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Abstract: Emerging pollutants are present in wastewaters treated by conventional processes. Due to
water cycle interactions, these contaminants have been reported in groundwater, surface water, and
drinking waters. Since conventional processes cannot guarantee their removal or biotransformation,
it is necessary to study processes that comply with complete elimination. The current literature
review was conducted to describe and provide an overview of the available information about the
most significant groups of emerging pollutants that could potentially be found in the wastewater
and the environment. In addition, it describes the main entry and distribution pathways of emerging
contaminants into the environment through the water and wastewater cycle, as well as some of the
potential effects they may cause to flora, fauna, and humans. Relevant information on the SARS-CoV-2
virus and its potential spread through wastewater is included. Furthermore, it also outlines some of
the Advanced Oxidation Processes (AOPs) used for the total or partial emerging pollutants removal,
emphasizing the reaction mechanisms and process parameters that need to be considered. As
well, some biological processes that, although slow, are effective for the biotransformation of some
emerging contaminants and can be used in combination with advanced oxidation processes.

Keywords: emerging pollutants or contaminants; SARS-CoV-2; advanced oxidation processes (AOPs);
mineralization; biological processes

1. Introduction

Conventional processes to treat wastewater, such as activated sludge and aeration
lagoons, are usually designed to stabilize and remove readily biodegradable contaminants,
such as nutrients and other microbiological pollutants. However, according to recent
research, other constituents are present in wastewater at low concentrations (ng/L-pg/L),
termed as emerging contaminants. Emerging contaminants are chemicals or substances
that have the power to, directly and indirectly, harm humans, flora, and fauna [1].

Emerging pollutants can be mainly divided into the following groups: pharmaceuti-
cals, personal care products, pesticides, and hormones; also, they can be natural or synthetic
substances that are not fully regulated at a global level [2,3].

On the other hand, the list of these emerging pollutants is very long since it is increas-
ing according to the requirements that human beings demand to improve their quality
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of life as the years go by [4]. So the number of organic and inorganic substances is in the
millions, which has directly impacted the increase of emerging pollutants [1,5]. Moreover,
since the water cycle interrelates the distribution of emerging pollutants discharged in
domestic wastewater with other types of water, these emerging contaminants have also
been quantified in surface water, groundwater, and drinking water [2,6,7].

Therefore, it is necessary to investigate and study the emerging pollutants based on
their origin and transformation to recommend some processes that effectively treat them.
Nevertheless, the conventional processes used to treat wastewater often cannot degrade
some of them [8], as mentioned above.

In this sense, advanced oxidation processes (AOPs) have been of great interest in treat-
ing a wide diversity of pollutants, including emergent pollutants, present in wastewater [9].
AOPs are oxidation treatments based on the generation of potent oxidizing agents for
organic compounds degradation, a clear example of which is the hydroxyl radical (HO®),
which has an oxidation potential of 2.80 V. Hydroxyl radicals are equivalent to conventional
oxidants such as chlorine, oxygen, and ozone [10,11]. The advantage that hydroxyl radicals
show over other types of radicals is that they can react with most organic and inorganic
substances [11]; therefore, AOPs promote the degradation of emerging pollutants favorably.

A general classification of AOPs that can remove emerging contaminants is shown
in Figure 1. The classification was made based on that reported by Miklos et al. [10].
In addition, AOPs were classified according to the energy source (UV, chemical, and
electrochemical) required to initiate the pollutant degradation reaction. Finally, it should
be mentioned that the AOPs are described in more detail in the following sections.

' Fenton
'Chemicals

' photo-Fenton

l AOPs

' UV-based
' UV-ozone

' Electrochemicals

Figure 1. Most common advanced oxidation processes (AOPs) general classification, adapted and
modified from [10].

In this context, the leading review objective is to suggest the consideration of the
advanced oxidation process as an alternative for the removal of the emergent contaminants
from wastewater due to their prevalence, hazardous, and the potential risk that they
represent to the human health and the environment if their removal is not achieved until
innocuous levels.

Although biological processes are currently the most widely used for wastewater
treatment, several studies have shown that they have failed to adequately remove emerging
pollutants [12,13]; therefore, it is necessary to attract the scientific community’s attention to
the need for the implementation and incorporation of other alternatives in the treatment
processes, such as AOPs.

2. Emerging Pollutants and Their Relationship with the Water Cycle

Emerging contaminants are distributed throughout the water cycle, as shown in
Figure 2. It should be noted that the primary inputs of emerging contaminants to surface
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water, groundwater, and drinking water is wastewater from households, followed by
wastewater generated in industry, hospitals, livestock, and finally, wastewater produced
in agriculture (Figure 2). Water from different activities converges at a certain point in the
water cycle and distributes the emerging pollutants in the natural water reservoirs until
they reach the drinking water (Figure 2) [14].
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Figure 2. Distribution of emerging pollutants throughout the water cycle, adapted and modified
from [14].

Emerging contaminants can cause problems for flora and fauna even in low concen-
trations [15]. A clear example of this is the research reported by Lee et al. [16], where the
accumulation of some emerging contaminants was determined in selected fish species in
the Tamsui River (Taiwan). According to the research, these fish accumulated the emerging
contaminants and were then consumed by humans, causing problems to human health.
Note that, to a certain extent, emerging contaminants can also reach human consumption
through the trophic chain through species that have had contact with emerging contami-
nants and on which humans feed. In addition, it was also determined that the main source
of discharge of the emerging pollutants analyzed came from products used in the home
and effluents from wastewater treatment plants [16].

One of the main inputs of emerging contaminants into wastewater and the aquatic
environment is through direct discharge of substances used in households, industry, hospi-
tals, livestock, and agriculture into sewers (Figure 2). Another route is human excretion;
emerging pollutants are consumed by humans and then excreted in parent compound form
or as metabolites, which sometimes are not degraded or altered in wastewater treatment
plants WWTPs) [17].

The following subsections describe the significant groups of emerging contaminants.

2.1. Pharmaceuticals

Previous research on 212 medicines for human consumption has proposed that 35% of
them are excreted via feces, and 64% are excreted in the urine. However, it is essential to
mention that 42% of the total medicines excreted via urine are metabolites [2].

