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Abstract: Contaminants  of  emerging  concern  (CECs)  refer  to  various  synthetic  chemicals —such  as  pharmaceuticals  and  per-
sonal  care  products  (PPCPs),  pesticides,  per- and  polyfluoroalkyl  substances  (PFASs),  micro/nanoplastics,  and  nanomaterials —
that pose a threat to both environmental  and human well-being.  These pollutants primarily originate from industrial  activities,
wastewater effluents, household waste, and agricultural runoff. Anthropogenic CECs are recognized as a new class of micropollu-
tants  that  contaminate  aquatic  environments  and  pose  a  threat  to  ecological  and  human  health.  Their  continuous  input  from
industrial, domestic, and agricultural sources results in chronic exposure and toxicity. Growing evidence of their health impacts
calls for immediate and effective control measures to address CEC-induced hazards. This study outlines key sources, environmen-
tal implications, and innovative treatment solutions. Strengthening pollution control, treatment efficiency, and ecosystem protec-
tion  helps  governments  resolve  the  water  quality  challenges  of  urbanization  and  move  toward  sustainable  living.  Yet,  the
removal of diverse and persistent CECs requires more advanced solutions, posing a significant challenge.
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 1.  Introduction

Contaminants of emerging concern (CECs) are defined as sub-
stances that are not routinely monitored in environmental sys-
tems but may be included in future legislation owing to their
persistence,  bioaccumulation  potential,  and  harmful  effects
on ecosystems and human health [1]. According to the United
States Geological Survey (USGS), they are defined as manufac-
tured  or  naturally  occurring  chemicals  or  microbes  that  are
not  routinely  monitored  in  the  environment  but  are  capable
of  causing  known  or  suspected  ecological  or  human  health
impacts  [2, 3].  CECs'  classification has  progressed in  response
to industrial growth, pollutant discharge characteristics, techno-
logical advances in wastewater treatment, and evolving regula-
tory  frameworks  [4].  Rising  global  concern  regarding  the
widespread presence of various CECs, such as, plasticizers, disin-
fectants,  flame  retardants,  herbicides,  insecticides,  corrosion
inhibitors, and synthetic dyes — in industrial effluents, agricul-
tural  drainage,  and  stormwater  runoff  has  led  to  growing
research  efforts  focused  on  their  removal  and  mitigation  [5].
CECs  primarily  enter  the  environment  through  two  major
routes:  wastewater  treatment  plants  (WWTPs)  and  surface

runoff.  For  example,  a  monitoring  campaign  in  the  semi-arid
Mediterranean basin  of  Kasserine,  Tunisia,  detected a  total  of
101 emerging contaminants in both surface water and ground-
water, providing a comprehensive overview of pollution in the
basin [6]. Most pollutants were detected more frequently and
at  higher  concentrations  in  surface  waters,  suggesting  that
wastewater discharges into watercourses are the main source
of  these  contaminants.  Further,  during  rainfall,  contaminants
are washed from various urban and non-urban surfaces,  con-
tributing to their dispersion in aquatic ecosystems.

Due  to  their  persistence  and  tendency  to  accumulate  in
water  bodies,  CECs  have  been  recognized  as  potential  haz-
ards  to  human and ecological  health,  even at  low concentra-
tions [7].  As newly emerging contaminants,  CECs have drawn
considerable interest owing to their potential risks and toxico-
logical impacts [8, 9]. The presence of CECs in aquatic systems
can  disrupt  hormonal  balance,  impair  reproduction,  and  lead
to  bioaccumulation  in  the  food  chain,  potentially  causing
chronic  health  impacts  on  humans.  In  aquaculture  systems,
CECs  are  commonly  detected  in  water,  sediments,  and  cul-
tured species, particularly antibiotics, antifoulants, and disinfec-
tants  [8].  By  accumulating  in  food  crops  and  transferring
through the food web, CECs may compromise food safety and
environmental  quality,  presenting  significant  implications  for
wastewater  treatment  and  its  reuse  in  agricultural  systems
[10-12].

To  mitigate  the  adverse  effects  of  CECs  and  protect
aquatic ecosystems, various technologies for treating aquacul-
ture effluents have been investigated, including physical, chemi-
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cal,  and  biological  methods  [4, 8, 13].  This  review  seeks  to
advance  the  development  of  more  efficient  and  sustainable
approaches  for  managing  CECs,  thereby  enhancing  environ-
mental  and public  health protection.  The study encompasses
a wide range of CECs, including pharmaceuticals and personal
care products (PPCPs), pesticides, per- and polyfluoroalkyl sub-
stances (PFASs), micro/nanoplastics, and nanomaterials. It exam-
ines  their  sources,  environmental  pathways,  and  ecological
and human health impacts. The study also reviews current and
emerging  remediation  technologies,  such  as  biological  and
nature-based  approaches  and  advanced  treatment  technolo-
gies.  Overall,  it  aims  to  highlight  innovative  and  sustainable
strategies for mitigating CEC pollution in both aquatic and ter-
restrial environments.

 2.  Sources and occurrence of major CECs

The  release  of  industrial  effluents  containing  chemical  addi-
tives and manufacturing by-products partly explains the pres-
ence of hazardous compounds in aquatic systems. Over recent
decades, the range of sources contributing to CEC contamina-
tion  in  wastewater  and  freshwater  environments  has
expanded beyond classical pollutants, as depicted in Fig. 1.

Sources  of  CECs include point  discharges from industrial,
municipal, and hospital WWTPs, diffuse inputs such as stormwa-
ter runoff and atmospheric fallout, and unintentional releases
caused by leakage or accidental events [13, 14]. Even at low con-
centrations,  CECs  present  notable  ecological  and  health  risks
due to their ability to move, transform, and persist in environ-
mental media. Municipal effluents, containing organic contami-
nants  from  both  household  and  industrial  sources,  serve  as
the primary entry route for CECs into the aquatic environment.
Livestock  production  facilities  can  introduce  substantial
amounts  of  pollutants —such  as  veterinary  hormones,  antibi-
otic  residues,  and  nutrients —into  surrounding  ecosystems
through the discharge of animal waste.

