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Abstract

Environmental research has shifted from legacy contaminants to Chemicals of
emerging concerns CECs in the last two decades. CECs and their transformation
product TPs are ubiquitously documented in the aquatic environment due to the
increased anthropological activities of humans. These CECs and their transformation
product TPs have continuously impacted ecosystems and humans. Though current
analytical tools and effect-based methods are out of infancy regarding water analysis,
following holistic approaches are necessary to improve the gaps in the current water
analysis scenario. (1) Prioritization of more environmentally relevant CECs and their
TPs by appropriate and standardized analytical and bioanalytical approaches, (2)
continuous and regular monitoring of currents European watchlist, priority list, and
substances of very high concerns (SOVHC) by all member states, (3) monitoring of
spatial, and temporal occurrence of CECs and their TPs over a more extended period
by using passive sampling techniques (4) Integration of target, suspect and non-
target screening with Effect-directed analysis to assess the toxic causative chemicals
in complex mixtures. (5) Polarity extended screening of CECs and their TPs in
environmental (water) samples. Furthermore, for assessing the aquatic
environmentally relevant CECs and their TPs, appropriate and standardized
analytical tools and assessment protocols are required to address TPs' selection,
identification, and quantification and their toxicological relevance. So that adequate
mitigation measures are taken against CECs and TPs to protect and conserve our
environment.
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Introduction:

Rapid economic growth, urbanization, and lifestyle patterns increase our society's daily use
of chemicals for household activities, industrial manufacturing, agricultural applications,
personal care, and human and animal healthcare (Llamas et al., 2020). According to one
estimate, more than 100,000 chemicals are registered in the EU, and 30,000-70,000
chemicals are used daily. These chemicals from anthropogenic activities have been
continuously discharged into aquatic compartments such as freshwater bodies and cause
water pollution (Loos et al., 2009; Zhong et al.,, 2021). Water pollution has become a daunting
challenge and everyday problem for our society because water is the source of life and is used
for various purposes, such as drinking (Vasilachi et al., 2021). Nowadays, there are increasing
concerns about the chemicals of emerging concerns CECs due to their toxicity and potential
risks to human health and ecology. The occurrence of CECs in the aqueous environment has
been investigated for several years. Still, during the last two decades, the focus of
environmental researchers has been shifted from legacy pollutants to the so-called chemicals
of emerging concerns CECs (that are directly discharged into the environment through
municipal wastewater effluents, urban stormwater, agricultural runoff, and various diffuse
sources) (Pal etal., 2010; Schwarzenbach et al., 2006). Chemicals/Contaminants of emerging
concern represent a group of compounds currently not regulated (not submitted to a routine
monitoring and emission control regime) whose fate, behavior, and (eco)toxicological effects
are poorly understood. Still, they may be under scrutiny for future regulation. It is now known
that these CECs are not necessarily newly developed chemicals: most CECs are substances
that have entered into the environment for decades, but their existence has only recently
been detected due to the development of more sensitive analytical methods (Dulio et al,,
2018). CECs consist of surfactants, flame retardants, pharmaceuticals, personal care
products, gasoline additives and their degradation products, biocides, polar pesticides,
degradation products, and various proven or suspected endocrine-disrupting compounds
(EDCs). The NORMAN experts regularly revise the list of emerging substances (Emerging
Substances et al., 2021).
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Figure: 1 Category of chemicals of emerging concerns CECs that impact soil, air, water,
animals, plants, microorganisms, and humans (Vasilachi et al,, 2021).
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Ecological Impacts of CECs:

