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Pharmaceutical residues in water are a major global concern, posing serious risks to aquatic ecosystems and
human health. Pharmaceutical industry processes, such as washing and manufacturing, contribute notably to
water pollution. Additional sources include drug manufacturing plants, landfill leachates, municipal
wastewater, and medical and hospital wastes, introducing various pharmaceuticals into water bodies. Many
of these substances are toxic, carcinogenic, and bioaccumulative, even at low concentrations, leading to
chronic health issues. The removal of pharmaceutical residues from wastewater point sources is crucial for
environmental remediation due to their toxic, non-biodegradable, and persistent properties. Recent research
has focused on developing various strategies to address pharmaceutical contamination in wastewater.
Advanced oxidation processes (AOPs) have proven to be promising and efficient methods for the
degradation and mineralization of these pollutants. This review provides an overview of pharmaceutical
pollution sources, water-related issues, their biological and chemical transformations, and associated human
health impacts. It critically evaluates recent AOP methods for removing pharmaceutical residues from
aquatic systems, including Fenton and Fenton-like processes, electrochemical oxidation, ozone-based AOPs,
photocatalysis, non-thermal plasma, and hybrid combinations. The review also discusses green, low-cost
activator catalysts used in various AOPs. It highlights the need for future research to enhance degradation
and mineralization efficiency by developing cost-effective, efficient green activators and hybrid AOP
systems. The review highlights the effectiveness of AOPs in pharmaceutical removal, addressing challenges,
limitations, and future prospects, while suggesting the prioritization of environmentally friendly catalysts and
large-scale AOP applications.

drinking water, that pose potential risks to human health and
the environment. Among these are pharmaceutical residues,

Contamination of water sources with organic compounds,
including pharmaceutical residues and pesticides, is recognized
as a significant environmental issue. This challenge is intensi-
fied by rapid economic development and population growth,
which contribute to worsening water pollution worldwide."> The
removal of toxic organic pollutants from wastewater has become
a critical global challenge in environmental remediation.
Contaminants of emerging concern include micropollutants,
often found in trace concentrations in rivers, lakes, and even
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which have gained public attention due to their persistence
and harmful effects.®> Pharmaceuticals are widely consumed
and disposed of by industries, manufacturing plants, hospitals,
farms, and institutions, making them a significant source of
water pollution. Consequently, substantial amounts of pharma-
ceutical residues are released into the environment.* Given that
pharmaceutical use cannot be restricted due to population
growth and industrial development, it is essential to minimize
their environmental release to mitigate risks to human health,
ecosystems, and climate. Studies have shown that these phar-
maceutical compounds are highly recalcitrant and cannot be
effectively removed by conventional wastewater treatment
plants.>® Pharmaceutical residues in surface and ground-
water have raised significant environmental concerns. The
detection of pharmaceutical compounds at trace concentrations
(ng to pg L") in the aquatic environment poses a major threat to
the health of aquatic systems.”® Pharmaceutical sectors generate
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varied wastewater compositions due to the diverse range of
medications produced using various manufacturing processes.
The characteristics of pharmaceutical wastewater depend
on the equipment, raw materials, and the specific production,
compounding, and formulation processes employed.”'®
Alongside pharmaceutical residues, wastewater from pharma-
ceutical manufacturing frequently contains significant amounts
of both biodegradable and non-biodegradable hazardous
organic and inorganic chemicals."

Pharmaceutical pollutants in wastewater are typically removed
using physical, chemical, and biological methods. While physical
methods are commonly applied to high-concentration organic
wastewater, their effectiveness is often limited. Biological methods
have been explored for pharmaceutical removal from wastewater,
but studies suggest their effectiveness is limited. In contrast,
advanced oxidation processes (AOPs) have gained significant atten-
tion due to their fast reaction rates and ease of control. AOPs utilize
light, electricity, ozone, and other techniques to generate reactive
oxygen species, effectively decomposing pharmaceutical pollutants.
Various methods have been developed and implemented to
eliminate pharmaceuticals from polluted water. These methods
include biological degradation,"™"> membrane bioreactors,"
adsorption,"*"> nanofiltration,'® phytoremediation,"” deep eutectic
solvents,'® biological treatment,"® AOPs,**° and the combination of
AOPs with biological treatment.”" Adsorption techniques have been
demonstrated to be an effective and cost-efficient approach for the
removal of pollutants from wastewater.””> However, they require
secondary treatment processes, as pharmaceuticals are transferred
from the aqueous phase to the solid adsorbents, necessitating
additional steps for the proper disposal or regeneration of the
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contaminated adsorbents. Biological treatment is an environ-
mentally friendly option, but it demands substantial land area,
has slower removal rates, and is often ineffective for pharma-
ceuticals that are non-biodegradable. AOPs offer a promising
alternative, as they can degrade and mineralize pharmaceuticals
into harmless byproducts, thereby eliminating the need for
secondary treatment.”>** Several review articles have addressed
the application of AOPs for the removal of pharmaceuticals,
including antibiotics*>* and anti-inflammatory drugs.”” However,
most of these reviews focus on a single AOP type or specific
pharmaceutical pollutants. Therefore, a comprehensive review
on recent advancements in the application of various AOPs and
their combinations for removing diverse pharmaceutical pollu-
tants is needed to address existing challenges, research gaps,
and propose future research directions. A literature review on the
topic of “Pharmaceutical & Removal” compared to ‘“Pharmaceu-
tical & Removal & Advanced Oxidation Processes” was conducted
using the ScienceDirect database, covering publications from
2010 to 2025. The analysis shows a significant rise in research on
AOPs for pharmaceutical removal over the past decade, contrast-
ing with the slower growth in studies on pharmaceutical removal
by other methods (Fig. 1). This trend underscores the increasing
focus on and advancements in AOPs for addressing pharmaceu-
tical contaminants. It highlights the relevance of this review in
providing a structured overview of current knowledge, identify-
ing research gaps, and suggesting future directions for pharma-
ceutical wastewater treatment. AOPs and their combinations
present a promising approach for removing pharmaceuticals,
which are persistent organic pollutants in water, as these
methods can nearly mineralize pharmaceutical pollutants into
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Fig. 1 Published articles from 2010 to 2025 on the topics “Pharmaceutical & Removal” and “Pharmaceutical & Removal & Advanced Oxidation

Processes” Source: ScienceDirect (search conducted in November 2024).
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harmless byproducts without secondary treatment or sludge
formation.

Despite the utilization of various methods for treating pharma-
ceutical wastewater, each having its own merits and drawbacks,
the most promising and effective approach involves combining
AOPs with biological treatment. Among the array of treatment
technologies designed for the efficient elimination of persistent
emerging molecules, AOPs stand out due to their proven flexibility
and high removal efficiency for pharmaceutical compounds.”®?°
Notably, these processes have been identified as the most cost-
effective techniques for treating water contaminated with pharma-
ceutical compounds that are poorly water-soluble and refractory.*
AOPs have become a viable solution for tackling industrial waste-
water challenges. AOP shows potential in effectively eliminating
difficult-to-break-down organic pollutants like dyes, pesticides,
and pharmaceuticals, which may not be effectively treated using
traditional wastewater methods. Common AOPs, such as photo-
catalysis, zone-based AOPs, Fenton, and Fenton-like processes,
generate highly reactive and non-selective reactive oxygen species
(ROS) through a catalytic activation reaction.*'*> Despite signifi-
cant advancements in AOPs for pharmaceutical pollutant removal,
a comprehensive review is needed to assess their large-scale
applications, reactive species generation, catalyst development,
and performance relationships among different AOPs. This review
explores the role of AOPs in wastewater treatment, detailing
reactive species mechanisms and their interactions with pharma-
ceuticals. It also critically examines current limitations, including
energy consumption, scalability, operational costs, and challenges
in achieving complete mineralization. This review outlines future
research directions focused on sustainable AOP implementation,
focusing on cost reduction and large-scale applicability. It empha-
sizes the need to improve pharmaceutical wastewater treatment by
optimizing reaction conditions and enhancing catalyst perfor-
mance. Furthermore, the review explores the use of hybrid AOP
systems, which combine various oxidation techniques, to improve
mineralization rates of recalcitrant pharmaceuticals. By integrating
multiple AOP strategies, these systems enhance degradation effi-
ciencies, effectively converting harmful pharmaceutical pollutants
into environmentally benign byproducts, such as CO,, H,0, and
mineral acids. This analysis provides insights into advancing
sustainable pharmaceutical wastewater management using AOPs.

