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Abstract In the last few decades, environmental con-
taminants (ECs) have been introduced into the environ-
ment at an alarming rate. There is a risk to human health
and aquatic ecosystems from trace levels of emerging
contaminants, including hospital wastewater (HPWW),
cosmetics, personal care products, endocrine system
disruptors, and their transformation products. Despite
the fact that these pollutants have been introduced or
detected relatively recently, information about their char-
acteristics, actions, and impacts is limited, as are the
technologies to eliminate them efficiently. A wastewater
recycling system is capable of providing irrigation water
for crops and municipal sewage treatment, so removing
ECs before wastewater reuse is essential. Water treatment
processes containing advanced ions of biotic origin and
ECs of biotic origin are highly recommended for con-
taminants. This study introduces the fundamentals of the
treatment of tertiary wastewater, including membranes,
filtration, UV (ultraviolet) irradiation, ozonation, chlo-
rination, advanced oxidation processes, activated carbon
(AC), and algae. Next, a detailed description of recent
developments and innovations in each component of the
emerging contaminant removal process is provided.
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Introduction

Water quality managers and environmental regula-
tors have been increasingly concerned about emerg-
ing contaminants (ECs) identified in the marine eco-
system over the past two decades (Noguera-Oviedo
& Aga, 2016). It has become increasingly common
to detect ECs in surface water (Riva et al., 2019),
such as hospital wastewater (HPWW) (Khan et al.,
2021b), cosmetics and personal care items (Juliano
& Magrini, 2017), disruptors of the endocrine sys-
tem (Ng et al., 2021), and pesticides (Primel et al.,
2017), which have been linked to adverse ecologi-
cal impacts. An essential source of the introduction
of ECs to aquatic environments is discharges emit-
ted from the treatment of sewage. Management and
control of these pollutants depend on the fate and
removal of these pollutants in sewage treatment and
the natural environment (Margot et al., 2015).

It has been reported that more than 200 different
ECs are present in river water worldwide, typically
in concentrations ranging from nanograms to micro-
grams per liter (Murray et al., 2010). In spite of their
low concentrations, ECs can cause harmful effects on
humans and aquatic organisms, such as changes in
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mineral composition, metabolic processes, and repro-
ductive organs (Varsha et al., 2022). Several studies
have demonstrated the dangers of continuous disposal
into sewage treatment systems, such as the rapid
rise in antibiotic-resistant genes among aquatic spe-
cies; disruption of biodegradation processes in sew-
age treatment; and several studies demonstrating that
continuous disposal into the sewage treatment system
poses significant dangers. Despite this, the fate of
some ECs and treatment technologies’ effectiveness
in removing them are not fully understood (Ahmed
et al., 2021). Most ECs are eliminated through waste-
water treatment through three main processes: vola-
tilization, biodegradation, and sorption onto particu-
lates (Rout et al., 2021).

It is essential, however, to identify the dominant
removal pathways since different mechanisms may
influence EC fates differently. The removal efficiency
and dominant mechanisms of WWTPs have been con-
tradictory despite several studies conducted on them.
As a result of operational parameters (hydraulic resi-
dence time, sludge age), seasonal fluctuations of input
loads, and seasonal fluctuations in input loads, the
reported efficiency varies widely (Cao et al., 2017)
(Fig. 1).

The purpose of this paper is to provide an over-
view of the recent technological advances in the
treatment of wastewater that remove ECs. In
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addition, each method’s advantages and disadvan-
tages is evaluated.

Emerging pollutants

Different sources of emerging contaminants (ECs) can
be transported from urban and industrial sources to the
ocean via multiple transport pathways. Urban, agricul-
tural, and industrial pollution can result in the release
of ECs into bodies of water (Geissen et al., 2015). In
transporting ECs into water bodies, groundwater, sur-
face water, soil, sediment, and ocean water can also
carry these pollutants. Diverse sources contribute to
the transport of ECs into the ocean after being dis-
charged into sewage systems. These pollutants are a
significant concern in water treatment plants since con-
ventional treatment processes do not adequately eradi-
cate them (Geissen et al., 2015). Inputs contaminated
with these pollutants are difficult to remove. Lime sof-
tening or coagulation using alum or ferric sulfate can
remove endocrine disrupting compounds by up to 20%
(Westerhoff et al., 2005). Water effluents, whether they
are partially or untreated, contain a variety of environ-
mental pollutants which are released into aquatic envi-
ronments (Héder et al., 2020).