Due to their continuous human consumption and inefficient removal by traditional
wastewater treatment processes and other diffuse sources, CECs have been ubiquitously
detected in freshwater bodies, drinking water, and the food chain in ng/L to pg/L range. The
occurrence of these CECs in the environment may cause unpleasant and toxic effects on
aquatic organisms and humans, even their presence at nanogram per litter (ng/L)
concentrations. Certain CECs are persistent due to their physicochemical properties and their
resistance to degradation (Sousa et al,, 2021; Cruzeiro et al.,, 2016; Sousa et al., 2019). A few
CECs are also termed PMT (persistent, mobile, and toxic or vPvMT (very persistent, very
mobile, and toxic) due to their persistent, high mobility (solubility) and poisonous nature.
These PMT or vPvMT substances can pass through natural barriers like river banks and
artificial obstacles in water treatment facilities and cause irreparable damage to the
ecosystems (Riidel et al., 2020). Some CECs are continuous/uncontrolled discharges into the
environment and accumulate; these CECs can also be supposed to be "pseudo-persistent”
pollutants, which would cause the same exposure potential as regulated persistent
pollutants. The occurrence of these CECs in the environment may cause unpleasant and toxic
effects on aquatic organisms and humans, even their presence at nanogram per litter (ng/L)
concentrations. In recent risk assessment and prioritization schemes with identified
concerns including hormonal interference in fishes, genotoxicity, toxicity for reproduction,
carcinogenicity in lab animals, endocrine disruption, antibiotic resistance, and immune
toxicity (Cruzeiro et al., 2013; Sousa et al,, 2019; Zhong et al,, 2021). It is tough to estimate
the long-term impacts of most CECs on the environment and human health, which is still a
daunting challenge. At the same time, the knowledge and awareness of their behavior and
hazard/ecological risks are incomplete and limited. Furthermore, the presence of these
chemicals as a complex mixture in the aquatic environment can cause additive or synergistic
effects, which leads to underestimating the potential impact on marine organisms. Exposure-
effects-driven assessment tools describe mixture effects, and then follow-up chemical
analysis is used to identify the chemicals that may be responsible for the observed effects
(vice versa). Literature suggests the application of specific tools for evaluating the toxic
effects of emerging pollutants: environmental risk assessment (ERA), quantitative analysis of
the structure-activity relationship (QSAR), the relationship between physicochemical
properties and environmental behavior and fate (PPEF), assisted by software tools(Vasilachi
etal, 2021).

Because of the pseudo-persistence nature due to their continuous discharge, resistance to
degradation of these chemicals in surface and groundwater, climate changes, and the increase
of anthropogenic activities may worsen the situation. Since these water bodies are vital for
the survival and maintenance of all ecosystems and a source of drinking water, surface water
needs to be protected and preserved through detailed study, monitoring programs, risk
assessment, and mitigation measures.

Current Regulatory Status of CECs:

The US Environmental Protection Agency (EPA):

Many centuries have responded to this issue regarding the potentially toxic effects on ecology
by revising their current water regulations. Comprehensive monitoring of the CECs in the
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aquatic environment is the core of most management strategies. In the USA, water quality is
regulated under the Clean Water Act (CWA) and the Safe Drinking Water Act (SDWA) by the
US Environmental Protection Agency (EPA). CECs are incorporated into this regulatory
skeleton and the drinking water contaminant candidate list (CCL) mainly through
unregulated contaminant monitoring rules (UCMR) and the drinking water contaminant
candidate list (CCL) (Bieber et al., 2017; Zhong et al, 2021). According to the Fifth
Unregulated Contaminant Monitoring Rule, UCMR 5, 29 per- and polyfluoroalkyl substances
[PFAS] and one metal will be monitored from 2023 to 2025 by EPA Methods 533 and 537.1
(Fifth etal,, 2021).

