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Abstract: Emerging pollutants (EPs) are chemicals known to cause major impacts on the terrestrial,
aquatic life and human health as a result of their chronic and acute toxicity. Although lots of studies
on EPs behavior in the aquatic environment are currently available in literature, an urgent require-
ment exists to complete toxicological studies and develop and implement efficient and ecological
methods for their removal. This paper raises some relevant problems related to water environment
pollution with EPs, the risks they can generate for aquatic life and humans and opportunities to
reduce the effects of pollution by EPs removal. Categories of emerging chemicals of concern in the
environment, their sources, fate and impacts, with some examples are discussed. Organic UV filters
are shortly presented as a relative new EPs category, with a focus on the need to develop extensive
experimental studies on their environmental occurrence, fate and removal. Furthermore, sources
for the aquatic environment resulting from discharging EPs directly into rivers from wastewater
treatment plants are examined. The incidence of environmental and human health risks related to
EPs is also considered. The removal of EPs from the environment as a solution to risk mitigation is
addressed, with emphasis on several non-conventional processes involving biological removal of
EPs. The paper provides a critical look at the current challenges posed by the presence of emerging
pollutants in the aquatic environment, with critical comments and recommendations for further
research to reduce the impact of EPs on water and human health and improve the performance of
developed methods for their removal.

Keywords: adsorption; risk; wastewater; persistence; constructed wetlands; membrane biological
reactor; hybrid treatment

1. Introduction

Environmental pollution has become one of the most challenging and everyday
problem. With the industrialization and urbanization, the degradation of the environmental
quality has evolved worryingly. Diverse categories of pollutants, as persistent inorganic
(e.g., heavy metals) and organic (pharmaceuticals, pesticides, endocrine disrupting agents,
personal care products, etc.) are a serious problem at global level, since they can affect both
flora and fauna and human health [1-3].

Water, an essential resource for life on Earth, is one of the most vulnerable environmen-
tal compartments; consequently, water pollution has become a matter of utmost interest
and concern worldwide. The 3rd World Water Forum in Kyoto, Japan has drawn attention
since 2002 to the fact that every day about 2 million tons of pollutants of various categories
(sewage, industrial and agricultural waste) are discharged into water around the world,
a quantity that almost equals the weight of the terrestrial population, thus generating
nearly 1500 km? of wastewater [4,5]. In this study, we present the current state of the
art on the occurrence, fate, risks and removal of emerging pollutants in water and the
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challenges for improving existing technologies to remove emerging pollutants as a basis
for sustainable water resources management.

Studies published in literature emphasize that pollutants in the aquatic environment
are characterized by an interesting dynamic regarding their categories, which change over
time. It is, therefore, necessary to intensify research efforts and resources invested in identi-
fying all possibilities to reduce the impacts and risks generated by water pollution, with
implicit effects on human health, because persistent pollutants possess the capacity to get
involved in food chain. The improvement of the detection techniques of some substances
in the aquatic environment in recent decades has led to the identification of an increasing
number of pollutants and their transformation products, which were not previously known
in water bodies [6,7]. These compounds are recognized as emerging pollutants, which
include products used daily in households, industry and other anthropogenic activities
(surfactants and degradation products, pharmaceuticals and personal care products, gaso-
line additives and plasticizers, etc.). Literature studies suggest that current mechanisms for
collecting specific information on the dynamics of emerging pollutants in water need to be
updated and refined to avoid risks for water quality, flora and fauna in river basins [34].
This is necessary as the Water Framework Directive [8] requires member states to establish
national programs containing watching lists for emerging pollutants (EPs); these pollutants
require additional attention because of the risks mentioned above which they can generate
at any time. The issue of emerging pollutant is a permanent challenge, because the mon-
itoring costs are not negligible at all and can enforce limits on the number of monitored
substances. Really, the establishment of extensive databases on emerging pollutants is an
open issue, as they would provide data on the properties of EPs and their metabolites and
for motivating member states to include EPs in water quality surveys [4]. These approaches
would be prerequisites for the development of appropriate water treatment and sustainable
methods for the removal of these pollutants from the environment, fundamental for human
and environmental health protection [3,4,9].

This paper reports a critical analysis on the occurrence, fate and properties of EPs,
highlighting laboratory and field studies on the removal of these contaminants from aquatic
environments and identifies possible limitations and gaps in the implementation of EPs
removal technologies. Then, information is provided on the factors that may contribute to
or adversely affect the processes discussed. Finally, current knowledge gaps, future research
directions and critical understanding of state of the art on single treatment processes and/or
combinations of biological and physical processes in hybrid systems for increasing the
efficiency of EPs removal are shown.

2. Emerging Pollutants in Water Environment

As a result of the continuous development of anthropogenic activities (industry,
agriculture, health), the production and use of chemicals known as “emerging pollutants”
and/or “contaminants of emerging concerns” have increased. The first EPs were discovered
in early 1800s in aquatic environments [10]. The presence of emerging pollutants in the
environment is the result of the uncontrolled urbanization, development of industry, health
care activities essential to support human well-being, agriculture and transport and include
a wide range of substances produced by humans, considered indispensable for the modern
society [3,11]. EPs are synthetic persistent organic chemicals, which are not normally
monitored in the environment, but which can create adverse effects on the environment and
human health. According to the NORMAN database, (www.norman-network.net), there
are more than 700 compounds grouped in 20 classes of emerging pollutants: “surfactants,
antibiotics and other pharmaceuticals, steroid hormones and other endocrine-disrupting
compounds (EDCs), fire retardants, sunscreens, disinfection byproducts, new pesticides
and pesticide metabolites, naturally-occurring algal toxins”, etc. [4,12]. Figure 1 evidences
some groups of emerging pollutants that can be found in the environment.
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Figure 1. Categories of emerging pollutants that impact on soil, air, water, animals, plants, microor-
ganisms and humans (adapted upon [13-16]).

There are numerous studies and research on the occurrence, sources behavior, impacts
and risks of EPs in the environment [3,14-16], but currently, comprehensive data on their
toxicity are not available. This is due to poor information, triggered by the complex
characteristics of the emerging pollutants in the environment, related to their physico-
chemical properties, causing unexpected behavior in water, soil and air [3,17]. EPs can be
found in water in concentrations over a wide range, of the order of ng/L-g/L, and their
effects on living organisms are associated with toxicological effects, endocrine disruption,
acute and chronic toxicity, resistance of microorganisms to antibiotics, threats on human
health [4,18].

There is another group of pollutants denoted as “contaminants of emerging concern”,
which are “well-known chemicals that have been used for decades (some of which are
persistent or pseudopersistent) in different applications and, cumulatively released into
the environment, and the by-products of their environmental degradation, that are now
being recorded in surface and groundwater resources, as well as in soils and sediments”.
This term of “contaminants of emerging concern” is habitually used when there is very
little information about the magnitude and frequency of risks posed by this category of
pollutants in the environment and human health [17,19,20].

Although some emerging pollutants have existed in the environment for several years,
their qualitative and quantitative occurrence have been analyzed only recently, and they
might be hazardous for ecosystems [3,21]. The new analytical techniques (e.g., liquid
chromatography coupled to mass spectrometry [LC-MS], tandem MS [MS2] or LC-MS2
and others) recently developed and applied made promising the detection of extremely
low concentrations (g L~! or ng L~1) of these compounds in liquid and solid matrices. By
applying these techniques, it was possible to detect and quantify around 3000 biologically
active chemical compounds in the environment [22-25].

Many EPs are not subject to standards and regulations due to lack of information on
the effects of chronic exposure. Pharmaceutical products (CECs), personal care products
(PPCPs) and flame retardants are some of the most commonly detected EPs in the environ-
ment [3,17] (Table 1). Compounds that affect the endocrine system (EDC) are some of the
most explored emerging pollutants (Figure 1); more than 200 individual compounds have
been identified, and a number are monitored so far [3]. Currently, more than 3 million tons
of phthalates are produced in the world, as chemical compounds that have also been used
for over half a century as plasticizers in plastics or as fixing agents in cosmetics [26-28].
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Table 1. Categories of emerging chemicals of concern in the water environment, with some examples [3,14-16].