Human pharmaceuticals are considered on the official list of emerging pollutants
reported by the United Nations Educational Scientific and Cultural Organization [18].
The medicines found in aqueous systems belong to the following classification groups:
analgesics and anti-inflammatory drugs, antibiotics, antidepressants, antiepileptics, cardio-
vascular medicines, and cytostatics, among others [19,20].
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Table 1 lists the toxicity level of the most harmful medicines to the aquatic environment
based on the maximum mean effective concentration (ECsp). The most sensitive taxonomic
groups were also added for each group of pharmaceutical drugs [20]. As can be seen, the
group of antibiotics presents more significant toxicity in aquatic environments, according
to Table 1, followed by antidepressants.

Due to their characteristics, microorganisms are the leading taxonomic group affected
by antibiotics. However, this has a double effect. One is that if antibiotics reach aquatic reser-
voirs in adequate concentrations, the population of both pathogenic and non-pathogenic
microorganisms can be reduced. Nevertheless, on the other hand, if they arrive in low
concentrations, they could cause resistance of some pathogenic microorganisms to antibi-
otics. This factor could cause severe problems for humans and health [21,22], which makes
antibiotics assigned special attention among the other groups of pharmaceuticals to be
treated urgently.

Table 1. Aquatic toxicity of major drug groups, adapted and modified from [20].

Grou Extremely Toxic Highly Toxic Toxic Harmful Non-Toxic
p EC50 <0.1 mgL_1 EC50 0.1-1 mgL_l ECSO 1-10 mgL_l EC5() 10-100 mgL_l EC50 > 100 mgL_l
Analgesics D* D* E*
Antibiotics B*
Antidepressants D*
Antiepileptics C* D* E*
Cardiovascular D*
medicines
Cytostatics A* D*, E*

Most sensitive taxonomic groups: A* = Microorganisms; B* = Algae; C* = Cnidaria; D* = Crustaceans; E* = Fish.

Figure 3 illustrates the behavior and distribution of pharmaceutical drugs in aqueous
systems, the primary and secondary production sources, and how humans can consume
them. In Figure 3, wastewater generated in hospitals is indirectly included in treating
human and animal diseases. However, the pharmaceutical industry and hospitals are the
main generators of wastewater contaminated by these pollutants [23].

In the pharmaceutical industry, in the generation of pharmaceutical compounds, water
is used at the different points of operation of the process for the washing of equipment and
extraction of the medicine of interest. It is worth mentioning that the wastewater generated
in pharmaceutical manufacturing (Figure 3) processes contains both the medicine in its
parent form and a wide variety of toxic compounds that are harmful to humans, flora, and
fauna in general [23].

Also, since pharmaceuticals are designed to increase their biological activity at low
concentrations because they are used for diseases treatment in both animals and humans,
their unintended presence risk in the environment and drinking water increases; thus,
they should be removed from wastewater (Figure 3) and drinking water [24]. In addition,
there is concern about the unintentional consumption of pharmaceuticals in drinking water,
which can cause long-term adverse effects on human health [25].

To conclude this subsection, the most commonly used and consumed medicines may
vary from country to country, and the level of contamination caused by their incidence
in drinking water and the danger they represent to people [26]. Therefore, it is urgent to
treat or remove this group of emerging contaminants (pharmaceuticals) that are present in
aquatic systems.
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Figure 3. Pharmaceuticals distribution via aquatic routes, primary and secondary production sources,
adapted from [23].

2.2. Personal Care Products

The group of emerging contaminants referred to as personal care products, also
abbreviated as PCPs, can be purchased without a prescription and are commonly available
in department stores and pharmacies in the health and beauty sections [27].

PCPs, like any other emerging pollutant, reach the aquatic environment through
wastewater treatment plants [21]. PCPs may include mosquito repellents, surfactants,
antifungal agents, antimicrobial agents, fragrances, and sunscreens, which are widely used
in urban sites [21,28].

The PCPs and pharmaceuticals concentration vary according to the region and season
of the year [29]. PCPs, unlike pharmaceuticals, do not have a significant change in their
molecular structure, as most are designed for external use and are not metabolized by
human consumption, e.g., fragrances and sunscreens [3].

Now, the PCPs toxicity will depend directly on the concentration of the emerging
contaminant and the length of time the organism is exposed to the contaminant in gen-
eral [30]. It is worth mentioning that plants can accumulate and metabolize PCPs, affecting
them in a certain way and harming the organisms that consume them, such as humans
(Figure 4) [31].

Figure 4 shows the interrelationship between wastewater contaminated by PCPs and
the food chain.

It should be noted that PCPs have also been found in sludge generated in wastewater
treatment plants [32]. However, there has been an increase in knowledge about PCPs
commonly found in sediments, water, and biota [33]. However, there is still a lack of
knowledge and information on these emerging contaminants and the possible treatments
for their removal from wastewater.
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Figure 4. Distribution of personal care products (PCPs) via wastewater in the environment and the
food chain, adapted and modified from [31].

2.3. Pesticides

Pesticides are a group of chemical compounds used in agriculture, mainly to regulate
plant growth and eliminate insects and diseases (undesirable organisms) that may attack
plants [34,35]. Pesticides can be natural or synthetic compounds [34]. Moreover, pesticides
in waters can be a significant problem because they affect both ecosystems and human
beings [35]. Therefore, an assessment of pesticide exposure is necessary to safeguard
aquatic ecosystems [36].

The pesticides with a broad market are organophosphates, carbamates, organochlo-
rines, neonicotinoids, triazoles, and amides [37]. Pesticides are also used in residential
areas, specifically on lawns and gardens, which can cause these substances to reach the
sewage system and groundwater through runoff caused by rainfall. In addition, pesticides
can enter the human body through skin contact, inhalation, the eyes, or swallowing [38].

On the other hand, Rezaei Kalantary et al. [39] reported the presence of 16 pesticides in
river water and drinking water; it was established that the concentration of some pesticides
was very high and therefore unacceptable, as it could cause harm to people using the river
water. It should be emphasized that the research presented the pesticide aldrin, which can
be a danger due to the carcinogenic risk it presents to children and adolescents, a factor
that promotes its long-term consumption when it is found in drinking water [39].

