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Abstract: Micropollutants belong to various groups of chemicals. One of the most diverse and
large group of them are pharmaceuticals. The presence of pharmaceutical residues in wastewater
poses a significant challenge to water quality and environmental health. This paper provides an
overview of recent advancements in the removal of pharmaceuticals from water, focusing on various
treatment processes and their effectiveness in eliminating micropollutants. Through a review of the
literature, including studies on ozonation, UV irradiation, sulfate radical-based technologies, and
photocatalytic processes, insights into degradation mechanisms and optimal conditions for their
removal are synthesized. Additionally, with new legislation mandating the monitoring of selected
micropollutants and the implementation of quaternary treatment in wastewater treatment plants,
the paper discusses prospects for future research and recommendations for effective pharmaceutical
removal. Key actions include conducting comprehensive laboratory and pilot trials, implementing
quaternary treatment of wastewater, continuously monitoring water quality, investing in research
and development, and promoting collaboration and knowledge sharing among stakeholders. By
embracing these strategies, we can work towards safeguarding water resources and protecting public
health from the adverse effects of pharmaceutical contamination.

Keywords: micropollutants; municipal wastewater; pharmaceuticals; quaternary treatment; removal
of pollutants

1. Introduction

The European Commission proposal [1,2] for the revision of the Council Directive of
21 May 1991, on the treatment of municipal wastewater “Urban Wastewater Treatment
Directive—UWWTD” [3] accentuates not only the protection of the environment but also
the protection of people’s health.

Serious problems include the widespread occurrence and presence of micropollutants
(MPs) and new emerging substances, the so-called “emerging pollutants” (EPs) in the
aquatic environment [4]. Micropollutants are characterized by adverse effects on aquatic
ecosystems and human health, even when present at low concentrations (µg/L to ng/L).
These effects may include acute and chronic toxicity, bioaccumulation and bioconcentration
in food chains, genotoxicity, or endocrine effects [5].

Micropollutants enter the water environment mainly from wastewater treatment
plants (WWTPs), as current treatment technologies are not efficient enough to remove
them (Figure 1). Micropollutants enter municipal wastewater from a variety of sources,
including activities such as bathing, cleaning, washing, toilets, and medication use, which
include both parent compounds and their by-products of metabolic transformation. Due to
the complex chemical composition of these substances, it is necessary to use technologies
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aimed at their removal from wastewater. In addition, research is important to know the
potential consequences of the presence of micropollutants in aquatic ecosystems and their
penetration into groundwater [6].
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Emerging pollutants can be synthetic or naturally occurring chemicals that are not
routinely monitored in the environment but have the potential to enter the environment
in the ways mentioned above and cause adverse ecological and health effects [7]. In some
cases, it is possible that the release of new pollutants into the environment has been going
on for a long time, but their identification was only possible with the development of new
detection methods. New sources of emerging pollutants can be created by the synthesis of
new chemical compounds or changes in the use and disposal of existing chemicals [8].

Decision [9] contains a list (“watch list”) of selected substances for monitoring throughout
the European Union. In addition to the substances previously recommended for inclusion
in Directive 39/2013/EU (diclofenac and the synthetic hormone 17-alpha-ethinylestradiol
(EE2) and the natural hormone 17-betaestradiol (E2)), the first list of 10 substances/groups
of substances also refers to three macrolide antibiotics (azithromycin, clarithromycin, and
erythromycin), another natural hormone (estrone (E1)), some pesticides (methiocarb, oxa-
diazon, imidacloprid, thiacloprid, thiamethoxam, clothianidin, acetamiprid, and trialate),
a UV filter (2-ethylhexyl-4-methoxycinnamate), and an antioxidant (2,6-di-tert-butyl-4-
methylphenol) commonly used as a food additive. The proposal [1] for the revision of
the Council Directive of 21 May 1991, on the treatment of municipal wastewater “Ur-
ban Wastewater Treatment Directive—UWWTD” includes explicitly 12 micropollutants
(10 pharmaceuticals and 2 anti-corrosives) that will be discussed in this review paper.

The rapid growth of pharmaceutical consumption in recent years has led to an increase
in the presence of these compounds in wastewater. However, their widespread use has in-
advertently led to the introduction of pharmaceuticals into recipients through the discharge
of treated or untreated wastewater. As a result, trace amounts of these compounds can be
found anywhere in water bodies, and they can disrupt the balance of aquatic ecosystems
and pose potential risks to organisms. In addition, the persistence of certain pharmaceutical
products amplifies concerns about long-term environmental consequences [10]. They could
at even very small concentrations promote the development of resistance genes in the envi-
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ronment [11]. Among the more important sources of these genes are the effluents of treated
water and waste sludge from municipal sewage treatment plants or plants for the treatment
of wastewater from animal farms. When antibiotics enter the environment, they also have
a direct bactericidal and bacteriostatic effect, which can also mean the disappearance of a
certain population of microorganisms and thus their role in the ecosystem.

The presence of pharmaceuticals in wastewater is mainly attributed to their incomplete
metabolism and excretion by humans and animals. Traditional wastewater treatment plants,
designed to deal with organics, nitrogen, and phosphorus pollutants in municipal WWTP,
may not be equipped to effectively remove these complex compounds. Pharmaceutical
compounds can be transformed during the wastewater treatment process, which creates
new transformation products. These products exhibit higher persistence and biological
activity compared to the parent compounds.

The proposal of the European Commission [1,2] for the revision of the Council Di-
rective of 21 May 1991 on the treatment of municipal wastewater “Urban Wastewater
Treatment Directive—UWWTD also includes requirements for the implementation of
the quaternary treatment of 12 selected MPs in municipal wastewater treatment plants
(MWWTP). The main goal of the paper was to provide information about these MPs, their
basic characteristics, sources, and impacts on human health and the environment, as well
as a brief overview of the know-how on treatment methods.

In the proposal of the revised directive [1] in Appendix No. 1 on p. 8 under Category
(b) paragraph (iv) a mixture of 4-methylbenzotriazole (CAS number 29878-31-7) and 6-
methyl-benzotriazole (CAS number 136-85-6) is mentioned. Only 5-methyl-benzotriazole
can be traced under the registration CAS number 136-85-6. No reliable literature is available
for the compound 6-methyl-benzotriazole, while for the compound 5-methyl-benzotriazole,
a lot of literature is available. During a more detailed search, it was found out that in the
directives of the European Parliament and the Council, there are chemical substances listed
according to the European Chemicals Agency (ECHA) [12], where 6-methyl-benzotriazole
(CAS number 136-85-6) can be found. Based on the structural formula presented ([13],
Figure 2), the formula belongs to 5-methyl-benzotriazole.
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In the literature [14] other names according to IUPAC are also given. Likewise, on the
ECHA website ([12], for example, in the “Particle size distribution” section, it is named
as 5-methyl-benzotriazole. Similarly, in the section “Biodegradation in water: screen-
ing tests: in the section “Remarks” there is information about 5-methyl-benzotriazole.
From this one could conclude that it could be the same compound that has several syn-
onyms/synonymous names but has one CAS registration number. Based on the above, we
also included 5-methyl-benzotriazole, or a mixture of 4-methyl-benzotriazole (CAS 29878-
31-7) and 5-methyl-benzotriazole (CAS No 136-85-6) in the evaluated micropollutants.

The proposed directive [1] lists two groups of pollutants depending on their degrad-
ability (very easy and easy to decompose). In Table 1, there are also given information
on the types (pharmaceutical and anti-corrosion substances), the specification of their
functions, and CAS numbers.

The proposal of the revised directive [1] requires individual EU member states to
define areas in which the concentration or accumulation of micropollutants in question
poses a risk to human life or the environment. The removal of these 12 micropollutants
will be carried out in quaternary treatment in the following time horizons:

• By 2035, all WWTPs > 100,000 PE must be equipped with a quaternary level of treat-
ment, and at least 50% of the WWTPs > 10,000 PE must also have quaternary treatment.
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• By 2040, all WWTPs > 10,000 PE in the areas where micropollutants pose a risk to hu-
man health or the environment should be equipped with a quaternary treatment stage.

For quaternary treatment, 80% removal efficiency of at least 6 of the 12 micropollutant
compounds listed above is required.

Table 1. Two groups of pollutants according to directive proposal [1].

Group Compound Label Function CAS No.

I—Very easily decomposed Amisulpride AMI Anti-psychotic 71675-85-9
Carbamazepine CAR Anti-epileptic drug 298-46-4

Citalopram CIT Antidepressant 59729-33-8
Clarithromycin CLA Antibiotic 81103-11-9

Diclofenac DIC Anti-rheumatic, analgesic 15307-86-5
Hydrochlorothiazide HCH Diuretic 58-93-5

Metoprolol MET Beta-blocker (heart) 37350-58-6
Venlafaxine VEN Antidepressant 93413-69-5

II—Easily removable Benzotriazole BZT Anti-corrosive 95-14-7
Candesartan CAN Anti-hypertension 139481-59-7

Irbesartan IRB Anti-hypertension 138402-11-6
4-methylbenzotriazole 4MeBZT

Anti-corrosive
29878-31-7

6-methylbenzotriazole 6MeBZT 136-85-6
5-methylbenzotriazole 5MeBZT 136-85-6

In recent years, different approaches have been investigated for the effective removal
of these pharmaceutical compounds from wastewater. With the ongoing amendment of
the EU legislation on urban wastewater treatment [1], stricter requirements for pollutant
removal are expected to drive the need for innovative environmental technologies. Diverse
pollutants in urban wastewater, including micropollutants, require advanced treatment
technologies that integrate biological, physical, and chemical processes [15]. Various
advanced treatment processes have been developed to address the challenges associated
with the removal of pharmaceuticals and other micropollutants from wastewater. These
methods, including ozonation, UV/O3 systems, UV/H2O2 systems, UV/chlorine systems,
photocatalysis, Fenton and Fenton-like processes, and persulfate (PS)-based AOP processes,
represent innovative approaches that go beyond the conventional wastewater treatment.
This review article is focused on the processes of the removal of the selected micropollutants,
their sources, and their impacts on human health and the environment. Removal processes,
reactors, and technologies are described, and new challenges are emphasized in the context
of the proposed directive [1].

2. Selected Micropollutants
2.1. Characterization of Selected Pharmaceuticals

Amisulpride is categorized as an atypical anti-psychotic and is used to treat psychosis
associated with schizophrenia as well as manic episodes in individuals with bipolar disor-
der [16]. It is considered a contaminant capable of entering the aquatic environment and
potentially leaching into groundwater. Furthermore, the confirmation of the formation of
its distinct non-biodegradable N-oxide product during treatment with the current methods
underscores the need for advanced treatment solutions [17].