The European Union (EU), the water framework directive 16 (2000/60/EC):

In this regard, the European Union (EU) established the Water Framework Directive 16
(2000/60/EC) in 2000 for water policy within the EU, aiming at achieving a sound ecological
and chemical status of surface water in the EU. In 2008, the water framework directive
(2008/105/EC 2008) was updated, and the first list of 33 priority substances/groups of
substances (PSs) that should be monitored within a member of states was made. The
Directive 2013/39/EU (2013) again revised its list; a set of 12 new substances were also
included in the list, recommending the monitoring of 45 PSs and pointing out the demand for
developing new mitigation measures (Pistocchi et al., 2019; Arle et al,, 2016). Furthermore,
Directive 39/2013/EU also issued a watch list of pollutants for monitoring that may pose a
risk to or via the aquatic environment and for which monitoring data is insufficient for better
assessments of risks from chemicals present in surface water and supporting future
prioritization exercises in the EU (Sousa et al., 2019). This list should be revised every 2 years,
and member states must monitor these substances at least once per year for up to four years.
This is the first effort within the European Union to incorporate pharmaceuticals and
hormones in routine water monitoring (Bieber et al,, 2017; Zhong et al., 2021). The watch list
was again amended in 2015 (Directive 2015/495/EU), 2018 (Directive 2018/840/EU), and
2020. The latest version of the watch list is included three substances already on the list since
2018 (the insecticide metaflumizone and the antibiotics amoxicillin and ciprofloxacin) and
several substances added in 2020: the sulfonamide antibiotic sulfamethoxazole and the
diaminopyrimidine antibiotic trimethoprim, the antidepressant venlafaxine and its
metabolite O-desmethyl venlafaxine, a group of three azole pharmaceuticals (clotrimazole,
fluconazole, and miconazole) and seven azole pesticides (imazalil, miconazole, ketoconazole,
miconazole, prochloraz, tebuconazole, tetraconazole), and the fungicides famoxadone and
dimoxystrobin (Richards et al., 2021; Chemicals et al., 2021).

NORMAN project:

To cover the gaps in conventional prioritization schemes that often exclude CECs due to data
deficiencies, in 2005, the European Commission founded the NORMAN project to promote a
permanent network of reference laboratories and research centers, including academia,
industry, standardization bodies, and NGOs for the monitoring of contaminants of emerging
concern (Brack et al,, 2012). As an independent organization, NORMAN plays a vital role as
an interface between science and policy, with the benefit of speaking to the European
Commission and other public institutions with the “bigger voice” of more than 70 members
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from 20 countries (Dulio et al., 2018). Until 18 May 2020, about 1036 candidates have been
listed as emerging pollutants most frequently occurring in the environment by the NORMAN
Network (Xue et al., 2021).

The European Chemicals Agency (ECHA) and Registration, Evaluation, Authorization,
and Restriction of Chemicals (REACH) regulation (EC 1907/2006)

On 1 June 2007, the REACH regulation (EC 1907/2006) (stands for Registration, Evaluation,
Authorization, and Restriction of Chemicals) came into force by the European Chemicals
Agency (ECHA) (Riidel et al., 2020). The REACH regulation aims to improve the protection of
human health and the environment from the risks that chemicals can pose through the better
and earlier identification of the intrinsic properties of chemical substances (Understanding
REACH et al, 2020). According to IPCHEM (the Information Platform for Chemical
Monitoring), the number of registered and pre-registered substances in REACH regulation is
30,000-50,000 industrial substances chemicals used in daily-use products. However, the
current updated (till 15 July 2021) authorized REACH register substances are 23,341 in the
European Union. According to IPCHEM (December 2020 report), 3168 substances and
compounds have been found in different matrices such as environment, human, food and feed
products, and indoor air (IPCheM Portal, 2022; Bopp et al.,, 2020). The Candidate List of
Substances of Very High Concern (SVHCs) was updated on 8 July 2021 by ECHA, and now it
contains 219 chemicals that may harm people or the environment (All News, 2022). Of 219
chemicals, 43 substances are already present under the REACH authorization regime. A study
(25 studies from 2000 to 2018) revealed that 333 chemicals were found in groundwater and
drinking water. Of these 333 chemicals, 142 (43%) represented substances that were
registered under REACH (as of May 2017), of which 32 were also utilized as pharmaceuticals,
and five were also used as pesticides (Riidel et al., 2020). Substances registered under REACH
already today have a significant risk to drinking water quality. On 15/07/2021, the ECHA
made the restriction on manufacture, placing on the market, and use of per- and
polyfluoroalkyl substance PFAS in the EU due to their vPvMT and toxic and bioaccumulative
nature, both concerning human health as well as the environment (Registry of restriction,
2022). This shows that the current regulations cover only a limited number of chemicals. So,
it is a need of the hour to prioritize more environmentally relevant substances by the use of
appropriate and standardized analytical approaches and assessment protocols.