Effluents from sewage treatment, water treatment,
and wastewater treatment constitute point sources of
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pollution (Parween et al., 2017). There are several mech-
anisms through which ECs are transported into water
bodies, including runoff, erosion, or leaching. Upon
reaching bodies of water, suspended solids or solutions
can be used to transport them downstream. There is a
relationship between the adsorption properties, polar-
ity, persistence, and interactions between ECs and other
environmental compartments when transported from
diffusion sources to different water bodies (Atugoda
et al., 2021). Based on degradation, sorption in sedi-
ments, and transport properties such as diffusion coef-
ficients and conductivity, ECs in the water environment
from different pollution sources are likely to have differ-
ent fates in the water environment (Datta et al., 2018).

North America (Tran et al., 2018), Europe (Houtman,
2010), Asia (Lee et al., 2022), and Australia (Birch et al.,
2015) exhibit different concentrations of pharmaceuti-
cal chemicals in surface water as a result of sewage and
wastewater effluents. A wastewater treatment process can
influence the concentration of these pollutants in bodies
of water by determining how these compounds are dis-
posed of (Jelic et al., 2011). In water bodies, EP concen-
trations can vary from a few nanograms to a few hundred
grams per liter. In North America, Europe, Asia, and
Australia, ibuprofen concentrations in freshwater rivers
and canals range from O to 34 ng/L, 14 to 44 ng/L, and
28 to 360 ng/L, respectively (Ebele et al., 2017). Various
regions apply different doses for treatment processes in
different regions, and wastewater treatment plants vary in
efficiency, which explains why they occur differently in
surface water (Oosterhuis et al., 2013).

Hospital wastewater (HPWW)

SARS-CoV-2-containing humans (Zahmatkesh et al.,
2022a, b, ¢, d, e) and feces (Zahmatkesh et al., 2022a,
b, ¢, d, e) are being increasingly (Zahmatkesh et al.,
2022a, b, c, d, e) and rapidly contaminated with
HPWWs as an ecological contaminant (Zahmatkesh et
al., 2022a, b, c, d, e¢). Among these are antibiotics,
legal and illegal drugs, analgesics, steroids, beta-
blockers, etc. Among their most common sources
are wastewater effluents, sludge, sediment, natural
waters, drinking water, and groundwater (Jiang et al.,
2013). The persistence of these compounds in the
body is due to their specific mechanism of action.
The purpose of these substances is to promote the

development of antibiotic-resistant genes in soil bac-
teria (Serweciniska, 2020). The bioaccumulation of
active pharmaceutical ingredients (APIs) and their
biotransformation products is causing significant
consequences for the environment. The APIs and
their biotransformation products are mostly unknown
(Prankerd, 2007). In spite of the fact that these com-
pounds have been entering the environment for many
years, the adverse effects of these compounds on
aquatic organisms have only recently been investi-
gated. Pseudo-persistent pollutants are pollutants that
are continuously released in low concentrations into
the environment (Abdel-Shafy & Mansour, 2016).
Various pharmaceuticals have been found at low con-
centrations in aquatic systems, ranging from ng L™! to
low g L™! (Jones et al., 2001). Pharmaceutical agents
have a significant ecological impact on terrestrial
and aquatic life forms, but little is known about their
ecotoxicological effects, and it is impossible to com-
prehensively study their ecological impacts. Aquatic
organisms are a critical target as they live in constant
contact with wastewater remnants (Bhattacharya &
Khare, 2022).

Cosmetics and personal care items

In addition to prescription and non-prescribed phar-
maceuticals for veterinary and human use, cosmetics
and personal care products also contain active and
inert elements for individual care. Cosmetic products,
hormones, steroids, perfumes, shampoos, and engi-
neered hormones are some examples of personal care
and cosmetics products (Gogoi et al., 2018). The most
common cosmetics and personal care products in
groundwater and other aquatic environments contain
UV filters, which have estrogenic activity (Brausch
& Rand, 2011). Whether in their natural form or
transformed biologically, cosmetics and personal
care products are discharged into the wastewater and
directed toward wastewater treatment plants (Yang
et al., 2017). A cosmetic or personal care product’s
metabolites and their conversion to CO2 and water
are likely to occur in WWTPs, mixed with receiving
water bodies, or mineralized and sorbable to solids,
such as sludge or biosolids, mainly if the compounds
or the biologically moderated transformation products
are lipophilic (Lishman et al., 2006).
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Disruptors of the endocrine system

The function of the body will be altered when an
endocrine disruptor enters the body and either copies
or obstructs hormones (Green et al., 2021). Accord-
ing to the Environmental Protection Agency (EPA), an
external agent disrupts the endocrine system by alter-
ing the synthesis, distribution, transmission, binding,
function, or displacement of hormones necessary to
maintain homeostasis, development, sexual function,
and mental health (McCuin & Clancy, 2003). Accord-
ing to general consensus, estrogenic drugs are those
that mimic or alter the effects of natural estrogens,
androgenic drugs (which copy or obstruct natural tes-
tosterone), and thyroidal drugs (which cause direct
or indirect effects on the thyroid) (Marazuela et al.,
2020). Natural and engineered agents are impairing
the endocrine system due to human activities, crea-
tures, and industries. These agents end up in soil,
surface water, and groundwater via sewage treatment
systems. Research has primarily focused on estrogenic
compounds. Disruptors of the endocrine system can
be found in wastewater in low concentrations (ng L™
or ug L") (Archer et al., 2017). Due to the fact that it
is unclear how these compounds will affect humans in
the long term, they are of profound concern.