 2.1.  Pharmaceuticals and personal care products

(PPCPs)

The  widespread  daily  use  of  pharmaceuticals  and  personal
care products (PPCPs) results in their release into aquatic sys-
tems through multiple routes, primarily via municipal and indus-
trial discharges. Effluents from treatment plants, pharmaceuti-

cal industries, and hospital waste streams play a major role in
their  distribution  across  aquatic  and  terrestrial  environments
[15, 16].  Household  wastewater  is  a  key  contributor  to  PPCPs
pollution in aquatic systems. Widely used in medicine, cosmet-
ics,  veterinary,  and  agricultural  applications,  PPCPs  have
become common environmental pollutants linked to ecologi-
cal and human health risks. PPCPs originate from diverse resi-
dential  and  commercial  sources,  with  domestic  waste
streams —such  as  urban  dumps,  household  refuse,  animal
waste,  and  human  excrement —playing  a  significant  role  in
their  environmental  dissemination  [15].  Further,  agricultural
runoff, particularly from the meat production sector, serves as
a significant pathway for PPCPs contamination in the environ-
ment.

As  an  example,  pharmaceuticals  were  first  detected  in
river water in the 1970s. Pharmaceuticals are often present in
elevated  concentrations  within  solid  waste  and  wastewater,
making  pharmaceutical  manufacturing  facilities  a  significant
source of these compounds in the environment [17, 18]. Hospi-
tal wastewater significantly contributes to pharmaceutical con-
tamination,  while  veterinary  drugs  used  in  livestock  farming
facilitate their entry into soil and aquatic systems. Pharmaceuti-
cals  are  often  found  in  surface  waters  at  concentrations  of
ng/L,  with  several  compounds  commonly  detected  in  signifi-
cant amounts [19]. This group includes more than 4,000 chemi-
cals used mainly for therapeutic purposes in humans and ani-
mals. Following use, these compounds are excreted as unme-
tabolized  drugs  or  metabolites  and  transported  through
sewage  systems  [20],  prompting  extensive  research  on  their
occurrence  and  removal  in  aquatic  systems  and  wastewater
treatment.

 2.2.  Pesticides

Pesticides are chemical substances designed to control or elimi-
nate  pests,  including  insects,  rodents,  fungi,  and  weeds.
Around one-third of global crop production involves their appli-
cation.  Pesticides  remain  crucial  to  agricultural  practices,  as
they  are  used to  control  unwanted weeds  and insect  infesta-
tions,  resulting  in  remarkable  gains  in  crop  yields  [21].  On  a
global  scale,  total  pesticide  consumption  in  agriculture
reached 3.73 million tonnes of active ingredients (Mt) in 2023,
representing a 14% increase over the past decade and nearly

 

Fig. 1. Pathways of CECs entry from wastewater effluents into aquatic ecosystems. Reprinted from Process Safety and Environmental Protection [3].
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double  the  level  recorded  in  1990  [22].  These  substances  are
classified  by  their  mode  of  action,  molecular  structure,  risk
potential, and practical applications [23].

Pesticides can penetrate aquatic ecosystems through differ-
ent mechanisms, notably by intentional application to surface
waters  for  the  suppression  of  weeds,  pest  species,  or  crop-
related  diseases  [24].  Additionally,  pesticides  can  enter  the
atmosphere  through  volatilization  and  long-distance  trans-
port  before  being  deposited  elsewhere.  The  primary  sources
of pesticides are agricultural applications, such as spraying on
crops  and  soils,  followed  by  runoff  and  leaching  that  intro-
duce  residues  into  the  surrounding  environment.  Additional
inputs arise from urban landscaping, household pesticide use,
and  vector  control  operations.  Contamination  may  also  arise
from industrial production, leakage during storage, and inade-
quate disposal practices.

 2.3.  PFASs

PFASs  represent  a  large class  of  synthetic  fluorinated organic
substances noted for their chemical inertness and environmen-
tal persistence. The group comprises over 14,000 compounds,
including partially and fully fluorinated molecules with diverse
structural  types —branched,  linear,  or  cyclic  [25, 26].  Environ-
mental PFAS inputs can be broadly classified as direct or indi-
rect.  Direct emissions,  PFASs are commonly used in fire-retar-
dant  foams,  adhesives,  metal  finishing,  cosmetics,  and  paper
products, serving as stain- and water-resistant additives in the
textile  manufacturing  process  [27].  Importantly,  the  textile
industry consumes considerable amounts of PFASs and precur-
sor  chemicals,  which  are  then  used  in  paper  packaging  and
aftermarket  goods  [28].  Regarding  indirect  PFAS  emissions,
they arise from landfill leachate and WWTPs effluent [29]. Indus-
trial emissions, especially waste and wastewater outputs from
manufacturing processes, constitute the main route by which
novel  PFASs  are  introduced  into  ecosystems.  Leachate  from
landfills and discharges from industrial and municipal WWTPs

act  as  secondary  pathways  introducing  PFASs  into  aquatic
ecosystems.

 2.4.  Micro/nanoplastics

Microplastics (< 5 mm) and nanoplastics (< 1 μm) are small plas-
tic  particles  that  result  from  the  breakdown  of  larger  plastic
debris or are directly manufactured at microscopic scales [30].
Micro/nanoplastics  originate  from  primary  sources,  including
cosmetic  microbeads  and  industrial  pellets,  as  well  as  sec-
ondary sources formed through the degradation of larger plas-
tics through physical, chemical, and biological degradation pro-
cesses  in  nature  [31-33].  They  are  released  into  the  environ-
ment  through  wastewater,  runoff,  and  airborne  deposition,
exacerbating global contamination (Fig. 2).

