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a b s t r a c t
Treatment of emerging pollutants is one of the global necessities in the water sector aimed at water 
and wastewater treatment sustainability. This is a key action from the point of view of the safety 
of the environmental water bodies and the reuse of wastewater for economic purposes. Water 
bodies are systematically polluted by municipal, industrial and agricultural effluents which con-
tain numerous hazardous pollutants, including organic micropollutants (OMPs). This is because 
most of the existing wastewater treatment plants (WWTPs) are not adapted to be able to remove of 
OMPs from wastewater. In a typical WWTP, some of the micropollutants are biodegradable, much 
of them are adsorbed in the sewage sludge but, unfortunately, some of them flow with the effluent 
into natural receiving bodies and cause serious environmental problems. Recently, there has been 
growing interest in using advanced oxidation processes (AOPs) to remove emerging micropollut-
ants from wastewater. Numerous literature reports and the results of full-scale application demon-
strate the suitability of AOP methods for the removal of OMPs. This paper reviews a wide range 
of AOPs methods used for the degradation of selected OMPs, such as pharmaceuticals, organic 
dyes, pesticides, and microplastic in wastewater. The role of treatment process parameters, includ-
ing input power, reaction time, chemicals addition, and the concentration of micropollutants on 
degradation efficiency was discussed. In addition, the degradation kinetics and the possibilities of 
creating intermediate products by AOP were reported.

Keywords:  Organic micropollutants; Wastewater treatment; Advanced oxidation processes; Emerging 
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1. Introduction

The intensively developing pharmaceutical industry 
and the growing trend of drug consumption year by year 
lead to an increase in the concentration of pharmacologi-
cal products and their metabolites in wastewater. Poland is 
one of the world’s leading countries in terms of the number 
of used drugs per capita [1]. The migration of these pollut-
ants in the environment is very dangerous due to the threat 
to the health and life of humans and animals. In addition, 
the presence of antibiotics in surface waters contributes to 

the acquisition of bacteria resistance, which results in an 
increase in drug-resistant populations [2].

Dyes are also common organic pollutants in wastewa-
ter. Every year, huge amounts of this compounds are dis-
charged into the wastewater, which poses a serious threat to 
the environment. Dyes in sewage also pose a risk to human 
health due to the possibility of bioaccumulation, due to 
which they can enter the food chain. Therefore, treatment 
of wastewater from the textile industry containing signif-
icant amounts of dyes has received a lot of interest. Many 
studies concern the use of advanced oxidation processes 
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(AOP) methods using oxidants such as ozone, Fenton and 
photo-Fenton reagents and hydrogen peroxide [3,4].

Another important group of pollutants are pesticides, 
and other plant protection products, that are intended to 
protect crops against fungi (fungicides), insects (insecti-
cides) and weeds (herbicides) [5]. The use of these plant 
protection products is common in agriculture, horticulture 
and orchards. Therefore, their presence in sewage is not 
surprising. According to official data, in 2017 in Poland, 
2.5 kg of the active substance was used per hectare of cul-
tivation, which ranked as 13th among European Union  
countries [6].

The next major environmental problem are microplas-
tics, which are particles with sizes ranging from 1 µm to 
5 mm. During the treatment of raw wastewater, about 90% 
of microplastics are removed (remains in sewage sludge), 
the remaining part discharged with effluent to natural res-
ervoirs poses a serious threat to the environment, for exam-
ple, due to the sorbing of organic micropollutants in the 
form of, for example, PAHs (polycyclic aromatic hydro-
carbons) on the surface of the microplastic. Studies show 
that microplastic particles are ubiquitous and dangerous 
to fauna and flora [7,8]. In 2016, the production of plas-
tic exceeded 330 million tons, and in 2019 it reached a fig-
ure close to 370 million tons, of which in Europe alone the 
amount reached almost 58 million tons, indicating the scale 
of the dissemination of this material in the environment [9]. 
In addition, microplastic particles interact with pollutants 
such as dyes and heavy metals, which allow them to act as 
vectors for the accumulation and transport of organic and 
inorganic pollutants that adhere to their surfaces [10].

Conventional methods of wastewater treatment involv-
ing mechanical, biological or chemical treatment are no 
longer effective enough to guarantee the elimination of 
micropollutants found in wastewater in the form of phar-
maceuticals, organic dyes, pesticides or microplastics, the 
concentrations of which in treated wastewater raise increas-
ing concerns. This entire mixture is discharged to natural 
receivers, for example, rivers, from where it migrates fur-
ther in the natural environment, posing a huge risk to the 
health and life of people and animals. That is why it is so 
important to introduce new technologies that allow for 
higher efficiency in removing these pollutants.

The lack of adequate efficiency in removing organic 
micropollutants from wastewater has led to increased 
interest in using advanced oxidation processes (AOP) for 
this purpose. A common feature of all variants of the AOP 

technique is the oxidizing agent, mainly very reactive 
hydroxyl radicals with high oxidation–reduction potential. 
The use of advanced oxidation processes allows the miner-
alization of pollutants present in sewage into carbon dioxide 
and water and inorganic compounds [11,12].

2. Advanced oxidation processes

Conventional methods of wastewater treatment are not 
able to fully eliminate the pollutants that are identified in 
the wastewater both flowing into the treatment plant and 
those that are discharged to receivers. As a result, advanced 
oxidation processes have been recognized as one of the 
most promising methods that can be used to mineralize 
complex organic pollutants [13]. AOP methods are based 
on the use of strong oxidants, characterized by a high oxi-
dation potential [14]. Oxidation processes are mainly based 
on the use of OH• hydroxyl radicals, the oxidation potential 
is 2.8 V. Hydroxyl radicals are the strongest oxidants used 
in wastewater and water treatment [12]. They are charac-
terized by non-selective oxidation of organic compounds to 
carbon dioxide (CO2) and water (H2O) and reaction speed 
[15]. Hydroxyl radicals can be formed during the decom-
position of ozone in an aqueous environment, the photoly-
sis of hydrogen peroxide, an aqueous solution of iron(III), 
chlorine in an aqueous environment, in the Fenton reac-
tion as well as under the influence of ionizing radiation 
[16]. The OH• radical can react with organic compounds in  
three ways:

•	 splitting a hydrogen atom,
•	 electrophilic addition,
•	 electron transfer.

Each of these processes leads to the formation of organic 
radicals with an unpaired electron on the carbon atom, 
which reacts quickly with dissolved oxygen, resulting in 
superoxide radicals, which is the first stage of oxidation of 
organic compounds [17]. The efficiency of AOP processes is 
mainly dependent on the type of pollutants present in the 
wastewater and the oxidation parameters. They are recog-
nized as an effective method in removing hazardous pol-
lutants by mineralizing them to inorganic aliphatic acid, 
carbon dioxide and water [13].

Among the AOP methods, chemical processes and 
photochemical processes that are induced by light are 
distinguished (Table 1).

Table 1
Classification of advanced oxidation processes (based on Neczaj [11])

Advanced oxidation processes

Chemical 
processes

O3 and H2O2 oxidation

Photochemical 
processes

UV photolysis
Fenton reaction Processes using UV/O3

Electrochemical oxidation Processes using UV/H2O2

Wet air oxidation Processes using UV/O3/H2O2

Supercritical 
water oxidation

Photo-Fenton reaction
Photocatalytic degradation in aqueous suspensions of semiconductors
Ultrasonic processes
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2.1. Chemical processes

2.1.1. O3 and H2O2 oxidation

Ozone is most often used to remove pollutants that are 
difficult to biodegrade or are toxic. It is an oxidant charac-
terized by selective action. In addition, it has disinfecting 
properties and deactivates the cells of pathogenic microor-
ganisms. Ozone itself is unstable and quickly converts to 
molecular oxygen, which reduces the level of its use. Most 
often, O3 is used for the treatment of drinking water, water 
in swimming pools, municipal and industrial wastewater 
and leachates [18,12]. Moreover, the ozonation process gen-
erates high costs and poses a corrosion risk [19,20]. The oxi-
dation process with the use of ozone causes the formation 
of a number of by-products, which include: low-molecular 
organic compounds, for example, aldehydes; brominated 
organic compounds, for example, bromoacetic acids; inor-
ganic compounds, that is, bromates and oxidized, highly 
polar organic compounds [21]. The oxidation potential of O3 
is 2.07 V, while that of H2O2 is 1.77 V. Therefore, hydrogen 
peroxide can also be successfully used in wastewater treat-
ment. Often these two oxidants are used in combination 
with each other due to the fact that hydrogen peroxide sig-
nificantly reduces the cost of the process. The approximate 
reaction mechanism is shown below [12]:

H O HOO H2 2 � �� �

HOO O HOO O� � ��� � �3 3

It is assumed that ozone reacts with excess HO2
– and 

generates hydroxyl radicals. Too low and too high concen-
trations of hydrogen peroxide should be avoided. There 
exists an “ozone dose threshold” below which the addition 
of H2O2 yielded no noticeable increase in the rate of OH• 
production [18].

2.1.2. Fenton’s reaction

The Fenton reaction involves the use of Fe2+ ions and 
hydrogen peroxide. Modifications of the classic Fenton’s 
reagent are also used by using iron(III) ions in combina-
tion with an excess of H2O2. Thanks to such a modifica-
tion, it is possible to recover Fe2+ ions together with obtain-
ing hydroxyl radicals. This allows for the oxidation and 

reduction of organic compounds [14]. Most organic com-
pounds containing hydrogen can be successfully reduced 
using Fenton’s reagent. The advantages of the process 
undoubtedly include: reaction speed with high efficiency, 
simplicity, no H2O2 residue in the post-reaction system, 
availability of reagents and moderate costs of the process 
[22,23]. However, the limitation of the method is: a specific 
pH (3–4), as well as a large consumption of substrates related 
to the non-selectivity of the process [24].

The Fenton reaction produces an iron ion, a hydroxyl 
radical, and a hydroxyl ion. The decomposition of H2O2 
catalyzed by Fe2+ ions is represented by the following  
reaction:

Fe H O Fe OH OH2
2

2
3� � � �� � � �

In the next stages of the reaction, Fe2+ ions are regener-
ated from Fe3+ ions [25]. Oxidation of industrial wastewa-
ter most often takes place in unpressurized batch reactors. 
A typical reactor is a non-pressurized tank with a stirrer 
(Fig. 1) [12,23].