The impact of emerging contaminants
on the environment and human health

Humans and animals are affected by emerging pollut-
ants (EPs) released by wastewater effluents that mimic,
block, or disrupt hormone functions, affecting the endo-
crine systems (Kasonga et al., 2021). It has been shown
that EPs in effluents are carcinogenic and non-carcino-
genic and can adversely affect aquatic life and human
health at a trace concentration (Vasilachi et al., 2021).
It is usually the case that ecological risk assessment is
performed by comparing a substance’s concentration
in various environmental compartments with the levels
below which organisms are not adversely or unaccep-
table affected. International and national environmental
regulations already regulate certain chemicals based on
their numerical toxicity values that have non-cancerous
effects on humans and animals (Fuhrman et al., 2015).
Assessing the ecological and human health risks associ-
ated with EPs in water can be helpful using a multi-scale
framework rather than exposure to single chemicals.

@ Springer

Multiple stressors can be considered in this framework,
including chemicals, physical agents, and biological
agents, both acute (short-term) and chronic (long-term)
risks (Reid et al., 2019; Sonawane et al., 2022).

Water bodies can be contaminated by HPWW, cos-
metics, and endocrine disruptors, and these contami-
nants can persist far beyond what is acceptable. ECs
will probably be incorporated into crops irrigated
with contaminated water because of their widespread
presence in water and pose a health risk when con-
sumed. In addition to harming marine and land-based
wildlife, ECs can also have a detrimental impact on
people and communities (Luque-Espinar et al., 2015).
ECs also negatively impact the environment, as sum-
marized in Table 1. Endocrine disrupting chemicals
are responsible for a variety of hormonal and repro-
ductive abnormalities in animals and people. Dur-
ing pregnancy and after delivery, exposure to these
chemicals can cause permanent, sometimes irrevers-
ible effects on child development. The effects are
irreversible during development (Sifakis et al., 2017).
A critical issue is the management of ECs in water
resources, particularly in ecologically sensitive areas
and areas with rapid population growth. ECs in the
natural environment have different ecological effects
compared to those in laboratories (Geissen et al.,
2015). In an environment where ECs are present,
various factors may influence their bioavailability,
including pH, soil and water composition, and ioniza-
ble compounds. Developing a system-wide abatement
framework combining structural and non-structural
strategies (source-transfer-fate levels) is essential
(Geissen et al., 2015).

Emerging pollutants in sewage
An overview of the sources and concentrations

Many municipal wastewater treatment plants
(WWTP) cannot handle complex pharmaceuticals
(Liu et al., 2017). During construction and updates,
the primary objective was to eliminate substances and
microbes that regularly accumulate at WWTPs read-
ily biodegradable or moderately biodegradable in
terms of carbon, phosphorus, and nitrogen. Through
the discharge of shower wastes, PCPs (e.g., perfumes)
are released into aquatic systems alongside human
pharmaceuticals (Al-Baldawi et al., 2021).
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Table 1 Emerging contaminants (HPWW, cosmetics and personal care products, and disruptors of the endocrine system)

Emerging contaminants (HPWW, cosmetics and
personal care products, and disruptors of the
endocrine system)

Effects adverse to health or aquatic life

References

Penicillin, sulfonamides, tetracyclines (antibiotics)

Roxithromycin, clarithromycin, tylosin
Caffeine

Diclofenac

Carbamazepine
Gemfibrozil

Propranolol

HHCB
Fragrances

Triclosan and triclocarban
Bisphenol A

Estrone and 17- estradiol (steroidal estrogens) and
17-a ethynylestradiol (synthetic contraceptive)—
contained in contraceptive pills

Preservatives, i.e., parabens (alkyl-hydroxybenzoate)—
used for anti-microbiological preservatives in cosmet-
ics, toiletries, and even foods

Disinfectants/antiseptics, i.e., triclosan—used in
toothpaste, hand soaps, acne cream

It results in bacterial pathogen resistance, which
affects the higher food chain and alters the structure
of microbial communities in nature

