, portable optical systems, and automated
miniaturized platforms are being developed to support real-time surveillance and decen-
tralized monitoring programs [30,35]. Simultaneously, technological mitigation research
is expanding toward selective and high-efficiency removal systems, such as molecularly
imprinted materials combined with advanced oxidation processes, although challenges
related to scalability, stability, and environmental safety remain [30].

At the regulatory level, analyses of international legal frameworks reveal significant
gaps in harmonization and enforcement, particularly regarding ECs underscoring the
need for globally coordinated governance mechanisms [37].

Overall, the international research landscape appears to be advancing towards mul-
tidisciplinary integration, combining contaminant detection, exposure pathways, risk
modelling, technological mitigation, and regulatory analysis. The Portuguese context, alt-
hough scientifically robust and expanding, still shows room for deeper integration be-
tween environmental monitoring, health risk modelling, and governance frameworks.

Table 2 below presents a comparative summary of the main methods used, the con-
taminants analyzed and the most relevant results, allowing for the identification of
knowledge gaps and guiding future research on water resource contamination in Portu-

gal.

Table 2. National articles on emerging contaminants (references [40-51]), including study type, an-

alytical or treatment methods, sample type, target contaminants, and key findings.

Analytical
N° Reference Article Type l\fll:tl):ol:l: Sample Type ECs Results
ECs alter the microbiome, increase
Activated Car- Surf t d wa- tol to antimi ials and
Gomes et al. Literature Re- lva. e Cfir Surface water, groun 'wa PhACs, personal care 9 efance o antimicrobials an
. bon, Filtration, ter, wastewater and drink- biofilms; effects depend on the
[40] view . products, . .
AOQOPs ing water type of contaminant and environ-
mental context
Fernandes Original Re- Surface water and ground Antibiotics, antide- Identlﬁcauon.of Pharmaceutlc.al
LC-MS/MS compounds in rivers and sedi-
et al. [41] search water pressants . .
ments; ecological risk assessment
Electrochemis-
Magro et al. Original Re-  try/electro- Wastewater Triclosan and by- High degradation efficiencies with
[42] search chemical reac- products different anodes (Ti/MMO best)
tor
4 Barbieri et Original Re- LC-MS/MS Surface water and ground- Polar pesticides Development of an au.to.mated
al. [43] search water method for determining
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pesticides; application in agricul-
tural areas

Viana et al. Original Re- LC-MS/MS Surface water and ground- Antibiotics Antibioti'c detection; ecological
[44] search water risk assessment
pH strongly influences adsorption;
Cruz-Lopes Original Re- . . . . Pb? with greater removal; Ni%*
B t A lut Cr¢, Ni%, Pb?
et al. [45] search rosorption queous sotutions r ! better at pH ~5; chestnut and wal-
nut shells are better adsorbents
>3500 priorit -
. pr19r1 4 c9m 343 substances identified; 153
Montes et  Original Re- Surface water and pounds, including .
LC-HRMS . 2> PMTs; 23 vMvDPs; reinforces need
al. [46] search wastewater PhACs and industrial Lo L
. for monitoring and prioritization
chemicals
All biosorbents remove Ni%*; effi-
Cruz-Lopes Original Re BET adsorp- ciency depends on pH and mate
z- . -
P & tion; BJH; FTIR; Aqueous solution Niz . y aep L. P .
et al. [47] search rial; promising and sustainable
SEM; XRD .
natural materials
Gorito etal. Original Re- LC-MS/MS Surface waters 34 ECs (herbicides, isr(;irt(;:irozsle)fmoe?r?::dlzzfriist;i
48] search PFAS, PhACs) T presence;
gation
Afonso et Original Re Removal of 40 to 83%; almost total
10 & LC-MS/MS Wastewater 19 PhACs + Diuron  elimination for Fluoxetine, Ven-
al. [49] search . .
lafaxine, Atenolol and Diuron
Adsorption; High effici ; dominant chemi-
Macena et Original Re- sorption; . 187 erclency; comnant crem!
11 al. [50] search SEM; BET; Aqueous solutions Pb? sorption; sustainable potential as
' PXRD bioadsorbents
Cruz-Lopes Original Re- Ad59rption; . . Bi(?char with high adsorption; TiOz
12 UV-Vis photo- Aqueous solutions Ceftriaxone with moderate removal; combina-
et al. [51] search . . . -
catalysis tion with synergistic effect