Challenge of Persistent, Mobile, and Toxic (PMT) and Very Persistent and Very Mobile
and Toxic (vPvMT) Substances:

Those substances that have intrinsic characteristics like persistency (P) mobility (M), and
toxicity are termed persistent, mobile, and toxic (PMT) substances. The persistency is due to
their low degradation, even if they remain for years in environments. The mobility is because
of the high polar nature and lower sorption potential on soil and sediments, so these
substances are highly soluble and mobile in water. Furthermore, these substances are highly
toxic and are carcinogenic, germ-cell mutagenic, and harmful for reproduction (Hale et al,,
2020). Neumann et al. described for the first time (in 2015) the name of these substances as
Persistent Mobile and Toxic (PMT) substances and very persistent and very mobile (vPvM)
substances, while Reemtsma et al. (2016) presented the name of these substances as
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Persistent Mobile Organic Compounds (PMOCs). Due to these properties, these substances
can pass through natural barriers like river banks and artificial obstacles in wastewater
treatment plants (WWTP) and drinking water treatment facilities, and even granular
activated carbon (GAC) filtration, ultrafiltration, advanced oxidation processes (like
ozonation) and reverse osmosis are unable to remove these substances effectively (Hale et
al,, 2020; Emerging contaminants, 2013) once these substances enter the environment, there
is irreparable damage to the environment. Furthermore, an analytical and monitoring gap
exists for the detection and quantification of these mobile (polar) substances in routine water
analysis because conventional analytical methods such as chromatography (GC) and
reversed-phase liquid chromatography (RPLC) are unable to detect and quantify most of
these substances due to their high polarity, solubility in water and low n-octanol-water
partition coefficients (Kow), or low pH-dependent n-octanol-water distribution coefficients
(DOW) (Riidel et al., 2020).

The terms persistent, mobile, and toxic” (PMT) substances and “very persistent and very
mobile” (vPvM) substances are also harmonized with the language used within Europe's
REACH framework to assess and classify the risks related to industrial chemicals
(Registration, Evaluation, Authorization, and Restriction of Chemicals (EC 1907/2006)
regulation Annex XIII), and considered PMT and vPvMT substances as equivalent to
persistent, bioaccumulative and toxic” PBT, and “very persistent and very bioaccumulative”
vPvB (Hale et al., 2020). In October 2020, the European Commission, as part of its Chemical
Strategy for Sustainability, decided that by 2022, PMT/vPvM substances should be
considered a new SVHC category under REACH. About 260 substances (out of all registered
substances under REACH) have been identified as PMT/vPvM by UBA in a research project.
Per- and polyfluoroalkyl substances (PFAS) and 1,4-dioxane are examples of PMT/vPvMT
substances (Riidel et al., 2020).

