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Dear sir/ madam,
When speaking at the Water Environment Hearing on 12 November our community
speakers will make reference to;
® The persistence of pharmaceuticals and their Transformation Products.
® The risk of persistent PFAS & other contaminants building up in the Havant Thicket
Reservoir.

To substantiate these concerns, we have attached two recent research papers which
confirm that the risks being raised by the community are valid and as a result require further
assessment and modelling before informed judgements can be made about the impact of
the HWTWRP.

1. Persistent pharmaceuticals and their transformation Products: From persistence
mechanisms to Al-assisted integrated treatment for safe water reuse (Shomar &
Domingo, 2026)

2. Asymmetrical contamination of anionic PFAS across global freshwater reservoirs
(Guo et al, 2026)

The speakers do not anticipate asking for this research to be displayed at the hearing, but
we felt that it was important to provide these papers as examples of research to
substantiate the concerns being raised at the hearing.

Yours sincerely,

On behalf of Water Matters and other community representatives
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ARTICLE INFO ABSTRACT
Keywords: Freshwater reservoirs worldwide are increasingly threatened by contamination from anionic per- and poly-
Per-and polyfluoroalkyl substances fluoroalkyl substances (PFAS), yet the fragmented nature of existing data limits a comprehensive understanding

gﬁhwat:'ﬁmm of their distribution and sources. Here, we develop a workflow of Data compilation, Imputation approach, and
‘workilow

3 Multiscale statistics (DIM) to synthesize and quantify anionic PFAS occurrence across spatial scales. By compiling

Asymmetrical occurrence . . . . .

c ion paradig sparse data from 813 samples across 74 reservoirs spanning five continents and applying a tested multiple
imputation by chained equations-based method to construct an anionic PFAS concentration matrix, we identify
three distinct contamination paradigms. Perfluorooctanoic acid (PFOA)-dominated paradigm typifies early-stage
contamination linked to domestic and industrial discharges. PFOA and perfluorooctane sulfonate (PFOS)-co-
dominated paradigm signals ongoing accumulation from mixed sources. Perfluorobutanoic acid (PFBA)-domi-
nated paradigm reflects long-term buildup under partial abatement, driven by dry deposition, industrial inputs,
and internal cycling. These paradigms reveal marked asymmetry in anionic PFAS contamination across global

* Corresponding author.
E-mail address: yyxu@iue.ac.cn (Y.-Y. Xu).

https://doi.org/10.1016/j.watres.2025.124940
Received 26 June 2025; Received in revised form 26 October 2025; Accepted 8 November 2025

Available online 10 November 2025
0043-1354/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.



Z.-F. Guo et al.

Water Research 289 (2026) 124940

reservoirs, shaped by source dominance and contamination history. The DIM workflow enables data robustness
and integrative reliability, providing a transparent framework for scale-aware monitoring and developing
tailored PFAS management strategies that reflect the spatial heterogeneity and data limitations of reservoir

contamination worldwide.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are persistent environ-
mental contaminants of global concern due to their adverse effects on
ecosystems and human health (Rahman et al., 2014; Ateia and Scher-
inger, 2024; Tokranov et al., 2024). Their extensive use in industrial and
consumer applications, combined with global production exceeding one
million tons annually, has led to widespread environmental dissemina-
tion across the entire product lifecycle from manufacturing to disposal
(Calafat et al., 2007; Evich et al., 2022; Scheringer, 2023). Among the
numerous PFAS subclasses, anionic species, particularly perfluoroalkyl
carboxylic acids and sulfonates, dominate environmental detection
profiles, especially in aquatic ecosystems (Xiao et al., 2023), with
long-chain PFAS (> C7 perfluoroalkyl chains) drawing regulatory
scrutiny due to their elevated toxicological profiles and bioaccumulative
potential (Pelch et al., 2019; Ng et al., 2021; Arp et al., 2023).

Despite increasing regulatory and scientific interest, efforts to char-
acterize anionic PFAS contamination remain hampered by fragmented
and geographically uneven datasets, inconsistencies in analytical
methodologies, and divergent monitoring frameworks (Johnson et al.,
2020; Cordner et al., 2024). The sheer diversity of PFAS components (i.
e., number of variables) further complicates integrative assessments,
resulting in high-dimensional, sparse datasets that obscure meaningful
ecological patterns and impede comparative analysis (Altman and
Krzywinski, 2018). Moreover, overlooking key ecosystem-specific at-
tributes, such as ecosystem typologies or spatial gradients, can obscure
patterns and bias interpretations, limiting both mechanistic under-
standing and policy relevance of PFAS assessments.

Reservoirs are artificial lakes formed by impounding water with
dams. They fulfill diverse human needs while representing critical in-
terfaces between engineered and natural systems. Their construction has
globally fragmented river networks, disrupted hydrological connectiv-
ity, and altered downstream material transport (Grill et al., 2019),
leading to enclosed environments that are particularly prone to
contaminant accumulation. At the same time, their role as drinking
water sources and aquatic habitats makes reservoirs particularly
vulnerable to pollution from anthropogenic activities within their
catchments (Holzer et al., 2008; Janssen et al., 2020). Given this
vulnerability, reservoirs also serve as model ecosystems whose struc-
tural and functional heterogeneity offers a unique opportunity to
investigate contaminant behaviors across spatiotemporal and environ-
mental dimensions, including longitudinal gradients (e.g., distance to
dam), vertical stratification, and cross-media interactions (e.g., water,
sediment, biota) (Zarfl et al., 2015; Maavara et al., 2020; Janssen et al.,
2021). However, understanding PFAS behavior in such systems remains
limited by mismatches between the spatial scales of contamination
processes and the scales at which data are collected (Messager et al.,
2016; Maavara et al., 2017; Spake et al., 2022).

Advances in data science and environmental monitoring have
increased the availability of reservoir PFAS data; however, their effec-
tive integration remains constrained by challenges such as data het-
erogeneity, missing values, and structural inconsistencies. Addressing
these barriers requires a framework capable of (i) harmonizing disparate
datasets, (ii) minimizing imputation bias, and (iii) supporting multiscale
inference. In this context, the structured integration and effective pro-
cessing of raw data, tailored to the characteristics of the data and
analytical requirements, are critical for data reuse, information trans-
formation, and fostering innovation(Kosnik et al., 2022a).

Given the multi-component characteristics and data sparsity of

reservoir PFAS, prioritizing dominant compounds offers a pragmatic
solution to reduce dimensionality, mitigate data sparsity, and strengthen
the reliability of subsequent analyses (Altman and Krzywinski, 2018).
Among imputation strategies, Multiple imputation by chained equations
(MICE) stands out for its robustness and flexibility, particularly in
datasets with small to moderate sample sizes (n < 30,000), out-
performing deep learning techniques such as Generative Adversarial
Interpolation Networks in terms of stability and accuracy (Sun et al.,
2023). Critically, MICE maintains the intrinsic statistical structure of the
data without imposing strong parametric assumptions, making it a
widely accepted tool across disciplines such as ecology, environmental
science, and medicine (Nakagawa and Freckleton, 2008; Ellington et al.,
2014; Chang et al., 2020). When applied within consistent spatial or
methodological frameworks, this approach ensures coherence in the
underlying distributions, thereby improving cross-study comparability
and enhancing data reuse (Spake et al., 2021). This approach is essential
to elucidate the spatiotemporal heterogeneity of PFAS and to unravel the
causal relationships that are obscured across varying spatial and tem-
poral scales (Kosnik et al., 2019).

Here, we develop a data-driven workflow of Data compilation,
Imputation approach, and Multiscale statistics (DIM) to integrate frag-
mented PFAS datasets and elucidate contamination patterns across
global freshwater reservoirs. We compiled 813 sample data from 74
reservoirs spanning five continents and employed MICE to construct a
comprehensive PFAS concentration matrix. Through multiscale statis-
tics, we addressed three questions: (i) What is the spatial occurrence of
PFAS contamination from global to intra-reservoir scales? (ii) What are
the dominant PFAS contamination paradigms and their potential sour-
ces? (iii) What knowledge gaps persist, and how can future research
improve surveillance and mitigation? To assess the global representa-
tiveness of our dataset, we compared the key characteristics of the study
reservoirs with those of freshwater systems in the HydroLAKES global
inventory. Despite an uneven geographic distribution, the study reser-
voirs encompass wide gradients in catchment area, surface area, storage
capacity, and mean depth (Fig. S1), capturing the broad variability
observed in reservoir systems worldwide. The DIM framework thus
provides a scalable strategy for synthesizing heterogeneous contaminant
datasets and a foundation for global PFAS monitoring and management
efforts.

2. Materials and methods

We constructed a DIM workflow for reservoir PFAS, which is divided
into three segments: Data compilation (D, Fig. 1a), Imputation approach
(I, Fig. 1b), and Multiscale statistics (M, Fig. 1c). We define ‘Data
compilation’ as the process of literature screening, data extraction, and
data sieving to obtain usable data and facilitate subsequent data anal-
ysis. ‘Imputation approach’ is a multiple imputation method, specifically
selected to address the missing data in PFAS components, tailored to the
underlying data structure and characteristics. ‘Multiscale statistics’ is a
process of multivariate statistical analysis based on three different
scales: global, reservoir level, and intra-reservoir to integrate existing
research results and systematically understand PFAS pollution in res-
ervoirs. This workflow enables robust synthesis and interpretation of
heterogeneous and incomplete PFAS data.

2.1. Data compilation

Reservoir PFAS data were collected through a structured review of
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peer-reviewed literature indexed in Web of Science and Scopus data-
bases on June 5, 2024. The search strategy targeted articles with the
terms: TITLE-ABS-KEY ("reservoir' OR '"dam") AND ('per-
fluorocarbons" OR "polyfluorinated" OR "perfluorinated" OR "per-
fluorochemicals" OR 'polyfluoroalkyl" OR ‘'perfluoroalkyl). We
retrieved and downloaded a total of 190 documents and added 5 more
articles that we found in the reference sections of some of the original
190 documents. Inclusion criteria required direct quantification of PFAS
concentrations in reservoirs. Studies that aggregated data across multi-
ple reservoirs or time points were excluded to preserve spatiotemporal
resolution. After removing duplicates and applying screening criteria,
43 studies were retained for data extraction (Fig. 1a).
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reservoirs (Table S1). The dataset comprises three principal compo-
nents: (i) quantified concentrations of individual components of PFAS;
(ii) spatial-temporal sampling metadata (geographic coordinates, sam-
pling depth, and collection date); and (iii) basic reservoir characteristics,
including reservoir capacity, watershed catchment area, surface area,
water level, mean depth and hydraulic residence time. Primary data
were extracted through multimodal acquisition from textual content,
tabular data, and graphical representations, with figure-based data
digitized using GetData Graph Digitizer (v2.26) under quality control
protocols. Geospatial coordinates for unspecified sampling locations
were georeferenced using Google Earth™ based on schematic maps
presented in source publications. Supplementary reservoir characteris-

From these, we compiled 813 samples representing 74 distinct tics were cross-validated through triangulation with external
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Fig. 1. The DIM workflow. (a) Data compilation; (b) Imputation approach; (c) Multiscale statistics. Some studies have investigated a variety of environmental
media. Some of the reservoirs were investigated in different studies with different environmental media.
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hydrological databases and secondary literature sources.

Analytical measurements of individual components of PFAS below
instrument detection limits (LOD) were treated as left-censored data and
assigned zero values. For interval-censored observations between LOD
and limit of quantification (LOQ), concentrations were imputed as LOQ/
2 following established environmental chemistry protocols. Samples
extracted from 74 reservoirs were further classified by environmental
media—water (n = 481 from 56 reservoirs), sediment (n = 190 from 13
reservoirs), fish tissue (n = 90 from 21 reservoirs), and invertebrate
tissue (n = 1 from 1 reservoir). Most reservoirs were sampled across
multiple environmental media. The reservoirs were located in/around
60 different cities, spanning five continents. The sampling sites were
located in Asia (43 reservoirs), North America (13), Europe (10), Africa
(5), and Oceania (3).

2.2. Imputation approach

Missing values in the compiled PFAS dataset were addressed using
Multiple imputation by chained equations (MICE), a robust method
suited to small or moderate-sized, multivariate environmental datasets
with incomplete entries. Of the 30 detected PFAS components, 14 had
missing rates below 50 % across matrices and were selected for impu-
tation (Murray, 2018). These 14 PFAS represented compounds with
detection frequencies exceeding 50 % across all reservoir datasets,
ensuring that each was included as a target analyte in at least part of the
compiled studies. Thus, missing entries among these components re-
flected random non-detects or unreported values rather than exclusion
from analytical target lists.

MICE approach presupposes that the complete dataset P(Y|0) is
composed of randomly sampled observations from a multivariate dis-
tribution Y(n x f) encompassing f variables, wherein 0 is an unknown
parameter that governs the distribution of Y (van Buuren and
Groothuis-Oudshoorn, 2011). The observed part of Y is Yo, With 6
distribution known, data imputation is executed by sampling from the
conditional distribution P(Y|6) to address the missing values. The pos-
terior distribution of @ is estimated via iterative Gibbs sampling (Eqs.
(1), 2, 3, and 4):

0, ~ P01 Y, Y5, i), ¢))
1O~ (v v v 0, @
6,9 ~ P(gp| v ¥y, vy, 3)
y;(t) NP(YP)Y;bS,Y§t),.---, YI()‘),G;“)), (@)

Where Yj(‘) = (Y}%’”S, Y;(t)> for the t cycle when the j time fills the variable.

To address each instance of missing data, imputations were per-
formed, thereby generating m = 100 complete datasets. Each chain
underwent 50 preliminary iterations before recording the imputation
outcomes, thereby enhancing the reliability and convergence of the
imputed chains. Following the multiple imputation procedure, the re-
sults from all imputed datasets were synthesized using Rubin’s method,
which integrates the uncertainty inherent in the imputations to provide
comprehensive statistical estimates. The accuracy of the imputed esti-
mates was assessed by evaluating the Monte Carlo Error (MCE) post-
imputation, ensuring that the MCE was maintained below 10 % of the
standard error of the estimates (Egs. (5) and 6). This threshold confirms
that the imputation introduces an error magnitude deemed acceptable
relative to the variance of the estimates.

6—2mjﬁi/m, ®)

i
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MCE = /Var(a;) /m, (6)

The convergence and stability of the MICE imputations were evalu-
ated using MCE analysis (Text S1). All MCE values were below 10 % SE,
confirming the reliability of the imputation results. The imputed dataset
(>"14PFAS) was subsequently used for spatial visualization and pattern
analysis across multiple environmental media and geographical scales
(see Section 2.3).

2.3. Multiscale statistics

Spatial patterns and PFAS compositional profiles were examined
across three analytical scales: global, inter-ecosystem, and intra-
ecosystem (Fig. 1c). At the all-imputed sample level, ArcGIS was used
to create maps to demonstrate global distribution of PFAS concentra-
tions and their components. Inter-media comparisons of PFAS profiles
(water, sediment, biota) were performed using chord diagrams.

To find patterns of PFAS contamination, PFAS components from
different reservoir waters were clustered using Ward’s method in
agglomerative hierarchical clustering (Altman and Krzywinski, 2017).
The similarity among water samples was quantified using the squared
Euclidean distance, enabling the construction of a distance matrix that
facilitated the subsequent computation of inter-sample similarity within
matrix R (Eq. (7)). Matrix R encompasses concentrations of p PFAS
components (p = 14) across n reservoirs. The similarity Sj between
samples yp; and y  is quantified as per Eq. (8):

i T2 I'p
a1 T22 r
R, = " @
i Th2 rnp
Dol Yl
S =1 Znni Jnkl (8
T 0wt yw)

A Geodetector model was used to assess effects of geographical
location, sampling depth, and reservoir characteristics (reservoir
catchment area, surface water area, reservoir capacity, mean depth, and
hydraulic residence time) on differences in PFAS concentration distri-
butions among reservoirs and to evaluate interactions among these
factors (Z.F. Guo et al., 2021). Calculating and comparing the g-value of
each factor and the g-value of the two factors superimposed on each
other, respectively, allows you to determine whether or not there is an
interaction of the factors. The g-value was calculated as follows Eqn. (9):

L
-1 >noaNuoi

T ©

q
Where h =1, ..., L represents the classifications of individual factors. Ny
and N denote the number of classifications in class h and the total,
respectively. o7 and 62 represent the variance of the PFAS distribution of
class h and the total, respectively. A larger g-value indicates a greater
explanatory power of the potential factor regarding the spatial differ-
entiation of PFAS.