Group

Compounds

Various chemicals
New phthalates

Non-phthalate plasticizers

Emerging flame retardants

DPHP (Di-2-propylheptyl phthalate)

ATBC (Acetyltributyl citrate), DEHA (Di-2-ethylhexyl adipate), DEHS (Di-2-ethylhexyl
sebacate), DEHTP (Di-2-ethylhexyl terephthalate), DINCH
(1,2-Cyclohexanedicarboxylicacid-diisononyl ester), DnBA (Di-n-butyl adipate), DIBA
(Di-isobutyl adipate), DINA (Di-iso-nonyl adipate), TOTM (Tri-2-ethylhexyltrimellitate)
DBDPE (Decabromodiphenyl ethane (BDPE-209)), TBBPA-BDBPE
(Tetrabromobisphenol-A-bis(2,3)-dibromopropyl ether), BEH-TEBP
(Bis(2-ethylhexyl)-tetrabromo phthalate), BTBPE (1,2-Bis(2,4,6-tribromophenoxy) ethane),
EH-TBB (2-Ethylhexyl-2,3,4,5-tetrabromobenzoate), DBE-DBCH
(Tetrabromoethylcyclohexane), PBB (Pentabromobenzene), PBT (Pentabromotoulene), HBB
(Hexabromobenzene), TBX (1,2,4,5-tetrabromo-3,6-dimethylbenzene), TBCT
(Tetrabromo-o-chlorotoluene), DDC-CO (Dechloran Plus)

BPA (Bisphenol A) substitutes BPS (Bisphenol S), BPF (Bisphenol F), BPAF (Bisphenol AF)

Drugs

Technologies
3D-printing
E-cigarettes, e-shishas
Energy saving lamps
Nanosprays

Methylamphetamine, tetrahydrocannabinol (THC)

Caprolactam, lactide, Irganox 1076, siloxanes (D3-D6)
Propylene glycol, glycerol, glycidol, acetol, diacetyl
Mercury (Hg)

Silver (Ag), siloxanes, MgO, ZnO, TiO,

Pharmaceuticals compounds

Antibiotics Trimethoprim, Ciprofloxacin, Sulfamethoxazole
Analgesics and anti-inflammatory Naproxen, Ibuprofen, Diclofenac, Salicylic acid, Ketoprofen
Antiepileptics Carbamazepine
Disinfectant Triclosan
Diuretics Furosemide, Hydrochlorothiazide, Amidotrizoic acid, Diatrizoate, Iotalamic acid
Lipid regulators Fenofibric acid, Gemfibrozil, Bezafibrate, Atenolol
Cosmetics Galaxolide, Tonalide

Other pollutants of concern

Corrosion inhibitors
UV filters
Synthetic musk

Biocides
Particles

Benzothiazoles, benzotriazoles
Benzophenone-3, homosalate, octocrylene, 4-MBC, 2-ethyl-hexyl-4-trimethoxycinnamate
(EHMC)
Galaxolide (HHCB), tonalide
parabens, neonicotinoids
Microplastics

Among emerging pollutants, a category of wide interest is represented by pharma-
ceuticals, due to the large volume used to treat a wide variety of diseases and their very
diverse physico-chemical and biological characteristics. Almost all classes of drugs, a large
part of a persistent nature, have been detected in effluents [29]. Pharmaceutical compounds
(entailing different classes: hormones, anti-inflammatory, anti-epileptic, statins, antide-
pressants, beta-blockers, antibiotics, contrast agents, etc.), after administration are largely
excreted in the original form or as metabolites and can be found in urban wastewater,
hospital sewers and surface waters [2,30-32]. They can also reach groundwater or even
drinking water, as well as the soil from irrigation water. Antibiotics in the environment
seem to spread in increasing quantities, encompassing a growing diversity of compounds.
Recent studies found that antibiotic concentrations in some rivers of the world exceed the
“safe” levels up to 300 times [33-35]. According to the World Health Organization, the
biggest threat to global health, food security and development is antibiotic resistance. An
increasing number of infections and diseases are difficult to be treated, as antibiotics used
to treat them become less effective as a result of environmental pollution [36,37].

In the category of emerging pollutants, the micropollutants (EMPs) are “anthropogenic
chemicals that occur in the (aquatic) environment well above a (potential) natural back-
ground level due to human activities but with concentrations remaining at trace levels (i.e.,
up to the microgram per liter range)” [38]. Although found at very low concentrations
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in aqueous solutions (from pg/L to pg/L), EMPs can induce severe toxicological effects,
usually after long-term exposure.

EPs can be categorized considering their physico-chemical properties [4] as: organ-
ics with polarity (e.g., pharmaceuticals, industrial chemicals, pesticides); contaminating
particles (e.g., nanoparticles and microplastics).

Once in the environment, sewage, surface water or treated effluents, EPs are more
polar, acidic and alkaline than natural chemicals, making them dangerous at some con-
centrations. Lots of EPs are hydrophobic being dynamic through food chain, so they can
accumulate in the lipid-rich tissues or can influence the endocrine system of animals and
humans by direct or indirect exposure [3,39,40] (Figure 2).
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Figure 2. Emerging pollutants volatility and polarity (adapted upon [41]).

A category of organic compounds that was recently included in the list of EPs is repre-
sented by ultraviolet radiation screening compounds or organic UV filters [42]. Although
they can be considered as personal care products (PCPs), these compounds need special
attention, since the increasing production and use of organic UV filters has made them a
new category of environmental pollutants. These compounds are used extensively in the
composition of sunscreen products, since they possess the ability to absorb solar radiation
due to their large molar absorption coefficient in the UVA (320-400 nm) and UVB ranges
(280-320 nm) [43]. Therefore, UV filters can protect consumers from the harmful effects of
solar radiation and also increase the light stability of personal care products such as skin
creams, hair sprays, cosmetics, hair dyes, shampoos, body lotions, etc. Their widespread
use and monitoring have shown that these compounds can accumulate in the human body
(being extremely lipophilic), in the environmental compartments and ecosystems [44,45].
Moreover, some preliminary animal studies have shown that some UV filters are endocrine
disruptors [46,47]. Other risks associated with their presence in the environment are very
little known.

UV filters enter surface water owing to the large numbers of swimmers and sunbathers
during recreational activities. The beaches are the most exposed, and water in gulfs or
seas can contain different UV filters from solar protection creams, such as ethylhexyl
methoxycinnamate, EHMC; octocrylene, OC; butyl methoxydibenzoylmethane, BM-DBM,;
benzophenone-3, BP3, etc., and their monitoring anticipates hundred kilograms per year
as potential of water contamination with UV filters [45]. They were identified in rivers,
lakes, sea water, groundwater, sediments and biota. However, the major pollution source
is represented by the effluents from the wastewater treatment plants (WWTPs). As in the
case of the other categories of EPs, WWTPs are not very effective in the removal of organic
UV filters. Ramos et al. provided an extensive overview on occurrence and fate of a large
category of UV filters in different wastewater treatment plants [48].

If the concentration of these compounds in the aquatic environment reaches relevant
levels, the quality of wastewater effluents is significantly reduced and the reuse of treated
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wastewater becomes limited [2,15,49]. For this reason, their occurrence and negative
impacts on the aquatic environment and human health need to be fully investigated.
Analysis of these compounds in complex matrices such as wastewater requires sensitive and
very specific methods, as, in fact, in the case of other EPs (such as liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS)).

Presently, the European legislation provided the maximum allowed concentration for
each UV filter in cosmetic products (Regulation no. 1223/2009 of the European Parliament
and of the Council of 30 November 2009 on cosmetic products, [50]). A number of 27 UV
filters are allowed in the EU, in concentrations between 2-15%. Some organic UV filters can
be converted in transformation products (TP) as a result of photodegradation under the
action of solar radiation or by biodegradation in the environment, and for these reasons
they are not detected during monitoring [51]. As in the case of the other categories of EPs,
further experimental studies should be elaborated on the fate of UV filters mixtures in
the environment.

Additionally, European legislation includes other provisions on emerging pollutants,
such as: the REACH (Regulation (EC) No 1907 /2006 of the European Parliament and of the
Council of 18 December 2006 concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals) [52]; regulation laying down the procedures for the authorization
and supervision of medicinal products for human and veterinary use (Regulation of the
European Parliament and of the Council amending Regulation (EC) no. 726/2004 laying
down Community procedures for the authorization and supervision of medicinal products
for human and veterinary use and establishing an European Medicines Agency) [53].
Under the Water Framework Directive (WFD) (Directive 2000/60/EC of the European
Parliament and of the Council of 23 October 2000 establishing a framework for Community
action in the field of water policy), EU member states monitor emerging substances that
require this action as a consequence of the high frequency of occurrence and the potential
risk to human health and the environment, on the basis of which a monitoring list of EPs is
drawn up [8].