2. Sources of pharmaceutical pollution
in aquatic environment

The term “pharmaceutical waste” typically refers to waste pro-
duced by pharmaceutical industries and hospitals. However,
since the 1980s, pharmaceuticals have been acknowledged as
chemical pollutants.>*** Pharmaceutical pollutants pose an
increasing threat to environmental safety, particularly within
aquatic ecosystems. Pharmaceutical pollutants originate from
human consumption, personal care products, improper medica-
tion disposal, pharmaceutical industries, hospital waste, and
excretion via urine or feces from humans and animals. Their
persistence in water systems is attributed to chemical stability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and resistance to biodegradation.*>*® Pharmaceutical compounds
include various classes, such as antibiotics, anti-inflammatory
agents, blood-lipid regulators, and steroidal hormones. Their
stability and biodegradability are influenced by their chemical
nature, structure, and physicochemical properties. Previous stu-
dies have documented these characteristics for common pharma-
ceutical pollutants in aquatic environments.>” > The persistent
occurrence of pharmaceutical residues at low concentrations
(ng L™" to pg L") in wastewater, surface water, and even drinking
water has become a significant global concern due to their
documented environmental impacts.** Advances in analytical
technologies for the detection of pharmaceutical pollutants at
trace levels (ng L") in aquatic environments have driven signifi-
cant research in this area. Commonly detected pharmaceuticals in
wastewater treatment plants include antibiotics such as sulfona-
mides (42.92 ng L"), ciprofloxacin (390 ng L"), and tetracycline
(330 ng L") in China; amoxicillin (2027 ng L") in Italy; acet-
aminophen (36 700 ng L") in Jordan; diclofenac (6300 ng L") in
Germany; carbamazepine (2270 ng L") in Korea; and ibuprofen
(2109 875 ng L") in India. These substances have been shown to
have detrimental effects on public health and aquatic life.**
Pharmaceutical active compounds are increasingly concerning
in environmental risk assessments due to their continuous release
into water bodies, prompting the European Commission to
classify them as emerging pollutants. Their presence disrupts
ecosystems and contributes to antibiotic resistance, impacting
aquatic organisms and ecosystem functions through bioconcen-
tration from water and dietary exposure.** Combined exposure, or
bioaccumulation, arises from an imbalance between uptake and
elimination. Measuring bioaccumulation is crucial for assessing
the environmental risks of these compounds and their potential
effects on human health.*® Pharmaceutical production facilities
mainly utilize four industrial processes: fermentation, chemical
synthesis, biological or natural extraction, and compounding or
formulation.** Active pharmaceutical products are manufactured
through processes such as fermentation, chemical synthesis, and
natural extraction. These products are then transformed into
various usable forms such as tablets, syrups, ointments, and
capsules. The manufacturing process involves crushing, combin-
ing, compressing, encapsulating, and packaging pharmaceutical
ingredients using water, binders (such as starch or corn syrup),
solvents (for tablet coatings), fillers (to dilute medicinal sub-
stances), preservatives, flavoring agents, antioxidants, and fla-
vored syrups. The wastewater generated from these processes
typically requires suitable treatment.*” The main sources of
pharmaceutical pollution are manufacturing plants, hospitals,
institutions, and landfill leachate, as shown in (Fig. 2). From
production to disposal, pharmaceuticals including those from
synthesis, excretion, and expired medications pose significant
environmental and health risks. The high global demand for
pharmaceuticals generates considerable waste.*® Pharmaceutical
waste arises not only from the pharmaceutical industry but also
from hospitals, patients, veterinary sectors, and agricultural areas
in diverse forms. Inadequate disposal and improper management
of pharmaceutical waste result in their release into the environ-
ment through soil contamination, and waster bodies.*”
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Fig. 2 Sources and health risks of pharmaceutical residues in aquatic environment.

3. Pharmaceutical pollutants: impact
on environment and human health

The widespread use of pharmaceuticals has raised concerns
about their impact on both the environment and human
health.*®*° As essential components of medical treatments,
pharmaceuticals find their way into the environment through
various pathways, including wastewater discharges from manu-
facturing plants, improper disposal, and excretion by individuals.*
This has led to the presence of pharmaceutical residues in
water bodies, soil, and even drinking water. Pharmaceutical
residues entering water bodies pose a threat to aquatic ecosystems.
These compounds can affect aquatic organisms, potentially
disrupting endocrine systems and leading to adverse effects
on fish and other species.’**" Disposing of pharmaceuticals,
including unused medications, has the potential to contaminate
the soil. This contamination can affect plant growth and soil
microbial communities, potentially influencing ecosystems.>?
The existence of antibiotics in the environment is linked to the
emergence of antibiotic-resistant bacteria, presenting a substan-
tial public health risk.>*>* Pharmaceuticals are specifically
designed to yield desired therapeutic effects, and toxicity repre-
sents an undesired outcome associated with many pharmaceu-
ticals. While pharmaceutical residues are present in trace
concentrations in water bodies such as rivers, wells, ponds,
and other water streams, continuous exposure to numerous
pharmaceutical components, even in trace amounts, may lead
to significant health hazards and collectively result in severe
adverse reactions on health. Pharmaceuticals, including endo-
crine disruptors, may re-enter human life through various sources
like drinking water, farm produce, livestock, and poultry products.
This pharmaceutical waste component significantly affects inter-
nal biological processes by interfering with hormone-regulating
activities related to reproduction, development, and growth. The
alarming aspect is the disruption of sexual development in
humans, posing a serious risk to human existence.**>* Therefore,
a crucial research area involves identifying and quantifying var-
ious pharmaceutical wastes that impact human health. Another
major concern is the presence of modern chemotherapy agents or

3436 | Mater. Adv., 2025, 6, 3433-3454

anticancer drugs, which exhibit cytotoxic activity. The detection of
pharmaceutical residues in drinking water sources raises con-
cerns about potential long-term health implications for humans.
Prolonged exposure to low concentrations of pharmaceuticals
may result in unexpected health effects.”®>” The environmental
presence of antibiotics may contribute to the transmission of
antibiotic resistance genes, compromising the efficacy of these
drugs in treating infections. Additionally, certain pharmaceuticals
display endocrine-disrupting properties, which may lead to hor-
monal imbalances and associated health issues in humans.’®*°
Anti-inflammatory drugs, antibiotics, and painkillers are among
the most widely used pharmaceuticals globally. Sewage treatment
plants typically remove only 20-30% of diclofenac due to its low
biodegradability and limited adsorption on activated sludge.
Continuous release of these drugs into the environment results
in chronic exposure for organisms, as they remain active and toxic
even at low concentrations. Studies show that such exposure may
lead to health issues like Alzheimer’s, obesity, thyroid disorders,
and cancer.® Therefore, effective treatment of pharmaceuticals at
their source is essential before discharge into aquatic environ-
ments. Addressing these challenges requires a multifaceted
approach involving improved drug manufacturing practices,
proper disposal methods, enhanced wastewater treatment, and
increased awareness among healthcare professionals and the
public. Ongoing research and regulatory measures aim to mitigate
the environmental and human health impacts associated with
pharmaceuticals. Fig. 2 illustrates the potential sources, pathways,
and effects of pharmaceutical pollution on human health, envir-
onmental systems, and aquatic life.

4. Advanced oxidation processes
(AOPs) for the removal of
pharmaceuticals

Advanced oxidation processes (AOPs) were initially introduced
for drinking water treatment in the 1980s, defined as methods

that generate hydroxyl radicals (*OH) in sufficient quantities to
purify water.®> The concept of AOPs has broadened to include

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxidative processes that use other reactive species, such as
sulfate and superoxide radicals, along with singlet oxygen.
These species act as powerful oxidants, efficiently breaking
down pollutants in water and air.**®® This approach differs
from typical decontamination methods like adsorption, coagu-
lation-flocculation, sedimentation, and membrane separation,
which frequently transfer pollutants from water to another
medium. Under optimal conditions, AOPs can decompose
and mineralize a wide range of organic pollutants, such as
pharmaceuticals, into CO,, H,O, and mineral salts. AOPs are
designed to efficiently degrade and remove a wide range of
organic and inorganic contaminants, including persistent and
toxic emerging organic contaminants.>***"® A key advantage of
AOPs is their capacity to degrade and mineralize persistent
organic pollutants into harmless by-products via non-selective
oxidation, regardless of the pollutants’ chemical structure or
complexity. This makes AOPs especially effective for treating
complex wastewater, such as pharmaceutical industrial efflu-
ents with diverse contaminant mixtures.®” Table 1 summarizes
several AOPs, detailing their strengths and limitations in the
removal of pharmaceutical pollutants from aqueous systems.
AOPs are characterized by their ability to produce powerful
oxidizing agents, such as hydroxyl and sulfate radicals, through
various mechanisms like photocatalysis, Fenton and Fenton-
like processes, sonochemistry, ozone-based AOPs, non-thermal
plasma or their combinations. Fig. 3 illustrates the commonly
applied AOPs for removing pharmaceutical pollutants through the
generation of reactive oxygen species (ROS). These ROS include
hydroxyl, sulfate, and superoxide radicals, which are highly
reactive and effectively degrade contaminants. Additionally,
singlet oxygen is generated as a non-radical oxidant, further
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enhancing the oxidative degradation of pharmaceuticals in
water systems.