As we have seen in the previous section EPA and ECHA are now taking serious action against
Per- and poly-fluoroalkyl substances (PFAS) due to their PMT/vPvMT properties. Because of
their continuous emission, inefficient removal by artificial barriers in water treatment
facilities, analytical monitoring gap, persistency, mobility over longer distances, toxicity, and
high risk associated with PMT/vPvMT substances, these substances can cause irreparable
damage to the environment, drinking water resources as well as for human beings. So, there
is an urgent need to monitor PMT/vPvMT substances in WWTPs, surface water, and drinking
water resources,

Monitoring of Occurrence, Fate, spatial, and seasonal variation of CECs over extended
periods:

Anthropogenic organic trace substances have been ubiquitously detected in surface water.
These substances enter into the environment via different points and diffuse sources. The
distribution and fate of CECs and their TPs in wastewater treatment plants and freshwater
bodies depend on many factors such as physio-chemicals properties such as molecular
structure, biodegradability. water- and fat solubility, environmental conditions and
distribution coefficient, etc. (Emerging contaminants, 2013; Krishi Sanskritil, 2022). The fate
of CECs in wastewaters and the environment is better understood by standardized and
appropriate sampling techniques. The use of improper sampling approaches is assumed to
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be the greatest error of reported occurrence data. Most current studies used grab sampling,
and grab sampling gives only a snapshot of CECs concentration for a specific point in time.
This approach has limitations and does not provide a representative sample and causes
uncertainties. If you begin with a poorly chosen sample or If our sample is not representative,
then results are meaningless. "Garbage in, garbage out!" So, it would be highly desirable to
use a proper sampling strategy. Nowadays time and volume/flow proportional 24h
composite samplers are being preferred, because they provide a better estimate of the mean
concentration, and also account for fluctuations in inflow (Ort et al., 2010). In SOLUTIONS,
researchers suggested passive sampling methods that give better estimates of the time-
weighted mean of freely dissolved concentrations of CECs, and high-volume sampling
techniques that results in simultaneous access of chemical and bioanalytical analysis, and
development of multi-residue methods of higher sensitivity. These sampling techniques offer
better exposure estimates and help us to identify the specific toxicological relevance of
contaminants (Altenburger et al., 2019). 24h composite and passive sampling methods
ensure that representative data is obtained and facilitates a better understanding of spatial
and temporal trends of CECs occurrence (Petrie et al., 2015).

Seasonal and spatial monitoring programs are a tool to evaluate the influence of weather
conditions (e.g., temperature and precipitation), matrix and environment of water bodies on
the fate of the CECs and their TPs, sources of chemicals, their consumption/usage patterns of
the target compounds and their degradation rates in WWTPs and the environment (Sousa et
al, 2019). A comprehensive understanding of the occurrence and wide distribution of
complex trace organic contaminants and their transformation products in freshwater bodies
and wastewater treatment plants helps us to predict and mitigate their potential effects on
ecological and human health in aquatic environments (Bai et al., 2018). Various studies have
reported the occurrence, spatial and temporal distributions of CECs, but the time duration is
very short (Reh et al.,, 2013), and only few studies carried out over extended period (Ashfaq
et al, 2019). Due to this reason, the fate and risk assessment of CECs and their TPs are not
fully understood, and Therefore, monitoring of CECs and their TPs in the WWTPs and
freshwater over an extended period is of great interest.

Transformation Products TPs of CECs:

After the release into the natural water environment and wastewater treatment processes,
chemicals of emerging concerns are not completely decomposed but may transform by both
abiotic and biotic processes resulting in intermediates that are usually more polar.
Transformation products (TPs) are mainly transformed through hydrolysis, oxidation,
hydroxylation, conjugation, cleavage, dealkylation, methylation, demethylation, and by
different microorganisms. In certain cases, TPs are less toxic than their parent compounds in
the aquatic environment, but there is also a large number of examples in which TPs are more
toxic in engineered or natural systems and some might show higher sublethal, behavioral, or
developmental effects in aquatic organisms or potential adverse effects to human health as
compared to the parent compounds (Brack et al., 2019), for example, TCS can transforms to
methyl triclosan (MeTCS) and exhibits higher endocrine disruption effects than TCS (Ashfaq
etal, 2019).