3. Challenges of Emerging Pollutants
3.1. Sources of Pollution and Fate of EPs in the Environment

Emerging pollutants, a wide range of compounds with some specific physico-chemical
properties, raise numerous problems related to their removal from the environment. For
example, the treatment of surface water and wastewater that contain emerging pollutants
should take into account both the interactions between pollutants and those with vari-
ous environmental conditions, such as seasons’ succession, intensity of solar radiation,
temperature, hydraulic resistances, etc. Lots of the emerging contaminants can be found
in different areas where they have never been used, because of their properties, such as
persistence during long distance transport and bioaccumulation [3,54-56].

Emerging pollutants can occur in the environment from various point or diffuse
sources, and then reach the soil, atmosphere or water bodies through several ways or
mechanisms that depend largely on EPs properties (polarity, volatility, persistence, etc.)
and the environmental compartments characteristics [4]. EPs and some of their metabolites
are released into the environment over several routes from industry, households, hospitals,
lands, etc., (Figure 3) and enter surface and ground waters [14,57].
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Figure 3. Origins of emerging pollutants and their routes in the environment (adapted
upon https:/ /www.norman-network.net/sites /default/files/files /Events /2006-2008 /2006Jun19-
20-Stresa-EmEnvPollutants-KeylssuesChallenges /03-sess1_ternes.pdf).

EPs can become easily pollutants of river ecosystems where insufficient treated ef-
fluents from wastewater treatment plants (WWTP) are discharged (Figure 4). They can
(bio)accumulate in sediments and river flora and fauna due to their persistence, since
their biodegradation, chemical degradation and photodegradation (in absence of light) can
occur at very small rates. Hence, their disappearance from water environment is almost
negligible [58,59]. Although, certain microbial populations are able to struggle the biocide
effect of EPs and feasibly alter them, increasing their degradation rate. There are few
studies investigating the natural biodegradation of EPs such as hormones, some detergents
or pharmaceuticals. Usually, these studies are performed in the laboratory, but it is not
certain that the experimental systems replicate well the real environmental condition, while
the implementation of these results at large-scale is not sufficiently clarified yet [3,4,59].
Therefore, the development of studies and research for finding and exploiting microbial
populations tailored for different categories of EPs or even targeted for certain compounds
is a task with great perspectives for researchers.

Sources of EPs toxicity
incompletely removed in effects of climate change resulting in increased droughts which
|| wastewater treatment, EP enter significantly affect the concentrations of emerging contaminantsin  |«—|
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Figure 4. Incidence of emerging pollutants’ (EPs) toxicity from various sources of pollution (hazards),
which can generate environmental and human threats/consequences.
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3.2. Environmental and Health Risks Associated with Emerging Pollutants

The incidence of environmental and human health risks related to EPs is due to their
toxicity. EPs are considered highly toxic, since nanogram per liter (ng/L) concentrations
can exhibit relative effects to both humans and aquatic organisms, such as hormonal
interference in fishes, genotoxicity, carcinogenicity in lab animals, endocrine disruption
and immune toxicity [60,61]. It is not known and/or it is difficult to estimate the long-term
impacts of the majority of EPs on the environment and human health and this is still
a concern, while the awareness on their behavior and hazard/ecological risks is really
insufficient. Literature recommends the application of specific tools for assessing the
toxicity effects of emerging pollutants: environmental risk assessment (ERA), quantitative
analysis of the structure-activity relationship (QSAR), the relationship between physico-
chemical properties and environmental behavior and fate (PPEF), assisted by software
tools [4,29,62-64].

The existing studies on the risks caused by emerging pollutants in the environment
and, in particular, in water have taken into account their toxicity on aquatic flora and fauna
(fish, algae, daphnia) but have also focused on the risks to human health, especially in
water recovery and reuse systems (Table 2). However, given the low concentrations of these
pollutants in liquid flows, data collection on the toxicity parameters and human exposure
are, thus, real scientific challenges [65,66].

In this context, guidelines have been developed by the United States Environmental
Protection Agency [67] and the World Health Organization (WHO), which provides meth-
ods for assessing the risk of EPs to human health and ascertaining factors of exposure to
various chemicals. In the European Union, protocols and methodologies have been devel-
oped for the analysis of risks generated by chemicals, starting from 1980 (for “new chemi-
cals”), then, at the beginning of the 1990s, pharmaceutical products were considered [54].
One of the most important developments regarding the registration and evaluation of the
authorization of chemicals is represented by the REACH regulation [52].

Literature on ecological and human health risks has focused, as a priority, on classes
of contaminants in wastewater and surface water [68]. Additionally, some studies ad-
dressed the EPs accumulation in sediments, which are usually seen as a sink for EPs and
toxicity [69,70]. Moreover, sediments can become a source of contamination with EPs
for aquatic flora and fauna if the particles forming the sediments are remobilized and
suspended in the moving liquid flow (e.g., during floods) (Figure 4). EPs associated with
solid particles can become potentially bioavailable to benthic organisms, and if the level of
bioaccumulation is high enough, they can generate acute and chronic exposure and spread
to higher trophic levels [71-73].

In river water, EPs can undergo possible transformations into less toxic, but also,
even more toxic products can be adsorbed on sediments where they accumulate or are
transported to other water bodies, where sensitive or protected flora and fauna can exist, or
in groundwater that often serves as a source of drinking water [72]. There, EPs will manifest
their toxic effects, depending on their category and mixtures (Table 3). If EPs are in mixtures,
the toxic effects can cumulate and generate synergistic or antagonistic interactions, leading
to the so-called cocktail effect, so that the difficulty of risk analysis increases [4,16,62]. In
this context, the precautionary principle needs to be applied consistently to ensure a clean
and healthy environment for future generations, which is why further studies on the risks
induced by EPs (as a result of their specific environmental behavior, toxicity and impacts
on the environment and human health) become essential.
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Table 2. Toxicities of the drugs and pharmaceuticals residues in aquatic organisms and plants *.
Therapeutic Group Compounds Taxonomic Group Long-Term
Exposure (mg/L)
Anti-bacterial Trimethoprim Plant (duckweed) >1.0 (EC10)
Anti-bacterial (aminoglycoside) Neomycin Plant (duckweed) >1.0 (EC10)
(Aminoglycoside) anti-bacterial Streptomycin Plant (duckweed) >1.0 (EC10)
Anti-bacterial Cephalexin Plant (duckweed) >1.0 (EC10)
. . Ciprofloxacin Plant (duckweed) 0.106 (EC10)
Anti-bacterial Norfloxacin Plant (duckweed) 0.206 (EC10)
Anti-bacterial (macrolide antibiotic) Erythromycin Plant (duckweed) >1.0 (EC10)
. . . o Lincomycin Plant (duckweed) >1.0 (EC10)
Anti-bacterial (macrolide antibiotic) Roxithroglycin Plant (duckweed) >1.0 (EC10)
Anti-bacterial (macrolide antibiotic) Tylosin >1.0 (EC10)
Sulfadimethoxine Plant (duckweed) (duckweed) >0.044 (EC10)
Sulfamethazine Plant (duckweed) >1.0 (EC10)
Anti-bacterial (sulfonamide) Plant Plant (duckweed) ()2(;1?)1(?(%10(;)
Sulfamethoxazole 2.33 (EC50)
Sulfachlorpyridazine
Chlortetracycline Plant (duckweed) 0.036 (EC10)
Doxycycline Plant (duckweed) 0.055 (EC10)
Anti-bacterial (tetracycline) Oxytetracycline Plant (duckweed) 0.788 (EC10)
Tetracycline Plant (duckweed) 4.92 (EC50)
Plant (duckweed) 0.23 (EC10)
Anti-depressant Plant (duckweed) >1.0 (EC10)
Fluvoxetine Sertraline Plant (duckweed) >1.0 (EC10)
) amoach
Alga (green) 74.0 (EC50)
Anti-epileptic Carbamazepine Plant (duckweed) >1.0 (EC10)
Plant (duckweed) 25.5 (EC50)
Anti-hyperlipidemic Atorvastatin Plant (duckweed) 0.085 (EC10)
Alga 5.4 (EC10)
Anti-hyperlipoproteinemic Clofibric acid Alga (green) 115.0 (EC50)
Plant (duckweed) 12.5 (EC50)
Anti-hypertensive Captropril Plai}cg(ih(ifvir;)ed) 12(:5%0(%3(?5500))
R
Bone resorption inhibitor Tiludronate Algﬂlcg};a?gorzzg)ena) :1%22 EEE;S;
Nicotine metabolite Cotinine Plant (duckweed) >1.0 (EC10)
Acetaminophen (paracetamol) Plant (duckweed) >1.0 (EC10)
. Alga (green) 72.0 (EC50)
Diclofenac Plant (duckweed) 7.5 (EC50)
Non-steroid anti-inflammatory drug Ibuprofen Plai{cg(?:h(lgcfvirél d) 3>115 (? ((]}]ECC 15 é)))
Plant (duckweed) 22.0 (EC50)
Naproxen Alga (green) >320.0 (EC50)
Plant (duckweed) 24.2 (EC50)
Estrogen Ethinylestradiol Alga 0.054 (EC10)
Alga (green) 7.3 (EC50)
. Metoprolol Plantg(dugckweed) >320.0 (EC50)
[3-Adrenergic receptor blocker
Propranolol Alga (green) 5.8 (EC50)
Plant (duckweed) 114.0 (EC50)

