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Abstract 

Transformation products (TPs) of emerging contaminants are emerging as a major 
frontier in environmental chemistry, toxicology, and regulatory science because many 
exhibit greater persistence, mobility, bioavailability, or biological activity than their 
parent compounds. These transformation-driven changes can alter exposure pathways, 
trophic interactions, environmental transport, and long-term ecological and human 
health risks, challenging conventional parent-compound-centered approaches 
to chemical risk assessment. This review critically examines the formation path-
ways, environmental fate, analytical detection, predictive modeling, and regulatory 
implications of TPs derived from major contaminant groups, including pharmaceu-
ticals, pesticides, industrial chemicals, plastic additives, and per- and polyfluoroalkyl 
substances (PFAS). Unlike many existing reviews that focus primarily on TP occur-
rence, analytical detection, or individual contaminant classes, this review advances 
a transformation-aware predictive systems framework that integrates formation 
mechanisms, environmental fate, analytical monitoring, predictive modeling, toxicity 
assessment, and regulatory decision-making into a unified risk-governance approach. 
Evidence from the reviewed literature shows that selected pharmaceutical, pesticide, 
PFAS-related, and plastic-associated contaminants and their transformation products 
are commonly detected in wastewater, surface water, groundwater, drinking-water 
systems, sediments, and biological matrices, with reported concentrations often rang-
ing from ng/L to µg/L levels depending on contaminant class, matrix, source intensity, 
and treatment conditions. Particular attention is given to coupled biotic and abiotic 
mechanisms governing TP formation, including microbial metabolism, photochemical 
reactions, hydrolysis, oxidation–reduction processes, and treatment-induced transfor-
mations across aquatic, terrestrial, atmospheric, indoor, and engineered systems. The 
review further evaluates how physicochemical properties influence TP persistence, 
partitioning, trophic transfer, bioaccumulation, and long-range transport. Advances 
in high-resolution mass spectrometry, suspect and non-target screening, isotope-
assisted pathway tracing, and machine-learning-assisted prediction are discussed 
as transformative tools for identifying overlooked contaminants and anticipating 
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transformation-driven risks. Persistent regulatory blind spots are critically examined, 
particularly the limited incorporation of TPs into monitoring frameworks, exposure 
modeling, watch-list systems, and chemical governance. In response, the review pro-
poses an integrated monitoring–modeling–toxicity–policy pathway to support adap-
tive environmental risk governance. Recognizing TPs as independent environmental 
risk entities rather than secondary degradation byproducts represents a necessary par-
adigm shift for advancing chemical safety assessment, sustainable pollution manage-
ment, and proactive environmental protection in the era of emerging contaminants.

Keywords:  Non-target screening, High-resolution mass spectrometry, Chemical 
persistence, Environmental exposure, Mixture toxicity, Watch-list monitoring, Adaptive 
risk governance

1  Introduction
Assessment of chemical contaminants has historically focused on parent compounds 
rather than (TPs). This focus creates significant gaps in environmental risk evalua-
tion. TPs may display toxicity, persistence, and mobility exceeding those of precursor 
substances. Transformation products are generated across diverse anthropogenic sys-
tems, including pharmaceutical use, household and hospital wastewater, personal-care 
products, agriculture, livestock and aquaculture, industrial manufacturing, plastic and 
polymer production, landfill leachate, biosolids application, drinking-water disinfec-
tion, wastewater treatment, combustion, and remediation technologies [105, 130, 169]. 
Within these systems, parent contaminants may be transformed by microbial metabo-
lism, photolysis, hydrolysis, oxidation–reduction reactions, chlorination, ozonation, and 
advanced oxidation, indicating that transformation products arise wherever contami-
nants undergo biological, chemical, or engineered transformations [169, 197].

Evidence shows that TPs from organic micropollutants can be more hazardous in 
aquatic systems [43]. Degradation pathway modeling demonstrates that some prod-
ucts exhibit strong bioaccumulation potential [9, 37, 167]. These findings indicate the 
importance of systematically integrating TPs into environmental assessments. Chemical 
transformations vary across environmental conditions, increasing analytical complex-
ity. Introduction of new pesticides into agricultural systems requires ongoing evaluation 
of degradation and toxicity [64]. Studies of heterocyclic insecticides such as pyraquinil 
show rapid hydrolysis under defined pH and temperature conditions [64]. The resulting 
products may exhibit distinct physicochemical and toxicological properties. Research 
demonstrates that metabolites formed from parent compounds can exhibit height-
ened ecological risk [127]. Regulatory attention toward these products remains limited 
despite such findings. Recent work emphasizes that research on TPs must integrate reac-
tion-mechanism identification, novel product discovery, and environmental implication 
assessment to better characterize contaminant risk beyond parent compounds [97].

Existing regulatory frameworks often emphasize the properties of the parent chemi-
cal. Agencies, including the European Chemicals Agency (ECHA) and the United States 
Environmental Protection Agency (EPA), prioritize established pollutants in monitor-
ing programs [9, 142, 198]. International chemical governance also extends beyond 
national regulatory agencies through multilateral environmental agreements. The Basel 
Convention regulates the transboundary movement and disposal of hazardous wastes, 
while the Rotterdam Convention promotes prior informed consent in the international 
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trade of certain hazardous chemicals and pesticides. The Stockholm Convention specifi-
cally targets persistent organic pollutants for restriction or elimination, making it par-
ticularly relevant to persistent parent contaminants and TPs with long-range transport 
potential [101, 195]. In the European Union, the Industrial Emissions Directive (Direc-
tive 2010/75/EU) further strengthens chemical governance by regulating emissions 
from industrial installations across multiple receiving media, including air, water, and 
soil. These frameworks provide important policy instruments for managing problematic 
chemicals and reducing transformation-product risks across borders and environmental 
compartments. However, limited incorporation of TPs into routine assessments creates 
blind spots. Some TPs show greater persistence or toxicity than original compounds [36, 
182, 183]. Such characteristics amplify environmental exposure risks over time. Analyti-
cal limitations further restrict the detection of many TPs [20]. Insufficient monitoring 
hinders accurate assessment of their distribution and effects. Wastewater treatment 
plants illustrate this challenge clearly. Pharmaceuticals and their metabolites may persist 
through treatment processes [61, 113, 178, 179]. Effluent discharge introduces TPs into 
aquatic environments. Accumulation in sediments and biota has been documented in 
several contexts. These findings highlight the need for enhanced detection and regula-
tory consideration.

Empirical research confirms the enhanced toxicity of certain TPs. Phototransforma-
tion of pesticides can yield byproducts that are more toxic than the parent compounds 
[142, 167]. Such outcomes complicate assumptions regarding degradation as a risk-
reducing process. Plant-mediated back conversion of transformation products can 
also alter exposure pathways. For example, methyl triclosan may be converted back to 
triclosan in plant systems, thereby reintroducing the parent compound and affecting 
contaminant bioavailability and ecological exposure [41, 111]. These processes chal-
lenge linear models of contaminant degradation. Persistence also characterizes several 
documented TPs. Fluconazole derivatives, including 1,2,4-triazole, show stability and 
mobility in aquatic systems [36, 43]. Mobility enhances potential for distribution across 
environmental compartments. Bioaccumulation in aquatic organisms increases eco-
logical and human health concerns. Traditional safety evaluations focused on parent 
compounds may underestimate long-term risks [139, 167, 182, 183]. A comprehensive 
evaluation requires the inclusion of TPs across exposure pathways.

The significance of TPs for human health is growing, as these compounds can enter 
exposure pathways that directly affect people. Transformation products can occur in 
drinking-water sources, wastewater-impacted surface waters, irrigated crops, aquatic 
foods, biosolids-amended soils, indoor air, and contaminated sediments [99, 118, 119, 
131, 145]. Human exposure may occur through ingestion, inhalation, dermal contact, 
and food-chain transfer, particularly where treated wastewater, contaminated drinking-
water supplies, or polluted aquatic food webs serve as exposure routes [99, 134, 145]. 
Some transformation products may retain or exceed the biological activity of parent 
compounds, contributing to endocrine disruption, developmental toxicity, reproduc-
tive effects, oxidative stress, antimicrobial resistance selection, and chronic low-dose 
mixture risks [33, 34, 134, 182, 183, 199]. These concerns help explain why transforma-
tion products should not be treated only as environmental chemistry byproducts, but 
as potential public-health-relevant contaminants requiring targeted monitoring and 
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regulatory assessment. Previous reviews have made important contributions by examin-
ing the occurrence, analytical detection, environmental fate, and class-specific behavior 
of transformation products of emerging contaminants [151, 200, 201]. However, much 
of the existing literature remains organized around either specific contaminant groups, 
analytical methods, or environmental compartments rather than the full risk pathway 
from parent-compound release to transformation, exposure, toxicity, prediction, and 
regulation [33, 34, 169].

This review examines the formation pathways, environmental fate, predictive modeling 
approaches, and regulatory implications of transformation products of emerging con-
taminants. It positions transformation products as distinct environmental risk entities 
rather than as secondary or incidental degradation outcomes of parent compounds. The 
review synthesizes the current literature on degradation mechanisms, environmental 
distribution, analytical detection, and model-based prediction to show how transforma-
tion products may differ from their precursors in terms of persistence, mobility, toxicity, 
bioavailability, and detectability. It also evaluates regulatory and monitoring gaps that 
arise when chemical assessment frameworks focus primarily on parent compounds. By 
integrating mechanistic, analytical, predictive, and governance perspectives, the review 
advances a transformation-aware framework for environmental health assessment and 
chemical risk management. The conceptual contribution of this review is the develop-
ment of a transformation-aware risk perspective. This perspective recognizes that con-
taminants do not remain chemically static after release but may undergo sequential 
biotic and abiotic reactions across wastewater systems, surface waters, sediments, soils, 
the atmosphere, indoor environments, and biological tissues. As a result, exposure and 
hazard assessment must account for both parent compounds and their secondary or ter-
tiary products. The novelty of this review lies in its transformation-aware risk-govern-
ance framing, which integrates mechanistic formation pathways, compartment-specific 
fate processes, analytical detection challenges, predictive modeling tools, and regulatory 
decision points into a single framework for assessing transformation products as inde-
pendent risk entities. This framing advances the manuscript from a descriptive overview 
to an integrated risk-assessment and governance argument.

1.1 � Review methodology

This review adopted a structured narrative and integrative literature review approach to 
synthesize current knowledge on the formation pathways, environmental fate, predictive 
modeling, analytical detection, and regulatory implications of TPs of emerging contami-
nants [33, 34, 178, 179]. Literature searches were conducted using major scientific data-
bases, including Scopus, Web of Science, PubMed, ScienceDirect, and Google Scholar. 
Search terms included combinations of “TPs,” “emerging contaminants,” “environmental 
fate,” “predictive modeling,” “biotransformation,” “photodegradation,” “PFAS transfor-
mation,” “non-target screening,” “QSAR,” “risk assessment,” and “wastewater treatment 
byproducts.” Peer-reviewed articles, review papers, regulatory reports, and selected 
authoritative technical documents published primarily between 2000 and 2025 were 
considered. Earlier seminal studies were also included where foundational concepts or 
analytical frameworks were relevant to transformation-product research. Inclusion cri-
teria focused on studies addressing transformation mechanisms, occurrence, analytical 
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detection, environmental behavior, ecotoxicological effects, predictive approaches, and 
governance implications of TPs across aquatic, terrestrial, atmospheric, and engineered 
systems. Studies lacking direct relevance to TPs or presenting insufficient methodologi-
cal detail were excluded.

The retrieved literature was screened thematically and organized into major analytical 
domains, including contaminant source classes, transformation mechanisms, environ-
mental transport and persistence, ecotoxicological implications, analytical monitoring 
technologies, predictive modeling frameworks, and regulatory governance. Particular 
emphasis was placed on studies employing high-resolution mass spectrometry, sus-
pect and non-target screening workflows, machine-learning-assisted prediction, and 
integrated environmental risk-assessment approaches. The review further prioritized 
interdisciplinary studies linking environmental chemistry, toxicology, computational 
modeling, and policy-oriented environmental management frameworks. This integrative 
methodology enabled the development of a systems-oriented synthesis that connects 
transformation pathways with environmental exposure dynamics, predictive toxicology, 
and emerging governance strategies for sustainable chemical risk management.

Although quantitative data on TPs are increasingly reported, direct cross-study inte-
gration remains limited by differences in environmental matrices, analytical methods, 
detection limits, reporting units, exposure durations, toxicity endpoints, and availabil-
ity of reference standards. For this reason, this review does not attempt a formal meta-
analysis of concentration ranges or dose–response values. Instead, this review provides 
a comparative synthesis using available evidence on persistence, mobility, detectability, 
exposure relevance, and relative risk concern, while noting where standardized quanti-
tative datasets remain insufficient. This review treats transformation products as inde-
pendent risk entities and organizes the discussion around five linked themes: formation 
pathways, environmental fate, analytical detection, predictive modeling, and regulatory 
risk governance.

2 � Sources and classes of transformation products
The classification of TP adopted in this review is primarily source- and use-based rather 
than strictly structure-based. Emerging contaminants are grouped into broad categories 
according to their dominant environmental sources and applications, including pharma-
ceuticals and personal-care products, pesticides and herbicides, industrial chemicals, 
plastic additives, and PFAS. Chemical-structure groups are discussed only as sub-exam-
ples within these broader categories, where they help explain transformation behavior, 
persistence, mobility, or toxicity. This approach provides a consistent basis for compar-
ing transformation products across major contaminant classes while acknowledging that 
some compounds may overlap across source, use, and structural classifications.