In addition, Mojiri et al. [40] showed that maximum pesticide concentrations in water
bodies amounted to 1.21 x 10° ng/L in the Karun River in Iran, with respective bioac-
cumulation of pesticides in fish of up to 26.1 x 10° g/Kg, affecting both fish and the
food chain.

However, the challenges in pesticide removal from wastewater are the influent com-
position, the pesticide molecular structure, and the pH of the pesticides contaminating the
water, which varies from 0.5 to 14 [41]. Therefore, it is necessary to investigate methods
that can feasibly promote their degradation and removal and counteract the abovemen-
tioned problems.

2.4. Hormones

Hormones are biochemical substances that come from the endocrine glands of humans
and animals [42]. In humans, hormones are produced in the individual cells of the testes,
adrenal cortex, ovaries, and placenta. The testes generate (androgen) testosterone, and the
adrenal cortex aldosterone, cortisol, and dehydroepiandrosterone. The ovaries generate
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estrogens, generally divided into estradiol, 4-androstene-3, 17-dione, and progesterone,
and finally, the placenta also generates estradiol, progesterone, and a substance called
estriol [43]. Hormones are transported through the bloodstream and cause the activation of
functions, including growth, reproduction, and general metabolic functions [42].

Currently, synthetic and natural hormones in water have gained a great deal of
attention, attributed to the effects they can cause to organisms even though they are in
low concentrations (ng/L or ng/L). In addition, hormones are known to be endocrine
disruptors [44]. The arrival of endocrine disruptors in surface waters depends mainly on
the efficiency, capacity, and technology of wastewater treatment plants to treat them [45].

As a result, natural and synthetic hormones reach aquatic systems through wastewater
discharges from households, hospitals, agriculture, livestock, and industrial effluents [44].
For example, Lei et al. [46] found a total concentration (468 £ 27 ng/L) of estrogens such
as estrone, 17B-estradiol, estriol, 17x-ethinylestradiol, and diethylstilbestrol in treated
wastewater and 219 & 23 ng/L in river water in the Beijing-Tianjin-Hebei region, China.
Moreover, Aris et al. [47] concluded that the presence of synthetic estrogenic compounds,
detected in various aquatic environments, has currently received much attention due to
their high bioactivity, toxicity, and persistence; because they can cause health problems, such
as reduced fertility and carcinogenic problems, by ingesting water and food contaminated
with it [47].

In addition, they also indicated that environmental pollution caused by estrogenic
compounds leads to an imbalance in the aquatic environment, where fish are the main
affected since the changes generated in the characteristics of male fish cause the fish
population to decrease. Similarly, it was identified that prenatal and postnatal development
in women and men must have an adequate relationship between estrogens and androgens
since, if not, a complete formation of the reproductive organs will not be achieved [1].

Also, Jarosova et al. [48] defined, based on 15 in vitro tests, the level of estrogenic
activity (concentration) that can be safe in municipal wastewater (effluent), whereby they
indicated that for extended exposure times of more than 60 days a concentration of 0.4 ng/L
was safe. For exposure times of less than 60 days, a concentration of 0.5-2 ng/L was safe in
terms of safe levels of estrogenic equivalents (SEQ-SSEs) to know if the effluents can be
discharged into the receiving bodies.

It is worth mentioning that synthetic hormones such as ethinylestradiol (birth control
pills) and drospirenone, a synthetic progestin, were the 98th most prescribed hormones
in the United States [49]. Therefore, it is highly relevant to urgently quantify, treat, and
remove hormones from wastewater.

2.5. SARS-CoV-2, an Important Factor in Wastewater Today

Although COVID-19 is not an emerging contaminant but an emerging disease [50],
SARS-CoV-2 has also been found in wastewater from treatment plants in some countries,
e.g., the USA, Australia, Spain, Japan, France, India, and the Netherlands. However,
although there is no evidence that the presence of SARS-CoV-2 in wastewater is related to
virus transmission, the detection of SARS-CoV-2 in wastewater may serve as an indicator
to follow up on COVID-19 cases [51]. In addition, researchers such as Cao & Francis [52]
have concluded a strong correlation between the SARS-CoV-2 concentration in wastewater
and the cases that exist in a given community.

However, it is imperative to say that the SARS-CoV-2 virus resides in wastewater from
asymptomatic, presymptomatic, and symptomatic individuals. In addition, it should be
added that samples taken from different wastewaters from different sewers in Ohio in the
United States of America showed different SARS-CoV-2 strain patterns due to the diversity
of strains that exist today [53].

Figure 5 shows, in general, how the COVID-19 disease can be contracted through
wastewater. It should be mentioned that SARS-CoV-2 can survive from hours to seven
days, depending on the type of matrix in which it is found [50].
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Figure 5. Possible human transmission of the COVID-19 disease through human excreta and sewage,
adapted and modified from [50].

Therefore, based on the information gathered in this section, it is essential to note
that SARS-CoV-2 may be a quality parameter measured in wastewater discharges soon.
This may lead humans to employ new wastewater treatment methods or modifications to
existing conventional methods that eliminate SARS-CoV-2.

Additionally, the SARS-CoV-2 virus is not thriving at hydrogen potential (pH) levels of
2-3 and 12-13 in a day [54]. Consequently, treatment methods that work at extreme pH can
be used for SARS-CoV-2 virus removal, an example being AOPs that work in acidic ranges.

3. Emerging Pollutants Treatments in Wastewater

Some technologies applied to treat emerging pollutants are adsorption, use of mem-
branes, advanced oxidation processes (AOPs), and biological processes. Where efficiency
depends on multiple parameters, highlighting the type of technology and the pollutant
concentration [55]. However, it is essential to mention that more emphasis will be placed
on advanced oxidation processes (AOP) and biological treatments in this section.

3.1. Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs) are recognized methods because they offer
a great diversity of processes that generate hydroxyl radicals (HO®). This factor allows
coupling and adapting a specific AOP based on the treatment requirements [56]. AOPs
are often used when conventional wastewater treatment cannot remove or treat certain
pollutants [57]. A clear example of this is some organic pollutants that show a high chemical
balance and low biodegradability [58], the most recognized are emerging pollutants. In
addition, it has already been shown that AOPs have high efficiency in removing trace level
organic compounds compared to other water treatment technologies [59].