* reproduced from [29] with the permission of Elsevier, license 4890980598709, from 16 August 2020.
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Table 3. The toxic effects of typical EPs in the environment [62] *.

Emerging Pollutant

Ecology Effect Human Health Effect

Engineered nanoparticles

Cytotoxicity, oxidative stress, inflammatory
effects, in lungs, genotoxicity, carcinogenic
effects, granulomas, thickening of alveolar wall
and augmented intestinal collagen staining

Toxicity in plants, fish, earthworm, bacteria
(growth, mortality, reproduction,
gene expression)

Endocrine disruptors

Alter reproductively relevant, sexually
dimorphic neuroendocrine system, alter
Toxic to wildlife, human endogenous steroid levels, etc., diabetes,
problems in the cardiovascular system, abnormal
neural behaviors and linked to obesity

Ionic liquids

Inhibitory effects on a variety of bacteria and

fungi, influencing the growth rate of algae, =~ Adverse effects on neuronal process, cytotoxicity
toxic to invertebrates, fish and frogs

Perfluorinated compounds

Accumulate primarily in the serum, kidney and
liver, potentially adverse effects on
developmental, reproductive systems and other
damaging outcomes

Bioaccumulation in fish and fishery products

* reproduced from [62] with the permission of Elsevier, license 4912101420021, from 18 September 2020.

Often, the origin of EPs and the risks generated by them are difficult to detect, as long
as they can originate from diffuse sources of pollution such as sewer leaks and discharges,
storm water runoff in urban areas and on agricultural land, etc. (Figures 3-5). To estimate
the risks generated by EPs from various sources towards various receptors, it is necessary to
identify them and determine the acute and chronic doses and exposures. The information
needed for risk estimation and analysis is obtained in research laboratories developing
studies in environmental chemistry, toxicology and ecotoxicology that can generate original
data and complete sets of tests according to existing regulations. These steps can facilitate
the identification and characterization of sources (hazards), pathways (transport and fate
of EPs), receptors and consequences, including human exposure (pollutant linkage) [62,74].

Currently, the environmental risk assessment (ERA) is performed by calculating the
value of the ratio between the predicted environmental concentration (PEC) and the pre-
dicted no effect concentration (PNEC) for a certain single substance [75,76]. Somewhat
recently, the development of pharmacokinetic models based on physiological biotrans-
formations in the entities affected by EPs (PBPK) allowed the description of EPs intake,
distribution, metabolism and excretion [4,77]. However, in most cases, addressing the
relationship of some EPs with the environment and the associated risk, the pathway from
source to receptor is difficult to clarify, especially for new substances, because this path-
way depends on many factors related to the substances themselves, the source (hazard),
environmental conditions and potential treatments to which EPs are subjected (Figure 5).
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Figure 5. Sources (bold) and pathways for emerging contaminants to reach various receptors
(grey) [73]. (Reproduced from [73] with Elsevier permission, license 4912431334481, from 19 Septem-
ber 2020).

Solving these problems as quickly as possible would facilitate the best decisions for
risks management. Besides, the estimation and analysis of risks generated by mixtures of
EPs impose new strategies, which should reproduce the reality as accurately as possible,
because, if only one substance from the mixture is taken into analysis or each substance
separately, the toxicity of the mixture can be underestimated or overestimated [76]. In liter-
ature, two types of problems are addressed regarding this matter [78]:

- Evaluation of mixture toxicity, when the results are valid only for that mixture and
cannot be extrapolated to other exposure scenarios;

- Evaluation taking into account the components of the mixture, when the results
can be interpreted in two ways: by cumulating the toxicities of the components or
considering the independent action of each component of the mixture leading to a
common toxicological effect.

However, these two approaches cannot describe the real effects of EPs mixtures, some
studies showing that estimating toxicity by testing mixtures can lead to a higher toxicity
than the actual value, while individual estimations can result in a lower toxicity than the
actual one [76,78].

Risk assessment and analysis are relevant issues for EPs research, since they can allow
the management of pollutants in a “risk-based” approach, by providing the support for
decisions making on the appropriate remediation options, both in terms of risk reduction
and cost effectiveness and efficiency, in an integrated way (Figure 6). Integrated risk as-
sessment facilitates risk communication to stakeholders for analysis and making decisions
regarding risk mitigation [57,62,71].
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Figure 6. Risk-based decision analysis [62] (reproduced from [62] with Elsevier permission, license
4912101420021, from 18 September 2020).

3.3. Short Overview on the Assessment of Risks Generated by Emerging Pollutants

Ecological and human health risks of EPs are assessed in view of generating decision-
making support to ensure the protection of ecological systems, in particular the aquatic
environment, as well as human health. The subjects of human health risk assessment
are individuals who may come into direct or indirect contact with toxic pollutants, either
through the consumption of drinking water or the intake of contaminated food or vegetable
products irrigated with reclaimed water insufficiently purified. At the level of the European
Commission, it is emphasized that, if chemical exposure is assessed, it is necessary to take
into account the cumulative effect of previous emissions, which can generate residual or
background concentrations [79].

One of the most widely applied approach for assessing the ecological risk of detected
EPs is the risk quotient (RQ) method. RQ is calculated according to Equation (1) [80,81]:

MEC
PNEC

RQ = )
where MEC represents the measured environmental concentration; PNEC is the predicted
no-effect concentration.

“RQs essentially constitute an index for quantification of the environmental risk of
chemicals and involve comparison of the environmental concentrations of pollutants with
the concentrations that should ensure an absence of adverse effects on target organisms,
based on empirical data” [82,83].

When the risk analysis is performed for the aquatic environment emphasized, it is
imperative to evaluate the concentrations detected in the environment and the chronic
toxicity of EPs for aquatic organisms, in view of RQ determination [84]. PNEC results by
dividing the value of acute (short-term) or chronic (long-term) toxicity by an assessment
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factor (AF) [79]. Acute toxicity can be considered as the median lethal concentration (LC50)
or mean effective concentration (EC50), in which case AF = 1000. Chronic toxicity is
given by no observable effect concentration (NOEC), in which case AF can be 100, 50, 10
depending on the trophic levels [85,86]. In this context, the risk level can be (i) low, when
RQ <0.1; (ii) medium, when 0.1 < RQ < 1; (iii) high, when RQ > 1 [87].

RQ calculated with Equation (1) refers to the toxicity of EPs based on measured
environmental concentrations, but does not take into account variations in concentrations
over time that would expose aquatic organisms to levels of toxicity above the tolerability
limits, especially in case of compounds with long-term presence in water bodies. In this
circumstance, there is the problem of differentiated risk analysis for frequently detected
EPs and, respectively, for occasionally detected EPs, i.e., the consideration of a frequency
factor in the calculation of RQ. In this context, Zhou et al. [84] proposed a new risk quotient
(RQf) based on the average value of RQ and the frequency of MECs exceeding PNEC and
applied in the assessment of the potential risks posed by the detected substances. The RQf
value can be calculated according to Equations (2) and (3):

MEC
_ NO
F= NO, 3)

where RQYf is the frequency-based risk quotient, in fact, an optimized risk quotient resulted
after the frequency of MECs, which exceed PNEC was considered; F is the frequency of
MECs exceeding PNEC; NO; represents the number of samples with concentrations higher
than PNECs; NO; represents the total number of samples. RQf was classified in 5 groups
as shown in Table 4.