The efficiency of the oxidation reaction increases with 
the increase in the concentration of iron ions and hydrogen 
peroxide. However, too high concentrations of both sub-
strates may cause a decrease in the reaction rate (Fig. 2). 
The Fenton process is used for several types of wastewa-
ter: refinery wastewater, wastewater from the production 
of polymers containing, for example, phenol, wastewater 
from the wood industry, wastewater from soil treatment 
and process waters generated during the synthesis of, 
for example, drugs and pesticides [12].

Research	conducted	by	Krzemińska	et	al.	[27]	regarding	
the use of the Fenton reaction for support biological waste-
water treatment from the dairy industry, showed that the 
efficiency of eliminating organic compounds and the bio-
degradability increases with the increase in the reagents 
concentration. The maximum value was obtained for a 
dose of 1.2 g·Fe2+/L and 2 g·H2O2/L. Moreover, it was found 
that a further increase in the concentration of reagents 
decreased the treatment efficiency.

2.1.3. Electrochemical oxidation

Electrochemical oxidation is quite rarely used due to 
the high cost of the process. Moreover, the reaction mech-
anism itself is very complicated. The following stages can 

 
Fig. 1. Simplified scheme of the system for conducting the Fenton reaction based on the study of Pawar and Gawande [26].
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be distinguished: electrocoagulation, electroflotation and 
electrooxidation [28]. It is a method that does not increase 
the number of chemical compounds in the environment, 
which results from the production and consumption of 
electrons on the surface of the electrodes. In addition, the 
nature of the reaction causes the gradual corrosion of the 
electrodes, which forces their replacement [14,25].

The application of the electrochemical oxidation pro-
cess for hospital wastewater treatment was studied by 
Petrovic et al. [29]. The process was based on the electro-
chemical generation of sulphate and hydroxyl radicals. 
Strongly oxidizing radicals were formed by applying a 
current to the anode at atmospheric temperature and pres-
sure. Initial studies have shown an increase in reaction 
rate up to 80 times that of hydroxyl radicals alone. Sulfate 
radicals react mainly by electron transfer, therefore they 
are less susceptible to matrix capture. This allows them to 
accumulate in the solution, which significantly increases 
the efficiency of oxidation.

2.1.4. Wet air oxidation

The process is carried out in the liquid phase, at ele-
vated temperature (100°C–300°C) and under increased pres-
sure (0.5–20 MPa) [12]. Wet air oxidation (WAO) is charac-
terized by a non-selective effect on organic and inorganic 

compounds. Thanks to the high temperature, a high degree 
reacting of substrates and intermediate products is achieved 
[30]. Wet air oxidation is most often used to treat indus-
trial wastewater that is too concentrated to be biologically 
treated or contains compounds that adversely affect acti-
vated sludge. There are three main steps in the process: 
transfer of oxygen from the gas phase to the gas–liquid 
interface; transport of dissolved oxygen from the gas–liq-
uid interface to the liquid mass; chemical reaction between 
dissolved oxygen and substrates [30].

The mechanism of the process is very complex (Fig. 3). 
Generally, it can be assumed that it proceeds in two stages. 
The first is thermohydrolysis. However, when the oxidant 
is introduced into the system, the second stage begins – 
destructive oxidation of organic compounds. The main fac-
tor affecting the efficiency of the process is temperature. For 
example, at a temperature of 200°C, the efficiency of the pro-
cess is at the level of 40%. However, at the temperature of 
280°C it increases to nearly 80% [31]. WAO is used for [12]:

•	 removal of detergents, phenols, glycols, naphthol’s, 
pesticides, oils, synthetic resins from sewage,

•	 treatment of wastewater from the spirits industry,
•	 oxidation of wastewater containing cyanides and nitriles 

(galvanizing processes), from coke ovens, from the 
pharmaceutical industry,

•	 regeneration of activated carbons.

Currently, several companies in the world sell ready-
made installations for wet air oxidation. One of the most 
popular is the installation designed by ZIMPRO®, oper-
ating on the basis of a tower flow reactor. In recent years, 
Mannesmann Anlagenbau AG (Germany) has been inten-
sively promoting the VERTECH® technology, which is 
based on a vertical tubular reactor [12,31].

2.1.5. Supercritical water oxidation

Supercritical oxidation takes place in water. Oxidation 
is carried out above the H2O critical point. Water in the 
supercritical state changes its properties as a solvent, from 
ionic to non-ionic [12]. The use of such conditions allows 
for the conversion of impurities at the level of 99.99% [14]. 
The use of water as a catalyst and reaction medium with 
changes in temperature and pressure makes it an effective 
medium for the treatment of resistant organic compounds 
[32]. The basis of the supercritical water oxidation (SCWO) 
process is a reactor in which organic waste is oxidized to 
small harmless particles. SCWO is particularly suitable 
for disposing organic wastewaters with high toxicity, high 
concentration, and bio-refractory components. Despite a 
number of advantages, the process has its disadvantages. 
The key problems are corrosion, plugging triggered by salt 
precipitation, and high running cost [33].

Tank F contains a solution or a fine suspension of organic 
matter. The oxidant (tank O) is pumped by a high-pres-
sure pump through the evaporator (P). Both streams meet 
in reactor R. The post-reaction stream gives off heat in the 
heat exchange system H. The installation also includes 
systems for final cooling C and separation of reaction 
products P1 and P2 (Fig. 4) [12].
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Fig. 2. Efficiency of elimination of organic pollutants from 
wastewater at different concentrations of Fenton’s reagent on 
the	based	of	Krzemińska	et	al.	[27].

 
Fig. 3. General diagram of the wet air oxidation process based 
on reference [31].
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2.2. Photochemical processes

2.2.1. UV photolysis

Direct photolysis can only be applied to a selected type 
of wastewater – the contaminants must be able to absorb 
UV radiation. During direct photolysis, chemical com-
pounds are degraded by direct light excitation [34]. This is 
the process that is used in the final stage of treatment. In 
general, the technique is characterized by low efficiency and 
is most often used in combination with other methods [14]. 
UV radiation is considered as a potential method of disin-
fection. UV photolysis is recommended as a substitute for 
chemical additives in wastewater treatment against a wide 
range of environmental pollutants, especially to control 
antibiotic contamination. The decomposition of β-lactams, 
fluoroquinolones and tetracyclines induced by UV photol-
ysis proceeds with a high efficiency of degradation [35]. 
Highly fluorinated or chlorinated saturated aliphatic com-
pounds can be effectively removed by hemolysis of carbon–
halogen bonds. The excitation energies are below <190 nm 
for C–F bonds and 210–230 nm for C–Cl bonds. The pro-
cess is used to eliminate: nitrated and chlorinated aromatic 
compounds, halogenated aliphatic compounds and phe-
nols [12]. In contrast to chemical methods (with particular 
emphasis on chlorination) UV radiation does not cause the 
formation of by-products of the reaction of disinfectants 
with water components (e.g., humic compounds), such as 
trihalomethanes. However, the use of this type of disin-
fection can cause the formation of nitrites, which are the 
result of the reaction of UV rays with a wavelength below 
240 nm with the nitrate present in the water [36].

2.2.2. UV/O3 processes

The combination of ultraviolet radiation with ozone 
is much more effective than using the two methods sepa-
rately. Ozone absorbs UV at a wavelength of 253.7 nm. The 
essence of the process is the photolysis of ozone generating 
the formation of hydrogen peroxide [17]. The technique is 
used to reduce compounds resistant to self-ozonation. The 
use of UV/O3 is one of the most advanced technologies for 
wastewater treatment. The disadvantage of the method is the 
low solubility of O3 in water, high costs and corrosiveness 

caused by ozone [12]. Studies using a combination of O3 and 
UV are mainly focused on the optimization oxidant dose 
and the reaction time. The precisely designed process allows 
the elimination of a wide range of PPCP (Pharmaceuticals 
and Personal Care Products) from the secondary effluent of 
a wastewater treatment plant. In the studies conducted by 
Paucar et al. [37] it was shown that out of 38 tested PPCPs, 
31 were degraded at an O3 dose of 6 mg/L within 10 min, 
wherein 8 (e.g., diclofenac, chloramphenicol) were degraded 
at a dose of 1 mg/L O3 within 5 min. The remaining 7 out 
of 38 (e.g., ketoprofen) were not degraded during the reac-
tion. Table 2 shows a comparison of water disinfection 
methods using UV and O3.

Table 2 includes the comparison of the separate use of 
UV lamps and ozone for water disinfection. It indicates 
that operating with a UV lamp alone is faster, cheaper and 
simpler. However, it only works locally. The combination 
of UV radiation with the action of ozone allows for more 
effective protection of water against re-contamination [36].

2.2.3. UV/H2O2 processes

The combination of UV radiation with hydrogen perox-
ide enables complete mineralization of organic compounds 
to CO2 and H2O [14]. Hydroxyl radicals are formed as a 
result of photolysis of hydrogen peroxide. It is assumed that 
the mechanism of H2O2 photolysis consists in the homoly-
sis of the oxygen–oxygen bond with the formation of two 
OH• radicals [38]. The advantage of using hydrogen per-
oxide as an oxidant is its widespread availability, thermal 
stability, total solubility in water and low cost [12]. The 
process that combines ultraviolet radiation with hydro-
gen peroxide is the most popular AOP method used to 
degrade and disinfect organic compounds. The course of the 
reaction is illustrated by the following equation [39]:

H O hv OH2 2 2� � �

The generated OH• radicals react non-selectively with 
all components of the matrix. The conversion of target com-
pounds in wastewater or water competes with the oxidation 
of other organic and inorganic compounds. The occurrence 

 
Fig. 4. Simplified diagram of the supercritical water oxidation 
installation based of reference [12].

Table 2
Comparison of water disinfection methods by UV photolysis 
and ozone-based on Skoczko et al. [36]

Factor Water disinfectant

UV Ozone

Contact time 1–10 s 10–20 min
Exploitation Easy Difficult
Installation Easy Medium
Impact on water parameters:
- Temperature
- pH

No
No

Big
Weak

Corrosivity No High
Toxicity No Evident
Costs Low High
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of the so-called radical scavengers that interrupt radical 
chain reactions can significantly reduce the oxidation effi-
ciency in AOP. In addition, changes in UV transmittance 
directly affect H2O2 activation. Therefore, the efficiency of 
the process is very susceptible to changes in the water matrix 
[40].	 Research	 conducted	 by	 Zyłła	 et	 al.	 [41]	 showed	 that	
the use of pre-oxidation with H2O2/UV reduces the mem-
brane fouling effect, and thus increases the efficiency of 
nanofiltration in the case of wastewater containing cationic 
and non-ionic surfactants derived from polysiloxanes.