Transformation products originate from diverse contaminant sources across anthro-
pogenic systems. Major classes include pharmaceuticals, pesticides, industrial chemi-
cals, PFAS, and plastic additives, all of which are increasingly recognized as important 
contributors to environmental exposure and chemical risk [33, 34, 169]. Domestic 
consumption, agricultural application, and manufacturing activities contribute to 
environmental release. Table 1 summarizes the principal contaminant classes generat-
ing transformation products, their dominant transformation drivers, representative 
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examples, and key environmental concerns associated with each class. Waste disposal 
and industrial discharge further expand contaminant pathways [118, 119, 151]. After 
release, parent compounds enter wastewater treatment plants, agricultural runoff chan-
nels, and landfill leachates, where they may undergo biotic and abiotic transformations 
[73, 178, 179].

Microbial metabolism alters molecular structures through enzymatic reactions, while 
photochemical reactions driven by sunlight produce additional derivatives. Hydrolysis 
and oxidation–reduction processes further diversify transformation pathways [37, 43]. 
These mechanisms generate products with properties distinct from those of the precur-
sor substances. Reported concentrations of transformation products vary widely across 
contaminant classes and environmental matrices (Table  2). Pharmaceutical TPs have 
been detected in wastewater-impacted rivers at ng/L to µg/L levels, with one river study 
reporting concentrations of 0.68–544 ng/L and broader evidence showing pharmaceu-
ticals and TPs in surface water, groundwater, and drinking water at ng/L–µg/L levels 
[190]. In surface-water monitoring, pharmaceutical residues and TPs were also reported 
at median concentrations ranging from sub-ng/L to tens of ng/L, including metformin 
at median concentrations of 3.0–39 ng/L in Luxembourgish surface waters [146]. Drink-
ing-water studies further show that pesticide TPs can reach high ng/L levels, includ-
ing metolachlor SA at 772 ng/L and acetochlor OA at 882 ng/L in source and finished 
drinking waters [31]. These values show that TPs are not only structurally relevant but 
also exposure-relevant, although concentration patterns remain strongly influenced by 
source intensity, matrix type, season, treatment efficiency, and analytical method.

Transformation products often differ markedly in persistence and mobility. Increased 
polarity may enhance solubility and transport through aquatic systems, while some 
derivatives bind more strongly to sediments or organic matter [9, 43]. Transformation 
pathways are also controlled by molecular-level properties, including crystallinity, chem-
ical bond types, ionization state, pKa, polarity, functional groups, and molecular stabil-
ity. These factors influence dissolution, sorption, reactivity, degradation rate, product 
formation, persistence, mobility, toxicity, and analytical detectability. For example, ester, 
amide, ether, halogenated, and aromatic bonds differ in their susceptibility to hydrolysis, 
oxidation, reduction, photolysis, and thermal degradation, while ionization affects solu-
bility, membrane permeability, and environmental transport [33, 34], (Boxall and Adams 
2009), [24]. Variability in degradation rates affects long-term environmental residence. 
Biological activity may increase or decrease with structural modifications, complicat-
ing the prediction of ecological outcomes [33, 34, 182, 183]. Environmental compart-
ments receiving these products include soil, surface water, groundwater, sediments, and 
air. Interconnected transport processes enable movement between compartments [62, 
63]. Volatilization can introduce certain products into atmospheric pathways, while 
groundwater transport facilitates regional distribution. Sediment accumulation creates 
reservoirs of persistent contaminants, and sequential transformations may occur during 
transport, generating secondary or tertiary products [37, 43].

Figure  1 conceptualizes these relationships by mapping contaminant origins and 
transformation pathways. Integration of source categories with environmental entry 
routes establishes analytical coherence. This framework supports the identifica-
tion of high-risk transformation processes. Recognition of interconnected pathways 
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reinforces the need for comprehensive monitoring strategies. Examination of source 
classes, therefore, provides a foundational context for subsequent discussion of envi-
ronmental behavior and regulatory considerations.

Across contaminant classes, transformation products differ substantially in forma-
tion mechanisms, environmental behavior, detectability, and risk relevance. Pharma-
ceutical transformation products are often generated through human metabolism, 
wastewater treatment, and microbial transformation, with many entering aquatic 
systems through continuous effluent discharge [178, 179, 204]. Pesticide and her-
bicide transformation products are more strongly influenced by application tim-
ing, soil chemistry, sunlight exposure, hydrolysis, and microbial activity, resulting in 
variable persistence across agricultural landscapes [154]. PFAS transformation prod-
ucts differ from many other classes because precursor transformation may generate 
terminal perfluoroalkyl acids that are extremely persistent, mobile, and difficult to 
remediate [47, 136]. Plastic additives and industrial chemical transformation prod-
ucts are more heterogeneous, with behavior shaped by polymer weathering, com-
bustion, leaching, oxidation, and sorption to organic matter or particles [19, 180].

Apparent contradictions among studies often reflect differences in experimental 
design and environmental context rather than direct disagreement. A transforma-
tion product reported as persistent in one study may degrade rapidly in another 
because of differences in pH, temperature, redox conditions, microbial community 
composition, dissolved organic matter, sediment organic carbon, irradiation inten-
sity, or treatment conditions [37, 43]. Similarly, differences in analytical platforms, 
detection limits, suspect lists, and availability of reference standards can influence 
whether specific transformation products are detected or overlooked [24, 107, 162]. 
Transformation-product behavior should therefore be interpreted as the outcome of 
interactions among chemical structure, the environmental matrix, the transforma-
tion pathway, and the analytical method.

Fig. 1  Sources and Environmental Entry Pathways of Transformation Products
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2.1 � Pharmaceuticals and personal‑care products

Pharmaceuticals and personal-care products (PPCP) remain widely detected in aquatic 
environments, with wastewater treatment plants serving as major entry points for these 
compounds [178, 179]. Parent substances, metabolites, and secondary transformation 
products can persist through treatment processes and enter receiving waters through 
effluent discharge. These contaminants constitute a diverse group of emerging contami-
nants rather than a single homogeneous category. Pharmaceuticals include antibiotics, 
hormones, non-steroidal anti-inflammatory drugs, psychotropic drugs, beta-blockers, 
and other therapeutic agents, while personal-care products include preservatives, UV 
filters, fragrances, antibacterial agents, surfactants, plasticizers, siloxanes, and cosmetic 
microplastics. These groups differ in use patterns, transformation pathways, environ-
mental persistence, mobility, bioaccumulation potential, and endocrine-disrupting 
activity. Their transformation products may form through human metabolism, wastewa-
ter treatment, photolysis, microbial degradation, hydrolysis, oxidation, and environmen-
tal weathering, making subclass-level classification important for risk assessment.

Effluents introduce complex contaminant mixtures into receiving waters, where 
metabolites and transformation products may exhibit toxicity equal to or greater than 
their precursor compounds [147, 178, 179]. Increased polarity may enhance environ-
mental mobility and bioavailability, while continuous discharge can expose aquatic 
organisms to low but biologically active concentrations over long periods. Knowledge 
gaps persist regarding the long-term fate, mixture toxicity, and cumulative ecological 
effects of PPCP residues. Microbial degradation plays a central role in PPCP transforma-
tion, but biotransformation processes vary according to microbial community compo-
sition, treatment conditions, and environmental context [178, 179]. Complex mixtures 
may challenge conventional treatment systems, particularly when metabolites or inter-
mediate products contribute to effluent toxicity [95]. Advanced oxidation processes 
and ozonation can improve removal efficiencies, although these technologies may also 
generate intermediate products requiring further evaluation [114, 147]. Understanding 
PPCP transformation pathways is therefore important for predictive modeling, monitor-
ing design, and environmental management.

To strengthen the classification of pharmaceuticals and personal-care products, 
Table 3 organizes these contaminants into major functional groups and links each group 
to representative parent compounds, typical transformation products, dominant for-
mation pathways, and environmental significance. This structure highlights that PPCPs 
are not a uniform contaminant category; rather, antibiotics, hormones, NSAIDs, psy-
chotropic drugs, preservatives, UV filters, fragrances, antibacterial agents, surfactants, 
plasticizers, siloxanes, and cosmetic microplastics differ in persistence, mobility, bioac-
cumulation potential, endocrine-disrupting activity, and ecological relevance.

2.2 � Pesticide and herbicide degradation products

Pesticides and herbicides generate numerous TPs in aquatic systems. Degradation 
pathways depend on molecular structure and environmental conditions [152, 153]. 
Microbial metabolism, photolysis, and hydrolysis contribute to structural modifica-
tion. Some metabolites e xhibit greater toxicity than their parent compounds [152]. 
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Such findings raise concerns for aquatic organisms and downstream consumers. 
Environmental factors influence degradation kinetics and product formation. Tem-
perature, pH, and co-contaminants alter reaction rates and pathways [153]. Variable 
conditions complicate predictions of persistence and ecological impact. Conven-
tional wastewater treatment plants often remove pesticides incompletely. Residual 
compounds and metabolites enter surface waters through effluent discharge. Bioac-
cumulation of toxic derivatives has been observed in aquatic biota. Sediments and 
irrigation waters also contain detectable pesticide TPs [153, 178, 179]. Monitoring 
these compartments remains critical for comprehensive assessment. High-resolution 
mass spectrometry facilitates the identification and quantification of compounds in 
complex matrices. Analytical advances support regulatory evaluation and exposure 
assessment. Systematic surveillance improves understanding of long-term environ-
mental consequences.

2.3 � Industrial chemical and plastic additive transformation products

Industrial chemicals and plastic additives represent persistent sources of TPs. Com-
pounds such as bisphenol A (BPA) and phthalates undergo environmental degra-
dation. Resulting byproducts may retain endocrine-disrupting or toxic properties 
[152, 178, 179]. BPA and several phthalates are themselves recognized endocrine-
disrupting chemicals, independent of the toxicity of their transformation products. 
However, environmental degradation, hydrolysis, oxidation, photolysis, and micro-
bial metabolism can generate additional by-products and metabolites with altered 
persistence, mobility, and biological activity. Bisphenol A diglycidyl ether (BADGE) 
and related hydrolysis products are receiving growing attention due to their pres-
ence in epoxy resins, food-contact materials, wastewater systems, and aquatic envi-
ronments. BADGE hydrolysis products can form readily under aqueous and acidic 
conditions and may contribute additional toxicological and endocrine-related con-
cerns [166]. Several phthalates have also been extensively studied for environmen-
tal transformation and biodegradation. Common examples include diethyl phthalate 
(DEP), dibutyl phthalate (DBP), diisobutyl phthalate (DiBP), benzyl butyl phthalate 
(BBP), di-(2-ethylhexyl) phthalate (DEHP), and diisononyl phthalate (DiNP). These 
compounds can undergo hydrolysis to monoester metabolites, which are then oxi-
dized to alcohol, ketone, and carboxylic acid derivatives, particularly in wastewater, 
soil, sediment, and microbial environments [66, 171].

Structural modification does not necessarily reduce biological activity. Trans-
formation rates depend on environmental parameters and biological activity [152, 
153]. Wastewater treatment processes influence product formation and distribu-
tion. Incineration can degrade parent compounds but may generate secondary haz-
ardous substances [152, 180]. Evaluation of treatment byproducts remains limited 
in many regulatory contexts. Emerging contaminants lack comprehensive oversight 
mechanisms. Regulatory frameworks frequently exclude newly identified TPs [136, 
148, 150]. The absence of standardized monitoring reduces the capacity to mitigate 
risk. Integrated management strategies are necessary for effective pollution control. 
Coordinated policy development can address gaps in oversight.
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2.4 � PFAS and ultra‑persistent transformation derivatives

Per- and polyfluoroalkyl substances exhibit exceptional environmental persistence. 
They comprise a broad and structurally diverse class that includes terminal perfluoro-
alkyl acids, perfluoroalkyl carboxylic acids, perfluoroalkyl sulfonates, fluorotelomer 
alcohols, fluorotelomer sulfonates, perfluoroalkyl sulfonamides, sulfonamidoethanols, 
ether PFAS, and other precursor or replacement compounds. These subclasses differ in 
environmental sources, transformation potential, mobility, bioaccumulation, analytical 
detectability, and toxicological relevance. Terminal perfluoroalkyl acids such as PFOA 
and PFOS are highly persistent, while many precursor compounds, including fluoro-
telomer alcohols and sulfonamide-based PFAS, may undergo microbial, oxidative, or 
abiotic transformation to form terminal perfluoroalkyl acids [79, 82]. This distinction 
is important because precursor-derived products can extend exposure duration, com-
plicate remediation, and cause underestimation of total PFAS burden when monitor-
ing focuses only on a limited number of target compounds [121, 191].These compounds 
resist degradation during conventional wastewater treatment [136, 149]. Transforma-
tion processes may produce derivatives with comparable or greater toxicity. Ultra-per-
sistent metabolites complicate remediation efforts. Bioaccumulation of PFAS TPs has 
been documented in aquatic organisms [132, 136]. Trophic transfer can amplify expo-
sure risks across food webs. Human health concerns arise from contaminated drink-
ing water and seafood consumption. Conventional treatment technologies demonstrate 
limited removal efficiency. Emerging treatment methods show improved performance 
against PFAS contamination. Foam fractionation and electrochemical oxidation enhance 
removal compared to traditional approaches [148–150]. Continued research supports 
optimization of these technologies. Effective removal prior to environmental discharge 
remains a priority [148–150]. Regulatory measures increasingly address PFAS use and 
disposal. Stricter guidelines may reduce long-term environmental accumulation.