Carbamazepine is a commonly prescribed anti-epileptic drug, whose frequent pres-
ence in the aquatic environment has raised concerns about its possible effect on aquatic
organisms. Apart from being highly effective in treating psychomotor and grand mal
seizures associated with epilepsy and bipolar disorders, this medication also demonstrates
a prolonged half-life in the environment (82 ± 11 days), which places it among the most
persistent drugs in the ecosystem. The persistence of carbamazepine in wastewater is
attributed to the limited effectiveness of the current wastewater treatment processes in
removing it [18]. The presence of carbamazepine has been shown to induce behavioral
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changes in a variety of aquatic organisms. These changes include reduced stress responses,
increased swimming speed, prolonged feeding, as well as modifications to physiological
processes such as the reproductive system and hormone level [19].

Citalopram, an antidepressant, is classified as a selective serotonin reuptake inhibitor,
which is commonly prescribed for mental disorders such as depression due to its minimal
likelihood of interaction with other medications [20]. However, current WWTPs struggle to
effectively remove more than 80% of this compound. As a result, citalopram is commonly
found in surface waters worldwide, generally at concentrations ranging from ng/L to low
µg/L. The accumulation of citalopram was evaluated in the liver, kidney, brain, and muscle
tissues of various fish species. Citalopram exhibits neurotoxic effects on non-target aquatic
animals, including fish [21].

Clarithromycin, an antibiotic, is used to treat chest infections, skin problems, and
various infections. In addition, it is used to treat Helicobacter pylori infections, the bacterium
responsible for causing ulcers [22]. The use of antibiotics leads to a decrease in the popula-
tion of plankton and algae, thereby changing the composition of the aquatic community. In
addition, antibiotics have the potential to accumulate in the food chain, posing a threat to
human health. However, the primary problem associated with antibiotic pollution is the
increased risk of the resistance of microorganisms to antibiotics [23].

Diclofenac is used for pain relief as a non-steroidal anti-inflammatory drug. Ap-
proximately 75% of the administered diclofenac reaches the water and soil environment,
where its hydrophilic character and stability contribute to prolonged persistence. Increased
exposure to diclofenac not only affects the health of aquatic organisms, higher plants,
and mammals but also poses a significant threat, like clarithromycin. The presence of
diclofenac and its metabolites in the environment may cause synergistic interactions with
existing contaminants, increasing the risk of drug-resistant strains and the emergence of
new contaminants [24].

Hydrochlorothiazide, a diuretic prescribed for hypertension and edema caused by
fluid retention, undergoes minimal metabolism. At least 61% of the substance is excreted
unchanged in the urine, with partial elimination in the feces, which eventually enters the
water cycle [25]. Exposure to hydrochlorothiazide has the potential to disrupt the endocrine
system of fish, affecting their reproductive processes and developmental patterns. In addi-
tion, the presence of hydrochlorothiazide in water sources may contribute to antimicrobial
resistance, intensifying the challenges of treating infections in the future [26].

Categorized as a β-blocker within a class of drugs widely used to treat cardiovascu-
lar disorders such as abnormal heart rhythms, high blood pressure, and angina pectoris,
metoprolol may have adverse effects on aquatic organisms. These effects may include dis-
turbances in testosterone levels, reduced fertility and reproductive rate, and the induction
of abnormal behavior [27].

Venlafaxine, a commonly prescribed antidepressant, is widely used to treat major
depressive disorder, panic disorder, and anxiety. This antidepressant shows a high persis-
tence in surface waters, with concentrations already detected in the range of mg/L. The
presence of venlafaxine in municipal wastewater is associated with profound behavioral
and physiological effects on aquatic organisms [28]. It affects the survival rate, reproduc-
tion rate, and behavior of aquatic vertebrates and invertebrates [29]. Fish exposed to the
substance showed a remarkable increase in mortality, developmental delays, morphological
abnormalities, and pathological changes in the brain, heart, cranial and caudal kidneys. In
addition, changes in the activity of antioxidant enzymes and an increased lipid peroxidation
were evident, even at the lowest concentrations examined [30].

Candesartan and irbesartan are categorized within a class of medications known
as angiotensin-II receptor antagonists, commonly prescribed for the treatment of high
blood pressure (hypertension) [31]. Short-term exposure to candesartan can induce acute
toxicity in aquatic organisms, resulting in behavioral changes, reduced growth rate, and
potential mortality. Long-term exposure to candesartan has the potential to interfere with
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the endocrine systems of aquatic species, affecting reproduction, development, and overall
ecosystem health [32].

2.2. Characterization of Selected Anti-Corrosives

H-benzotriazole (BZT) is a very dangerous and frequently used compound with
carcinogenic and mutagenic effects on living organisms. It is used as an anti-corrosive in
industrial operations, in the production of detergents, biocides, pharmaceuticals, rubber,
tires, in cooling systems, and in the production of de-icing agents. Its derivatives are also
used as UV stabilizers in paints, plastics, sunscreen preparations, and films. It is also used
as an additive to petroleum products (hydraulic fluids and lubricants) [33]. BZT and its
methylated analogs (tolyltriazole, TTri) are used as corrosion inhibitors. They are used in
many industrial applications, in homes as part of dishwashing detergents, and as part of
de-icing fluids used in airports and elsewhere. Its TTri-isomers (4-TTri) are typical polar
trace pollutants and are poorly degradable [34].

Benzotriazoles exhibit significant solubility in water (28 g/L), and their stability,
resistance to biodegradation, and limited sorption contribute to their presence in the
environment in substantial quantities, including surface waters such as rivers and lakes, as
well as soils where they may persist for extended periods of time [35–37]. Benzotriazole is
categorized as harmful to aquatic organisms and can lead to adverse long-term effects in
aquatic environments [35,36,38,39].

Methyl-substituted benzotriazoles are commonly used as substitutes for methyl-
benzotriazoles (MeBZTs). Due to their high hydrophilicity and insufficient removal in
wastewater treatment plants (WWTPs), these compounds have been widely detected in the
aquatic environment, with concentrations typically ranging from tens of ng/L to tens of
µg/L. Significant residual levels of these compounds have been found in plants, fish, air, tap
water, and human urine, indicating potential risks to various organisms. Although the re-
ported acute toxicity of these compounds is generally low, some observed sublethal effects,
including endocrine disruption, hepatotoxicity, neurotoxicity, and the potential to promote
the development of endometrial carcinoma, continue to be of increasing concern [40]. Re-
cent research indicates that both BT and MeBZT exhibit toxicity to the luminescent bacteria
used in the Microtox® assay [41].

3. Treatment Processes

Various advanced treatment methods have been developed to solve the problems
associated with the removal of micropollutants. These methods go beyond the current
wastewater treatment and include advanced oxidation processes (AOPs), photocatalysis,
and other innovative technologies (Figure 3). Another modified method is the process of
transforming sewage sludge into biochar to eliminate water contaminants. However, the
understanding of sludge-derived biochar (SDB) for wastewater treatment remains restricted,
lacking a comprehensive overview of how the modifications affect the mechanism of
SDB adsorption or the catalytic removal of aqueous contaminants [42]. The pyrolysis of
sewage sludge offers several beneficial outcomes, including the elimination of pathogens
and gaseous emissions, as well as the recovery of energy- and nutrient-rich solid by-
products suitable for soil improvement. The resulting biochar has potential for agricultural
applications [43]. Understanding and implementing these advanced methods are essential
steps towards achieving sustainable and comprehensive solutions for the removal of
micropollutants from wastewater. Effective methods were developed for the removal of
the above-mentioned pharmaceuticals and anti-corrosives.

Advanced oxidation processes (AOPs) have been proven to be effective techniques for
the degradation and removal of contaminants from water systems. It is noteworthy that
AOPs exceed the efficiency of individual oxidation processes. As a result, integrated sys-
tems, such as combining UV radiation with ozone, hydrogen peroxide and persulfate (PS),
titanium dioxide (TiO2), and Fe(III), find application in the removal of micropollutants [44].
These systems show remarkable efficiency in treating drinking water containing organic
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micropollutants while actively promoting their degradation. AOPs act as strong oxidizing
agents through the formation of a hydroxyl group by combining free radicals [45].
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AOPs offer several advantages for the treatment of organic contaminants in wastew-
ater. First, they boast fast reaction rates for most organic pollutants, ensuring efficient
degradation in a relatively short time frame. In addition, AOPs facilitate the degradation
of pollutants rather than their concentration as is the case in membrane or adsorption
systems, resulting in a more thorough removal from wastewater. These processes also do
not generate solid residues, reducing the need for additional waste management measures.
AOPs have a small footprint, making them suitable for implementation in a variety of
wastewater treatment facilities. They can even completely mineralize most contaminants
and ensure their transformation into harmless by-products. However, AOPs have some
disadvantages. They may produce unknown products during the oxidation process, which
may require further analysis to ensure the safety of the treated water. The water matrix can
reduce their efficiency causing different interferences as well as the presence of residual
oxidants can be a problem that requires careful monitoring and pretreatment measures to
mitigate their effects on treatment efficiency [46].

Another important parameter is the consideration of the costs for individual processes.
A recent study compared the energy costs of basic AOP processes using the electrical energy
per order (EEO) parameter. Energy costs for O3/UV, H2O2/O3/UV, and Cl2/O3/UV
showed significantly lower costs than UV/H2O2 and UV/Cl2, and ozonation appeared to
be the most energy-efficient process [47].

From comparing the costs of six processes, the authors of [48] evaluated that the energy
efficiency increased in the following order: O3 < O3/UV~Cl2/O3/UV < H2O2/O3/UV <
UV/H2O2.

3.1. Ozonation Process

Ozone (O3) serves as a strong oxidizing agent to rapidly degrade MPs, especially those
with available amino groups, double bonds, or aromatic groups [49]. Ozonation is strongly
recommended for the removal of the organic MPs resistant to biological degradation.
Dissolved ozone reacts with the most persistent MPs and its effectiveness depends on the
content of the organic substances in wastewater [45].
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The ozone reaction produces a secondary oxidant, the hydroxyl radical (HO•), which
enhances MP removal. The efficiency of ozonation is affected by the pH of the wastewa-
ter [50]. Low pH favors the direct ozone reaction, while high pH leads to the decomposition
of ozone, producing HO• radicals. These radicals react non-selectively with trace organic
compounds in wastewater. The transformation of MPs depends on their chemical structure,
with ozone preferentially reacting with electron-rich groups such as phenols, amines, and
carbon–carbon double bonds. The MPs with low ozone reactivity are removed by the
hydroxyl radical mechanism, increasing biodegradability by converting them into simpler
3.1 molecules for subsequent biological treatment [45].