2.2.4. UV/O3/H2O2 processes

The use of three factors at the same time increases the 
level of pollution removal efficiency, but in terms of pro-
cess chemistry it does not differ from the use of UV radia-
tion in combination with ozone. Only the concentration of 
H2O2 in the system is higher [12,14,38]. Research conducted 
by the team of Demir-Duz et al. [42] showed that the use of 
a combination of ozone with hydrogen peroxide and UV 
radiation to treat process water from oil sands allows for 
mineralization while reducing the toxicity resulting from 
the presence of such organic compounds as naphthenic 
acids. Four reaction variants were carried out: using only 
O3, O3/H2O2, UV/O3 and UV/O3/H2O2. However, taking into 
account the energy demand of the tested treatment method, 
it was found that treatment with O3/H2O2 is the most real-
istic for large-scale applications. Therefore, it can be con-
cluded that O3/H2O2 provides effective treatment with lower 
electricity costs, while UV/O3/H2O2 provides better quality 
effluent that can be reused instead of discharged.

The balance between operating costs and purification 
efficiency is very important if the purification processes 
are to be viable. While various combinations of UV-C, O3 
and H2O2 can provide a high degree of mineralization, 
operating costs must also be considered. The final use of 
wastewater should also be taken into account [42,43].

2.2.5. Photo-Fenton reaction

Photo-Fenton reaction (UV/Fe2+/H2O2) is based on the 
classic Fenton reagents in combination with UV radiation. 
Thanks to the use of radiation, photocatalytic regeneration 
of oxidized iron takes place. In addition, the reaction is also 
a source of new hydroxyl radicals [44]. It was observed 
that the reduction of the removed compounds occurs from 
the beginning of the reaction, and not as in the case of the 
method using ultraviolet radiation in combination with 
hydrogen peroxide, where significant changes in concen-
tration were observed with a delay of several minutes from 
the moment of introducing the oxidant [45]. In the Fenton 
photo process, hydroxyl radicals are formed as a result of 
photolysis of H2O2 molecules with the participation of radi-
ation	 in	 the	 range	 λ	 <	 300	 nm.	 The	OH• produced in this 
way take part in direct reactions oxidation of organic com-
pounds and in a circular cycle with Fe3+ ions. Moreover, they 
are also possible reactions of photochemical decomposition 
of Fe3+ complexes with OH•:

Fe OH h Fe OH� � � � �
� � �2 2�

Fe OH h Fe OH OH� � � �� � �
� � �

2
�

According to the literature, it is possible to regener-
ate Fe2+ ions by supporting the reaction with UV radiation 
cyclic conduction of the reaction, and thus improving the 
efficiency and effectiveness of the process [46].

2.2.6. Photocatalytic degradation in aqueous suspensions of 
semiconductors

The method is based on the use of suspensions of semi-
conductors. Heterogeneous photocatalysis uses suspen-
sions of semiconductors of metal oxides, sulfides, selenides 
and tellurides [12]. TiO2 is most commonly used due to its 
low price, non-toxicity and high oxidation potential. These 
processes are carried out under ambient conditions. No 
additional chemical compounds that could burden the envi-
ronment are introduced into the system [47]. The first stage 
of the reaction consists in the absorption of radiation, and 
this involves the transfer of an electron from the valence 
band to the conduction band. An electron gap is formed in 
the valence band. OH• radicals are formed as a result of an 
oxidation reaction between the gap and a water molecule 
or hydroxyl anion. The oxygen anion can generate H2O2 
and OH• [12,48]. Many factors affect the efficiency of the 
process. The most important include: selection of the appro-
priate semiconductor and proper preparation of its sur-
face, light intensity, type of solvent, degradation conditions 
(e.g., temperature, pH), chemical properties of pollutants [47].

2.2.7. Ultrasonic processes

The use of ultrasound, most often in the form of mechan-
ical vibrations with a wide frequency range, allows for the 
decomposition of pollutants in sewage and the improve-
ment of biodegradation [11]. The advantage of this method 
is simplicity, the possibility of automation and monitor-
ing, as well as a positive impact on a number of unit pro-
cesses, such as combating the swelling effect [49]. The use 
of ultrasound is particularly useful in the removal of hardly 
biodegradable pollutants, as it facilitates their oxidation, 
disintegration and destabilization. However, it generates 
high costs, for example, for ultrasonic generators [14]. The 
cavitation bubbles formed during the reaction are filled 
with gas, grow and explode intensively under the influence 
of overpressure. Very high temperatures (approx. 5,000 K) 
and high pressures (approx. 500 atm), micro-jets and shock 
waves are generated locally. ROS are then produced by 
pyrolysis of water molecules in the collapsing bubbles and 
oxidize the substrates in the water. Among those formed 
ROS (Reactive Oxygen Species), OH• is a very important, 
very strong and non-specific oxidizing radical. In addition, 
hydrophobic volatile compounds also undergo thermal 
decomposition in hot spots, both of which contribute to the 
degradation of organic pollutants [50]. Sonochemical reac-
tions take place inside, on the surface and in the immedi-
ate vicinity of the cavitation bubbles. However, the most 
intense course is observed at the interface. This is due to 
the highest concentration of radicals at the bubble–liquid  
interface [11].
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3. AOP in removing pharmaceuticals from wastewater

Pharmacologically active substances belong to the group 
of the most dangerous pollutants found in wastewater. 
When they reach conventional municipal sewage treatment 
plants, they are not fully eliminated in classic treatment sys-
tems. Their presence in treated wastewater poses a threat 
to the life and health of humans and animals. In addition, 
the presence of antibiotics in surface waters contributes 
to the acquisition of resistance by bacteria, which results 
in the selection of drug-resistant bacteria [2,51].

The source of pharmaceuticals in wastewater are hos-
pitals, pharmaceutical companies producing medicines, 
veterinary facilities, diagnostic and medical facilities and 
households [52]. It should be mentioned that not only the use 
of pharmaceuticals contributes to their presence in waste-
water, but the improper disposal of expired, unused drugs 
is also a significant source in the environment. According 
to the data of the Central Statistical Office, in the last quar-
ter of 2020, 74.3% of respondents used at least one drug 
or dietary supplement. This is a similar value compared 
to 2016. The highest percentage was recorded for dietary 
supplements, nearly 67%. On the other hand, the lowest 
(6.7%) was noticed for anti-allergy drugs [53]. The report 
prepared by the Organization for Economic Co-operation 
and Development (OECD) and the European Center for 
Disease Prevention and Control, the European Food Safety 
Authority and the European Medicines Agency showed an 
upward trend in the consumption of antibiotics in 2011–
2020. Poland is among the top ten OECD countries that use 
the most antibiotics. The average for OECD countries was 
17 doses of antibiotics per 1,000 inhabitants/d. Poland was 
above this average with 22 doses, which made our country 
7th in this ranking. The countries with the highest rates were 
Greece and Australia. Estonians and Swedes used the least 
amount of antibiotics [54].

The most common pharmacological substances iden-
tified in wastewater are: non-steroidal anti-inflammatory 
drugs (NSAIDs), antibiotics, hypolipidemic drugs, psy-
chotropic drugs, β-blockers, hormonal agents and others 
like caffeine [51]. The concentration of pharmaceuticals in 
wastewater is also conditioned by seasonal variability. In the 
autumn and winter period, higher concentrations of drugs 
are recorded in contrast to the summer season. This is related 

to the increased consumption of drugs during the increased 
period of influenza. In the summer season, the phenomenon 
of photolysis additionally occurs, which can have a signif-
icant impact on the decomposition of a given compound 
if it is sensitive to light [1,51]

Table 3 presents the average values of concentrations of 
selected pharmaceuticals in raw and treated wastewater.

The above data indicate that the reduction of these pol-
lutants from wastewater is not sufficient. In some cases, the 
concentration of pharmaceutical compounds in the treated 
effluent may exceed the concentration in the raw effluent, a 
recurring phenomenon attributed to the sampling method 
used for the study, namely random sampling which is not 
representative (temporary samples) rather than daily aver-
ages. In addition, the retention time of wastewater through-
out the treatment plant system is often overlooked during 
sampling. In order to ensure accurate results and thus con-
firm the efficiency of the treatment plant in terms of treat-
ment, it becomes necessary to monitor the concentration 
levels in both the inlet and wastewater over an extended 
period of time. In addition, concentrations show seasonal 
variations that are often overlooked in the literature, con-
tributing to higher pharmaceutical values at the waste-
water inlet compared to the outlet.

The efficiency of elimination of pharmacological sub-
stances from wastewater by AOP methods is presented in 
Table 4. Using photocatalytic degradation in aqueous sus-
pensions of semiconductors with the use of TiO2 as a method 
of degradation of sulfamethoxazole Oluwole et al. [13] used 
irradiation with a xenon lamp for 1 h, obtaining the effect 
of 99.5% antibiotic reduction. A slightly smaller reduction 
effect was found during the elimination of diclofenac in the 
study of Bourke et al. [68] when 3 h irradiation was applied. 
Mathew et al. [69] also used a 3-h irradiation time, obtain-
ing a high degree of sulfamethoxazole elimination, but only 
above 50% reduction of carbamazepine was observed. In 
the case of estrone and β-blocker elimination, the degree of 
reduction was 80% [70,71]. High efficiency of elimination 
of diclofenac and sulfamethoxazole was obtained by pho-
tocatalytic degradation in aqueous suspensions of semicon-
ductors with the use of TiO2 [13,72]. However, this method 
failed to remove the estrone (below 60%) [73]. The use of the 
photo-Fenton reaction gave the best results (above 98%) in 
the reduction of sulfamethoxazole [69]. Also processes using 

Table 3
Concentration of selected pharmaceuticals in raw and treated wastewater

Drug group Active substance Raw wastewater Treated wastewater Sources

Concentration (ng/L) Concentration (ng/L)

Non-steroidal anti-inflammatory 
drugs

Diclofenac <10–19,000 4.5–7,000 [55,56]
Naproxen 11,000–217,000 3,590–14,000 [57–59]

Antibiotics
Sulfamethoxazole 500–2,600 400–2,100 [56,60]
Erythromycin 360–3,500 85–1,000 [56,61,62]

Hypolipidemic drugs Bezafibrate 780–4,000 96–2,000 [51,52]
Psychotropic drugs Carbamazepine 1,780–6,300 33–2,000 [56,63]
β-blockers Atenolol 100–2,359 70–1,000 [64,65]
Hormones Estrone 6.54–1,008 1.04–307 [66,67]
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UV/O3/H2O2 brought very good results. Sulfamethoxazole 
and atenolol were more than 90% removed [52,74].