Within reservoirs, we used ANOVA or t-test to assess effects of
stratified sampling, seasonal variation on PFAS concentrations, and di-
versity of PFAS components (Fig. 1c). The latter was used to test for
variance in cases of heterogeneity of variance. Before quantifying
distance-decay relationship, Mantel tests were used to assess correlation
between PFAS compositional similarity (1-Bray-Curtis) and geograph-
ical distance. We used ANOSIM analysis (Analysis of Similarities) with
the vegan package in R version 3.5.3 for testing the similarity of PFAS
components between environmental media. A p-value of <0.05 was
considered significant.
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30 detected PFAS compounds across water, sediment, and fish tissues

3. Results and discussion
from 74 reservoirs reveals pronounced spatial and media-specific

3.1. Global asymmetry of PFAS occurrence asymmetries (Fig. 2 and Table S1). Here, “asymmetrical contamina-
tion” denotes these unequal PFAS occurrence and composition across
PFAS are ubiquitously present in freshwater reservoirs worldwide, spatial scales and environmental media, reflecting differences in
yet their reported environmental occurrence is not uniform. Analysis of discharge sources, physicochemical properties, and persistence. While
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Fig. 2. Median concentrations (a, b, and c) of > 14PFAS. Percentage of individual PFAS components on each continent (d - in water, e — sediment, and f —
fish) and all samples combined (g). Abbreviations of individual PFAS can be found in Table S1. All 14 PFAS compounds shown were target analytes in at least part
of the compiled datasets; missing entries represent random non-detects or unreported values rather than exclusion from analytical target lists.
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24, 25, and 24 PFAS were identified in water, sediments, and fish,
respectively, their detection frequencies and dominant compound pro-
files varied markedly among continents and media. Reservoirs in Asia
exhibited the highest PFAS detections, particularly in surface water,
largely due to dense sampling coverage. In contrast, European studies
emphasized sediment-associated PFAS, especially perfluoroalkyl car-
boxylic acids (PFCAs), whereas data from North America and Oceania
lacked sediment-phase measurements. North American monitoring
predominantly targeted PFAS bioaccumulation in fish, emphasizing
long-chain compounds such as perfluorooctanoic acid (PFOA), per-
fluorooctane sulfonate (PFOS), and perfluorooctane sulfonamide
(FOSA).

Cross-continental differences were also evident in the cumulative
concentrations of the 14 most frequently reported PFAS (> 14PFAS).
African reservoir waters exhibited the highest burdens (234 + 224 ng/
L), with PFHXA and PFOS dominating sediment (44.8 + 22.8 ng/g dry
weight) (Fig. 2a and d). European fish tissues exhibited the greatest
bioaccumulation (1.84x10° ng/g wet weight), one to three orders of
magnitude higher than in other regions (Fig. 2¢ and f). These disparities
reflect legacy discharges, regulatory actions, and regional variations in
PFAS use and waste management.

A striking feature is the divergence in compound dominance across
environmental compartments. PFOA was most prevalent in water
(detection frequency: 92 %), contributing nearly half of the total con-
centrations. In sediments, PFOA remained dominant (75 % detection),
alongside C4-C11 PFCAs (> 53 %). In fish, PFOS prevailed (89 %),
followed by C8-C12 PFCAs (> 61 %) (Fig. 2g and Table S1). These
patterns align with compound-specific physicochemical properties,
particularly the enhanced hydrophobicity and bioaccumulative poten-
tial of long-chain PFCAs, which promote their persistence in biota
relative to short-chain analogs (Calafat et al, 2019). Such
compound-specific partitioning highlights the need to consider
media-specific risk profiles as long-chain PFAS in fish pose heightened
ecological and human health risks due to their persistence and trophic
magnification (Joudan et al., 2020). Similar observations in aquatic
plants and macroinvertebrates further underscore biological reservoirs
as long-term PFAS sinks (Ahrens et al., 2009).

Despite global detection, PFAS monitoring remains regionally frag-
mented. Major geographic blind spots, such as South America and large
parts of South and Southeast Asia, lack systematic surveillance, even as
they host hundreds of large reservoirs and experience continued PFAS
production and use (Lehner et al., 2011; Sonne et al., 2023). This
disparity exacerbates ecological risk and regulatory uncertainty (Ruyle
et al., 2025). Notably, Africa, while underrepresented in monitoring
studies, revealed unexpectedly high contamination levels, suggesting
underappreciated exposure risks in low- and middle-income countries.
Expanding analytical coverage in these regions is essential for calibrat-
ing exposure thresholds and informing water safety.

Our synthesis delineates PFAS contamination in global reservoirs not
as a uniform phenomenon, but as a series of paradigms shaped by
chemical profiles, environmental media, and spatiotemporal dynamics.
Reservoir waters, as primary recipients of PFAS inputs, offer real-time
snapshots of environmental loading, while sediments and fish inte-
grate temporal exposure and bioaccumulative effects. This multiscale
integration delineates three paradigms (Fig. 4): (1) single, long-chain
dominated paradigm (PFOA-dominated); (2) double, long-chain domi-
nated paradigm (PFOA and PFOS-dominated); and (3) short-chain
dominated paradigm (PFBA-dominated). These paradigms reflect vary-
ing contamination maturity, source dominance, and mitigation legacy,
providing a conceptual framework for reservoir-scale risk assessment
and regulatory prioritization.

3.2. PFOA-dominated paradigm

Reservoirs in the PFOA-dominated paradigm (Cluster @, n = 26),
spanning five continents, exhibited moderate PFAS burdens in surface
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waters (median > 14PFAS = 13.3 ng/L), with PFOA accounting for 64 %
of total concentrations (Fig. 3a-b). In sediments and fish, PFAS con-
centrations remained low (1.15 ng/g dw in sediments; 13.0 ng/g ww in
fish) (Table S1). Nevertheless, PFOA, PFOS, and perfluoroundecanoic
acid (PFUdA) dominated sediments, whereas PFOS and per-
fluorododecanoic acid (PFDoA) prevailed in fish, indicating selective
partitioning and trophic uptake. Geospatial and seasonal variability
jointly explained over 90 % of the variance in PFAS distributions
(Geodetector g-value > 0.90, p < 0.05; Fig. 3c).

PFOA-dominated paradigm represents incipient PFAS pollution,
characterized by intermediate levels of PFAS concentrations in water
and limited sediments or fish accumulation (Fig. 4a). This compart-
mental asymmetry suggests that fish bioaccumulation is shaped not only
by ambient water concentrations but also by biological traits such as
feeding behavior and compound-specific bioavailability (Holzer et al.,
2011). Long-chain PFCAs, including PFOA, are preferentially adsorbed
into biota and sediments (Ahrens et al., 2019; Higgins and Luthy, 2006),
reinforcing their persistence and relevance for long-term assessments
(Syvitski et al., 2022; Trang et al., 2022).

This contamination pattern is primarily associated with anthropo-
genic discharges from domestic and industrial wastewater. Diagnostic
PFAS ratios, such as PFHpA/PFOA (0.26-16), PFOA/PFNA (2-15), and
PFOS/PFOA (>1), fall within established diagnostic ranges for surface
water source tracing (Li et al., 2020). These ratios respectively indicate
contributions from atmospheric deposition, industrial discharge, and
PFOS point sources or precursor degradation, providing context for
source differentiation. Over half of the reservoirs in this cluster exhibi-
ted PFOA/PFNA ratios between 2 and 15, consistent with mixed in-
dustrial and domestic wastewater inputs. The widespread use of PFOA in
manufacturing consumer goods (Gliige et al., 2020), especially in
eastern China, aligns with its prevalence in this cluster. In the absence of
advanced treatment infrastructure, industrial discharges remain a crit-
ical vector for PFOA introduction into aquatic systems (Cookson and
Detwiler, 2022).

Despite being in an initial contamination stage, reservoirs within this
paradigm still require proactive management due to seasonal fluxes and
hydrological conditions that modulate pollutant dynamics. PFAS con-
centrations tended to rise during reservoir impoundment when reduced
flow enhanced contaminant retention and remobilized bank-stored
pollutants (Zarfl and Dunn, 2022). Vertical and longitudinal gradients,
as seen in small systems like Singapore’s Marina Reservoir (Fig. S2),
further reveal the importance of hydrodynamics and morphology. These
findings suggest that even early-stage contamination demands temporal
sensitivity in monitoring design and adaptive mitigation.

3.3. PFOA and PFOS-co-dominated paradigm

Reservoirs within the PFOA and PFOS-co-dominated paradigm
(Cluster g, n = 25), predominantly located in Asia (85 %), exhibited co-
dominance of PFOA (41 %) and PFOS (52 %) and the highest median
>"14PFAS concentration (15.3 + 27.1 ng/L, Fig. 3a-b). Sediments
showed a median ) 14PFAS concentration was 1.24 ng/g (dw), pri-
marily with PFOA and PFOS, while fish showed a higher concentration
level with PFOS (98 % of ) 14PFAS) (Table S1). Catchment area
emerged as the most influential predictor (g-value = 0.48), reflecting the
importance of land-based sources such as industrial zones and urban
runoff (Fig. 3c). PFAS load was significantly higher during flood periods
compared to storage periods (p < 0.05, t-test), and an increasing inter-
annual trend was observed (p < 0.05, t-test; Fig. S3). Spatially, smaller
reservoirs such as Baoshan showed concentration increases toward the
dam, reflecting morphology-driven transport, unlike larger reservoirs
like Three Gorges (Fig. S4).

The paradigm indicates that reservoirs have historically accumulated
and ongoing PFAS inputs (Fig. 4b). High frequencies and concentrations
of PFOA and PFOS occur across all media, with water showing the
greatest burden. Elevated PFAS levels in fish and sediments relative to
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Fig. 3. Dendrogram and map of PFAS component similarity among reservoir water. (a) Heatmap indicates proportion of components to > 14PFAS concen-
tration. (b) Cluster diagram shows the reservoir name (country located). Abbreviations of reservoir names can be found in Table S1. (c) The left triangular matrix
shows values for interaction between pairs of factors. The values on diagonal line are driving forces of individual factors, and “*” indicates 5 % significance levels.
Several potential factors exhibited no significant impact on distribution of PFAS concentrations across any of the three clusters and were therefore not included here.
LN — Longitude, SV — Seasonal variation, CA — Catchment area, SA — Surface area. All 14 PFAS included were target analytes across the compiled datasets.

the PFOA-only dominated cluster reflect prolonged exposure and bio-
accumulation, consistent with the sediment affinity of long-chained
components such as C7-C10 PFSAs (Higgins et al., 2007).

Notably, 72 % of reservoirs in this cluster exhibited high PFOA/
PFNA ratios and nearly one-third displayed PFOS/PFOA > 1, suggesting
composite sources involving industrial effluents, precursor degradation,
and surface runoff (Li et al., 2020; Ankley et al., 2021). These sites
frequently receive inputs from metal plating and coating operations,
where PFOS and PFOA remain key contaminants (Gliige et al., 2020).
Elevated flood period concentrations further implicate
stormwater-driven mobilization (Cousins et al., 2022; Kali et al., 2025).
Detection of emerging PFAS substitutes underscores the evolving nature
of chemical profiles under regulatory pressure (Gliige et al., 2022). The
co-dominant paradigm thus represents a transitional and potentially
expanding pollution phase, where regulatory and management efforts
must contend not only with persistent legacy contaminants but also with
newer analogs of uncertain ecological impact.

3.4. PFBA-dominated paradigm

Reservoirs within PFBA-dominated paradigm (Cluster y, n = 10),
primarily located in European and eastern China, illustrate a shift to-
ward short-chain PFAS contamination, particularly PFBA, which
constituted 62 % of anionic PFAS (median ) 14PFAS = 8.00 + 18.7 ng/
L; Fig. 3a-b). These reservoirs harbored the highest PFAS burdens in
sediments and fish, with biota dominated by perfluoropentanoic acid
(PFPeA, 93 %), and sediments enriched in PFBA (54 %), per-
fluorodecanoic acid (PFDA, 16 %), and PFOS (12 %). In these reservoir
PFAS, surface water area was the dominant driver (g-value = 0.96)
(Fig. 3c). Reservoir capacity, hydraulic residence time, and sampling
depth were not significant predictors in any cluster (Geodetector’s factor
detection, p > 0.05).

PFBA-dominated paradigm represents a late-stage contamination
profile, shaped by both historical PFAS accumulation and evolving
regulatory landscapes (Fig. 4c). Characterized by predominance of
short-chain PFAS like PFBA in fish and sediments, these reservoirs show
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Fig. 4. Three contaminated paradigms and potential causes of reservoir PFAS concentrations. (a) PFOA-dominated, (b) PFOA and PFOS-dominated, and
(c) PFBA-dominated contamination paradigm. The split violin plots show the distribution of "14PFAS concentrations in each medium (top to bottom: water,
sediment, and fish) of the reservoir. The circles represent median concentration of the corresponding distribution. Abbreviations of PFAS components can be found

in Table S1.

the highest PFAS loads in biota despite low water concentrations,
consistent with global increases in short-chain PFAS discharge via
municipal wastewater (Cookson and Detwiler, 2022). Mainly located in
economically developed regions such as Europe and eastern China,
where restrictions on long-chain PFAS have driven their substitution
with short-chain analogs (Lindim et al., 2016; Joudan and Lundgren,
2022), this shift has introduced challenges. Short-chain PFAS are highly
mobile, persistent, prone to atmospheric deposition, and resist conven-
tional treatment, leading to sediment accumulation and secondary
pollution (Boyer et al., 2021; Neuwald et al., 2022). The absence of
group-based regulation has allowed them to proliferate, while analytical
constraints of TOF-based techniques may underestimate their

environmental presence (Pan and Helbling, 2023; Hansen et al., 2024).

PFBA-dominated paradigm appears to be primarily influenced by dry
deposition, industrial discharges, and secondary releases. Over 70 %
exhibited PFHpA/PFOA ratios of 0.26-16, a diagnostic range consistent
with atmospheric deposition signals (Li et al., 2020). In addition, PFAS
pollution was higher during storage period than during flooding period
(Fig. S3), indicating enrichment when deposition outweighs dilution.
These observations, together with the chemical persistence and vola-
tility of short-chain PFAS, suggest that atmospheric deposition repre-
sents an important, though not exclusive, contributor to PFBA loading
(Bjornsdotter et al., 2022; Xia et al., 2024; Kali et al., 2025). Never-
theless, lacking concurrent atmospheric data, this inference remains
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indicative, highlighting the need for integrated monitoring of atmo-
spheric, hydrological, and sedimentary fluxes to better constrain source
apportionment.

Compositional similarity between water and sediments suggests
bidirectional exchanges, whereby sediments may gradually transition
from sinks to secondary sources (Cooley et al., 2021). Field observations
in Tokyo Bay demonstrated that short-chain PFAS such as PFBA and
PFPeA persist in pore water and can be continuously released into the
overlying water column (Ahrens et al., 2009). This sustained environ-
mental availability, combined with the high solubility and moderate
polarity of PFBA, favors uptake via gill diffusion and dietary exposure
rather than lipid partitioning (Holzer et al., 2011; Liang et al., 2022).
Although PFBA shows limited biomagnification, its persistence and
continuous sediment-water exchange may lead to steady-state accu-
mulation. Thus, PFBA bioaccumulation in fish likely reflects chronic
environmental availability rather than trophic magnification, empha-
sizing the need to integrate bioaccumulation modeling into short-chain
PFAS monitoring framework.

3.5. Challenge of process diversity and workflow construction

Although our study delineates three dominant paradigms of PFAS
contamination in reservoirs, they likely represent only part of a broader
continuum of environmental processes. Distinct patterns observed
across water, sediment, and biota underscore the need to examine PFAS
behavior not only by concentrations (Fig. S5), but also by dynamic
partitioning, transformation, and cross-media transfer (Kosnik et al.,
2022b). Due to their unique physicochemical properties, PFAS deviate
from traditional pollutant behavior, challenging existing conceptual
models of aquatic contaminant cycling (Lohmann et al., 2020). Their
sorption and transformation depend on compound-specific affinities,
surface chemistry of adsorbents, and surrounding water chemistry such
as pH and ionic strength (Wu et al., 2020).

The heterogeneity observed—across continents, reservoir morphol-
ogies, and within reservoirs—suggests that single-point, single-media
sampling strategies are insufficient to capture the spatiotemporal
complexity of PFAS contamination. For instance, small reservoirs dis-
played sharp concentration gradients from surface to dam, while sea-
sonal shifts in flow regimes affected PFAS retention and remobilization.
Hence, further monitoring should incorporate multi-point, stratified
sampling across different media, including sediments, biota, and water
(Z.F. Guo et al., 2021). Additionally, trophic transfer within aquatic food
webs remains poorly characterized, despite its importance for assessing
bioaccumulation and biomagnification of both legacy and emerging
PFAS (Evich et al., 2022).

The DIM workflow further revealed methodological limitations:
sparsity and inconsistent metadata, variable sampling depth and timing,
and non-standardized reporting hampered integration. Most studies
remain cross-sectional, offering snapshots rather than temporal trends
(Muir and Miaz, 2021), while fluctuations in PFAS concentrations are
increasingly driven by climate-sensitive processes such as flood pulses
and dry deposition (Maavara et al., 2020). Although our dataset capture
spans five continents (Fig. S1), global coverage remains geographically
uneven—reservoirs from South America and Africa are particularly
underrepresented. These disparities reflect monitoring capacity gaps
rather than true absence of contamination, potentially constraining
generalization of the three paradigms (Grunfeld et al., 2024). Never-
theless, the sampled reservoirs encompass wide gradients in catchment
area, storage capacity, and morphometry, thus capturing key features of
global reservoir systems. The DIM framework presented here-
—integrating data compilation, imputation, and multiscale ana-
lysis—provides a scalable foundation for future datasets as coverage
expands, potentially revealing additional contamination paradigms
under diverse climatic and socioeconomic contexts.

Despite the robustness of the MICE-based method, uncertainty is
inherent when reconstructing incomplete datasets. Restricting
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imputation to PFAS species with <50 % missingness provided a balance
between data completeness and reliability. Nevertheless, this criterion
may have led to the underrepresentation of certain short-chain PFAS
that are more variable or sporadically detected, potentially biasing the
inferred compositional structure toward longer-chain compounds in
regions where short-chain alternatives are increasingly dominant. While
MICE preserves covariance structure among PFAS and environmental
covariates, it remains a statistical approximation that is unable to fully
capture compound-specific behaviors or episodic contamination events.
Therefore, imputed results should be regarded as an optimized estimate
rather than a substitute for empirical observations. Hybrid approaches
combining probabilistic and process-based or Bayesian modeling could
further constrain uncertainty and enhance ecological realism.