2.5 � Transformation products generated during wastewater and drinking‑water treatment

Treatment processes can generate additional TPs. Physical, chemical, and biological 
reactions alter contaminant structures [74, 180]. Treatment-generated TPs differ from 
parent compounds through structural changes such as oxidation, hydroxylation, halo-
genation, hydrolysis, ring opening, side-chain cleavage, dealkylation, demethylation, or 
conjugation. These modifications can change polarity, molecular weight, solubility, per-
sistence, mobility, detectability, and toxicity. Thus, treatment should be viewed not only 
as contaminant removal but also as a transformation process that requires product-level 
monitoring.. Conventional treatment methods often fail to eliminate all contaminants 
[148, 150, 180]. Residual metabolites can persist in treated effluents and drinking water 
supplies. Advanced technologies such as membrane filtration and oxidation processes 
improve removal efficiencies [74, 148, 150]. Enhanced treatment reduces the environ-
mental discharge of harmful byproducts. Characterization and monitoring of treat-
ment-generated products remain essential. Untreated or partially removed metabolites 
may contribute to adverse health outcomes [148, 150]. Regulatory frameworks increas-
ingly emphasize integrated monitoring of parent compounds and derivatives [85, 136]. 
Adoption of advanced treatment methods supports improved water quality protection. 
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Ongoing research strengthens the understanding of formation pathways and mitigation 
strategies.

Wastewater treatment plants are typically regulated according to influent acceptance 
criteria and final effluent discharge limits. However, such regulatory systems often do 
not fully assess the potential for accepted chemicals to transform during treatment pro-
cesses, thereby generating secondary products that may not be captured in routine per-
mitting or monitoring frameworks. This creates an important regulatory blind spot, as 
treatment itself may function not only as a removal system but also as a transforma-
tion environment for emerging contaminants and their derivatives [57, 73]. Similar chal-
lenges apply to atmospheric emissions, where permitted stack discharges may undergo 
post-release transformation through thermal mixing, plume interactions, and contact 
with emissions from nearby industrial processes, including cooling-tower systems. Dis-
infection by-products represent a major group of treatment-generated transformation 
products with direct public health implications. Classic DBPs, including trihalomethanes 
and haloacetic acids, form when disinfectants such as chlorine react with natural organic 
matter, bromide, iodide, or anthropogenic organic contaminants during drinking-water 
and wastewater treatment. These compounds are important because they demonstrate 
that treatment processes can reduce microbial risk while simultaneously generating sec-
ondary chemical hazards. Several DBPs have been associated with genotoxicity, carci-
nogenicity, reproductive concerns, and long-term human exposure through ingestion, 
inhalation, and dermal contact. Their inclusion strengthens transformation-product 
assessment by linking emerging-contaminant transformation with the established litera-
ture on treatment-derived chemical risk.

3 � Formation pathways and transformation mechanisms of emerging 
contaminants

As the prevalence of emerging contaminants (ECs) in environmental systems increases, 
it is important to clarify the mechanisms through which parent compounds are con-
verted into transformation products (TPs). TPs may form through microbial bio-
transformation, photolysis, hydrolysis, abiotic degradation, oxidation–reduction 
reactions, and engineered treatment processes such as ozonation, UV/H₂O₂, and other 
advanced oxidation processes [33, 34, 71, 78, 98, 103]. These mechanisms rarely occur 
in isolation,rather, parent compounds may undergo sequential or parallel reactions that 
generate interconnected transformation-product networks with different persistence, 
mobility, toxicity, and exposure relevance [15, 24, 189]. Figure  2 illustrates the major 
biotic and abiotic mechanisms responsible for TP formation from parent contaminants, 
including microbial metabolism, photolysis, hydrolysis, oxidation–reduction reactions, 
and treatment-associated transformations. Table 4 summarizes these mechanisms and 
highlights environmental conditions, such as pH, sunlight exposure, redox status, micro-
bial activity, oxidant dose, organic matter, and temperature, that regulate reaction kinet-
ics and product stability.

3.1 � Microbial biotransformation processes

Microbial biotransformation represents a central mechanism in the degradation of 
emerging contaminants. Several bacterial genera and species have been associated with 
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the biotransformation of emerging contaminants and the formation of transformation 
products. Commonly reported examples include Pseudomonas, Sphingomonas, Rhodo-
coccus, Bacillus, Agrobacterium, Terrabacter, and other members of Proteobacteria, Act-
inobacteria, and Firmicutes. For example, Rhodococcus strains have been linked to the 
transformation and dehalogenation of halogenated compounds, while Sphingomonas, 
Agrobacterium, Terrabacter, and Pseudomonas species have been reported to partici-
pate in the aerobic degradation of dioxin-like and aromatic contaminants [98, 205, 206]. 
Bacillus species have also been associated with aerobic transformation of nitroaromatic 
compounds [206]. These bacterial groups may contribute through enzymatic processes 
such as hydrolysis, dehalogenation, oxidation, reduction, hydroxylation, ring cleavage, 
demethylation, and conjugation. However, the specific bacterial taxa involved vary across 
contaminant classes, treatment systems, soils, sediments, and aquatic environments [98, 
205, 206]. Microorganisms metabolize xenobiotic compounds through diverse enzy-
matic pathways. Gene products linked to these pathways reveal complex interactions 
between microbes and pollutants [4]. Expression patterns vary across environmental 
gradients and contaminant concentrations. Activated sludge systems illustrate these 
relationships in engineered environments. Associations between gene expression and 
micropollutant removal have been documented [3, 26]. Community composition influ-
ences degradation efficiency and metabolite formation. Functional redundancy within 
microbial consortia supports resilience under fluctuating conditions. Fungal species also 
contribute to contaminant transformation. Phanerochaete chrysosporium demonstrates 
the capacity to degrade 6:2 fluorotelomer alcohol [164]. Fungal enzymes mediate oxi-
dative and reductive reactions that alter compound structure. These pathways expand 
understanding of ecological roles in pollutant turnover. Complex contaminant mixtures 
further shape microbial adaptation. Soils receiving agricultural runoff or industrial dis-
charge contain diverse xenobiotics. Microbial communities adjust degradation pathways 
in synergistic manners [72, 177]. Such interactions influence bioremediation outcomes 

Fig. 2  Integrated biotic and abiotic transformation pathways. Key: The labels indicate the main 
transformation pathways: Compound A = microbial biotransformation; Byproduct B = photochemical 
transformation; Metabolite C = hydrolysis and other abiotic degradation reactions; and Degradation 
D = oxidation–reduction and treatment-associated transformation processes. These pathways are not 
isolated categories; they may occur sequentially or simultaneously in natural waters, soils, sediments, 
wastewater systems, and drinking-water treatment processes. Their interaction can generate interconnected 
transformation-product networks with different persistence, mobility, toxicity, and exposure relevance
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and metabolite profiles. Examination of microbial ecology can be used to inform man-
agement of contaminated environments.

3.2 � Photochemical transformation reactions

Photochemical reactions strongly influence contaminant fate in sunlit environments. 
Aquatic ecosystems permit penetration of ultraviolet and visible radiation. Absorption 
of photons generates reactive species that initiate degradation pathways. Hydroxyl radi-
cals often serve as primary oxidizing agents. Ozone is also an important and ubiquitous 
oxidant in environmental and engineered systems, where it can react directly with sus-
ceptible contaminants or indirectly generate reactive oxygen species that promote TP 
formation. Advanced oxidation processes employing UV light, ozone, and hydrogen per-
oxide enhance the breakdown of recalcitrant organics. Petre et al. [117] describe radical 
formation under combined irradiation and oxidant conditions. Reaction kinetics depend 
on spectral properties and activation energies [77, 138]. Product distribution varies 
according to contaminant structure and irradiation intensity. Interactions between pho-
tochemical and biological processes also occur. Engineered wetlands demonstrate light-
enhanced microbial transformation of pharmaceuticals [165]. Photochemical reactions 
can increase substrate availability for microbial metabolism. Coupled dynamics improve 
overall contaminant removal efficiency. Consideration of these interactions refines pre-
dictive assessments of environmental fate.

3.3 � Hydrolysis and abiotic chemical degradation

Hydrolysis constitutes a significant pathway for the transformation of many organic 
contaminants. Reaction rates depend on pH, temperature, and molecular structure. 
Aqueous conditions often facilitate cleavage of susceptible functional groups. Phar-
maceuticals such as β-lactams undergo hydrolytic breakdown [23, 30]. Abiotic chemi-
cal degradation may yield products with altered toxicity. Structural modification does 
not guarantee reduced ecological impact. Dichloroacetamide herbicides illustrate this 
complexity. Microbial and abiotic pathways generate multiple byproducts requiring fur-
ther characterization [98, 187, 188]. Comprehensive assessment of hydrolysis products 
remains necessary for accurate risk evaluation.

3.4 � Oxidative and reductive environmental reactions

Oxidative and reductive reactions determine transformation pathways in diverse envi-
ronments. Oxidative mechanisms often involve reactive oxygen species or chemical 
oxidants. Advanced oxidation techniques applied to chloronitrobenzenes demonstrate 
potential mineralization [8, 155]. Intermediate products, however, may persist and 
require further treatment.

Reductive processes frequently dominate in anaerobic settings. Anaerobic bacteria 
mediate reductive dehalogenation of halogenated organics [143]. Electron donor availa-
bility influences reaction efficiency and pathway selection. Iliakopoulou [60] emphasizes 
the relevance of these reactions in subsurface environments. Such processes contrib-
ute to detoxification and attenuation of persistent contaminants. Understanding redox 
dynamics enhances the design of remediation strategies.
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3.5 � Transformation during advanced oxidation and treatment processes

Advanced oxidation processes provide powerful tools for the remediation of persistent 
pollutants. Strong oxidants generate hydroxyl radicals that fragment complex molecules. 
Treatment efficacy depends partly on microbial community structure. Hernández et al. 
[51] report interactions between microbial populations and oxidation efficiency. Spe-
cific microbial groups can metabolize intermediate products formed during oxidation 
[10, 72]. Integration of biological and chemical pathways enhances the removal of both 
parent compounds and derivatives. Operational parameters such as oxidant dosage and 
contact time influence outcomes. Lyu et  al. [94] highlight optimization strategies bal-
ancing biological and chemical processes. Kim et al. [75] also stress careful parameter 
adjustment for comprehensive degradation. Coordinated treatment design improves 
overall contaminant removal.

3.6 � Coupled multi‑pathway transformation networks

Environmental contamination rarely involves single transformation pathways. Interac-
tions among microbial, photochemical, hydrolytic, and redox processes create complex 
networks. Systems biology and multi-omics approaches enable mapping of these inter-
actions [65]. Integrated datasets reveal functional links among microbial communities 
and chemical reactions. Coupled pathways may generate synergistic degradation effects. 
Sequential aerobic and anaerobic stages enhance micropollutant removal [102, 184]. 
Aerobic metabolism can transform compounds into intermediates suitable for anaerobic 
degradation. Such staged processes support advanced bioremediation strategies. Kinetic 
interplay among pathways influences persistence and product formation. Jones et al. [67] 
emphasize predictive modeling frameworks incorporating multi-pathway data. Inte-
grated models improve the assessment of environmental risk associated with emerging 
contaminants. Continued methodological advances support a refined understanding of 
transformation networks. These developments strengthen the capacity to manage com-
plex contaminant mixtures across environmental systems.

3.7 � Reversible transformation and back‑conversion processes

Back-conversion is a critical but often overlooked process in transformation-prod-
uct assessment because chemical transformation does not always proceed in a linear 
manner from the parent compound to a less active degradation product [41]. Some 
transformation products may revert to their parent compounds or form structurally 
related products with renewed biological activity under plant-mediated, microbial, 
photochemical, hydrolytic, or redox conditions [41, 58]. The methyl triclosan–tri-
closan system illustrates this concern because triclosan can undergo methylation to 
form methyl triclosan, a more hydrophobic and less photodegradable transformation 
product that may accumulate in aquatic organisms [122]. Plant-mediated back-con-
version from methyl triclosan to triclosan has also been demonstrated, showing that 
a transformation product can regenerate the parent compound after uptake into bio-
logical systems [41]. This process is environmentally important because it can rein-
troduce a bioactive parent compound after apparent transformation, alter exposure 
timing, affect bioavailability, and complicate the interpretation of monitoring data 
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[41, 122]. Back-conversion also suggests that risk assessment should evaluate par-
ent compounds and transformation products as interconnected chemical networks 
rather than as separate static endpoints [41, 58]. Incorporating reversible, sequential, 
and back-conversion transformations into monitoring and predictive models would 
improve estimates of persistence, exposure, and long-term ecological risk [41, 122].