As stated above, ozone interacts with various MPs. However, due to the selective
oxidation behavior between ozone and pollutants, the degradation of certain organic
pollutants tends to be slow, leading to incomplete pollutant removal or the formation of
toxic intermediates. Moreover, during the decomposition of certain organic pollutants by
ozone, intermediates such as carboxylic acids and aldehydes may accumulate, which do
not further react with ozone, reducing the efficiency of mineralization [51]. In addition, the
limited solubility of ozone in water leads to inefficient use, which increases operating costs.
The formation of disinfection by-products (DBPs) also represents a significant challenge
that must be addressed when implementing ozone-based treatment processes [52]. Various
AOPs have been modified to solve the problems of low ozone utilization efficiency and the
ineffective mineralization of organic pollutants. These include methods such as the O3/UV
process, the O3/H2O2 process, and the combinations of ozone with biological treatment or
other AOPs [53].

3.2. The UV/O3 System

Ozonation, when used alone, offers several advantages over the current chemical
oxidants such as chlorine or chlorine dioxide. However, it fails to create a sufficient concen-
tration of hydroxyl radicals to achieve the complete mineralization of organic compounds.
This limitation is attributed to the low kinetic constant of the direct ozone–pollutant reac-
tion [54]. The reaction mechanism of the O3/UV process to degrade organic pollutants in
the environment can be primarily categorized into three phases: first, the direct oxidation
and degradation of pollutants by O3 molecules; second, the UV-induced photodegradation
of pollutants; and finally guiding O3 molecules by UV to generate •OH for indirect pollu-
tant oxidation. The generation of •OH in the system can be described with the following
reactions (1)–(9) [55]:

O3
hν→ O2 + O• (1)

O• + H2O → H2O2 (2)

H2O2
hν→ 2•OH (3)

H2O2 ↔ HO−
2 + H+ (4)

HO−
2 + O3 → O•

3
− + O2 (5)

O•
3
− + H+ → •OH + O2 (6)

•OH + H2O2 → HO•
2 + H2O (7)

•OH + HO−
2 → HO•

2 + OH− (8)

•OH + O3 → HO•
2 + O2 (9)

The process shows high oxidation capacity, no waste residues, and environmental
friendliness. However, incompletely degraded MPs can produce toxic pollutants such as
bromate able to induce kidney cancer in animals in lab tests [56]. If the concentration in
the water exceeds 50 µg/L, the question of bromate formation must be considered when
applied to drinking water treatment [55].
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3.3. The UV/H2O2 System

The UV/H2O2 processes use ultraviolet radiation to cleave the O−O bond in hydrogen
peroxide and generate the hydroxyl radical (HO•) according to the reaction (10) [57].

H2O2
hν→ 2•OH (10)

Also, HO2, which is in an acid–base equilibrium with H2O2 absorbs the UV radiation
and produces HO• radicals (Equations (11) and (12)) [57].

H2O2 ↔ HO−
2 + H+ (11)

HO−
2

hν→ •OH + O− (12)

Major design and operational factors include H2O2 dosage, type and power of UV
lamps, the reactor contact time, and control mechanisms such as pH and temperature.
The elimination effectiveness of each pollutant relies on various factors, including the
initial pollutant concentration, the pH of the system, and the quantity of H2O2 applied [58].
Determining the optimum dose of H2O2 for individual water sources is usually based on
bench and pilot scale assessments, which are commonly estimated to be twice the TOC and
not less than 1 to 2 mg/L [59]. The addition of a catalyst has the potential to increase the
removal rate. The incorporation of bicarbonate or carbonate into the UV/peroxide system
as a catalyst represents a promising approach to increase the removal time, efficiency, and
the rate of the oxidation of organic compounds [58].

This process can generate larger amounts of OH radicals in comparison to the UV/O3
process for the same amount of energy. However, due to interfering effects in water, the
theoretical yield may be reduced below the value achievable by the H2O2/O3 process.
Additionally, the presence of residual H2O2 in the water may require removal downstream
of the process. In summary, it is important to consider factors such as water composition,
treatment goals, UV dosage, and cost [59].

3.4. The UV/Chlorine System

The UV/chlorine process serves as an alternative to the UV/H2O2 process due to the
higher UV absorbance and chlorine quantum yield compared to H2O2. In traditional AOPs,
the primary radical is HO•, which plays a key role in the degradation of pollutants in water
treatment. The UV/chlorine process introduces additional radicals due to the combination
of UV light and chlorine such as HO• and reactive chlorine species (RCS), thus expanding
the range of reactive species available for micropollutant degradation. The UV photolysis
of HOCl and OCl− creates the primary radicals HO• and Cl•. These primary radicals then
transform into secondary radicals (ClO• and Cl2−•).

Cl•+ H2O → ClOH−•+ H+ (13)

Cl•+ OH− ↔ ClOH−• (14)

ClO• is generated through the interaction of HO•/Cl• and HOCl/OCl−, with second-
order rate constants (k) ranging from (2.0–8.8) × 109 M−1s−1. Cl2•− is produced when Cl•

reacts with chloride ions (Cl−), with a rate constant of 6.5 × 109 M−1s−1, given that Cl− is
consistently present in both free chlorine solutions and water environments. Notably, Cl•

undergoes a rapid conversion to HO• through its reaction with H2O/OH– to initially form
ClOH−• (Equation (14)). Subsequently, the equilibrium tends to favor the generation of
HO• over Cl•.

In addition to RCS and HO•, atomic oxygen (O(3P)) is produced through the UV-
induced breakdown of OCl−. It then rapidly combines with O2 to form ozone (O3). The
formation of O3 is influenced by the wavelength of UV radiation, being minimal at 254 nm
but gaining significance beyond 320 nm. Consequently, the involvement of O3 becomes
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more pronounced when employing UVA or polychromatic UV for the activation of free chlo-
rine, contrasting with low-pressure UV systems. UV/chlorine offers several disinfection
barriers in the treatment of drinking water and residual protection in water distribution sys-
tems. Importantly, it eliminates the need to cool residual oxidants as required in UV/H2O2
AOPs [60–62].

3.5. Photo(cata)lysis

Photocatalysis refers to the process that occurs when a semiconductor material such as
TiO2, ZnO2, SnO2, WO3, or Al2O3 initiates a series of redox reactions in the presence of light.
One of the main results of photocatalysis is the formation of highly toxic intermediates that
further contribute to environmental contamination [63].

Titanium dioxide (TiO2) is a common and effective catalyst due to its stability, cost-
effectiveness, and proven effectiveness [54]. The first reaction of the photocatalytic process
is the absorption of UV light into the catalyst and the formation of electron–gap pairs. In
environmental applications, photocatalytic processes are carried out in conditions where
oxygen is present, and it is adsorbed onto the surface of the catalyst. Electrons reduce
the oxygen adsorbed on the TiO2 surface, thereby forming the superoxide radical (•O2¯).
This means that these sites become capable of oxidizing water into hydroxyl radicals,
which ultimately oxidize organic matter. When organic matter is adsorbed on the catalyst
surface, it can be directly oxidized due to electron transfer from the catalyst itself. The
main advantage of these AOPs is that they can be operated under elevated pressure and at
room temperature, with the option of using sunlight. The low price and the possibility of
recycling the catalyst are also advantages. The special requirements and at the same time
the shortcomings of this technique are that it is necessary to ensure uniform irradiation over
the entire surface of the catalyst and to separate the catalyst from the suspension after the
reaction is complete. TiO2 is particularly effective as a photocatalyst in the field of pesticide
oxidation due to its low price, non-toxicity, high oxidation capacity, and the possibility of
immobilization on various surfaces. The latter avoids the separation of the catalyst from
the suspension [64].

Stannic oxide nanoparticle functionalized with gallic acid has been shown to be
a promising photocatalyst due to its high oxidation potential, photo absorption ability,
surface reactivity, chemical inertness, relative nontoxicity, and long-term photochemical
stability [65]. Disadvantages, however, include the difficulty in achieving uniform radiation
over the entire catalyst surface on a larger scale and the need for a subsequent separation
treatment to regenerate the catalyst, which increases the total cost of the process [54].

3.6. Fenton and Fenton-like Processes

Fenton, Fenton-like processes, and Fenton’s reagent are widely used to remove organic
pollutants from industrial wastewater. The Fenton process is used to treat wastewater,
municipal sludge, and contaminated soil with the aim of reducing toxicity, COD, and
BOD and removing unpleasant odors. Fenton’s reagent is most effective as a pretreatment
method for COD values larger than 500 mg/L. As the concentration of pollutants in the
wastewater decreases, so does the selectivity of the reaction [66].

The classic Fenton reaction represents the reaction of an iron salt with hydrogen
peroxide, in which two different mechanisms are currently assumed, namely the formation
of a hydroxyl radical (Equation (15)) or ferryl FeO2+ (Equation (16)).

Fe2+ + H2O2 → Fe3+ + HO•+ HO− (15)

Fe2+ + H2O2 → FeO2+ + H2O (16)

The reaction requires large amounts of dissolved iron salts, which makes the process
more expensive. In addition, the EU water quality directive allows only small concen-
trations of dissolved iron in treated water, which means that the Fenton process must
in some cases be followed by a process to remove iron from the water. This is usually



Processes 2024, 12, 888 11 of 31

a physico-chemical process of coagulation and flocculation, which again produces large
amounts of iron-containing sludge. These disadvantages of the process are the driving force
behind the development of improved methods which, with a reduced iron concentration
in the solution, still ensure sufficient oxidation efficiency. Among the improvements, the
first concerns techniques that accelerate the formation of Fe2+ ions, which are crucial in the
breakdown of hydrogen peroxide and thus the formation of hydroxyl radicals. Next is the
combination of the Fenton process with UV light, which is called the photo-Fenton process,
where the Fe3+ produced by the Fenton reaction is photoreduced to Fe2+ in the aqueous
environment, which allows the continuation of the Fenton reaction and, in addition, the
photoreduction of Fe3+ also generates the reactive HO• radical. The reduction of Fe3+ back
to Fe2+ can occur, albeit at a significantly slower rate compared to the production of Fe3+

from Fe2+ (Equations (17)–(19)). If the pH increases, the formed Fe3+ can also precipitate as
oxyhydroxides [67].