Inhibition of Pseudokirchneriella subcapitata growth
Goldfish Carassius auratus endocrine disruption

Oncorhynchus mykiss: alterations to the renal system
and gills

Oncorhynchus mykiss under oxidative stress

Anabaena sp. growth inhibition

An evaluation of the effectiveness of control methods
for Japanese medaka Oryzias latipes

Goldfish Carassius auratus under oxidative stress

A carcinogen that damages the nervous system of
rodents, easily absorbed by human skin, and can be
fatal to humans

Pseudokirchneriella subcapitata growth inhibition

Researchers have shown that it increases the risk of
breast cancer in humans due to estrogenic effects in
rats. Furthermore, it has been reported that it causes
feminizing effects in men due to its anti-androgen
properties

Identifies non-targets as estrogen hormones in fishes

Activates estrogenically weakly

It causes microbial resistance and acts as a toxic or
biocidal agent

Pailler et al. (2009)

Yang et al. (2008)
Arfanis et al. (2017)
Smiljani¢ et al. (2020)

Sun et al. (2013)
Farzaneh et al. (2020)
Zhang et al. (2008)

Murray et al. (2010)
Gogoi et al. (2018)

Jagini et al. (2019)

Tang et al. (2022)

Borrull et al. (2020)

Bolong et al. (2009)

Bueno et al. (2012)

Several nations have reported PhACs and PCPs in
WWTPs in amounts ranging from ng L™! to pg L™,
including the USA, Japan, UK, Finland, and Spain. In
March 2015, 1814 consumer nanomaterials products
were included in an inventory (K’oreje et al., 2018).
Although these products are seldom detected, they
can adversely affect the environment. Some ECs are
presented in Table 2 as amounts in different environ-
mental media. Conventional sewage treatment meth-
ods such as sedimentation, flocculation, and active
sludge are not as effective at removing ECs as they
once were (Ahmed et al., 2017).

Wastewater EP fate and transportation

As emerging pollutants enter the environment, their
behavior is influenced by their physical and chemical

properties, including their solvability, vapor pressure,
and charge. It depends on the properties of the pol-
lutants that are released into watersheds on whether
they enter the groundwater through leaching, are car-
ried to water bodies by rainfall, or can be absorbed
by the soil (Khan et al., 2022a, b). Transporting EPs
from watersheds to bodies of water may result in
their degradation. Furthermore, several processes
are involved in the degradation of ECs once they are
introduced into the environment, including biological
degradation, chemical degradation, and photochemi-
cal degradation (Gimeno et al., 2016). Parameter sen-
sitivity analysis can identify the significance of these
processes in modeling (Gan et al., 2014). By using a
set of mathematical equations, one can incorporate
these processes into fate and transport modeling.
The modeling of EP fate and transport provides an
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Table 2 Different environmental samples were tested for the presence of some emerging contaminants

HPWW, cosmetics and personal care products, and Effluents treated

Water on the surface  Ground and drinking

disruptors of the endocrine system as emerging water
contaminates

Analgesics and anti-inflammatory 55-60 pg/L 4-6 ng/L 8.5-0.12
Lipid regulators 4-5 ng/L 0.1-0.3 pg/L 7.5-0.17

f blockers 8-10 ug/L 1-2.5 ug/L 0.27
Antibiotics 5-6 png/L 1.8-2 pg/L 0.2
Antiepileptic drugs 20-22 pg/LL 1.5-1.9 pg/L 1.1-0.05
Estrone (E1) 0.15 ng/L 0.1-17.5 ng/L 13-80, 0.2-2.1
Estrone and 17- estradiol (steroidal estrogens) 0.1-650 ng/L 0.05-6.5 ng/L -

Estriol (E3) 4-7.8 ng/LL 0.9-2.6 ng/L 3-1410, 0.5-44
Bisphenol A 5-260 ng/L 0.4-260 ng/L -

effective method for identifying EP behavior and fate
in soil, sediment, and aquatic systems. By modeling
the fate and distribution of EPs, emerging chemicals
within watersheds can be identified, and the con-
centrations of EPs within these watersheds can be
quantified (Locatelli et al., 2019). It is crucial to have
accurate modeling results for EP fate and transport
from a variety of perspectives. Ecological risk assess-
ment tools can be developed based on the findings in
order to prevent the risks associated with EPs from
affecting aquatic life and human health. These find-
ings may likewise be applied to developing environ-
mental policies and regulations that can be used to
mitigate the risks associated with EPs and to control
their release into water bodies (Jones, 2001). As a
result, EP management in aquatic environments will
become more challenging. It is possible to calibrate
and validate existing fate and transport models using
data and information collected from existing surveil-
lance activities of EPs. Alternatively, the modeling
results may assist in identifying target pollutants in
the marine ecosystem and improving existing assess-
ment methods (Datta et al., 2018).