Bridging these knowledge gaps requires concerted international co-
ordination and data sharing. The DIM framework is designed to facilitate
such cross-scale integration by offering a transparent, modular approach
to synthesize heterogeneous datasets and identify emergent patterns. As
PFAS disperse globally through air, water, and trade (Fuller et al., 2022),
localized or single-media studies cannot resolve their complex envi-
ronmental pathways (Cousins et al., 2022). In response to this challenge,
our initiative is to develop the DIM workflow to promote data integra-
tion, effectively bridging the data gap and fostering interdisciplinary
(Nakagawa et al., 2020; Ateia et al., 2023). Beyond methodological
improvements, effective PFAS governance demands institutional coor-
dination at multiple levels. To achieve our goal, countries should adopt
complementary roles and take joint actions in acquiring, managing,
sharing, and utilizing data (Game et al., 2018; Alexander et al., 2019).
Integrating toxicological platforms such as the PFAS-Tox database
(Pelch et al., 2022) within environmental datasets would align research
and regulatory efforts under the "One Health" paradigm, where human,
ecological, and chemical risks are addressed in tandem (Bourne et al.,
2022).

4. Conclusions

This study presents a global-scale assessment of PFAS contamination
in freshwater reservoirs, integrating multi-media data from 74 sites
using a DIM (Data integration-Imputation-Multiscale analysis) work-
flow. Unsupervised clustering identified three distinct contamination
paradigms: PFOA-dominated, PFOA and PFOS co-dominated, and PFBA-
dominated, which represent distinct stages of PFAS evolution shaped by
historical usage, regulatory shifts, and environmental processes. The
PFOA-dominated paradigm reflects early-stage, spatial and inter-media
asymmetric contamination driven by hydrodynamics and limited legacy
accumulation. The PFOA and PFOS co-dominated paradigm, primarily
found in Asia, indicates persistent and expanding pollution under
compound sources and hydrological extremes, characterized by elevated
burdens in all compartments and emergence of substitute PFAS. The
PFBA-dominated paradigm, mainly in Europe and eastern China, illus-
trates a regulatory transition toward short-chain PFAS prevalence with
elevated sediment and biotic burdens linked to dry deposition and sec-
ondary release. Together, these paradigms reveal that PFAS contami-
nation in reservoirs is shaped by a complex interplay of source diversity,
hydrological processes, and compound-specific physicochemistry,
challenging traditional pollutant models. The strong cross-media het-
erogeneity observed underscores the limitations of single-media or
snapshot-style assessments. We therefore recommend multi-point,
stratified, and cross-media sampling integrated within frameworks like
DIM to better capture temporal and spatial dynamics and to enable
robust global comparison.

Furthermore, the study highlights critical knowledge gaps, including
inconsistent metadata reporting, temporal discontinuity, and limited
biotic data, that hinder cross-study synthesis. Bridging these gaps re-
quires coordinated international efforts in data sharing, methodological
harmonization, and cross-sector collaboration under a One Health
approach. The DIM workflow provides a scalable foundation for such
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integration, enabling data-driven refinement of contamination para-
digms as global coverage expands. Ultimately, effective PFAS gover-
nance demands multi-level institutional cooperation and adaptive
regulatory frameworks capable of addressing both legacy compounds
and emerging analogs across environmental, ecological, and human
health dimensions.
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this review links the drivers of persistence to the selection and sequencing of treatment barriers, and extends the
assessment to groundwater migration, soil-plant and food-chain transfer, and antimicrobial-resistance pathways
within a common water-reuse framework. This supports adaptive treatment design targeting parent compounds,
TPs, and cross-compartment risks. HRMS, non-target screening, and Al/ML-assisted optimization support
adaptive monitoring and control. However, identifying a TP does not demonstrate risk, so effect-based methods
are needed, and AI/ML applications are mainly predictive and validated on small datasets. Safe and sustainable
water reuse likely requires multi-barrier treatment, source control, continuous monitoring, TP assessment, and

integrated risk management.

1. Introduction

Persistent contaminants in water are chemical substances that
remain for long periods due to their resistance to photolytic, biological,
and chemical degradation. These compounds exhibit high stability, long
environmental half-lives, and the ability to bioaccumulate in organisms
and biomagnify through food webs, leading to chronic ecological and
health effects (Yu et al., 2024). They include persistent organic pollut-
ants (POPs), per- and polyfluoroalkyl substances (PFAS), pharmaceuti-
cals, and certain pesticides. These compounds are difficult to remove
through conventional wastewater treatment processes. Persistent con-
taminants can be transported across great distances via water and air
currents, resulting in their global distribution-even in remote regions
such as the Arctic (UNEP, 2025).

Among persistent contaminants, pharmaceuticals warrant particular
attention due to their extensive production, consumption, and biological
activity. Approximately 4000 active pharmaceutical ingredients are
used worldwide, with annual production reaching about 100,000 tonnes
(Weber et al., 2016). Continuous inputs from excretion, disposal, and
manufacturing, coupled with population ageing, are expected to further
increase environmental releases (IFPMA, 2022). Pharmaceuticals and
their transformation products have been detected in 71 countries,
encompassing more than 600 substances (aus der Beek et al., 2016). A
global survey of rivers in 104 countries found concentrations exceeding
ecological safety thresholds or levels of concern for antimicrobial
resistance at 25.7% of sampling sites (Wilkinson et al., 2022). Their
impacts include wildlife mortality, pressures on fish populations, and
the promotion of antimicrobial resistance (Oaks et al., 2004; Johnson
and Sumpter, 2014; Kraemer et al., 2019). Although pharmaceuticals
are not classical persistent organic pollutants under the Stockholm
Convention framework (UNDP, 2024; UNEP, 2001), their continuous
replenishment and incomplete removal during wastewater treatment
justify their consideration in this review.

Recent reviews have substantially advanced understanding of phar-
maceutical occurrence, environmental fate, treatment performance, and
transformation products (Couto et al., 2019; Patel et al., 2019; Wada and
Olawade, 2025), AOP-based removal (Kanakaraju et al., 2018, 2025),
and applications of Al in water and wastewater treatment (Liu et al.,
2025; Mathaba and Banza, 2023; Parsoya et al., 2026). However,
these dimensions are still commonly addressed as relatively discrete
components of the contamination problem. Therefore, the unresolved
challenge is not simply to identify which pharmaceuticals persist or
which technologies remove them, but to establish how
compound-specific physicochemical and transformation mechanisms
should determine the design and sequencing of treatment barriers across
wastewater, reclaimed water, groundwater, and food-production path-
ways. The present review addresses this gap by developing a mecha-
nistic driver-to-treatment-train perspective that connects persistence
mechanisms with integrated treatment selection and Al-assisted opti-
mization, while simultaneously considering cross-compartment trans-
port, food-chain exposure, and antimicrobial-resistance risks.

Three observations support this perspective. First, pharmaceutical
residues and co-selecting agents can promote antibiotic resistance in
wastewater, making the fate of resistance genes as important as the
removal of parent compounds (Sambaza and Naicker, 2023; Uluseker

et al., 2021). Second, treatment processes frequently transform rather
than eliminate pharmaceuticals, generating by-products that may equal
or exceed the persistence or toxicity of the original molecules (Dong
et al., 2024; Trognon et al., 2024). Third, no single technology ach-
ieves complete removal. Although ozonation and activated carbon can
reduce micropollutant loads by around 80% or more, treatment effi-
ciency varies substantially among compounds, highlighting the need for
combined processes and transformation-product monitoring (Bourgin
et al., 2018; Margot et al., 2013).

Based on this integrated perspective, the specific objectives of the
current review were the following: 1) identify the key physicochemical
drivers that confer persistence to pharmaceuticals in aquatic systems, 2)
evaluate the efficacy of conventional and advanced treatment technol-
ogies in removing persistent pharmaceuticals, distinguishing parent-
compound removal, degradation and mineralization and taking oper-
ating conditions into account, 3) discuss the formation and risks of
transformation products (TPs) and antimicrobial resistance (AMR)
linked to these contaminants, including the evidence from effect-based
toxicity assessment, and 4) propose integrated, multi-barrier treatment
frameworks and future research directions to mitigate their impact on
water quality and public health, while separating evidence-supported
findings from proposed directions, and critically appraise the evidence
for AI/ML in pharmaceutical treatment, supporting global efforts toward
sustainable water management and SDG 6.

The organizing axis of the review is the mechanism of persistence,
and the review follows one chain of reasoning, summarized in Table 1. It
begins with the molecular and physicochemical drivers that allow a
pharmaceutical to pass through conventional treatment, and with the
transformation products it leaves behind (Section 3). Because every later
step depends on how reliably parent compounds and transformation
products can be measured, the analytical constraints are then examined
as a critical appraisal of what occurrence and removal data can and
cannot show (Section 4). The review next follows persistent pharma-
ceuticals and their transformation products from release to transport,
transformation, exposure and ecological or health consequence (Section
5). Treatment is evaluated against the same persistence drivers, so that
each barrier is judged by whether it acts on the mechanism that causes
persistence and by the transformation products, energy demand and
residuals it generates (Section 6). These elements are finally combined
into a multi-barrier design, in which AI/ML is considered as a decision-
support tool for selecting and operating the barriers, and the evidence
for it is appraised (Section 7). Remaining challenges and research gaps
close the review (Sections 8 and 9). The central scientific questions are
therefore: (Q1) which drivers make pharmaceuticals persist; (Q2)
whether the disappearance of a parent compound means elimination;
(Q3) where residues and transformation products go and what risks
follow; (Q4) which barrier acts on which driver, and at what cost; and
(Q5) how barriers should be sequenced for safe water reuse and where
AI/ML can support that decision.

2. Search strategy and literature review methodology
To compile this narrative review, a comprehensive literature search

was performed using scientific databases (PubMed, Scopus, Web of
Science, and Google Scholar). The search strategy combined keywords
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Table 1
Organization of the review: chain of reasoning, central questions, and the sec-
tions that address them.

Step in the chain ~ Central question Sections ~ What is carried to the
next step
Persistence Q1. Which molecular 3.1,3.2 A set of drivers and
drivers and physicochemical three patterns of

properties allow behavior of the
pharmaceuticals to pass pharmaceutical groups
through conventional
treatment?

Transformation Q2. Does disappearance 3.3 Conversion must be

of the parent compound
mean elimination, and
what do transformation
products inherit from
the parent?

distinguished from
mineralization;
transformation
products are followed
as targets in their own

right
Evidence base How reliably can parent 4 Limits of target
compounds, analysis;

transformation products
and biological activity
be measured?
Fate, exposure Q3. Where do residues 5
and and transformation

complementary roles
of HRMS and effect-
based methods
Strength of evidence
per pathway;

consequences products go, through treatment and
which pathways are monitoring objectives
organisms and people for discharge,
exposed, and how irrigation and recharge
strong is the evidence
for each pathway?
Barrier Q4. Which treatment 6 Driver-to-barrier logic

barrier acts on which

driver, and with what
transformation-product,
energy and residual

penalty?

Q5. How should barriers 7
be sequenced for safe

water reuse, and what

can AI/ML contribute to
selecting and operating
them?

Which challenges and 8,9
research gaps remain,

and which measures
complement treatment?

selectivity and the quantitative
evidence on
performance,
transformation
products and energy
Train design and Multi-barrier train;
decision

support

evidence and limits of
AI/ML

Risk mitigation
and gaps

Research gaps and
priorities, including
source control and
monitoring

and Boolean operators to capture relevant studies on persistent phar-
maceuticals in water treatment. Key search terms included: "persistent
pharmaceuticals”, "recalcitrant pharmaceuticals", "pharmaceuticals in
wastewater", "advanced oxidation processes", "AOP", "ozonation", "UV/
H50,", "membrane bioreactor", "activated carbon", "adsorption", "trans-
formation products", "pharmaceutical metabolites", "antimicrobial
resistance", "endocrine disrupting compounds", "water reuse", "SDG 6,
and "emerging contaminants".

Original research articles, review papers, and book chapters about
pharmaceuticals in water were included. These covered their presence,
how they persist, treatment methods, and effects on the environment or
health. By contrast, studies unrelated to water treatment, non-English
publications, and non-peer-reviewed sources were excluded. The
retrieved articles were screened by title and abstract, followed by full-
text review. Relevant data were synthesized to structure the review
along the driver-to-barrier chain described in the Introduction (Table 1),
covering persistence drivers and transformation, analytical constraints,
fate and exposure, removal strategies, integrated design, and future
perspectives. Special emphasis was placed on recent advances (2020-
2025) to ensure the review reflects current scientific and technological
trends.

The initial literature search covered the period January 1, 2016, and
was last updated on July 30, 2026. PubMed, Scopus, Web of Science and
Google Scholar were the databases used for the search. After removal of
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duplicates, records were screened by title and abstract, and full texts
were assessed. In response to the peer-review process, targeted supple-
mentary searches were performed in September 2026 to retrieve pilot-
and full-scale studies reporting operating conditions, transformation-
product and toxicity data, energy and cost indicators, and applications
of machine learning to pharmaceutical removal. For these questions,
foundational studies, published before 2020, were included when they
reported pilot- or full-scale data. When a quantity is not reported in the
source, it is marked “n.r.” in the tables and no value has been inferred.

The current review employs a narrative synthesis rather than a sys-
tematic review design. In contrast to systematic reviews that adhere to
standardized frameworks such as Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA), this work integrates and
analyzes the available literature thematically to provide a comprehen-
sive evaluation of pharmaceutical persistence mechanisms, treatment
technologies, and associated environmental risks in aquatic systems.
The narrative approach enables the inclusion of heterogeneous evidence
(encompassing experimental investigations, field monitoring studies,
and technological assessments) thereby accommodating the methodo-
logical diversity inherent in this research area. Considering the broad
scope and exploratory character of the present review, application of
PRISMA guidelines was not warranted. Because a narrative design does
not allow a formal risk-of-bias assessment, the tables report the scale of
each study (laboratory, pilot or full scale) so that readers can weigh the
strength of the evidence. Results from different studies were compared
by the persistence driver acting on each compound, the endpoint
measured (parent-compound removal, degradation or mineralization),
the scale of the study, and the water matrix, so that differences between
studies could be interpreted and not only listed.

3. Mechanisms of pharmaceutical persistence: which
pharmaceuticals persist and why

Within the wider group of persistent contaminants introduced in
Section 1, pharmaceuticals are examined in this review because they are
designed to be biologically active at low doses, are released continuously
through excretion, disposal and manufacturing, and include compounds
that pass through wastewater treatment, generate transformation
products and select for antimicrobial resistance. This section first iden-
tifies the molecular and physicochemical drivers of persistence (Section
3.1), then shows how these drivers translate into the behavior of the
main pharmaceutical groups in conventional wastewater treatment
(Section 3.2), and finally examines how transformation extends or ends
persistence (Section 3.3).

3.1. Physicochemical and molecular drivers of persistence

Fig. 1 shows the molecular and physicochemical drivers that make
pharmaceuticals persistent in water and wastewater treatment: high
polarity, which means that they pass through treatment processes
without being effectively adsorbed; strong aromatic/fluorinated rings as
they resist oxidation within the treatment processes; ionizable, where
they remain dissolved and not captured by membranes; stable metabo-
lites, where their derivatives are often more persistent than the parent
compounds, and poor biodegradability, where microorganisms cannot
metabolize them. These drivers are not independent. Structural stability
(strong bonds and stabilized or halogenated ring systems) determines
whether a compound is attacked by enzymes and oxidants; polarity and
ionization determine whether it is retained by sorbents, sludge and
membranes; and the water matrix and microbial context determine how
much of the available oxidant or biological capacity actually reaches the
compound. A compound that is persistent in one treatment step is
therefore not necessarily persistent in another: carbamazepine, for
example, passes through activated sludge with little removal but fell
below the detection limit in full-scale ozonation (Hollender et al., 2009).
This is why treatment has to be matched to the mechanism (Section 6).
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Molecular and Physicochemical Drivers of Pharmaceutical Persistence

Aromatic / halogenated rings

High bond-dissociation energy;

low reactivity with *OH & enzymes

- Resists oxidation & biodegradation

Antimicrobial / mixture effects

Fluoroquinolones, sulfonamides

suppress key microbial taxa

- Destabilizes biological removal

lonization at treatment pH
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(e.g., metformin, macrolides)

- Escapes sorption & membrane capture
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scavenge radicals in AOPs

- Reduced treatment kinetics
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e.g., metformin —» guanylurea

TPs as persistent as parent

- Apparent removal masks conversion

Fig. 1. Molecular and physicochemical drivers of pharmaceutical persistence in water and wastewater treatment. The central hub represents a generic persistent
pharmaceutical; the surrounding panels summarize the main mechanisms (aromatic/halogenated rings, ionization at treatment pH, formation of stable trans-
formation products, matrix effects, and antimicrobial/mixture effects) and their consequence for treatment performance.