4.1. Photocatalysis

Photocatalysis is considered one of the most cost-effective and
efficient methods for degrading and mineralizing pharmaceutical
pollutants in wastewater. This innovative, renewable, and sustain-
able approach shows great potential for tackling the growing
challenges of environmental remediation.”>”* In a photocatalytic
system, the valence band (VB) and conduction band (CB) are
responsible for producing *OH and superoxide anions, respec-
tively (Fig. 4). These species are crucial for the degradation of
pollutants.”> The process of photocatalysis is divided into
two categories: homogeneous and heterogeneous. For oxidation
processes, a variety of chalcogenides serve as dominant photo-
catalysts. These include oxides like TiO,, ZnO, ZrO,, and CeO,, as
well as sulfides such as CdS and ZnS. Furthermore, non-metal
compounds, particularly graphitic carbon nitride, are frequently
employed as photocatalysts in solar energy applications.”® How-
ever, conventional metal oxide photocatalysts are limited by their
large band gap energies, which restricts their ability to harness a
significant portion of the solar spectrum, thereby extending the
degradation process. To address this limitation, researchers have
explored modifications such as doping with metals and non-
metals or incorporating nanocomposites like carbon dots.”” These
modifications reduce the band gap energies, allowing the photo-
catalysts to utilize a broader range of the solar spectrum.
A primary challenge with photocatalysts that have smaller band
gap energies is the rapid recombination of electron-hole pairs,
which diminishes their efficiency.”® To address these challenges,
modifications are essential to boost reactive oxygen species

Table 1 Various AOPs, along with their advantages and limitations, used for the removal of pharmaceuticals from aqueous solution

Types of AOPs  Operating conditions Advantages Limitations Ref.
Photocatalysis  Photocatalyst type/dosage, light source/ Simple operation, eco-friendly, high effi- Low mineralization efficiency, slow 68
intensity, reaction time, initial concen- ciency, ease of use, and low cost reaction rates, scalability, recovery of
tration, pH and temperature photocatalysts after treatment, reusa-
bility and stability
Fenton and Fenton or Fenton-like catalyst type, Wide pH range for heterogeneous per-  High catalyst separation and reactivation 69

Fenton-like persulfate or H,0, concentration,
solution pH, reaction time, tempera-

ture, and initial concentration

Ozone based
AOPs

O; concentration, reaction time, pH,
temperature, catalyst type, and the
presence of additional oxidants
Non-thermal

sulfate and Fenton-like processes, high
efficiency, low reaction costs, easy con-
trol, stable storage, and low selectivity

Powerful oxidizing capabilities, fast
reaction rates, and mild conditions

Discharge type (DBD, corona, or gliding Generation of reactive oxygen species

costs, potential environmental impacts
from metal leaching and sulfate, sludge
production, and pH dependency in tra-
ditional Fenton

Limited O; solubility and mass transfer, 26
high energy use and costs, pH depen-
dency, and low mineralization

Large-scale application, high cost, high 70

plasma arc), voltage, frequency, gas composi- without chemical addition, achieving energy consumption, and complex
tion, reactor design, initial concen- rapid removal efficiency design
tration, and reaction time
Electrochemical Electrode material, current density, Environmentally friendly, efficient, con- High application costs, toxic metal ions, 71
oxidation voltage, electrolyte composition, pH, trollable, and broadly applicable, with no challenges in enhancing pollutant mass
reaction time, and initial concentration need for chemical reagents, precise con- transfer, electrode materials, and energy
trol, and on-site reagent generation consumption
Sonolysis Ultrasound frequency and intensity, = Low operational costs, minimal sludge Incomplete degradation and miner- 38

reaction time, medium composition,
temperature, solution pH, and initial
pollutant concentration

AOP type combinations, oxidant and
catalyst type/dosage, light source/
intensity, reaction time

Hybrid-AOPs

© 2025 The Author(s). Published by the Royal Society of Chemistry

production, no chemical additives,
environmentally friendly, precise control, compounds, high energy consumption,
and easily integrated with other AOPs
High degradation efficiency, complete
mineralization, and increased reactive
species production

alization of recalcitrant and hydrophilic

and long processing times
Complex operational processes, high 72
costs, and large-scale application
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Fig. 3 Commonly applied AOPs for the removal of pharmaceuticals from wastewater.
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Fig. 4 Schematic illustration of photocatalytic degradation of pharmaceuticals in water.

generation for effective photodegradation. Strategies like dye
sensitization, doping, and heterojunction formation can
enhance visible light photocatalytic activity and improve charge
separation, which are crucial for pollutant degradation. Tech-
niques such as metal and heteroatom doping and surface
functionalization have been used to increase electron-hole pair
generation and delay recombination, thereby improving overall
degradation efficiency.”” Numerous studies have focused on
various modification approaches to enhance the photocatalytic
degradation of pharmaceutical pollutants, demonstrating the
potential of these strategies in improving the performance of
photocatalysts. Exploring the integration of photocatalysis with
other advanced water treatment technologies is essential for
maximizing their effectiveness. Tra and colleagues investigated
the removal of the drug Diclofenac (DCF) from wastewater,
utilizing advanced oxidation processes that focus on hetero-
geneous photocatalysis with H,0, They found the most effec-
tive removal of DCF at a pH of 6.5 and a TiO, concentration
of 1 g L' This resulted in a 65.25% reduction in DCF

3438 | Mater. Adv., 2025, 6, 3433-3454

concentration after 150 minutes. Additionally, the addition of
H,0, not only improved the process but also eliminated DCF,
with an optimal initial concentration of 10 mg L ™" proving the
most effective.®” Eskandari et al. synthesized and characterized
L-arginine-TiO,/g-C3N, nanoparticles (co-doped-TCN) to enhance
photocatalysis by combining r-arginine with g-C;N, and TiO,.
This combination effectively lowered the bandgap energy (eV)
and suppressed charge carrier recombination. Statistical analysis
validated predictive models for the photodegradation of metro-
nidazole (MNZ) and oxytetracycline (OTC). Using response sur-
face methodology (RSM), the study showed that higher pollutant
concentrations, lower catalyst amounts, and shorter irradiation
times negatively affected the photocatalytic response. Key agents
in degrading MNZ and OTC were superoxide radicals, hydroxyl
radicals, singlet oxygen, and positive holes. Anions, especially
NO; ", reduced degradation efficiency, while electron acceptors
like H,0,, K,S,05, and KBrO; enhanced it. Humic acid (HA)
adversely impacted photocatalytic efficiency. The co-doped-TCN-
LED and co-doped-TCN/LED with electron acceptors emerged as

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01122h

Open Access Article. Published on 20 maj 2025. Downloaded on 07-02-2026 01:10:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

promising for water and wastewater treatment, offering high
reusability and efficiency. Complete degradation of MNZ and
OTC under visible light was achieved, proving the catalyst’s effec-
tiveness and enhancing treated wastewater biodegradability."
Oluwole et al. demonstrated that BWO/g-C;N, heterojunction
composites, prepared by wet impregnation of g-C;N, with
octahedron-shaped BWO, effectively photocatalytically degraded
ibuprofen under visible light. The 7 wt% BWO/g-C;N, composite
achieved 94.8% degradation efficiency, outperforming pure
BWO and g-C;N,. This improvement is attributed to a reduced
bandgap and increased surface area of 46.15 m> g~ ', enhancing
charge separation. Hydroxyl radicals and holes were crucial in
the degradation process, underscoring photocatalysis’s potential
for treating pharmaceuticals.®” Table 1 summarizes various
studies on pharmaceutical degradation via photocatalysis. While
photocatalysis shows great potential for degrading pharmaceu-
ticals in water, its performance can be enhanced by combining it
with methods like adsorption, membrane filtration, and other
AOPs such as ozonation, photo-Fenton, and persulfate in hybrid
approaches. Table 2 provides an overview of various photocata-
lysts applied under different reaction conditions for the removal
of pharmaceutical pollutants from water.

4.2. Electrochemical oxidation

The electrochemical redox reaction is a highly effective advanced
oxidation process for removing pharmaceutical contaminants
from wastewater. This method uses an electrical current to
initiate oxidation, breaking down contaminants into harmless
products (Fig. 5). Electrochemical oxidation provides precise
control and in situ reagent generation, ensuring an efficient
and environmentally friendly approach for the degradation of
various organic pollutants.”® It offers high removal efficiency,
scalability, control, and reduced chemical use compared to
conventional methods. However, its main limitation is the high
cost associated with electrical energy consumption.”® Advanced

Table 2 Photocatalysis for the degradation of pharmaceuticals in water
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electrochemical oxidation methods use electrical energy and
redox reactions to break down and remove persistent organic
contaminants through reactive species.”® Electrochemical treat-
ment degrades pollutants through direct anodic oxidation and
indirect oxidation via reactive species generation, along with
cathodic reduction. Mediated indirect oxidation occurs through
electro-generated oxidants from water discharge or electrolyte
oxidation under high currents. Electrode porosity and surface-to-
volume ratio significantly affect mass transfer limitations in the
electrochemical removal of pharmaceutical pollutants.”> In
some cases, electrochemical methods are combined with cata-
lysts to activate the generated H,0, in Fenton or Fenton-like
processes, producing additional hydroxyl radicals and enhan-
cing efficiency. These processes are promising due to their
environmental friendliness, adaptability, simplicity, and cost-
effectiveness. However, they also have drawbacks, including
short electrode lifespan, low surface area-to-volume ratio, tem-
perature increase during the process, low current density, and
reduced efficiency. To address these limitations, three-
dimensional electrochemical reactors have proven highly effec-
tive for removing emerging organic pollutants.®' These reactors
build on the principles of two-dimensional systems, with sig-
nificant improvements from integrating conductive particles
between parallel electrodes, creating what is known as the third
or particle electrode.