AOPs commonly work with an oxidizing agent, e.g., ozone (O3) and hydrogen per-
oxide (HpOy), a catalytic agent such as Fe?*, TiO,, and other types of catalysts [60,61].
It is worth mentioning that catalysts can be modified to solve a given problem. For ex-
ample, Dai et al. [61] in their research modified a catalyst to remove chlorinated volatile
organic compounds.

In addition, in some cases, an external energy source such as UV radiation is included
in order to degrade certain emerging pollutants that according to their molecular structure
are susceptible to photocatalytic degradation [60,62]. For example, Chen et al. [62] in their
research showed that some emerging contaminants present in saline wastewater tend to
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degrade photocatalytically. This is evidence that advanced oxidation processes can be
modified and adapted depending on the molecular composition of the emerging pollutant
that needs to be removed.

However, it must be ensured that the addition of external energy to the advanced
oxidation process is necessary, since if the emerging contaminant of interest to be removed
is not amenable to photocatalytic degradation, this would only lead to increased operat-
ing costs.

Therefore, in the following subsections, some of the most commonly used AOPs for
treating emerging contaminants in wastewater are described in more detail. Emphasis
will be placed on the reaction mechanisms and operating parameters (pH, catalyst dosage,
oxidant dosage, among others) of the AOPs.

3.1.1. Chemicals
Fenton

AOP Fenton was named in honor of Fenton H.J.H. Fenton., who observed that tartaric
acid could be oxidized by the reaction of ferrous (Fe?") salts with hydrogen peroxide
(Hp0O,). Classical reactions, or Fenton reaction mechanisms, produce hydroxyl radicals
(HO?) at pressure and room temperature at an acidic pH level in aqueous solution when
hydrogen peroxide and ferrous ions come into contact.

Equation (1) shows how ferrous ions react with hydrogen peroxide giving hydroxyl
radical as the main product. On the other hand, if there is hydrogen peroxide remaining in
the process, through Equation (2), the ferric ions produced in Equation (1) will be reduced
to ferrous ions again, generating protons and perhydroxyl radicals [63]. However, it should
be noted that perhydroxyl radicals have less oxidative power than hydroxyl radicals [63,64].
Therefore, it is advisable to start the Fenton AOP with reagents containing ferrous ions
instead of ferric ions.

It is necessary to mention that, if there is no remaining hydrogen peroxide, which can
react with the ferric ions generated in Equation (1), the ferric ions generated in Equation (1)
will precipitate in the form of amorphous ferric oxyhydroxides when the pH of the aqueous
solution is increased from acidic to neutral [65].

H,0, + Fe?* — Fe3* + HO® + OH ™, ky = 40-80 M~ 15! (1)

H,0, + Fe** — Fe?* + HO,® + H", kp =9.1 x 1077 M~ 1s7! )

However, some side reactions may be negatively involved in the Fenton AOP
(Equations (3)-(6)) [11]. For example, the (3)-(6) side reactions can decrease the pollutant
removal performance of the Fenton AOP due to the loss of hydroxyl radicals.

Fe?* + HO® — Fe** + OH~ (3)
H,0, + HO® — HO,° + H,O @)
I‘I()zO + HO® — O, + H,O (5)
HO° + HO® — H,O, (6)

The appropriate pH to manage the Fenton AOP has been indicated in several articles,
which should be approximately 3 [8,9]. The pH set required for the degradation of a specific
pollutant may also vary based on the nature of the pollutant and the wastewater in which
it is found.

The optimal dosage of hydrogen peroxide (HO,) to treat wastewater needs to be
determined by experimentation since a lack of hydrogen peroxide may decrease the per-
formance of the Fenton-type AOP to treat wastewater [9]. Some publications [9,66—-69]
have used Equation (7) (chemical reaction) to define the theoretical amount of hydrogen
peroxide required to treat the emerging contaminant.
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C,HpNOg4 + (2a + 0.5b + 2.5¢ — d)H,0, — aCO; + (2a + b + 2c — d)H,O + cHNO3  (7)

In Equation (7) (2a + 0.5b + 2.5¢ — d) are the moles of hydrogen peroxide that are
required to degrade one mole of a molecule of the type CaHpNOy. It should be clarified
that if the wastewater contains more contaminants and not only the emerging target
pollutant to be treated, the other contaminants may decrease the removal performance of
the target pollutant since Fenton AOP is a non-selective treatment process. Therefore, the
following Equation (8) can be used [70,71] instead of Equation (7).

Quantity HyO, = 18—7COD (8)

where the amount of hydrogen peroxide to treat the wastewater can be calculated as a
function of the amount of chemical oxygen demand (COD) that is present in a certain
volume of the wastewater to be treated. The concentrations of both hydrogen peroxide and
COD should be in mg/L units.

It is important to mention that the load of all the pollutants present in the wastewater
to be treated by the Fenton AOP is considered in the total COD of the wastewater in
Equation (8).

The theoretical amount of ferrous ions, which in this case are the most common
catalysts of the AOP, Fenton type, can be calculated by means of Equation (1), and the
results obtained by means of Equation (7) or Equation (8), as the case may be.

Currently, Fenton-type AOP carried out in the absence of light can be classified into
two major branches, which are: Homogeneous Fenton and Heterogeneous Fenton.

The difference from one method to the other is that in homogeneous Fenton, which
is the process just described in more detail in this section, its catalytic process occurs
throughout the liquid phase, whereas in the heterogeneous Fenton method, it occurs on
the surface of the catalyst [9]. The AOP heterogeneous Fenton type emerged to solve the
problems presented by the homogeneous Fenton type AOP, since some of the catalysts
used are solids [72]. However, there are still more challenges for both processes.

Some examples of emerging contaminants that have been treated by the Fenton method
are presented in Table 2. It should be noted that the experimentation (Table 2) was carried
out in real water (wastewater) and synthetic solutions. As can be seen in Table 2, all the
emerging contaminants that were treated with the AOP Fenton type, had good removal
percentages in synthetic water and wastewater.