Fe(OH)2+ hν→ Fe2+ + HO• (17)

Fe2+ + H2O2 → Fe3+ + HO•+ HO− (18)

H2O2
hν→ 2HO• (19)

The development of a heterogeneous process with a solid catalyst has made consider-
able progress in recent years. The use of a highly active, stable solid catalyst reduces the
amount of Fe2+ ions in the solution and improves catalyst regeneration and reuse. This
alternative process is labeled as the heterogeneous Fenton process. The last option under
development is the combination of Fenton’s reagent and electric current, which is called the
electro-Fenton process, in which H2O2 is produced in situ from oxygen and simultaneously
Fe3+ is reduced to Fe2+ (Equations (20)–(22)) [68].

O2 + 2H+ + 2e− → H2O2 (20)

Fe3+ + e− → Fe2+ (21)

Fe2+ + H2O2 → Fe3+ + HO•+ HO− (22)

The iron salt-catalyzed production of hydroxyl radicals from hydrogen peroxide
reaches its maximum in acidic conditions, at pH values between 3 and 5. Fenton’s reagent
has an oxidative effect on many organic substances, both aromatic (phenols, polyphenols,
etc.) and aliphatic (alcohols, aldehydes, etc.). The mechanism of the oxidation of organic
substances by Fenton’s reagent is very complex and has not yet been studied in detail [69].

Without the presence of iron ions, hydroxyl radicals are not formed. As the concentra-
tion of iron ions increases, the rate of the oxidation of organic substances also increases,
but only up to a certain limit. From then on, further increasing the iron ion concentra-
tion no longer increases the reaction rate. For most industrial applications, it does not
matter whether Fe2+ or Fe3+ is used; the catalytic process continues as long as hydrogen
peroxide and organic matter are present in the solution. However, if low doses of Fenton’s
reagent are added (<10–25 mg/L H2O2), ferrous iron may be a more favorable option.
High concentrations of peroxide can lead to the neutralization of hydroxyl radicals after
reactions [54].

The rate of Fenton oxidation increases with temperature, and the treatment effect is
most visible at temperatures around 20 ◦C. As the temperature increases between 40 and
50 ◦C, the effectiveness of the reagent decreases due to the accelerated decomposition of
peroxide into oxygen and water. In the industrial applications, most processes take place
between 20 and 40 ◦C [66].

3.7. Persulfate-Based AOP Processes

Persulfate (PS) in the context of advanced oxidation processes is usually referred to as
peroxymonosulfate (PMS, HSO5

−) and peroxydisulfate (PDS, S2O8
2−). While PMS alone

can efficiently degrade certain electron-rich compounds, its effectiveness is greatly reduced
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for other compounds without proper activation. Therefore, for the complex removal of
contaminant mixtures, activation methods for the formation of highly reactive substances
are necessary.

The activation approaches for PS can be broadly divided into two groups: catalyst-
free and catalyst-based methods. Catalyst-free activation depends on external energy
sources such as ultraviolet radiation, heat, ultrasound, and electricity, as well as certain
chemicals such as alkaline solutions, quinones, and halides. However, this approach often
requires high energy input, incurs significant equipment costs, and has a low lifetime.
Alternatively, chemical activation processes, while avoiding the disadvantages of high
energy requirements and equipment costs, are limited by chemical costs, reactor corrosion,
and the formation of potentially hazardous by-products [70].

The authors of [71] proposed the Fe-based piezocatalysts (BFOs), which lead to a better
catalytic activity for PS activation [71].

In recent years, catalyst-based activation approaches have gained ground in PS-AOP.
Metal catalysts, such as Fe2+, Cu2+ and Ag+, Fe3O4, CuO, MnO, FeO, Cu0, Co/TiO2,
Au/TiO2, and Fe(VI)) have been increasingly employed. Metal ion speciation in homoge-
neous systems can be pH-dependent and lead to precipitates that are difficult to recycle.
Another approach showed that the Fe(VI)-based process can be cost-effective due to their
reusability throughout the treatment process [72].

Some metal catalysts may exceed water quality standards in their residues, making
them unsuitable for practical applications. Heterogeneous catalysts offer easy separation
from treated water for reuse and show good stability under industrial conditions [70].

In terms of degradation kinetics, radical-based pathways typically show faster and
more extensive mineralization compared to pathways involving non-radical oxidizing
species such as singlet oxygen (1O2). Radical-based approaches can achieve high removal
efficiencies with relatively short contact times, although they are more susceptible to
interference from compounds in the aqueous matrix. Conversely, non-radical systems offer
advantages in minimizing water matrix interference and maintaining high contaminant
degradation efficiency. Furthermore, radicals react indiscriminately with contaminants
that have either electron-withdrawing groups (EWGs) or electron-donating groups (EDGs),
while non-radical species preferentially react with EDG, thus optimizing degradation
efficiency based on the functional groups present in the contaminants.

Temperature affects the rate of degradation, with a bell-shaped response observed
due to the accelerated self-quenching of radicals or reactions with PS at high temperatures,
leading to less reactive species that hinder efficacy. Radical pathways can also produce
toxic halogenated by-products, making non-radical systems preferable in environments
conducive to their formation. Overall, non-radical systems tend to have higher energy
efficiency per oxidant (EE/O) values than radical systems due to slower degradation
kinetics and lower energy requirements for catalyst production [70].

The use of sulfate radicals has a high redox potential of 2.5–3.1 V compared to the OH•

radical (1.9–2.7 V) and is more selective than OH• in MP oxidation. The extended lifetime
of SO4•− (30–40 µs) in contrast to OH• (100 ns) increases its efficiency in the reaction with
organic compounds through the electron transfer mechanism. As mentioned above, the
formation of SO4•− from peroxydisulfate can take place with the help of UV (Equation
(23)), heat (Equation (24)), and also with the help of transition metals (Equation (25)) [73].

S2O2−
8

hν→ 2SO−
4 • (23)

S2O2−
8

heat→ 2SO−
4 • (24)

S2O2−
8 + Fe2+ → SO−

4 •+ Fe3+ + SO2−
4 (25)
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3.8. Overview of Processes for Removal of Pharmaceuticals

Various studies have investigated the efficiency of different treatment processes in remov-
ing MPs from wastewater, elucidating their degradation mechanisms and optimal conditions.

Deng [74] applied the ozonation process to investigate the ozonation performance
of the reverse osmosis (RO) concentrate from municipal wastewater treatment using a
semi-batch stirred reactor. In his work, the target micropollutant carbamazepine was added
to municipal secondary waste as RO feed at a concentration of 10 mg/L. It is important
to note solvents such as methanol or ethanol were not used to prepare the carbamazepine
stock solution due to their effect on ozone consumption. Specifically, the presence of ethanol
(0.05%, v/v) resulted in a significant inhibition of the ozonation efficiency of carbamazepine.
The experiments were carried out in a stirred and thermostatic semi-batch reactor at a
lab scale with a desired concentration of ozone of 10 mg/L, an ozone generator power
of approximately 1.5, and a stable flow rate of 30 L/h. During the initial 60 min of the
ozonation process, no dissolved ozone was detected, suggesting that all the transferred
ozone was utilized at the interface or within the film layer. Ultimately, over 90% of the
carbamazepine was removed at a low ozone dosage of 0.33 g of the consumed ozone per
gram of the initial dissolved organic carbon (DOC). The RO concentrate contained an initial
DOC of ~50.8 mg/L [74]. The degradation of carbamazepine by ozonation is associated
with the carbon double bond attacked by molecular ozone [75].

In the research conducted by Lee et al. [76], more micropollutants (e.g., CAR, CLA,
DIC, VEN, MET, and BZT) were investigated in ozonation batch reactors (180 mL) in a
sample of wastewater effluent from a secondary sedimentation tank of the conventional
activated sludge (CAS) treatment process and filtered through 0.45 µm pore size membrane
filter. The findings indicated an almost-complete elimination of CAR, CLA, DIC, VEN,
and MET and around 80% removal of BZT at a specific ozone dosage of 0.7 g O3/g DOC
and an initial concentration of micropollutant of 475, 412, 348, 1472, 372, and 403 µg/L,
respectively. Ozone decay in the wastewater samples was completed for 5 min. Ozone
decay in the tested wastewater was completed within 5 min. In comparison, the addition
of H2O2 (5 mg/L) lowered the elimination level of VEN (±10%) and MET (±20%) [76].

However, in the work of Edefell et al. [77] the tertiary amines CLA and VEN underwent
a transformation into their respective N-oxides during ozonation [77].

Jabbari et al. [78] found that the removal of DIC can be performed using ammonium
persulfate to generate a sulfate radical as using UV alone is more likely to eliminate the
chemical bond of micropollutants and lower efficiency in drug degradation. The findings
showed 89% removal efficiency with a persulfate concentration of 200 mg/L, pH 6, an initial
DIC concentration of 8 mg/L, and a reaction time of 30 min in the O3/UV/S2O8 process.
Humic acid was introduced as a scavenging compound, resulting in a reduction in the DIC
removal rate from 89% to 76%. Thus, sulfate radical-based technologies show promising
potential for the effective removal of these specific pharmaceuticals from wastewater
treatment plants [76].

Lu et al. [73] reported an 85% decrease in DIC concentration after 60 min of UV light
irradiation (254 nm and 75 W) combined with activated persulfate (UV/PS) with a degra-
dation rate of 5.0 × 10−4 s−1. The findings indicate that the degradation of DIC decreases
when exposed to UV radiation alone, resulting in a DIC removal of 13% within 60 min.
This study was performed in a lab-scale (2 l) semi-continuous reactor. The increase in the
pH value from 3 to 11 raised the degradation rate from 4.7 × 10−4 s−1 to 6.2 × 10−4 s−1,
indicating that the DIC degradation was more favorable under alkaline conditions. As
the transformation products were evaluated as more toxic than the DIC itself, the authors
suggested a longer degradation time [73].

Micropollutants including carbamazepine and diclofenac were reported to be removed
by the UV/H2O2 process. To achieve a 90% removal of DIC and CAR, the UV dose varies
between compounds. Specifically, the necessary UV doses were 0.97 J/cm2 for diclofenac
and 2.25 J/cm2 for carbamazepine, with a 25 mg/L H2O2 dose. Experiments used solutions
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prepared with MilliQ water, with the initial concentrations of DIC and CAR set at 0.14 mM
and 0.006 mM, respectively [79].