The key mechanistic reasons why pharmaceuticals persist through
conventional water and wastewater treatment, with illustrative com-
pounds (e.g., carbamazepine, venlafaxine, diclofenac, metformin/gua-
nylurea, and iodinated contrast media) are next discussed. Firstly,
intrinsic physicochemical stability and functionalization hinder
biodegradation and oxidation. Electron-withdrawing groups (e.g., hal-
ogens on diclofenac, tricyclic/amide motifs in carbamazepine) increase
bond dissociation energies, and reduce reactivity toward hydroxyl rad-
icals and biocatalytic enzymes, leading to poor removal in activated
sludge and modest susceptibility to advanced oxidation unless high
oxidant exposures are applied (Nosek and Zhao, 2024; Trognon et al.,
2024). Photostability or slow indirect photolysis further extends envi-
ronmental half-lives, as shown for venlafaxine and other antidepressants
(de Souza et al., 2022). Transformation often yields equally persistent or
toxic transformation products (TPs) (e.g., diclofenac ozonation/UV
TPs), complicating process optimization and risk assessment (Alharbi
et al.,, 2022; Nosek and Zhao, 2024). Secondly, ionization behavior
and speciation at treatment pH (6-8) reduce removal by sorption and
membranes. Many pharmaceuticals are zwitterionic or highly polar
cations/anions (e.g., metformin, macrolides), which limit hydrophobic
partitioning to sludge and activated carbon, and enable passage through
low-pressure membranes. For metformin, near-quantitative biotrans-
formation to guanylurea occurs in WWTPs. The TP is similarly polar and
persistent, so apparent 'removal" reflects conversion rather than
mineralization (Poursat et al., 2019). Iodinated contrast media are
purposely designed to be highly water-soluble, sterically hindered, and
biologically inert, yielding negligible sorption and biodegradation.

Consequently, they pass through WWTPs and may form toxic iodinated
disinfection by-products downstream (Zhang et al., 2023b; Yan et al.,
2024). Thirdly, matrix effects in real waters suppress treatment ki-
netics. Natural organic matter (NOM), bicarbonate, and bromide scav-
enge radicals or shift AOP pathways; competitive adsorption with NOM
reduces uptake on carbon and mineral sorbents, while short hydrau-
lic/sludge retention times limit acclimation of specialist degraders.
These effects collectively explain widely variable removals reported
across facilities and seasons (Alfonso-Muniozguren et al., 2021; Shearer
et al., 2022). Fourthly, antimicrobial activity and mixture effects inhibit
biological processes. Fluoroquinolones and sulfonamides can suppress
key microbial populations, slow nitrification, and alter community
composition, reducing biotransformation capacity and promoting anti-
biotic resistance genes (ARGs), which further destabilizes removal per-
formance (Uluseker et al., 2021; Rilstone et al., 2025). Finally, life-cycle
and analytical blind spots perpetuate persistence. Many WWTP '"re-
movals" represent phase transfer (e.g., sorption to sludge) or conversion
to unmonitored TPs. Downstream back-diffusion from bio-
films/sediments and continuous inputs from hospitals and households
maintain quasi-steady concentrations. Emerging multi-analyte HRMS
surveys repeatedly uncover dozens of TPs for psychotropics and other
classes, underscoring that apparent disappearance often masks trans-
formation rather than mineralization (Wang et al., 2025). These trans-
formation aspects are developed in Section 3.3, and the analytical blind
spots in Section 4. These coupled factors explain why compounds such as
carbamazepine, venlafaxine, sulfamethoxazole, and iodinated contrast
media remain among the most persistent and frequently detected in
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effluents and receiving waters, even where advanced treatment is
deployed (Do et al., 2022; Yan et al., 2024).

Treatment design must match the mechanisms driving persistence.
Ozone effectively removes reactive pharmaceuticals, whereas poorly
reactive compounds require alternative processes; polar or ionized
substances often evade sorption and show variable membrane retention;
natural organic matter increases oxidant demand; and apparent removal
may simply reflect transformation, necessitating polishing treatments
and transformation-product monitoring (Bourgin et al., 2018; Gu et al.,
2022; Hollender et al., 2009; Kabbani et al., 2021). This
mechanism-to-barrier logic is developed in Section 6.1.

3.2. Groups of persistent pharmaceuticals and their behavior in
conventional wastewater treatment

This section provides the compound-level basis for the rest of the
review. It identifies which groups of pharmaceuticals repeatedly pass
through wastewater treatment (Table 2), and how they behave in con-
ventional and advanced processes (Table 3). Each group is read against
the drivers established in Section 3.1, and the removal technologies are
evaluated in Section 6.

Persistent pharmaceuticals can be categorized in nine groups
(Table 2). The antiepileptic group represented by a common drug "car-
bamazepine" which is neutral, stable, and poorly biodegradable. In
wastewater treatment plants, pharmaceuticals typically pass through
conventionally activated sludge processes with little removal. Advanced
processes (ozone/AOPs, electro-oxidation, high-dose PAC) can degrade
it substantially (carbamazepine fell below the detection limit in full-
scale ozonation of secondary effluent at a specific ozone dose of 0.47
g0sg 1 DOGC; Hollender et al., 2009). Nonetheless, degradation effi-
ciency depends on applied ozone dose and contact time. Complete
mineralization is rarely achieved, and its byproducts/metabolites (e.g.,
CBZ-epoxide) may remain in water and sludge (Molnarova et al., 2023;
Wada and Olawade, 2025). The NSAID group, represented by diclofe-
nac, is known as a potent, persistent, and officially flagged in the EU
Watch List because it evades standard treatment and drives measurable
bioactivity via cyclooxygenase (COX) inhibition downstream (Simon
et al., 2022). Diclofenac reacts quickly with ozone and falls below the
detection limit in full-scale ozonation at 0.47 g O3 g ! DOC (Hollender
et al., 2009). The specific ozone dose needed at a given plant depends on
the effluent matrix (Bourgin et al., 2018), so removal is site-sensitive.
The group of selected antibiotics of sulfamethoxazole (SMX) and
trimethoprim (TMP) (antibiotics, co-prescribed) both show variable,
often low removal in secondary treatment, and can persist in
drinking-water ~ systems. = SMX  remains  detectable  after
distribution-system residence. Advanced oxidation may remove a major
part of it. However, the process needs careful control (Rilstone et al.,
2025; Wada and Olawade, 2025). The group of antidepressants repre-
sented by venlafaxine and O-desmethylvenlafaxine is frequently re-
ported in water effluents because of high usage and biodegradation
resistance. Adsorption in addition to the advanced oxidation process
(AOP) "polishing" is typically required for meaningful control (Ahmed
et al., 2025; Wada and Olawade, 2025). Metoprolol (a f-blocker) is
often only partially removed in activated sludge, with residuals common
in finished waters without advanced steps (Molnarova et al., 2023;
Wada and Olawade, 2025). Iodinated X-ray contrast media (ICM:
iopromide, iohexol, iopamidol) compounds are highly polar, mobile,
and remarkably persistent. They pass through wastewater treatment
plants (WWTPs) largely intact. Even where "biotransformation" occurs,
yields are modest and by-products (including iodinated DBPs under
chlorination) can be problematic. Complete mineralization of these
compounds is hard (James et al., 2023; Zhang et al., 2023b). Finally, the
antidiabetic group represented by metformin is abundant but is rapidly
and repeatedly converted in WWTPs to guanylurea, which then persists
("dead-end" product in many systems). Emerging consortia capable of
degrading metformin have been identified, but in practice, guanylurea,
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Table 2
Persistent pharmaceutical groups and their physico-chemical persistence
drivers.
Pharmaceuticals Examples and properties Physico-Chemical
Persistence Drivers
Antiepileptics Carbamazepine — the global Neutral polarity, high
benchmark for persistence o stability, low
Extremely stable aromatic biodegradability, strong
structure o Passes through aromatic structure
activated sludge with little
removal; abated by
ozonation at a sufficient dose
in full-scale plants (Section
3.2) e Detected in finished
drinking water worldwide
Antibiotics Sulfamethoxazole — poor Moderate hydrophilicity,
biodegradation, requires polar functional groups,
high ozone doses for antimicrobial activity
effective removal e Adsorbs inhibits biomass
strongly to sludge;
recalcitrant to oxidation
Azithromycin — high
persistence and strong
ecological impacts
Antidepressants Venlafaxine e Very High water solubility, low

and Psychiatric
Drugs

Anti-
inflammatories
(NSAIDs)

p-blockers and
cardiovascular
drugs

Hormones and
endocrine
disruptors

Antidiabetic drugs

Contrast agents (X-
ray, MRI agents)

Cytostatics

hydrophilic — not removed
by activated carbon or
membranes Fluoxetine
(Prozac) e Strong
partitioning to sludge but
transforms into persistent
metabolites

Diclofenac — partially
removed by ozonation but
forms toxic byproducts
Ibuprofen and naproxen —
partially removed, but
metabolites remain
persistent

Atenolol - hydrophilic,
resistant to activated carbon
Metoprolol — stable and
moderately persistent in
secondary effluent
17a-ethinylestradiol (EE2) —
extremely potent at ng/L
concentrations Estrone (E1)
— persistent metabolite,
difficult to fully remove
Metformin — one of the most
abundant emerging
contaminants e Resistant to
chlorination; degradation by
ozonation requires high
exposure e Converted to
guanylurea in WWTPs;
apparent removal reflects
conversion, not
mineralization (Section 3.3)
Todinated contrast media
(ICMs) — the most
recalcitrant class overall e
Almost no removal in
WWTPs e Highly stable
benzene structures with
iodine substituents
Gadolinium-based MRI
agents — remain intact
through all treatment stages
Extremely persistent,
genotoxic, mutagenic

Koc (poor sorption),
resistant to biodegradation

Weak acid (pKa ~ 4.2),
photosensitive but
recalcitrant in dark, partial
ionization limits sorption

Moderate polarity, low
volatility, partial sorption,
slow biodegradation

Hydrophobicity, low
biodegradability, stability,
and strong adsorption
tendencies

Highly polar cationic
compound (metformin),
guanylurea is even more
persistent and hydrophilic

High polarity, stability, low
biodegradability, and
mobility

Very high toxicity, poor
removal in WWTPs, special
concern in hospital effluents
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Table 3
Persistent pharmaceuticals and recommended removal strategies.

Persistent Pharmaceuticals Recommended Removal Train (based on

literature evidence)

Carbamazepine (antiepileptic) Ozonation or UV/H,0, AOP — Biologically
Active Filtration (BAF) or GAC polishing;
high-dose PAC as pre-adsorption

Ozonation — GAC or biological sand
filtration; membrane bioreactor (MBR) hybrid
systems enhance biodegradation

UV/H,0, AOP or electro-oxidation — BAF or

Diclofenac (NSAID)

Sulfamethoxazole/Trimethoprim

(antibiotics) constructed wetland for polishing; PAC
adsorption possible but variable
Venlafaxine/O- Ozone or UV-based AOPs — GAC or bio-GAC;
desmethylvenlafaxine integrated ozonation-MBR systems highly
(antidepressants) effective

Metoprolol (B-blocker) Ozonation — GAC or ion-exchange resin;
alternative: Fenton/photo-Fenton oxidation
Topromide/Iohexol/Iopamidol UV/persulfate or electro-oxidation —

(IcM) Nanofiltration/Reverse Osmosis (RO) — BAF
for residuals
Advanced oxidation (ozone, photocatalysis)
— Bio-GAC for guanylurea degradation;
anaerobic pretreatment may improve results

Metformin — Guanylurea
(antidiabetic + by-product)

Note: The trains in this table are literature-based recommendations and are
qualitative. Quantitative performance, with operating conditions and scale, is
given in Table 5, while transformation-product and toxicity information is given
in Table 6.

the main transformation product, predominates in water effluents (Li
et al., 2023; Dong et al., 2024).

Cytostatic pharmaceuticals are an emerging group of highly persis-
tent contaminants of particular concern because many exhibit geno-
toxic, mutagenic, and carcinogenic effects. Their molecular design
confers high stability against biotransformation, so they are only weakly
removed in conventional wastewater treatment processes and can pass
through into receiving waters. Multiple monitoring studies have re-
ported these compounds in hospital effluents and WWTP influents and
effluents at concentrations typically in the ng/L to low pg/L range, with
conventional treatment often achieving very limited removal
(Castellano-Hinojosa et al., 2023; Gonzalez-Burciaga et al., 2025).

The groups in Table 2 show three patterns of behavior in conven-
tional treatment, which are more informative than the group labels
themselves. In the first pattern the parent compound passes through
largely unchanged because its structure resists both enzymes and oxi-
dants and, in several cases, because it is also poorly sorbed: carbamaz-
epine, venlafaxine, the iodinated contrast media, and the cytostatics,
whose molecular design confers stability against biotransformation. In
the second pattern the parent compound is converted but the product is
itself persistent, so that apparent removal reflects conversion and not
mineralization: metformin is converted to guanylurea, and carbamaze-
pine yields by-products such as CBZ-epoxide that may remain in water
and sludge. In the third pattern removal is partial and depends on the
matrix and operating conditions, so that the same compound is removed
to very different extents at different plants: this applies to sulfameth-
oxazole and trimethoprim, to metoprolol, and to diclofenac, for which
the ozone dose needed at a given plant depends on the effluent matrix.
These patterns have different implications for treatment, which are
developed in Section 6.1: the first requires a barrier that either attacks
the persistent structure or retains the compound; the second requires
monitoring of transformation products in addition to parent-compound
removal; and the third requires dose control and site-specific moni-
toring. Because the pattern, and not the pharmaceutical class, de-
termines which barrier is needed, the compound-specific trains in
Table 3 are read in this review as illustrations of these principles, and the
quantitative evidence behind them is examined in Section 6.2.
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3.3. Transformation products as part of the persistence problem

Persistence cannot be judged from the parent compound alone,
because the disappearance of a parent molecule may be conversion and
not elimination. The studies reviewed here show three recurring situa-
tions, which can be distinguished by what the transformation does to the
structural feature that makes the parent persistent. In the first, the
transformation leaves that feature unchanged. Metformin is converted
almost quantitatively to guanylurea in wastewater treatment plants, and
this product is similarly polar and persistent, so that it behaves as a dead-
end product in many systems and predominates in effluents even though
metformin-degrading consortia have been identified (Poursat et al.,
2019; Li et al., 2023; Dong et al., 2024). In the second, the trans-
formation is reversible or yields products whose persistence, mobility
and toxicity can exceed those of the parent.
Carbamazepine-N-glucuronide undergoes deconjugation during soil
aquifer treatment and regenerates the parent compound (He et al.,
2024), and some transformation products of carbamazepine show
persistence, mobility and toxicity characteristics that may exceed those
of carbamazepine itself (He et al., 2024; Trognon et al., 2024). In the
third, oxidative treatment removes the parent but introduces new
products, some of which may be as persistent or toxic as the parent:
numerous transformation products have been reported for carbamaze-
pine and diclofenac (Alharbi et al., 2022; Nosek and Zhao, 2024;
Trognon et al., 2024), and the oxidation or chlorination of iodinated
contrast media can give iodinated disinfection by-products (Yan et al.,
2024; Zhang et al., 2023b). A contrasting case is reductive: in the lab-
oratory, UV/sulfite treatment of iopamidol released iodine as iodide and
gave products of lower toxicity (Gu et al., 2022), which suggests that
what matters for the fate of a product is whether the reaction removes or
retains the feature that made the parent problematic. This remains a
laboratory observation for a single compound class.

Transformation products are therefore not only an additional issue
arising after treatment but a continuation of the persistence problem.
They are formed by the same reactions that are meant to remove the
parent compound; they can be as polar and persistent as the parent or
more so, as for guanylurea (Table 2), and less sorbable than the parent,
as for the ozonation products that were sorbed less than their parents on
fresh granular activated carbon (Bourgin et al., 2018); and only a few
have been quantified, which limits any quantitative relationship be-
tween structure, transformation pathway, stability and toxicity. For this
reason, transformation products are followed through the rest of the
review as targets in their own right: in the environment (Section 5), in
the analytical effort needed to find and quantify them (Section 4), and in
their formation and abatement during treatment (Section 6.3).

4. Analytical basis and limits of the evidence on persistent
pharmaceuticals and their transformation products

All the examined in the following sections (occurrence, fate, removal
efficiency and transformation-product formation) is only as reliable as
the analytical methods that produced it. Therefore, this section does not
describe analytical instruments for their own sake. It identifies the
analytical features that determine what can be concluded about persis-
tence, exposure and treatment performance, and the limits that follow
from them.

Detection and quantification of persistent pharmaceuticals in aquatic
environments require highly sensitive, selective and robust instrumen-
tation because these compounds are typically present at low ng-pg/L
levels, in complex matrices, and often alongside transformation prod-
ucts or metabolites.

Sample preparation: Solid-phase extraction (SPE) is the standard
for concentrating trace pharmaceuticals from large water volumes while
reducing matrix interferences (Alqarni, 2024).

Separation techniques: High-performance liquid chromatography
(HPLC) or ultra-performance liquid chromatography (UPLC) are the
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dominant methods for separating pharmaceuticals prior to detection
(Molnarova et al., 2023; Omotola and Olatunji, 2020). For more volatile
or thermally stable compounds, gas chromatography (GC) coupled to
MS has been applied, although LC-MS/MS has largely become the gold
standard for pharmaceuticals due to their polarity and thermal lability
(Algarni, 2024).

Detection and quantification: Tandem mass spectrometry (MS/
MS) connected to LC (LC-MS/MS) is the cornerstone instrument for trace
pharmaceutical analysis because of its high selectivity, sensitivity and
ability to identify compounds based on precursor/product ion transi-
tions. More recently, direct injection LC-MS/MS (without extensive pre-
concentration) has been applied to monitor pharmaceuticals in waste-
water and reuse streams, demonstrating the evolving instrumentation
and methods (Dominguez-Garcia et al., 2025). Ionization sources
(electrospray, atmospheric-pressure chemical ionization) and
high-resolution mass spectrometry (HRMS) are increasingly used for
non-target screening of pharmaceuticals and transformation products.