Abbreviations: AOPs (advanced oxidation processes), BET (Brunauer—-Emmett-Teller), BJH (Bar-
rett-Joyner-Halenda), ECs (emerging contaminants), FTIR (Fourier-transform infrared spectros-
copy), HMs (heavy metals), LC-HRMS (liquid chromatography-high-resolution mass spectrome-
try), LC-MS/MS (liquid chromatography-tandem mass spectrometry), MPs (microplastics), PFAS
(per- and polyfluoroalkyl substances), PFOS (perfluorooctanesulfonate), PhACs (pharmaceuticals),
PPCPs (personal care products), PXRD (powder X-ray diffraction), PMT (persistent, mobile and
toxic substances), SEM (scanning electron microscopy), vMvP (very persistent and very mobile sub-
stances), and XRD (X-ray diffraction).

The twelve national studies summarized in Table 2 reveal substantial methodological
diversity, yet they converge around three main analytical dimensions: dominant contam-
inant typologies, degree of risk assessment integration, and monitoring continuity with
LC-MS/MS, being the most reported technology for the determination of ECs, so as in
international studies.

Regarding contaminant typologies, pharmaceuticals, antibiotics, pesticides, herbi-
cides, and other organic ECs clearly dominate the Portuguese research landscape. LC-
MS/MS emerges as the predominant analytical technique due to its high sensitivity and
capacity for multi-residue detection across complex matrices [43,44]. Large-scale screen-
ing efforts identified extensive contaminant diversity, including 343 substances detected
through suspect screening using LC-HRMS in northern Portugal-Galicia, and approxi-
mately 90% of monitored compounds in WWTPs and river basins meeting PMT (persis-
tent mobile and toxic) criteria, with 18 classified as posing significant environmental risk
[46]. Estuarine monitoring campaigns further confirmed the frequent occurrence of com-
pounds such as isoproturon, PFOS, trimethoprim, and diclofenac, even at low concentra-
tions, highlighting persistence as a key concern [48].

Pharmaceutical contamination is particularly widespread, as shown in both national
and European-scale assessments. Urban stream monitoring detected pharmaceuticals in
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91% of sampling sites, with contamination patterns influenced by population density and
landscape structure [39]. In parallel, microbial-level impacts have been documented, with
evidence that antibiotics and non-antibiotic pharmaceuticals such as carbamazepine and
diclofenac can alter microbial behavior and exert selective pressure for antimicrobial re-
sistance, although effects on biofilms remain methodologically inconsistent [40].

Heavy metals also remain a significant research focus, particularly in the develop-
ment of biosorption-based mitigation strategies. Lignocellulosic residues such as walnut
and chestnut shells achieved removals above 90% for Pb?, Ni%, and Cr®, with adsorption
strongly influenced by pH [45,47]. Under optimized conditions, removals of 97-99% for
Pb?* were reported, following pseudo-second-order kinetics [50].

Advanced hybrid materials, such as pine bark biochar combined with TiOz, achieved
nearly 96% removal of ceftriaxone through synergistic adsorption and photodegradation
mechanisms [51]. Additionally, microalgal consortia cultivated in treated wastewater re-
moved between 40% and 83% of pharmaceuticals and one herbicide, achieving almost
complete removal of fluoxetine, venlafaxine, atenolol, and diuron, while maintaining ro-
bust biomass production [49]. Electrochemical degradation approaches also demonstrated
technological potential, with Ti/MMO anodes identified as the most efficient for triclosan
removal [42].

Concerning the degree of risk assessment integration, a small portion of Portuguese
studies combine chemical quantification with ecological or human health risk evaluation.
Antibiotic monitoring coupled with ecological risk assessment frameworks demonstrates
the importance of complementary toxicity and persistence data for meaningful interpre-
tation [41,44]. Broader risk-oriented analyses highlight the environmental persistence, bi-
oaccumulation potential, and classification of compounds as PMT or vMvVP, reinforcing
concerns about long-term ecological exposure [46]. However, risk modelling is not sys-
tematically present. Studies such as Gomes et al. [40] emphasize the need for standardized
methodologies and stronger integration within a One Health framework, particularly re-
garding microbial resistance dynamics.