Currently, around 367 million tons of plastic are produced
annually  worldwide.  Their  widespread  use  across  industries
stems from their affordability, flexibility, and ease of manufac-
ture; however, poor waste management has led to severe accu-
mulation in marine, terrestrial, and landfill environments. Exam-
ples include plastic bags, bottles, and fishing nets that accumu-
late  in  rivers  and  oceans,  eventually  fragmenting  into  micro/
nanoplastics.  Moreover,  plastics  serve  as  a  dominant  packag-
ing material in the food sector [35]. Despite their benefits, plas-
tics can fragment over time, releasing micro/nanoplastics that
contaminate food chains and environmental systems.

 2.5.  Nanomaterials

Nanomaterials  specifically  refer  to  particles  ranging  in  size
from  1  to  100  nanometers  in  at  least  one  dimension  [36],
which imparts them with distinct physical, chemical, and biolog-
ical properties. Originating from natural (e.g., volcanic ash, sea
spray) and anthropogenic sources (e.g., industrial processes, cos-
metic  products,  electronic  manufacturing,  and  wastewater),
these particles raise growing concerns about their persistence
and potential environmental toxicity.

In contemporary society, nanomaterials constitute a funda-
mental component of numerous disciplines, finding broad util-

 

Fig. 2. Sources and transport routes of micro/nanoplastics pollution. Reprinted from Green Analytical Chemistry [34].
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ity  in  scientific  innovation,  medical  and  pharmaceutical
advancements,  industrial  manufacturing,  and electronic com-
munication technologies [36].  Through the precise manipula-
tion of nanoscale materials, nanotechnology finds broad appli-
cations  in  both  domestic  utilities  and  industrial  processes,
underscoring its growing technological  and economic signifi-
cance  [37].  It  involves  the  synthesis  of  various  nanomaterials
designed  for  use  in  biomedical,  veterinary,  and  animal  hus-
bandry applications [38, 39].

 3.  Ecological and human health impacts

CECs are human-made substances with persistence and bioac-
cumulation in environmental compartments, with evidence indi-
cating that even low concentrations may pose hazards to both
ecological  and  human  health  [7].  CECs  can  persist  for
extended periods in sediments, where they are taken up by ben-
thic  organisms  and  subsequently  transferred  through  the
aquatic food web to higher trophic levels, such as fish [40, 41].
Their levels may increase through trophic transfer and biomag-
nification, resulting in top predators exhibiting contaminant lev-
els several orders of magnitude higher than those in surround-
ing waters. Consequently, the concentrations of CECs in fish tis-
sues serve as important indicators of aquatic ecosystem health
and  potential  risks  to  human  health  through  fish  consump-
tion. Additionally,  the USEPA categorizes several chemicals as
CECs,  including confirmed or  suspected endocrine-disrupting
chemicals.  Their  occurrence  raises  significant  concerns,  high-
lighting the need for ongoing monitoring and mitigation strate-
gies.

 3.1.  Pharmaceuticals and personal care products

(PPCPs)

Environmental  contamination by PPCPs presents  serious haz-
ards  to  flora,  fauna,  and humans.  PPCPs,  a  significant  class  of
CECs, persist in the environment and may disrupt target recep-
tor  physiology  [3].  The  release  of  industrial  effluents,  includ-
ing bioactive compounds utilized in PPCP manufacturing, is a
primary  pathway  by  which  these  substances  enter  aquatic
ecosystems.  Additionally,  global  pharmaceutical  consump-
tion  continues  to  increase,  supporting  the  health  of  both
humans  and  animals,  but  this  has  led  to  emerging  contami-
nant pollution. Pharmaceuticals represent one of the most per-
sistent classes of environmental pollutants, potentially posing
serious  risks  to  human  health  and  aquatic  biota  [42, 43].  For
example,  as  primary  producers  in  the  food  chain,  plants  can
act as a major pathway for the transfer of pharmaceutical con-
taminants; when consumed by humans and animals, these com-
pounds  may  bioaccumulate  in  tissues  and  pose  potential
health  risks,  including  the  emergence  of  antibiotic  resistance
[42, 44].  Exposure  of  aquatic  organisms  to  pharmaceuticals
can  lead  to  a  range  of  adverse  effects,  including  oxidative
stress, inhibited growth and development, premature mortal-
ity, and inflammatory responses [45].

The persistence, bioaccumulative potential, and toxicity of
PPCPs contribute to their detrimental effects on aquatic organ-
isms,  with  some  compounds  further  influencing  growth  and
developmental processes [46].  Exposure to PPCPs can disrupt
reproduction  in  aquatic  organisms,  affecting  not  only  small
species  such as Daphnia spp.,  but  also fish [47].  Experimental
studies  have  shown  that  PPCPs,  including  triclosan,  tonalide,

and galactoside, exhibit limited translocation in plants such as
carrot  (Daucus  carota sativus)  and  barley  (Hordeum  vulgare)
[48]. Triclosan has been reported to exhibit toxicity toward sev-
eral  bacterial  species,  while  high  concentrations  of  alkylben-
zene sulfonates have been shown to alter microbial communi-
ties  in  surface  waters  [49].  Experimental  evidence  suggests
that  PPCP  exposure  increases  stress  indicators  and  activates
detoxification  pathways  in Cucumis  sativus [50].  Exposure  of
cucumber  seedlings  to  a  mixture  of  17  PPCPs  at  550  µg/L
resulted  in  a  decline  in  photosynthetic  pigment  content  and
substantial  accumulation of  these compounds in the root tis-
sues [51].