Table 4. Characterization of risks based on the frequency-based risk quotient.

Range of RQf Values Risk Characterization
ROf >1 High environmental risk
1>RQf >0.1 Moderate environmental risk
0.1>RQf > 0.01 Small-scale adverse effect (endurable risk)
0.01>RQf >0 Limited (negligible risk)
RQf=0 No risk (safe)

Risks assessment to human health associated with EPs is based on the responses
of some biological species to the dose-response relationship for a certain range of EPs
concentrations. Although their effects on humans have not been too much explored, the
adverse effects on human health are quantified mainly based on models. These models
need to be validated in order to quantitatively estimate the ability of EPs to produce major
changes to human health and what types of risks are significant [88]. The non-carcinogenic
risk due to EPs ingestion can be assessed using the hazard index (HI), calculated for
different exposure pathways (inhalation, ingestion, dermal contact, etc.) (Equation (4)) [86]:

CDLy st
HIingestion = % 4

where CDI represents the chronic daily intake of the EPs by ingestion (mg/(kg-day)), and
RfD is the reference dose for the EPs (mg/(kg-day)).
For HI > 1, adverse health effects can occur, while for HI < 1, the effects are insignificant.
The CDI value can be estimated according to Equation (5) [80]:

Cx IR x EF x ED
CDI= BW x AT ©®)
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where C is the concentration of EPs in water; IR means the rate of polluted water intake
(determined as 1.41 L/day for an adult and 0.87 L/day for a child); EF is the frequency of
exposure (365 days/year); ED is the exposure period (70 years for an adult, 6 years for a
child); BW is body weight (70 kg for an adult, 20 kg for a child); AT is the average lifespan
(25,550 days for an adult, 2190 days for a child (according to [79]).

RfD can be calculated according to Equation (6) [80]:

RfD =LDsy x 4 x 107° (6)

In most cases, human exposure does not occur in relation to only one pollutant,
but mixtures of chemicals are involved. For this reason, researchers have developed
methods for assessing the risks to human health associated with exposure to various sets
of pollutants.

The total potential non-carcinogenic risks produced by different paths can be assessed
by the cumulated hazard index (HI,), as expressed by Equation (7) [19]:

Hleum = Z(Hlingestion + HIderm)) @)

Similarly, for Hl¢y, > 1, there are adverse effects on human health [19].
Fabrega et al. [89] have calculated the Integrated Risk Index of Chemical Aquatic
Pollution (IRICAP) (Equation (8)):

Y (hazardindex x chemicalconcentration)

IRICAP =
numbero f chemicals

®)

To calculate IRICAP, the hazard index of each individual compound was multiplied by
the normalized water concentration at each sampling point, and then being summed and
the final amount divided by the number of pollutants. Concentrations are normalized for
each chemical (according to Equation (9)), to avoid any overestimation for each chemical.

Ci — Cmin

Cmax - Cmin

Chorm = 9)

In order to mitigate the risks generated by EPs in the environment and for human
health, various management options can be applied when specific analyses reveal that
an emerging pollutant can be considered as producing unacceptable risks [90]. First, it
is essential to prevent risks by applying sustainable, ecological industrial practices and
technologies for the synthesis of environmentally friendly products, mostly biodegradable.
On the other hand, it is necessary to develop efficient wastewater treatment technologies
able to reduce the amounts of EPs that can reach natural water bodies.

4. Removal of EPs from the Environment as Solution for Risks Mitigation

As a result of the continuous rising of awareness on the occurrence and threatens
produced by EPs in the environment, their treatment and removal have become increas-
ingly challenging concerns for researchers and practitioners [4,74,91]. Due to some of
their properties mentioned above, EPs that commonly occur in industrial and municipal
wastewater treatment plants are difficult to be removed by applying conventional treat-
ment technologies [21,92]. Therefore, the application of efficient treatment processes is
imperative to favor the discharge of effluents with low impact on aquatic systems and the
environment in general.

4.1. Short Analysis of Processes Applied for EPs” Removal

Research has generated progress for EPs removal to overcome the problems of tradi-
tional treatment plants. This would ensure an efficient management of effluents developed
to comply with the regulations in force on the discharge of treated effluents. In this context,
efficient methods for advanced treatment of effluents polluted with EPs are developed,
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which include physico-chemical and biological processes (sand and media filtration; chlori-
nation; advanced oxidation processes, AOPs; adsorption using granular activated carbon,
zeolite or other clay materials; hydrolysis processes; constructed wetland (CW); membrane
bioreactors, phytoremediation, biosorption), as illustrated in Figure 7 [93-95].

- low efficiency of degradation

- nitrification - effective in degradation of
estrogens

- acetylsalicylic acid - well degraded

- semi-permeable physical barrier with pores - diclofenac — completely persistent
or molecular channels

- pressurized processes: microfiltration (MF), . - - - -
ultrafiltration (UF), nanofiltration (NF), and //_) Activated ﬁ remove organic and inorganic materials

reverse osmosis (RO): MF < UF < NF < RO

from water through oxidation

Sludge

- agents: ozone and hydrogen peroxide,

- efficiency of the process increases in the Methods dai
order of: NF and RO — the most effective Advanced oxyge;, an‘ alr ith diati h
methods of removing endocrine disrupters in Membrane oxidation . con:l " ination with UV radiation or other
wastewater recycling technology PROCESSES speclﬁf: catalysts : ;s
process - cleaning aromatics and pesticides, and

- some substan.ces can e.scape from the ) FOR THE (AOPS) petroleum components and volatile
membrane during filtering removal or at high REMOVAL organic compounds in sewage
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OF
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phytodegradation, phytovolatilization mediation POLLUTANTS Sorption - used to improve biological cleaning
- phytodegradation: removing TPH, PAH, processes processes, with activated charcoal as
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nitrates, organophosphate pesticides, and . - sorb some steroid hormones or
detergents from soil Bioreme- @_//7 nonylphenol
- rhizofiltration: radionuclides, and some toxic diation
metals

- economically efficient and non-interfering f:‘i

technology for the environment
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ability of plants
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microorganisms (bioremediators)

- white root fungi - degrade a wide range of substances:
DDT, PCB, PAU

Figure 7. Physico-chemical and biological processes applied for the removal of emerging pollutants from the environment

(developed mainly based on information from [93-95]).

The application of activated sludge process to remove emerging pollutants is usually
recommended to reduce high organic loads, but it is not suitable for removing EPs, espe-
cially at very low concentrations or traces of pollutants [96]. In addition to the low EC
removal efficiency, the traditional activated sludge process is associated with the production
of a very large amount of activated sludge, which is treated as waste [97].

EPs are currently removed from water by adsorption or oxidation processes or a com-
bination of biological and advanced treatment processes [98,99]. Although conventional
and advanced oxidation processes proved to be effective, they have the disadvantage that
can lead to the formation of intermediates, which are often unidentifiable or difficult to
identify and can sometimes be more toxic than the initial compounds. From this point of
view, adsorption is beneficial, since it does not generate unwanted by-products, and the
loaded adsorbed can be then properly treaded. Emerging pollutants with high polarity;,
such as a large part of pharmaceuticals, can be removed by biological degradation and
mineralization achieved by specific microorganisms, respectively [14,100]. Table 5 describes
certain advantages and challenges of some processes applied to remove EPs.
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Table 5. Advantages and challenges of different technologies in the removal of emerging pollutants [100] *.

Treatment Process

Advantages

Challenges

Conventional

Biological activated carbon

Microalgae reactor

Activated sludge

A wide range of EPs removal from wastewater
Removal of residual disinfection/oxidation products
Not generating toxic active products

Resource recovery of algal biomass, used as fertilizer
High quality effluent and no acute toxicity risk
associated with EPs

Lower capital and operational costs than AOPs

More environmentally friendly than chlorination

Relatively high cost in operation and maintenance
Regeneration and disposal of high sludge amounts
Processing of sludge can increase total cost by 50-60%
Removal efficiencies affected by cold season

EPs cannot be degraded properly

Low efficiencies for pharmaceuticals and beta blockers
Large amount of sludge containing EPs

Unsuitable where Chemical Oxygen Demand (COD)
levels are higher than 4000 mgL~!