The traditional wastewater treatment system
includes several biological and physicochemical
treatment phases, including initial, secondary, and
advanced treatment. During the initial treatment, set-
tleable solids, plastics, oils, and fats, as well as sand
and grit, are separated. Filtration and sedimentation
are typically used in municipal sewage treatment sys-
tems. The secondary treatment method, which gener-
ally relies on the degradation of organic substances or
nutrients by microorganisms (aerobic or anaerobic),

@ Springer

can differ significantly from one method to another
(Zahmatkesh et al., 2022a, b, c, d, ). Among the var-
ious biological treatment methods used in MWWTPs,
the most common is the use of activated sludge
(CAS) (Zahmatkesh & Pirouzi, 2020). It is one of sev-
eral methods, including fixed bed bioreactors (FBR),
membrane bioreactors (MBR), and moving bed bio-
film reactors (MBBR). By forming biological floc
using dissolved oxygen and dissolved oxygen, acti-
vated sludge plants remove organic matter and nitro-
gen from wastewater (Zahmatkesh et al., 2022a, b, c,
d, e). As a final step, precipitation and filtration are
used to remove phosphorous from the water during
advanced treatment (Zahmatkesh et al., 2022a, b, c, d,
e). Municipal wastewater treatment effluent is some-
times disinfected by UV rays or chlorination prior to
discharge into the water supply. However, these treat-
ments alone cannot ensure that all ECs have been
removed. Many cosmetics and personal care products
are resistant to biodegradation, such as diclofenac and
carbamazepine. The most common activated sludge
method is not effective in removing all cosmetics and
personal care products (Chopra & Kumar, 2018).

In addition, ECs are capable of undergoing biologi-
cal, chemical, and photochemical degradation, which can
result in their transformation into toxic forms (Yap et al.,
2019). As a result of partial oxidation, cosmetics and per-
sonal care generate transformation products (TPs) that
are significantly more toxic than acyclovir as a result of
partial oxidation, such as carboxy-acyclovir, the two TPs
of acyclovir that are significantly more toxic than acy-
clovir, and N-(4-carbamoyl-2-imino-5-oxoimidazolidin)-
formamido-N-methoxyacetic acid (COFA), the two TPs
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of the antivir drug. The number of disinfection byprod-
ucts (DBPs) has increased to more than 600 as of today.
The formation of DBPs occurs when BOD, COD, and
TSS in water react with disinfectants such as ozone and
chlorine (Li & Mitch, 2018).

Membrane bioreactor

A comparison of EPs and conventional activated
sludge systems has revealed that EPs have low
removal efficiencies under anaerobic conditions cou-
pled with MBR. Anaerobic digestion of sludge under
thermophilic and mesophilic conditions resulted in a
removal efficiency of over 99% for sulfamethoxazole
(SMX) (Zahmatkesh & Sillanpdd, 2022; Zahmatkesh
et al., 2022a, b, ¢, d, e). Under anoxic and aerobic
conditions, Li et al. (2011) found SMX removal effi-
ciency to be 65%. Under anaerobic conditions, cel-
lulose was used as a primary substrate for reducing
ethinylestradiol, progesterone, and metoprolol tartrate
levels significantly. The combining anaerobic pre-
treatment with aerobic treatment may be beneficial
for optimal EP removal (Li et al., 2011; Zahmatkesh
et al., 2022f).

Membrane

Phase separation occurs through selective move-
ment of components through membranes, which
block the flow of components through them. Based
on their behavior, membranes can be classified as
anisotropic or isotropic based on the nature of their
behavior (Zhao & Zhang, 2020). In terms of waste-
water treatment, there are four major categories:
microfiltration (MF), ultrafiltration (UF), nanofiltra-
tion, and reverse osmosis. Separation is accomplished
by hydraulic pressure in these processes. Membranes
have the following characteristics: A pressure of 1-3
bars is required for the membrane of the MF. There
is a required UF pressure of 2-5 bars, and this mem-
brane has microporous, asymmetric characteristics,
with particle sizes ranging from 0.15 to 5x 1072 pum.
Pressures used in NF range from 5 to 15 bars, and the
type of membrane used is a tight-porous, asymmetric,
thin-film composite, with particle sizes ranging from
5% 1072 pm to 5% 107 pum. In contrast, the pressure
for RO is 15-75 bars, and the particle size range is
5%1073 pm to 10™* pm. The RO process can separate
monovalent ions up to 99.5% of the time, unlike other

membrane separation processes based on pressure,
which cannot separate small particles like bacteria
(Zahmatkesh et al., 2022a, b, c, d, e, ).