4 � Environmental fate, transport, and persistence
Environmental fate, transport, and persistence are central to transformation-product 
risk assessment because formation alone does not determine exposure. Once formed, 
TPs may degrade further, persist, bind to sediments, move through surface water or 
groundwater, pass through treatment systems, or become bioavailable to organisms 
[43, 145]. These outcomes are controlled by solubility, polarity, ionization, sorption, 
degradation half-life, pH, redox conditions, microbial activity, hydrology, and tem-
perature. Understanding these processes is therefore necessary for identifying mobile, 
persistent, bioavailable, or regulatory-relevant transformation products [33, 34, 88]. 
Water solubility may indicate the aqueous mobility of TPs, but it is not sufficient 
on its own to measure environmental circulation. More soluble and polar TPs may 
remain in water and move through surface water, groundwater, wastewater effluent, 
and drinking-water systems. However, actual circulation depends on persistence, 
ionization state, sorption, degradation rate, hydrology, pH, organic matter, and treat-
ment conditions [33, 34, 43, 145]. Figure 3 illustrates the environmental distribution 
pathways of TPs following their formation, highlighting partitioning and transport 
processes across major environmental compartments. Transformation products 
originating from a central pool disperse into water, soil, sediment, and atmospheric 
systems through processes such as sorption, volatilization, runoff, and atmospheric 
deposition. The conceptual framework (Fig. 3) emphasizes the interconnected nature 
of environmental compartments and demonstrates how physicochemical properties 
and environmental conditions jointly influence the mobility, persistence, and expo-
sure potential of TPs within coupled environmental systems.

Fig. 3  Environmental fate and transport of transformation products
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4.1 � Physicochemical determinants of persistence and mobility

The persistence and mobility of emerging contaminants (ECs) are closely linked to their 
physicochemical properties, which govern their partitioning across various environ-
mental matrices. Key properties include hydrophobicity, molecular weight, solubility, 
and volatility. Compounds with higher hydrophobicity often exhibit stronger sorption 
to organic matter in soils and sediments, thereby limiting their mobility and increasing 
their environmental persistence [11, 178, 179]. Conversely, more water-soluble contami-
nants tend to migrate more easily through soil and water systems [17, 48]. For instance, 
substances such as clomazone, an isoxazole herbicide, exhibit low sorption in sandy soils 
but higher sorption in organic-rich soils. This indicates that contaminants can behave 
differently depending on soil composition, thereby directly affecting their bioavailabil-
ity and potential for long-range transport [48, 76]. Additionally, pollutants can undergo 
biotransformation, leading to the formation of metabolites that may possess different 
physicochemical properties, thereby further complicating their environmental behavior 
[14, 17, 42]. Table 5 presents the principal physicochemical parameters governing trans-
formation-product persistence, mobility, partitioning behavior, and long-range environ-
mental transport potential across environmental compartments.

4.2 � Partitioning across environmental compartments

Partitioning across water, soil, sediment, and atmosphere determines contaminant fate. 
Distribution processes influence persistence, mobility, and exposure pathways. Contam-
inants interact with suspended particles, sediments, and biological tissues [17, 42, 158]. 
Sorption and desorption processes regulate movement between compartments. Hydro-
phobic compounds often associate with organic matter and sediments. Hydrophilic sub-
stances remain more mobile in aqueous phases. Partition coefficients provide estimates 
of environmental distribution tendencies. Variability in temperature, pH, and organic 
carbon content modifies these interactions. Environmental heterogeneity often shapes 
TPs’ behavior.

Semi-permeable membrane devices have been used to assess partitioning in aquatic 
systems. These devices simulate passive uptake by organisms and sediments [25, 168]. 
Measurements from such tools reveal contaminant exchange between dissolved and 
particulate phases. Data derived from these methods support the modeling of expo-
sure pathways. Acetochlor provides an example of context-dependent partitioning. Its 
behavior depends partly on interactions with soil microbial communities [25, 192, 193]. 
Microbial activity alters degradation rates and influences accumulation in nearby waters. 
Co-occurring contaminants and environmental conditions can shift partition equilib-
ria. Such variability complicates predictions of transformation product distribution. 
Comprehensive assessment requires integration of chemical properties and ecological 
dynamics.

4.3 � Bioavailability and trophic transfer potential

Bioavailability determines the extent to which contaminants can be absorbed by 
organisms. Absorption influences toxicity, metabolism, and ecological risk. Trans-
formation products may differ substantially from parent compounds in uptake 
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potential [84, 108]. Structural changes can increase polarity or alter membrane per-
meability. Atrazine metabolites illustrate variability in bioavailability. Differences in 
molecular structure influence organismal uptake and toxicity [14, 84, 108]. A study 
on common carp exposed to atrazine reported physiological alterations at sub-
lethal levels [14]. Observed changes included shifts in blood parameters and histo-
pathological effects. These findings indicate that TPs can remain biologically active. 
Trophic transfer amplifies ecological implications. Contaminants absorbed by pri-
mary producers or invertebrates can move through food webs. Lipophilic derivatives 
may bioaccumulate in higher trophic levels. Microbial degradation processes further 
influence bioavailability [100, 158]. Microbial activity can reduce toxicity by min-
eralizing compounds or increase exposure by forming reactive intermediates. Risk 
assessment must therefore consider dynamic interactions between degradation and 
uptake.

4.4 � Long‑range environmental transport

Long-range transport presents significant concerns for persistent contaminants. 
Volatile or low-molecular-weight compounds may undergo atmospheric dispersion 
[172, 178, 179]. Hydrophobic substances associate with particulate matter and are 
transported by water currents [158]. Transport processes expand contamination 
beyond original release sites. Agricultural runoff contributes to the regional disper-
sion of pesticides and derivatives. Modeling studies indicate persistence long after 
application [17, 70]. Long-range transport refers to the capacity of a chemical or 
transformation product to move far from its original source through atmospheric 
circulation, riverine transport, ocean currents, groundwater movement, or repeated 
deposition and remobilization across environmental compartments. It differs from 
general or extended transport, which may simply describe movement within a local 
or catchment-scale system. For transformation products, long-range transport is 
most relevant when compounds are sufficiently persistent, mobile, and resistant to 
degradation, thereby remaining detectable beyond the point of formation or release 
[13, 38, 137]. Seasonal precipitation and irrigation patterns influence the movement 
of water into surface and groundwater systems. Such processes enable exposure in 
distant ecosystems. PFAS represent a notable example of extended transport. These 
substances have been detected in groundwater and sediments years after their use 
ceased. Modeling efforts highlight the persistence and delayed attenuation of these 
effects [16, 129, 135]. Environmental conditions and transformation pathways affect 
mobility predictions. Comprehensive transport assessments must incorporate chem-
ical properties and landscape characteristics. obile TPs may travel through surface 
runoff, groundwater recharge, river networks, wastewater effluent, irrigation return 
flows, and drinking-water abstraction systems. Over the long term, this transport 
can expand exposure beyond the original source area, complicate remediation, and 
increase risks to downstream communities and ecosystems. For policy-makers, 
mobility assessment supports decisions on monitoring priorities, drinking-water 
protection, catchment-scale regulation, source control, and inclusion of persistent 
and mobile TPs in risk-assessment frameworks [33, 34, 43, 145].
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4.5 � Indoor air transformation processes and health implications

Indoor environments represent an important but often underrepresented setting for 
the transformation of emerging contaminants. Unlike outdoor environments, indoor 
spaces contain complex mixtures of volatile and semi-volatile organic compounds 
released from cleaning agents, personal-care products, building materials, furnishings, 
pesticides, cooking emissions, and human occupants. These compounds may undergo 
gas-phase and surface-mediated reactions involving ozone, hydroxyl radicals, nitrate 
radicals, moisture, and indoor particles, producing secondary TPs with distinct expo-
sure and toxicity profiles [174, 175]. For example, reactions of ozone with terpenes such 
as limonene, commonly emitted from fragranced cleaning and personal-care products, 
can generate aldehydes, organic acids, hydroperoxides, and secondary organic aerosols 
that may irritate the respiratory tract and contribute to asthma or allergy-related symp-
toms [106, 175].

Indoor surfaces also function as reactive reservoirs where semi-volatile compounds 
sorb, persist, and undergo delayed transformation. Surface films, settled dust, textiles, 
and human skin lipids can mediate chemical reactions and prolong exposure even after 
the original source has been removed [173, 174]. This is particularly relevant because 
people spend substantial time indoors, increasing the likelihood of inhalation, der-
mal contact, and incidental dust ingestion. The health implications of indoor TPs are 
therefore significant, especially for vulnerable groups such as children, older adults, and 
individuals with asthma or compromised respiratory health. Incorporating indoor air 
chemistry into transformation-product assessment broadens the review beyond waste-
water, soil, and outdoor environmental matrices and highlights the need for integrated 
monitoring of indoor–outdoor exposure pathways. This concern is also relevant to 
indoor environments, where pollutant sources, ventilation, temperature, humidity, and 
indoor activities can influence contaminant concentrations, transformation processes, 
and human exposure risks, particularly through inhalation of volatile compounds and 
fine particles [5, 174].

4.6 � Transformation‑product accumulation and environmental reservoirs

Accumulation of TPs in environmental reservoirs poses sustained risks. Soils, sedi-
ments, and biota can act as long-term storage compartments. Persistent metabolites 
may remain detectable long after parent compound degradation [41, 76, 135]. Anaero-
bic conditions can alter transformation pathways and increase persistence. Certain con-
taminants become stable in deeper soil layers or aquifers [45, 86, 87]. Reduced oxygen 
availability modifies microbial metabolism and reaction kinetics. Accumulation in sub-
surface environments complicates remediation efforts. Sediment contamination pro-
vides an additional illustration. Fipronil residues detected in sediments have been linked 
to treated wastewater discharge [52, 170]. Elevated concentrations pose risks to benthic 
organisms and ecosystem integrity. Reservoir compartments may release stored con-
taminants under changing environmental conditions. A comprehensive risk assessment 
requires evaluating both parent compounds and TPs. Environmental reservoirs extend 
exposure duration and spatial reach. Understanding partitioning, bioavailability, trans-
port, and accumulation strengthens predictive frameworks. Integrated monitoring and 
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modeling approaches support informed regulatory decisions and ecosystem protection. 
Several studies show that transformation products and related emerging contaminants 
occur at measurable concentrations in aquatic systems, groundwater, wastewater-
impacted rivers, and biota [207]. For example, pharmaceutical parent compounds and 
transformation products have been detected in wastewater-receiving rivers at ng/L to 
µg/L levels, with concentrations depending on effluent dilution, river discharge, com-
pound persistence, and in-stream attenuation. Li et  al. [207] reported the presence of 
pharmaceuticals and selected TPs in four small European rivers receiving treated waste-
water, showing that some compounds persisted downstream, while others attenuated 
through photolysis, sorption, or biotransformation. Stuart and Lapworth also summa-
rized the groundwater and drinking-water relevance of TPs, including pesticide and 
pharmaceutical-related products detected at ng/L levels. These findings indicate that 
mobile and persistent TPs may contribute to long-term exposure through surface water, 
groundwater, bank filtrate, and drinking water.

Biological uptake is also relevant where TPs or related contaminants remain bioavail-
able. Aquatic plants, benthic invertebrates, aquatic insects, and fish may accumulate 
contaminants through direct water exposure, sediment contact, or dietary uptake. Such 
uptake can extend exposure beyond the water column and may support trophic transfer 
across aquatic and riparian food webs. Thus, concentration data should be interpreted 
alongside persistence, mobility, bioavailability, and uptake potential when assessing 
environmental and human health implications.

5 � Ecotoxicological and human health implications of TPs of emerging 
contaminants

TPs of emerging contaminants present complex environmental and public health chal-
lenges. Many TPs originate from pharmaceuticals, industrial chemicals, and agricultural 
inputs. These derivatives may differ substantially from the parent compounds in terms 
of toxicity and persistence. Ecotoxicological evaluation increasingly recognizes their rel-
evance to ecosystem integrity. Table 4 summarizes major toxicity mechanisms, exposure 
pathways, and documented ecological outcomes. Toxicological evidence for transforma-
tion products varies in strength and should not be interpreted uniformly. Some effects 
are supported by direct experimental evidence from in vivo, in vitro, or organism-level 
assays, while others are based on correlation analysis, environmental co-occurrence, 
QSAR prediction, or suspect/non-target screening prioritization. Direct experimental 
evidence is strongest when exposure concentration, organism response, and mecha-
nistic endpoint are clearly linked. Correlation-based and predicted toxicity results are 
useful for prioritization but require confirmatory testing before regulatory interpre-
tation. Transformation products may also differ from parent compounds in toxicity 
mechanisms because transformation can alter polarity, receptor binding, membrane 
permeability, persistence, metabolic activation, and bioavailability [33, 34, 208]. Toxico-
logical assessment of TPs should distinguish acute endpoints such as LC50 and EC50 
from chronic endpoints such as NOEC, LOEC, reproductive effects, developmental 
abnormalities, growth inhibition, and behavioral changes, while also considering mecha-
nisms of action, including oxidative stress, endocrine disruption, genotoxicity, neurotox-
icity, developmental toxicity, immunotoxicity, and microbial community disruption.
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5.1 � Mechanisms of toxicity of transformation products

Transformation products frequently retain biological activity following chemical modi-
fication. In some cases, toxicity increases relative to the parent compound. Methadone 
bio-TPs demonstrated ecotoxicological effects on freshwater algae [209]. Observed 
impacts suggest potential disruption of primary production in aquatic systems. Phys-
icochemical characteristics influence toxic interactions with organisms. Hydrophobicity, 
polarity, and functional groups determine membrane permeability and receptor bind-
ing. Transformation products of selective serotonin reuptake inhibitors and beta-block-
ers illustrate this complexity. Laboratory studies suggested limited acute toxicity under 
controlled conditions [18]. Ecological concern persists due to exposure in effluent-
dominated water bodies. Chronic exposure scenarios may yield different outcomes than 
short-term testing. Metabolic activation can further modify toxicity profiles. Biotrans-
formation may generate reactive intermediates that can induce oxidative stress. Escher 
and Fenner [33, 34] emphasize inclusion of both acute and chronic endpoints in risk 
assessments. Comprehensive evaluation requires a mechanistic understanding of cellu-
lar and molecular interactions. Such approaches strengthen predictive frameworks for 
environmental safety.