Non-conventional

Constructed wetland

MBR

Low energy consumption and low operational and
maintenance costs

High performance on removal of estrogens, pathogens

Effective for the removal of biorecalcitrant EPs

Small footprint

Clogging, solids entrapment and sediments formation

Biofilm growth, chemical precipitation and seasonal
dependent

Needs large area of lands and long retention time
High energy consumption and fouling control of heat
and mass transfer

High aeration cost and roughness of membrane
Pharmaceutical pollutants have low efficiencies

Chemical process

Coagulation

Ozonation

AOPs

Fenton and photo-Fenton

Photocatalysis (TiO,)

Reduced turbidity arising from suspended inorganic
and organic particles

Increased sedimentation rate through suspended solid
particles formation

Strong affinity to EPs in the presence of H,O,

Selective oxidant favoring disinfection and sterilization
properties

Major ancillary effects on removal of EPs such as
pharmaceuticals, personal care products (PCPs and
pesticides

Short degradation rate

Degradation and mineralization of EPs

Sunlight can be used by avoiding UV light
Degrading persistent organic compounds

High reaction rates upon using catalyst

Low price and chemical stability of TiO, catalyst and
easier recovery

Ineffective micropollutants removal

Large amount of sludge

Introduction of coagulant slats in the aqueous phase
High energy consumption, formation of oxidative
by-products

Interference of radical scavengers

Energy consumption issues, operational and
maintenance cost

Formation of toxic disinfection by-products
Interference of radical scavengers

Decrease in OH" forming chloro and sulfato-Fe(III)
complexes or due to scavenge of OH" forming Cl, * and
SOy * in the presence of chloride and sulphate ions

Difficult to treat large volume of wastewater

Cost associated with artificial UV lamps and electricity
Separation and reuse of photocatalytic particles from
slurry suspension

Physical process

Micro- or ultra-filtration

Nanofiltration

Reverse osmosis

Can remove EPs and pathogens

Useful for treating saline water and wastewater
treatment plants (WWTP) influents
Can remove dye stuff and pesticides

Useful for treating saline water and WWTP influents

Can remove PCPs, endocrine disrupting compounds
(EDCs) and pharmaceuticals

Not fully effective in removing some EPs as pore sizes
vary from 100 to 1000 times, larger than the
micropollutants

High energy demand, membrane fouling and
disposal issue

Limited application in pharmaceuticals removal

High energy demand, membrane fouling and
disposal issue

Corrosive nature of finished water and lower
pharmaceutical removal

* reproduced from [100] with Elsevier permission, license no. 4912441171076 of 19 September 2020.

4.2. Progresses in Biological Treatments Applied for the Removal of Emerging Pollutants

In recent decades, numerous studies have been dedicated to the development of
innovative, sustainable technologies for the removal of EPs from wastewater, which is the
most relevant source of pollution of the aquatic environment with EPs. Of these, biological
processes have stimulated the interest of specialists for application to degrade some EPs,
although certain extreme recalcitrant contaminants are still difficult to (bio)degrade or even
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impossible to remove. However, efficient innovative processes can be combined in hybrid
systems, which can overcome the deficiencies in existing biological technologies.

4.2.1. Removal of EPs in Constructed Wetlands

Conventional wastewater treatment processes with activated sludge can be applied for
wastewater treatment containing EPs, but in combination with advanced processes (tertiary
treatment such as ozonization, photodegradation, biodegradation), which increase the
efficiency of the treatment. The disadvantage of this combination of processes is that they
are energy consuming and involve high costs, being disadvantageous especially for small
communities. Constructed wetlands (CWs) can be a promising alternative as tertiary but
also as primary and secondary treatment systems (for organics and nutrients removal) due
to low energy, operational and maintenance costs and good treatment efficiency [101-103].
Although studies in recent years on the elimination of EPs (especially pharmaceuticals and
personal care products) in constructed wetlands have been intensified, the vast majority
are developed on a small scale (laboratory, pilot), and little information is available on
the exploitation of constructed wetlands on a large scale [103,104]. Table 6 presents some
results regarding the treatment efficiencies of wastewater containing different EPs in
various CW configurations.

Table 6. Efficiency of EPs removal in constructed wetlands (CWs).

Emerging Pollutant C‘(z; St’;?:‘;:d E ffIi{c eil‘::loc;a(l%) Og:::i? & References

HSSF-CW 74-99 [103]
SF-CW 45-95 [105]

FW-SW 62_79 67 L(LS(J;I;Z?) [106,107]
Tbuprofen SSF-CW 71 [108]
VSSE-CW 55-99 [103]
SF-CW 95-96 Full scale [109]
SSF-CW 71-79.7 [110]
SF-CW 50-100 [101]
FW-SSF 47-81 [105]

FW-SF 11-50 (winter) [106,107]

Ketoprofen

SF-CW 47-91 [103]
HSSE-CW 10-90 [103]
FW-SSF 58-81 [105]

FW-SF 227z8§6($§;e3) [106,107]
SF-CW 75-76 [103]
Naproxen HSSF-CW 76-97 [103]
VSSE-CW 69-96 [103]
SSE-CW 85 [108]
SF-CW 52-92 [101]
SF-CW 82.8-91.3 [110]
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Table 6. Cont.

Emerging Pollutant C&?e st;:::‘;:d E ffII{C ei:::)c;a(l %) nglaetif & References
FW-SSF 35-71 [105]
SSF-CW 16 [108]
Carbamazepine
SF-CW 32-37 [111]
SSE-CW 26.7-28.4 [110]
FW-SSF 67-82 [105]
Galaxolide SF-CW 88-90 [111]
SF-CW 87 [112]
FW-SE 3Z§§6($§§3) Full scale [106,107]
SF-CW 20-50 [103]
Diclofenac HSSE-CW 24-93 [103]
VSSE-CW 53-73 [103]
SF-CW 73-96 [111]
SF-CW 85 [109]
SF-CW 12-26 [113]
Tramadol
HSSF-CW 54-85 [103]
HSSE-CW 95-100 [103]
Paracetamol HSSF-CWs >90 [114]
hybrid-CWs >95-99 [101]
Acetaminophen HSSF-CWs >90 [114]
Oxybenzone HSSF-CWs >97 [115]
HSSF-CWs 58-99 [103]
Atenolol SF-CWs 27-53 [113]
HSSF-CWs 48 [48]
HSSF-CWs 60-93 [103]
Metoprolol SF-CWs 3-30 [113]
HSSF-CWs 11 [48]
HSSF-CWs 80-96 [103]
Furosemide
HSSF-CWs 35-71 [48,115]
HSSF-CWs 62-91 [103]
ricosan Recamation 7199 Rulsale 116
ChlorpyrifosMecoprop SSE-CWs >% L1171
SF-CWs 79-91 [111]
SSF-CWs 22 [108]

* only full scale is mentioned (where available), the rest of results are from laboratory and pilot scales SF-CW:
surface-flow constructed wetland; FW-SSF: free water subsurface flow; FW-SF: free water surface flow; HSSF-CW:
horizontal subsurface flow constructed wetland; VSSF-CW: vertical subsurface flow constructed wetland.

A number of factors can affect the efficiency of removing EPs in constructed wetland,
some of them are described below:

- CWs configuration: different operating modes (subsurface, surface, vertical or horizon-
tal flows) are generated in CWs and are important for the elimination of EPs from
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wastewater through highly oxygen-dependent processes [104]. In this context, the
planted vegetation (emerged or submerged and fixed or free-floating) demonstrated
significant role in EPs removal; however, the role of plants at microcosm scale, in
treating effluents containing emerging pollutants in the constructed wetland system
is still a topic of debate [108,118].

- Season of the year: efficiencies during summer operation were generally found higher
than those resulted during winter, following higher biodegradation kinetics, plant
biomass, variations in influent concentration [106,119]. However, a few studies show
that the elimination of some personal care products (PCPs) in CWs is not affected
by temperature [108]. Therefore, the mechanism by which the season influences the
elimination of some EPs and the extent to which this influence occurs requires addi-
tional and rigorous studies, especially on the processes that can eliminate EPs, either
degradative (biodegradation) or non-degradative (adsorption, absorption by plants).