With respect to monitoring continuity, differences emerge between punctual and lon-
gitudinal approaches. Automated methodologies capable of processing large volumes of
samples provide high-accuracy but time-limited datasets [43], whereas passive sampling
strategies integrated with LC-MS/MS enable more continuous detection of low-concentra-
tion compounds [44]. Year-long monitoring in estuarine environments [48] represents a
more systematic approach, while suspect screening campaigns and WWTP assessments
provide extensive but often cross-sectional contamination snapshots [46]. Overall, alt-
hough analytical capacity is technically advanced, sustained long-term monitoring frame-
works remain less consolidated.

Collectively, the Portuguese research landscape demonstrates strong analytical so-
phistication and growing integration of mitigation technologies, including electrochemi-
cal systems, biosorption using forest residues, and microalgal treatment. Nevertheless,
compared to broader international discussions that increasingly combine predictive mod-
elling, regulatory analysis, and systemic exposure frameworks [1,39], national studies re-
main more focused on detection, characterization, and localized risk assessment than on
integrated governance-oriented modelling.

Thus, while Portugal exhibits a robust scientific foundation in contaminant identifi-
cation and technological experimentation, further consolidation of long-term monitoring
programs and predictive risk integration would strengthen the translation of scientific ev-
idence into strategic environmental management.

Table 3 was developed using primary experimental and observational studies, delib-
erately excluding review papers, since they do not provide original concentration values
but instead compile secondary data from multiple sources. This methodological choice
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ensures that the information presented is consistent, precise, and directly derived from
measured values, avoiding duplication or misattribution of data. For each included study,
the contaminants investigated, the concentration ranges measured or detected, the ana-
lytical or experimental context (laboratory removal tests, environmental monitoring, ad-
vanced sensor detection), and the corresponding references were systematically extracted.

Table 3. Emerging Contaminants, Concentrations and References [31,44,47,51].

ECs Concentration (In Water) Notes/Context Study Scale Reference
Adsorption studies using ligno-
- 5-200 mg/L for isotherms; 25 cellulosic biosorbents (walnut
Niz mg/L for kinetics shell, chestnut shell, pine wood, Laboratory [47]
burned wood)
Ceftriaxone (antibi- 5-50 mg/L (isotherms); 15 Removal using functionalized
. o ’ pine bark biochar + TiO2 photo- ~ Laboratory [51]
otic) mg/L (kinetics) .
catalysis
Detection via advanced 4D mi-
PFAS Up to 1 ppb detected crocavity optical sensor (whis- Field [31]
pering-gallery mode)
Environmental monitoring us-
Antibiotics ng/L range (some up to ~150 ing POCIS passive sample&;s in Field [44]

L
ng/L) surface and groundwater

The concentration ranges presented in Table 3 reveal a critical scale discrepancy be-
tween laboratory-based removal experiments (mg/L) and environmentally detected levels
(ng/L—-pg/L), highlighting the challenge of translating experimental efficiency into real-
world relevance. This difference can reach 10* to 10¢ times, raising critical questions re-
garding the direct extrapolation of laboratory-observed efficiency to real-world scenarios.
Athigh concentrations, adsorption mechanisms tend to promote rapid saturation of active
sites and the achievement of high removal percentages. However, at trace levels, pro-
cesses may be governed by distinct phenomena, such as more pronounced diffusional
limitations, competition with natural organic matter, matrix effects, and changes in solid—
liquid partition dynamics. Therefore, a high removal efficiency expressed in mg/L does
not necessarily guarantee equivalent performance at ng/L, particularly when complex and
multicomponent environmental systems are considered.

The included studies exhibit substantial heterogeneity in matrices, concentration
ranges, and experimental conditions. Laboratory studies often employ synthetic solutions
at mg/L concentrations to evaluate removal efficiency, while environmental monitoring
studies report contaminants at ng/L—ug/L levels. These differences should be considered
when interpreting treatment efficiency and exposure relevance.