The commonly handled pH’s were around the value of 3, and in what refers to the
amounts of ferrous ion and hydrogen peroxide, in this case, they were very variants
according to the pollutant that needed to be treated. Therefore, the AOP Fenton type,
according to the information gathered, is effective in the treatment of emerging pollutants.

Table 2. Examples of emerging contaminants treated by the Fenton advanced oxidation process and
process parameters.

Hydrogen Catalyst Dose and

Contaminant Type of Water Potential (pH) Oxidant Dose % Removal Reference
s 17 . [HzOz] =255 mg/L o
Amoxicillin Synthetic 35 [Fe2*] = 25 mg/L 100% [73]
Bisphenol A Synthetic 3 Fe?* /H,0, = 0.012 100% (maximum) [74]
Estrogens * AC“"fAtIthzludge 3 Fe2* /H,0, = 0.167 70-98% [75]
Paracetamol Synthetic 3 H,0,/Fe?* =2 70.37% [76]

* Estrogens: include estrone, 17-estradiol, estriol and 17a-ethinylestradiol.
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Ozonization

Ozone has been used as an oxidant and disinfectant in water treatment. However,
ozone as such (direct form) used as an oxidant is very selective and, therefore, potentially
attacks groups that are rich in electrons, for example, amines and activated aromatic rings,
among others [10,77]. On the other hand, ozone can be used to generate hydroxyl radicals
(HO?) and indirectly carry out the oxidation of organic compounds [77] because hydroxyl
radicals (HO®) are formed by the decomposition of O3 are non-selective oxidants [78], as
compared to the Os. So it is better, from an oxidative point of view, to use ozone (O3)
to generate hydroxyl radicals because they are not selective instead of using ozone (O3)
directly to carry out the oxidation.

It is worth mentioning that in order for ozone to generate hydroxyl radicals (HO®),
there must first be a considerable amount of hydroxide ions, which promote the generation
of these radicals. The pH for the generation of hydroxyl radicals is a crucial factor since
the pH of the wastewater to be treated must be maintained at a level approximately higher
than 8 [10], but this may change depending on the nature of the contaminants to be treated
and the matrix in which they are found.

The process that generates hydroxyl radicals by means of ozone mentioned above
and which will be emphasized in this section, is known as indirect ozonation. The reaction
mechanisms of indirect ozonation, also known as indirect reactions or hydroxyl radical
pathways, are divided into initiation reactions, propagation reactions, and termination
reactions [79,80].

According to Malik et al. [80], in the initiation reactions (Equations (9) and (10)), first,
ozone decreases when ozone and hydroxide ions react to give a superoxide anion as a
product (O, ) and a perhydroxyl radical (HO;°).

O3 +OH™ — O, + HO,® 9)

HO,® <+ O, + H* (10)

Subsequently, in the propagation reactions (Equations (11)-(13)), the superoxide anion
reacts with ozone to generate oxygen and O3 . Hydroxyl radicals (HO®) are then generated
via hydrogen trioxide (HO3°). It should be noted that hydrogen trioxide (HO5°) is produced
through the reaction of the protons generated in Equation (10) with the O3~ produced in
Equation (11) [80].

O3+0,7 2037 +0Oy (11)
HO3° — O3~ +H* (12)
HO3O — HO® + 02 (13)

Likewise, hydroxyl radicals react with ozone and produce HO,° in Equation (14),
which are transformed into perhydroxyl radicals (HO,°) in Equation (15) [80].

HO° + O3 — 1‘104O (14)

HO4O O + I‘IC)zO (15)

It should be noted that hydroxyl radicals (HO®) in the propagation reactions (Equation (16))
can also react with an organic molecule R, which can produce an interaction between the
hydroxyl radical and an organic radical R° [80].

H,R + HO® — HR® + H,0 (16)

Another situation that can also occur if oxygen is present is that peroxyl radicals
(ROQ°) are generated and start a chain reaction (Equations (17)-(19)) [80].

HR° + O, — HRO,° (17)
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HROZO — R+ HOZO (18)
HRO,° — RO + OH® (19)

Now, as a final phase, it is essential to say that some organic and inorganic molecules
can be involved in a reaction with HO® and produce secondary radicals, which do not
produce superoxide radicals, but rather HO,° y O, ™. These molecules commonly terminate
the chain reaction and thus ozone depletion. It is worth mentioning that carbonate and
bicarbonate can also act as scavengers of hydroxyl radicals (Equations (20) and (21)) [80].

HO® + CO%™ — CO;° +OH™ (20)

HO® + HCO; — HCO3° + OH™ (21)

A situation that can also occur is that the hydroxyl and perhydroxyl radicals react
(Equation (22)) and stop the process (Equation (22)) [80].

HO® + C)I‘IzO — 0O, + H,O (22)

It should be mentioned that the degree of solubility of ozone in water is temperature
dependent, as well as its reaction rate [81].

However, since ozone is an unstable gas and therefore, its production must be carried
out at the wastewater treatment site, the corona discharge process can be used for its
generation, which is based on the principle of discharging a high voltage into a dry or
cooled gas phase, which is constituted by oxygen or air, if any [82].

On the other hand, Equation (23) indicates the exposure of hydroxyl radicals (HO®) per
unit of ozone used in the process, and it should be clarified that this kinetic parameter has
been proposed to characterize the ozone process [78,83] and can also be used to measure
the production of hydroxyl radicals with respect to the 0zone consumption in the ozonation
process [83].

J[HO'|at
Rom,03 = ?03 (23)

Table 3 shows some examples of emerging contaminants reported by Mathon et al. [84]
that can be removed by direct and indirect ozonation. It should be added that some of
the data presented in Table 3 are obtained by means of mathematical modeling. Emerging
contaminants were added to the wastewater by means of synthetic solutions (spike), and
the process was generally operated in a range of pH = 6.7-7.2, a temperature of 21 °C, and
ozone dosing (O3) of 1.6 gO3/gCOD per gram of dissolved organic carbon. It is necessary
to add that, in the research, paracetamol and estrogens were considered as easily oxidized
emerging pollutants, the only estrogen that was considered as a pollutant of medium
oxidation difficulty was estriol in conjunction with the antibiotic ofloxacin, and metformin
was considered as a pollutant of difficult oxidation. In addition, the research showed that 34
of the total emerging contaminants studied were mostly oxidized by indirect ozonation [84].
This indicates the feasibility of using indirect ozonation instead of direct ozonation, as
mentioned above, simply because indirect ozonation generates hydroxyl radicals with a
higher oxidative potential than ozone (O3) [64], which is also selective.