- Parameters of the influent to be treated: the results obtained by various researchers [102,103]
show that CWs can achieve good elimination efficiencies for Biological Oxygen De-
mand (BODs) (81.5-95.6%), Chemical Oxygen Demand (COD) (57.2-84.0%) and Total
Suspended Solids (TSS) (81.7-96.4%), while the removal of ammonia (17.4-67.0%) and
Total Phosphorous (TP) (5.3-84.1%) was variable and much lower. However, these
results depend on the type, configuration and scale of CWs operation. A rigorous anal-
ysis of literature data on the influence of water composition on treatment efficiency
can reveal that there is a large dispersion of results, which requires integrated studies
and extensive collaborations among research groups, based on robust experimental
programs so as to diminish the contradictions between the results.

- Oxygen availability: experimental studies conducted in different cases have established
a positive correlation between the concentration of dissolved oxygen in the CWs
wastewater influent and the elimination efficiency of emerging pollutant [108].

4.2.2. Removal of EPs by Membrane Biological Reactors

The removal of pollutants from wastewater using biological membrane reactor sys-
tems (MBR) is considered an efficient one, e.g., by about 15-42% when compared to the
activated sludge system. MBR cannot completely remove EPs alone, so that it is com-
bined usually with ozonation, activated carbon, photodegradation, etc., for polishing the
removal [120]. MBR integrates biological and physical processes: the activated sludge
treatment and membrane filtration, which can assure good removal efficiencies. Biodegra-
dation, photodegradation, volatilization, sludge absorption of pollutants can occur at long
retention times that also allow the elimination of nitrogen and the growth of nitrifying
bacteria, which can improve the performance of the process [121,122]. An important
advantage is that MBR can operate at relatively low costs, while membrane fouling is a
disadvantage [122].

Anaerobic membrane bioreactors (AmMBR) are new and innovative technologies
for the treatment of influents with fluctuating pollutant concentrations [123]. AmMBR is
based on the anaerobic digestion technology, being characterized by stability and microbial
abundance, with good toxic resistance, which ensures a high efficiency of EPs biodegrada-
tion. AmMMBR can also generate biogas (as renewable bioresource) in significantly larger
quantities than the conventional anaerobic biodegradation system, so that it is increasingly
used to remove EPs from liquid effluents [97,103]. While in the conventional anaerobic
process the efficiency of biogas generation is dependent on methanogenic bacteria, solids
retention time (SRT) and hydraulic retention time (HRT) [124], in AnMBR, there is a high
and stabilized cell concentration built on reasonably high hydraulic load and adequate
mixing as a result of totally decoupling HRT from SRT, since membranes hinder biomass
being washed out [125,126].

As in the conventional MBR, the membrane fouling in AnMBR is a disadvantage,
since it reduces the flow through the membrane and, therefore, makes it necessary to
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ensure larger membrane areas per reactor volume, with increased capital costs, which
limits AnMBE application on a larger scale [97,127].
There is a combination of factors that control the membrane fouling, such as [125,126,128]:

Bioreactor operating conditions (organic loading rate, influent water quality and variabil-

ity, sludge retention time, hydraulic loading rate, pH, temperature, toxicity of EPs);

- Membrane properties (surface morphology and chemistry, pore size and porosity);

- Hydrodynamic conditions: cross flow velocity, shear stress, gas sparging flow rate and
bubbles properties, backwashing potential)

- Process performance (membrane flux, pressure drop, effluent quality, economic aspects);

- Biological properties (biomass concentration, distribution of solid particles, presence of
polysaccharides, colloidal particles and soluble microbial products)

- Chemical system characteristics (presence of cations and anions)

The performance of AnMBR can become flexible by selecting the adequate configura-
tion of membrane module as follows (Figure 8) [97,129-133]:

- Side stream:

] The crossflow filtration involves a tangential flow rate, which stimulates the
membrane fouling and large energy consumption;
] Easy removal and cleaning of membrane.
- Submerged:
u Can treat high strength industrial wastewater (pharmaceutical and textile
wastewaters) [134];
] Membrane fouling can occur being quite difficult to clean.

- External submerged:

] The membrane module is submerged in an external compartment;
u Shear force of water flow is intense, which reduces membrane fouling.

- Anaerobic dynamic membrane bioreactor:

[ ] Low membrane module cost, easy control of membrane fouling;
] Low energy consumption, sludge and biogas production.

- Anaerobic electrochemical membrane bioreactor:

| A microbial electrolysis cell (MEC) combined with membrane filtration;
u Electrically conductive, porous, nickel-based hollow-fiber membranes (Ni-
HFMs).
- Anaerobic osmotic membrane bioreactor:
| A forward osmosis (FO) membrane;
u Salt accumulation and membrane fouling can diminish permeate flux.

A wide variety of EPs can be removed in the AnMBR system, but with various
efficiencies, which depend on a number of factors, including the composition of the influent,
pollutant, HRT, etc., as is shortly presented in Table 7.
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Anaerobie bioreactor
(C) Influent

Biogas

Anaerobie bioreactor

Figure 8. Conventional anaerobic membrane bioreactor (AnMBR) types. Side stream AnMBR
(a), submerged AnMBR (b) and external submerged AnMBR (c). Novel AnMBR configurations:
anaerobic dynamic membrane bioreactor (d). (Reproduced from [97] with Elsevier permission, license
4963301077334, 6 December 2020).

Table 7. Efficiency of EPs removal in AnMBR system.

Emerging Pollutant Removal Efficiency (%) References

Bisphenol A 31.5 [134]
Androsterone 98 [134]
Linuron 88.1 [135]
Diazinnon 80 [136]
Triclosan 90.2 [134]
Ceftriaxone 47.7 [137]
Ampicillin 34.6 [137]
Amoxicillin 73.2 [137]

4.2.3. Removal of EPs by Biosorption

Adsorption is the one most applicable and hopeful methods for removing organic and
inorganic micropollutants from liquid effluents. The adsorption is a surface process, in
which the pollutant and the adsorbent interact through physical and chemical forces. To
achieve high adsorption efficiencies, the process is optimized based on experiments that
provide information on the influence of factors such as pollutant concentration, adsorbent
dose, nature of adsorbent and pollutant, pH, contact time, temperature, presence of other
pollutants. Additionally considered are the equilibrium conditions described by adsorption
isotherms, which can be represented by models such as Langmuir, Freundlich, Tempkin,
Henderson, Halsey, Smith, Elovich, liquid film diffusion, intra-particle diffusion and
Lagergren. Adsorption kinetics play an important role in the design of adsorption systems,
using kinetic parameters, free energy, enthalpy, entropy and activation energy.

There are frequent studies in literature that discuss the application of various materials
as adsorbents for the removal of EPs from polluted liquid streams (Figure 9). New adsor-
bents were found and studied in the last years together with existing adsorbents, in terms
of their capability to immobilize different EPs from aqueous solutions (sorption efficiency,
mechanism of interactions involved and the best fit model) [29,92,138] (Figure 10).
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Figure 9. Various categories of adsorbents used in the elimination of emerging pollutants.

A distinctive adsorption process is biosorption—a biological treatment technology
that arouses a growing interest nowadays, since a wide range of materials from biomass can
play the role of adsorbent. Biosorption can be considered, in general, an effective alternative
for the elimination of broad categories of persistent pollutants (inorganic and organic) in the
treatment of secondary or tertiary effluents [29]. Biosorption offers some advantages such
as low costs due to the abundance of biomass, the possibility of regeneration and recovery
of exhausted sorbents and relatively high selectivity compared to conventional techniques
(ion exchange, membrane separation, coagulation, etc.) [100,139]. Some advantages of
biosorption are shown in Figure 11.

From an economic perspective, biosorption feasibility is dependent on the nature of
biomass (vegetable, microbial, algae, etc.), the biosorption capacity of sorbents, the possi-
bilities to modify the sorbent surface to improve the sorption capacity and the chance to
regenerate the exhausted biosorbent [140]. Another important aspect, from both economic
and ecological points of view is related to the use of biomass waste (from agriculture,
food industry, wood industry, etc.) as a source of biosorbents. The removal efficiency of
some EPs by biosorption was analyzed by Ahmed et al. [100], as shown in Table 8, for
live cultured and harvested white rot fungus (T. versi-colour) in parallel with inactivated
biomass by sodium azide, as reported by Nguyen et al. [141]. However, there are a number
of unknowns that need to be elucidated regarding the ability and selectivity of the biosorp-
tion process to remove EPs from multicomponent mixtures. Additionally, living microbial
cells used as biosorbents are difficult to immobilize on a solid support due to their poor
mechanical properties [142].