Moreover,  the  environmental  impact  of  antibiotics,
beyond that of conventional CECs, is  increasingly recognized.
These  pharmaceuticals  can  interfere  with  ecological  pro-
cesses,  adversely  affect  wildlife,  and  facilitate  the  emergence
and  dissemination  of  antibiotic-resistant  bacteria  (ARB)  and
antibiotic-resistant  genes  (ARG).  Chronic  exposure  to  antibi-
otics  facilitates  the  development  of  antibiotic  resistance,
thereby  presenting  significant  threats  to  human  health  [52].
Due to their largely non-biodegradable nature, these micropol-
lutants  persist  over  prolonged  periods  in  the  environment.
More  importantly,  the  cumulative  impact  of  these  global
trends has amplified pollution. Pharmaceutical residues, com-
bined  with  other  pollutants  such  as  microplastics,  are  now
widespread in various ecosystems, posing considerable environ-
mental and management challenges [53].

 3.2.  Pesticides

Despite  their  utility  in  enhancing  crop  yields  and  managing
pests,  pesticides  contribute  significantly  to  environmental
degradation and public health concerns [54]. Persistent environ-
mental contamination by pesticides has led to widespread expo-
sure  in  air,  water,  food,  and  soil,  creating  acute  and  chronic
health hazards. Acute toxicity may occur following substantial
inhalation,  ingestion,  or  dermal  exposure,  while  repeated  or
long-term  exposure  can  result  in  chronic  toxic  effects.  Expo-
sure to pesticides has been linked to diverse toxicological out-
comes, including neurotoxicity, mutagenicity, carcinogenicity,
teratogenicity, and disruption of the endocrine system [54].

The  intensive  use  of  pesticides,  combined  with  effluents
from  agricultural,  industrial,  and  residential  activities,  ulti-
mately  results  in  their  dissemination  into  aquatic  ecosystems
[55]. Through surface runoff, these pesticides reach water bod-
ies, where they can be highly toxic to fish, crabs, lobsters, and
turtles [23]. Exposure to pesticides in aquatic organisms results
in  pronounced  oxidative  stress  and  histopathological  alter-
ations.  Off-target migration of  these chemicals  contributes to
broader  environmental  pollution,  with  residues  entering  the
human  population  through  environmental  and  dietary  path-
ways, potentially causing toxic effects.

The accumulation of pesticide residues and their metabo-
lites in soils may lead to their dispersal via soil,  water, and air,
or persistence in agricultural  produce,  creating potential  risks
to  human  health  [56, 57].  Exposure  to  these  chemicals,
whether acute or chronic, poses a significant public health con-
cern,  particularly  in  developing  countries.  In  these  countries,
the  intensive  application  of  synthetic  pesticides  is  primarily
motivated by the imperative to maintain food security, as well
as  the  accompanying  economic  and  political  considerations
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[58].  Exposure  to  pesticides  increases  the  production of  reac-
tive  oxygen  species  (ROS),  diminishing  antioxidant  defences
and compromising the cellular ability to mitigate oxidative dam-
age.  Underexposure  to  chemical  pesticides  has  been  associ-
ated with adverse human health effects, such as carcinogenic-
ity, cytotoxicity, and mutagenicity [59].

 3.3.  PFASs

Per- and polyfluoroalkyl substances (PFASs) are manufactured
chemicals  that  have  recently  garnered  substantial  examina-
tion  from  environmental  authorities  and  the  general  public
due  to  their  widespread  distribution  and  associated  health
risks  [27].  They  are  persistent  synthetic  chemicals  that  resist
environmental degradation, often referred to as “forever chemi-
cals.” Due  to  their  ability  to  accumulate  in  water,  soil,  and
biota, PFASs pose long-term exposure risks. Their extensive con-
tamination  in  water  and  wastewater  systems  represents  a
major  environmental  and  public  health  challenge  [25].  For
example,  some  PFASs  pose  significant  risks  to  water  sources,
and health issues need to be given more consideration.

The  ubiquitous  occurrence  of  PFASs  constitutes  signifi-
cant environmental and human health challenges. PFASs repre-
sent  a  significant  risk  to  terrestrial  and  aquatic  organisms.  In
addition, variability in accumulation across trophic levels, influ-
enced by habitat, exposure, and species-specific bioaccumula-
tion, highlights ecological hazards [60]. Exposure to PFASs has
been implicated in multiple adverse health outcomes, such as
endocrine disruption, immunosuppression, and increased risk
of  specific  cancers.  Among  these,  perfluorooctanoic  acid
(PFOA) is particularly concerning due to its persistent, bioaccu-
mulative, and widespread use. Also, the U.S. Environmental Pro-
tection  Agency  (EPA)  Science  Advisory  Board  has  classified
PFOA as a possible human carcinogen [61].

 3.4.  Micro/nanoplastics and nanomaterials

 3.4.1.    Micro/nanoplastics
Plastic pollution across environmental compartments poses sig-
nificant  risks  to  biota,  ecological  integrity,  and economic  sys-
tems [34]. The presence of plastic debris in marine ecosystems
disrupts ecological balance and harms aquatic organisms and
habitats  [62].  The  degradation  of  plastic  waste  into  micro/
nanoplastics  facilitates  environmental  and  biological  interac-
tions. These particles are consumed by organisms spanning mul-
tiple  trophic  levels,  including  phytoplankton,  fish,  birds,  and
mammals,  amplifying  their  toxicity  and  ecological  impact.  In
contrast, nanoplastics pose a greater hazard due to their small
size  and  high  permeability,  which  facilitate  penetration  into
cells and tissues. Their widespread distribution presents signifi-
cant risks to human health, including oxidative stress, inflamma-
tion,  cellular  damage,  and  potential  carcinogenic  effects  [30,
63]. Polystyrene nanoplastics, for example, can cause DNA dam-
age, mutagenic effects, and cytotoxicity [64].