4.3. Fenton and Fenton-like oxidation

The combination of hydrogen peroxide and iron(u) is com-
monly known as “Fenton’s reagent.” Fenton’s reagent is recog-
nized for its effectiveness in degrading various organic
pollutants in water.’® In 1894, Fenton made the discovery of
the oxidation of tartaric acid by hydrogen peroxide in the
presence of iron(u). Subsequently, the combination of H,0,
and Fe has been recognized as the Fenton reagent.”’ This
reagent has proven successful in oxidizing a diverse range of

Photocatalyst Reaction condition [Pharmaceuticals] % Removal  Ref.

TiO, UV irradiation (311 nm), pH (6.5), (150 min), catalyst  Diclofenac, 50 mg L ™" 65.25 80
dose (1gL™)

0-g-C3N,/ZnO/TiO,@halloysite UVA light, pH (6.83), (50 min), catalyst dose (1 g L™')  Diclofenac, 10 mg L™* 100 83

nanotubes

n-CeO,/p-CuS nanorods Halogen lamps (Philips, 54 W, 145 uW cm™?), catalyst ~ Tetracycline 98 84
dose (0.018 g), (25 min) Ciprofloxacin 93.1

Capecitabine 92.6
58 x107°M

Co30,/CdO/clinoptilolite Sunlight irradiation (250-270 KLux), (120 min), Levofloxacin, 10 mg L™* 99.3 85
catalyst dose (2 g L"), neutral pH

Ti;C, MXene/GQDs@ZnO Visible light (75 W), neutral pH, (180 min), Catalyst Amoxicillin, 10 mg L™* 99 86
dose (50 mg)

Zeolite/Fe30,/CuS/CuWO, Under direct sunlight, pH (6.8), (220 min), catalyst Acetaminophen, 10 mg L' 84.77 87

nanocomposite dose (2 g L"), flow rate 5 mL min "

Zng.9gNdg 0,0 UV light (125 W), pH (5-13), (120 min), catalyst dose Ciprofloxacin, 10 mg L™* 97.5 88
(05gL7! Ibuprofen, 20 mg L™* 74.1

Peanut-like BivO, LED (blue and white) light (100-50/200 W), pH (9), Tetracycline, 50 mg L™ 96 89
(120 min), catalyst dose (100 mg L")

Fe,03/g-C;N, nanocomposite Visible light (150 W), neutral pH, (180 min), catalyst Metformin, 20 mg L~ 96 90
dose (1.6 gL 1)

Novel TiO,-orange peel-derived Visible light (300 W Xe lamp), pH (4), (100 min), Acetaminophen, 20 mg L™ 94 91

biochar

catalyst dose (0.8 g L")

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical oxidation method for the removal of pharmaceuticals.

organic compounds.® However, low pH operation and the genera-
tion of sludge limit the practical application of the Fenton process.
To overcome these drawbacks, researchers turned to Fenton-like
processes which are modified versions of the Fenton process that
use heterogeneous catalysts as an alternative to homogenous iron
ions or different oxidants such as peroxymonosulfate (PMS), and
peroxydisulfate (PDS) instead of H,0,.”® These can be combined
with a source of energy (light, sound, heat) to generate ROS (Fig. 6).
These reactions follow a similar mechanism to the traditional
Fenton reaction but with varying redox potentials and kinetics. The
Fenton-like systems have emerged as one of the effective strategies
among AOPs, for the degradation of organic pollutants, particu-
larly pharmaceuticals rapidly and completely, with minimal for-
mation of harmful byproducts. Fenton-like systems offer a
versatile and cost-effective alternative to traditional Fenton oxida-
tion, featuring milder reaction conditions, wider applicability,
lower costs, faster cycles, and easier catalyst recycling. As a result,

0,-AOPs
0,/UV

0/H,0, |

O,/Catalyst

they have become one of the most effective AOPs for rapidly and
thoroughly degrading organic pollutants, particularly pharma-
ceuticals, with minimal harmful byproducts. These systems
remove pharmaceuticals by generating *OH radicals, which act
as strong oxidants that degrade pollutants through hydrogen
atom abstraction, redox reactions, or electrophilic addition to
n-systems. Recent research has shown promise in using hetero-
geneous Fenton and Fenton-like systems to remove pharmaceu-
ticals from wastewater.””'*" Rahman and Hama Aziz utilized
heterogeneous Fenton-like oxidation with a non-carbonized
catalyst derived from scrap-printed circuit boards. Using 1 g L™"
of catalyst and 50 mg L™" H,0, at pH 4 for 30 minutes, 86% of
Diclofenac and 66% of Ibuprofen were removed from an initial
pharmaceutical concentration of 20 mg L~ '.'** In recent research,
Haroon et al. developed innovative nanocomposites by decorating
Fe;0, nanoparticles on graphitic carbon nitride nanosheets.
These nanocomposites were applied in Fenton-like degradation

-
N

Fenton/Fenton-like g = - ;

g R

Fe/ILO, | ( = = —

‘ 22 ‘ — —— = H,0,

Cuvmo, | & .-

L= adedt Degradation
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Fig. 6 Fenton, Fenton-like, ozone-based AOPs, and non-thermal plasma for the removal of pharmaceuticals.
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of tetracycline, with the Fe;O4 nanoparticles decorated on metal-
free graphitic carbon nitride/hydrogen peroxide system achieving
an impressive 90% degradation efficiency within 60 minutes at
neutral pH. This high efficiency was driven by the generation of
reactive oxygen species through the Fe(u) and Fe(ur) ions present
in the nanocomposite.'®® A novel MoS,@nZVI catalyst was synthe-
sized by incorporating nano zero-valent iron with a multifunc-
tional molybdenum disulfide film by Chundi Zhou et al. This
material exhibited a complete 100% removal efficiency for sulfa-
methoxazole and achieved a rate constant (kops of 0.4485 min ")
within just 10 minutes. The remarkable degradation performance
is attributed to the MoS, film, which not only facilitated Fe(u)
regeneration but also assisted in proton accumulation and elec-
tron transfer, significantly enhancing the efficiency of sulfa-
methoxazole degradation across various pH levels."®® Table 3
summarizes recent studies on the application of Fenton and
Fenton-like AOPs for the removal of pharmaceutical contami-
nants from water.

4.4. Non-thermal plasma

Plasma generation is typically classified into thermal and non-
thermal types. Thermal plasma operates at higher temperatures
and pressures, requires more power, and produces reactive spe-
cies in thermodynamic equilibrium."** Reactive species generate
during plasma discharge through mechanisms like dissociation,
ionization, excitation, neutralization, and photo-ionization.'** In
contrast, non-thermal plasma (NTP), or cold plasma, is produced
directly via electric discharge or passing gas such as He, Ar, N,, O,,
air or a mixture of different gases through an electric field."** NTP
is a low-temperature plasma that generates reactive species with
distinct properties. This process produces a variety of highly
reactive species, including hydroxyl, sulfate, and superoxide radi-
cals, along with H,0,, O3, UV light, and high-energy electrons
without addition of chemicals.*'"® The exact species generated
depend on the chosen carrier gas and applied high-voltage power.
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and input energy until reaching a saturation point. Beyond this
level, prolonged exposure to high energy results in a decrease in
H,0, concentration over time. This decline occurs due to H,O,
decomposition at higher concentrations through reactions with
active species generated during the discharge process.''®'!”
Reactive species produced by cold plasma at atmospheric pres-
sure, especially those formed through plasma-liquid interac-
tions, offer diverse applications, such as the remediation of
pharmaceutical contaminants in wastewater.''® A typical plasma
discharge system includes a power source, electrodes, working
gas, and a reactor design, all of which influence its performance
(Fig. 6). The power supply and composition of the working gas
are key factors affecting the energy yield of plasma-based
devices."" Common NTP methods for pollutant degradation
involve dielectric barrier discharge (DBD) and corona discharge,
generated either within the liquid or at the gas-liquid
interface."””® In wastewater treatment, plasma discharge can
ideally be organized into three types based on plasma distribu-
tion, reactor design, and operation: gas-phase discharge, liquid-
phase discharge, and hybrid gas-liquid discharge.'*' NTP, a part
of AOPs, is generated through electrical discharges at liquid and
gas-liquid interfaces. Plasma, a partially or fully ionized gas,
consists of electrons, ions, free radicals, and neutral species. It is
produced by discharges such as DBD, gliding arc, glow, spark,
and corona discharges.'* The energetic electrons in plasma
collide with molecules like N,, O,, and H,O, producing second-
ary electrons, photons, ions, radicals, and UV light. NTP is an
effective and environmentally friendly AOP for removing phar-
maceutical pollutants from wastewater.'** Studies show that
NTP is a promising technique for water remediation, particularly
in lab and pilot-scale applications. Plasma interacting with a
thin water layer minimizes mass transfer limitations. DBDs
with falling liquid films, in coaxial or planar configurations,
have shown significant improvements in energy efficiency.*®***
This configuration can treat a broad range of water pollutants,

The concentration of H,O, rises with increased discharge time including pharmaceuticals. Key factors affecting NTP

Table 3 Fenton and Fenton-like processes for the removal of pharmaceuticals from water

Methods Activation condition [Pharmaceuticals], %Removal Ref.