5.2 � Chronic and sub‑lethal ecological effects across trophic levels

Chronic exposure to TPs can alter ecosystem structure and function. Sub-lethal concen-
trations may influence growth, reproduction, and behavior. Pesticide TPs have persisted 
in aquatic systems following agricultural application. Accumulation in sediments and 
biota contributes to long-term exposure. Persistent organic pollutants and associated 
derivatives may bioaccumulate in higher trophic levels. Fish consuming contaminated 
prey can exhibit elevated internal concentrations [181]. Such accumulation can impair 
immune function and reproductive success. Community-level effects may include shifts 
in species composition. Reduced abundance of sensitive taxa weakens ecosystem resil-
ience. For example, 6PPD-quinone, a transformation product of the tire antioxidant 
6PPD, has been linked to acute mortality in coho salmon, demonstrating how a prod-
uct formed from environmental transformation can have severe population-level impli-
cations [169]. Pharmaceuticals, pesticides, PFAS, plastic additives, and other emerging 
contaminants have also been associated with reproductive impairment, behavioral 
changes, immune disruption, and endocrine-related effects in aquatic organisms. These 
sub-lethal effects may reduce reproductive success, alter predator–prey relationships, 
and weaken the abundance of sensitive taxa. At the community level, chronic exposure 
may shift species composition by favoring tolerant organisms while reducing sensitive 
taxa, thereby weakening ecosystem resilience. Trophic effects may also extend beyond 
aquatic systems. Aquatic insects and other organisms can transfer contaminants from 
water and sediment into riparian food webs, exposing terrestrial predators such as spi-
ders and insectivorous organisms. These examples show that transformation-product 
risk assessment should consider not only acute toxicity but also sub-lethal effects, com-
munity change, trophic transfer, and long-term ecological monitoring [169]. Altered 
trophic interactions may extend beyond aquatic systems. Terrestrial predators relying 
on aquatic organisms can experience indirect exposure. Food web disruptions can have 
broader ecological implications. Long-term ecological monitoring remains essential for 
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detecting gradual population declines. Recognition of sub-lethal effects improves under-
standing of cumulative ecosystem stress.

5.3 � Mixture toxicity and cumulative exposure risks

Environmental matrices typically contain mixtures of parent compounds and TPs. Inter-
actions among contaminants may result in additive or synergistic toxicity. Lao et  al. 
[83] and Guo et  al. [49] report enhanced toxicity under mixture exposure conditions. 
Combined effects can exceed predictions based on single-compound testing. Activated 
sludge treatment processes sometimes generate TPs with elevated ecotoxicological risk 
[73]. Effluent discharges, therefore, introduce complex chemical mixtures into receiving 
waters. Continuous low-level exposure complicates traditional risk evaluation frame-
works. Brown et al. [18] highlight concerns about chronic exposure to pharmaceuticals 
and their derivatives. Cumulative exposure may contribute to subtle health impacts over 
time. Behavioral, endocrine, or metabolic disruptions may not manifest immediately. 
Standard toxicity thresholds may underestimate mixture-driven risks. Integrated mix-
ture assessment models are necessary for accurate environmental management. Such 
approaches enhance the protection of sensitive species and ecosystems.

5.4 � Human exposure pathways and biomonitoring evidence

Human exposure to TPs occurs through multiple routes (Table 6). Drinking water con-
tamination represents a primary pathway. Surface water influenced by wastewater dis-
charge may contain persistent derivatives [181]. Inadequate treatment increases the 
potential for human ingestion. Biomonitoring studies provide direct evidence of expo-
sure. Pharmaceutical TPs have been detected in urine and blood samples [81]. Detection 
confirms transfer from environmental matrices into human systems. Ghazi et  al. [46] 
reported associations between certain transformation products and developmental or 
reproductive effects. This point is fundamental because transformation products may 
enter the human body through drinking water, food, inhalation, dermal contact, and 
consumer-product exposure, yet many remain poorly characterized toxicologically. Bio-
monitoring evidence from related contaminant groups, including phthalate metabolites, 
bisphenol analogs, and PFAS, demonstrates that human exposure can be detected in bio-
logical matrices and may be linked to endocrine, developmental, reproductive, or meta-
bolic outcomes [171]. Such findings underscore the need for precautionary regulation. 
Advances in analytical chemistry improve detection in complex matrices, while high-
resolution techniques enhance identification of trace-level contaminants [29]. Improved 
monitoring supports evaluation of exposure trends and risk mitigation strategies. Con-
tinued refinement of biomonitoring methods strengthens public health surveillance.

Case studies further illustrate ecological and health implications. Conazole anti-
fungal TPs have demonstrated toxicity to sensitive fish species [96]. Glyphosate 
derivatives have been characterized as probable carcinogenic risks in environmen-
tal contexts [160]. Antimicrobial TPs may promote antibiotic resistance in aquatic 
microbial communities [199]. Antimicrobial transformation products may promote 
antibiotic resistance in aquatic and sediment microbial communities, particularly 
when legacy pollution, industrial residues, or conflict-related environmental detri-
tus create selective pressures that favor resistant organisms and the persistence of 
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resistance genes [133, 199]. Promotion of resistant strains introduces additional eco-
logical and clinical concerns. Resistance genes can disseminate through environmen-
tal reservoirs. Such developments bridge environmental contamination and human 
health challenges. Comprehensive evaluation of TPs supports ecosystem protection 
and disease prevention.

A further concern is combined exposure to mixtures of parent compounds and 
multiple transformation products. In real environmental systems, organisms are 
rarely exposed to a single compound, and additive, synergistic, or antagonistic effects 
may occur. Novel transformation products detected through suspect and non-tar-
get screening are especially important because they may be structurally unknown, 
lack reference standards, and have limited toxicity data. These compounds should 
be treated as prioritization candidates for further testing rather than assumed to be 
harmless. This is particularly relevant for wastewater effluents, agricultural runoff, 
contaminated sediments, and treatment systems where transformation products may 
co-occur with parent compounds and other stressors.

6 � Analytical detection and monitoring technologies for transformation 
products of emerging contaminants

Emerging contaminants, particularly pharmaceuticals and personal care products 
(PPCPs), present notable challenges for environmental monitoring due to their per-
sistence and potential detrimental effects on ecosystems and human health. Under-
standing their TPs, detection methodologies, and regulatory responses is critical for 
effective management. Figure  4 presents a simplified analytical workflow used for the 
detection and identification of environmental TPs. The sequential process begins with 

Fig. 4  Workflow for analytical detection and identification of transformation products using HRMS-based 
screening
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environmental sampling and proceeds through high-resolution mass spectrometry 
(HRMS) analysis, suspect screening, non-target screening, spectral library matching, 
and final compound identification. The workflow highlights the integrated analytical 
steps required to systematically detect known and unknown TPs in complex environ-
mental matrices.

6.1 � High‑resolution mass spectrometry approaches

High-resolution mass spectrometry has become central to the detection of TPs and 
emerging contaminants. This technique provides high mass accuracy and sensitivity at 
trace concentrations [178, 179, 196]. Precise mass measurements enable differentiation 
of compounds with similar nominal masses. Such resolution is critical when analyzing 
complex environmental matrices. HRMS supports quantification of highly persistent 
substances, including perfluoroalkyl and polyfluoroalkyl compounds. Hsu et  al. [56] 
demonstrated its ability to detect PFAS migrating from food-contact materials. Many 
TPs arise from structurally simple precursors under varying environmental conditions. 
Accurate mass analysis facilitates the identification of subtle structural modifications.

Non-target detection represents a major strength of HRMS platforms. Tang et al. [159] 
and Erdal et al. [32] describe expanded contaminant coverage through full-scan acqui-
sition. This approach captures signals beyond predefined compound lists. Tisler et  al. 
[162] identified previously undetected polar micropollutants in wastewater effluents 
using HRMS. Such findings illustrate the role of advanced instrumentation in uncov-
ering overlooked contaminants. Broader detection capabilities enhance environmental 
monitoring and exposure assessment.

6.2 � Suspect and non‑target screening workflows

Suspect and non-target screening workflows complement HRMS detection capabilities. 
These approaches allow identification of compounds not included in routine monitoring 
lists. Screening relies on accurate mass data, isotope patterns, and fragmentation spectra 
[32, 125, 157]. Compounds can be tentatively assigned without prior analytical stand-
ards. Suspect screening focuses on predefined lists of potential contaminants. Szabo 
et al. [157] advocate prioritizing this strategy to improve early detection of hazardous 
substances. Non-target workflows extend beyond suspect lists and evaluate all detect-
able features. Data mining algorithms rank signals according to intensity, frequency, or 
structural plausibility. Integration of screening results into regulatory contexts is increas-
ingly discussed. Kronsbein (2025) presented a case study incorporating non-target find-
ings into environmental oversight. Comprehensive chemical characterization supports 
evidence-based policymaking. Such workflows enhance identification of TPs that might 
otherwise remain undetected. Expanded screening improves proactive management of 
contaminants of emerging concern.

6.3 � Stable‑isotope and transformation‑pathway tracing

Stable-isotope labeling provides detailed insight into contaminant transformation 
pathways. Isotopic tracers enable tracking of compounds through environmental 
and biological processes [27, 186]. Label incorporation clarifies degradation pathways 
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and the formation of intermediates. Creek et al. [27] demonstrated the use of isotopic 
approaches to elucidate biochemical mechanisms influencing contaminant fate. Isotope 
tracing reveals conversion efficiencies and metabolic branching patterns. Yin et al. [186] 
applied isotopic techniques to study engineered nanomaterials in environmental sys-
tems. Findings highlighted the dynamics and patterns of bioaccumulation. Stable-iso-
tope methods strengthen the interpretation of HRMS data. Coupling isotopic labeling 
with high-resolution detection improves confidence in compound identification. Path-
way tracing informs risk assessments by clarifying the formation of toxic intermediates. 
Such methodologies support regulatory evaluation and environmental modeling efforts.

6.4 � Data processing, compound identification challenges, and spectral libraries

High-resolution mass spectrometry generates large and complex datasets. Effective data 
processing is essential for reliable compound identification. Automated feature extrac-
tion and alignment reduce analytical bias. Accurate identification often depends on 
comparison with spectral libraries [32, 141, 196].

Comprehensive spectral databases facilitate confirmation of TPs. Library expansion 
requires collaborative data sharing and standardization. Many emerging compounds 
lack reference spectra, complicating identification efforts. Advanced computational tools 
assist in structural prediction and annotation. Automation of data workflows enhances 
reproducibility and efficiency. López et  al. [92] discussed analytical approaches adapt-
able to high-throughput interpretation. Similar strategies can streamline environmen-
tal HRMS data analysis. Addressing identification challenges improves the reliability of 
monitoring programs. A robust data infrastructure supports the integration of analytical 
findings into policy decisions.

6.5 � Harmonization needs for global monitoring programs

Emerging contaminants require coordinated monitoring beyond national bounda-
ries. Differences in analytical protocols limit the comparability of datasets. Wilkinson 
et al. [178, 179] highlight the impact of methodological variability on regulatory over-
sight. Standardization of sampling, analysis, and reporting enhances global surveillance. 
Scholars advocate development of harmonized frameworks for HRMS-based monitor-
ing [125, 178, 179]. Consistent analytical parameters enable cross-regional data integra-
tion. Harmonization strengthens early warning systems for widespread contaminants. 
Integrated monitoring initiatives illustrate potential benefits of coordinated approaches. 
Standardized HRMS protocols for pesticide detection expand coverage of micropol-
lutants. Shared databases and reporting standards support collaborative environmen-
tal assessment. Such frameworks enhance TP detection across diverse water systems. 
Global harmonization ensures effective management of emerging contaminants. Coor-
dinated methodologies improve transparency and regulatory responsiveness. Table  7 
compares major analytical technologies, emphasizing sensitivity and screening capabili-
ties. Alignment of analytical practices strengthens environmental protection and public 
health safeguards.
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7 � Predictive modeling tools for transformation‑product identification 
and prioritization

Predictive modeling supports early identification, screening, and prioritization of 
transformation products when experimental data are limited. In this review, modeling 
is treated as a decision-support tool rather than a substitute for empirical monitoring 
or toxicological testing. This section focuses on four modeling approaches: QSAR and 
structure-based toxicity prediction, environmental pathway simulation, machine-learn-
ing-assisted prediction, and integrated exposure–toxicity pipelines. Their value lies in 
helping researchers and regulators identify likely transformation products, prioritize 
compounds for monitoring, and communicate uncertainty.