In addition, the studies differ in their primary analytical focus, encompassing con-
taminant detection, environmental monitoring, and treatment evaluation. Detection-ori-
ented studies rely on high-sensitivity techniques such as LC-MS/MS and HRMS to quan-
tify trace-level contaminants in complex matrices. Monitoring studies emphasize spatial
and temporal variability, often using passive sampling or periodic campaigns to charac-
terize occurrence patterns. In contrast, treatment-focused studies are generally conducted
under controlled laboratory or pilot-scale conditions, frequently using simplified matrices
and higher contaminant concentrations to assess removal efficiency.

This diversity in study objectives and methodologies introduces an additional layer
of heterogeneity, limiting direct comparability across results. Differences between con-
trolled experimental conditions and real-world environmental systems constrain the ex-
trapolation of treatment performance, while variability in monitoring design affects the
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representativeness of occurrence data. Therefore, the findings should be interpreted as
indicative of general trends across detection, monitoring, and treatment domains, rather
than directly comparable quantitative outcomes.

While adsorption and photocatalytic processes achieve high removal efficiencies at
mg/L concentrations in controlled experiments, environmental concentrations of contam-
inants are several orders of magnitude lower (ng/L—ug/L). This scale discrepancy can limit
the transferability of laboratory results to real-world applications, as adsorption dynamics
and degradation kinetics may differ under natural conditions. Similar challenges have
been reported in other review studies of adsorption and photocatalytic application [51-
53], highlighting the need for testing removal technologies under environmentally rele-
vant conditions to ensure realistic performance assessments.

From a technological perspective, this discrepancy may lead to an overestimation of
the performance of certain adsorbent materials or advanced treatment processes if evalu-
ation is restricted to idealized conditions. From an environmental standpoint, ecological
relevance is associated with chronic exposure to low concentrations, where even trace lev-
els may exert cumulative ecotoxicological effects. Consequently, the validation of treat-
ment technologies should incorporate testing at environmentally representative concen-
trations, as well as real matrices, to ensure that the demonstrated efficiency is effectively
transferable to practical applications.

The highlighted data reveal significant variability across contaminant types and the
scales at which they occur in aquatic environments. Metallic contaminants such as Ni*
appear in high mg/L ranges typical of controlled adsorption experiments, while pharma-
ceutical pollutants like ceftriaxone are also studied in mg/L concentrations during re-
moval tests. In contrast, environmentally detected antibiotics occur at ng/L levels, reflect-
ing their trace presence in natural waters and the need for sensitive analytical methods.
PFAS are detected at extremely low concentrations (around 1 ppb) using advanced optical
technologies, and antibiotic resistance genes (ARGs) represent biological contaminants
measured not by mass but through genetic markers. Together, these distinctions illustrate
the complexity of emerging contaminant assessment and the breadth of analytical strate-
gies required to address water pollution challenges.

Understanding contaminant occurrence and concentration patterns provides the nec-
essary context for evaluating treatment technologies. Section 3.2 therefore explores the
technological solutions developed to mitigate these contaminants and assesses their read-
iness for real-world implementation.

3.2. Treatment Technologies and Technological Maturity (TRL)

To provide a clearer overview of the technological approaches discussed, Table 4
presents a summary of the treatment technologies evaluated in the studies, highlighting
the contaminants addressed, the operational scale, and the respective Technology Readi-
ness Level (TRL) based on the scale proposed by the European Commission [54]. The op-
erational scale (or Technology Readiness Scale) and the respective TRL are an assessment
system used to measure the degree of maturity of a technology, from the initial stages of
research to its commercial use. The European Commission adopted a 9-level scale (TRL
1-9), aligned with the scale originally developed by NASA, but adapted to the European
context of innovation, funding, and public policies.
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Table 4. Comparison of treatment technologies evaluated in each study on emerging contaminants
[31,34,42,45,47,49-51].