The above results show the advantage over traditional 
methods of eliminating pharmaceuticals from wastewater, 
where elimination can be achieved at a level [51]:

•	 diclofenac – from 20 to 70%,
•	 sulfamethoxazole – about 20%,
•	 bezafibrate – from 80 to 90%,
•	 carbamazepine – about 10%,
•	 β-blockers – from 85 to 95%,
•	 estrone – to 10%.

Significantly higher effectiveness using AOP methods 
was obtained for diclofenac, sulfamethoxazole, carbamaz-
epine and estrone. In the case of the hypolipidemic drug 
(bezafibrate) and the β-blocker, the degree of removal was 
at a similar level (Table 4).

4. AOP in removing organic dyes from wastewater

Dyes are the main source of pollutants in wastewater 
from the textile industry. They are organic compounds with 
a complex structure that are poor in biodegradation. Their 
presence disturbs aquatic ecosystems into which they get 
along with discharged sewage [3]. Wastewater from the tex-
tile industry contains not only dye residues, but also other 
chemicals that change biochemical oxygen demand (BOD) 
and chemical oxygen demand (COD) values over a wide 
range [4].

Perkowski et al. [89] checked the degree of colorization 
of aqueous solutions of azo dyes (violet, red, black, yellow), 
for example, through the use of UV radiation in combination 
with ozone and the combination of UV/O3/H2O2. They also 
used a photocatalytic oxidation process involving TiO2. A 
15 W mercury lamp emitting UV light with a wavelength of 
254.2 nm was used in the tests. The degree of decolorization 
was determined by spectrophotometric measurement. The 
most favorable course of the process was observed when UV/
O3/H2O2 was used together (complete discoloration of the 
solution), in a 1-h reaction time. After 6 h, each of the tested 
solutions was almost completely decolorized. The photo-
catalytic decomposition with the participation of titanium 
dioxide was relatively ineffective. However, it could have 
been the result of too low concentration of oxide (750 mg) 
and low power of the UV lamp. Research by Pourgholi et 
al. [90] confirmed the effectiveness of the UV/O3/H2O2 com-
bination in removing color from textile wastewater and 
reducing the COD value, compared to other tested meth-
ods (UV/O3, UV/H2O2, O3/H2O2). The most optimal results 
were obtained at pH = 6 and half an hour of reaction time.

Dąbek	 et	 al.	 [91]	 for	 remove	 the	 dyeing	 of	 synthetic	
fibers blue used different AOP methods including hydrogen 
peroxide, magnesium peroxide, Fenton reactions, UV and 
sorption on activated carbons, as well as the simultaneous 
process of sorption and oxidation. The most effective results 
were obtained during the Fenton reaction where within 2 h, 
80% of organic compounds were reduced compared to the 
initial value. The use of a combination of sorption and oxi-
dation processes using activated carbon and H2O2 resulted 
approx. 64% COD reduction, but only after 24 h. However, 

the use of magnesium peroxide instead of hydrogen perox-
ide resulted in an acceleration of the sorption process and a 
50% reduction in COD after 2 h of reaction was observed. 
Interesting studies on the assessment of the effectiveness 
of decolorization of dyeing wastewater on activated carbon 
with the regenerated Fenton’s reagent are presented in the 
paper Bezak-Mazur et al. [4]. It turned out that with succes-
sive regenerations, the adsorption capacity of activated car-
bon decreased. After five regenerations, the dye adsorption 
efficiency was only 37%. Reducing the adsorption capacity 
of coal after its subsequent regeneration could be caused 
by a change in the structure and chemical nature of the sur-
face, resulting in a decrease in the content of basic groups 
and an increase in the content of acid groups. Reducing 
the multiplicity of regeneration was also caused by the loss 
of its mass. Activated carbon adsorbs not only dyes, but 
also other organic compounds. The tests showed that the 
adsorption of organic pollutants on regenerated coal was  
effective.

Research on the efficiency of advanced oxidation meth-
ods in the decoloration of textile wastewater was also 
checked	 by	 Bilińska	 [3].	 The	 effectiveness	 of	 the	 UV/H2O2 
process, oxidation with Fenton’s reagent and ozonation 
were tested. The paper draws attention to the presence of 
sodium chloride and surfactant, which are characteristic of 
wastewater from the textile industry. Their presence inhib-
ited the decolorization processes with Fenton’s reagent 
and UV/H2O2. It is therefore to justified to use an increased 
dose of reagents. Promising results were obtained using 
ozone. After an hour of reaction, 85% of the tested samples 
were discolored and reduced COD by 13%.

Thanavel et al. [92] proposed to combine AOP methods 
with biological decolorization of textile wastewater. They 
used a strain of Aeromonas hydrophila bacteria isolated from 
soil contaminated with dyes. Test samples containing dyes 
were treated with 4% hydrogen peroxide and irradiated 
for 6 h. Simultaneously, degradation reactions were car-
ried out using a bacterial strain. Both treatments were then 
combined: the biomass was removed after biodegradation 
by centrifugation, and the remaining solution was treated 
with UV/H2O2. The obtained results confirmed the effec-
tiveness of the combination of AOP with biological degra-
dation. Significant levels of sample discoloration (close to 
100%) were achieved, but COD and BOD in the effluent 
were also reduced. None of these treatments used alone 
achieved this level of dye degradation.

The results obtained by Thanavel et al. [92] were also 
confirmed in the Ambaye and Hagos [93]. They used a 
sequential combination of AOP methods with biologi-
cal treatment of textile wastewater. The research involved 
the use of TiO2, irradiation and hydrogen peroxide. After 
the end of photocatalysis, oxygen biological treatment 
(bacterial and yeast extract) was carried out. Thanks to these 
treatments, more than 93% of the color was removed and 
COD was reduced by 90%. The pH of the samples was not  
adjusted.

The decolorization of wastewater from the textile 
industry was also investigated using UV/O3/ZnO as an 
immobilized catalyst. Reaction yield was assessed based 
on pH, retention time, catalyst concentration, and initial 
dye concentration [94]. Dye reduction at the level 97% was 
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observed at pH 5, contact time 40 min, catalyst concentra-
tion 3 g/L and an initial dye concentration of 25 mg/L.

5. AOP in removing pesticides from wastewater

Pesticides are classified as persistent organic pollut-
ants (POPs – Persistent Organic Pollutants) characterized 
by high toxicity and low susceptibility to biodegradation 
[95]. AOP methods used to remove these compounds are 
an alternative to traditional methods.

Malakootian et al. [96] used AOP (photocatalysis, 
UV/H2O2, Fenton reaction) to remove organophosphate 
pesticides. The mechanism of degradation of organophos-
phate pesticides by AOP may be the formation of hydrox-
ylated intermediates as the first reaction step, followed by 
the formation of aliphatic compounds. Test results showed 
the effectiveness of AOP methods in removing pesticides 
(chlorpyrifos, diazinon) at the level of 70%. The main dis-
advantage of this technology is the formation of periodic 
oxidation by-products, which is the reason for the lack of 
complete degradation of the organic compound.

According to Saleh et al. [97] some of the most common 
pesticides are removed with high efficiency, for example, 
methyl parathion (insecticide) using ozone and activated 
carbon at 100%. Similarly with 2,4-dichlorophenoxyacetic 
acid (2,4-D), its 100% removal results in ozonation in com-
bination with adsorption on activated carbon. However, the 
use of O3/H2O2 allows for the reduction of about 95% of syn-
thetic auxin. The herbicide isoproturon was also most effec-
tively removed by O3 in combination with activated carbon. 
The ozonation process alone allowed for a 70% reduction 
of the substance. In the study by Akinapally et al. [98] three 
sequential methods of removing pesticides from indus-
trial wastewater containing pesticide intermediates were 
used. Option one was to use distillation, a Fenton process 
with an anaerobic biological process. The second approach 
differed from the first variant by using the photo-Fenton 
process instead of the Fenton reagent alone. The last vari-
ant was the most extensive and combined the coagulation 
process, Fenton, electrooxidation and anaerobic biological 
process. Among the presented methods, the second vari-
ant resulted in the highest percentage reduction of COD 
(95.77%). However, the technology using the Fenton reagent 
gave a slightly lower result (95%), therefore, in order to 
reduce the cost of the process (compared to the photo-Fen-
ton reaction), it can be successfully used to treat industrial 
wastewater containing pesticide intermediates.

In the work of Brillas [99] the use of single and com-
plex electrochemical AOP processes for the treatment of 
wastewater and soils contaminated with herbicides was 
presented. Among others, anodic oxidation (AO), AO/
H2O2, electro-Fenton, photo-electro-Fenton were tested. A 
atrazine, 2,4-D and diuron were mainly studied. Research 
on the reduction of herbicides from wastewater were car-
ried out on a laboratory scale. Faster degradation and min-
eralization of pesticides was obtained. However, the use of 
EAOP (electro-AOP) methods on a large scale requires a lot 
of research on, for example, technical and economic research 
to demonstrate their cost-effectiveness and economic 
benefits in relation to commercial technologies.

Jatoi et al. [100] in their work, based on the literature, 
presented the degree of advancement of the use of AOP 
methods for the elimination of pesticides. It follows that 
most advanced oxidation processes are only used on a lab-
oratory scale. With the exception of the UV/H2O2 process, 
which is carried out on a pilot scale in Poland and is char-
acterized by a 95% removal of synthetic auxin (2,4-D). The 
degree of degradation of selected pesticides varies depend-
ing on the type of method used. This indicates that careful 
technical judgment has been performed. Each pesticide 
has different properties, so it is important to choose the 
right technology to avoid the formation of toxic by-prod-
ucts. Solubility, molecular weight and reactivity with free 
radicals should be tested beforehand.

The effectiveness of the photo-Fenton method, as in the 
case of Akinapally et al. [98], on the degradation of pesti-
cides	 is	 also	 confirmed	 by	 the	 studies	 of	 Radović	Vučić	 et	
al. [101]. Tests were carried out using UV/H2O2, Fenton and 
photo-Fenton reactions and UV/TiO2. Urban model waste-
water based on water taken from a local river was subjected 
to treatment. The following pesticides were analyzed: atra-
zine, cyprodinil, dicamba and clomazone. Photodegradation 
turned out to be most effective in the first 10 min of the 
process. It has been proven that the precise determina-
tion of the correlation between the processes used, as well 
as the determination of the impact of the structure on the 
degradation efficiency, allow for a more accurate selection 
of the appropriate technique, especially in the case of inter-
ference. It was noted that the greatest energy savings are 
obtained by using the most effective process of removing  
pollutants.