Most of the studies focus on parent compounds, and very limited studies have reported
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parent compound and their transformation products together e.g. only a few studies have
reported the occurrence of bisphenol A monomethyl ether (BPA-MME) and bisphenol A
dimethyl ether (BPA-DME) BPA-MME (transformation products bisphenol A (BPA) (Ashfaq
et al,, 2018). Furthermore, toxicological data on the effects of these TPs are very poor. All
these factors represent a major knowledge gap on occurrence fate and toxicological effects of
TPs. The knowledge of transformation pathways and identification of TPs together with
parent compounds help us to understand the fate and risk assessments of CECs. Thus, this
topic demands further research and, where the action is warranted, appropriate mitigation
strategies. Thus, to assess the aquatic environmentally relevant TPs, appropriate and
standardized analytical tools and assessment protocols are required to address the selection,
identification, and quantification of TPs and their toxicological relevance (Brack et al., 2019).

CECs and their TPs on suspended solids:

During mass load and mass balance calculation in WWTPs and freshwater, only dissolved
aqueous concentrations of CECs and their TPs are considered, and concentrations of CECs on
suspended solid are ignored which leads to underestimations or under-reporting of fate and
occurrence of these chemicals (Ashfaq et al., 2018). Analysis of adsorbed CECs and their TPs
on suspended solid is necessary because some chemicals have high affinity due to their high
Kow coefficient value. Various CECs including amitriptyline, EMDP, dosulepin, fluoxetine,
norfluoxetine, triclosan, ofloxacin, and ciprofloxacin norfluoxetine, triclosan, ofloxacin, and
ciprofloxacin have been detected on suspended solid (Petrie etal., 2015). This provides a path
for their discharge into the environment which goes undetected and the environmental fate
of chemicals on suspended solids is unknown. However, a few studies have considered the
CECs on the suspended solids during the mass balance assessment, which may lead to the
overestimation or underestimation of the CECs losses and bias for CECs fate (Wang et al,,
2018; Ashfaqetal, 2017). So, it is highly recommended to consider the of CECs on suspended
solids to better estimate the fate.

Suspect screening and Non-target Screening (NTS) by High-resolution Mass
spectrometry HRMS:

While in target screening, the targeted compounds are known and standards are available to
allow compound-specific method optimizations, in suspect screening, standards are not
necessarily available and in non-target analysis, compounds are unknown, and even the
structures of the compounds detected are not necessarily known (Altenburger et al., 2019).
The number of selected compounds for watch lists, priority lists, and substance of very
concerns will always be limited and the selection process will always be time-consuming.
Furthermore, the standards of CECs and their TPs are not available. Thus, it cannot fully
represent CECs of recent concern (Schmidt, 2018). To cope with these challenges, HRMS
detection based on time-of-flight or Orbitrap analyzers can be used in water analysis to allow
suspect and nontarget screening without the use of reference standards, and help us to
identify known unknown and unknown unknown in complex matrixes (Brack et al., 2019).
Since these HRMS-based instruments can screen and detect a very high number of
compounds and their TPs, retention time (RT), fragmentation, exact masses, and isotopic
pattern of these compounds can be recorded in databases like MassBank, Stoffldent,
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ChemSpider, Chemicalize, or DAIOS. These databases can also be integrated with silico
prediction tools (e.g., MetFrag, Eawag-PPS, CATABOL, PathPred, Meteor) for the provisional
identification of the molecule without the use of reference standards in an analytical
approach called 'suspect screening'. Structural confirmation by the application of MS/MS
analysis may strengthen the analytical approach and boosts the confidence levels of
identification. In non-target screening, the tentative identification of CECs and TPs is made
without any previous knowledge. In this strategy, very high-resolution MS is used for
obtaining high mass accuracy for verification of the proposed molecular formula and reliable
interpretation of the MS/MS spectra (Drewes & Letzel, 2016).