4.2.4. Hybrid Treatment Schemes

The efficiency of removing EPs from aqueous media is dependent on the applied
removal process and the chemical compound and can show different values, even for the
same compound, as can be seen in Table 9. For example, the diclofenac can be removed with
an efficiency of 97% by living microorganisms’ uptake (fungi in this case) or of 55% when
treated in horizontal subsurface flow constructed wetland (HSSF-CW). Carbamazepine is
removed with low efficiency by biological processes, not exceeding 22% when treated with
HSSF-CW (Table 9).
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Figure 10. Sorbents and mechanisms for the removal of some emerging pollutants from the environment (adapted upon [29,92]).
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Figure 11. Some advantages of applying biosorption for the removal of emerging pollutants from
liquid effluents.

Table 8. EPs removal efficiency by biosorption-based systems [100] *.
Biosorption
Category EPs Live (Fungus) Inactivated (Fungus)
Influent (ugL—1) Removal (%)  Influent (ugL-1)  Removal (%)
Androstenedione
Androsterone
El 50 72 50 31.5
E2 50 60.5 50 29.5
EE2 50 62 1.50;2.10 1.38;2.76
E3 50 4.5 50 13
173-Estradiol-17-acetate 50 79 50 84
EDCs ** Bisphenol A 50 65 1.50;2.10 1.24;2.59
4-tert-butylphenol 50 33 50 10.5
nonylphenol
Octylphenol
4-tert-octylphenol 90 82.5
4-n-nonylphenol
Testosterone
Dihydrotesterone
Atrazine 50 18 50 9
Dicamba
- Fenoprop 50 01 50 0
Pesticides 24-D
Mecoprop
Pentachlorophenol 50 63 50 96
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Table 8. Cont.

Category

EPs

Live (Fungus)

Inactivated (Fungus)

Influent (ugL—1)

Removal (%)

Influent (ugL—1)

Removal (%)

Beta-blockers

Triclosan
Atendol
Metoprolol
Nadolol
Propranolol
Sotalol
Salbutamol

50

78.5

50

97

PCPs **

Benzophenone
Oxybenzene
Propyl parabene
Salicylic acid

50
50

50

40
54.5

68

1.50; 2.10

50

1.11.5;2.83
59.5

0

Antiplatelet agents

Codeine
Paracetamol

Anxiety relievers

Clopidogrel
Hydrocodone

Antagonists

Diazepam

Pain-relievers

Famotidine

Gastroesophageal

Lorazepam
Ranitidine

Analgesics

Carbamazepine
Citalopram
Diclofenac
Ibuprofen
Lorazepan

Metronidazole

Naprox

Primidone
Trazodone

50
50
50

50
50

01
97
100

100
12

50
50
50

50
50

07
43
27

17
27

Anti-depressants

Amitriptyline

50

05

50

09

Anticonvulsants

Ketoprofen

50

22

50

11

Lipid regulators

Clofibric acid
Gemifibrozil

50
50

06
100

50
50

18
57.5

Diuretics

Hydrochlorothiazide
Furosemide

Antibiotics

Azithromycin
Clarithromycin
Erythromycin
Ofloxacin
Sulfamethaxazole
Trimethoprim

Anti-inflammatory

Acetaminophen

Stimulant

Caffeine

* reproduced from [100] with Elsevier permission, License 4912441171076 of 19 September 2020. ** EDCs—endocrine disrupting chemicals,
PCPs—personal care products.
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Table 9. Comparison of removal efficiency of some processes involving biological technologies for the removal of several

emerging pollutants.

Removal Efficiency, %

Emerging Pollutant Biosorption [144]
HSSF-CW [120] Lab-Scale MBR [143] Biological Filtration [111] Live Inactivated
Fungus Fungus
Diclofenac 55 58 93 97 43
Carbamazepine 26 13 5 1 7
Naproxen 91 - 72 100 17
Atrazine - 9 - 18 9

To streamline the elimination of a greater diversity of EPs, some hybrid treatment
schemes have recently been applied, and significant improvements were noticed in the
treatment efficiency [100].

Hybrid systems are able to ensure maximum removal efficiency of EPs, achieved in a
first step by biological processes, followed by physico-chemical processes, which complete
the treatment (Table 10). Such hybrid processes may be, for example [100,101]:

B Activated sludge process + membrane separation/filtration systems (reverse osmosis,
ultrafiltration) + gamma radiations;

m  Constructed wetlands coupled with waste stabilization ponds (removal of pharma-
ceuticals, beta-blockers), or biodegradation, or/and sorption, or/and volatilization,
or/and hydrolysis, or/and photodegradation;

B Membrane bioreactor (MBR) + membrane separation/filtration systems (reverse
osmosis, nanofiltration) (removal of pesticides, pharmaceuticals, beta-blocking drugs);

B Membrane bioreactor (MBR) + UV oxidation, or adsorption on activated carbon, or
ozonation followed by ultrasounds;

B Ozonation + biological activated carbon (drugs: antibiotics, antidepressants, beta
blockers, endocrine disrupting chemicals, pesticides);

B Flocculants + activated sludge + ultrafiltration (endocrine disrupting chemicals, pesti-
cides, beta blockers);

m  Ultrafiltration + activated carbon + ultrasounds (antibiotics);

m  Surface flow constructed wetland (SFCW) + horizontal flow constructed wetland
(HFCW) (drugs: beta blockers, stimulants).

Overall, the hybrid systems show attractive potential for the EPs removal, but com-
plete removal was not always observed. Therefore, it is necessary to extend research and
experiments, up to large scale, to explore hybrid treatment technologies that also integrate
photochemical, electrochemical and other treatments with biological ones.
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Table 10. Efficiency of EP removal achieved by hybrid systems.

Emerging Pollutant First Step Second Step Removal Efficiency, %  Reference

Propanolol Membrane Biological Reactor Reverse Osmosis 99.5 [145,146]
Membrane Biological Reactor Reverse Osmosis 95 [146]
Diclofenac Activated sludge + Ultrafiltration Ultrasounds 99.7 [146]
Membrane Biological Reactor Electrochemical Process 75 [147]
Ibuprofen Biological Activated Carbon Ultrafiltration 45 [148]
Bisphenol A Flocculants + Activated Sludge Ultrafiltration 95 [149]
Sulfonamides Membrane Biological Reactor Reverse Osmosis >93 [146]
Membrane Biological Reactor Ultrafiltration 92.6 [144]
Membrane Biological Reactor Nanofiltration 97.3 [144]
Salicylic acid Membrane Biological Reactor Reverse Osmosis 95.4 [144]
Activated sludge Ultraﬁltgstirolr;s:-sReverse 99.9 [144]
Membrane Biological Reactor Reverse Osmosis 99.5 [145]
Ozonation Ultrasound 94.3 [150]
Clarithromycin Ozonation Ultrasound 100 [150]
Activated sludge Ultrafiltroa;ciggs-ikslieverse 95.9 [146]
Atrazine Biological Activated Carbon Ozonation 70 [151]
Membrane Biological Reactor Reverse Osmosis 99 [144]

Pentachlorophenol - - —

Membrane Biological Reactor UV Oxidation 99 [144]
2,4-D Biological Activated Carbon Ozonation 92.9 [151]

5. Conclusions

The occurrence of emerging pollutants in the environment continue to generate increas-
ingly stringent problems. Thanks to the increase in water monitoring and development
of new analytical techniques mixtures of emerging chemicals are detected in aquatic envi-
ronments. Even if they can be present at very low concentrations (ng/L), their impact on
environmental and human health may be significant.

Source reduction and substitution of emerging pollutants with products having lower
toxicity and easier to remove from water can play an important role in reducing the impact
of EPs on the environment and human health but are not feasible in all cases. Studies
on the elimination of emerging pollutants need to be focused on robust remediation pro-
cesses developed on sustainable bases, designed to ensure consistency between pollutants
characteristics and the possibility of integrating several removal processes to ensure compli-
ance with regulations. Future technologies need to be both effective and environmentally
friendly treatments, capable of removing the widest possible spectrum of emerging pol-
lutants, with low energy consumption and capital expenditures. Moreover, the efficiency
of the treatment has to be adjustable to emerging pollutants concentrations in the aquatic
environment and to make it possible to recover the treated water.
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