The  distribution  of  micro/nanoplastics  in  the  environ-
ment has profound ecological and human health implications
[65, 66]. Beyond their inherent toxicity, these particles can facili-
tate  the  transport  of  chemical  contaminants  and  pathogenic
organisms. An increasing number of studies highlight the accu-
mulation  of  micro/nanoplastics  in  aquatic  organisms,  plants,
and  human  tissues,  raising  concerns  about  the  potential
health effects of long-term exposure [67, 68]. Resembling cer-
tain types of zooplankton and food particles, these plastics are

frequently  ingested  by  fish,  entering  their  digestive  systems
and  potentially  transferring  up  the  food  chain.  The  potential
bioaccumulation  of  micro/nanoplastics  is  an  emerging  issue,
and it  poses a possible indirect pathway for human exposure
through the ingestion of aquatic species [31, 69].

 3.4.2.    Nanomaterials
Nowadays, the pervasive deployment of nanoparticles unavoid-
ably  contributes  to  their  dissemination  across  environmental
compartments,  promoting  long-term  persistence  in  ecosys-
tems  and  accumulation  within  biota  [36].  Owing  to  their
unique properties and nanoscale size, nanoparticles can inter-
act with wildlife and humans through multiple pathways [70].
They  can  infiltrate  living  organisms  via  diverse  exposure
routes,  including  dietary  intake,  soil  contact,  and  water.  This
integration into food webs may induce genotoxic effects and
perturb the homeostasis  of  reactive oxygen species and neu-
trophil  activity  [71].  Through  interactions  with  cellular  and
microbial systems, nanomaterials can exert oxidative, inflamma-
tory, and toxic effects on organisms.

Environmentally, they have the potential to disrupt micro-
bial assemblages, bioaccumulate along trophic levels, and mod-
ify biogeochemical nutrient cycles. Processes like bioaccumula-
tion and biosorption govern trophic transmission of nanoparti-
cles in ecological networks. The accumulation of natural or engi-
neered  nanoparticles  in  biological  systems  can  have  various
harmful  effects  [72].  Due  to  their  nanoscale  dimensions  and
chemical reactivity, nanoparticles exhibit potentially toxic prop-
erties, with their impact contingent on composition and concen-
tration.

Thus,  micro/nanoplastics  and  engineered  nanomaterials
are  emerging  pollutants  of  increasing  concern  due  to  their
small size, persistence, and capacity to interact with biological
systems.  They  can  adsorb  and  transport  toxic  chemicals,
thereby facilitating their entry into food webs. Upon ingestion
or inhalation, micro/nanoplastics, as well as engineered nano-
materials,  may elicit  oxidative stress,  inflammatory responses,
and cellular injury. Their widespread distribution and intricate
environmental dynamics pose significant threats to ecological
systems and human well-being.

 4.  Remediation strategies

Conventional  wastewater  treatment  processes  are  generally
inadequate for effectively removing CECs before they are dis-
charged  into  natural  ecosystems.  While  advanced  technolo-
gies, including biological and nature-based approaches, mem-
brane filtration, and adsorbents, enhance the removal of these
contaminants and can also mitigate their constraints in practi-
cal  use.  Additionally,  nature-based  systems  such  as  con-
structed  wetlands  offer  a  sustainable,  low-cost,  and  efficient
treatment approach [73]. Techniques such as adsorption, mem-
brane filtration, and biological degradation show great poten-
tial  for  removing  CECs,  including  PFASs,  pesticides,  micro/
nanoplastics,  and PPCPs (Table 1)  [3, 53, 55, 74].  Remediation
strategies  based  on  physical,  chemical,  and  biological  pro-
cesses have also been implemented to achieve partial or com-
plete  removal  of  micropollutants,  e.g.,  nanoparticles,  from
impacted ecosystems [36, 75].

 4.1.  Biological and nature-based approaches

Biological  and  nature-based  approaches  harness  natural  pro-
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cesses  and  organisms  to  mitigate  pollution,  restore  ecosys-
tems,  and  promote  sustainable  environmental  management.
Among the available treatment methods, biological processes
are considered the most eco-friendly and sustainable for remov-
ing  pollutants  from  the  environment.  For  instance,  con-
structed  wetlands  and  microalgal-based  systems  are  widely
used  bioremediation  strategies  for  mitigating  CEC  pollution.
Numerous  nature-based  solutions  (NbS),  such  as.  wetlands,
rain  gardens,  swales,  sedimentation  ponds,  and  bioretention
or hydrophyte systems—are now being implemented to effi-
ciently  treat  pollutants  [13, 76].  Major  removal  pathways
include  sorption,  photodegradation,  microbial  biodegrada-
tion, and phytoremediation.

Overall,  phytotechnology uses  plants  to  absorb,  immobi-
lize, or break down hazardous pollutants present in water, air,
and  soil  [82, 83].  Phytotechnology  encompasses  various  pro-
cesses, including photodegradation, phytovolatilization, phyto-
transformation,  phytostabilization,  and  phytoextraction.  Phy-
totechnology  integrates  several  plant-based  processes  to

reduce,  degrade,  or  stabilize  harmful  pollutants  with minimal
secondary  toxicity.  It  is  highly  effective  for  treating  industrial
and  municipal  wastewater  in  decentralized  systems  [84, 85].
Aquatic  macrophytes  are  particularly  effective  in  wastewater
treatment  systems  because  they  grow  rapidly,  generate  sub-
stantial  biomass,  and  efficiently  absorb  and  eliminate  pollu-
tants through continuous contact with contaminated water.