Sampling Extraction LC separation HRMS/MS ]
(ret. times & (compound | (no prior information)
mass spectra) structures)
Target list I [ Suspect list ]
2
SUSPECT
[ SCREENING J [ Peak picking ]
1 | *.
B (Sumpections ) ( Peaks of interest . )

[ Molecular formula ] [Spectral library search]

LCandidate search'(Compound DB)J

[ Filtering/selection (RT, MS/MS, calc. properties, ...) ]

Y i & v

[ Confirmation and quantification with reference standards ]

Figure 2. Analytical strategies for the identification and quantification of parent compounds
and transformation products (Brack et al., 2019).

Nowadays Two approaches are most commonly used to carry out non-target screening
suggested by Schymanski et al. and Krauss et al. Harmonization of data processing, software
tools and workflows, availability of open-source MS databases, and data exchange among
different software platforms are needed for effective use of non-target screening (Schmidt,
2018; Drewes & Letzel, 2016). The current status-related monitoring of chemicals emerging
concern and their transformation products is also complimented with the wide-scope target,
suspect, hidden target approaches, and non-target screening (NTS) in combination with
effect-directed analysis to guard against and assess the presence and risks of complex
mixtures (Brack et al,, 2019). As we know that there are thousands of CECs and their TP is
present in the aquatic environment but undetected until now due to lack of standards and
various others reasons. Several studies have been carried out by the use of NTS, and a lot of
work has to be done by utilizing Non-target Screening. So, NTS by HRMS is used to explore
the unknown CECs and their TPs. Suspect screening and non-target screening have been
successfully applied for real-time monitoring of the Rhine river (Altenburger et al., 2019).
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Effect Directed Analysis:

The direct links between exposure to chemicals and effects are not fully understood neither
effect-based methods nor chemical analysis alone. This problem was also discussed in the
EU-funded project SOLUTIONS, aiming at the development of a more holistic approach to
monitor the surface waters in the context of the European Water Framework Directive. A
solution-oriented approach has been suggested by the environmental researcher that
considers chemical exposures and associated risks in a more integrated manner, for example
by combining chemical analyses with effect-based methods. The effect-based analysis is a
powerful complementary tool to chemical analysis and should be further implemented in
future revisions of the EU WFD (Brack et al.,, 2018). These bioanalytical tools focus on
different biological organization levels and may consist of standardized in vivo and in vitro
bioassays, in situ monitoring strategies as well as ecological analyses at the population and
community level. The whole toxicity has been evaluated by whole-organism tests, apical
endpoints, adaptive stress responses which are caused by complex mixtures of contaminants
involving many substances. On the other hand, specific effects on unique receptors in the
organism such as endocrine disruption, photosynthesis inhibition, or inhibition of specific
enzymes are often evaluated by few individual drivers of mixture toxicity. The identification
of these drivers can be a key to the decision on targeted and cost-effective abatement options
and needs the integration of effect-based monitoring with chemical analytical tools
(Altenburger et al, 2019). Theoretical and experimental assessments tools allow us to
evaluate the overall risk to individual organisms or populations of a species, despite the
presence of mixtures of hundreds of compounds in environmental matrices. Thus, it is also
possible to identify the most significant chemicals contributing to observed effects and will
help us to establish cause-effect relationships and provide a focus for potential management
measures (Altenburger et al., 2019). Effect-directed analysis (EDA) is a very useful and
powerful tool to identify chemicals causing the toxic effect, by chromatographic fractionation
which reduces the complexity of the mixtures. Different approaches have been used to
demonstrate EDA. An interesting approach is the use of a micro fractionation system that
connects LC or even LCxLC separations with a simultaneous collection of fractions in
microtiter plates that permits to relate the effect and chemical identity (Wang et al., 2019).
Another very effective strategy to prioritize chemicals of emerging concern and their
transformation products aquatic water sample by EDA is the application of high-performance
thin-layer chromatography (HPTLC-HRMS) in combination with bioassay. HPTLC is used to
fractionate samples, then separated zones are subjected to bioassays, and in the final steps,
HRMS is utilized to identify chemicals that cause an effect. In this way, HPTLC-HRMS is used
with bioassays to facilitate non-target screening for the prioritization of environmentally
relevant chemicals in complex mixtures (Stiitz et al., 2017; St., 2022). The general workflow
is shown in the figure. 3. EDA approach is the most powerful tool so far and the only approach
that directly provides cause-effect relationships. Site-specific drivers of toxicity are also
identified by Effect-directed analysis (EDA). Limited studies have reported the use of this
approach on water and sediments, by using different toxicological endpoints such as
endocrine disruption, mutagenicity, dioxin-like effects, and effects on daphnids and algae as
well as in wastewater treatment assessments (Brack et al, 2018). So, it is highly
recommended to use EDA approach for the prioritization of most environmentally relevant
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CECs and their TPs.
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Figure 3. General workflow of effect-directed analysis (Stiitz et al., 2017).