Data reliability and quality assurance: Accurate quantification
requires internal standards (often isotopically labeled compounds),
calibration curves, limits of detection/quantification (LODs/LOQs) and
control of matrix effects. Algarni (2024) note that matrix suppressio-
n/enhancement remains a persistent challenge in water and wastewater
analytics. HRMS combined with suspect and non-target screening has
advanced the detection of pharmaceuticals in environmental samples by
identifying unknown transformation products without relying on
reference standards. TOF and Orbitrap analyzers deliver high mass ac-
curacy (typically <5 ppm) to support molecular formula assignment,
and integration with MS/MS fragmentation data and retention time
modeling aids in elucidating structures of novel compounds. These
methods prove especially useful for evaluating effluents after advanced
treatments, where oxidation yields diverse and unpredictable trans-
formation products (Castano-Ortiz et al., 2024).

Three consequences of these methods bear directly on the interpre-
tation of the studies in the following sections. First, targeted LC-MS/MS
quantifies a predefined list of compounds, so that removal efficiencies
calculated from parent-compound concentrations cannot distinguish
mineralization from conversion to unmonitored transformation prod-
ucts or from transfer to sludge or to a concentrate stream, which is why
apparent removal can mask transformation (Section 3.1). Second, ma-
trix suppression or enhancement (Algarni, 2024) and differences be-
tween laboratories are potential sources of variation, in addition to
treatment conditions, when removal efficiencies for the same compound
differ among studies, and the need for inter-laboratory-comparable
methods has been noted (Wu et al., 2024). Third, concentrations are
reported at ng L ' to pg L ! levels, so that the limit of quantification
determines which compounds and which transformation products can
be followed at all, and a removal efficiency computed against a value at
the limit of quantification is a lower bound and not an exact figure.

Suspect and non-target HRMS workflows propose candidate struc-
tures for transformation products. They have been evaluated as an
alternative to target analysis across environmental compartments
(Castano-Ortiz et al., 2024). However, identification shows only that a
structure is present. It does not establish the concentration (unless
reference standards or a semi-quantification approach are used) or the
biological activity. Effect-based methods address the second question by
measuring the combined biological effect of a sample, including mix-
tures, without identifying the causative compounds. They are discussed
together with transformation-product toxicity in Section 6.3.

Three levels of evidence can therefore be distinguished: target
quantification of parent compounds and of the few transformation
products for which standards exist; HRMS identification of candidate
structures; and effect-based measurement of biological activity. Most of
the removal data in this review rest on the first level, whereas conclu-
sions on transformation products and toxicity rest on a smaller number
of quantified products (for example, seven ozonation products at one
plant; Bourgin et al., 2018) and on bioassay studies (Section 6.3). The
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consequence for the interpretation of this review is that
parent-compound removal is not taken as evidence of reduced risk.

5. Environmental fate, exposure pathways and consequences of
persistent pharmaceuticals

Having established which pharmaceuticals persist and why (Section
3) and how reliably this can be measured (Section 4), this section follows
them from wastewater effluent into receiving surface waters (Section
5.1), groundwater (Section 5.2) and the food chain (Section 5.3), and
then to the ecological (Section 5.4) and human-health consequences
(Section 5.5). The sequence follows the stages through which a risk is
formed: release of the parent compound and its metabolites with
effluent, biosolids or manure; transport and transformation in the
compartment reached; exposure of organisms and people through water,
food or resistance determinants; and the resulting ecological or health
consequence. Because the compartments are connected, with infiltration
from irrigation and recharge reaching groundwater, groundwater dis-
charging to surface water as baseflow, and return flows replenishing
irrigation sources, each pathway is discussed once, in the compartment
where it first becomes dominant, and is cross-referenced elsewhere.
Hydrological, climatic and societal conditions are described here
because they control the concentrations and exposure that treatment has
to address: flow regime and dilution, evapoconcentration in dry periods,
population ageing and the resulting consumption of medicines (IFPMA,
2022), the extent of wastewater reuse, and the capital and skills avail-
able to small utilities (Jani and Kumari, 2024). In turn, the consequences
for treatment ambition are discussed in Sections 5.6 and 8.

5.1. Release and behavior in surface waters: the role of hydrology and
sediments

Persistent pharmaceuticals (antibiotics, antidepressants, hormones,
antiepileptics) move from WWTP effluent to rivers and floodplains,
where chronic low-dose exposure alters organismal behavior, endocrine
function and reproduction. Population-level effects and community
shifts have been reported for fish and invertebrates (Kock et al., 2023;
WHO, 2012). High baseflows and storm events spread residues widely,
while combined sewer overflows create acute pulses that coincide with
sensitive life stages (OECD, 2019). Biofilms and sediments act as
long-term reservoirs, sustaining benthic exposure and trophic transfer to
higher consumers. Mixture effects with nutrients, metals and PFAS in-
crease risk beyond single-compound assessments (Ashfield et al., 2025;
Khan et al., 2020). Continuous sub-MIC antibiotic exposures select for
antimicrobial-resistance genes (ARGs) in biofilms and sediments,
enhancing horizontal gene transfer and creating riverine AMR hotspots
(Ashfield et al., 2025; OECD, 2019).

Elevated ionic strength and temperature can alter sorption/parti-
tioning, increasing persistence of neutral and ionizable pharmaceuticals
and promoting sediment entrapment with episodic remobilization dur-
ing flash floods (Mosharaf et al, 2025). In endorheic or
groundwater-dependent basins, limited dilution and extensive waste-
water reuse elevate steady-state concentrations in canals, wadis, and
recharge basins, while evapoconcentration during dry periods further
amplifies contaminant loads and contact times in aquatic refugia (Khan
et al., 2020; Mateo-Sagasta et al., 2022).

Taken together, the studies in this section show that exposure in
surface waters is controlled by two kinds of factors that act indepen-
dently. The hydrological context (dilution, baseflow and storm pulses,
evapoconcentration) sets the concentration and timing of exposure, and
the sorption behavior of the compound (Section 3.1) determines
whether it remains dissolved or accumulates in biofilms and sediments
that later act as secondary sources. This separation explains why the
same effluent can have different ecological consequences in different
basins, and why treatment objectives need to be set with the receiving
hydrology in mind.
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5.2. Movement of persistent pharmaceuticals to groundwater systems

Persistent pharmaceuticals can indeed migrate to shallow ground-
water under certain hydrogeological, chemical, and land-use conditions.
This mobility depends on a combination of persistence, aqueous solu-
bility, low sorption affinity, and subsurface transport mechanisms.
Persistent pharmaceuticals that resist biodegradation and persist in the
aqueous phase are more likely to infiltrate soils during irrigation,
recharge events, or effluent disposal operations (Kolpin et al., 2002). In
permeable soils with low organic matter and minimal sorption potential
(e.g., sandy substrates in arid regions), contaminants travel quickly
beneath infiltration basins or recharge ponds (Chia et al., 2025).
Moreover, pharmaceuticals applied via treated wastewater reuse, a
growing trend in water-scarce regions, raise recharge risk if buffer zones
or pre-treatment barriers are inadequate (Mosharaf et al., 2025). Recent
investigations using isotopically labeled compounds have revealed that
carbamazepine metabolites, particularly carbamazepine-N-glucuronide,
undergo deconjugation during soil aquifer treatment, regenerating the
parent compound and increasing groundwater contamination beyond
what influent concentrations would predict (He et al., 2024). This
deconjugation dynamic represents a significant challenge for managed
aquifer recharge systems and highlights the need for monitoring both
parent compounds and conjugated metabolites.

Transport to shallow aquifers occurs through unsaturated zone
leaching, preferential flow paths, and rapid percolation in fractured rock
or coarse media. Pharmaceuticals with high water solubility (e.g., sul-
fonamides, certain beta-lactams) and low partitioning to organic carbon
are more mobile (Couto et al., 2019). Arid environments present
accelerated infiltration of treated effluents during episodic recharge
events, with less competition from microbial degradation, supporting
deeper penetration (Wang et al., 2025). Conversely, wet regions may
attenuate pharmaceuticals via greater soil sorption and microbial ac-
tivity, although high recharge volumes can overwhelm attenuation ca-
pacity (Dibyanshu and Scheytt, 2025). In endorheic or
groundwater-dependent basins, bank filtration and managed aquifer
recharge (MAR) schemes risk breakthrough of highly mobile, polar
pharmaceuticals (e.g., carbamazepine, metformin), challenging attenu-
ation capacity (Khan et al., 2020; Mateo-Sagasta et al., 2022).

Field studies documented pharmaceuticals such as carbamazepine
and diclofenac in shallow groundwater beneath urban recharge zones
(Wada and Olawade, 2025). In Spain, Biel-Maeso et al. (2018) detected
traces of sulfonamides and trimethoprim in soils irrigated with
reclaimed wastewater, with potential for vertical migration under
certain conditions. Laboratory column tests show that when infiltration
rates exceed certain thresholds, attenuation declines sharply and com-
pounds bypass soil retention layers (Couto et al., 2019).

Groundwater contamination by persistent pharmaceuticals poses
risks to human health via potable water supply and to ecosystems via
baseflow discharge into surface water. It complicates aquifer recovery
efforts in water-scarce regions and increases treatment costs at end-use.
Monitoring and establishing subsurface attenuation models are urgently
needed to assess long-term impacts and design effective barriers.

In summary, mobility to groundwater is greatest for persistent, polar
and weakly sorbing compounds in permeable, low-organic soils and
under high infiltration, and it can be underestimated when conjugated
metabolites that deconjugate in the subsurface are not monitored (He
et al., 2024). These observations support applying more stringent
treatment and monitoring to reclaimed water intended for infiltration or
irrigation, and they motivate the monitoring of both parent compounds
and metabolites.

5.3. Fate and transport of persistent pharmaceuticals in the food chain
Persistent pharmaceuticals (e.g., carbamazepine, diclofenac, fluo-

roquinolones, SSRIs) enter agro-aquatic systems primarily via waste-
water effluent, reclaimed-water irrigation, sludge/manure application,
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aquaculture inputs, and combined sewer overflows. In surface waters,
numerous compounds persist in dissolved form because of their polarity
and weak sorption potential (low to moderate log K,), allowing them to
travel downstream and be assimilated by primary producers and bio-
films. In contrast, less polar contaminants tend to associate with sedi-
ments and benthic organic matter, forming long-term reservoirs that
sustain benthic exposure (Boxall et al., 2012; Wilkinson et al., 2022).
Plant uptake is well established: field and lysimeter studies show root
absorption and xylem transport of recalcitrant pharmaceuticals (notably
carbamazepine) with metabolite formation in edible tissues, especially
under reclaimed-water irrigation and in sandy, low-organic soils (Malchi
et al., 2014). Reclaimed-water irrigation also creates pathways to soils,
pollinators and terrestrial food webs, and manure and aquaculture
intensification add veterinary pharmaceuticals (Mosharaf et al., 2025;
OECD, 2019). In terrestrial food chains, sludge-amended soils can
transfer antibiotics and other drugs to forage crops and invertebrates,
with residues detected in grazers and their products (Li et al., 2020).
Quantitative structure-activity relationship (QSAR) modeling has
revealed that certain pharmaceutical metabolites exhibit higher devel-
opmental toxicity than parent compounds, complicating risk assess-
ment. For example, carbamazepine transformation products
demonstrate persistence, mobility, and toxicity (PMT) characteristics
that may exceed those of carbamazepine itself (He et al., 2024; Trognon
et al., 2024).

Aquatic trophic transfer is compound- and tissue-specific. Classical
biomagnification is often limited for polar pharmaceuticals. Neverthe-
less, biomagnification by protein binding and tissue sequestration (e.g.,
in fish brain, liver) can occur despite low logKow, while pseudo-
biomagnification can arise in food webs exposed to continuous
effluent inputs (Rilstone et al., 2025). Top predators can be at risk when
compounds are both bioactive and poorly metabolized (Oaks et al.,
2004). Sublethal effects (endocrine disruption, behavioral alteration,
and immune modulation) have been reported at environmentally real-
istic concentrations, with consequences for feeding, predator avoidance,
and reproduction, thereby altering energy flow and community struc-
ture (Boxall et al., 2012). In arid environments, intensive wastewater
reuse enhances contaminant transfer through soil-plant pathways.
Limited recharge events and low soil organic carbon reduce attenuation
capacity, facilitating contaminant migration into shallow groundwater
and return flows that subsequently replenish irrigation sources
(Wilkinson et al., 2022). Across compartments, transformation to active
metabolites, conjugation/deconjugation cycles, and photolysis
by-products complicate risk assessment because metabolites can retain
bioactivity and move differently through food webs (Rilstone et al.,
2025). The formation and persistence of such products are discussed
in Section 3.3. Overall, persistence, continuous inputs, edible-crop up-
take, tissue-specific accumulation, and mixture effects combine to sus-
tain exposure across trophic levels, highlighting the need for source
control, advanced treatment, and food-chain-aware monitoring.

Plant uptake of persistent pharmaceuticals is well documented under
reclaimed-water irrigation, whereas biomagnification in aquatic food
webs is compound- and tissue-specific and generally limited for polar
compounds. Therefore, the evidence is strongest for the irrigation
pathway, which links wastewater treatment performance directly to
food safety, and weaker for trophic transfer in aquatic systems.

5.4. Ecological consequences

Across surface waters, groundwater-fed baseflow and irrigated soils
(Sections 5.1-5.3), the cross-cutting ecological risks of persistent phar-
maceuticals include the following (i) endocrine disruption (e.g., ethi-
nylestradiol): causing feminization and recruitment failure; (ii)
behavioural and fitness changes from psychoactives (e.g., fluoxetine)
reducing predator avoidance and reproductive success; (iii) selection for
AMR with ecosystem-wide externalities; (iv) multi-stressor interactions
under warming, hypoxia and salinity that amplify effects; and (v) legacy
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storage in sediments with long recovery times once inputs are reduced
(Ashfield et al., 2025; Kock et al., 2023; WHO, 2012). Laboratory and
field studies have shown that pharmaceutical mixtures at environmen-
tally realistic concentrations alter predator-prey interactions, repro-
ductive timing, and stress responses across multiple trophic levels, with
cascade effects on ecosystem function and resilience (Aich et al., 2024;
Soriano et al., 2024). Managing these risks requires source control,
advanced treatment, reuse governance, and monitoring that integrates
flow regimes, sediment compartments and AMR endpoints.

5.5. Potential human health risks of persistent pharmaceuticals in water

Human exposure arises through three routes that follow directly
from the pathways above: drinking water drawn from surface or
groundwater sources that receive effluent or recharge (Sections 5.1 and
5.2), food produced on land irrigated with reclaimed water (Section
5.3), and the spread of antimicrobial resistance through water and the
food chain. Risk is the product of hazard and exposure: the hazard comes
from the biological activity that pharmaceuticals are designed to have at
low doses, whereas the exposure is set by concentration, duration and
pathway. At the ng L ! to low pg L ! levels typical of water, the expo-
sure term is small for acute effects and uncertain for chronic, mixture-
related effects, which is why the pathways below are described in
terms of mechanism and strength of evidence.

Persistent pharmaceuticals (antibiotics, hormones, anticonvulsants,
antidepressants, antineoplastics, and others) are now detected from ng/
L to low pg/L in surface, ground, and occasionally finished waters
worldwide (aus der Beek et al., 2016; Wilkinson et al., 2022). At these
trace levels, acute toxicity for the general population is typically low.
However, several scientifically credible risk pathways remain.

Endocrine disruption: Synthetic estrogens (e.g., 17a-ethinylestra-
diol) and other hormonally active agents have picogram-to-
nanogram potency and can alter endocrine signaling. While epide-
miological evidence for human effects via drinking water is limited,
margins of exposure are narrow for sensitive life stages (fetal, infant),
warranting precaution (Johnson and Sumpter, 2014; WHO, 2012).
Antimicrobial resistance (AMR): Sub-inhibitory antibiotic residues
and co-selecting agents (biocides, metals) can enrich resistance genes
and resistant bacteria in aquatic microbiomes, increasing the prob-
ability of human exposure through water or the food chain (Kraemer
etal., 2019; OECD, 2019). AMR is a population-level health risk with
substantial morbidity and cost implications.

Genotoxic and cytotoxic agents: Antineoplastic drugs (e.g.,
cyclophosphamide), some anticonvulsants, and transformation
products show genotoxic/oxidative-stress mechanisms. Although
concentrations in drinking water are usually far below therapeutic
doses, chronic low-dose and mixture effects remain insufficiently
characterized (Boxall et al., 2012; Patel et al., 2019).

Neuroactive and psychoactive pharmaceuticals: Compounds
targeting the central nervous system (e.g., carbamazepine) are
highly persistent and bioactive. Experimental studies suggest po-
tential impacts on neuroendocrine and developmental endpoints,
with particular concern for prenatal and early-life exposures (aus der
Beek et al., 2016; Wilkinson et al., 2022). Epidemiological studies of
prenatal and early-life exposure to mixtures of psychoactive phar-
maceuticals at environmental concentrations remain limited, so this
is a research gap and not an established risk (Aich et al., 2024).
Mixtures and transformation products: Individuals are exposed to
complex mixtures of parent drugs and metabolites/oxidation prod-
ucts whose combined effects may be additive or synergistic. Toxi-
cological data for many by-products are sparse (Boxall et al., 2012;
OECD, 2019).

Equity and susceptibility: Vulnerable groups such as pregnant
women, infants (higher water intake per body mass), patients with
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renal/hepatic impairment, and those relying on impacted sources
may face comparatively higher risks (WHO, 2012).