Heterogenous Fenton-like oxidation [NC-PCB]=1gL ' [H0,] =50 mg L ', pH=4,t= [DCF], =20 mgL " 86 102
30 min IBF], =20 mg L " 66

Heterogenous Fenton-like oxidation [FCN-20%] = 0.66 mg mL™", [H,0,] = 2.45 mM, TCl, =10 mg L™* 90 103
neutral pH, ¢ = 60 min

Persulfate based Fenton-like oxidation FeBS800 = 1.5 ¢ L™ *, [PDS] = 10 mM, neutral pH, t= [DCF], = 20 mg L™* 88.3 105
10 min

Persulfate based Fenton-like oxidation Non-carbonized catalyst = 0.75 g, [PDS] = 6 mM, DCF], =20 mg L " 76 8
neutral pH, ¢ = 60 min IBFl, =20 mg L' 71

Heterogenous Fenton-like catalyst Modified magnetic chitosan nanoparticles = 15 mg, [TC], =50 mg L ™" 94 106
[PS] = 20 mM, neutral pH = 3-8, ¢ = 6 hours

H,0, based Fenton-like reaction Bimetallic Fe/Cu nanoparticles = 2.35 g L', [H,0,] [Ceftriaxone], = 60 pg L™ 99.5 107
=10 gL ', pH =6, t = 60 min

Heterogenous Fenton reaction Nano-Fe;0, catalyst 1 g L™, [H,0,] = 100 mM, [Carbamazepine], = 15 mg L™" 99 108
neutral pH, ¢ = 120 min

Fenton and Fenton-like reaction FeS, catalyst =2 ¢ L', [H,0,] =5 mM, pH (4), t = [Acetaminophen], =50 mg L™' 96.6 109
180 min

Photo-Fenton-like reaction Fe;0,@MIL-100(Fe) = 0.33 g, [H,0,] =5.27 g L',  [Levofloxacin], = 200 mg L™* 94.3 110
pH (6.68), light source = Xe (<420 nm), ¢ = 180 min

Fenton oxidation Fe?*/H,0, molar ratio of 0.125, pH of 3.5, £ =30 min  Ciprofloxacin = 15 mg L™" 74.4 111

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 3433-3454 | 3441
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performance include plasma type, reactor design, gas composi-
tion, and solution properties like pH and conductivity.'*

The optimal parameter for evaluating NTP systems and
comparing different reactor designs, particularly in terms of
energy efficiency during pharmaceutical degradation, is the
amount of selected pharmaceuticals degraded per unit of
energy consumed. This can be calculated using eqn (1) for
pharmaceutical pollutant degradation, with the energy yield
preferably calculated at 50% degradation (G50). G50 is defined
as grams of pharmaceuticals decomposed per kilowatt-hour
and expressed in (g kW~ h™"). This value is well established
measure especially for non-thermal plasma experiments, to
compare different plasma methods such as DBD, corona dis-
charge, and electrohydraulic discharge in order to design the
most effective experimental process. Comparing the degrada-
tion efficiency of pharmaceutical pollutants across studies on
various NTP systems presents challenges, as energy yield esti-
mates are influenced by multiple factors beyond reactor type.
These include the degradation percentage achieved, presence
of catalysts or additives, initial pollutant concentration,
solution pH, gas atmosphere, reactor design, and the nature
of pollutant by-products. Gs, is chosen for two main reasons: at
this point, the degradation of intermediate by-products during
discharge is minimal, and it offers a standardized measure for
assessing the efficiency of various NTP reactor designs.""*

C30x[Clyx ¥V xK
0= PxLn

1)

where [C], is the initial concentration of pharmaceuticals (mg
L"), V is the volume of the treated solution in liters, P is the
average applied power (kW), and K (min~") is the observed rate
constant. The observed rate constant (k min~*) for the degrada-
tion of the targeted pharmaceuticals is determined by plotting
In(Cy/C) against time, based on the concentration profiles of
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the pharmaceutical degradation over time. Table 4 illustrates
the use of NTP alone, as well as in combination with other AOPs
or catalysts, for the removal of pharmaceutical pollutants from
water. Table 2 presents recent NTP-based AOPs applied for the
removal of various pharmaceuticals from water, along with
their energy yields at Gso, which serve as an indicator of the
performance for each discharge configuration.

4.5. Ozone based AOPs

Ozone, a highly toxic gas with a redox potential of 2.07 V, is a
powerful oxidant commonly used in wastewater treatment for
disinfection, bacteria sterilization, odor control, algae reduction,
and organic pollutant degradation.*> However, the high cost of
ozone production and its selective oxidation, which often results
in only partial degradation, limit its widespread application.
Ozonation occurs via two main pathways: direct oxidation in
acidic conditions (pH < 4) where it acts selectively with limited
mineralization, and indirect oxidation in alkaline conditions
(pH = 9), where *OH radicals are generated to enhance pollutant
breakdown.'**"*” Under alkaline conditions or with catalysts and
UV light, ozonation can act as AOPs, as ozone decomposes in the
presence of OH™ ions, or in combination with photocatalysis to
produce highly reactive *OH radicals (Fig. 6). In ozone based
AOPs, ozone (O;) reacts with organic molecules through electro-
philic or radical chain reactions.” Ozone rapidly decomposes,
often triggered by *OH radicals, especially at wavelengths below
300 nm."?*"*® The resulting oxygen atom is highly reactive,
allowing it to oxidize various substrates, including pharmaceuti-
cals. Direct ozonation in an acidic medium is not considered an
AOP due to its selective degradation and low mineralization
efficiency. However, when ozone interacts with water in the
presence of a catalyst, UV light, or in an alkaline medium,
hydroxyl radicals are produced, offering stronger oxidation cap-
abilities for pharmaceutical degradation than ozone alone.'*”**°

Table 4 Non-thermal plasma to eliminate various pharmaceuticals from water

Type of non-thermal Energy yields
plasma Reaction condition and reactor design [Pharmaceuticals], (gkWh™)  Ref.
DBD plasma pH 5.6, Ar/O, (80:20) at a power of 200 W, DBD falling film [Diclofenac], = 50 mg L™" 5.10 7
reactor [Ibuprofen], = 50 mg L™* 0.75
DBD plasma 11 kv, 300 Hz, 15 W, DBD with falling liquid film inner tube; [Propranolol], = 100 mg L™* 26.70 126
Ar/O, (80/20)
DBD plasma DBD/UV system, high-voltage AC power supply with a fre- [Enrofloxacin], = 30 mg L ™! 1.20 127
quency of 7 kHz and a voltage regulation range of 0-10 KV, in
quartz glass tube
Pulsed corona discharge/  PCD output power 32 W with 0 to 880 pulses per second, [Dexamethasone], =10 mg L' 18.5 at G95 128
persulfate system solutions flow rate of 0.8 L h™', pH = 3, drug/PDS molar
ratios: 1/0.5
Pulse DBD plasma/ Frequency: 180 Hz, and input power of 85 W, liquid flow rate: [Sulfamethoxazole], = 50 mg L™" 0.353 129
persulfate 70 mL min~ ', initial pH: 5.6 and drug/PS dose = 40:1
DBD plasma/ZnO/g-C;N,/  Coaxial WFFDBD plasma reactor, water flow rate 60-200 mL [Tetracycline], = 50 mg L™" 9.20 130
zeolite min~?, shock current of 0.8-1 A and 200 Hz
DBD plasma Applied voltage of 8, 10, and 12 kV, water matrices containing [Carbamazepine], =25 mg L™"  0.19 131
chloride and carbonate ions
Submerged thermal Ar/CO, at 6.2 kw discharge power using a customized ther- [Chloramphenicol], = 20 mg L™' 0.144 132
plasma/LaMnO; perovskite mal plasma torch in water
NTP-pulsed corona Sequential flow plasma reactor, 51 W input power, and water [Diclofenac], = 10 mg L™" 0.256 133
discharge flow rate 150-750 mL min "
DBD plasma/persulfate Coaxial water falling film reactor design, water flow rate of  [Sulfamethoxazole], = 0.08 mM  1.44 134