Polarity extended monitoring of CECs and their TP (Widening the analytical Window):
In addition to fairly polar compounds, water bodies contain a large number of polar and very
polar organic compounds due to the very polar nature of water. These water bodies also carry
unknown trace organic compounds and their transformation products (TPs). Transformation
products (TPs) are often very polar as compared to the parent compound. At the moment,
quality of water and pollutant monitoring is carried out largely by liquid chromatography
(LC) - (tandem) - mass spectrometry (MS) using reversed-phase (RP) columns for
chromatographic separations. Although RPLC-MS is a selective, sensitive and well-
established method for the routine monitoring of these regulated and characterized targeted
trace organic compounds, it is limited to non-polar to moderately polar molecules (Minkus et

al, 2021).
= | GC (n = 255)
RPLC (n = 181)
gap compounds
‘7 2 Tea >
S 11 s :
-8 -7 -6 -5 -a -3 -2 -1 o 1 =2 3 a s = 7 8
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Figure 4. Classification of organic CECs according to their speciation-adjusted partitioning
constants between octanol and water (Dow) and analytical gap for very polar organic
compounds (Copyright 2016 American Chemical Society) (Schmidt, 2018).

And there is an analytical gap for simultaneous determination of non-polar to very polar
organic molecules in water samples in a single run. For the determination and monitoring of
a wide polarity range of organic compounds, alternative separation techniques are required.
An ideal chromatographic system should provide the separation of non-polar, polar, and very
polar compounds in a single run simultaneously. Polarity-enhanced chromatographic
methods such as RPLC-HILIC/TOF-MS (using the same mobile phase) and SFC/TOF-MS can
fill the gap for the analysis of non-polar, polar, and very polar molecules and are expected to
be increasingly used in environmental monitoring in the future, and widening the analytical
window (Bieber et al.,, 2017).

Only a few studies have reported the utilization of this approach, and there is an analytical
gap to study a wide polarity range of CECs and their TPs. Furthermore, polarity-enhanced
chromatographic methods can also be used to study persistent, mobile, and toxic (PMT) and
Very Persistent and Very Mobile and toxic (vPvMT) Substances (Minkus et al., 2020; Bieber
& Letzel, 2020).

Figure 5. Conceptual diagram of polarity extending monitoring, that covers of Analytical gap
for very polar organic compounds (Bieber et al., 2017).

Outlook:

Due to anthropogenic activities of humans, chemicals of emerging concern CECs have been
documented in every compartment of the environment, particularly in the aquatic
compartment. Contamination of water resources due to CECs is a very concerning issue
because water is the source of life and is used for various purposes. If we want to deliver well
preserved and protected water reservoirs, and habitat able planet Earth to our
grandchildren, then we have to manage the dynamics of chemical innovation, production,
consumption, use, disposal, and resulting emission into the aquatic environment, by
continues comprehensive monitoring and management strategies, that leads to mitigate their
effects on ecosystems.
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