At the trace concentrations typical of drinking water, acute toxicity is
unlikely. The credible concerns are chronic, mixture-related and
pathway-specific (endocrine effects, antimicrobial resistance), and for
neurodevelopmental effects the evidence remains a research gap and not
an established risk. These conclusions do not change the treatment
objective, but they affect which endpoints should be monitored (effect-
based tools, resistance genes) and why transformation products with
sparse toxicity data have to be considered.

5.6. Synthesis: exposure pathways, strength of evidence and implications
for treatment objectives

Comparing the pathways shows that the strength of evidence differs
among them, and that the differences follow the mechanisms discussed
in Section 3. In surface waters, exposure is controlled by hydrology as
much as by the compound (Section 5.1). Mobility to groundwater is
greatest for persistent, polar and weakly sorbing compounds in perme-
able, low-organic soils and under high infiltration, and it is under-
estimated when conjugated metabolites that deconjugate in the
subsurface are not monitored (Section 5.2). Plant uptake under
reclaimed-water irrigation is well documented, whereas bio-
magnification in aquatic food webs is compound- and tissue-specific and
generally limited for polar compounds, so that the evidence is strongest
for the irrigation pathway (Section 5.3). For human health, acute
toxicity at the trace concentrations typical of water is unlikely; the
credible concerns are chronic, mixture-related and pathway-specific
(endocrine effects, antimicrobial resistance), and for neuro-
developmental effects the evidence is a research gap (Section 5.5). Two
conclusions follow for the rest of the review. First, the reuse destinations
that connect directly to the most strongly documented pathways,
namely irrigation and infiltration or recharge, set the most demanding
requirements on treatment performance and monitoring, including
monitoring of conjugates and transformation products and not only of
parent compounds. Second, because the endpoints of greatest concern
are chronic and mixture-related, treatment performance cannot be
judged by parent-compound removal alone, and effect-based and
resistance-gene endpoints have to be part of the evaluation (Sections 6.3
and 8).

6. Treatment: matching barriers to persistence mechanisms

Treatment is evaluated against the persistence drivers identified in
Section 3. For each barrier, the questions asked are whether it acts on the
mechanism that makes the compound persistent, what it achieves in
terms of parent-compound removal, degradation and mineralization,
and what it generates in terms of transformation products, residual
streams and energy and resource demand.

6.1. From persistence drivers to barrier selection

Table 4 links each persistence driver to the evidence on treatment
performance and to its implication for the selection of barriers. Three
generalizations emerge from its rows. First, the reactivity of a compound
toward the oxidant, and not its pharmaceutical class, determines
whether oxidation is effective: compounds with electron-rich moieties
(carbamazepine, diclofenac and sulfamethoxazole) fell below detection
limits at 0.47 g O3 g ! DOC in full-scale ozonation, whereas iodinated X-
ray contrast media and some triazine herbicides, which react slowly
with ozone (second-order rate constants below 10°M s 1), persisted
to a large extent (Hollender et al., 2009). Second, retention by sorption
and membranes is governed by polarity, charge and size, so that com-
pounds that are poorly reactive toward ozone are often also poorly
sorbed, as for iodinated contrast media. For these compounds a different
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Table 4

Link between persistence drivers and treatment-train selection.
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Persistence driver (Section
3.33.1)

Illustrative compounds

Consequence for treatment (evidence; scale)

Implication for treatment-train selection

Key sources

Stable aromatic or
halogenated structure;
low reactivity toward
oxidants and enzymes

Low reactivity with ozone

High polarity or ionization
(limited sorption)

Matrix effects (NOM,
bicarbonate, bromide)

Stable or more persistent
transformation products
(conversion instead of
mineralization)

Antimicrobial activity and
mixture effects

Carbamazepine,
diclofenac

Iodinated X-ray contrast
media; some triazine
herbicides

Metformin, venlafaxine,
iodinated contrast media,
macrolides

All oxidation-based steps

Metformin to guanylurea;
ozonation products (N-
oxides)

Fluoroquinolones,
sulfonamides

Little removal in activated sludge (Section
3.2). Compounds with electron-rich moieties
reacted quickly with ozone: carbamazepine,
diclofenac and sulfamethoxazole fell below
detection limits at 0.47 g Os g ! DOC (full
scale).

Persisted to a large extent in full-scale
ozonation (second-order rate constants below
102M !s 1). Oxidation can lead to iodinated
by-products.

Poor retention by activated carbon and low-
pressure membranes (Section 3.1). In
nanofiltration, charged diclofenac was
rejected at 90-99% versus 65-77% for neutral
carbamazepine (bench scale). In a full-scale
groundwater plant, NF/RO rejected more than
85% of almost all pharmaceuticals, with lower
retention of some (acetaminophen 44.8-73%).
Scavenging raises the oxidant demand and
bromide leads to bromate. At full scale doses
are expressed per unit DOC; at 0.55 g O3 g !
DOC, bromate stayed at or below 5 pg L ! and
NDMA at or below 30 ng L '. Humic acid
inhibited UV/sulfite in the laboratory.

Seven quantified ozonation products were
stable in biological post-treatment and were
sorbed on fresh GAC less than their parents; in
the laboratory, DOC removal can be much
lower than parent conversion (about 40% for
carbamazepine).

Suppression of key microbial populations and
selection of resistance genes can lower
biological removal (Section 3.1).

Oxidation (ozone or radical AOP) is
effective, with the dose set per unit DOC; a
polishing step is then needed for
transformation products.

Consider reductive deiodination (ARP such
as UV/sulfite: iopamidol degraded within
about 2.5 min at pH 9 in the laboratory, with
up to about 98% of iodine released as iodide
and lower product toxicity) or membrane
retention. ARP evidence is laboratory-scale
only.

Charge- and size-based membranes retain
many polar compounds but produce a
concentrate that contains them (several
hundred ng L ! in the brine) and requires
management; sorption alone is unreliable
for polar cationic or zwitterionic
compounds.

Size the oxidant dose to the DOC and
monitor bromate; lower the DOC before
oxidation where feasible, as in the sequence
of Section 7.1.

Do not equate parent removal with risk
reduction: add transformation-product
monitoring and effect-based endpoints, and
combine with polishing (sand filtration,
BAC/GAC).

Biological treatment should not be the only
barrier for antibiotics; combine with
oxidation or adsorption and monitor
resistance genes. No quantitative treatment-
train data on resistance genes were compiled
in this review.

Hollender et al.
(2009); Bourgin
et al. (2018)

Gu et al. (2022);
Hollender et al.
(2009); Zhang et al.
(2023b)

Kabbani et al.
(2021); Radjenovic
et al. (2008)

Bourgin et al.
(2018); Gu et al.
(2022); Hollender
et al. (2009)

Bourgin et al.
(2018); Jelic et al.
(2013); Poursat
et al. (2019)

Sambaza and
Naicker (2023);
Uluseker et al.
(2021)

type of barrier has to be considered, namely reductive deiodination or
membrane retention; the reductive route has so far been demonstrated
only in the laboratory (Gu et al., 2022), and membranes produce a
concentrate that contains the retained compounds (Radjenovic et al.,
2008). Third, the water matrix modulates all oxidation- and
sorption-based steps: dissolved organic carbon, bicarbonate and bro-
mide raise the oxidant demand or lead to by-products, so that oxidant
doses are expressed per unit of DOC and bromate and N-nitro-
sodimethylamine have to be monitored (Bourgin et al., 2018; Hollender
et al., 2009). Persistent transformation products add a requirement that
applies to every barrier: parent-compound removal must not be equated
with risk reduction (Section 6.3). Section 3.2 and Table 3 give
compound-specific illustrations of these rules, and Sections 6.2 to 6.4
examine the quantitative evidence.

6.2. Removal of persistent pharmaceuticals from water and wastewater

Removing persistent pharmaceuticals from water and wastewater
poses a growing challenge in environmental engineering. These com-
pounds resist degradation due to their chemical stability, low concen-
trations, trace-level biological activity, poor response to conventional
treatments, and potential to form transformation products (TPs) of un-
known toxicity (Chaber-Jarlachowicz et al., 2025; Kanakaraju et al.,
2018). Conventional biological wastewater treatment systems (e.g.,
activated sludge, CAS) are frequently unable to sufficiently remove
many pharmaceuticals—studies report residual concentrations in efflu-
ents often in the ng-pg/L range, and removal efficiencies sometimes
falling below 20% for compounds such as carbamazepine and
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fluoxetine, although removal rates vary considerably (20-70%)
depending on compound properties and operating conditions
(Chaber-Jarlachowicz et al., 2025; Inarmal and Moodley, 2024). Table 3
summarizes the treatment technologies used to remove each group from
wastewater.

The current review distinguishes three treatment endpoints: parent-
compound removal, degradation, and mineralization, which often do
not coincide. Pharmaceuticals can be transformed without full miner-
alization, generating persistent or toxic by-products, while membrane
processes may simply transfer contaminants to a concentrate stream
rather than eliminate them (Escher et al., 2009; Jelic et al., 2013;
Radjenovic¢ et al., 2008). Table 5 summarizes study scale, operating
conditions, and endpoints.

One of the most promising routes involves advanced treatment trains
combining adsorption, advanced oxidation processes (AOPs), mem-
brane separation and biological polishing. Adsorption onto activated
carbon (granular or powdered) remains a staple: inexpensive carbona-
ceous adsorbents and engineered materials such as biochars/bio-
adsorbents offer practical removal of a wide range of pharmaceuticals
and TPs (Munuhe et al., 2025; Shearer et al., 2022). Evidence for indi-
vidual barriers is summarized in Table 5. Ozonation, activated carbon,
and membrane technologies can substantially reduce pharmaceutical
contamination, although removal varies among compounds and treat-
ment mechanisms (Bourgin et al., 2018; Hollender et al., 2009; Kabbani
et al.,, 2021; Margot et al., 2013; Radjenovi¢ et al., 2008). AOPs,
including ozonation, UV/H30,, photo-Fenton, sonolysis and electro-
chemical oxidation, have gained traction for their ability to transform
pharmaceuticals and convert them into more biodegradable forms,
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Table 5
Operating conditions, scale and results of selected studies on the removal of pharmaceuticals and micropollutants. “n.r.”: not reported in the source examined.
Process Scale and matrix Oxidant, sorbent or Initial Endpoint Result Source
membrane conditions concentration/pH/
time
Ozonation + sand Full scale; municipal 0478038 1 poc; pH 7 for rate Parent removal (220 Sulfamethoxazole, diclofenac, Hollender

filtration

WWTP, secondary
effluent

medium dose about
0.6 g 03 g ! DOC

constants only

micropollutants);
NDMA, bromate

carbamazepine below detection
limit at 0.47; atenolol and
benzotriazole above 85% at about
0.6; some X-ray contrast media
and triazines persisted to a large
extent; NDMA at or below 14 ng
L !, bromate below 10 pg L %;
mineralization n.r.

et al. (2009)

Ozonation + Full scale; WWTP of 0.35-0.97 g O3 g ! n.r. Parent removal (12 At 0.55: at least 80% average Bourgin
biological post- 105,000 PE DOC tested, 0.55 indicators; 550 abatement of 12 indicators, above et al. (2018)
treatment (sand recommended; fresh substances); DOC, 79% average for 550 substances;
filter, moving bed, GAC filter up to 50,000 AOC, TSS; TPs sand filtration best biological post-
fixed bed) or GAC bed volumes treatment; fresh GAC added

20-89% (27,000 bed volumes);
seven ozonation TPs not abated
biologically

Ozone + sand Large-scale pilots, Ozone 5.7 mg L ! n.r. Parent removal (more Both above 80% on average vsraw ~ Margot et al.
filtration vs PAC + more than 1 year; (average); PAC 10-20 than 70 substances); wastewater; PAC-UF gave the (2013)

UF or sand municipal WWTP, mgL ! toxicity strongest toxicity decrease and
filtration Lausanne disinfection but higher cost

Nanofiltration/ Full scale; drinking- Membrane type, Feed (ng L ): Parent rejection Above 85% for almost all Radjenovi¢
reverse osmosis water plant, pressure and pH diclofenac compounds; acetaminophen et al. (2008)

groundwater 60.2-219.4; 44.8-73%, gemfibrozil 50-70%,
carbamazepine mefenamic acid 30-50%; brine
8.7-166.5 contains several hundred ng L *

Nanofiltration Bench scale; One commercial NF nr. Parent rejection Diclofenac 90-99%; ibuprofen Kabbani
synthetic solutions at membrane; NaCl and 85-96% (rises with salt); et al. (2021)
pharmaceutical- temperature varied carbamazepine 65-77% (falls with
industry salt and temperature)
concentrations

UV/sulfite (advanced  Laboratory; Sulfite dose and UV time about 2.5 min Parent degradation; Kobs 2.08 min ! (about 4 times UV Gu et al.
reduction) iopamidol intensity varied; pH 9 for near-complete deiodination; toxicity alone); about 98% of iodine as (2022)

best degradation iodide; product toxicity
significantly lower; humic acid
inhibitory

TiO,/UV/ultrasound Laboratory; UV-A or simulated n.r. Parent conversion; DOC removal about 40% in pure Jelic et al.
demineralized water, solar light; ultrasound DOC removal; acute water, lower than carbamazepine (2013)
groundwater, toxicity conversion; acute toxicity
effluent increased

Ozonation + Full scale; municipal n.r. n.r. Estrogenicity; non- Estrogenicity: 95% secondary, Escher et al.
biological sand WWTP specific and reactive 86% ozonation, 99.5% overall; (2009)
filtration with toxicity ozone modifies but does not fully
bioassays mineralize, leaving residual

toxicity for some endpoints
Ozone, PAC or GAC Full scale; Swiss Plant-specific nr. Annual average 75-90% (the 80% aim mostly VSA (2025)

upgrades (13
plants)

municipal WWTPs (6
ozone, 5 PAC, 2 GAC)

elimination achieved)

although complete mineralization is seldom reached at practical doses
(Kanakaraju et al., 2018). However, the formation of undesirable TPs
(sometimes more toxic than parent compounds) remains a concern and
highlights the need for downstream biological or adsorptive polishing.
Hybrid systems that integrate adsorption and AOPs (e.g., electro-
chemical + GAC) have shown synergies in reducing persistent micro-
pollutants (Munuhe et al., 2025).

Advanced reduction processes (ARPs) offer a complementary
approach to oxidation by generating reducing species that effectively
degrade poorly oxidizable compounds, including iodinated X-ray
contrast media (Hollender et al., 2009; Yan et al., 2024; Zhang et al.,
2023b). Laboratory studies showed rapid and near-complete degrada-
tion of iopamidol, substantial deiodination, and reduced toxicity of
transformation products, although performance was inhibited by humic
substances (Gu et al., 2022). Nevertheless, evidence remains limited to
laboratory scale, and no pilot- or full-scale studies on pharmaceutical
mixtures have been identified (Gu et al., 2022; Zhang et al., 2023b).

Tertiary polishing via biologically active carbon (BAC) filtration,
constructed wetlands and microalgae systems also provide sustainable
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finishing steps for micropollutant removal. Microalgae, for example,
have demonstrated 30-70% removal of selected pharmaceuticals
through bioaccumulation/adsorption and metabolic degradation (Gupta
et al., 2024). These biological processes are low-energy and can com-
plement aggressive upstream treatments by handling residual
concentrations.

Finally, to address persistent pharmaceuticals in water and waste-
water, treatment schemes must evolve beyond conventional biological
systems (Fig. 2). Multi-barrier trains that integrate adsorption, mem-
branes, AOPs and biological polishing are the most promising option for
reliably controlling these micropollutants, although complete trains
have rarely been evaluated end-to-end (Section 7.1). However, success
depends on vigilant monitoring of both parent compounds and TPs, and
on tailoring treatment to local effluent chemistry.

Overall, biological treatment alone is often insufficient, whereas
ozonation and activated carbon typically achieve >80% removal,
although performance varies among compounds and treatment condi-
tions. Membrane processes retain rather than destroy pharmaceuticals
and generate concentrate streams, and comparisons among technologies
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Multi-Barrier Integrated Treatment Train for Persistent Pharmaceuticals

Continuous monitoring & transformation-product (TP) tracking across all barriers

1. Biological

2. Physicochemical

3. Advanced

4. Polishing 5. Monitoring &

core barrier oxidation (AOP) step safe reuse
Reuse /
Influent discharge
MBR / activated sludge Adsorption / Ozone, UV/H,0,, BAC / constructed wetland HRMS / non-target screening
— e
membranes (NF, RO) electrochemical
(ARP optional)
00000000 0o0000O0OGOCO 00000 (X X J [ ]

residual load

residual load |

residual load I

residual load residual load

' '
v ¥

Excess sludge Spent media / brine

Bromate / TP by-products

Fig. 2. Multi-barrier integrated treatment train for the removal of persistent pharmaceuticals, showing the sequential unit operations (biological core, physico-
chemical barrier, advanced oxidation, polishing, monitoring/reuse), decreasing residual pollutant load, associated residual streams, and continuous monitoring and
transformation-product (TP) tracking across the train. ARP, advanced reduction process, is shown as an optional element for compounds that react poorly with ozone.

are constrained by differences in study design and scale (Table 5).
Because parent-compound removal does not necessarily reduce risk,
transformation products and toxicity must also be considered.