Analytical Tech-
Ne Reference na };:il;:le ec Sample Type ECs Treatment conditions Highlights Results
. Optical sensor Lab scale; sensi-
Saetchnikov et al. . . . . . .
31] (treatment: detec-  Aqueous solutions PFAS Lower pH higher interaction tive detection;
tion system) early TRL 3-4
. Microalgae-biofil- Nltrates, }.Jevstl- Filtered through a 0.7 pum glass filter of 47 Pl.lot scale; good
2 Subirats et al. [34] tex svstem Groundwater cides, antibiot- mm nitrate removal;
Y ics Acidified to pH 2 with hydrochloric acid TRL 5-6
4 h (Ti/MMO as anode)
pH=83+0.1
Conductivity = 1.2 + 0.2 mS/cm
4 h (Nb/BDD as anode)
. pH =84202 Lab scale; high
Electrochemical re- . Conductivity = 1.4 + 0.9 mS/cm .
3 Magro et al. [42] Wastewater Triclosan . degradation;
actor 1 h (Ti/MMO as anode) TRL 4-5
pH=76+05
Conductivity = 1.6 + 1.0 mS/cm
1 h (Nb/BDD as anode)
pH=73+0.0
Conductivity = 2.3 + 0.0 mS/cm
Cruz-Lopes et al Cr¢* biosorption—ideal pH = 3.0-6.5 Lab scale; effi-
4 P ' Biosorption Aqueous solutions  Cr¢*, Ni?, Pb2* Ni?* biosorption—ideal pH = 5.0 cient metal re-

(45]

Cruz-Lopes et al. Adsorption (BET,

Pb?* biosorption—ideal pH =5.5-7.5

moval; TRL 34
Lab scale; good

. 4 ~ 1 .
5 [47] FTIR, SEM, XRD) Aqueous solution Ni Ideal pH = 5.0 (constant room temperature) adsorp3t’i)1n, TRL
Industrial scale;
6 Afonso et al. [49] Full-scale WWTP Wastewater Pharma.ceutl- Initial pH 7-8; microalgae growth pH 8-9 moderate-high
processes cals, Diuron removal; TRL 8-
9
. Lab scale; high
7 Macena et al. [50] Adsor];];t}lz?rr; (SEM, Aqueous solutions Pb2 Ideal pH = 7 (room temperature) removal; TRL 3—
4
. Lab scale; syner-
_ . + —
8 Cruz-Lopes etal. Adsorption + UV Aqueous solutions ~ Ceftriaxone  Ideal pH = 3 (constant room temperature)  gistic removal;

[51] Vis photocatalysis

TRL 4-5
Abbreviations: TRL, Technology Readiness Level; PFAS, Per- and Polyfluoroalkyl Substances; Cr¢*,
Hexavalent Chromium; Ni*, Nickel (II); Pb*, Lead (II); BET, Brunauer-Emmett-Teller; FTIR, Fou-
rier Transform Infrared Spectroscopy; SEM, Scanning Electron Microscopy; XRD, X-ray Diffraction;
UV-Vis, Ultraviolet-Visible Spectroscopy; WWTP, Wastewater Treatment Plant.

A critical analysis of Table 4 reveals that most technologies remain at laboratory scale
(TRL 3-5), with only one study reaching industrial implementation (TRL 8-9). This pre-
dominance of experimental-scale research indicates that, although removal efficiencies are
frequently high under controlled conditions, the transition to full-scale application re-
mains limited. Furthermore, many studies rely on synthetic aqueous matrices and tightly
controlled operational parameters (such as pH, temperature, contaminant concentration),
which may not fully reflect the variability of real environmental systems. These findings
suggest that the current technological landscape demonstrates strong theoretical and ex-
perimental potential but still faces significant barriers in achieving operational maturity
and large-scale deployment.

As previously discussed, the heatmap (Figure 2) highlighted a strong national em-
phasis on historically regulated contaminants, such as heavy metals, while international
studies showed greater homogeneity in the ECs considered and risk assessment ap-
proaches. This thematic asymmetry is mirrored in the technological landscape: research
efforts are concentrated on conventional pollutants, and the transition toward scalable so-
lutions for ECs remains limited.
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Moreover, the heatmap revealed a lower incidence of risk assessment integration in
national studies, which may partially explain the slower progression toward higher TRLs.
Technologies developed primarily under controlled laboratory conditions, often using
synthetic aqueous matrices and tightly regulated parameters such as pH, temperature,
and contaminant concentration, tend to remain confined to experimental validation
stages. While removal efficiencies are frequently high under these idealized conditions,
the absence of broader environmental variability and risk-based performance evaluation
constrains their operational advancement. Thus, the technological immaturity identified
in Table 4 can be interpreted not merely as a technical limitation, but as a reflection of the
research priorities and methodological patterns evidenced in the bibliometric heatmap
analysis.