Activated sludge

A GC-MS/MS analysis of endocrine system as
emerging contaminates using activated sludge was
conducted in Germany, Canada, and Brazil in 1999
(Ohoro et al.,, 2019). Estrone (E1) was removed
83% of the time, 17p-estradiol (E2) was removed
99.9% of the time, and 17a-ethinylestradiol (EE2)
was removed 78% of the time (Elias et al., 2021).
According to a yeast estrogen screen (YES) bioas-
say conducted in Sweden, activated sludge results
in 81% of estrogenic endocrine system as emerg-
ing contaminates, indicating that activated sludge
is a more effective method than other methods. The
activated sludge process appears to degrade El
and E2 by approximately 90%, while EE2 degrada-
tion occurs slower (Mohapatra & Kirpalani, 2019).
Dubey et al., 2022 found that endocrine system as
emerging contaminate removal efficiency in aerobic
conditions is more significant than in anaerobic con-
ditions. It has been reported that an activated sludge
process has a 90 to 99% efficiency in removing endo-
crine system as emerging contaminates (Dubey et al.,
2022). According to Suzuki and Maruyama (2006),
activated sludge was initially able to absorb E1 and
E2 at a high rate. In a matter of hours, the same was
capable of biodegrading them, thereby removing
estrogens without dissolved organic carbon (DOC)
decomposition or nitrification (Suzuki & Maruyama,
2006). Additionally, this study showed that activated
sludge activity decreases significantly at low tem-
peratures. As a result of the biotransformation of
E2 into E1, E1 concentrations were found to exceed
those in influent in some cases, which is explained
by the biotransformation of E2 into El. In 24 h,
activated sludge from WWTPs mineralized 70-80%
of the added E2 to CO2. In contrast, EE2 mineral-
ized 25-75 times less than E2. The nitrification of
activated sludge was also found to degenerate EE2
entirely in 6 days (Ren et al., 2007). On a large pilot
scale in Paris, France, micrograin activated carbon
(GAC) was used as a tertiary treatment technique.
Several studies have shown that GAC reduces BOD
(3-84%), COD (21-48%), and DOC (13-44%) and
removes PPHs (60-80%), PCPs, artificial sweeteners,
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pesticides, etc. There are many advantages to this
method compared to powdered activated carbon,
such as improved treatment wastewater efficiency
and more convenient handling (Nguyen et al., 2021).

Activated carbon

The adsorption of activated carbon can remove many
hydrophobic and charged pharmaceuticals from
water (Zahmatkesh et al., 2022a, b, c, d, e). This
process is characterized primarily by the following
steps: The solute is transported to the active sites
by a static film covering the adsorbent (Duan et al.,
2021); adsorbates are transported through the film
(Piai et al., 2019); adsorbates are transported through
the permeable system (Koutnik et al., 2020); and
adsorbates are transported through the porous fabric
(Mohan et al., 2006). Several factors can influence
the sorption performance of activated carbon adsor-
bent frameworks, including adsorbent properties,
permeability, and polarity. A number of factors may
play a significant role in the antibiotic sorption pro-
cess, including the initial concentration of the com-
pound chosen, the temperature, pH, and the presence
of a wide range of other species (Zheng et al., 2019).
The van der Waals interaction between molecules is
one of the most efficient methods for removing anti-
biotics and other organic compounds from activated
carbon. In addition to eliminating ionic or polar anti-
biotics, activated carbon’s surface charge group can
be used to remove ionic and polar antibiotics (Xiang
et al., 2019).

The adsorption of a few ECs, especially nonpolar
contaminants with Log KOW >2, can be enhanced
by powdered activated carbon (PAC) or granular
activated carbon (GAC). In order to achieve better
removal rates, PACs must be measured, or GAC must
be recovered and substituted (Cheng et al., 2021). For
endocrine disrupting compounds, Snyder et al. found
that PAC could be removed with an incubation period
of 4 h with a concentration of 5 mg/L1 and an incu-
bation period of 4 h (Snyder et al., 2007). In 2022,
only nine of 66 cosmetics and personal care products
were removed with less than 50% efficiency when
PAC was applied at a concentration of 5 mg/L1 and
a contact time of 5 h (Kumar et al., 2022). In addi-
tion to the need to dispose of PAC either by land dis-
posal or other solid management methods, one must
also take into account the inevitable issue of carbon
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redemption and disposition. In addition, the use of
GAC for thermal recovery may create more ecologi-
cal danger than the presence of ECs because it uses
an enormous amount of energy (Kanhar et al., 2020).