Comparing the studies in Table 5 shows why technologies of the
same type give different results, and which of the differences are sys-
tematic. The first source of difference is dose normalization and matrix.
The full-scale ozonation studies express the oxidant dose per unit of
dissolved organic carbon (0.47 g O3 g ! DOC in Hollender et al., 2009;
0.55 g O3 g ! DOC recommended in Bourgin et al., 2018), whereas the
pilot comparison of ozone and powdered activated carbon reports
average doses inmg L ! (ozone 5.7 mg L !; PAC 10-20 mg L !; Margot
etal., 2013). A dose per unit DOC allows the oxidant dose to be scaled to
the matrix, which absolute doses do not, and this is one reason why
removals reported for the same compound at different plants are not
directly comparable. The second source is charge and size in membrane
retention. In bench-scale nanofiltration, charged diclofenac was rejected
at 90-99%, against 65-77% for neutral carbamazepine, and carbamaz-
epine rejection fell with increasing salt concentration and temperature
whereas ibuprofen rejection rose with salt (Kabbani et al., 2021); the
full-scale nanofiltration/reverse osmosis plant treating groundwater
rejected more than 85% of almost all compounds but less of some, such
as acetaminophen (44.8-73%), and its brine contained several hundred
ng L Lof pharmaceuticals (Radjenovic et al., 2008). Membrane reten-
tion therefore depends on the compound and on the water matrix, and it
relocates the compounds to a concentrate instead of destroying them.
The third source is the endpoint. In the Lausanne pilots, ozone and PAC
both achieved more than 80% average removal, but PAC combined with
ultrafiltration gave the strongest decrease in toxicity and in disinfection,
at a higher cost (Margot et al., 2013); full-scale ozonation decreased
estrogenicity by 86% (99.5% overall) but left residual toxicity for some
endpoints (Escher et al., 2009); and in the laboratory, photocatalytic
treatment of carbamazepine with ultrasound converted the parent to a
greater extent than it removed DOC (about 40%) and increased acute
toxicity (Jelic et al., 2013). Parent-compound removal, mineralization
and toxicity are therefore distinct endpoints, and a technology can rank
differently depending on which one is used (Section 6.3). The fourth
source is the scale of the evidence: reductive treatment with UV/sulfite
has only laboratory evidence (Gu et al., 2022), whereas ozonation and
activated carbon have full-scale evidence (Hollender et al., 2009;
Bourgin et al., 2018; VSA, 2025), so that part of the apparent ranking of
technologies reflects the scale at which they have been tested and not
only how well they perform.

The principle that emerges is that each barrier is selective. Ozone and
other radical-based oxidation act on electron-rich, oxidant-reactive
structures; activated carbon acts on compounds that are sufficiently
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sorbable; charge- and size-based membranes retain many polar and
charged compounds; reduction acts on halogen-rich structures that
resist oxidation; and biological polishing acts on biodegradable in-
termediates. None of these covers all the persistence drivers of Section
3.1, which is the mechanistic reason for combining barriers (Section 7.1)
and not only a matter of achieving a higher overall removal.

6.3. Transformation products formed during treatment: formation,
persistence and toxicity

Section 3.3 showed that transformation can extend persistence; this
section examines the transformation products formed by treatment
processes. Parent-compound removal does not necessarily reduce risk
because treatment can generate transformation products (TPs) that
remain persistent or toxic. Numerous TPs have been reported for phar-
maceuticals such as carbamazepine and diclofenac, and HRMS studies
continue to identify additional products (Alharbi et al., 2022; Nosek and
Zhao, 2024; Trognon et al., 2024; Wang et al., 2025). Full-scale ozon-
ation studies show that some TPs persist through post-treatment,
although biological filtration and activated carbon can reduce certain
by-products (Bourgin et al., 2018; Hollender et al., 2009). Bioassays
indicate that advanced treatments generally reduce toxicity but may
also generate toxic TPs, highlighting the need to combine chemical
monitoring with effect-based methods (Escher et al., 2009; Jelic et al.,
2013; Volker et al., 2019). Some TPs may be more persistent, mobile,
or toxic than their parent compounds (He et al., 2024; Trognon et al.,
2024). Overall, parent-compound removal should be complemented
by TP monitoring, TOC/DOC measurements, and effect-based endpoints
(Bourgin et al., 2018; Escher et al., 2009).

The studies in Table 6 show that the outcome for a product depends
on which part of the parent structure the treatment attacks and on what
the downstream barrier can do with the product. Oxidation with ozone
attacks reactive moieties, and the products can be stable and less sorb-
able than the parent. In the full-scale ozonation of a micropollutant
mixture, seven primary products (chlorothiazide and six N-oxides) were
not abated biologically and were sorbed less than their parents on fresh
granular activated carbon; bromate was stable, whereas N-nitro-
sodimethylamine (NDMA) was abated by 41-83% in biological post-
treatment (Bourgin et al., 2018), and NDMA was likewise removed by
biological sand filtration at the earlier full-scale plant (Hollender et al.,
2009). Reduction by UV/sulfite released iodine from iopamidol as io-
dide (up to about 98% of the iodine), and the 15 transformation in-
termediates showed significantly lower toxicity (Gu et al., 2022).
Photocatalysis with ultrasound converted carbamazepine without
comparable mineralization and increased acute toxicity (Jelic et al.,
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Table 6
Transformation products and by-products of persistent pharmaceuticals: process, persistence and toxicity evidence. “n.r.”: not reported in the source examined.
Parent compound or Process (scale) Main TPs or by- Persistence and fate Toxicity evidence Source
mixture products
Metformin Biological treatment Guanylurea Polar; persists as a dead-end Co-occurrence and toxicity reviewed by =~ Dong et al. (2024); Li
in WWTPs product in many systems; Dong et al. (2024); not detailed here et al. (2023); Poursat
apparent removal reflects et al. (2019)
conversion
Carbamazepine Oxidative treatments 135 TPs reported, Only a few TPs quantified; some  Acute toxicity increased during TiO2/ He et al. (2024); Jelic
(review); including CBZ-epoxide TPs show persistence, mobility UV/ultrasound treatment (laboratory) et al. (2013);
photocatalysis and toxicity characteristics that Molnarova et al.
(laboratory) may exceed those of the parent (2023); Trognon et al.
(2024)
Diclofenac Ozonation and New TPs identified; TPs ~ TPsmay be as persistent or toxic ~ Toxicity implications reviewed by Alharbi et al. (2022);
photolysis reviewed as the parent Nosek and Zhao (2024) Nosek and Zhao
(laboratory) (2024)
Micropollutant Ozonation (0.55 g O3 Seven primary TPs TPs stable, not abated Biological post-treatment required to Bourgin et al. (2018)

mixture (12
indicators; 550

g 1 DOC) + post-
treatments (full scale)

(chlorothiazide, six N-
oxides); bromate;

biologically; sorbed less than
parents on fresh GAC; bromate

avoid ecotoxicological effects of
biodegradable TPs and by-products

substances) NDMA

Ozonation + sand NDMA; bromate

filtration (full scale)

220 micropollutants

Iopamidol UV/sulfite 15 transformation
(laboratory, pH 9) intermediates; iodide
Iodinated contrast Oxidation, Iodinated disinfection
media chlorination by-products
Wastewater effluent Full-scale ozonation TPs (not identified in
(bioassay battery) + sand filtration the bioassay study)

stable; NDMA abated 41-83%

NDMA removed by biological
sand filtration

Up to about 98% of iodine
released as iodide

Can be problematic

Not fully mineralized by ozone

(bromate at or below 5 pg L !; NDMA
at or below 30 ng L 1)

n.r. Hollender et al.
(2009)
Toxicity of degradation products Gu et al. (2022)
significantly lower
nr. Zhang et al. (2023b);
Yan et al. (2024)
Escher et al. (2009);

Volker et al. (2019)

Estrogenicity 86% decrease by
ozonation, 99.5% overall; residual
toxicity for some endpoints

2013). Biological treatment in wastewater treatment plants converts
metformin to guanylurea, which persists (Section 3.3). The fate of a
product thus depends on three things: the reaction that formed it, the
degree of mineralization, and whether a downstream step (sand filtra-
tion, biologically active carbon or granular activated carbon) can act on
it.

Toxicity data are the weakest link. Bioassays indicate that advanced
treatments generally reduce toxicity but may also generate toxic prod-
ucts, which is why chemical monitoring has to be combined with effect-
based methods (Escher et al., 2009; Jelic et al., 2013; Volker et al.,
2019). Effect-based methods measure the combined biological effect
of a sample, including mixtures, without identifying the causative
compounds (Section 4); chemical identification and effect-based mea-
surement are therefore complementary, because the first shows what is
present and the second whether it matters. For several products the
toxicity evidence is taken from reviews and was not examined in detail
here, or was not reported in the sources examined (Table 6).

Three generalizable points follow. First, persistence of a product is
associated with conversion without mineralization: guanylurea and the
seven ozonation products were stable, and in the laboratory DOC
removal was lower than parent conversion (about 40% for carbamaze-
pine; Jelic et al., 2013). Second, the fate of a product depends on the
downstream barrier: NDMA and biodegradable intermediates are abated
biologically, whereas the stable ozonation products were not, and they
therefore require other barriers or monitoring. Third, toxicity cannot be
inferred from the identity of the parent or from the extent of its con-
version, and requires effect-based confirmation; only a few products
have been quantified (for example, seven ozonation products at one
plant), and toxicity data are sparse (Section 5.5).

6.4. Energy demand, resource consumption and cost of advanced
treatment

Advanced treatments such as ozonation, PAC and GAC achieve
substantial micropollutant removal with moderate energy and cost re-
quirements, typically around 0.02-0.1 kWh m 3 and CHF 0.07-0.27 m™3,
although performance, resource consumption and costs are highly site-
specific (Hollender et al., 2009). Life-cycle assessments indicate
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trade-offs among technologies, with activated-carbon production
contributing substantially to overall energy demand (Mousel et al.,
2017). Comparable quantitative data for membranes, UV-based AOPs
and ARPs remain limited, and membrane treatment also generates
pharmaceutical-containing brines requiring further management
(Radjenovic et al., 2008). Table 7 summarizes the available evidence.

Taken together, the indicators show that the choice among ozone,
PAC and GAC is not decided by cost or energy alone. Electricity use at
the plant is higher for ozonation (2-4 times that of PAC or GAC,
excluding delivery heads), but the cumulative energy of the adsorption
steps becomes higher once activated-carbon production is included
(Mousel et al., 2017). The Swiss plants showed no systematic cost dif-
ference among the technologies (VSA, 2025), and greenhouse-gas
emissions depend on the carbon source, being 1-4 kg CO,-eq PE 'a !
for ozone against 6-23 for activated carbon from fossil sources and 3-7
for biogenic carbon (VSA, 2025). The choice therefore rests on the
compound-specific performance discussed in Section 6.1 and on site
conditions, and not on a general ranking. For membranes, UV-based
AOPs and ARPs, comparable quantitative data are lacking, which
limits the comparison with the barriers needed for compounds that
ozone and activated carbon handle poorly.

7. Integrated multi-barrier design and Al-assisted decision
support

This section assembles the evidence of Sections 3 to 6 into a design.
The multi-barrier train follows from the persistence drivers and from the
selectivity of each barrier (Section 6.1), and AI/ML is considered as a
tool for the decisions that the design requires: which barrier a compound
needs, how much oxidant or sorbent is required, and when.

7.1. Integrated system for removal of persistent pharmaceuticals in water

Persistent pharmaceuticals in water and wastewater pose increasing
treatment challenges due to their low biodegradability, chemical sta-
bility, and the generation of transformation products (TPs) with residual
toxicity (Kanakaraju et al., 2018). Conventional secondary biological
treatment systems frequently fail to remove such compounds to
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Table 7
Energy, reagent and cost indicators reported for advanced treatment. “n.r.”

Chemosphere 414 (2026) 145133

: not reported in the source examined.

Technology Indicator Value

Scale and context Source

Post-ozonation + Additional energy

sand filtration requirement medium-sized nutrient-removal plant)
Ozone, PAC, GAC Electricity; primary 0.02-0.1 kWhm 3 (2-9kWhPE 'a b);
(13 plants) energy 0.1-0.8 kWh m 3

Ozone, PAC, GAC
(13 plants)

Ozone, PAC, GAC
(13 plants)

Reagent consumption
activated carbon 5-20 mg L !

Operating cost; total

cost incl. capital

Ozone, PAC, GAC
(13 plants)

Ozone vs PAC or
GAC

Ozone vs PAC (pilot)

Greenhouse gases
sources 6-23; biogenic 3-7

Relative energy at the

WWTP

Reagent dose

(excluding delivery heads)

NF/RO Energy; cost;

concentrate
Energy; cost

UV/sulfite (ARP) n.r. (laboratory study only)

About 0.035 kWh m 3 (12% of a typical

Oxygen for ozonation 10-55 mg L L

CHF 0.02-0.09 m 3; CHF 0.07-0.27 m 3

Ozone 1-4kg CO,-eq PE 'a !; AC from fossil
Ozonation 2-4 times higher than PAC or GAC
Ozone 5.7 mg L '; PAC10-20 mg L. *

Energy and cost n.r.; brine with several
hundred ng L ! of pharmaceuticals

Full scale; 0.47 g O3 g ! DOC; 5 g DOC m 3 Hollender et al.

(2009)
Swiss municipal WWTPs (6 ozone, 5 PAC, 2 GAC); ozone VSA (2025)
tends to have higher electricity use
As above VSA (2025)
As above; no systematic cost difference among VSA (2025)
technologies; regression or mean values not
recommended
As above; reactivation and biogenic carbon lower the VSA (2025)
footprint
Ten large-scale WWTPs; cumulative energy of adsorption ~ Mousel et al.
steps higher once AC production is included (2017)
Pilots at Lausanne WWTP; PAC-UF higher cost Margot et al.
(2013)
Full-scale groundwater plant Radjenovic et al.
(2008)

Laboratory Gu et al. (2022)

acceptable levels, prompting the need for multi-barrier, integrated
treatment trains. For example, the review by Shearer et al. (2022)
highlighted that removal efficiencies for many macrolide antibiotics and
biguanides remained below 50% in standard treatment plants.

The order of the barriers follows from the selectivities summarized in
Section 6.1 and not from convention. The biological stage removes the
biodegradable fraction and lowers the organic load that consumes
oxidant; the physicochemical barrier removes compounds that are
sorbable or retained and, where feasible, lowers the DOC before
oxidation, as in the sequence of Table 4; the oxidation step acts on
ozone- or radical-reactive structures; and the final polishing step acts on
the biodegradable intermediates and by-products formed by oxidation.

A well-designed integrated system begins with a biological backbone
(e.g., activated sludge, membrane bioreactor) to remove bulk organics
and improve biodegradability of the influent. Membrane bioreactor
(MBR) units provide better solids separation and longer sludge retention
time, enhancing slow-growing microbial populations capable of
degrading certain micropollutants. Integrated systems that combine
MBR with adsorbents are increasingly reported (Ashfield et al., 2025).

Next, a physicochemical barrier such as adsorption on powdered
activated carbon (PAC), granular activated carbon (GAC), or membrane
filtration (nanofiltration, reverse osmosis) is introduced to capture
recalcitrant compounds and reduce loading to downstream advanced
units. Mansouri et al. (2021) showed that adsorption followed by
oxidation significantly improved removal of pharmaceuticals. Following
this, an advanced oxidation process (AOP) is integrated (such as ozon-
ation, UV/H30,, Fenton/photo-Fenton, or electrochemical oxidation) to
break down persistent molecules and their TPs. These oxidizing barriers
convert recalcitrant pharmaceuticals into more biodegradable in-
termediates or fully mineralize them. Kanakaraju et al. (2025) reviewed
recent AOP developments for pharmaceuticals, stressing the need for
downstream polishing to handle oxidation by-products.

After AOP treatment, a biologically active carbon (BAC) filter or a
constructed wetland or other nature-based polishing step is crucial to
remove remaining biodegradation intermediates, residual organics, and
ensure ecotoxicological safety. Evidence for complete multi-barrier
treatment trains remains limited. Pilot- and full-scale studies show
that ozonation, activated carbon, and related treatment sequences can
achieve average pharmaceutical removal rates of approximately 75-
90%, with additional benefits from GAC polishing (Bourgin et al., 2018;
Margot et al., 2013; VSA, 2025). However, no study has evaluated all
components of the proposed treatment train simultaneously at pilot or
full scale. Consequently, removal rates above 90% should be considered
an expected outcome for readily oxidizable or sorbable compounds
rather than a demonstrated performance, while poorly reactive com-
pounds, including some X-ray contrast media, may persist (Bourgin
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et al., 2018).

Operationally, the system must include side stream treatment loops
for high-load hospital or industrial effluents, and real-time monitoring of
pharmaceuticals, TPs and toxicity to avoid unintended by-product
emission. Integration also requires design attention to energy/OPEX,
membrane fouling (in MBR/membrane steps), bromate formation (in
ozonation), adsorbent regeneration and sludge management (Shearer
et al., 2022).

Finally, a robust integrated system for removing persistent phar-
maceuticals comprises (Fig. 2).

1. A biological core (MBR or activated sludge) to remove organics and
improve biodegradability.

2. A physicochemical barrier (adsorption or membranes) to capture
recalcitrant compounds.

3. An advanced oxidation process (AOP) to degrade persistent mole-
cules and TPs.

4. A polishing step (BAC, constructed wetland, nature-based) to remove
residuals and mitigate toxicity.

5. Monitoring and side stream treatment loops for streams with high
pharmaceutical loads.

This holistic train addresses the limitations of single-process treat-
ments, is expected to provide high removal of many pharmaceuticals (a
target of >90% for readily oxidizable or sorbable compounds, not yet
demonstrated for the complete train) and to limit transformation-
product emissions, and supports water reuse goals under frameworks
such as the UN SDG 6. Implementation challenges remain (cost, foot-
print, by-product control) but the literature increasingly supports the
sequential/hybrid model as a promising pathway.