In order to compare the effectiveness of pesticide 
removal with AOP methods, it is also worth present-
ing research on the degradation of these pollutants from 
rainwater. Such studies were conducted by Zheng et al. 
[102]. For the degradation of selected pesticides (atrazine 
and diuron) photolytic oxidation, electrochemical oxida-
tion and photoelectrochemical oxidation were used. The 
best results were achieved for photoelectric oxidation, 
and each herbicide was degraded 90% within 2 h reaction 
time at 5 V. The lowest reduction degree was observed 
for photooxidation; only 20% for diuron and about 1% 
for atrazine. The efficiency of the electrochemical oxida-
tion also resulted in a high reduction rate of close to 90%. 
The additional use of voltage aided the degree of reduction.

The effectiveness of removal of selected pesticides and 
an attempt to assess the risk associated with the potential tox-
icity of by-products resulting from the reaction were exam-
ined by Kudlek [95]. Reduction processes of triclosan, tri-
alate and oxadiazone using UV rays, ozone and chlorination 
were carried out. The tested samples were prepared on the 
basis of aqueous solutions of pesticides. Among the meth-
ods used, the highest efficiency (above 90%) was achieved 
by the process using ultraviolet radiation. Reactions were 
carried out at time intervals of 5, 10, 20, 30, 40 and 60 min. 
As the reaction time increased, the efficiency increased. 
A similar effect was observed in the case of increasing the 
dose of the reagent. During the decomposition of pollut-
ants, a number of by-products were formed. Toxicity tests 
were performed with Aliivibrio fischeri bacteria. Irrespective 
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of the method of degradation used, solutions containing 
triclosan were characterized by the highest toxicity.

6. AOP in removing microplastics from wastewater

Microplastics were found in wastewater that comes from 
cosmetics, fabrics, paints and varnishes. It can get to the 
wastewater treatment plant along with domestic wastewa-
ter and from surface runoff. Raw wastewater contains the 
so-called primary microplastic, which is fragmented during 
the wastewater treatment process, creating the so-called sec-
ondary microplastic [7]. Increasing the degree of removal 
of microplastics from wastewater may only enable the 
introduction of the 3rd degree of treatment.

Ukić	 et	 al.	 [103]	 indicate	 the	 Fenton	 and	 photo-Fenton	
process, photocatalysis, photooxidation using hydrogen 
peroxide. However, the authors point out that there is little 
knowledge about the reaction mechanisms of microplas-
tics with some oxidants. Therefore, a number of studies on 
the reaction mechanism, kinetics and rate constants should 
be conducted. This is important due to the large impact on 
the overall efficiency of the degradation process. It may 
be important to combine AOP methods with biological 
treatment.

In the study by Tagg et al. [104] the impact of Fenton’s 
reagent as a quick and effective method of isolating micro-
plastics from wastewater were studied. Polyethylene (PE), 
polypropylene (PP), polyvinyl chloride (PVC) and nylon, 
which were treated with Fenton’s reagent, were used in the 
tests. The reaction time was about 10 min. Post-reprocessed 
microplastic particles were rinsed with water and 80% 
ethanol, followed by Fourier-transform infrared spectros-
copy analysis. Fenton’s reagent has proven to be a benefi-
cial entry method for the efficient and precise analysis of 
microplastics. It is a practical method of isolating microplas-
tic particles from wastewater, but also from other complex 
media such as soil.

The effectiveness of advanced oxidation techniques 
in the degradation of microplastics is demonstrated by 
Ricardo et al. [10]. Authors also confirm the use of tech-
niques based on the Fenton reaction (electro-Fenton, the use 
of oxidants, for example, persulfate, peroxymonosulfate) 
or heterogeneous photocatalysis (based on, for example, 
ZnO, TiO2). The work emphasized not only the efficiency 
of microplastic degradation by AOP methods (30%–95%), 
but also the emphasis on the lack of sufficient knowledge 
about the mechanisms that occur during the oxidation 
reaction of these compounds. The incredible advantage is 
definitely the mineralization of microparticles, and not just 
the phase transition.

Study by Chen et al. [105] indicate the effectiveness of 
AOP methods based on the use of sulphate and hydroxyl 
radicals. Thanks to this modification, it was possible to 
reduce polyethylene (PE) first to intermediates: aldehydes, 
ketones and carboxylic acids with short hydrocarbon chain 
lengths. As the reaction progressed, the intermediates were 
further degraded to low molecular weight organic com-
pounds and then mineralized to carbon dioxide and water.

Degradation efficiency of polyester microfibers in laun-
dry wastewater from a hospital facility was tested using 

UV-induced photodegradation and UV/H2O2-based oxi-
dation. The COD value was also monitored to assess the 
degree of degradation of dissolved organic material from 
the microplastic. Easton et al. [106] observed that the deg-
radation of fibers occurs through the formation of shallow 
cracks, pits and holes on their surface, as well as changes in 
the relative amount of oxygen-containing functional groups. 
Increasing the initial UV dose resulted in increased molec-
ular weight removal with UV/H2O2. The weight loss was 
mainly due to surface degradation and fiber fragmentation. 
The authors of the work indicate the technology used as the 
final stage of microplastic removal.

7. Summary

Advanced oxidation processes significantly increase 
the efficiency of removing selected pharmaceuticals from 
wastewater. However, each variant of AOP methods requires 
appropriate selection of process parameters such as exposure 
time, lamp power or reagent dose. Only precisely selected 
process parameters are able to ensure high efficiency. 
Attention should also be paid to the possible formation of 
reaction by-products. Therefore, it is important to monitor 
the entire process.

Conventional technologies cannot cope with the treat-
ment of wastewater from the textile industry. AOP meth-
ods have become an alternative, attracting more and more 
interest due to the formation of highly reactive radicals in 
situ at ambient temperature and pressure [107]. The use of 
individual variants of AOP techniques brings satisfactory 
results (Fenton reaction, UV/O3/H2O2), but the research also 
shows the positive effect of combining advanced oxidation 
methods with biological treatment, which significantly 
affects the degree of reduction of dyes and COD. Using 
AOP methods in the decolorization of textile wastewater, 
UV/O3/H2O2, Fenton reaction, photocatalytic oxidation with 
the participation of TiO2 are most often used. Wastewater 
treatment using the Fenton process is characterized by 
low energy consumption and low reagent costs. Processes 
related to the use of ozone are very effective, but they 
generate higher costs.

AOP processes can be also used to degrade pesticides 
from wastewater. They are used as individual unit pro-
cesses or in sequential or hybrid systems. Photocatalytic 
processes and Fenton reactions are most often used in the 
degradation of organophosphate pesticides. Removing a 
particular pesticide requires a thorough understanding of its 
physical and chemical properties, as this is key to selecting 
the right technology.

Increasingly, AOP processes are seen as an alternative 
to removing microplastics from wastewater. This is a rela-
tively new branch of science that is just beginning to study 
the mechanisms of oxidation reactions of these pollutants. 
More research needs to be done to assess the impact of 
advanced oxidation techniques on microplastic degrada-
tion in real matrices. However, it is a method with great 
potential. Specific organic pollutants, which include micro-
plastics, are more difficult to degrade due to their much 
higher molecular weight than other organic pollutants dis-
cussed in the article.



125A. Wypart-Pawul et al. / Desalination and Water Treatment 305 (2023) 114–128

Acknowledgments

The study was carried out in the framework of the 
statutory funds for research, financed by the Ministry of 
Science and Higher Education BS/PB-400-301/23.

References
[1]	 J.	 Czerwiński,	 A.	 Kłonica,	 J.	 Ozonek,	 Endocrine	 disrupting	

compounds (EDCs) in the aquatic environment and methods of 
their removal, J. Civ. Eng. Environ. Archit. XXXII, (2015) 27–42, 
doi: 10.7862/rb.2015.3.

[2] M. Patel, R. Kumar, K. Kishor, T. Mlsna, C.U. Pittman Jr., 
D. Mohan, Pharmaceuticals of emerging concern in aquatic 
systems: chemistry, occurrence, effects, and removal methods, 
Chem. Rev., 119 (2019) 3510–3673.

[3] B.T. Company, Decolorization of Textile Wastewater by 
Advanced Oxidation Processes (AOPs) Under Industrial 
Conditions Decolorization of Textile Wastewater by Advanced 
Oxidation Processes (AOPs) Under Industrial Conditions 
Zastosowanie	Metod	Pogłębionego	Utleniania,	2018.

[4]	 E.	Bezak-Mazur,	W.	Surga,	D.	Adamczyk,	Badania	skuteczności	
usuwania	 wybranych	 barwników	 ze	 ścieków	 farbiarskich	
na wȩglu aktywnym regenerowanym reagentem Fentona 
(Research on the effectiveness of removing selected dyes from 
dyeing wastewater on activated carbon with regenerated 
Fenton’s reage, Ochr. Sr., 39 (2017) 3–9.

[5] World Health Organization - Chemical Safety: Pesticides, 
2020. Available at: https://www.who.int/news-room/
questions-and-answers/item/chemical-safety-pesticides

[6] European Commission - A European Green Deal Striving 
to be the First Climate-Neutral Continent, (n.d.). Available 
at: https://commission.europa.eu/strategy-and-policy/
priorities-2019-2024/european-green-deal_en

[7]	 E.	Wiśniowska,	K.	Moraczewska-Majkut,	W.	Nocoń,	Efficiency	
of microplastics removal in selected wastewater treatment 
plants – preliminary studies, Desal. Water Treat., 134 (2018) 
316–323.

[8]	 A.	 Puckowski,	 W.	 Cwięk,	 K.	 Mioduszewska,	 P.	 Stępnowski,	
A.	Białk-Bielińska,	Sorption	of	pharmaceuticals	on	the	surface	
of microplastics, Chemosphere, 263 (2021) 127976, doi: 10.1016/j.
chemosphere.2020.127976.

[9]	 P.	 Ormaniec,	 J.	 Mikosz,	 Przegląd	 metod	 identyfikacji	
mikroplastików	w	ściekach	komunalnych	(A	review	of	methods	
for identification of microplastics in municipal wastewater), 
(2022), doi: 10.36119/15.2022.7-8.7.