Table 3. Examples of emerging pollutants treated by direct and indirect ozonation.

Direct Ozonation (O3).  Indirect Ozonation (HO®). % Large-Scale

Contaminant Type of Water % Removal % Removal Removal Reference

Paracetamol Wastewater 97% 3% ND* [84]
Estrogens * Wastewater 17-99% 1-83% 87-96% [84]
Ofloxacin Wastewater 7% 93% 80-92% [84]
Metformin Wastewater 1% 99% ND* [84]

* Estrogens: include estrone, 17-estradiol, estriol and 17a-ethinylestradiol and ND*: is undetermined.
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3.1.2. UV-Based
Photo-Fenton

The photo-Fenton process is an advanced oxidation process (AOP) that generates
hydroxyl radicals (HO®) through the use of hydrogen peroxide (H;0,), iron salts, and
UV-visible light [85]. In this case, the reactions are accelerated by light; the wavelength
needed to perform the photo-Fenton AOP must be A < 580 nm [86].

The pH level to be managed in the photo-Fenton AOP must be acidic to keep the iron
in the solution [87]. Gou et al. [88], based on the information gathered in their article, the
optimum pH value for operating the photo-Fenton AOP in research should be between
3 to 3.5, very similar to that of the traditional Fenton AOP. However, this may change
depending on the type of contaminant to be treated and the wastewater in which it is found.

On the other hand, the literature review by Clarizia et al. [89] analyzed the feasibility of
employing chelators to extend the pH range to more conveniently work the homogeneous
photo-Fenton AOP and concluded that chelators increase the concentration of total organic
carbon (TOC) in water, and also indicated that the biodegradability and ecotoxicity of the
species formed should be evaluated. This is a field that should be studied further.

It should be clarified that the photo-Fenton AOP can also be classified into homoge-
neous and heterogeneous, just like the traditional Fenton AOP, and just like the photo-
Fenton AQOP, chelating agents can also be used in the traditional Fenton, an example of
which is the research carried out by Sanchez Proafio & Garcia Gualoto [90].

However, it is of utmost importance to mention that in both Fenton and photo-Fenton
processes, problems are solved by means of heterogeneous processes or the use of chelating
agents, etc., and others arise.

Now, in the reaction mechanisms of homogeneous photo-Fenton, the power
of UV-visible radiation is added to the reagents used in traditional Fenton
(Equations (24)—(26)) [91].

H,0, + Fe** — Fe’* + HO® + OH™ (24)
Fe’* + HoO ™8 Fe?* + HO® + H* (25)
H,0, "8 2HO® (A < 400 nm) (26)

Most of the hydroxyl radicals (HO®) in the photo-Fenton AOP are generated by
Equation (24) from the traditional Fenton AOP and by the photolysis of the ferric ion
carried out by Equation (25). Equation (25) also indicates that oxidation by irradiation is
promoted by the photoreduction of ferric ions to ferrous ions, which can react again with
hydrogen peroxide if there is any remaining hydrogen peroxide [92].

As for Equation (26), hydrogen peroxide at a wavelength of less than 400 nm can also
produce hydroxyl radicals in the process for the degradation of pollutants in wastewater.

The dosage of hydrogen peroxide (H,O;) and iron salts has to be defined experimen-
tally as in the traditional Fenton AOP for the removal of the target pollutants. As for
the theoretical doses of hydrogen peroxide and ferrous ions, they can also be calculated
by means of Equations (1), (7) and (8) as in the traditional Fenton method. It should be
added that the photo-Fenton AOP has been considered to disinfect water from resistant
microorganisms [93].

Some examples of emerging contaminants that have been treated by photo-Fenton
AQP are shown in Table 4 below. As can be seen in Table 4, the photo-Fenton process
was operated at pH = 3 in the two different investigations. It should be noted that the
pH used is very similar to that used in the conventional Fenton AOP since this AOP is
a derivative of it. Moreover, the dosages of the catalyst (Fe?*) and oxidant (H,0O,) also
varied from one investigation to another. In addition, all the removals shown amounted
to 100% in both wastewater and synthetic water, which leads to establish the feasibility of
this advanced oxidation process to treat and remove emerging contaminants that might be
present in wastewater.
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Table 4. Examples of emerging contaminants treated by the photo-Fenton advanced oxidation process
(AOP) and process parameters.

. Hydrogen Catalyst Dose and o
Contaminant Type of Water Potential (pH) Oxidizer Dose % Removal Reference
Amoxicillin Synthetic 3 H,0, /Fe?* =20 100% [94]
Ampicillin Synthetic 3 H,0, /FeZ* =20 100% [94]
Cloxacillin Synthetic 3 H,0,/Fe?t =20 100% [94]
2+7 —
17a-ethinylestradiol =~ Wastewater with spike 3 [Fe'™] =5 mg/L 100% [95]

[H,0,] = 4.3-15 mg/L

UV/O3

In UV-ozone AOP, the wavelength to be handled should be A < 300 nm so that
dissolved ozone can be split and a fast reaction of atomic oxygen (O) with water (H,O)
takes place, and thermally excited hydrogen peroxide (H,O;) is generated [10].

In the following Equations (27)—(31), the process that occurs to generate thermally
excited hydrogen peroxide (H,O;) and hydroxyl radicals (HO?) is captured. It needs to be
emphasized that there are two spin reactions allowed (Equations (27) and (28)) and that the
quantum yield of the ozone decomposition is only 0.64 [96].

O3 + hv — O('D) + 0 (*Ag) (27)
O3 +ho — OCP) +0,(3Y) 28)
8

The low quantum yield of ozone decomposition can be attributed to the recombination
that takes place in the solvent (Equation (29)) [96]. As can be seen, in Equation (29), the
atomic and diatomic oxygen produced in Equation (27) react again, generating ozone.

O('D) + 0,('Ag) — O3 (29)

On the other hand, in order to generate thermally excited hydrogen peroxide, oxygen
(O('D)) reacts rapidly with water to generate it, as denoted in Equation (30) [96].