Angosto et al. [80] observed that in the UV treatment, combined with hydrogen
peroxide (5 mg/L), 99.2% of the initial diclofenac concentration (37.6 mg/L) was eliminated
for an exposure time of 2 min of UV radiation. The process was carried out in aqueous
effluents through biosorption with agrifood residues [80].

Fernandéz-Perales et al. [25] compared the efficiency of UV/H2O2 and UV/K2S2O8
processes for the degradation of HCH. They found that the presence of radical promoters
had a significant effect on the overall process of HCH degradation. Both photodegrada-
tion and mineralization rates varied depending on the system used in descending order:
solar < UV < UV/K2S2O8 < UV/H2O2. Specifically, in the surface water, the degradation
rates were 0.0006 per s (solar), 0.0013 per s (UV), 0.0009 per s (UV/K2S2O8), 0.0025 per s
(UV/H2O2) with the initial concentration of HCH 0.00005 M. In addition, the degradation
rates increased with decreasing pH values. Conversely, the UV/H2O2 system required
more energy compared to UV/K2S2O8, which is a significant factor to consider when
assessing its suitability for water treatment applications [25].

Jaén-Gil et al. [81] combined biological processes with UV/H2O2 to remove metoprolol
with an initial concentration of 2 µg/L. The experiments used 500 mL of wastewater,
15 mg/L H2O2, and a reaction time of 10 min, resulting in a UV dose or intensity of
29.4 J/cm2. The findings showed that the UV/H2O2 treatment alone achieved 67.8%
removal of the metoprolol, while a combined approach with CAS increased it to 85.6% [81].

Findings from a study by Keen et al. [82] suggest that the AOP products of carba-
mazepine can undergo mineralization through the activity of microorganisms present
in AS processes. They performed the experiments using the synergy observed between
advanced oxidation and biodegradation suggesting that a sequence involving UV/H2O2
followed by some form of biological treatment has the potential to lead to carbamazepine
mineralization [82].

In a study conducted by Zhu et al. [60] on the degradation of venlafaxine using the
UV coupled with chlorine, it was observed that approximately 76% of venlafaxine (initial
concentration of 2 mg/L) was degraded within 30 min of the UV/chlorine treatment and
the rate constant reached 0.0467 per minute. Increasing a dose of chlorine from 2 to 6 mg/L,
the rate constant enhanced to 0.0941 per minute [60].

Using C-TiO2 as a photocatalyst, Spyrou et al. [83] demonstrated efficient heteroge-
neous photocatalysis without the formation of a harmful transformation product. During
120 min of irradiation, the degradation percentages for Amisulpride were 86.6% under
UV-A and 58.1% under visible light (Vis) in ultrapure water [83]. The system, which oper-
ates under pressure and at room temperature, uses sunlight to irradiate the catalyst and
contains low-cost and reusable catalysts, which can achieve the complete mineralization
of various compounds [54]. TiO2 significantly increased the rate of the degradation of
citalopram and other pharmaceuticals [84,85].

In catalytic degradation using a solid catalyst, the process includes both an oxidation
reaction and the adsorption of the contaminants on the surface of the catalyst [86].

Antopolou et al. [17] investigated the degradation of amisulpride via heterogeneous
photocatalysis using g-C3N4 as a catalyst with UV-A radiation. Remarkably high removal
percentages were achieved in ultrapure water and wastewater, with a slower degrada-
tion rate observed in wastewater due to its complex composition [17]. The removal of
venlafaxine exceeded 95% after 5 h of visible light irradiation using carbon nitride and
polyvinylidene fluoride (PVDF) photocatalytic membranes designed for visible light appli-
cations [87].

Gros and Williams [16] investigated the photolytic degradation of amisulpride in a
solar simulator system and revealed that even short exposure times to sunlight can lead to
degradation in both clean water and wastewater from a lagoon treatment. It is important to
note that these experiments were performed under simulated conditions and degradation is
expected to be significantly slower under real environmental conditions, potentially at least
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fivefold slower. The findings showed that the amisulpride exhibited a high susceptibility to
direct photolysis, with a t1/2 of 2.79 h in ultrapure water, resulting in over 90% degradation
within 9 h. This rapid degradation was anticipated due to the absorbance spectrum of
amisulpride, which shows a maximum above 290 nm. However, in wastewater treatments,
the degradation of the amisulpride was slightly reduced compared to ultrapure water
(t1/2 = 4.2 h), yet still significant [16]. Venlafaxine removal exceeded 95% after 5 h of visible
light irradiation using carbon nitride–PVDF photocatalytic membranes designed for visible
light applications [87].

With the simultaneous use of hydrogen peroxide in a photocatalytic reactor with flat
cells, a significant increase in the rate of degradation was observed for all investigated
substances. At the lowest tested dose of H2O2, amisulpride, candesartan, and diclofenac
were not detected in the reactor effluent [88] (Table 2).

Table 2. Selected pharmaceutical removal processes.

Pharmaceuticals Treatment Process Efficiency Notes Reference

Amisulpride (AMI) Photocatalysis

58.1% C-TiO2/Vis [83]
86.6% C-TiO2/UV-A [83]
80% g-C3N4/UV-A [17]

<90% direct photolysis [16]

Carbamazepine (CAR) Ozonation <90%,
ACR 1 potential toxicity of TPs [75]

[76]

Citalopram (CIT)

Ozonation 80% formation of TP

[89]Chlorination
40% 21 µg/L of ClO2
95% 131 µg/L of ClO2

UV 92–100% about 7 min–30 min, no TPs
Photo-Fenton 90% no TPs

Clarithromycin (CLA) Ozonation
ACR 1 N-oxide TP [76,77]

76% spiked STP at 0.1–0.3 mM O3 [90]

Diclofenac (DIC)

Ozonation ACR 1 [76]
O3/UV/S2O8 89% [78]

UV/PS 85% [73]
UV/H2O2 99.2% [80]

Hydrochlorothiazide
(HCH)

Ozonation 99% combined with Al2O3/GAC [91]

Photo-Fenton 71% an amount of 7.5 mg/L of
Fe2+, 50 mg/L of H2O2

[92]

Metoprolol (MET) Ozonation ACR 1 [76]
UV/H2O2 85.6% combined with CAS [91]

Venlafaxine (VEN)
Ozonation ACR 1 N-oxide TP [76,77]

UV/chlorine 76% [60]
Photocatalysis 95% C3N4/PVDF/Vis [87]

Candesartan (CAN) Chlorination 35%
NaClO

a total of 13% transformed
into by-products

[93]

Irbesartan (IRB)
Moving bed biofilm

reactor 90% after 70 h
[94]

Membrane biofilm
reactor 100% combined with forward

osmosis, no TPs
1 ACR—almost-complete removal.

3.9. Anti-Corrosives Removal

Some of the studies investigated the adsorption process for removing selected anti-
corrosives. The removal of these micropollutants by two biochars was studied by the
authors of [95]. Studied adsorbents were synthesized from wild plum (WpOH) and apricot
(AsPhA) kernels. The goal aim of this research was to optimize the adsorption of BZT and
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various BZTs (i.e., 4-hydroxy-1H-benzotriazole (4-OHBZT), 4-methyl-1H-benzotriazole
(4MeBT), 5methyl-1H-benzotriazole (5MeBT), 5-chloro-1H-benzotriazole (ClCBZT), and
5,6-dimethyl-1H-benzotriazole (DMBZT)). From the results of the batch adsorption assays
resulted an equilibrium adsorption time of 240 min. The optimal process pH values
varied between four and six for WpOH and AsPhA, respectively. The best description
of the kinetics of the adsorption process was achieved by the Elovich model. The best
correlation of the adsorption equilibrium data with the Freundlich isotherm indicates
multilayer adsorption mechanisms. The values of the maximum adsorption capacity
obtained for the mixture of the studied emerging micropollutants were 379 mg/g on
WpOH and 526 mg/g on AsPhA. The concentrations of 4-OHBZT and BTZ decreased by
>40% during conventional treatment. The concentrations of the other derivatives were
below detection limits.

The results of the toxicity test carried out with Vibrio fischeri assays confirmed a
significant decrease in raw and treated wastewater by adsorption on AsPhA. The authors
of [96] investigated the adsorption and biodegradation of benzotriazole (BZT) and 5-
methylbenzotriazole (5MeBZT) under anaerobic conditions. Experiments were conducted
over 220 days in large laboratory columns to simulate a controlled aquifer recharge strategy.
They worked with concentrations of micropollutants on the order of nanograms per liter.
From the results of the sorption measurements followed the BZT and 5MeBZT retardation
coefficients 2.0 and 2.2. After a biological lag time of approximately 30–60 days, the
biodegradation of BZT and 5MeBZT was observed with first-order kinetics with half-lives
of 29 ± 2 and 26 ± 1 days, respectively. No threshold effect on the biodegradation of BZT
and 5MeBZT was observed at the concentrations of 200 ng/L.

Other studies were focused on applying biological processes as a potential method of
BZT degradation. Struk-Sokołowska et al. [33] present the results of a study on the quantita-
tive changes in BZT in a sequential batch reactor (SBR). The work cycle of the SBR consisted
of the following six phases: filling (40 min), mixing (dephosphatation—20 min), the ni-
trification and oxidation of organic compounds (300 min), denitrification (30 or 60 min),
settling, and decantation (40 min). During the research, 411 cycles of SBR were carried out,
while the BZT concentration varied in the range of 50–1000 µg/L. The results show that
when the BZT content does not exceed 200 µg/L in wastewater, this compound is removed
with more than 80% efficiency. The highest efficiency (88.2%) was achieved at an initial
concentration of 1000 µg/L. The lowest efficiency removal value (56.6%) was achieved
at the BZT initial content of 1000 µg/L. In anaerobic conditions, BZT decomposition was
5.3 and 4.9 times slower compared to oxic conditions. Extending the denitrification phase
from 30 to 60 min contributed to the release of phosphorous from the activated sludge to
the WW in the SBR. BZT removal with an efficiency of more than 80% is possible with long
HRT and SRT, if the BZT content in the WW does not exceed 200 µg/L.

The authors of [97] presented results of the removal of BZT and its derivatives 5MeBZT
and 4MeBZT with Lemna minor. The experiments were carried out in a batch and con-
tinuous system. In the batch system, no inhibition of the specific growth rate of Lemna
minor was observed at concentrations up to 200 µg/L. Except for 4MeBZT, the observed
complete elimination of other 4MeBZT derivatives was achieved in these experiments.
Half-life values were 25 ± 3.6 d (4MeBZT). For all BZTs, the values of the plant uptake
kinetic constants were much higher compared to the kinetic constants for hydrolysis and
photodegradation mechanisms. The continuous flow Lemna minor system consisted of three
mini ponds with a total hydraulic residence time of 8.3 d. Removal efficiency values of BZT
and its derivatives were around 26% (4MeBZT). Using the model to describe the removal
of micropollutants in this system, it was found that the main mechanism of BZT removal
was uptake by plants [97].