Advanced oxidation process (AOPS)

The use of AOPs with or after oxidative biological
treatment is suitable due to the fact that oxidative bio-
logical treatment has many advantages but may not
be able to remove certain biorefractory compounds
(M’Arimi et al., 2020). An oxidative debasement
process occurs when an oxidant is directly exposed
to a substance or a second species, such as hydroxyl
radicals (OH-), is formed. The term “AOPs” refers
to procedures that can produce hydroxyl radicals as
a result of their procedure (Khan et al., 2022a, b).
UV radiation is usually the starting point for gener-
ating hydroxyl radicals (Song et al., 2019). It can be
achieved by various methods, including photocataly-
sis with titanium dioxide, electrooxidation using dia-
mond electrodes doped with boron, or directly with
hydrogen peroxide. Several AOPs, such as Ozone/
H202 and UV/Ozone, stimulate radical hydroxyl
production. Sewage treatment strategies based on
AOPs are very innovative. Although HO- is a power-
ful oxidizer, it is not a specific catalyst and oxidizes
organic matter extensively (Zahmatkesh et al., 2022a,
b, ¢, d, e). A significant advantage of this property
is its ability to strafe organic compounds at a rate of
106-109 M —1 S — (Gogoi et al., 2018).

By utilizing different methods for creating hydroxyl
radicals, the AOPs are better suited to a wide range of
treatment needs, which enhances their adaptability.
Economic constraints are one of the most significant
disadvantages of this process (Giannakis et al., 2021).
An environmentally friendly way to save energy is to
use solar energy for oxidation. A solar photocatalysis
investigation has been carried out using heterogene-
ous materials, including TiO2, ozonation, and a solar
Fenton reaction (with Fe (III)). A higher degradation
rate is observed for photocatalytic ozonation in com-
parison to photocatalytic oxidation. There has been
research on several AOPs, including ozone (0O3),
hydrogen peroxide (H202), photolysis using UV, Fen-
ton reagents (homogeneous), semiconductors (hetero-
geneous), and ultrasound (sonolysis) (Gimeno et al.,
2016).



Environ Monit Assess (2022) 194:884

Page 9 of 15 884

Ozonation

The use of ozone treatment systems involves the con-
version of microbes and certain chemicals into oxy-
gen via a reaction with ozone, a powerful disinfect-
ant, and oxidizing agent. The removal efficiency of
ozonation was>90% for aromatic compounds that
contain a high concentration of electrons (e.g., sul-
famethoxazoles), deprotonated amine compounds
(e.g., trimethoprim), and non-aromatic alkenes,
which are highly reactive as well as highly reactive
(Premjit et al., 2022). Various antibiotics have been
shown to have greater sensitivity to ozone treatment,
including fluoroquinolones, macrolides, and sul-
fonamides (Pazda et al., 2019). However, hydroxyl
groups significantly alter N4-acetyl sulfamethoxa-
zole, cephalexin, and penicillin. Additionally, ozone
alters antimicrobials’ bactericidal properties by
changing their functional groups, such as dimethyl-
amino groups and N-etheroxime, the aniline part of
sulfonamides (Le-Minh et al., 2010).

Chlorination

It is possible to inactivate functional groups in
chemical compounds by substituting or adding chlo-
rine. Chlorine, on the other hand, has the ability to
oxidize or disintegrate substances such as antibiot-
ics. It is necessary to have enough free chlorine and
contact time for chlorination to remove antibiotics
from drinking water effectively (Stolte et al., 2008).
There was a reduction in antibiotic levels in drink-
ing water after a chlorine amount of 1.2 mg L™!, an
incubation period of 1 day, and a reduction of tetra-
cyclines by>99%, trimethoprim by 42%, sulfona-
mides by 50-80%, fluoroquinolones by 30-40%, and
macrolides by less than 10% (Michael et al., 2013).
After 10 days, they were removed entirely. For sul-
famethoxazole, trimethoprim, and erythromycin in
river water, 90 to>99% expulsions were achieved at
chlorine amounts of 3.5-3.8 mg L~! (Sivaranjanee &
Kumar, 2021).

In spite of the fact that certain antibiotics are more
resistant to chlorination than others, free chlorine
appears to degenerate slower than others. Addition-
ally, increased organic matter in the water should
lead to a higher concentration and contact time. In
order of decreasing reactivity, sulfadimethoxine
is the least reactive, followed by sulfathiazole and

sulfamethazine, then sulfamerazine and sulfameth-
oxazole, and finally sulfamethizole. By chlorination,
sulfonamides cannot be expelled by a pH greater
than 8 (alkaline). In water, Huber et al. (2005) found
that C1O2 reacts rapidly with antibiotics such as sul-
fonamides and macrolides. It is a source of concern
that the chlorination treatment is responsible for
toxic byproducts produced by chlorine reacting with
organic matter (Huber et al., 2005).