Typically, constructed wetlands represent one of the most
promising  NbS  for  improving  water  quality  and  managing
CECs  in  aquatic  ecosystems  [13].  Constructed  wetlands  have
demonstrated the ability to degrade diverse CECs, encompass-
ing  pesticides,  PPCPs,  endocrine-disrupting  chemicals,  and
other organic pollutants such as polycyclic aromatic hydrocar-
bons  (PAHs)  and  disinfection  by-products  [13].  For  example,
Fig.  3 illustrates  the  removal  mechanisms  of  pharmaceuticals
in  constructed  wetlands.  They  integrate  natural  processes
involving  vegetation,  substrate,  and  microbial  consortia  to
remediate contaminated water, representing an efficient, sus-
tainable,  and  environmentally  benign  treatment  system.

 

Table 1.   Examples of strategies for the remediation of CECs

Pollutants Describes Efficiency Remarks Refs.

Per- and
polyfluoroalkyl

substances (PFASs)

Microalgal-based carbon-encapsulated iron
nanoparticles (ME-nFe)

Level 15 µg/L (industrial wastewater, landfill
leachate)

> 60% PFOA (industrial
wastewater, landfill leachate)
>90% for medium- and long-

chain PFASs

Promising adsorbent for PFAS
remediation [77]

Per- and
polyfluoroalkyl

substances (PFASs)

Electrocoagulation
Landfill leachate

Level 42 ± 3 μg/L (PFOS), 38 ± 4 μg/L (PFOA)

66% (PFOS)
28% (PFOA)

Offering practical guidance for
PFAS treatment [78]

Microplastics
Integrated Fixed-film Activated Sludge (IFAS)

Membrane BioReactor (MBR)
Level 10 mg/L (polyethylene)

> 99% (polyethylene)

Addressing multiple
wastewater treatment targets

Support sustainable
wastewater treatment

[79]

Pharmaceuticals
and personal care
products (PPCPs)

Vertical flow constructed wetlands
(Phragmites australis + Iris pseudacorus)
Filled with expanded clay, mixed with

admixtures
Level 5 μg/L

> 84% (greywater) Good performance in
removing pollutants [80]

Polyphenols and
pesticides

Hydrochar and biochars (from coffee pulp and
husk)

Level 10-100 mg/L

Hydrochars ~ 100%
(polyphenols)

Biochars ~ 75% (pesticides)

Waste-derived chars to serve
as sustainable adsorbents [81]

 

Fig. 3. Main mechanisms of pharmaceutical mitigation in constructed wetlands. Reprinted from Chemosphere [18]
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These systems are composed of layered materials—including
aggregates, soil, gravel, vegetation, and organic matter—that
act as filter media for particle removal and provide support for
plants  [86, 87].  Contaminant  removal  occurs  through  natural
attenuation,  aided  by  plants  and  sediments,  via  mechanisms
such as adsorption,  absorption,  biodegradation,  and photoly-
sis. These processes are influenced by hydrology, substrate char-
acteristics,  vegetation  type,  Log(Kow),  compound  structure
and polarity, electron-donating groups, and the content of natu-
ral organic matter.

Up  to  now,  constructed  wetlands  have  been  shown  to
achieve moderate  to  high removal  performance for  a  diverse
range  of  PPCPs,  reflecting  their  potential  as  effective  treat-
ment  systems  for  CECs  [3].  Constructed  wetland-based  tech-
nologies provide an effective alternative to conventional treat-
ment  methods  for  removing  PPCPs  from  the  environment.
Hybrid constructed wetlands systems have demonstrated satis-
factory  removal  of  compounds,  including  ibuprofen,
naproxen, caffeine,  and propylene glycol.  Additionally,  recent
studies have shown that constructed wetlands can effectively
treat wastewater contaminated with CuO nanoparticles, achiev-
ing  removal  efficiencies  of  98-99%  within  a  300-day  opera-
tional  period  [88].  These  solutions  exhibit  high  pollution
removal  efficiency,  effective  contaminant  removal,  and  cost-
effectiveness.

Further,  microbial  bioremediation  utilizes  fungi,  algae,
and bacteria  to  degrade hazardous environmental  chemicals,
converting them into energy or essential cellular components.
Ascomycete fungi-based  mycoremediation  is  an  emerging
approach  for  eliminating  pesticides,  PPCPs,  and  various  plas-
tics,  including  bioplastics  [13].  Also,  algal  systems  effectively
remove various PPCPs such as antimicrobials, antibiotics, estro-
genic  hormones,  and  nonsteroidal  anti-inflammatory  drugs
(NSAIDs) [89]. According to Escapa, et al. [17], Chlorella sorokini-
ana was able to tolerate paracetamol and salicylic acid, remov-
ing  them  with  efficiencies  of  69%  and  98%,  respectively.  The
extracellular  molecules  produced  by  microalgae  generate
hydroxyl radicals, which facilitate CEC degradation through pho-
todegradation and volatilization [90].  Furthermore, enzymatic
approaches  offer  a  sustainable  and  efficient  strategy  for
microplastic  degradation,  as  specific  enzymes  can  recognize

and hydrolyze polymer bonds, accelerating the breakdown of
plastic materials [34].

 4.2.  Advanced treatment technologies

Membrane  filtration  methods,  including  microfiltration  (MF),
ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), pro-
vide  an  effective  means  of  eliminating  PPCPs  from  waste-
water  [91, 92].  The  NF  process  for  treating  PPCP-contami-
nated water is shown in Fig. 4. For example, the removal of phar-
maceutical  compounds  by  NF  membranes  primarily  occurs
through electrostatic interactions, steric hindrance, and adsorp-
tion processes [3, 53]. The efficiency of elimination varies sub-
stantially  among  individual  compounds  and  is  strongly  gov-
erned by their physicochemical attributes, including hydropho-
bicity,  polarity,  solubility,  and  diffusivity.  Remarkably,  mem-
brane bioreactor (MBR) systems have achieved removal efficien-
cies of up to 99% for pharmaceutical contaminants, underscor-
ing  their  future  potential  in  advanced  wastewater  treatment
[18].