The contents of benzotriazole (BZT) and tolyltriazole (TTZ) (a mixture of 4- and 5-
methyl isomers of BZT) in the primary and secondary wastewater effluents ranged from
10 to 100 µg/L. The ranges of the concentrations in the Glatt River in ng/L varied from
636 to 3690 for BZT and from 122 to 628 for TTZ. The corresponding values of mass flows
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varied from 93 to 1870 g/d for BZT and from 18 to 360 g/d for TTZ. The anti-corrosive
agents BZT and TTZ occur in all municipal wastewater effluents and are only partly
removed in mechanical–biological WWTP due to their high polarity, i.e., high solubility in
water, and their bio resistance to biodegradation. Thus, residual amounts of BZT and TTZ
are widely distributed in the receiving waters [35].

Kowalska et al. [98] investigated the possibilities of treating municipal WW, which
contained environmentally relevant high concentrations of benzothiazole (BT) and benzotri-
azole (BZT). The experiments were carried out in aerated laboratory membrane bioreactors
(MBR) with an internal microfiltration module and a model municipal WW. Both com-
pounds are commonly used in industry and households and therefore occur in municipal
WW and in the aquatic environment. Activated sludge was adapted to higher concen-
trations of BT and BZT, which was reflected in a multiple increase in the values of the
kinetic parameters of their biological decomposition. After the adaptation period, BT
and BZT removal efficiencies of 99.8% and 97.2% were measured. However, there were
also recurring periods with unstable BZT removal. Overall removal efficiencies of 88%
for BT and 84% for BZT were achieved. However, the share of activated sludge in the
biotransformation of the BZT represented only less than 1% of the removed load. The
remaining share of the biologically removed BT and BZT was attributed to the increased
retention in the bioreactor because of membrane fouling. Due to the very low affinity
of these compounds to the activated sludge, the process of adsorption to the activated
sludge played a negligible role. The result shows that the BT and BZT were biodegraded
by a catabolic rather than a co-metabolic mechanism. The results of this study show the
feasibility of cleaning municipal WW with high BT and BOD content in MBR.

Mazioti et al. [99] studied the removal of five benzotriazoles and one benzothiazole
in continuous laboratory aerobic bioreactors with activated sludge and attached growth
biomass. The activated sludge bioreactor (ASBR) was operated with a low organic load.
The moving bed biofilm reactor (MBBR) consisted of two reactors connected in a series,
which were filled with K3-biocarriers. This system was operated while maintaining a low
or high organic load. In the MBBR, higher loadings were observed to cause a significantly
lower biological removal of four of the six compounds investigated. The comparison of the
values of the specific removal rates revealed a higher degradation potential of the biofilm
system for the target compounds compared to suspended biomass. Significant differences
in the degradation ability were also observed for biomass cultivated in different MBBR
systems. The results of the batch experiments showed that the co-metabolic biodegradation
of the micropollutants took place at both lower and higher loads. Both the ASBR and
MBBR systems showed the ability to biologically degrade the target compounds. The
biodegradation efficiency varied for BZT from 43% to 76%. Greater MP removal capacity
was observed for the biomass cultivated in MBBR especially when this system was operated
at low organic load. The biodegradation of the MP in the batch tests was improved by the
presence of easily degradable organic substances.

Several studies showed promising results of the Photo-Fenton process to remove BZTs.
Ahmadi et al. [100] report the results of research on the removal of benzotriazole

(BZT) by the Photo-Fenton process in combination with nano zero-valent iron (NZVI).
For the design and analysis, four operating parameters of the experiment with the initial
concentrations of BZT (15–5 mg/L), NZVI (0.05–0.15 g/L), H2O2 (0.5–1.5 mmol/L), and
reaction time (30–90 min), and a response surface optimization methodology (RSM)-based
on the Box–Behnken design was used. All experiments were carried out in the presence
of UV radiation with a power source of 6 W. The results show a very good agreement
(determination coefficient R2 = 0.9500) between the experimental and predicted values
of the BZT removal efficiency. The determined optimum values of the UV/NZVI/H2O
process parameters (60 min reaction time, a BOD of 15 mg/L, 0.10 g/L of NZVI, and
1.5 mmol/L of H2O2) correspond to a total removal efficiency of 73.4% for BZT and 40%
for COD.
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To prevent the release of benzotriazoles into the environment, Weiss et al. [101] pro-
posed the treatment of municipal wastewater using membrane bioreactors (MBRs) to
improve the wastewater removal capabilities. However, this method did not completely
prevent the release of benzotriazole into the wastewater from the plants. Complete re-
moval was achieved only by the ozonation of water, which led to the almost-complete
degradation of BZTs. Phyto transformation has also been proposed for the reduction of
benzotriazole [21], but it is not feasible for the treatment of large volumes of municipal
wastewater. The direct photochemical degradation of benzotriazoles was studied, with
BZTs being significantly degraded by UV radiation but not mineralized, leading to the
formation of aniline and phenazine as the major and more toxic intermediates [101].

Photogenerated species at the semiconductor/electrolyte interface facilitated the rapid
conversion of the investigated benzotriazole substrates. Photocatalytic degradation resulted
in the complete mineralization of the substrates (BZTs and TTZs), while no accumulation
of persistent photostable intermediates was observed. A photocatalytic process using
irradiated TiO2 and other advanced oxidation processes (AOPs) using HO as primary
oxidants could be valuable in reducing these contaminants of emerging concern in both
WWTP effluents and raw waters used for drinking water production. Further research
is needed to assess the strengths and limitations and demonstrate the applicability of the
photocatalytic technology for benzotriazole reduction in real-world scenarios [102].

Another study focused on the degradation of benzotriazole using the UV/chlorine
system. It was performed in a bench-scale UV irradiation reactor where the degradation
efficiency of benzotriazole reached 82.5% at 5 µM chlorine within 30 min and with the
pseudo-first-order rate constant of 0.0605 min−1. The findings indicate that the higher
dose of chlorine did not enhance the degradation efficiency, suggesting that the increased
formation of Cl2•− radicals had no effect on the degradation. However, the toxicity of the
benzotriazoles was increased due to the formation of intermediates during the process [103].

The study by the authors of [104] deals with the removal of wastewater contaminants
related to the production, use, and disposal of plastic materials. The related emerging
contaminants were bisphenol A, phthalic acid esters, and benzotriazoles. Due to their
low biological degradability in municipal wastewater treatment plants, advanced electro-
chemical oxidation processes have been developed. The authors of this work provide an
overview of the use of electrochemical methods for the removal of these plastic-originated
contaminants from wastewater and their mineralization. The transformation products
were also identified, and their toxicity was evaluated as well as the energy requirements
of the processes. The results of research on electrochemical methods for treating these
contaminants over the last five years are presented and proven to be effective and useful in
practice for removing selected contaminants from wastewater.

The work in [96] presents the results of research on the biodegradation of benzotriazole
and 5-methylbenzotriazole (MeBZT). Long-term research (220 days) was carried out in
large aerobic laboratory columns. The initial values of the concentrations of emerging
pollutants were in the range of ng/L. The results showed that the biodegradation of BZT
and 5MeBZT followed first-order kinetics. The half-life values for BZT 29 ± 2 and for
5MeBT 26 ± 1 days were measured after a 30–60-day lag phase. At the initial concentration
of 200 ng/L, no threshold effect on the biological degradation process was observed. The
results indicated that for the biodegradation of BZT and 5MeBZT, sufficient residence times
in the aquifer are necessary, or sufficient distance between the injection of recycled water
and the extraction of groundwater.

The authors of [105] investigated the possibility of reusing the water discharged from
the cooling tower (CTW). The intention was to reduce the need for fresh water to be
transported to the CTW and thereby alleviate the problems with its shortage. However, the
reuse of cooling water requires desalination. To increase the efficiency of desalination, it is
necessary to remove the chemicals that are used for water treatment. Such pre-treatment
can be implemented in constructed wetlands (CWs). The authors studied the mechanisms
underlying the removal of the conditioning benzotriazole (BZT) in CW. The results of the



Processes 2024, 12, 888 19 of 31

batch experiments of biodegradation, adsorption, and photodegradation showed that BZT
removal is the result of the processes of adsorption and aerobic biological decomposition.
The BZT was resistant to photodegradation. The research was carried out using various
semi-operational CWs in combination with the use of batch experiments with substrate
from these CWs. The results of the research made it possible to determine the most
important removal processes of BZT removal in CW.

4. Micropollutant Removal in Municipal Wastewater Treatment Plants

Micropollutants enter the aquatic environment mainly from wastewater treatment
plants, as commonly operated treatment technologies are not effective enough to remove
them. Most of them are not removed or (bio)transformed in traditional wastewater treat-
ment plants, and they can be persistent in aquatic ecosystems or form new chemicals
reacting with natural humic substances in sunlight. They can be bioactive, pose endocrine
effects, and they can bioaccumulate and biomagnify. Due to the serious negative effects
on the environment, low concentrations, and in many cases the complex chemical struc-
ture, the issue of MP removal represents an urgent and current challenge to the research
of treatment technologies, a study of their effects on the aquatic environment, and their
penetration into groundwater [6].

They enter the environment from anthropogenic activities and belong mainly to
the group of medicines (human or veterinary), pesticides and biocides, personal care
products and synthetic fragrances, petroleum, as well as various industrial chemicals and
additives. Degradation and combustion processes, which can produce polychlorinated
dibenzodioxins (PCDDs) and some polyaromatic hydrocarbons (PAHs), are also important
sources of micropollutants in the environment.