3442 |

Mater. Adv., 2025, 6, 3433-3454

0.2 L min~, input power 3.5-7.1 W at 24-28 kV and 0-300 Hz
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Photocatalytic ozonation is a highly effective approach for breaking
down toxic and persistent organic pollutants in water. Studies have
shown that combining UV irradiation with ozonation is more
efficient for removing certain organic pollutants than using either
UV photolysis or ozonation alone.'"” In water, ozone decomposes
to produce hydroxyl radicals, and this process is significantly
enhanced by UV light, making it particularly useful for eliminating
pharmaceuticals in wastewater."*>'*" Photocatalytic ozonation
merges photocatalysis and ozonation, creating synergies that
enhance pollutant removal. This approach, generating additional
ROS in a single reactor with short residence times, improves
removal compared to photolysis or ozonation alone.*> Photo-
catalytic ozonation effectively eliminate recalcitrant pollutants
challenging for standard AOPs or direct ozonation. In the litera-
ture, combining ozonation and photocatalysis has demonstrated
synergies ranging from 1.2 to 7.5 times.'*> Catalytic ozonation has
several advantages over direct ozonation, such as increased on-site
production of hydroxyl radicals and the generation of biodegrad-
able byproducts. However, it also presents challenges, including
high energy consumption and limited ozone solubility in water.
Additionally, catalytic ozonation may have limited effectiveness in
fully mineralizing pharmaceutical compounds, emphasizing the
need for further optimization and additional treatment methods.

4.6. Sonochemical process

Sonochemistry explores the chemical effects of ultrasound,
which arise from acoustic cavitation. Sonolysis, a modern
AOP technique, utilizes ultrasound to generate *OH radicals
through water pyrolysis."** Sonolysis presents advantages over
conventional AOPs, such as the absence of chemical additives,
low sludge generation, and broad applicability. It operates via
acoustic cavitation, where ultrasound (US) induces bubble
formation in aqueous solutions. These bubbles expand and
collapse, releasing intense heat and pressure, generating reactive
oxygen species that degrade pharmaceutical pollutants in
water.’** Ultrasound irradiation of aqueous solutions induces
acoustic cavitation, leading to the formation, growth, and violent
implosion of high-energy cavitation bubbles, creating localized
hot spots. In these regions of extreme temperature and pressure,
*OH radicals are generated (reaction (a)). Additionally, *H react
with O, to form hydroperoxyl radicals (reaction (b)), ultimately
producing H,0, (eqn (c)). Pharmaceutical pollutants are degraded
through three primary mechanisms: thermal decomposition
within the cavitation bubbles, degradation at the bubble-liquid
interface, and free radical-mediated reactions in the bulk solution
(eqn (d)).**>"*® The frequency of ultrasound waves plays a critical
role, as the degradation rate of contaminants is influenced by
factors such as ultrasound frequency, intensity, solution pH, and
the physical and chemical properties of the pharmaceutical
pollutants.'”” The generated non-selective reactive species
enhance the degradation of pharmaceutical pollutants, making
sonolysis an environmentally friendly method for water remedia-
tion from contaminants without introducing additional
chemicals."*® However, energy is necessary to sustain the acoustic
cavitation of bubbles formed during ultrasound irradiation.
The influence of sonication power on ultrasonic cavitation,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sonochemistry, and paracetamol degradation was studied in sin-
gle- and dual-frequency sonoreactors."** Dual-frequency sonication
exhibited a synergistic effect on degradation but did not signifi-
cantly impact oxidant yield, regardless of horn power. The
enhanced degradation rate is attributed to improved paracetamol
transfer from the bulk to the cavitation bubbles, increasing its
availability for reaction with *OH radicals. The degradation effi-
ciency can be further improved by incorporating additives such as
H,0,, persulfate, or heterogeneous solid catalysts like activated
carbon, biochar, and semiconductor photocatalysts.">*'>" While
sonolysis offers advantages over conventional methods, it has
drawbacks, including incomplete degradation of recalcitrant
organic pollutants, high energy consumption, and long processing
times. These challenges can be addressed by combining sonolysis
with other oxidation processes like photocatalysis, Fenton, photo-
Fenton, ozonolysis, and electrochemical methods. However, the
use of sono-based AOPs in pilot and full-scale wastewater treat-
ment is still in the early stages.

US + H,O — °*OH + *H (@)
*H + 0, - HO,* (b)
HO,* + O, — H,0, (C)

Pharmaceuticals + *OH — degradation on products

g COZ + Hzo (d)

4.7. Hybrid AOPs

Conventional wastewater treatment methods are categorized into
primary, secondary, and tertiary processes, encompassing sedi-
mentation, flotation, activated sludge processes, membrane tech-
nologies, coagulation, and filtration. However, these traditional
approaches face limitations in effectively removing intricate pollu-
tants like micropollutants and emerging pharmaceutical
contaminants.’®* Therefore, there is a need for innovative treat-
ment methods such as AOPs and their combinations to address
these challenges. Integrating AOPs with other technologies
can create synergistic effects that enhance efficiency, increase
the range of pharmaceuticals degraded, and improve the sustain-
ability of the treatment process."”® By combining AOPs with
techniques such as membrane filtration, adsorption, biological
treatments, or additional AOP methods, the treatment perfor-
mance can surpass that of individual AOPs alone. This highlights
the effectiveness of hybrid AOP systems as a promising approach
for pharmaceutical wastewater treatment. Recent studies have
increasingly focused on the development of hybrid AOPs, which
combine chemical-based and energy-based systems, to explore
their synergistic effects in the degradation of emerging contami-
nants. Combining two or more AOPs in a hybrid system offers the
advantage of generating higher concentrations and diverse types of
reactive species.>” This synergy addresses limitations of low miner-
alization efficiency in certain AOPs, especially for pharmaceuticals
known for their recalcitrant nature against degradation and
mineralization by single AOPs. For example, NTP can produce
high concentrations of non-radical species such as H,O, and O;.
When suitable catalysts, like heterogeneous Fenton or ozone
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catalysts, or homogeneous Fenton and Fenton-like catalysts (e.g,
Fe(u) or Cu(n)), are introduced, these non-radical species decom-
pose into powerful, non-selective oxidative radicals, such as hydro-
xyl and superoxide radicals, which exhibit stronger oxidizing power
than H,0, or O; alone. This principle also applies effectively to
other hybrid systems, like combining persulfate with NTP, enhan-
cing degradation efficiency and broadening treatment capabilities
for various organic contaminants.’®® A study'®® investigated the
removal of ibuprofen from wastewater using sonolysis and sono-
Fenton oxidation. The combination of homogeneous Fenton
oxidation with ultrasound irradiation demonstrated superior effi-
ciency compared to the individual processes, particularly in terms
of mineralization yield. The enhanced performance was due to the
sono-regeneration of ferrous ions from ferric complexes, enabling
continuous Fenton reactions. The process improved TOC removal
from 25% to 50% within 3 hours using a low Fenton’s reagent
concentration, with iron levels below 10 mg L™, highlighting
sono-regeneration as the primary activation mechanism. The
hybrid O;/UV/H,O, system was optimized for carbamazepine
removal (10 mg L™ %), with O; concentration at 0.91 mg L7,
H,0, at 5.5 mg L', and UV intensity at 2.9 mW cm > for
5 minutes. Results showed 100% degradation of carbamazepine
and 34.04% mineralization.">® The photocatalytic ozonation (Os/
UVA/TIO,) system was studied for ciprofloxacin (10 mg L)
removal under the conditions of ozone flow = 0.34 g h™", TiO,
dosage = 1.0 ¢ L', and an initial pH of 9.0 for 15 min. The
results showed 98.5% degradation and 81.1% mineralization
efficiency.'® Given their environmental friendliness and sus-
tainability, hybrid AOPs utilizing solar irradiation, minimal
chemical use, and reduced energy consumption present a pro-
mising solution for future large-scale industrial applications in
removing pharmaceutical pollutants from wastewater. However,
the choice of treatment process depends on pollutant character-
istics, cost-effectiveness, and practical applicability.