Read against the drivers of Section 3.1, each element of the train has
a defined role (Fig. 2). The biological core handles the biodegradable
fraction; adsorption and membranes act on compounds that are sorbable
or retained according to their polarity, charge and size; oxidation acts on
ozone- or radical-reactive structures, with reduction (ARP) as an
optional step for halogen-rich structures that react poorly with ozone;
polishing acts on the intermediates and by-products formed by oxida-
tion; and monitoring, including transformation-product tracking and
effect-based endpoints, covers the analytical blind spots of Section 4.
Resistance genes also require monitoring, although no quantitative
treatment-train data on them were compiled in this review (Table 4). No
single barrier covers all the drivers, which is the mechanistic reason for
the multi-barrier concept; the open question, addressed in the next
section, is how to select and set the barriers for a given effluent.

The multi-barrier concept is supported by consistent evidence for its
individual components but has not been demonstrated end-to-end; its
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performance depends on compound-specific chemistry, matrix and dose,
and its added value lies in covering the weaknesses of each barrier
(Table 4). Section 7.2 examines how AI/ML could support the operation
of such a train and what evidence exists.

7.2. Artificial intelligence and machine learning as decision support for
pharmaceutical treatment: evidence and limitations

AI/ML enters the framework at the point where the mechanistic in-
formation of Sections 3 and 6 must be turned into decisions for a specific
effluent. Artificial intelligence (AI) and machine learning (ML) have
emerged as promising tools for optimizing integrated treatment systems.
Published studies address mainly four tasks: predicting oxidant exposure
and micropollutant abatement during ozonation, predicting removal in
treatment plants from molecular structure, predicting adsorption ca-
pacity, and optimizing process operation. Examples with their input
variables, data sets and validation are summarized below and in Table 8.
These digital tools, combined with online sensors and automated control
systems, are intended to enable adaptive treatment that responds to
influent variability while minimizing energy consumption and chemical
usage (Fig. 3). However, the practical implementation of AI/ML in water
treatment remains at early stages, and therefore, further validation
under real-world conditions is needed before these approaches become
standard practice.

AI/ML has been applied to predict ozonation performance, phar-
maceutical removal, adsorption efficiency, and contaminant fate using
algorithms such as random forests, support-vector machines, gradient
boosting, XGBoost, and neural networks (Cha et al., 2021; Choi et al.,
2025; Cordero Solano et al., 2025; Zhang et al., 2023a). Additional
applications include contaminant screening and wastewater-treatment
optimization (Sgariboldi et al., 2025; Wang et al., 2026), while several
reviews provide broader overviews of the field (Liu et al., 2025; Mathaba
and Banza, 2023; Parsoya et al., 2026).

The studies summarized in Table 8 can be mapped onto the decisions
of the driver-to-barrier framework. Models that predict removal from
molecular structure address the driver end of the chain, because they
indicate which compounds are likely to pass through a given treatment
(Choi et al., 2025; Cordero Solano et al., 2025). Their scope is, however,
limited: the models of Cordero Solano et al. (2025) were developed for
conventional activated-sludge plants without advanced treatment, and
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the classification of Choi et al. (2025) rests on two full-scale facilities.
Models of oxidant exposure and micropollutant abatement support the
setting of the ozone dose, which is the control variable of the oxidation
barrier (Cha et al., 2021), but the data set was small (60 samples at one
ozone dose). Models of adsorption capacity support the choice and
operation of the sorption barrier (Zhang et al., 2023a), but were built
from laboratory data compiled from ten papers for one antibiotic. What
is missing is the link between these predictions and the two outcomes
that matter most for reuse: the formation and toxicity of transformation
products, and the sequencing of several barriers. None of the four studies
in Table 8 predicts transformation-product formation or toxicity, opti-
mizes the sequence of barriers, or has been tested in closed-loop control
of a pharmaceutical treatment train.

Three roles can therefore be distinguished, of which only the first
two have some support. In pre-screening, structure-based predictions
can flag compounds that are likely to pass through conventional treat-
ment and need an advanced barrier. In dose control, predicted oxidant
exposure based on water-quality inputs such as pH, alkalinity, DOC and
fluorescence data can support the setting of the ozone dose (Cha et al.,
2021), and the combination with online sensors is the intended basis
of adaptive control (Fig. 3). In configuration screening, models could be
used to compare train configurations against several objectives, such as
removal, energy and chemical use (Fig. 3), but this role is conceptual
and has not been demonstrated. Each role needs larger harmonized data
sets that include transformation products and toxicity, and external
validation across plants.

In summary, the evidence supports the use of AI/ML to predict
oxidant exposure, adsorption and removal, and to focus experimental
effort. However, it does not yet support claims of optimized or autono-
mous operation of pharmaceutical treatment trains. This is the reason
for describing the approach in the title as Al-assisted. Accordingly, Al/
ML is presented in this review as a decision-support component of the
framework and not as a demonstrated means of optimization.

8. Remaining challenges for risk mitigation in removing
persistent pharmaceuticals from water in the coming decades

Removing persistent pharmaceuticals from water bodies at scale will
stay hard and expensive for reasons rooted in chemistry, biology, and
systems constraints. Several critical reasons are next summarized, each

Table 8
Examples of AI/ML applications relevant to pharmaceutical removal: algorithms, inputs, data, validation and limitations. “n.r.”: not reported in the source examined.
Application Algorithm(s) Input variables Data Validation Reported outcome Limitation/scale Source
Oxidant exposureand ~ Random forest pH, alkalinity, DOC, 60 natural-water Regression High-resolution Small data set; one  Cha et al.
micropollutant (four model fluorescence and wastewater- performance and fluorescence data ozone dose; (2021)
abatement in variants) excitation-emission effluent samples; Akaike information ~ improved accuracy; laboratory-
ozonation matrices ozone dose 2.5 criterion compared useable to predict determined
mgL ! across variants abatement and exposures
optimize the ozone
dose
Removal of More than 40 Molecular structure More than 1000 Nested cross- Best predictions with Conventional Cordero
micropollutants in models; random  representations (best chemicals; more validation fingerprints and activated-sludge Solano
conventional forest best performance: MACCS than 50 plants; random forest; plants; no et al.
WWTPs from substructure fingerprints) open data set compounds with advanced (2025)
molecular structure highly variable treatment
removal across plants
impaired training
PPCP removal Support-vector Abraham descriptors and 149 PPCPs; two Classification Support-vector Two facilities; Choi et al.
through reuse machine, log Kow full-scale accuracy of models machine most classification, not (2025)
treatment trains logistic facilities accurate (79.1%) concentration
regression,
random forest
Tetracycline Random forest, Biochar properties and 295 data sets Comparison of four Models developed to Literature- Zhang
adsorption on gradient adsorption conditions from ten papers; algorithms (details predict uptake and compiled etal
biochar boosting, 22 biochars n.r. in the abstract) identify driving laboratory data; (2023a)
XGBoost, factors; web interface one antibiotic
artificial neural proposed
network
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Al-Enabled Adaptive Optimization of the Integrated Treatment Train (conceptual scheme)

Multi-barrier treatment train (unit operations)

Chemosphere 414 (2026) 145133
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\
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HRMS / non-target
screening

\

Predict adsorption
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.

Al / ML models

predictive & adaptive

——

Screen train
configurations

------------- Reduce energy &
chemical use (objective)

Adaptive control signals (proposed)

Fig. 3. Al-enabled adaptive optimization of the integrated treatment train. Online sensors, real-time water-quality data, and HRMS/non-target screening feed
predictive AI/ML models, which can be used to predict adsorption capacity, support oxidant dosing, screen train configurations and reduce energy and chemical use.
The scheme is conceptual: the components have been demonstrated separately (Table 8), but their integration into closed-loop control of a pharmaceutical treatment

train has not been demonstrated in the studies reviewed.

corresponding to a stage of the framework in Table 1.

a) The ultra-low and variable mixtures of persistent pharmaceu-
ticals: Water utilities face ng/L-ug/L cocktails spanning acids, bases,
zwitterions, and chiral drugs with seasonally shifting loads from
hospitals, households, and industry. Treatment trains tuned for one
class (e.g., NSAIDs) underperform for others (e.g., psychiatric drugs),
so "one-size" designs fail (Muambo et al., 2024).
The transformation products and by-products of persistent
pharmaceuticals: Advanced oxidation (ozone, UV/H30,) can
degrade targets, although mineralization is seldom complete, and
often yields dozens of transformation products with uncertain
toxicity; brominated by-products (e.g., bromate) rise where bromide
is present, forcing tighter control of dose, pH, and contact time.
Tighter bromate control may increase operating costs (Morrison
et al., 2023). In a full-scale evaluation, bromate stayed at or below
5 pg L ! and N-nitrosodimethylamine at or below 30 ng L ! at the
recommended ozone dose (Bourgin et al., 2018).
¢) Antimicrobial resistance (AMR): Sub-inhibitory antibiotic resi-
dues, co-selectors (metals, biocides), and dense microbial commu-
nities in sewers/WWTPs foster ARG proliferation. Upgrading plants
to suppress ARGs (not just parent molecules) will require multi-
barrier strategies and continuous monitoring (Sambaza and
Naicker, 2023).
d) Energy, footprints, and residuals: Advanced polishing treatments
such as ozonation/advanced oxidation processes (AOPs), nano-
filtration/reverse osmosis, and high-dose granular activated carbon
(GAQ), impose substantial energy demands, media consumption, and
chemical usage. Membrane-based systems produce concentrated
brines laden with pharmaceuticals and by-products, while inland
disposal of these residuals creates ongoing economic and environ-
mental challenges (Satyam and Patra, 2025). Quantitative indicators
for ozone, PAC and GAC are given in Section 6.4 (Table 7).
Laboratory, analytics and oversight: Regulations increasingly
demand evidence for thousands of molecules, but non-target
screening, suspect screening, and effect-based tools are still
maturing for routine compliance. Utilities will need higher-
throughput, inter-laboratory-comparable methods to avoid "un-
known unknowns" (Wu et al., 2024).
f) Climate and demographics: Hotter, drier climates concentrate ef-
fluents in rivers; water reuse expands direct human exposure; aging

b
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populations increase pharmaceutical consumption—together raising

influent loads and persistence pressure on plants (IFPMA, 2022).

Hydrological and climatic influences are described in Section 5.1.
g) Operational realities of water treatment facilities: GAC exhaus-
tion accelerates with NOM spikes; ion-exchange resins foul; AOP
performance swings with alkalinity and scavengers; membranes face
scaling/fouling trade-offs. Long-term O&M (media changeouts,
cleaning, waste handling) will dominate lifecycle cost (Liu et al.,
2023).
Equity and implementation gaps: Small and resource-constrained
utilities lack capital and skilled staff for advanced trains, widening
disparities in protection unless policy and funding close the gap (Jani
and Kumari, 2024). As water reuse and resource recovery from
wastewater gain prominence in circular economy frameworks,
pharmaceutical contamination presents a fundamental barrier.
Treated effluent and biosolids intended for agricultural reuse must
meet stringent quality standards, yet many persistent pharmaceuti-
cals and their metabolites remain at levels that could affect crop
uptake, soil microbiomes, and food safety (Mosharaf et al., 2025).
Developing integrated treatment trains that achieve safe resource
recovery alongside complete destruction of persistent contaminants
marks a key frontier in sustainable water management.
Ecological risk persistence: Even after treatment, low-level resi-
dues alter aquatic behavior, reproduction, and community dynamic
sustaining pressure for ever-lower discharge limits and continuous
upgrades (Aich et al., 2024). Advanced oxidation and other treat-
ment processes can generate transformation products that are more
mobile, more toxic, or more persistent than parent compounds.
Short-chain PFAS products, N-nitrosamine derivatives from
amine-containing pharmaceuticals, and halogenated by-products
from chlorination all require expanded monitoring and assessment
frameworks (Gonzalez Fernandez et al., 2025; Morrison et al., 2023).

h)

i

-

These challenges are of different kinds: chemical (a, b, i), biological
(c), engineering and economic (d, g, h), analytical and regulatory (e),
and contextual (f, h). Only some of them are supported by quantitative
evidence, namely energy, reagent and cost indicators (Table 7) and
bromate and N-nitrosodimethylamine levels in full-scale ozonation. The
others are reasoned from the literature and should be read as risks to be
managed, not as measured outcomes. These challenges correspond to
the stages of the framework: persistence and transformation (a, b, i;
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Sections 3 and 6.3), antimicrobial resistance (c; Sections 5.1 and 5.5),
treatment performance and cost (d, g; Sections 6.2 and 6.4), analytics (e;
Section 4), and context and implementation (f, h; Section 5.1 and this
section).

9. Conclusions

By linking the physicochemical drivers of pharmaceutical persis-
tence to treatment-train design, and by extending this analysis across
groundwater migration, food-chain transfer, and antimicrobial-
resistance pathways within a framework in which AI/ML acts as deci-
sion support, this review offers an integrated perspective not provided
by recent single-focus reviews on occurrence, treatment technologies, or
transformation products alone. The review has followed one chain of
reasoning, from the persistence drivers (Section 3) and the reliability of
the evidence (Section 4) through exposure pathways (Section 5) and the
selectivity of treatment barriers (Section 6) to train design and decision
support (Section 7), and its conclusions are organized along this chain. It
highlights that persistent pharmaceuticals remain an important envi-
ronmental concern due to their chemical stability, polarity, and resis-
tance to biodegradation and oxidation (Section 3.1). Compounds such as
carbamazepine, diclofenac, metformin, and iodinated contrast media
persist through conventional wastewater treatments, in some cases
forming transformation products that are as persistent as the parent
compound (for example guanylurea, Section 3.3).

Evidence shows that many pharmaceuticals are poorly removed by
conventional treatment, whereas ozonation and PAC-based processes
typically achieve >80% removal, although performance is compound-
specific (Table 5, Section 6.2). Apparent removal can reflect trans-
formation or transfer rather than elimination, and some transformation
products remain persistent or toxic (Table 6, Section 6.3). Bioassays
indicate that post-treatment can reduce residual toxicity, while AI/ML
has shown potential for predicting treatment performance but not yet
for demonstrated closed-loop control of pharmaceutical removal
(Table 8, Section 7.2).

Analytical advances, particularly LC-MS/MS and HRMS, have
improved detection and understanding of these substances at trace
levels, revealing widespread environmental occurrence and persistence.
These advances do not by themselves establish risk, which requires
effect-based confirmation (Sections 4 and 6.3). The major findings
emphasize that single treatment technologies are insufficient to achieve
complete removal or mineralization. Instead, multi-barrier, integrated
systems combining biological, physicochemical, and advanced oxida-
tion processes (AOPs) are the most promising option. Evidence for
complete trains is limited. the pilot- and full-scale data available concern
parts of the train (Table 5). Despite technological advances, significant
barriers remain, including elevated operational and energy costs, sus-
ceptibility to fouling, and the generation of harmful oxidation by-
products such as bromate. For ozone, PAC and GAC at Swiss munic-
ipal plants, electricity use was 0.02-0.1 kWh m > and total annual costs
including capital were CHF 0.07-0.27 m 3 (VSA, 2025).

The main remaining research gaps are the following: (1) Pilot- or
full-scale evaluation of complete multi-barrier trains for defined phar-
maceutical mixtures, with operating conditions, TOC/DOC and toxicity
endpoints reported. (2) Quantification of transformation products (only
a few have been quantified, for example seven ozonation products at one
plant) together with effect-based confirmation of their toxicity. (3)
Comparable energy, reagent and cost data for membranes, AOPs and
ARPs, since indicators exist mainly for ozone, PAC and GAC at Swiss
plants. (4) For Al/ML, larger harmonized and open datasets, external
validation across plants, extension to transformation products and
toxicity, and demonstrations of closed-loop control. (5) Better evidence
on the fate of antimicrobial-resistance determinants and of pharma-
ceutical residues in groundwater and crops under realistic reuse
conditions.

The following directions are proposals derived from these gaps and
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are not yet supported by demonstrated performance. The path forward
in addressing pharmaceutical contamination requires a multifaceted
approach. Future studies should prioritize the optimization of hybrid
treatment systems tailored for real-world applications, particularly
those involving complex matrices. There is also a critical need to
advance the development of energy-efficient oxidation catalysts and to
explore the integration of nature-based solutions, such as constructed
wetlands and algal polishing, to ensure sustainable and resilient
operations.

To align with circular economy principles, treatment systems should
evolve beyond mere contaminant removal. They should be designed to
facilitate safe water reuse, nutrient recovery, and energy generation,
thereby preserving the intrinsic value of resources. This would require
advances in selective separation technologies capable of extracting high-
value components like phosphorus, nitrogen, and metals, while simul-
taneously degrading persistent organic pollutants. Furthermore, the
integration of advanced analytical tools with effect-based monitoring
frameworks will be pivotal in tracking the formation of transformation
products and understanding the dynamics of antimicrobial resistance.
On the policy front, there is an urgent need for frameworks that
empower resource-constrained utilities by providing scalable, modular
treatment solutions and standardized analytical protocols.

Complementing these efforts, source control strategies should be
strengthened. This includes adopting green pharmacy principles to
design safer pharmaceuticals, implementing take-back programs for
unused medications, and deploying point-of-entry treatment systems at
high-load sources, such as hospitals and pharmaceutical manufacturing
plants. Together, these measures can form a robust response to the
challenges posed by pharmaceutical contamination.

Addressing persistent pharmaceuticals may require a shift, from end-
of-pipe treatment to holistic source control, advanced treatment inte-
gration, and continuous risk-based monitoring, to protect water security
and achieve global sustainability goals under SDG 6.
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