O('D) + H,O — H,0; (hot) (30)

It is worth mentioning that not all of the hydrogen peroxide generated decomposes
into hydroxyl radicals (HO®) (Equation (31)) [96].

H,0,(hot) — 2HO® (31)

At the end of the UV /O3 process, the quantum yield of free hydroxyl radicals (HO®)
is 0.1 [96].

Now, regarding the operating pH of the UV/O3; AOP, Souza & Féris [97] found in
their research, which focused on mineralizing caffeine in synthetic solution, that to obtain
high mineralization of caffeine, the pH levels and reaction time must be kept high. The
levels of pH and time used in the experimental design of this research ranged from 3 to 11
for pH and from 15 to 30 min for reaction time, respectively.

On the other hand, in another investigation by Chang et al. [98] for the removal of
mefenamic acid, they established that pH plays an important role because in the first
5 min at pH levels of 4, 7, and 9, mefenamic acid remnants of 62, 53, and 50% were found.
However, after 40 min of exposure, at pH levels of 4, 7, and 9, 37.5, 42.5, and 45.8% of
mefenamic acid remained, so it was concluded that when the pH decreases, the removal of
mefenamic acid increases, and the UV/Oj3 process showed a higher removal power than
the traditional ozonation process [98]. With this, as mentioned above, it is evident from
the references [97,98] and their changing pH levels that pH levels can vary drastically in
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the UV/O3 AOP depending on the type of emerging contaminant that needs to be treated
since in one investigation the pH level should be kept high and in the other investigation,
it should not. In addition, the optimum ozone dosage and radiation exposure must be
calculated experimentally, in conjunction with pH, depending on the pollutants to be
treated in the wastewater.

Table 5 below shows additional data that were not mentioned in the previous de-
scription of the referenced research [97,98]. Additional research is also presented [99]. The
maximum removals by the UV /O3 process ranged from 60-95%, and the water commonly
used for the experimentation was synthetic water, based on the information compiled in
Table 5. It should be noted that although the UV /O3 AOP presents good removal percent-
ages, Miklos et al. [10] point out that the AOP presents problems such as the UV lamps
and the ozone generator demands large amounts of electrical energy and the efficiency of
generation of hydroxyl radicals is low. Therefore, based on this information, it can be said
that the UV /O3 AOP is expensive.

Table 5. Examples of emerging contaminants treated by UV /O3 advanced oxidation process (AOP).

% Maximum

Contaminant Type of Water Removal Reference
Caffeine Synthetic 95% [97]
Mefenamic acid Synthetic 60-80% [98]
Ketoprofen Synthetic 95% (mineralization) [99]

3.1.3. Electrochemicals

In this section, a brief description of the advanced electrochemical oxidation processes
will be given since they are diverse. It is worth mentioning that some of the electrochemical
AOPs, such as anodic oxidation, and the electro-Fenton process, among others, are relatively
new processes that have been studied with the purpose of removing recalcitrant emerging
contaminants [100].

Electrochemical AOPs are basically considered methods whose main objective is the
remediation of wastewater contaminated by organic compounds (emerging pollutants)
through the in situ production of reactive oxygen species such as hydroxyl radicals (HO®).
One of the most studied electrochemical AOP is the electrochemical AOP of anodic oxida-
tion; in general, in this process, a high current density (j) is applied to the anode (M) of the
cell in order to produce physisorbed hydroxyl radicals on the anode surface M(HO®) [101].
The transfer of electrons, M(HO®) and M = O, or the combination of both, are part of the
water cleaning process [102]. However, the oxidation capacity of electrochemical AOPs will
depend on the electrochemical system used, the cell type, the electrodes, and the additional
equipment used [103].

It should be added that in electrochemical AOPs, hydrodynamic parameters must be
taken into account. As far as costs are concerned, the energy used to pump the water must
also be considered since it could contribute to most of the energy consumption in these
processes. This applies greatly if the current intensities used in the electrochemical AOP are
low in order to increase the production of hydroxyl radicals (HO?) since the duration of the
treatment and, therefore, the pumping time would be prolonged which would significantly
increase costs [10].

On the other hand, Seibert et al. [104] concluded that, with respect to the application
for industrial wastewater treatment, the costs generated by the use of electrochemical AOPs
could be higher compared to those generated in conventional processes. However, if the
operating conditions and parameters are optimized, they are more efficient in removing
emerging pollutants.

Examples of emerging contaminants that have been removed by electrochemical AOPs
in an aqueous solution are shown in Table 6. In the research reported by Brillas et al. [105], it
was found that the mineralization of paracetamol in an aqueous solution is independent of
pH, and it increases when the applied current and temperature are increased but decreases
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when the concentration of paracetamol increases more than 315 mg/L. A boron-doped
diamond electrode was used in this research because anodic oxidation was performed.

Now with regard to the research of Dominguez et al. [106], it was found in the
experimental design used that for the 100% oxidation of ketoprofen in synthetic solution,
the most important variable was the influence of the current intensity, followed by the
electrolyte concentration, the flow rate and finally the pH. In this research, pH was also
considered a parameter of minor importance. The electrodes used in this research were
also made of boron-doped diamond.

On the other hand, Donoso et al. [107] found that the most important factor for the
removal of tartrazine in synthetic solution was also the current intensity in the anodic
oxidation. Boron-doped diamond electrodes were also used in this research. It is worth
mentioning that, in this case, tartrazine is an artificial colorant used in the food industry.

Therefore, based on the information gathered, electrochemical methods are efficient
for removing emerging contaminants (Table 6). However, they are very expensive due to
the electrical energy used to carry them out, as in the case of anodic oxidation.

Table 6. Examples of emerging contaminants treated by electrochemical advanced oxidation pro-
cesses (AOP).

. Electrochemical o
Contaminant Type of Water Important Notes Method Used o Removal Reference
Paracetamol Synthetic pH independent Anodic oxidation 100% (mineralization) [105]
Ketoprofen Synthetic PH va riable of Anodic oxidation 100% [106]
minor importance
Tartrazine Synthetic - Anodic oxidation 57.85-99.97% [107]

3.2. Biological Treatments

The biotechnological use of enzymes, plants, and microorganisms such as bacteria,
fungi, cyanobacteria, and microalgae have been used effectively in the bio-transformation
of emerging pollutants [108].