Predictive models differ in their appropriate use and evidentiary strength. QSAR 
models are useful for rapid toxicity screening and prioritization, but their reliability 
depends on whether transformation products fall within the model’s chemical applica-
bility domain. Pathway prediction models can identify likely reaction routes but remain 
less reliable for branched, sequential, and matrix-dependent transformation pathways. 
Machine-learning models can support pattern recognition across large chemical data-
sets, but their accuracy is limited by uneven training data, inconsistent reporting of 
transformation products, and limited representation of field conditions. Integrated 
exposure–effect models are useful for linking predicted occurrence to ecological or 
human-health relevance, but they require strong input data and transparent uncertainty 
reporting. Predictive models should therefore be used cautiously as prioritization tools 
rather than as substitutes for experimental confirmation [24, 103].

7.1 � QSAR and structure‑based toxicity prediction

Quantitative Structure–Activity Relationship models provide structured approaches 
for estimating toxicity and environmental behavior. These models correlate molecular 
descriptors with biological or physicochemical endpoints. QSAR techniques enable early 
screening of chemicals lacking experimental toxicity data. Abatan et al. [1] highlighted 
integrated simulation frameworks incorporating QSAR predictions for aquatic risk 
assessment. Their work emphasized predictive evaluation of ecological effects prior to 
environmental release. Structure-based models support prioritization of high-risk com-
pounds for monitoring. Such tools assist regulators in identifying TPs with hazardous 
potential. Model refinement remains essential for reliability. Incorporation of updated 
experimental datasets improves predictive accuracy. Validation against observed toxicity 
endpoints enhances regulatory confidence. Continuous calibration ensures that QSAR 
outputs remain relevant as chemical usage patterns evolve. Integration of structural 
alerts and mechanistic descriptors strengthens the interpretation of model predictions.

7.2 � Transformation‑aware environmental pathway and reaction modeling

Environmental pathway models are useful for describing contaminant movement from 
sources through environmental media to receptors, but conventional source–pathway–
receptor models often underrepresent transformation processes. For transformation 
products, this limitation is critical because chemical change may occur at any point along 
the pathway, including wastewater systems, surface water, groundwater, sediments, soils, 
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biota, and the atmosphere. Volatile organic compounds are especially important in this 
context because atmospheric transport, oxidation, photolysis, and plume mixing may 
generate secondary products after release. Transformation-aware pathway modeling 
therefore requires coupling transport models with reaction kinetics, compartment-spe-
cific degradation processes, and product-formation probabilities. Predictive assess-
ment of transformation products can be strengthened by linking conceptual models 
to established screening tools. OECD QSAR Toolbox can support structural profiling, 
read-across, and endpoint prediction, while EPI Suite and ECOSAR can estimate phys-
icochemical properties, environmental fate parameters, and aquatic toxicity endpoints 
for compounds with limited experimental data. enviPath and related pathway-prediction 
platforms can assist in identifying plausible biotransformation routes and intermediate 
products, while USEtox can support comparative toxicity and life-cycle impact assess-
ment. These tools are most useful for early screening and prioritization, but their out-
puts should be interpreted with attention to applicability domain, data quality, structural 
uncertainty, and experimental validation needs.

Such models should account not only for where contaminants move, but also for how 
they change during movement. This requires integrating biotic and abiotic transforma-
tion parameters, including microbial metabolism, hydrolysis, photolysis, oxidation–
reduction reactions, sorption-mediated transformation, and atmospheric reactions. 
Existing source–pathway–receptor models remain useful as screening tools, but they 
should be expanded into dynamic reaction–transport frameworks that can simulate 
parent-compound loss, transformation-product formation, persistence, and secondary 
exposure across multiple environmental compartments. This shift is essential for accu-
rately predicting exposure and risk where transformation products may be more persis-
tent, mobile, or biologically active than their precursor compounds.

7.3 � Machine learning and AI‑driven prediction of transformation products

Machine learning and artificial intelligence methods can support the prediction of trans-
formation products by identifying patterns in large chemical, environmental, and toxi-
cological datasets. These tools are useful for screening likely transformation pathways, 
prioritizing unknown compounds, and estimating environmental fate where experi-
mental data are limited. However, their outputs should not be treated as substitutes for 
empirical evidence. Predictive performance depends strongly on the quality, representa-
tiveness, and completeness of training datasets, which remain uneven for many emerg-
ing contaminants and transformation products [6].

A major limitation is that many transformation-product datasets are biased toward 
well-studied contaminants, controlled laboratory conditions, and specific environmen-
tal matrices. As a result, machine-learning models may perform poorly when applied 
to poorly characterized chemicals, complex mixtures, or field conditions involving vari-
able pH, temperature, microbial communities, light exposure, and redox status. Model 
interpretability is also a challenge because some algorithms can identify statistical asso-
ciations without clearly explaining the underlying transformation mechanisms. For this 
reason, AI-driven predictions require verification through high-resolution mass spec-
trometry, pathway-tracing experiments, and independent field or laboratory datasets 
[91]. AI therefore has an important role in prioritization and hypothesis generation, but 
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transformation-product risk assessment still requires transparent validation, uncertainty 
reporting, and experimental confirmation before regulatory use.

7.4 � Integrated exposure–toxicity predictive pipelines

Integrated exposure–toxicity pipelines combine predicted or measured concentrations 
with toxicity estimates to support screening-level prioritization. These approaches can 
help identify transformation products that require further monitoring or experimental 
testing. However, they should be interpreted cautiously because model outputs depend 
on input quality, endpoint selection, and the assumptions about uncertainty. Their main 
value is early prioritization rather than final regulatory decision-making.

Fork et al. [39] demonstrated the use of routine water quality data to estimate phar-
maceutical levels. Such integration streamlines surveillance across aquatic ecosystems. 
Exposure predictions can be linked with toxicological benchmarks to estimate risk. 
Alignment with the Threshold of Toxicological Concern framework contextualizes con-
centration data [126]. Integrated pipelines may be used as decision-support tools to help 
identify contaminants that warrant further monitoring, prioritization, or regulatory 
attention. When applied with appropriate validation and uncertainty analysis, coupled 
exposure–effect modeling can support more efficient environmental risk assessment.
These frameworks help agencies allocate monitoring resources effectively. Early detec-
tion of elevated risk facilitates timely intervention. Comprehensive predictive systems 
support transparent and evidence-based regulation.

7.5 � Uncertainty analysis and model validation challenges

Variability in environmental conditions influences transformation pathways and trans-
port rates. Data limitations may constrain model calibration. Sensitivity analysis helps 
identify influential parameters within simulation frameworks. Alharbi [6] emphasized 
continuous validation of machine learning models against empirical datasets. Predic-
tive models for TPs remain constrained by incomplete training datasets, limited experi-
mental confirmation, and uneven representation of environmental matrices. Prediction 
is especially difficult for branched, sequential, and matrix-dependent transformation 
pathways. Model outputs should therefore be accompanied by uncertainty reporting, 
applicability-domain assessment, and validation against laboratory or field data. These 
limitations are particularly important when models are used to support monitoring pri-
orities or preliminary risk screening.

Predictive and analytical models remain useful for studying emerging contaminants 
and transformation products, but each has specific strengths and limitations [43, 99]. 
QSAR and related in silico models can estimate toxicity, persistence, mobility, and phys-
icochemical properties where experimental data are unavailable, but they are less reli-
able for novel compounds, ionizable chemicals, PFAS, mixtures, and compounds outside 
the model training domain [43, 169]. Multimedia fate models help estimate persistence, 
partitioning, mobility, and long-range transport, but they depend heavily on input qual-
ity and may oversimplify local hydrology, degradation, and intermedia transfer [38]. 
Machine-learning-assisted suspect screening has improved prioritization of emerging 
contaminants in river water and passive sampler extracts, but it can generate false posi-
tives and depends on training data, database coverage, and feature quality. HRMS-based 
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non-target workflows have improved detection of transformation products in waste-
water, particulate matter, and other complex matrices, but many identifications remain 
tentative and require confirmation with reference standards, MS/MS evidence, and 
retention-time matching [99]. Model selection should depend on the research question, 
chemical class, matrix, data availability, and need for validation rather than assuming 
that one model is suitable for all emerging contaminants [38, 99].

8 � Integrating transformation products into environmental risk assessment
Incorporation of TPs into environmental risk assessment remains an urgent prior-
ity. Many regulatory systems were developed around parent compounds and single-
substance evaluations. Transformation products introduce additional variability in 
persistence, toxicity, and exposure pathways. Effective integration requires concep-
tual, methodological, and regulatory adaptation. Current transformation-product risk 
assessment faces several technical bottlenecks. First, non-target and suspect screening 
workflows can detect large numbers of candidate compounds, but many remain at low 
structural-confidence levels, making it difficult to translate detection into quantitative 
exposure or risk estimates. Second, mixture toxicity remains difficult to assess because 
parent compounds and multiple transformation products may co-occur, interact addi-
tively or non-additively, and affect different biological endpoints. Third, prediction of 
bioaccumulation and trophic transfer remains uncertain because transformation prod-
ucts may differ from parent compounds in polarity, ionization, protein binding, metabo-
lism, and environmental persistence. Finally, predictive models remain constrained by 
limited high-quality toxicity data, uneven training datasets, and weak validation under 
field conditions. These limitations show why transformation-product risk assessment 
requires tiered evidence, uncertainty reporting, and combined analytical, toxicological, 
and modeling approaches rather than reliance on any single method [24, 33, 34, 208].

To improve readability and strengthen risk interpretation, Table  8 summarizes rep-
resentative transformation products across major contaminant classes, with emphasis 
on their parent compounds, relative toxicity or risk relevance, dominant environmen-
tal concerns, and current regulatory or monitoring status. This comparative structure 
highlights that transformation products are not uniformly less hazardous than their 
parent compounds; rather, some may be more persistent, mobile, bioaccumulative, or 
toxic, while others remain poorly characterized because of limited toxicity data and 
incomplete monitoring. Table 8 also clarifies an important regulatory gap: although sev-
eral parent compounds are already monitored or restricted, many of their transforma-
tion products are not consistently included in routine risk-assessment or surveillance 
frameworks.

8.1 � Limitations of current risk‑assessment frameworks

Conventional risk-assessment frameworks emphasize parent compound toxicity and 
persistence. TPs are often considered only when data are readily available. Kern et  al. 
[73], Escher and Fenner [33, 34], and Gasser et al. [43] highlight this imbalance. Bioac-
tive derivatives may equal or exceed parent compound hazards [33, 34]. Limited evalua-
tion of these products creates regulatory blind spots. Static modeling approaches further 
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constrain assessment accuracy. Many frameworks assume fixed degradation rates and 
uniform environmental conditions. Transformation pathways vary across temperature, 
pH, microbial composition, and sunlight exposure. Such variability complicates predic-
tions of long-term ecological impact. Kapo et  al. [68] advocate the use of multimedia 
models that integrate biogeochemical processes across compartments. More dynamic 
simulations would better capture temporal and spatial variability. Model validation also 
presents challenges. Gaßmann noted that large-scale validation of pesticide fate models 
is insufficient. Scaling from laboratory conditions to catchment-level systems introduces 
uncertainty. Robust tiered assessment procedures are therefore necessary [68]. Sensitiv-
ity analyses and adaptive management components may improve regulatory confidence 
by identifying key uncertainties, testing model assumptions, and allowing risk-manage-
ment decisions to be updated as new evidence becomes available.

Including TPs in exposure modeling requires advanced, context-sensitive approaches. 
Traditional models often omit complex interactions occurring in soils, sediments, and 
hyporheic zones. Li et  al. [88] emphasize the hyporheic zone as a significant site of 
organic micropollutant attenuation. Biotransformation within this interface alters both 
parent compounds and derivatives. Models such as iSTREEM® can evaluate down-the-
drain chemicals across hydrological settings [68]. Integration of empirical monitoring 
data improves predictive accuracy [115, 178, 179]. Field data allow calibration of con-
centration estimates and transformation rates. Evidence indicates that some TPs occur 
at concentrations higher than those of the parent compounds [18, 115]. Advanced 
computational tools expand exposure modeling capabilities. Machine learning and in 
silico simulations predict likely transformation pathways [91, 161]. These tools account 
for environmental variability and chemical interactions. Comprehensive frameworks 
integrating chemical fate, hydrology, and biological transformation enhance realism. 
Improved exposure modeling supports more accurate predictions of ecological and 
human health risks.

8.2 � Cumulative and life‑cycle risk assessment approaches

A cumulative risk assessment considers the combined impacts of multiple chemicals and 
their derivatives. Transformation products often contribute significantly to mixture tox-
icity. Brown et al. [18] conducted probabilistic ecological assessments of pharmaceuti-
cal derivatives. Findings suggested limited risk in certain effluent-dominated contexts. 
Risk magnitude, however, varies by environmental setting and exposure duration. Life-
cycle assessment broadens perspective beyond point-of-discharge evaluations. Pharma-
ceuticals may enter agricultural soils through wastewater reuse and biosolid application 
[116]. Exposure can occur during production, use, disposal, and environmental redistri-
bution. Brunning et al. [19] and Carter et al. [21] emphasize the integration of life-cycle 
stages into regulatory frameworks. Such approaches capture upstream and downstream 
risk dimensions.