MBRs offer multiple benefits compared to traditional treat-
ment technologies, including a compact design, improved efflu-
ent  quality  with  extended  solid  retention  times,  higher
removal  rates  of  micropollutants,  lower  food-to-microorgan-
ism ratios, reduced sludge thickening, and lower sludge produc-
tion  [93, 94].  For  instance,  studies  have  demonstrated  that
MBRs  outperform  activated  sludge  systems,  achieving
removal  efficiencies  of  87%  for  ibuprofen  and  56%  for
naproxen,  in  contrast  to  50%  and  6%  obtained  by  conven-
tional treatment, respectively [95]. Furthermore, integration of
MF  or  UF  membranes  with  advanced  oxidation  or  biological
treatment  processes  has  demonstrated  removal  efficiencies
exceeding 90% for caffeine [96, 97].

Among  these  methods,  NF  and  RO  generally  exhibit
higher  removal  efficiencies  for  dissolved  CECs  due  to  their
smaller  pore  sizes  and  stronger  rejection  mechanisms.  How-
ever, membrane processes often face limitations such as mem-
brane fouling, high operational costs, and the generation of con-
centrated  waste  streams  [92, 98, 99].  Consequently,  mem-
brane  filtration  is  frequently  integrated  with  other  treatment
technologies to enhance overall CEC removal efficiency. As an
example, the use of activated carbon has been tested for CEC

 

Fig. 4. Wastewater purification using nanofiltration to eliminate PPCPs. Reprinted from Process Safety and Environmental Protection [3].
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removal,  with  studies  indicating  that  adsorption  onto  acti-
vated carbon, applied before membrane filtration, can achieve
a  90%  reduction  of  pharmaceutical  products  [100].  Integrat-
ing poly aluminium chloride (PAC) adsorption with the physi-
cal  separation  provided  by  UF  has  been  demonstrated  to  be
an optimal  approach for  removing pharmaceutical  pollutants
from water. When integrated with nanotechnology, photocatal-
ysis and advanced oxidation processes (AOPs) offer a promis-
ing approach for efficiently eliminating pharmaceutical contami-
nants from industrial wastewater [13].

Fig. 5 provides a comprehensive diagram of the MBR pro-
cess  employed  for  microplastic  removal,  highlighting  its  abil-
ity to capture microplastics and direct them to subsequent treat-
ment  stages  for  effective  elimination  [53].  The  process  typi-
cally begins with pre-treated streams entering the bioreactor,
where  organic  matter  undergoes  biodegradation.  The  result-
ing mixed liquor is subsequently pumped through a semi-cross-
flow  filtration  system,  which  separates  and  concentrates
microplastic particles in the retentate.

As shown in Fig.  6,  PFAS removal  via adsorption involves
 

Fig.  5. Illustrative diagram of microplastic removal using a membrane bioreactor (MBR).  Reprinted from Separation and Purification Technology
[53].
 

Fig.  6. Mechanisms  of  PFAS  uptake  on  adsorbents:  (a)  Activated  carbon  (AC),  (b)  Anion  exchange  resins  (AER),  (c)  Metal-organic  frameworks
(MOFs), and (d) Zeolite. Reprinted from Journal of Water Process Engineering [74].
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multiple  mechanisms.  Specifically,  adsorption  onto  granular
activated carbon (GAC) predominantly results from hydropho-
bic  interactions  between  PFAS  molecules  and  the  internal
pore surfaces of the carbon. In addition to hydrophobic interac-
tions,  secondary  electrostatic  forces  can  affect  PFAS  adsorp-
tion,  with  the  net  surface  charge  of  the  GAC  determining
whether these forces are attractive or repulsive [74, 101]. Addi-
tionally, Chang, et al. [102] demonstrated that MOF-808, a zirco-
nium-based  metal–organic  framework,  exhibits  a  high  spe-
cific surface area of 1610 m2/g, along with a remarkable perfluo-
rooctane  sulfonate  (PFOS)  adsorption  capacity  of  939  mg/g,
optimized at pH levels between 4.1 and 5.4. Engineered photo-
catalysts,  such as heterostructures,  metal-doped semiconduc-
tors,  and  metal-organic  frameworks,  have  recently  demon-
strated mineralization efficiencies exceeding 85% PFASs when
exposed  to  optimized  UV  light  conditions  [25].  These  engi-
neered  materials  promote  degradation  by  optimizing  light
absorption, facilitating charge separation, and generating reac-
tive  oxygen  species,  thereby  enabling  selective  cleavage  of
C–F bonds with minimal formation of toxic by-products.

For the effective mitigation of pesticide pollution, it is rec-
ommended  to  employ  a  synergistic  approach  that  combines
various advanced treatment methods, thereby enhancing over-
all contaminant removal efficiency [55]. From a broader perspec-
tive, electrochemical technologies, such as electrochemical oxi-
dation, anodic oxidation, electrocoagulation, and electro-Fen-
ton  processes,  are  extensively  employed  for  the  degradation
of  pesticides  [103-105].  In  electro-Fenton  processes,  H2O2 is
first  produced in situ from O2 via the electrochemical  oxygen
reduction  reaction,  followed  by  its  activation  to  generate
highly  reactive  •OH  and  •O2

- radicals.  These  reactive  species
effectively  decompose  organic  contaminants  and  pesticide
residues  in  aqueous  systems  [55, 106].  Nevertheless,  these
approaches demand significant electrical input to sustain elec-
trochemical  reactions,  resulting  in  high  energy  consumption.
Thus,  it  needs  to  be  further  investigated,  as  they  provide  a
greener and more cost-effective alternative by generating elec-
tricity  within  the  system  itself,  which  can  then  be  utilized  for
contaminant degradation.