4.8. Sustainable catalysts as an activator in AOPs

Recently, there has been a growing demand for eco-friendly
solutions in cleaning up the aquatic environment.>> AOPs have
emerged as effective methods for degradation and mineralization
of pharmaceutical pollutants in water using a low-cost and green
catalyst as an activator.”®'* A key element in AOP success is using
catalysts to enhance oxidation reactions and improve pollutant
removal efficiency. Sustainable catalysts have characteristic such
as renewability, low energy usage, recyclability, non-toxicity, high
catalytic activity, selectivity, compatibility with water, and cost-
effectiveness.'® Green and sustainable catalysts could be prepared
from a variety of materials, including agricultural, industrial, and
161 Biochar-based materials, known for their large
surface area and stability, have shown exceptional catalytic activity
in AOPs.’® Similarly, metal-organic frameworks (MOFs) offer
promise due to their adjustable structures and versatile catalytic
properties for sustainable pollutant removal.'®® Biochar and MOFs
are considered promising, cost-effective, and environmentally
friendly catalysts that serve as effective activators and adsorbents
in AOPs such as photocatalysis, Fenton, persulfate, and ozone-
based AOPs.'** "’ Iron-impregnated biochar, derived from waste

animal wastes.
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black seed pomace, was successfully modified and utilized to
activate peroxydisulfate (PDS) for diclofenac degradation in water
samples. This treatment achieved 88% diclofenac degradation
within 10 minutes and a total organic carbon (TOC) removal rate
of 90%, indicating effective mineralization, within 60 minutes.'%>
Biochar and MOFs can be sustainably synthesized from a wide
range of waste materials, supporting the ‘“waste-to-treat-waste”
concept. This approach not only helps in waste management but
also provides valuable adsorbents and catalysts for environmental
applications. However, practical implementation in wastewater
treatment introduces specific challenges. One major issue is the
separation of fine powdered catalysts, such as biochar and MOFs,
from the treated water, often requiring time-consuming filtration
or centrifugation. To overcome this, incorporating magnetic
materials (e.g, iron oxides) into biochar or MOFs can alter their
surface properties, making separation with an external magnetic
field feasible. This modification not only simplifies the recovery
process but also enhances the catalytic activity of the materials in
AOPs, such as Fenton and Fenton-like reactions, and in photo-
catalytic applications. The magnetic modification improves the
overall efficiency and reusability of biochar and MOF catalysts,
providing a more practical and scalable solution for pollutant
degradation in wastewater treatment.

5. Mechanism of AOPs in generating
reactive species for pharmaceutical
degradation

AOPs are oxidation-based water treatment methods that use
energy inputs (e.g., chemical agents like H,0,, persulfate,
ozone, or catalysts; electrical power; ultrasound; or light) to
generate highly reactive oxidizing species, primarily hydroxyl
radicals (with an oxidizing potential of 2.80 V), sulfate radicals,
superoxides, and singlet oxygen.'®®'®® These technologies
effectively break down recalcitrant organic pollutants, such as
pharmaceuticals, that are resistant to conventional wastewater
treatment.?® AOPs commonly use oxidants like hydrogen peroxide,
ozone, or persulfate, often combined with UV light, catalysts, or
activators. They are effective in degrading complex, non-
biodegradable contaminants into less harmful byproducts.®” The
generation of reactive species varies depending on the AOP type,
experimental conditions, and catalysts. In Fenton oxidation, hydro-
xyl radicals dominate, while persulfate-based AOPs generate sulfate
and hydroxyl radicals, as well as singlet oxygen.®* Photocatalytic
oxidation involves a photoactive catalyst, typically a semiconductor
such as TiO,, which can be applied as a powder or coated onto a
support like glass. When exposed to UV or visible light (depending
on the photocatalyst’s band-gap energy) in the presence of oxygen,
the catalyst generates electron-hole pairs, initiating redox reactions
with species adsorbed on its surface (Fig. 7). This process has
proven effective in removing pharmaceuticals from water.'”® The
possible chemical reaction pathways in photocatalysis-based AOPs
are illustrated in reactions (R1)-(R9)."**'"*

Photocatalyst + kv — Photocatalyst (e~ + h") (R1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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O, +te — 0,° (R2)

0, +H' - *O0H (R3)

2°00H — H,0, + 0, (R4)

H,0, + hv - OH + *OH (R5)

H,O0+h" —» *OH+H" (R6)

*OH + Pharmaceuticals —» H,O + CO, (R7)

0,*~ + Pharmaceuticals - H,0 + CO, (R8)
*OOH + Pharmaceuticals - - - - H,O + CO, (R9)

Ozonation can occur through two pathways: direct reaction
in acidic solutions in the dark or indirect reaction via ozone
decomposition, producing reactive species like OH radicals,
which occurs in alkaline conditions or with a photocatalyst. In
acidic conditions (pH < 4) without light, direct ozonation is
dominant. At pH levels between 4 and 9, both direct and
indirect pathways are active, while at pH > 9, the indirect
route, or ozone-based AOPs, prevails (reactions (R10) and
(R11)). In this pathway, generated radicals non-selectively
degrade pharmaceuticals, achieving high TOC removal, an
indicator of mineralization efficiency. The indirect pathway
can be enhanced by UV light or by homogeneous and hetero-
geneous catalysts, either in darkness or in combination with
light, as in photocatalytic ozonation. Photolytic ozonation has
proven more effective in the degradation and mineralization of
pharmaceuticals” than UV photolysis or ozonation alone. The
main chain reactions of ozone with photo-generated electrons
on photocatalyst surfaces are shown in reactions (R12)-(R15).

0;+0H — 0, +HO,* (R10)
0; + HO,* — 20, + "OH (R11)
Oszads +e~ — O3° (R12)

DBD reactor

Non-thermal plasma

Fig. 7 Mechanism of ROS generation by various AOPs.
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0,*" + H,0 - *OH + *OH + O, (R13)
0,  +H' - HO;* (R14)
*OH + Pharmaceuticals —» H,0 + CO, (R15)

Non-thermal plasma (NTP)-based AOPs, generated by elec-
trical discharge at the gas-liquid interface, in a gas atmosphere,
or within a liquid, produce ultrasonic waves, UV radiation, and
various reactive species under ambient conditions. These
species include neutral molecules (H,, O,, O3, and H,0,), ions,
free radicals (*OH, °O, °H, and HO,*), and singlet oxygen,
which effectively degrade and mineralize pharmaceutical pol-
lutants. The quantity and nature of these reactive species
depend on factors such as discharge type, input power, gaseous
atmosphere, water composition, pH, and conductivity. The
mechanisms for the generation of these active species by
discharge are outlined in reactions (R16)-(R28). Studies have
shown that the gas atmosphere significantly influences the
types of species generated. For instance, in an argon or helium
atmosphere, H,0, is predominant, whereas ozone formation is
favored under oxygen and air atmospheres. In a nitrogen
atmosphere, the solution becomes enriched with nitrates,
leading to a decrease in the pH of the treated solution. The
quantity of reactive species generated is directly proportional to
the input power of the discharge. However, at very high input
energy, reactive species may undergo scavenging, reducing
their availability for pollutant degradation. Therefore, optimiz-
ing the input power and selecting an appropriate gas atmo-
sphere are essential to maximize the efficiency of NTP for
pharmaceutical pollutant removal.

Energetic electron + H,O — *H + °*OH + electron (R16)

Energetic electron + 2H,0 — H,0, + H, + electron (R17)

2°0H — H,0, (R18)
Advanced
oxidation
processes
Photocatalysis
Mater. Adv., 2025, 6, 3433-3454 | 3445
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*0 + H,0 — 2°OH
H,0, + *OH — HO,* + H,0
HO,® + *OH — 0, + H,0

H* +°OH — *0O +H,

°O + OZ d 03
H,O + O; + v — O, + H,0,
H202 + 03 g 02 + HOZ. + *OH

(R19)

(R20)

(R21)

(R22)
Energetic electron + O,— 2°0 + electron  (R23)
(R24)

(R25)

(R26)

HO,* + O; —» O, + 0,° + *OH (R27)
(R28)

H,0, + hv > 2°0H

The degradation of organic pollutants by hydrogen peroxide
relies on *OH radical production via H,O, decomposition,
either through UV light or ferrous ions (the Fenton process)
(Fig. 7). In the traditional Fenton process, H,O, reacts with
ferrous iron to produce hydroxyl radicals (*OH), which are
highly reactive oxidizers that break down a range of organic
pollutants, including pharmaceuticals. The core mechanism
starts with the generation of *OH from H,0O, by oxidizing
Fe(u) to Fe(m) (reaction (29)). The *OH may then react with
H,0, to form HO,*, a less potent oxidizer (reaction (30)). Fe(u)
is regenerated by reacting with H,0, (reaction (31)), enabling
the cycle to produce additional *OH radicals. Under optimal
conditions, this process can achieve complete mineralization of
pharmaceuticals, converting them to harmless products like
CO, and H,0 (reaction (32)).*

Fe*" + H,0, »Fe’" + *OH + OH (R29)
*OH + H,0, —»HO,* + H,0 (R30)
Fe*" + H,0, — Fe*" + HO,* + H' (R31)

Organic compounds + *OH — degradation products

- CO, + H,0 (R32)

Nonetheless, the process is highly pH-dependent (optimal at
PH 2.8-3) and generates iron sludge, posing challenges for
large-scale applications. To address these issues, researchers
have developed Fenton-like processes, which are modified
versions of the traditional Fenton process. These modifications
include the use of heterogeneous catalysts as alternatives to
homogeneous iron ions, integration with light (photo-Fenton),
or employing electrochemistry to generate Fenton’s reagent
in situ (electro-Fenton).'”>'”® Fenton-like systems provide a
more versatile and cost-effective alternative to traditional Fen-
ton oxidation.