Comprehensive life-cycle evaluation improves understanding of cumulative ecological 
burdens. Regulatory frameworks incorporating life-cycle perspectives can better antici-
pate long-term environmental consequences. Consideration of chemical group effects 
also strengthens prioritization efforts. Holistic risk assessment reduces underestimation 
of transformation product impacts. Exposure modeling can support risk assessment by 
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estimating where transformation products are likely to occur, how long they may per-
sist, and which populations or ecosystems may be exposed [33, 34, 43]. For ecological 
risk assessment, predicted environmental concentrations can be compared with toxic-
ity thresholds, species-sensitivity distributions, or predicted no-effect concentrations to 
identify compounds requiring monitoring or management attention [169]. For human-
health risk assessment, exposure models can estimate intake through drinking water, 
food, wastewater reuse, inhalation, or dermal contact and can support hazard index, 
margin-of-exposure, or lifetime-risk calculations. These predictions can also help policy-
makers evaluate whether existing regulatory limits for parent compounds are adequate 
when persistent or mobile transformation products contribute additional exposure [33, 
34, 145]. In the context of this review, exposure modeling is most useful for prioritizing 
transformation products for monitoring, identifying vulnerable exposure pathways, sup-
porting provisional risk thresholds, and guiding future regulatory decisions where meas-
ured concentration and toxicity data remain incomplete [43, 169].

8.3 � Decision‑support tools for regulatory prioritization

Decision-support systems synthesize monitoring, modeling, and toxicity data for regula-
tory use. Liu et al. [89] advocate frameworks that prioritize chemicals requiring urgent 
attention. TPsIncluding TPs in these systems ensures comprehensive evaluation. Con-
sideration of cumulative and synergistic effects strengthens prioritization accuracy. 
Adaptive management frameworks allow the incorporation of emerging scientific find-
ings. Qu et  al. [127] emphasize the importance of understanding the reversibility of 
certain TPs. Such knowledge directly influences regulatory decisions on compounds 
such as trenbolone acetate. Flexible decision-support tools accommodate evolving evi-
dence. Continuous updates ensure responsiveness to new toxicity or exposure data. 
Transparent prioritization mechanisms enhance stakeholder confidence. Integration of 
TPs into regulatory systems ultimately improves environmental protection and public 
health outcomes. For risk characterization, transformation products can be prioritized 
using the risk quotient approach, where RQ = PEC/PNEC. PEC refers to the predicted 
or measured environmental concentration, while PNEC represents the predicted no-
effect concentration derived from toxicity endpoints such as LC50, EC50, NOEC, or 
chronic values with appropriate assessment factors. An RQ < 1 generally indicates low 
expected ecological risk, while an RQ ≥ 1 suggests potential concern and the need for 
further monitoring, toxicity testing, or management action. For transformation products 
detected through suspect or non-target screening, RQ values should be interpreted cau-
tiously because concentration estimates, structural confidence, and toxicity data may be 
uncertain.

9 � Policy, regulatory, and governance implications
TPs of emerging contaminants present complex governance challenges. Pesticides, phar-
maceuticals, and personal care products generate derivatives that persist in environmen-
tal systems [93, 109, 110, 112]. These products may exhibit toxicity and mobility distinct 
from those of the parent compounds. Effective management requires adaptive regula-
tory frameworks and coordinated governance mechanisms.
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9.1 � Incorporation of transformation products within EU REACH, U.S. EPA, and international 

frameworks

Inclusion of TPs within major regulatory systems remains essential for comprehensive 
risk control. The European Union’s REACH framework requires assessment of degra-
dation products under certain conditions. Evidence indicates that some TPs pose risks 
comparable to those of the parent compounds [128]. Pharmaceuticals and personal care 
product derivatives have been detected in surface waters with retained bioactivity [128, 
178, 179]. The United States Environmental Protection Agency has acknowledged the 
importance of evaluating TPs within chemical management programs [28, 178, 179]. 
Existing regulatory approaches, however, often focus on parent substances during 
approval stages. Dynamic formation processes and variable environmental conditions 
complicate comprehensive inclusion.

Guidelines may not fully capture the persistence, mobility, bioaccumulation, and sec-
ondary toxicity potential of transformation products, even when parent compounds are 
already regulated [178, 179]. This gap is fundamental because chemical risk assessment 
remains incomplete when transformation products are excluded from evaluation, par-
ticularly where degradation produces compounds that are more persistent, mobile, bio-
active, or difficult to detect than their precursors [33, 34, 189]. Rhoads et al. [128] and 
Cwiertny et al. [28] emphasize the need for flexible regulatory strategies. Periodic updat-
ing of risk evaluations based on emerging analytical, toxicological, and exposure data 
can strengthen chemical oversight. Adaptive regulatory mechanisms may also improve 
responsiveness to evolving scientific evidence by allowing new transformation prod-
ucts, exposure pathways, and hazard endpoints to be incorporated into risk assessment 
frameworks.

Shared chemical databases have become important tools for identifying PFAS and pos-
sible PFAS transformation products in suspect and non-target screening workflows [44, 
123]. The U.S. EPA CompTox Chemicals Dashboard hosts PFAS-related chemical lists, 
including PFASMASTER and PFASSTRUCT resources, which are widely used to build 
suspect lists for HRMS screening [44, 140]. NIST has coordinated the NIST Suspect List 
of Possible PFAS, which provides machine-readable PFAS structures and supports more 
consistent reporting of novel PFAS across laboratories [123, 140]. NIST also contrib-
utes spectral resources through the NIST/EPA/NIH Mass Spectral Library, which sup-
ports structural assignment and cross-laboratory comparison in suspect and non-target 
screening workflows [55]. Other open resources, including PubChem PFAS collections 
and the NORMAN Suspect List Exchange, expand global access to PFAS structures and 
improve harmonization in reporting novel PFAS [55, 140]. These shared databases help 
researchers identify candidate PFAS and transformation products, reduce duplicated 
effort, and improve the comparability of PFAS monitoring across laboratories and coun-
tries [123, 140].

9.2 � Regulatory monitoring gaps and data‑reporting limitations

Monitoring programs frequently prioritize known contaminants while overlooking 
TPs. Rhoads et  al. [128] and Cwiertny et  al. [28] highlight underreporting of deriva-
tives occurring at elevated concentrations. Transformation products can enter aquatic 
systems through wastewater effluents [118, 119, 151, 178, 179]. Standard monitoring 
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protocols may not systematically target these compounds. Lack of harmonized reporting 
requirements limits cross-jurisdictional comparability. Snow et al. [151] and Petrie et al. 
[119] describe challenges in coordinating international assessments. Variability in sam-
pling frequency, analytical techniques, and detection limits complicates data integration. 
Continuous enhancement of reporting standards is therefore necessary [43, 151].

Advanced analytical methodologies support improved detection. High-resolution 
mass spectrometry enhances identification of TPs [35, 59, 128]. Incorporation of such 
tools into regulatory monitoring frameworks strengthens exposure assessment. Reli-
able detection forms the basis for informed risk management decisions. Although sev-
eral emerging contaminants are increasingly recognized as environmental risks, many 
are still not included in routine monitoring programs, and transformation products are 
even less systematically monitored. The EU Watch List mechanism under the Water 
Framework Directive provides an important model for tracking selected emerging con-
taminants, with substances such as diclofenac, steroid hormones, macrolide antibiotics, 
neonicotinoid insecticides, azole compounds, and selected pharmaceuticals included 
across different monitoring cycles since 2015. However, most transformation products 
remain outside these lists, highlighting the need for monitoring frameworks that include 
persistent, mobile, bioactive, or frequently detected transformation products.

9.3 � Harmonized global standards for transformation‑product assessment

Absence of unified global standards leads to inconsistent risk management outcomes. 
Regulatory regions often apply distinct criteria for evaluating TPs [118, 119, 128, 151, 
154]. Divergent approaches may result in uneven levels of environmental protection. 
The development of harmonized guidelines would enhance the comparability of moni-
toring data. International collaboration among regulatory agencies and standardiza-
tion bodies represents a constructive pathway. Snow et al. [151] and Petrie et al. [119] 
advocate coordinated assessment frameworks. Harmonization would support consistent 
identification, classification, and prioritization of TPs. Predictive modeling and in sil-
ico assessments offer tools for global alignment [28, 35, 128, 154]. Shared databases and 
standardized modeling protocols facilitate cooperative governance. Harmonized stand-
ards enhance transparency and strengthen global environmental stewardship.

9.4 � Opportunities for precautionary regulatory approaches

Scientific uncertainty surrounding TPs justifies precautionary regulatory strategies. 
Many derivatives exhibit ecological and human health risks without complete toxicolog-
ical characterization [28, 50, 138]. Precautionary measures may limit or suspend the use 
of chemicals pending a comprehensive evaluation. Hale et al. [50] emphasize relevance 
for persistent and mobile contaminants. Long-term environmental accumulation can 
lead to delayed, widespread impacts. Snow et al. [151] and Rhoads et al. [128] highlight 
regulatory gaps for such compounds. Löffler et al. [91] discuss predictive tools support-
ing early identification of hazardous derivatives. Application of precautionary principles 
strengthens proactive environmental governance. Regulatory systems incorporating 
uncertainty management can better protect ecosystems and public health. Early inter-
vention reduces long-term remediation costs and ecological damage.



Page 42 of 56Ogwu et al. Discover Environment           (2026) 4:317 

9.5 � Policy‑science interface and stakeholder engagement

Effective regulation of TPs depends on strong interaction between scientific research 
and policymaking. Gaßmann underscores the importance of translating scientific find-
ings into regulatory practice. Engagement of researchers, industry representatives, and 
community stakeholders enhances policy legitimacy. Collaboration with industry can 
improve the development of safer chemical alternatives. Storck et al. [154] and Rhoads 
et al. [128] highlight the benefits of coordinated knowledge exchange. Public participa-
tion fosters transparency and builds trust in regulatory processes [118, 119, 151]. Cross-
sectoral data sharing strengthens evidence bases for decision-making [59, 91]. Integrated 
governance approaches enhance the capacity to respond to emerging risks. Robust 
policy-science interfaces ensure that transformation-product management remains 
informed by evolving environmental evidence.

10 � A predictive systems framework for transformation‑product risk 
governance

Transformation products of emerging contaminants require governance systems that 
integrate science, monitoring, modeling, and regulation. Biotic and abiotic processes 
generate derivatives with distinct persistence, mobility, toxicity, and detectability pro-
files. These complexities require predictive and adaptive risk-management strategies. 
A systems-based framework can link transformation pathways to exposure dynamics, 
ecological effects, and policy outcomes. Although previous studies have emphasized the 
need to consider transformation products in environmental risk assessment, especially 
because they may be persistent, mobile, toxic, or analytically overlooked [24, 33, 34, 73, 
189], fewer reviews have integrated formation mechanisms, environmental fate, detec-
tion workflows, predictive modeling, uncertainty analysis, and regulatory decision-mak-
ing into a unified governance framework. This review addresses that gap by proposing 
a transformation-aware approach that evaluates parent compounds, intermediate prod-
ucts, secondary products, and environmental reservoirs as interconnected components 
of contaminant risk.

10.1 � Conceptual pipeline linking transformation pathways to risk outcomes

A conceptual pipeline clarifies connections between chemical transformation and risk 
manifestation. Emerging contaminants undergo degradation through microbial, pho-
tochemical, and chemical processes. Resulting TPs may differ significantly from par-
ent compounds in structure and activity. Risk governance also requires anticipatory 
modeling tools. Quantitative structure–activity relationship models support the esti-
mation of toxicity and environmental behavior. Computational chemistry techniques 
complement QSAR predictions for new or unidentified derivatives [69, 172]. These 
approaches enable early identification of high-risk TPs. Studies examining pesticide 
derivatives illustrate this need. TPs of tebuconazole have been evaluated for ecologi-
cal effects [40]. Certain derivatives exhibited toxicity levels comparable to those of 
the parent compounds. Löffler et al. [91] and Xiong et al. [182, 183] emphasize inclu-
sion of such findings in predictive risk frameworks. Comprehensive toxicity screening 
improves prioritization and regulatory preparedness. A structured pipeline integrates 



Page 43 of 56Ogwu et al. Discover Environment           (2026) 4:317 	

transformation identification, exposure modeling, toxicity prediction, and risk char-
acterization. Such integration supports transparent and evidence-based governance 
decisions.

10.2 � Integrated monitoring–modeling–policy decision loop

An effective governance framework requires continuous feedback between monitor-
ing and modeling systems. Laboratory-derived transformation rates often diverge 
from field observations [47, 53, 176]. Environmental variability influences degradation 
kinetics and metabolite persistence. Field data strengthen the calibration of environ-
mental fate models. Gaßmann demonstrated simulation frameworks TPsthat predict 
pesticide TPs at plot and catchment scales. Integration of empirical monitoring data 
enhances predictive reliability. Such approaches improve estimation of concentrations 
under realistic exposure scenarios [47]. A monitoring–modeling–policy loop allows 
adaptive regulation. Observed discrepancies between predicted and measured con-
centrations trigger model refinement. Updated outputs inform revised management 
strategies. Continuous iteration improves risk governance over time. This loop also 
supports transparency in regulatory processes. Stakeholders gain access to updated 
assessments based on empirical evidence. Integration of laboratory and field data 
strengthens the scientific credibility of policy decisions.