It  can  be  seen  that  advanced  treatment  technologies,
including adsorption, advanced oxidation processes, and mem-
brane filtration, have been increasingly applied to remove per-
sistent  pollutants  such  as  PFASs,  micro/nanoplastics,  and
PPCPs (pesticides). These technologies target the degradation
or separation of resistant contaminants that conventional treat-
ments fail to eliminate. However, challenges remain regarding
energy  consumption,  cost,  and  the  formation  of  transforma-
tion by-products.

 5.  Research gaps and future directions

Despite growing attention to CECs in environmental systems,
significant  knowledge  gaps  remain  regarding  their  sources,
environmental behavior, ecological impacts, and effective miti-
gation strategies.

1. The presence of CECs in ecosystems such as aquatic sys-
tems  or  agriculture  is  an  escalating  worldwide  challenge  for
food  safety  and  public  health  protection.  For  instance,  these
contaminants —including  pharmaceuticals,  micro/nanoplas-
tics,  engineered  nanomaterials,  pesticides,  and  PFASs —enter
agricultural soils through diverse pathways linked to various pol-

lution  sources,  from  wastewater  discharge  to  waste-derived
inputs.  Evidence  indicates  that  CECs  pose  multifaceted  risks,
including the emergence of antimicrobial resistance and sub-
lethal impacts on plant and soil ecosystems, while critical knowl-
edge gaps persist [107]. These findings emphasize the urgent
need for coordinated regulatory strategies and sustainable prac-
tices to mitigate contamination at its source.

2. Despite increasing detection of CECs in natural systems,
their long-term environmental fate, transformation pathways,
and transport mechanisms in soil–plant–water systems remain
poorly understood [108]. Future studies should focus on inte-
grated  monitoring  and  modeling  approaches  to  better  eluci-
date  the  persistence,  mobility,  and  accumulation  of  CECs
across different ecosystems.

3.  The  analytical  detection  and  quantification  of  CECs  in
environmental  matrices  remain  challenging  due  to  their  low
concentrations, diverse chemical properties, and complex envi-
ronmental  matrices  [12, 109].  Further  work  should  prioritize
the development of standardized, sensitive, and cost-effective
analytical  techniques  to  improve  environmental  monitoring
and risk assessment.

4.  Most  existing  studies  assess  the  individual  toxicity  of
CECs, whereas real-world conditions often involve complex mix-
tures of pharmaceuticals, microplastics, PFASs, and nanomateri-
als  across  aquatic  and  terrestrial  environments.  Future
research should investigate their synergistic, antagonistic, and
chronic  sublethal  effects  on soil  and aquatic  microorganisms,
plant  physiology,  ecosystem  functioning,  biodiversity,  and
potential implications for food safety and human health.

5.  Recent  advances  in  nanomaterial  development  have
increasingly  considered  the  possibility  of  material  reuse  and
regeneration  as  an  approach  to  improve  sustainability  and
reduce  operational  costs.  However,  the  associated  technolo-
gies  remain  relatively  immature  and  are  still  largely  confined
to laboratory or pilot-scale studies. Issues, including high manu-
facturing  costs,  scale-up  challenges,  and  regulatory  limita-
tions,  hinder  broader  application  [110].  In  addition,  the  long-
term  environmental  implications  of  reused  nanomaterials
require  further  investigation.  Therefore,  it  is  needed  to
develop more reliable and scalable strategies for the effective
reuse of nanomaterials in practical applications.

6. CECs frequently exhibit high mobility in aquatic and soil
environments, facilitating their widespread distribution across
environmental  compartments  [108, 111].  This  mobility
increases the risk of contaminant transport through water sys-
tems and soil–plant pathways. Therefore, effective countermea-
sures  addressing  this  challenge  should  be  incorporated  into
the remediation strategies section. Also, although various reme-
diation  technologies  have  been  proposed  (e.g.,  adsorption
materials,  advanced  oxidation,  and  nature-based  systems),
their  effectiveness,  scalability,  and  long-term  sustainability  in
environments  are  still  uncertain.  Emerging  investigations
should emphasize integrated remediation approaches, includ-
ing bio-based materials,  phytoremediation,  and nature-based
solutions,  to  reduce  CEC  contamination  at  its  source  and
within ecosystems.

 6.  Conclusions

CECs  are  predominantly  anthropogenic  compounds  that
occur in aquatic environments at trace levels and are often over-
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looked.  These  substances  originate  from  various  human  and
industrial  activities,  posing  significant  risks  to  human  health
and  ecological  integrity.  Addressing  the  transport  and
removal of CECs within ecosystems remains a complex and per-
sistent challenge for both developed and developing nations,
underscoring the global nature of this issue.

While advanced oxidation,  membrane filtration,  and acti-
vated  carbon  adsorption  effectively  remove  many  pollutants,
NbS are gaining increasing attention. Constructed wetlands, in
particular, show high efficiency and cost-effectiveness in elimi-
nating CECs. Yet, research gaps remain in evaluating the cost,
scalability, and long-term performance of methods for remov-
ing  CECs.  Future  studies  should  integrate  cost  and  scalability
analyses  to  help  policymakers  choose  between  NbS  and
advanced technologies, enabling more sustainable and practi-
cal large-scale CEC mitigation strategies. Implementing appro-
priate  regulations,  providing  adequate  training,  and  enhanc-
ing public education can help mitigate the adverse impacts of
CECs while promoting safer and more sustainable agricultural
practices. In addition, to achieve high performance, it is essen-
tial to explore green, eco-friendly chemicals that are low-persis-
tent,  minimally  bioaccumulative,  non-toxic,  and  environmen-
tally compatible.
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