The published works show that the most important point sources of discharges of
micropollutants into the environment are municipal wastewater treatment plants (WWTPs)
due to low removal efficiencies [106,107]. In municipal WWTPs, only about half of the
total amount of micropollutants contained in wastewater (WW) is removed, either by their
degradation or by sorption into sludge. The fate of MPs in WWTPs related to their adsorp-
tion on suspended solids and primary and secondary sludge. Removal is a consequence of
the coagulation and flocculation processes and usually less of biodegradation. The log Kow
(>2.5) and pKa are the important properties of the MPs when the potential for their removal
from wastewater is considered. The concentration, presence of organic fraction, size, and
surface charge of suspended solids define the extent of the adsorption of MPs. Most of the
conventional WWTPs do not remove MPs by biodegradation or biotransformation and the
removal rates vary significantly for different compounds, as well as for the same substance,
due to operational conditions such as oxygen regime, food–microorganism’s ratio, sludge
retention time, hydraulic retention time, pH, redox potential, and temperature. Ozone- and
UV-based AOPs and membrane filtration can be used for tertiary/quaternary purification
due to their easy implementation and high speed. The values of partition coefficients and
rate constants for various MPs are available for design and application purposes.

Luo et al. [6] summarize the occurrence of MP in the aquatic environment. The
removal efficiency of selected MPs from OV in 14 countries/regions ranges from 12.5 to
100%. Biological treatment can remove polar persistent micropollutants. The efficiency of
these processes can be increased by changing technological and operational parameters
(sludge age, hydraulic residence time, temperature and redox conditions) and by applying
of hybrid systems. Although advanced processes such as activated carbon adsorption,
AOPs, nanofiltration, reverse osmosis, and membrane bioreactors can achieve a greater
and more consistent removal of MP, they have high operating costs, and some generate
by-products and concentrated wastes.

Deblonde et al. [108] monitored data on the concentrations and removal efficiencies of
50 pharmaceutical compounds, 6 phthalates, and bisphenol A at inflows and outflows in
WWTPs. The phthalate removal efficiency is greater than 90% for most of the compounds
studied. The rate of antibiotic removal is about 50% and for bisphenol A 71%. Analgesics,
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anti-inflammatory drugs, and beta-blockers are the most resistant to removal (30–40%
removal efficiency).

Singh et al. [109] published results from pilot plant ozonation after secondary mu-
nicipal wastewater treatment in Canada for 41 target EPs at two doses of ozone (0.46
and 0.72 mg O3/mg DOC). At both doses of ozone, removal efficiencies of more than
80% were observed for seven EPs (bisphenol A, carbamazepine, diclofenac, indomethacin,
lincomycin, sulfamethoxazole, and trimethoprim). At ozone doses of about 0.7 mg O3/g
DOC after secondary treatment of municipal wastewater, the simultaneous disinfection
and transformation of many EPs were achieved.

The first long-term ozonation in Switzerland was introduced at the Neugut WWTP
with a capacity of 1,050,000 PE. In this operation, a specific ozone dose of 0.55 g O3/g DOC
was determined to ensure an average reduction in the concentration of twelve selected
indicator substances by 80%. After ozonation, additional biological treatment is required to
eliminate possible ecotoxic effects caused by biodegradable transformation products and
oxidation by-products [110].

The integration of chemical and biological processes, as well as the development
of hybrid treatment methods, shows potential for improving removal efficiency while
reducing costs. The accumulation and biosorption of hydrophobic organic substances by
activated sludge eliminates them from wastewater. However, the disposal of contaminated
sludge poses a new environmental problem, especially if the pollutants are reversibly
bound. One of the current trends in sludge management is the research of integrated
biological and chemical processes in order to minimize the production of excess sludge and
to perform the simultaneous transformation/degradation of micropollutants sorbed on
activated sludge [111].

The conclusions of the Ninth Implementation Report and the programs for the imple-
mentation of Council Directive 91/271/EEC on the treatment of municipal wastewater [112]
show that 58% of sewage sludge has been reused, mostly in agriculture.

Ak et al. [113] showed that the anaerobic stabilization of excess sludge after ozonation
practically doubled the volume of biogas produced compared to the conventional stabiliza-
tion process, with no sludge to be produced for disposal. The removal rate of adsorbed
endocrine disruptors on the sludge was increased by the ozonation of excess sludge.

The results of the authors Nie et al. [114] showed that ozonation led to a significant
reduction in excess sludge produced in the system. Although ozonation caused a relatively
lower specific rate of oxygen consumption by the microorganism-activated sludge, it
had little effect on the performance of the system in removing COD and nitrogenous
substances. The sludge reduction system was more favorable to the removal of target
endocrine disruptors than the control system.

Burzio et al. [115] studied the removal of organic micropollutants (MPs) in a classic
activated sludge system (CAS) and in an aerobic granular sludge (AGS) system at a WW
treatment plant. A higher transformation efficiency for CAS was observed for most com-
pounds. Compared to anoxic conditions, several micropollutants were transformed at
comparable rates or faster than under aerobic conditions.

The fate of MPs in municipal wastewater treatment plants (WWTPs) is strongly
dependent on adsorption to solid particles in primary and secondary sludge and dissolved
organic carbon (DOC) [111].

Adsorption, coagulation–flocculation, and biodegradation are the basic removal pro-
cesses. MP adsorption is significantly influenced by the concentration, organic fraction, and
surface charge of undissolved substances. Most conventional WWTPs do not remove com-
plex MPs efficiently through biodegradation or biotransformation. Their removal varies
greatly due to operating conditions such as the biochemical environment (oxic, anoxic, and
anaerobic), solid retention time (SRT), redox potential, pH, and temperature. The membrane
bioreactor has a higher processing potential for moderately biodegradable compounds
due to the greater adaptability of microorganisms at SRT and their diversity. Ozone- and
UV-based AOPs and membrane filtration can be used for tertiary/quaternary purification
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due to their easy implementation and high speed. The values of partition coefficients and
rate constants for various MPs are available for design and application purposes.

Albergamo et al. [116] studied the effectiveness of reverse osmosis (RO) in pilot drink-
ing water treatment for the removal of organic polar MPs. The experiments were carried
out with the hypothetical intention of treating an anaerobic filtrate from the riverbank,
which was enriched with thirty model compounds. A significant inverse correlation was
observed between the size and transitivity of neutral hydrophilic species. In the case of
moderately hydrophobic MPs, a weaker correlation was observed. Almost no permeability
was observed for anionic MPs. However, it was possible to observe the penetration of small
cationic MPs.

Boström [117] deals with the removal of seven active pharmaceutical ingredients (APIs)
of different structures in two MWWTPs. All seven components were present in at least
one influent sample. Only one component was significant in one MWWTP. All samples
of WW at the exit from the secondary stage were subjected to tertiary treatment with
activated carbon, biochar, or ozonation to further reduce concentrations in WW. The best
performance was achieved with activated carbon. Acceptable results were also obtained
by ozonation.

The combination of a fixed bed reactor (FBR) and a nanofiltration device (NF) for the
removal of organic MPs was verified by Büning et al. [118]. The biological degradation of
pollutants takes place in FBR and NF acts as a barrier for MP. It provides the simultaneous
cleaning of the retentate by recirculating it into the FBR. The results of the experiments
show that NF can remove on average more than 95% of the contained MPs. Retentate
from NF was used in biodegradation testing in FBR. The results of the tests show that a
significant biological degradation of various MPs was carried out in the FBR. The biological
degradability of substances is confirmed by insignificant adsorption on the sludge and solid
layers. Negligible biodegradation was observed for sulfamethoxazole and carbamazepine.
Excluding these two MPs, the average degradation rate was 78%.

Hollender et al. [119] studied the removal efficiency of 220 micropollutants (MPs) in
a municipal wastewater treatment plant (MWWTP) modernized with tertiary ozonation
processes followed by sand filtration. Compounds containing aromatic/amine functions or
double bonds (e.g., sulfamethoxazole, diclofenac, or carbamazepine) were eliminated below
the detection limit with second-order rate constants at an ozone dose of 0.47 gO3/gDOC.
The removal efficiency of compounds more resistant to ozone oxidation (eg atenolol and
benzotriazole) increased with an increasing ozone dose. At a moderate dose of ozone
(~0.6 gO3/gDOC), a removal with an efficiency higher than 85% was achieved. Several
micropollutants (e.g., triazine herbicides) with second-order rate constants <102 1/M 1/s
(slow reacting) persisted largely in WW. The ozonation process was accompanied by the
formation of carcinogenic by-products and bromates. However, their concentrations were
below or within the range of drinking water standards. The results show that biologi-
cal sand filtration is an effective additional barrier for the elimination of biodegradable
ozonation products. Additional post-ozonation requires about 0.035 kWh/m3, which corre-
sponds to 12% of the energy consumption in a medium-sized MWWTP providing nutrient
removal. A promising technology for the expansion of MWWTP with nutrient removal
for a significant reduction in MP content and ecotoxicity in the aquatic environment is the
addition of powdered activated carbon (PAC) [120].

Boehler et al. [121] present the main results of pilot and operational applications of
PAC addition in different technological schemes for MP removal in MWWTPs. The sorption
efficiency of PAC for MP removal decreases significantly with increasing dissolved organic
compounds (DOCs). Dosing 5–10 gDOC/m3 PAC to wastewater requires 10–20 gPAC/m3.
Countering the current use of waste PAC by recycling it from a contact tank improved
overall MP removal compared to PAC application alone in WW by 10 to 50%. Similar
removal of MP was observed with a dose of 15 gPAC/m3 to the flocculation sand filter
and recycling of the washing water to the bioreactor. The application of PAC in MWWTP
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appears to be a feasible technology for the elimination of MP (>80%) from WW comparable
to post-ozonation.

Margot et al. [122] present the results of testing two large-scale pilot advanced methods
at the MWWTP in Lausanne, Switzerland, over one year. A combined method of oxidation
with O3 followed by sand filtration (SF) and a combined method of adsorption process on
powdered activated carbon (PAC) followed by either ultrafiltration (UF) or sand filtration
were tested. During testing, more than 70 potentially problematic MPs (pharmaceuticals,
endocrine disruptors, drug metabolites, pesticides, and other common chemicals) were
analyzed and several ecotoxicological tests were performed. The results show that both
methods significantly improved the quality of wastewater (WW). Compared to raw WW,
MPs at an average dose of 5.7 mgO3/L or a PAC dose between 10 and 20 mg/L were
removed with an average efficiency of more than 80%. Both methods resulted in a sig-
nificant reduction in WW toxicity, with better results obtained with PAC-UF. Despite the
currently higher price, the PAC-UF method was the most suitable method for sensitive
areas (drinking water sources or recreational waters). It enabled the good removal of
most MP and other pollutants without creating problematic by-products, with the greatest
decrease in toxicity and overall WW disinfection.