[10] I.A. Ricardo, E.A. Alberto, A.H. Silva Júnior, D.L.P. Macuvele, 
N. Padoin, C. Soares, H.G. Riella, M.C.V.M. Starling, 
A.G. Trovó, A critical review on microplastics, interaction with 
organic and inorganic pollutants, impacts and effectiveness 
of advanced oxidation processes applied for their removal 
from aqueous matrices, Chem. Eng. J., 424 (2021) 130282, 
doi: 10.1016/j.cej.2021.130282.

[11]	 E.	 Neczaj,	 Ultradźwiękowe	 wspomaganie	 biologicznego	
oczyszczania odcieków wysypiskowych (Ultrasonic Support 
for Biological Treatment of Landfill Effluents), Wydawnictwo 
Politechniki	Częstochowskiej,	Częstochowa,	2010.

[12]	 Politechnika	Gdańska,	Chemiczne	metody	oczyszczania	ścieków	
ze	 składowisk	 -	 reakcja	 Fentona	 i	 fotochemiczna	 degradacja	
zanieczyszczeń	 (Chemical	 methods	 of	 wastewater	 treatment	
from landfills - Fenton reaction and photochemical degradation 
of pollutants), (2019). Available at: https://chem.pg.edu.pl

[13] A.O. Oluwole, E.O. Omotola, O.S. Olatunji, Pharmaceuticals 
and personal care products in water and wastewater: a review 
of treatment processes and use of photocatalyst immobilized 
on functionalized carbon in AOP degradation, BMC Chem., 
14 (2020) 1–29.

[14] C.H.S. Palit, Advanced Oxidation Processes as Nonconventional 
Environmental Engineering Techniques for Water Treatment 
and Groundwater Remediation, in: Handb. Adv. Approaches 
Towar. Pollut. Prev. Control, Elsevier, Netherlands, 2021: 
pp. 33–44.

[15] Y. Lee, U. von Gunten, Oxidative transformation of 
micropollutants during municipal wastewater treatment: 
comparison of kinetic aspects of selective (chlorine, chlorine 
dioxide, ferrate VI, and ozone) and non-selective oxidants 
(hydroxyl radical), Water Res., 44 (2010) 555–566.

[16] A. Phaniendra, D.B. Jestadi, L. Periyasamy, Free radicals: 
properties, sources, targets, and their implication in various 
diseases, Indian J. Clin. Biochem., 30 (2015) 11–26.

[17] R. Apak, A. Calokerinos, S. Gorinstein, M.A. Segundo, 
D.B.	 Hibbert,	 İ.	 Gülçin,	 S.D.	 Çekiç,	 K.	 Güçlü,	 M.	 Özyürek,	
S.E.	 Çelik,	 L.M.	 Magalhães,	 P.	 Arancibia-Avila,	 Methods	 to	
evaluate the scavenging activity of antioxidants toward reactive 
oxygen and nitrogen species (IUPAC Technical Report), 
Pure Appl. Chem., 94 (2021), doi: 10.1515/pac-2020-0902.

[18] C.V. Rekhate, J.K. Srivastava, Recent advances in ozone-based 
advanced oxidation processes for treatment of wastewater – 
a review, Chem. Eng. J. Adv., 3 (2020) 100031, doi: 10.1016/j.
ceja.2020.100031.

[19] A. Ried, J. Mielcke, A. Wieland, The potential use of ozone in 
municipal wastewater, Ozone Sci. Eng.: J. Int. Ozone Assoc., 
31 (2009) 415–421.

[20] Ch. Peyrelasse, M. Jacob, A. Lallement, Comparison and 
predesign cost assessment of ozonation, membrane filtration 
and activated carbon for the treatment of recalcitrant organics, 
a conceptual study, Prepr. (Version 1) Res. Square, (2021) 1–19, 
doi: 10.21203/rs.3.rs-802348/v1.

[21]	 H.	 Ateş,	 M.E.	 Argun,	 Advanced	 oxidation	 of	 landfill	
leachate: removal of micropollutants and identification of 
by-products, J. Hazard. Mater., 413 (2021) 125326, doi: 10.1016/j.
jhazmat.2021.125326.

[22] Q. Yan, J. Zhang, M. Xing, Cocatalytic Fenton reaction for 
pollutant control, Cell Rep. Phys. Sci., 1 (2020) 100149, 
doi: 10.1016/j.xcrp.2020.100149.

[23] F. Kastanek, M. Spacilova, P. Krystynik, M. Dlaskova, O. Solcova, 
Advantages and Disadvantages of Fenton Process, Encycl. 
Web., 2023. Available at: https://encyclopedia.pub/entry/41472 
(Accessed on 13 April 2023).

[24] M. Zhang, H. Dong, L. Zhao, D. Wang, D. Meng, A review 
on Fenton process for organic wastewater treatment based 
on optimization perspective, Sci. Total Environ., 670 (2019) 
110–121.

[25]	 K.	 Barbusiński,	 Fenton	 reaction	 -	 controversy	 concerning	 the	
chemistry, Ecol. Chem. Eng. S, 16 (2009) 347–358.

[26] V. Pawar, S. Gawande, An overview of the Fenton process for 
industrial wastewater, IOSR J. Mech. Civ. Eng. (IOSR-JMCE), 
(2015) 127–136.

[27]	 D.	 Krzemińska,	 E.	 Neczaj,	 K.	 Parkitna,	 Zastosowanie	 reakcji	
fentona	do	wspomagania	biologicznego	oczyszczania	ścieków	
z	 przemysłu	 mleczarskiego	 (Application	 of	 Fenton	 reaction	
for supporting biological wastewater treatment from the 
dairy industry), Rocz. Ochr. Sr., 15 (2013) 2381–2397.

[28] C.A. Martínez-Huitle, M. Panizza, Electrochemical oxidation 
of organic pollutants for wastewater treatment, Curr. Opin. 
Electrochem., 11 (2018) 62–71.

[29] Next-Generation Electrochemical Technology for the 
Treatment of Hospital Wastewater: Electrogenerated 
Sulfate Radicals for Complete Destruction of Persistent 
Pollutants, 2014. Available at: https://www.icra.cat/projects/
next-generation-electrochemical-technology-treatment/78

[30] A. Tungler, E. Szabados, A.M. Hosseini, Wet Air Oxidation 
of Aqueous Wastes, M. Samer, Ed., Wastewater Treatment 
Engineering, InTechOpen, 2015. Available at: https://doi.
org/10.5772/60935

[31]	 Mokre	utlenianie	 jako	 innowacyjna	metoda	utylizacji	ścieków	
organicznych (Wet Oxidation as an Innovative Method of 
Organic Waste Disposal), (n.d.) https://proekojp.pl/mokre-
utlenianie-jako-innowacyjna-metoda-utylizacji-sciekow-
organicznych/

[32] S.V. Prasad Mylapilli, S.N. Reddy, Sub and supercritical water 
oxidation of pharmaceutical wastewater, J. Environ. Chem. 
Eng., 7 (2019) 103165, doi: 10.1016/j.jece.2019.103165.

[33] Y. Li, S. Wang, Supercritical Water Oxidation for Environmen-
tally Friendly Treatment of Organic Wastes, I. Pioro, Ed., 



A. Wypart-Pawul et al. / Desalination and Water Treatment 305 (2023) 114–128126

Advanced Supercritical Fluids Technologies, InTechOpen, 2020, 
doi: 10.5772/intechopen.89591.

[34] S. Jallouli, A. Wali, A. Buonerba, T. Zarra, V. Belgiorno, 
V. Naddeo, M. Ksibi, Efficient and sustainable treatment of 
tannery wastewater by a sequential electrocoagulation-UV 
photolytic process, J. Water Process Eng., 38 (2020) 101642, 
doi: 10.1016/j.jwpe.2020.101642.

[35] Y. Ding, W. Jiang, B. Liang, J. Han, H. Cheng, M.R. Haider, 
H. Wang, W. Liu, S. Liu, A. Wang, UV photolysis as an efficient 
pretreatment method for antibiotics decomposition and their 
antibacterial activity elimination, J. Hazard. Mater., 392 (2020) 
122321, doi: 10.1016/j.jhazmat.2020.122321.

[36]	 P.M.I.	 Skoczko,	 J.	 Piekutin,	 N.	 Woroniecka,	 Inżynieria	
środowiska	 -	 młodym	 okiem	 (Environmental	 engineering	 -	
with	a	young	eye),	Monogr.	TOM	31	Ścieki	i	Osady	Ściekowe,	
2017.

[37] N. Evelin Paucar, I. Kim, H. Tanaka, C. Sato, Effect of O3 
dose on the O3/UV treatment process for the removal of 
pharmaceuticals and personal care products in secondary 
effluent, ChemEngineering, 3 (2019) 53, doi: 10.3390/
chemengineering3020053.

[38] J.G. Speight, Redox Transformations, 2018, doi: 10.1016/
b978-0-12-804422-3.00007-9.

[39] Q. Zhao, N. Li, C. Liao, L. Tian, J. An, X. Wang, The UV/H2O2 
process based on H2O2 in-situ generation for water disinfection, 
J. Hazard. Mater. Lett., 2 (2021) 100020, doi: 10.1016/j.
hazl.2021.100020.

[40] D.B. Miklos, R. Hartl, P. Michel, K.G. Linden, J.E. Drewes, 
U.	 Hübner,	 UV/H2O2 process stability and pilot-scale valida-
tion for trace organic chemical removal from wastewater 
treatment plant effluents, Water Res., 136 (2018) 169–179.

[41]	 R.	 Zyłła,	 J.	 Sójka-Ledakowicz,	 K.	 Michalska,	 L.	 Kos,	
S. Ledakowicz, Effect of UV/H2O2 oxidation on fouling in 
textile wastewater nanofiltration, Fibres Text. East. Eur., 
90 (2012) 99–104.

[42] H. Demir-Duz, L.A. Perez-Estrada, M.G. Álvarez, M.G. El-Din, 
S. Contreras, O3/H2O2 and UV-C light irradiation treatment of 
oil sands process water, Sci. Total Environ., 832 (2022) 154804, 
doi: 10.1016/j.scitotenv.2022.154804.

[43]	 T.	 Prostějovský,	A.	 Kulišťáková,	 M.	 Reli,	 R.	 Žebrák,	 K.	 Kočí,	
Photochemical treatment (UV/O3+UV/H2O2) of waste gas 
emissions containing organic pollutants in pilot plant unit, 
Process Saf. Environ. Prot., 163 (2022) 274–282.