Ultraviolet (UV) irradiation

Organic matter in water can be degraded using UV
radiation. Several variables influence the efficiency
of the removal of DOC, including an incubation
period, dosage, and amount, as well as the molecules’
quantum yields that administer degradation and UV
absorption. In addition, UV light radiation also pos-
sesses germicidal properties and can be utilized as
a wastewater disinfectant because of its germicidal
properties (Sichel et al.,, 2011). As a result of an
appropriate dose of UV radiation, wastewater can
be treated effectively as a bactericide and virucide
without creating byproducts. Several pharmaceuti-
cals, including EDCs and PCPs, are absorbed by UV
rays and used for the removal of micropollutants and
for microbial purification. During UV treatment, the
chromophores in these compounds are transformed,
resulting in the removal of micropollutants. Despite
its advantages in treating PCPs, UV radiation is, to
some degree, more costly when compared to con-
ventional treatment methods because it oxidizes the
organic compounds more quickly, with hydrogen per-
oxide in the mixture (Ahmed et al., 2017).

Trends, challenges, and future research needs

Despite the fact that no process can effectively
remove every single EC under normal operating
conditions, prudent treatment techniques must be
applied to ensure that they are effectively removed.
The effectiveness of current treatment methods, such
as chemical and biological methods, membrane filtra-
tion, and adsorption, lacks sufficient data to assess
their effectiveness. Nevertheless, different antibiotics
have been described subjectively by utilizing some
essential molecular and physicochemical characteris-
tics in order to determine their susceptibility to some
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removal processes. It is possible to quantify ECs by
developing advanced analytical instruments. It has
been crucial to detect and find effective removal strat-
egies for potential ECs in today’s complex world, so
finding solutions should be an essential component of
the solution.

As a result of a lack of knowledge, many ECs are
not reported or detected. Persistent transformation
products are still unknown after treating ECs that can
pose a higher environmental risk. In the absence of
ECs, it does not mean that there will be no toxicants.
Additionally, ecotoxicological agents behave differ-
ently in natural habitats and exhibit distinct toxico-
logical characteristics that conventional lab tests can-
not predict. New ecotoxicity testing protocols will
need to be developed in order to determine the effects
of exotoxins using different organisms with suitable
endpoints. Further and deeper studies are needed to
fill knowledge gaps regarding ECs conducted under
conventional and tertiary sewage treatment processes.
Future research should examine the methods used to
treat sewage biomass, the fate of these pollutants, and
their conversion into toxic metabolites or compounds
that retain their pharmacological properties. The
removal of ECs should be performed using a com-
bination of more effective methods than a specific
or traditional method. Furthermore, future research
should define and govern all operational variables of
treatment plants in order to facilitate later correlations
or analyses.

Conclusion

Although EC parameters are generally at ng L™! lev-
els, there is still a lack of knowledge regarding their
environmental and health effects, mainly because
additive effects have not been evaluated. It is easier
to detect ECs in natural specimens with persistently
enhanced assay methods, which has contributed to
an increase in ECs within the natural environment.
Since ECs dissolve quickly without evaporating
under standard temperatures and pressures, they are
common in the environment as long as temperatures
and pressures are standard. Even so, there is little
information about their behavior and biodegradabil-
ity in water, despite the fact that most people dis-
pose of antibiotics and their byproducts in municipal
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sewage systems. Researchers should develop mod-
els and frameworks based on risk-based screening
approaches to reduce the risks associated with ECs
and their sources, fates, and behaviors. Additionally,
it is crucial to focus studies on the occurrence, fate,
and treatment of human-derived metabolites within
wastewater treatment plants.

In terms of removing pathogens as well as emerg-
ing contaminants, chlorination and ozonation appear
to be the best disinfection methods. Therefore, it is
necessary to conduct further research to identify the
potential toxic properties of disinfection byproducts
compared to their parent compounds, as well as the
possible synergic effects of cocktails of disinfection
byproducts, even at trace levels of concentration.
Due to its efficiency, simplicity, and efficiency on
an industrial scale and for economic reasons, coun-
tries have been using ozonation and adsorption on
activated carbon for about 10 years. In addition to
being easy to integrate into existing treatment facili-
ties, these technologies are also cost-effective. As
a result of current research efforts, some biological
approaches are available, such as constructed wet-
lands, biomembrane reactors, biotechnology, and
enzymatic degradation. As a final solution, advanced
oxidation processes contribute significantly to the
sustainability of wastewater treatment facilities due to
their efficiency and simplicity. They can also improve
existing procedures by integrating them as primary,
secondary, and tertiary treatment processes.
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