In hybrid AOPs, the mechanisms for generating reactive
species vary in both the concentration and types of radical
and non-radical oxidative species produced, depending on the
specific combination of methods employed. Each method
influences the generation pathways, leading to distinct profiles
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of reactive species that impact the overall oxidation efficiency
and pollutant degradation pathways.

6. Factors affecting AOPs

The efficacy of AOPs is subject to numerous influencing factors,
contingent upon the technique and environmental context. Key
experimental parameters include the nature and characteristic
of pharmaceuticals, solution pH, initial pollutant concentra-
tions, water matrix composition, and ionic strength, among
others.””* Notably, the duration of AOP application is impor-
tant in determining its efficiency, as longer reaction times are
positively associated with increased contaminant degradation.
The pH of a solution is a crucial determinant, as certain
processes function best under acidic or alkaline conditions.
For instance, ozonation may not effectively eliminate certain
organic pollutants due to its selective oxidant nature and low
mineralization efficiency. However, when ozonation is con-
ducted in an alkaline environment, it produces *OH radicals,
which are non-selective and potent oxidants capable of decom-
posing most organic pollutants into water, CO,, and mineral
acids, thus facilitating their complete mineralization.**>®® The
initial concentration of pharmaceuticals influences the degra-
dation efficiency in AOPs. Higher concentrations typically lead
to lower degradation rates, as reactive species are consumed
more rapidly, reducing their availability for further pollutant
breakdown. In contrast, lower concentrations allow for more
efficient use of reactive species, enhancing degradation effi-
ciency. However, this trend does not apply to all AOPs, as it
depends on reactor design, particularly in non-thermal plasma
systems. For example, in a falling film reactor, reactive species
are predominantly active at the water-gas interface, which can
impact the overall degradation efficiency.>* The composition of
the water matrix, including organic and inorganic constituents,
impacts AOP efficiency. The impact of co-existing ions and
catalyst dose in AOPs using catalysts as activators on degrada-
tion performance depends on the catalyst’s surface electro-
chemistry and the ionic forms of pollutants and the water
matrix. The influence of competing ions on degradation is
determined by their type and concentration in the pharmaceu-
tical solution. In photocatalytic AOPs, light source intensity and
wavelength influence reaction rates. Understanding and opti-
mizing these factors are crucial for the successful application of
AOPs in water treatment and pollutant degradation (Fig. 8).

7. AOPs: a promising solution with
challenges and opportunities

The application of AOPs for removing pharmaceutical residues
from water marks a significant progress in wastewater treat-
ment technologies. AOPs offer key advantages, including high
efficiency, no generation of secondary pollutants, the complete
mineralization of pharmaceuticals into harmless byproducts
like H,0, CO,, and short-chain acids."”>'”® However, to fully
realize the potential of AOPs, it is crucial to address challenges

© 2025 The Author(s). Published by the Royal Society of Chemistry
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related to technological advancements, scaling for broader appli-
cations, commercialization, and closing existing research gaps.
Despite technological advancements, significant challenges per-
sist in scaling up AOPs to meet the demands of industrial
pharmaceutical wastewater treatment. The complex and often
costly operation of many AOPs, including high energy consump-
tion and the instability of catalysts used in activation-based
processes, hinder their large-scale application and commercializa-
tion. Additionally, the complex operations and high energy
requirements of NTP and the stability and reusability issues of
catalysts in processes such as Fenton, Fenton-like, ozonation, and
photocatalysis remain critical barriers for AOPs in real-world
applications."”” Sonolysis has limitations, such as incomplete
degradation of persistent organic pollutants, high energy con-
sumption, and prolonged processing times. These challenges
can be overcome by integrating sonolysis with other oxidation
processes. However, the application of ultrasound-based AOPs in
pilot- and full-scale wastewater treatment remains in its early
stages. Utilizing renewable energy sources, such as solar light, to
power the electric discharge generation in non-thermal NTP
systems has the potential to significantly reduce the operational
costs of the treatments. Solar energy, being abundant and cost-
efficient, can replace conventional energy inputs, making NTP-
based AOPs more sustainable and economically viable for large-
scale applications. Furthermore, the development of low-cost,
sustainable catalysts such as biochar and MOFs offers another
promising solution. These catalysts, which can be easily synthe-
sized and modified from readily available agro-industrial wastes,
not only reduce the material costs associated with AOPs but also
enhance their environmental sustainability. The use of such
catalysts can alleviate the limitations related to the large-scale
implementation of AOPs for pharmaceutical wastewater remedia-
tion, thus contributing to the feasibility and affordability of these
advanced treatment technologies in real-world applications. Phar-
maceutical wastewater treatment commonly employs a single
method for removing individual pharmaceuticals. However, clea-
ner production standards now call for tailored treatments that
address the diverse chemical structures and properties of phar-
maceuticals in various wastewater types, reflecting ongoing
advancements in the field. Given that pharmaceutical composi-
tions differ across manufacturing facilities, there is increasing
interest in developing customized treatment processes for the
distinct types of pharmaceutical wastewater generated. In practi-
cal applications, removing powdered catalysts from polluted
solutions post-treatment, whether by filtration or centrifugation,
can be challenging.'”® Integrating magnetic materials into catalyst
such as biochar and MOF, however, can enhance its surface
properties, facilitating easier separation from aqueous solutions
after wastewater treatment in AOPs, such as Fenton and Fenton-
like oxidation, ozone-based AOPs, or when used as a photocatalyst.
To enable large-scale, sustainable application of AOPs in pharma-
ceutical wastewater treatment, optimizing operational parameters
is essential. Efficient techniques, such as machine learning and
design of experiments (e.g, central composite design, Box-
Behnken design, and Taguchi design), can enhance AOP efficiency
for pharmaceutical removal in wastewater. Understanding the
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Fig. 8 Factors influencing AOP performance in pharmaceutical removal
from water.

mechanisms of pharmaceutical degradation by AOPs is key to
optimizing these processes through the development of more
efficient and sustainable catalysts like biochar and MOFs.
Although biochar and MOFs are increasingly used for pharmaceu-
tical removal in AOPs, research gaps remain, requiring further
study to enable the effective use of these sustainable catalysts in
pharmaceutical wastewater treatment.

8. Conclusions and outlook

Pharmaceutical residues enter the environment from various
sources, mainly from point sources like manufacturing plants,
institutes, and hospitals, impacting the quality of aquatic
ecosystems. These contaminants cause alterations and biologi-
cal imbalances, posing significant risks to all living organisms.
Research on monitoring pharmaceutical residues has shown a
gradual increase in their concentrations in rivers, lakes, and
even drinking water. AOPs have proven to be effective in
eliminating pharmaceutical pollutants from the pollution point
sources. The adoption of a waste-to-resource approach, using
low-cost and sustainable catalysts such as biochar and MOFs as
activators in various AOPs, including Fenton, persulfate, ozo-
nation, and photocatalysis, greatly improves the degradation
and mineralization of pharmaceuticals. Using these affordable,
sustainable catalysts in AOPs improves the feasibility of these
methods for commercial applications. These catalysts are easily
prepared and modified, and they exhibit excellent stability and
reusability under real wastewater conditions, making them a
promising strategy for the efficient removal of pharmaceutical
pollutants and suitable for large-scale water remediation
applications. Additionally, the hybrid application of various
AOPs shows potential for further increasing mineralization by
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boosting the production of ROS during the treatment processes.
Future research should focus on the development of sustainable
and efficient catalysts to act as activators in AOPs. The goal is to
enhance mineralization efficiency, a critical factor for the success-
ful treatment of wastewater using AOPs. Investigating the inno-
vative combination of AOPs with other advanced water treatment
technologies is crucial for optimizing their effectiveness in prac-
tical applications. Few studies have applied AOPs to treat actual
pharmaceutical wastewater; most focus on removing pharmaceu-
ticals from pure water. The complexity of contaminants in real
wastewater and natural water matrices must be considered to
assess pharmaceutical degradation selectivity in AOPs. Evaluating
AOP techniques to effectively and simultaneously remove diverse
pollutants from municipal, domestic, and industrial wastewater is
crucial. Identifying reaction intermediates and byproducts is
essential for effective pharmaceutical removal via AOPs. However,
few studies report the toxicity of these degradation byproducts.
Future research should focus on identifying reaction products and
comparing their toxicity to the parent pharmaceuticals. TOC
removal, indicating the degree of mineralization, is a crucial
metric for assessing AOP effectiveness in wastewater treatment.
Although AOPs have demonstrated significant potential for
degrading pharmaceuticals, their performance can be improved
by integrating them with additional water treatment methods,
such as adsorption, membrane filtration, and other AOP pro-
cesses in a hybrid approach.
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