[44] Ch. Wang, H. Liu, Z. Sun, Heterogeneous photo-Fenton reaction 
catalyzed by nanosized iron oxides for water treatment, Int. J. 
Photoenergy, 2012 (2012) 801694, doi: 10.1155/2012/801694.

[45]	 L.	 Dąbek,	 A.	 Picheta-Oleś,	 B.	 Szeląg,	 J.	 Szulżyk-Cieplak,	
G.	 Łagód,	 Modeling	 and	 optimization	 of	 pollutants	 removal	
during simultaneous adsorption onto activated carbon with 
advanced oxidation in aqueous environment, Materials (Basel), 
13 (2020) 4220, doi: 10.3390/MA13194220.

[46]	 J.	 Długosz,	 Fenton	 method	 and	 its	 modifications	 in	 the	
treatment leachate - for review, Arch. Waste Manage. Environ. 
Prot., 16 (2014) 33–42.

[47] B.R. Shah, U.D. Patel, Mechanistic aspects of photocatalytic 
degradation of Lindane by TiO2 in the presence of Oxalic acid 
and EDTA as hole-scavengers, J. Environ. Chem. Eng., 9 (2021) 
105458, doi: 10.1016/j.jece.2021.105458.

[48] J. Fenoll, P. Hellín, P. Flores, C.M. Martínez, S. Navarro, 
Photocatalytic degradation of five sulfonylurea herbicides in 
aqueous semiconductor suspensions under natural sunlight, 
Chemosphere, 87 (2012) 954–961.

[49] H. Mahvi, Application of ultrasonic technology for water and 
wastewater treatment, Iran. J. Public Health, 38 (2009) 1–17.

[50] P. Liu, Z. Wu, A.V. Abramova, G. Cravotto, Sonochemical 
processes for the degradation of antibiotics in aqueous 
solutions: a review, Ultrason. Sonochem., 74 (2021) 105566, 
doi: 10.1016/j.ultsonch.2021.105566.

[51]	 M.	Boroń,	K.	Pawlas,	Farmaceutyki	w	środowisku	wodnym	–	
przegląd	 literatury.	 Pharmaceuticals	 in	Aquatic	 Environment	
- Literature Review (Pharmaceuticals in the Aquatic 
Environment - Literature Review. Pharmaceuticals in Aquatic 

Environment - Literature Review), Probl. Hig. i Epidemiol., 
96 (2015) 357–363.

[52]	 K.	 Wontorska,	 J.	 Wąsowski,	 Problematyka	 usuwania	
farmaceutyków	w	procesach	oczyszczania	ścieków	(Problems	
of removing pharmaceuticals in wastewater treatment 
processes), Gaz, Woda I Tech. Sanit., 1 (2018) 32–38.

[53] GUS, Ochrona zdrowia w gospodarstwach domowych 
w 2020 r. (Health Care in Households in 2020), 2020. 
Available at: https://stat.gov.pl

[54]	 P.	 Medycyny,	 Polska	 w	 pierwszej	 dziesiątce	 krajów	 OECD,	
w	 których	 stosuje	 się	 najwięcej	 antybiotyków	 (Poland	 in	 the	
Top Ten OECD Countries Where the Most Antibiotics are 
Used), 2022. Available at: https://pulsmedycyny.pl

[55] P. Sathishkumar, R.A.A. Meena, T. Palanisami, V. Ashokkumar, 
T. Palvannan, F.L. Gu, Occurrence, interactive effects and 
ecological risk of diclofenac in environmental compartments 
and biota - a review, Sci. Total Environ., 698 (2020) 134057, 
doi: 10.1016/j.scitotenv.2019.134057.

[56]	 B.	 Czech,	 Usuwanie	 farmaceutyków	 z	 wód	 i	 ścieków	
z wykorzystaniem metod adsorpcyjnych i fotokatalitycznych 
(Removal of pharmaceuticals from water and wastewater using 
adsorption and photocatalytic methods), Nauk. Dla Gospod., 
2 (2012) 443–452.

[57] Y. Praveenkumarreddy, K. Vimalkumar, B.R. Ramaswamy, 
V. Kumar, R.K. Singhal, H. Basu, Ch.M. Gopal, K.E. Vandana, 
K. Bhat, H.N. Udayashankar, K. Balakrish, Assessment of non-
steroidal anti-inflammatory drugs from selected wastewater 
treatment plants of Southwestern India, Emerg. Contam., 
7 (2021) 43–51.

[58] N.N. Koopaei, M. Abdollahi, Health risks associated with the 
pharmaceuticals in wastewater, DARU, J. Pharm. Sci., 25 (2017) 
1–7. Available at: https://doi.org/10.1186/s40199-017-0176-y

[59]	 M.	 Kosiniak,	 R.	 Muszański,	 Analizy	 skuteczności	 usuwania	
farmaceutyków	ze	ścieków	oczyszczonych	z	wykorzystaniem	
technologii ozonowania (Analyzes of the effectiveness of 
removing pharmaceuticals from treated wastewater using 
ozonation technology), 2 (2021) 46–51.

[60] D. Sinthuchai, S.K. Boontanon, N. Boontanon, Ch. Polprasert, 
Evaluation of removal efficiency of human antibiotics in 
wastewater treatment plants in Bangkok, Thailand, Water Sci. 
Technol., 73 (2016) 182–191.

[61] K.G. Karthikeyan, M.T. Meyer, Occurrence of antibiotics in 
wastewater treatment facilities in Wisconsin, USA, Sci. Total 
Environ., 361 (2006) 196–207.

[62] I. Baranauskaite-Fedorova, J. Dvarioniene, Management 
of macrolide antibiotics (erythromycin, clarithromycin 
and azithromycin) in the environment: a case study of 
environmental pollution in Lithuania, Water (Switzerland), 
15 (2023) 10, doi: 10.3390/w15010010.

[63] F.I. Hai, S. Yang, M.B. Asif, V. Sencadas, S. Shawkat, 
M. Sanderson-Smith, J. Gorman, Z.-Q. Xu, K. Yamamoto, 
Carbamazepine as a possible anthropogenic marker in water: 
occurrences, toxicological effects, regulations and removal 
by wastewater treatment technologies, Water (Switzerland), 
10 (2018) 107, doi: 10.3390/w10020107.

[64] V.-I. Iancu, G.-L. Radu, R. Scutariu, A new analytical method 
for the determination of beta-blockers and one metabolite 
in the influents and effluents of three urban wastewater 
treatment plants, Anal. Methods. 11 (2019) 4668–4680.

[65] W.B.P. Rezka, Beta-Adrenergic Drugs (β-blockers) in the 
Environment	 ‒	 New	 Methods	 of	 Removal	 Leki	 Beta-
Adrenolityczne (Β-Blokery)	 W	 Środowisku	 ‒	 Nowe	
Metody Eliminacji, Tech. Trans., 2015, doi: 10.4467/ 
2353737XCT.15.187.4392.

[66] R. Jiang, J. Liu, B. Huang, X. Wang, T. Luan, K. Yuan, 
Assessment of the potential ecological risk of residual 
endocrine-disrupting chemicals from wastewater treatment 
plants, Sci. Total Environ., 714 (2020) 136689, doi: 10.1016/j.
scitotenv.2020.136689.

[67] A. Mohagheghian, R. Nabizadeh, A. Mesdghinia, N. Rastkari, 
A.H. Mahvi, M. Alimohammadi, M. Yunesian, R. Ahmadkhaniha, 
S. Nazmara, Distribution of estrogenic steroids in municipal 



127A. Wypart-Pawul et al. / Desalination and Water Treatment 305 (2023) 114–128

wastewater treatment plants in Tehran, Iran, J. Environ. Health 
Sci. Eng., 12 (2014) 97, doi: 10.1186/2052-336X-12-97.

[68] P. Bourke, D. Ziuzina, L. Han, P.J. Cullen, B.F. Gilmore, 
Microbiological interactions with cold plasma, J. Appl. 
Microbiol., 123 (2017) 308–324.

[69] S.P.S. Mathew, P. Ganguly, V. Kumaravel, J. Bartlett, Solar 
Light-Induced Photocatalytic Degradation of Pharmaceuticals 
in Wastewater Treatment, Elsevier Inc., Netherlands, 2019. 
Available at: https://doi.org/10.1016/B978-0-12-818598-8.00004-3

[70]	 A.	 Bogdanowicz,	 J.	 Wąsowski,	 Efektywność	 usuwania	
farmaceutyków i ich metabolitów w procesach uzdatniania 
wody (Efficiency of removing pharmaceuticals and their 
metabolites in water treatment processes), Gaz, Woda I Tech. 
Sanit., 1 (2018) 29–37.

[71] V.J. Pereira, J. Galinha, M.T. Barreto Crespo, C.T. Matos, 
J.G. Crespo, Integration of nanofiltration, UV photolysis, and 
advanced oxidation processes for the removal of hormones 
from surface water sources, Sep. Purif. Technol., 95 (2012)  
89–96.

[72] A. Kumar, M. Khan, X. Zeng, I.M.C. Lo, Development of g-C3N4/
TiO2/Fe3O4@SiO2 heterojunction via sol-gel route: a magnetically 
recyclable direct contact Z-scheme nanophotocatalyst for 
enhanced photocatalytic removal of ibuprofen from real 
sewage effluent under visible light, Chem. Eng. J., 353 (2018)  
645–656.

[73]	 E.	 Méndez,	 M.A.	 González-Fuentes,	 G.	 Rebollar-Perez,	
A. Méndez-Albores, E. Torres, Emerging pollutant treatments 
in wastewater: cases of antibiotics and hormones, J. Environ. 
Sci. Health. Part A Toxic/Hazard. Subst. Environ. Eng., 52 (2017) 
235–253.

[74] Y. Lester, D. Avisar, I. Gozlan, H. Mamane, Removal of 
pharmaceuticals using combination of UV/H2O2/O3 advanced 
oxidation proces, Water Sci. Technol., 64 (2011) 2230–2238.

[75] C.P. Katsumata, M.P.S. Parizi, A.M. Lastre-Acosta, 
A.C.S. Teixeira, Low pressure UV photolysis of the 
pharmaceutical compounds acetaminophen, atenolol, 
bezafibrate, diclofenac and ibuprofen, Water (Switzerland), 
14 (2022) 3165, doi: 10.3390/w14193165.