Research on adsorption technologies based on lignocellulosic materials has demon-
strated significant potential for contaminant removal. When considering Figure 2, it is
even possible to make a bridge between national studies focusing on heavy metals re-
moval through adsorption. Studies conducted by Cruz-Lopes et al. [45,47] demonstrate
the high efficiency of lignocellulosic biosorbents in the adsorption of heavy metals such
as Ni?, Cr¢* and Pb%, with performance strongly dependent on pH and the physicochem-
ical characteristics of the materials. Macena et al. [50], when exploring lignocellulosic by-
products for lead removal, reinforced the potential of these materials as low-cost and
highly effective alternatives. Similarly, Cruz-Lopes et al. [51] showed that pine bark bio-
char combined with TiOz can remove cephalosporins from aqueous matrices, highlighting
a promising technological route for mitigating persistent pharmaceuticals. Collectively,
these studies broaden the debate on viable technological solutions for Portugal by demon-
strating that innovation capacity is not restricted to conventional or highly specialized
systems but also encompasses renewable materials with high applicability potential.

In the field of biotechnological solutions, Subirats et al. [34] describe a pilot-scale sys-
tem combining microalgae with a cork/wood biofilter for the treatment of contaminated
groundwater. The system achieved removal efficiencies of up to 98% for nitrates and over
90% for pesticides and antibiotics throughout all seasons. Additionally, the biofilter sig-
nificantly reduced bacterial load and resistance genes, while the microalgal biomass re-
mained free of contaminant accumulation, suggesting potential agricultural reuse. The
authors conclude that this approach constitutes a green, sustainable, and economically
viable alternative for drinking water production in rural areas. However large-scale culti-
vation of microalgae faces significant hurdles across economic and operational domain,
the scale-up process is complex requiring critical optimization of process [55,56]. Gurreri
et al. [57] conducted a Life-Cycle Assessment reporting the need for a large consumption
of chemicals (8 kg/kg dry weight), a high electrical energy consumption (around 267
kWh/kg DW) and concluding that the sustainability of the process of microalgae cultiva-
tion was very hard to achieve.

Beyond individual technologies, the transition of these innovative approaches to op-
erational scale faces significant challenges, particularly regarding implementation costs,
energy requirements, and adaptation to variable environmental conditions. In contrast,
countries such as Germany and the United States have advanced in the adoption of hybrid
systems that combine physical-chemical and biological processes with digital technolo-
gies for continuous monitoring, enabling real-time water quality management and im-
proved operational control.

Within this broader technological landscape, although Portugal has developed a
solid and expanding scientific base, strengthening the interface between knowledge pro-
duction and public policy formulation remains essential. The effective integration of
emerging technologies into treatment and monitoring systems, together with updated
regulatory standards and formal recognition of sustainable biosorbents, represents a
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decisive step toward building a more comprehensive and effective national strategy for
monitoring and mitigation.

It is important to note that nitrates (NOs") are not traditionally classified as ECs in the
same way as pharmaceuticals, biosurfactants, or personal care products. Nevertheless, in-
creasing scientific attention suggests that nitrates may warrant reconsideration within the
emerging contaminant discourse. Selvarangam et al. [57] and Aju et al. [58] argue that
there are scientific grounds to frame nitrates as an emerging environmental risk, despite
their historical classification as conventional pollutants. In a recent publication empha-
sized the growing global awareness of nitrate contamination as a major environmental
problem [59]. Furthermore, research conducted in Bangladesh characterizes nitrate pollu-
tion in groundwater as an emerging threat to public health due to its persistence and the
chronic risks associated with long-term ingestion.

While laboratory and pilot-scale technologies show promising removal efficiencies,
their practical deployment depends on regulatory frameworks, monitoring capacity, and
operational feasibility. Section 3.3 examines these governance and implementation dimen-
sions to highlight structural barriers and integration opportunities.