Integration of monitoring data into predictive models enhances assessment accu-
racy. Real-time and high-resolution datasets improve the representation of environ-
mental variability. Advances in remote sensing and low-cost sensors enable expanded 
monitoring coverage [7, 187, 188]. These technologies facilitate the detection of spa-
tial hotspots and temporal trends. Satellite-based observations complement ground-
based measurements. Álvarez‐Romero et  al. [7] describe the value of satellite data 
for broad spatial assessments. Integration of diverse data streams strengthens model 
calibration. Continuous feedback between monitoring and modeling improves pre-
dictive performance. Such integration also supports adaptive regulatory manage-
ment. Updated monitoring results refine exposure and toxicity estimates. Dynamic 
adjustment of risk thresholds becomes possible under this framework. Monitoring-
to-model integration enhances transparency and responsiveness within environmen-
tal governance systems.

10.3 � Priority‑setting frameworks for emerging contaminants

Effective governance requires structured prioritization of contaminants and derivatives. 
Tiered screening frameworks assess the potential toxicity and the likelihood of exposure 
[2, 199]. Initial screening identifies compounds requiring detailed evaluation.

Pharmaceutical TPs provide relevant examples. Carbamazepine and diclofenac deriva-
tives have been detected across environmental matrices [12, 53]. Multimedia fate mod-
eling clarifies their distribution and persistence [2], (Authority 2017). Priority-setting 
frameworks integrate toxicity predictions with transport modeling. Combined evalu-
ation improves identification of high-risk TPs. Such approaches guide allocation of 
monitoring resources and regulatory attention. Incorporation of multimedia models 
strengthens cross-compartment assessments. Soil, water, sediment, and atmospheric 
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pathways can be evaluated simultaneously. Comprehensive screening enhances preven-
tive environmental management.

10.4 � Implementation pathways for environmental management agencies

Environmental agencies require operational tools translating predictive insights into 
policy actions. Advances in computational modeling support automated exploration 
of reaction pathways [120]. Such tools identify likely TPs before widespread detec-
tion. Comprehensive modeling frameworks for persistent contaminants, such as PFAS, 
illustrate their practical application [47, 194]. These models integrate chemical proper-
ties, transport processes, and degradation dynamics. Agencies can apply outputs to set 
monitoring priorities and regulatory thresholds. Machine-learning-enhanced databases 
facilitate communication of biotransformation data [129]. Centralized repositories allow 
real-time updates as new evidence emerges. Regulatory practices become more adaptive 
and responsive under this system. Implementation pathways should emphasize cross-
sector collaboration and capacity building. Integration of predictive modeling, monitor-
ing, and stakeholder engagement ensures informed governance. A predictive systems 
framework strengthens anticipation of environmental risks associated with TPs. Adap-
tive, data-driven management supports the long-term protection of ecosystems and 
public health.

To support adaptive environmental governance, transformation-product assessment 
requires integration of source identification, mechanistic understanding, analytical 
detection, exposure–toxicity evaluation, and regulatory prioritization within a continu-
ous monitoring–modeling feedback system. The framework presented in Fig. 5 synthe-
sizes these interconnected processes into a predictive governance structure that links 
scientific evidence generation with regulatory decision-making. By integrating transfor-
mation pathways, analytical workflows, exposure assessment, and prioritization criteria, 
the framework provides a systems-oriented approach to identify high-risk transforma-
tion products and to improve proactive environmental management under evolving 
contamination scenarios.

Fig. 5  Integrated predictive framework for transformation-product risk governance
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The framework (Fig.  5) illustrates the sequential integration of contaminant-source 
identification, transformation-pathway characterization, analytical detection, expo-
sure–toxicity assessment, and regulatory prioritization within an adaptive monitoring–
modeling feedback system. The model emphasizes continuous refinement of regulatory 
thresholds and prioritization criteria based on emerging scientific evidence, environ-
mental monitoring, and predictive modeling outputs. Priority actions focus on trans-
formation products exhibiting persistence, mobility, bioactivity, frequent detection, or 
structural uncertainty.

11 � Research priorities and future directions
Future research on transformation products should move beyond general calls for 
improved detection and regulation toward implementable research pathways that con-
nect analytical chemistry, toxicology, modeling, and governance. Future transforma-
tion-product research and governance should prioritize five interconnected actions: 
advancing HRMS-based detection of known and unknown products, integrating moni-
toring with toxicity and effect-based assessments, improving predictive models for 
formation, persistence, mobility, and toxicity, incorporating transformation products 
into regulatory risk assessment and prioritization, and developing interoperable data-
bases linking chemical identity, occurrence, toxicity, and modeling outputs. Other pri-
ority areas include high-confidence non-target screening combined with rapid toxicity 
testing, cross-scale prediction of transformation pathways from laboratory systems to 
field settings, standardized monitoring protocols for global comparability, and regula-
tory workflows that translate uncertain detection evidence into tiered risk-assessment 
decisions.

11.1 � High‑confidence non‑target screening linked to rapid toxicity assessment

Continued advancement in analytical technologies remains essential for detecting TPs in 
complex matrices. Ultra-high-performance liquid chromatography coupled with high-
resolution mass spectrometry has significantly expanded detection capabilities [107, 
156]. These platforms allow identification of trace-level compounds across diverse envi-
ronmental compartments. Non-target screening approaches broaden analytical scope 
beyond predefined contaminant lists. Such methods reveal previously unrecognized 
TPs. Expanded detection improves understanding of cumulative environmental bur-
dens. Molecular techniques further enhance insight into transformation mechanisms. 
Metagenomics and transcriptomics enable in situ examination of microbial communi-
ties involved in contaminant degradation [91]. These tools clarify links between micro-
bial gene expression and transformation pathways. Tratnyek et al. [163] demonstrated 
integration of molecular approaches with ecological assessments to evaluate pharma-
ceutical impacts. Despite progress, methodological challenges persist. Transformation 
products may form transiently or degrade rapidly under changing conditions. Analytical 
protocols must therefore accommodate variability in stability and concentration. Stand-
ardization of sampling and processing procedures is critical [104]. Harmonized method-
ologies improve comparability across regions and studies. Future analytical innovation 
should emphasize miniaturized sensors, improved spectral libraries, and automated 
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annotation workflows. Enhanced detection precision strengthens environmental surveil-
lance and regulatory response.

11.2 � Data integration and FAIR transformation‑product databases

Comprehensive global databases are essential for consolidating knowledge on the forma-
tion of TPs and their toxicity. Initiatives such as the NORMAN Suspect List Exchange 
provide foundational infrastructure [53]. Expanded integration across chemical classes 
and geographic regions remains necessary. Interoperable database frameworks facili-
tate data exchange between laboratories and regulatory agencies [192]. Standardized 
metadata formats improve usability and transparency. Shared repositories accelerate the 
identification of recurring TPs across ecosystems. Artificial intelligence and machine 
learning can enhance the utility of databases. Automated pattern recognition supports 
real-time interpretation of monitoring results. Xiong et al. [182, 183] highlight the role 
of predictive analytics in anticipating environmental impacts. Integration of monitoring 
data, toxicological endpoints, and modeling outputs strengthens risk assessment pipe-
lines. International data-sharing agreements are central to effective collaboration. Coor-
dinated information exchange reduces duplication of effort and improves response time. 
The development of comprehensive transformation-product registries will enhance 
global environmental governance.

11.3 � Multiscale fate, exposure, and ecological risk studies

Ecological risk assessment must address spatial and temporal variability. Acute toxicity 
endpoints alone fail to capture chronic and cumulative impacts [185]. Long-term expo-
sure and bioaccumulation require detailed evaluation across trophic levels. Multiscale 
frameworks examine the impacts of cellular responses on ecosystem dynamics. Liu et al. 
[90] documented bioaccumulation of pharmaceuticals within aquatic food webs. Such 
findings inform understanding of trophic transfer and ecological amplification. Risk 
assessments should incorporate species-specific vulnerabilities, life-stage differences, 
and reproductive effects. Consideration of gender-related susceptibility enhances preci-
sion. Integrating land-use change and socio-ecological dynamics enriches environmental 
modeling [199]. Spatial heterogeneity also influences exposure pathways. Catchment-
level modeling combined with local monitoring improves ecological interpretation. 
Multiscale approaches align environmental science with ecosystem-based management 
principles.

11.4 � Global monitoring standards and cross‑disciplinary collaboration

Complex transformation-product dynamics require interdisciplinary collaboration. 
Chemists, toxicologists, ecologists, engineers, and social scientists contribute comple-
mentary expertise. Partnerships integrating environmental chemistry with engineer-
ing have improved wastewater treatment design. Collaborative frameworks encourage 
holistic problem-solving. Integration of ecotoxicology with public health perspectives 
broadens understanding of cumulative risk. Engagement with policymakers enhances 
the translation of research findings into regulation. Community stakeholder partici-
pation strengthens legitimacy and contextual relevance. Inclusion of affected popula-
tions improves alignment between research priorities and societal concerns. Dedicated 
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funding streams for interdisciplinary initiatives support sustained collaboration. Estab-
lishing centers of excellence focused on transformation-product research would pro-
mote innovation. Such structures facilitate shared infrastructure, training, and data 
exchange.

11.5 � Predictive toxicology and tiered regulatory prioritization

Predictive environmental toxicology continues to evolve with computational and experi-
mental innovation. QSAR models remain central to structure-based toxicity estimation. 
Integration of advanced modeling techniques enhances predictive reliability. Emerg-
ing technologies such as organ-on-a-chip systems and three-dimensional bioprint-
ing improve the simulation of biological responses. These platforms provide ethically 
responsible alternatives to traditional animal testing. Enhanced physiological relevance 
improves extrapolation to environmental scenarios. Understanding molecular mecha-
nisms of toxicity remains a research priority. Mechanistic studies clarify pathways 
linking chemical structure to adverse outcomes. Improved mechanistic knowledge 
strengthens model parameterization and regulatory interpretation. Coupling computa-
tional predictions with experimental validation enhances confidence in risk assessments. 
Integration of toxicogenomics and high-throughput screening can refine hazard iden-
tification. Future progress depends on coordinated investment in predictive tools and 
experimental platforms. Advancing predictive environmental toxicology will support 
proactive governance of TPs. Strengthened modeling, monitoring, and interdisciplinary 
collaboration will enhance the protection of ecosystems and human health.

12 � Conclusion
This review identifies five priority recommendations for transformation-product 
research and governance: improving high-confidence HRMS-based detection of 
known and unknown products; linking monitoring results with toxicity testing and 
effect-based assays; expanding predictive tools for formation pathways, persistence, 
mobility, and toxicity; including transformation products in risk assessment, watch-
list monitoring, and regulatory prioritization; and developing interoperable databases 
that connect chemical identity, occurrence, toxicity, and model outputs. Transfor-
mation products of emerging contaminants constitute a pivotal frontier in environ-
mental chemistry, toxicology, and regulatory science. This review demonstrates that 
the environmental risks associated with chemical pollution cannot be adequately 
characterized without systematic consideration of the dynamic processes that con-
vert parent compounds into structurally and toxicologically distinct derivatives. 
Across environmental matrices, microbial, photochemical, hydrolytic, and oxidative 
processes generate complex transformation networks that frequently produce com-
pounds with altered persistence, mobility, and biological activity. These transforma-
tion dynamics reshape exposure pathways, ecological interactions, and long-term 
contaminant behavior, often leading to risk profiles that diverge substantially from 
those predicted based solely on parent compounds.

Advances in analytical technologies, particularly high-resolution mass spectrometry, 
suspect and non-target screening workflows, and isotope-assisted pathway tracing, have 
improved the capacity to detect and characterize previously overlooked transformation 
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products. Concurrently, predictive tools, including QSAR models, environmental fate 
simulations, and machine-learning-based transformation prediction, are enabling ear-
lier identification of high-risk compounds and supporting more proactive environmen-
tal risk governance. Nevertheless, substantial challenges remain, including incomplete 
knowledge of transformation pathways, uncertainty in predictive models, limited spec-
tral libraries, and insufficient harmonization of global monitoring practices. Regulatory 
frameworks continue to lag behind scientific understanding, with many risk-assessment 
systems still prioritizing parent-compound evaluation while overlooking the cumula-
tive risks associated with transformation products. Integrating transformation products 
into exposure modeling, cumulative risk assessment, life-cycle evaluation, watch-list 
monitoring, and regulatory prioritization is essential for achieving more realistic chemi-
cal safety evaluations. A systems-oriented monitoring–modeling–policy feedback 
loop, supported by interoperable global databases and decision-support tools, offers a 
practical pathway for strengthening adaptive environmental management. Future pro-
gress will depend on interdisciplinary collaboration across environmental chemistry, 
toxicology, data science, engineering, and policy domains to develop predictive, trans-
formation-aware environmental governance frameworks. Expanding global transfor-
mation-product databases, advancing multiscale ecological risk studies, and embedding 
precautionary principles into regulatory decision-making will be central to addressing 
the increasing complexity of chemical contamination. Transitioning from static parent-
compound assessments to dynamic, transformation-informed risk evaluations repre-
sents a necessary paradigm shift to protect environmental and public health in the era of 
emerging contaminants.
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