Since micropollutants are detected in surface waters in lower and lower concentrations,
processes and technologies for their purification must be constantly improved. Both
development and application trends are advanced methods at municipal wastewater
treatment plants (MWWTPs) through the quaternary stage. In addition to assessing the
required performance, the optimal fourth stage of cleaning should also be the result of a
holistic assessment of sustainability, considering the adaptability of processes, and social,
economic, and environmental parameters. Sturm et al. [123] investigated the potential
of a tertiary stage MWWT to remove organic pollutants using an advanced oxidation
process (AOP) (a combination of UV and H2O2) and with granular activated carbon (GAC).
Average MP removal efficiency of 76.4 ± 6.2% and 90.0 ± 4.6% for GAC was achieved for
AOP. After the saturation of GAC, there was a drop in performance from 97.6% in the first
week to 80.7% in the thirteenth week. In the case of AOP, a higher removal efficiency was
achieved after adjusting the doses of UV and H2O2. At the set parameters of 40 ppm H2O2
and 10 kJ/m2 UV bolus, removal reached 97.1%. AOP technology is more promising due
to greater flexibility and adaptability to water quality in real-time, lower consumption of
resources, as well as in terms of the disposal of produced waste and the sustainability of
the compared methods.

In the overview article [124], Kumar et al. deal with technologies for removing pharma-
ceutical and personnel care products (PPCPs) from wastewater. Modern and efficient AOPs
require chemicals and energy, leading to high processing costs. The integration of chemical
and biological processes has been proposed to reduce costs. The removal efficiency of
PPCPs should be significantly increased by combining ozonation with activated carbon
(AC). New technologies with lower operating costs include the photo-Fenton method,
methods based on the use of solar radiation, as well as promising constructed wetlands.
Other technologies include membrane processes, enhanced oxidation, and adsorption.
Adsorption is preferred for its simplicity and low cost. However, its effectiveness and
efficiency depend solely on the correct selection of suitable adsorbents. Further progress in
technologies led to the development of efficient hybrid treatment methods (biodegradation
together with physical adsorption and coupling photocatalysis). Recent progress in re-
search on these hybrid systems has led to major breakthroughs such as modified adsorbents
and nano-adsorbents that could be combined with other treatment methods. A potential
approach to cleaning PPCP-containing WW can be to combine membrane bioreactors with
RO or NF, as well as the use of biochar and zeolites as adsorbents. These recent advances
have contributed to overcoming the limitations in the use of the adsorption process, which
is becoming a promising technique for PPCP removal.
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Prospects for the Implementation of Quaternary Wastewater Treatment

As already mentioned in the introduction of this paper, the proposal of the revised
directive [1] requires that individual EU member states define the areas in which the
selected 12 MPs pose a risk to human life or the environment and define two time horizons
for their removal from municipal wastewater during quaternary treatment:

• By 2035, all WWTPs > 100,000 PE and at least 50% of WWTPs > 10,000 PE must be
equipped with a quaternary treatment stage.

• By 2040, all WWTPs > 10,000 PE must be equipped with a quaternary treatment stage.

At the same time, quaternary treatment requires 80% removal efficiency of at least 6 of
the 12 considered MPs.

From the time horizons mentioned above, approximately 10 years remain until the
first defined time horizon for the implementation of the quaternary stages. The very length
of this period indicates that it will be a challenging period. The implementation of the
directive will require the acquisition of a large set of data, the improvement of sampling
and analytical techniques as well as investments in online and inline measuring equipment.
All of this will presumably increase the price of treatment and affect residents and industry
in the wastewater-catching area. At the same time, energy audits are scheduled every four
years for water treatment plants and sewage systems, which will be targeted for potentially
cost-effective use, and production of energy from renewable sources with an emphasis
on exploiting the potential of biogas at the same time reducing methane emissions. The
goal of the proposed directive is to achieve 100% energy neutrality for all MWWTP above
10,000 PE by 31 December 2040, which is an extremely optimistic goal, especially in terms
of the size of the plants.

Obviously, data quality will increase with the amount of monitored data. On the
other hand, when determining the length of monitoring campaigns, it is advisable to use
statistical methods and modeling tools for processing the monitored data.

Aligning the concentrations of pollutants in discharged wastewater with the require-
ments of the revised directive on the treatment of municipal wastewater related to MP
removal, which is being considered after its approval by the European Council, will be
a matter of individual MWWTPs and will require several activities, analyses, and deci-
sions [125]. The starting point will be an analysis of the specifics of the WWTP due to the
presence of the MPs in question in the influent of MWWP for the purpose of deciding which
6 of the 12 MPs will be removed. It will require longer-term qualitative and quantitative
monitoring of the occurrence of the pollutants in question in WW at the inflow and outflow
of the MWWTP.

The next step will be the acquisition of basic documents for the selection of pro-
cesses/technologies to ensure the required removal of the selected MPs. An important
part of this process is the synchronization of currently operated and anticipated/newly
proposed processes and technologies to ensure the required removal of the selected MPs.
Substantial information to support the final decision will be provided by analyses, mass
balance calculations, and the evaluation of the results of longer-term monitoring of the
occurrence and changes in the MPs. The processing of monitoring results and operational
data should be sufficient for the selection of at least six MPs, which will be removed in the
quaternary treatment at the MWWTP.

Such a database defines the framework for the period of the process-technological
preparation of the quaternary MWWTP treatment. This stage will consist of an oriented
literature search of published results, the selection of alternative processes/technology,
laboratory/pilot research, the design of the industrial scale of the quarter stage, and its
implementation at the MWWTP. It is obvious that the 10-year frame is quite ambitious, and
it will require a lot of focused effort and investments to fulfill it. However, the objective of
the renewal of the directive is to update the 30-year-old directive, improve the management
of municipal wastewater, address the sources of pollution from the urban environment that
were not yet adequately addressed in the old directive, and to achieve better alignment
with the goals of the European Green Deal.
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5. Conclusions

The rapid growth in pharmaceutical use has led to a significant increase in the presence
of these compounds in wastewater systems. However, the widespread use of pharmaceu-
ticals has inadvertently led to their introduction into various environments through the
discharge of treated or untreated wastewater. Even trace amounts of these compounds
in aquatic ecosystems can disrupt their balance and pose potential risks to organisms. In
addition, the persistence of some pharmaceutical products exacerbates concerns about
long-term environmental consequences.

The presence of pharmaceuticals in wastewater is mainly due to incomplete metabolism
and excretion by humans and animals. Traditional wastewater treatment plants, designed
primarily for common pollutants, may not be able to effectively eliminate these complex
compounds. Pharmaceutical substances can undergo transformation during wastewater
treatment, creating new transformation products that can show increased persistence and
biological activity compared to the original compounds.

The proposed directive [1] on WW treatment requires the identification of areas where
the concentrations or accumulation of micropollutants pose a risk to human health or
the environment. It outlines the requirements for the removal of micropollutants, sets a
minimum removal efficiency of 80%, and lists specific pharmaceuticals categorized based
on their ease of degradation.

In conclusion, various treatment processes have been studied extensively for their
efficacy in removing MPs from wastewater, shedding light on degradation mechanisms
and optimal conditions. Key findings include the following:

• Ozonation has shown significant potential for removing MPs like carbamazepine, with
over 90% removal achieved at low ozone dosages.

• UV irradiation enhances the degradation of MPs, particularly when combined with
ozone or hydrogen peroxide, leading to accelerated transformation. Solar irradiation
and visible light applications also contribute to the degradation of MPs, although
degradation rates may vary depending on the water matrix and the specific compound.

• Sulfate radical-based technologies, such as UV/persulfate, exhibit promising results
for removing pharmaceuticals like diclofenac, with removal efficiencies reaching up
to 89%.

• Combined approaches, such as UV/H2O2 followed by biological treatment, show
promise in achieving mineralization of MPs like carbamazepine.

• Photocatalytic processes utilizing catalysts like TiO2 and g-C3N4 demonstrate high re-
moval percentages for various MPs, especially when combined with hydrogen peroxide.

• The simultaneous use of hydrogen peroxide in photocatalytic reactors enhances degra-
dation rates, leading to the effective removal of various types of MPs from wastewater.

Advanced oxidation processes take advantage of the high oxidation capacity of the hy-
droxyl radical for the oxidation of organic molecules under technically feasible conditions,
i.e., at normal pressure and temperature. These techniques are thus useful for the removal
of micropollutants, which are mostly non-biodegradable chemicals that (bio)accumulate
in the environment due to their specific properties and have various, not yet well-known,
even long-term harmful effects. These undesirable effects are a clear message to modern
society that the spread of these substances into the environment must be better controlled
and, above all, prevented, which is also what the development of legislation tends to do.
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Abbreviations

4MeBZT 4-methylbenzotriazole
5MeBZT 5-methylbenzotriazole
6MeBZT 6-methylbenzotriazole
ACR almost-complete removal
AMI Amisulpride
AOP(s) advanced oxidation process(es)
AS activated sludge
AsPhA apricot kernel
ASBR activated sludge bioreactor
API(s) active pharmaceutical ingredient(s)
BFO piezocatalyst
BOD biological oxygen demand
BT benzothiazole
BZT(s) Benzotriazole(s)
CAN Candesartan
CAR Carbamazepine
CAS conventional activated sludge
CIT Citalopram
CLA Clarithromycin
ClCBZT 5-chloro-1H-benzotriazole
CTW cooling tower
CW constructed wetlands
DBP(s) disinfection by-product(s)
DIC Diclofenac
DMBZT 5,6-dimethyl-1H-benzotriazole
DOC dissolved organic carbon
EE2 17-alpha-ethinylestradiol
E1 estrone
E2 17-betaestradiol
ECHA European Chemicals Agency
EDG electron-donating group
EE/O energy efficiency per oxidant
EP emerging pollutants
EU European Union
EWG electron-withdrawing group
GAC granulated activated carbon
HCH Hydrochlorothiazide
IRB Irbesartan
IUPAC International Union of Pure and Applied Chemistry
MBBR moving bed biofilm reactor
MET Metoprolol
MP(s) micropollutant(s)
MWW municipal wastewater
MWWTP(s) municipal wastewater treatment plants
NZVI nano zero-valent iron
PAC powdered activated carbon
PDS peroxydisulfate
PE Population Equivalent
PMS peroxymonosulfate
PS persulfate
PVDF polyvinylidene fluoride
RCS reactive chlorine species
RO reverse osmosis
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RSM response surface methodology
TP(s) transformation product(s)
TTZ tolyltriazole
UF ultrafiltration
UWWTD Urban Wastewater Treatment Directive
VEN Venlafaxine
WpOH wild plum
WW wastewater
WWTP(s) wastewater treatment plant(s)
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