[76] F. Mansouri, K. Chouchene, N. Roche, M. Ksibi, Removal of 
pharmaceuticals from water by adsorption and advanced 
oxidation processes: state of the art and trends, Appl. Sci., 
11 (2021) 6659, doi: 10.3390/app11146659.

[77] A. Kaplan, H. Mamane, Y. Lester, D. Avisar, Trace organic 
compound removal from wastewater reverse-osmosis concen-
trate by advanced oxidation processes with UV/O3/H2O2, 
Materials (Basel), 13 (2020) 2785, doi: 10.3390/ma13122785.

[78] R.R. Chowdhury, P. Charpentier, M.B. Ray, Photodegradation 
of estrone in solar irradiation, Ind. Eng. Chem. Res., 49 (2010) 
6923–6930.

[79] A. Tufail, W.E. Price, F.I. Hai, A critical review on advanced 
oxidation processes for the removal of trace organic 
contaminants: a voyage from individual to integrated 
processes, Chemosphere, 260 (2020) 127460, doi: 10.1016/j.
chemosphere.2020.127460.

[80] N. Vishnuteja Amruth, P. Chinnaiyan, N. Krishna Sridhar, 
R.B. Akshaya, P. Prasitha, Modelling of AOP removal of 
β - blocker atenolol from wastewater, Mater. Today Proc., 
49 (2022) 2301–2305.

[81]	 O.	 Rodríguez-Nava,	H.	 Ramírez-Saad,	 O.	 Loera,	 I.	 González,	
Evaluation of the simultaneous removal of recalcitrant drugs 
(bezafibrate, gemfibrozil, indomethacin and sulfamethoxazole) 
and biodegradable organic matter from synthetic wastewater 
by electro-oxidation coupled with a biological system, 
Environ. Technol. (United Kingdom), 37 (2016) 2964–2974.

[82] N. Taoufik, W. Boumya, M. Achak, M. Sillanpaa, N. Barka, 
Comparative overview of advanced oxidation processes 
and biological approaches for the removal pharmaceuticals, 
J. Environ. Manage., 288 (2021) 112404, doi: 10.1016/j.
jenvman.2021.112404.

[83] A.A. Werkneh, S.B. Gebru, G.H. Redae, A.G. Tsige, Removal 
of endocrine disrupters from the contaminated environment: 
public health concerns, treatment strategies and future 

perspectives - a review, Heliyon, 8 (2022) e09206, doi: 10.1016/j.
heliyon.2022.e09206.

[84] Z. Ye, G.E.M. Schukraft, A. L’Hermitte, Y. Xiong, E. Brillas, 
C. Petit, I. Sirés, Mechanism and stability of an Fe-based 2D 
MOF during the photoelectro-Fenton treatment of organic 
micropollutants under UVA and visible light irradiation, Water 
Res., 184 (2020) 115986, doi: 10.1016/j.watres.2020.115986.

[85] A.M. Gorito, J.F.J.R. Pesqueira, N.F.F. Moreira, A.R. Ribeiro, 
M.F.R. Pereira, O.C. Nunes, C.M.R. Almeida, A.M.T. Silva, 
Ozone-based water treatment (O3, O3/UV, O3/H2O2) for 
removal of organic micropollutants, bacteria inactivation and 
regrowth prevention, J. Environ. Chem. Eng., 9 (2021) 105315, 
doi: 10.1016/j.jece.2021.105315.

[86]	 A.	Kurt,	B.K.	Mert,	N.	Özengin,	Ö.	Sivrioğlu,	T.	Yonar,	Treatment	
of Antibiotics in Wastewater Using Advanced Oxidation 
Processes (AOPs), R. Farooq, Z. Ahmad, Eds., Physico-Chemical 
Wastewater Treatment and Resource Recovery, InTechOpen, 
2017, pp. 175–211.

[87]	 E.M.	 Cuerda-Correa,	 M.F.	 Alexandre-Franco,	 C.	 Fernández-
González,	Advanced	Oxidation	 Processes	 for	 the	 Removal	 of	
Antibiotics from Water. An Overview, Water, 12 (2019) 102, 
doi: 10.3390/w12010102.

[88] A. Jaén-Gil, G. Buttiglieri, A. Benito, J.A. Mir-Tutusaus, 
R. Gonzalez-Olmos, G. Caminal, D. Barceló, M. Sarrà, 
S. Rodriguez-Mozaz, Combining biological processes with UV/
H2O2 for metoprolol and metoprolol acid removal in hospital 
wastewater, Chem. Eng. J., 404 (2021) 126482, doi: 10.1016/j.
cej.2020.126482.

[89]	 J.	 Perkowski,	 M.	 Szadkowska-Nicze,	 K.	 Blus,	 P.	 Wroński,	
Zastosowanie	 promieniowania	 ultrafioletowego	 do	 rozkładu	
barwników wroztworach wodnych (The use of ultraviolet 
radiation for the decomposition of dyes in aqueous solutions), 
(2012) 93–108.

[90] M. Pourgholi, R.M. Jahandizi, M.B. Miranzadeh, O.H. Beigi, 
S. Dehghan, Removal of dye and COD from textile wastewater 
using AOP (UV/O3, UV/H2O2, O3/H2O2 and UV/H2O2/O3), 
J. Environ. Health Sustainable Dev., 3 (2018) 630–636.

[91]	 L.	Dąbek,	E.	Ozimina,	A.	Piechta	Oleś,	Badania	nad	usuwaniem	
barwnych	 związków	 organicznych	 ze	 ścieków	 z	 przemysłu	
włókienniczego	 (Research	 on	 the	 removal	 of	 colored	 organic	
compounds from wastewater from the textile industry), 
Annu. Set Environ. Prot., 15 (2013) 1164–1176.

[92] M. Thanavel, S.K. Kadam, S.P. Biradar, S.P. Govindwar, 
B.-H. Jeon, S.K. Sadasivam, Combined biological and 
advanced oxidation process for decolorization of textile dyes, 
SN Appl. Sci., 1 (2019) 1–16.

[93] T.G. Ambaye, K. Hagos, Photocatalytic and biological oxidation 
treatment of real textile wastewater, Nanotechnol. Environ. 
Eng., 5 (2020) 28, doi: 10.1007/s41204-020-00094-w.

[94] M. Malakootian, J. Smith, M.A. Gharaghani, H. Mahdizadeh, 
A. Nasiri, G. Yazdanpanah, Decoloration of textile Acid Red 
18 dye by hybrid UV/COP advanced oxidation process using 
ZnO as a catalyst immobilized on a stone surface, Desal. Water 
Treat., 182 (2020) 385–394.

[95]	 E.	 Kudlek,	 Identyfikacja	 ubocznych	 produktów	 rozkładu	
wybranych pestycydów w trakcie zaawansowanych procesów 
utleniania (Identification of by-products of decomposition 
of selected pesticides during advanced oxidation processes), 
Proc. ECOpole, 12 (2018) 10–13.

[96] M. Malakootian, A. Shahesmaeili, M. Faraji, H. Amiri, S. Silva 
Martinez, Advanced oxidation processes for the removal of 
organophosphorus pesticides in aqueous matrices: a systematic 
review and meta-analysis, Process Saf. Environ. Prot., 
134 (2020) 292–307.

[97] I.A. Saleh, N. Zouari, M.A. Al-Ghouti, Removal of pesticides 
from water and wastewater: chemical, physical and biological 
treatment approaches, Environ. Technol. Innovation, 19 (2020) 
101026, doi: 10.1016/j.eti.2020.101026.

[98] S. Akinapally, B. Dheeravath, K.K. Panga, H. Vurimindi, 
S. Sanaga, Treatment of pesticide intermediate industrial 
wastewater using hybrid methodologies, Appl. Water Sci., 
11 (2021) 1–7, doi: 10.1007/s13201-021-01387-4.



A. Wypart-Pawul et al. / Desalination and Water Treatment 305 (2023) 114–128128

[99] E. Brillas, Recent development of electrochemical advanced 
oxidation of herbicides. A review on its application to 
wastewater treatment and soil remediation, J. Cleaner Prod., 
290 (2021) 125841, doi: 10.1016/j.jclepro.2021.125841.

[100] A.S. Jatoi, Z. Hashmi, R. Adriyani, A. Yuniarto, S.A. Mazari, 
F. Akhter, N.M. Mubarak, Recent trends and future challenges 
of pesticide removal techniques – a comprehensive review, 
J. Environ. Chem. Eng., 9 (2021) 105571, doi: 10.1016/j.
jece.2021.105571.

[101]	 M.	 Radović	 Vučić,	 R.	 Baošić,	 J.	 Mitrović,	 M.	 Petrović,	
N.	Velinov,	M.	Kostić,	A.	Bojić,	Comparison	of	the	advanced	
oxidation processes in the degradation of pharmaceuticals 
and pesticides in simulated urban wastewater: principal 
component analysis and energy requirements, Process Saf. 
Environ. Prot., 149 (2021) 786–793.

[102] Z. Zheng, K. Zhang, C.Y. Toe, R. Amal, X. Zhang, 
D.T. McCarthy, A. Deletic, Stormwater herbicides removal 
with a solar-driven advanced oxidation process: a feasibility 
investigation, Water Res., 190 (2021) 116783, doi: 10.1016/j.
watres.2020.116783.

[103]	 D.	Kučić	Grgić	i	M.	Cvetnić	Š.	Ukić,	Plastika	–	ekološki	aspekti,	
70 (2021) 450–451.

[104] A.S. Tagg, J.P. Harrison, Y. Ju-Nam, M. Sapp, E.L. Bradley, 
C.J. Sinclair, J.J. Ojeda, Fenton’s reagent for the rapid 
and efficient isolation of microplastics from wastewater, 
Chem. Commun., 53 (2017) 372–375.

[105] J. Chen, J. Wu, P.C. Sherrell, J. Chen, H. Wang, W. Zhang, 
J. Yang, How to build a microplastics-free environment: 
strategies for microplastics degradation and plastics recycling, 
Adv. Sci., 9 (2022) 1–36.

[106] T. Easton, V. Koutsos, E. Chatzisymeon, Removal of polyester 
fibre microplastics from wastewater using a UV/H2O2 
oxidation process, J. Environ. Chem. Eng., 11 (2023) 109057, 
doi: 10.1016/j.jece.2022.109057.

[107] Y. Zhang, K. Shaad, D. Vollmer, C. Ma, Treatment of textile 
wastewater by advanced oxidation processes – a review, 
Global Nest J., 13 (2021) 1–22.