3.3. Governance, Monitoring and Implementation Gaps

Despite the scientific progress described in the previous sections, the translation of
these advances into sustainable water management remains incomplete. In Portugal,
monitoring of ECs is still predominantly associated with short-term academic projects,
rather than integrated into permanent national surveillance frameworks. This fragmenta-
tion compromises temporal continuity and weakens the ability to generate consistent da-
tasets capable of informing evidence-based regulatory decisions.

A similar imbalance can be observed at the regulatory level. Although Directive (EU)
2020/2184 [7] and the subsequent watch list mechanism established by Commission Im-
plementing Decision (EU) 2022/679 [8] represent important advances in the European
framework, the effective incorporation of ECs into binding national monitoring parame-
ters remains partial. As discussed by Silva [16] and Sampaio [12], several compounds fre-
quently detected in Portuguese water bodies are not yet systematically included in man-
datory control programs. Risk assessment approaches still tend to focus on individual
substances, despite growing scientific recognition of mixture effects and cumulative ex-
posure patterns [1,5]. This regulatory delay reinforces a reactive model of governance,
where scientific evidence often precedes formal policy adaptation.

Technological transition also faces structural constraints. While advanced treatment
options, such as adsorption systems, electrochemical processes and microalgae-based so-
lutions have demonstrated promising removal efficiencies [34,42,47], most remain at la-
boratory or pilot scale. As highlighted by Novoveska et al. [55] and Gurreri et al. [56],
large-scale deployment is frequently limited by energy demand, operational complexity,
and economic viability. In the absence of regulatory incentives or dedicated funding in-
struments, wastewater treatment utilities tend to prioritize compliance with existing
standards rather than the proactive adoption of innovative solutions targeting ECs that
are not yet legally required.

Taken together, these monitoring, regulatory and implementation constraints illus-
trate the persistence of a structural gap between scientific progress and institutional prac-
tice. Although analytical technologies in Portugal have significantly advanced, particu-
larly through the application of LC-MS/MS and HRMS techniques [41,46], the integration
of these technologies into permanent surveillance networks remains limited. Strengthen-
ing coordination between scientific research, environmental agencies such as APA, and
wastewater management authorities therefore becomes essential to ensure that
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knowledge production effectively supports sustainable and resilient water governance in
line with European and global sustainability commitments.

4. Conclusions

The persistence of ECs across different aquatic matrices compromises ecosystem in-
tegrity and raises concerns regarding long-term human exposure. In this context, the issue
intersects directly with several Sustainable Development Goals (SDGs), notably, SDG 6
(clean water and sanitation); SDG 3 (good health and well-being); and SDGs 14 and 15
(life below water and life on land), highlighting the need for more integrated and preven-
tive approaches to water governance.

This review provides a comparative analysis of ECs in Portuguese water systems
within the context of international evidence, highlighting how Portugal aligns with or di-
verges from broader European trends. The analysis shows that, although analytical tech-
niques such as LC-MS/MS and HRMS are well established, gaps remain in continuous
monitoring, systematic risk assessment integration, and coordinated governance. Treat-
ment technologies, including adsorption, photocatalysis, and microalgae-based systems,
demonstrate promising removal efficiencies, their large-scale implementation remains
limited by technical, economic and regulatory constraints.

The main contribution of this review lies in integrating occurrence patterns, techno-
logical readiness, and governance frameworks into a single analytical perspective, high-
lighting the disconnect between scientific advances and their practical application in wa-
ter management.

To address these gaps, future efforts should prioritize: (i) the establishment of long-
term and harmonized monitoring programs, including ECs mixtures; (ii) the validation
and scaling-up of treatment technologies under real-world conditions; and (iii) the
strengthening of coordination between research institutions, wastewater operators, and
regulatory authorities to support evidence-based policy implementation.

This study has some limitations, including the restricted temporal scope (2020-2025)
and the limited number and heterogeneity of the selected studies, which constrain the
generalizability of the results. Therefore, the findings should be interpreted as indicative
of patterns observed within the sample analyzed, rather than broadly generalized conclu-
sions. Nevertheless, the review provides relevant insights into the challenges of integrat-
ing science, technology, and policy, supporting the development of more resilient and
sustainable water management strategies in Portugal.
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