Microorganisms, which participate in biogeochemical processes, are capable of de-
grading organic compounds [109] due to the ability to modify their metabolic pathways
when exposed to various contaminants [110]. Bacillus cereus, a bacterial isolated from
petroleum sludge, has been shown to be effective in the degradation of prometryn, fluome-
turon, and sulfamethoxazole [111]. On the other hand, microalgae have the ability to bio-
absorb, bio-adsorb, and biodegrade emerging pollutants [112]. Removing parabens [113],
fungicides such as triclosan, compounds related to the manufacture of plastics such as
bisphenol A, 17-ethinylestradiol, a synthetic steroid, and analgesic as tramadol and di-
clofenac. In addition, they are capable of removing metals and heavy metals such as
mercury and lead. [114]. The use of algae for the treatment of emerging contaminants is
considered profitable [115], and it can be applied in developing countries since energy and
economic resources are the main limitation in reducing micropollutants and bacteria in
urban wastewater [114,116]. On the other hand, wetlands have been shown to be effec-
tive in reducing many emerging organic pollutants [117]. Wetlands successfully removed
(81-99.9%) compounds present in plastics such as diethyl phthalate, di-isobutyl phthalate,
di-n-octyl phthalate, bis(2-ehtylxexyl) phthalate, tris(1-chloro-2-propyl) [118]. Oxidore-
ductases, enzymes capable of degrading varied organic compounds, including phenolic
compounds, have also been used [119].

However, the use of microorganisms for emerging contaminants removal is still limited.
Being the specific biological processes and difficult to scale. Some contaminants exert
selective pressure on some microorganisms, for example, bactericides and fungicides [120].
The case of algal-based systems has limitations such as microbiological contamination that
can affect the efficiency of the system. On the other hand, it is possible to use microalgae-
bacteria that form biofilms that work in synergy to improve the process [121]. The enzymes
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used are immobilized on various supports. However, it has been found that the enzymes
are denatured, thus losing their catalytic activity [119,122]. Furthermore, the production of
biomass for application at the industrial level is very low, so they have been genetically
modified [123]. These strategies, called synthetic biology, allow for obtaining better results
since they use the editing of sequences responsible for the degradation of compounds [124].
Considering genetically modified microorganisms as bioremediation factories [125].

Due to all these disadvantages, it has been suggested to use a combination of processes.
As is the use of bioremediation, nanotechnology, and physicochemical treatments (AOPs
included) to ensure that they are efficient and fast [110]. Taoufik et al. [126] state that
biological processes have many advantages such as operability under mild conditions,
economic feasibility, and ease of automation, such as activated sludge and oxidation ponds
conventional processes used worldwide for wastewater treatment. However, these fail to
remove recalcitrant or toxic contaminants such as emerging pollutants [126].

On the other hand, advanced oxidation processes present high operating costs, but
meet the objective of removing recalcitrant or toxic contaminants such as emerging pollu-
tants [126].

Therefore, Taoufik et al. [126] recommend in their research the use of hybrid processes,
which employ both biological and advanced oxidation processes, in order to minimize the
AOP costs by eliminating easily biodegradable pollutants through biological processes and
guaranteeing the removal of emerging pollutants through advanced oxidation processes.
This would be of great benefit, since most countries have conventional biological processes
to treat wastewater, for example, oxidation ponds and activated sludge processes, which
could be used.

4. Conclusions

Based on the information presented in this article, the following conclusions can be
drawn. First, it is concluded that the main entry of emerging contaminants into the environ-
ment is through wastewater because the conventional processes commonly used to treat
wastewater in different regions of the world do not have the capacity to degrade emerging
contaminants in their entirety. In addition, it was also concluded that the distribution of
emerging contaminants in the environment takes place primarily through the water cycle.

Now, it is of great importance to mention, according to the information gathered, that
emerging contaminants affect the environment (flora, fauna, and human health) drastically,
as can be seen in the subsection on pharmaceuticals, which affect several taxonomic groups
in aquatic systems, such as microorganisms, algae, cnidaria, crustaceans, and fish. Also,
some hormones have been reported as endocrine disruptors which can affect the poblational
reproductive behavior, mainly in some aquatic species.

Moreover, emerging contaminants such as personal care products and pesticides, tend
to bioaccumulate and be consumed through the food chain and the water cycle, affecting
flora, fauna, and human health. In addition, pesticides have been detected in river water
and drinking water at unacceptable concentrations due to their persistent, recalcitrant,
and bioaccumulative characteristics; thus, they represent a global problem that must be
urgently addressed.

It should be emphasized that the SARS-CoV-2 virus in the very near future could be a
factor that defines the quality of water since its presence has been found in the wastewater
of different countries, but this will be defined when the research on this subject is expanded,
which by the way is of urgency. It should also be mentioned that the COVID-19 disease can
possibly be contracted through human contact with contaminated wastewater containing
the active virus (SARS-CoV-2). Therefore, it is of great importance to start looking for
processes that can eliminate it, a clear example of which the advanced oxidation processes
(AOP) represent.

Regarding advanced oxidation processes (AOP), it was concluded that they have good
removal percentages of emerging contaminants and can be used for this purpose. However,
there is still a lack of information and experimentation in real wastewater to verify the
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potential of these processes to remove emerging contaminants that could be present in
wastewater since most of the research is carried out with synthetic solutions. On the other
hand, it is ruled that as different removal parameters are added to the AODP, their cost and
difficulty of operation increase, as in the case of electrochemical AOPs.

However, current research on the oxidation and removal of emerging contaminants
should also focus on identifying the oxidation products that are obtained through the
oxidation of the target emerging contaminants, as the oxidation products may sometimes
be more toxic than the parent emerging contaminant.

Finally, it sounds tentative to suggest that hybrid processes should be formed between
biological and advanced oxidation processes in order to remove emerging pollutants
and address the shortcomings of such processes when used alone. This is in order to
remove emerging contaminants of interest and take advantage of conventional wastewater
treatment processes that are already installed in the countries, as mentioned at the end of
Section 3.2 in this manuscript.
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