Environ Geochem Health (2026) 48:264
https://doi.org/10.1007/s10653-026-03147-2

REVIEW PAPER

q

Check for
updates

Effective methods for removal of antibiotic pollutants
from wastewater: sources, pathways, distribution,

and impacts

Pham Thi-Huong - Nguyen Lam Nhat Minh -
Subhav Singh - Kim Jitae

Received: 31 December 2025 / Accepted: 12 March 2026

© The Author(s), under exclusive licence to Springer Nature B.V. 2026

Abstract The global reliance on antibiotics has led
to the discharge of large amounts of their residues
into rivers, lakes, and coastal waters. Antibiotic resi-
dues, even in small amounts, can damage ecosystems
and human health. They can also lead to the develop-
ment of antibiotic-resistant bacteria and genes. This
review applies a source—impact—treatment frame-
work to connect major antibiotic classes, usage pat-
terns, and transport pathways with resistance-related
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environmental and public health concerns. Unlike
reviews that focus on a single technology or mate-
rial, this work provides a decision-oriented compari-
son of the two most widely used removal strategies:
adsorption and advanced oxidation processes (AOPs).
Recent advances are summarized by highlighting key
materials, processes, performance trends, mecha-
nisms, and practical limitations. Adsorption and
AOPs are evaluated using unified criteria, including
treatment cost, operating conditions, mineralization
and by-product formation, toxicity reduction, and
implementation challenges. This framework supports
context-specific selection for various wastewater
matrices and regional requirements, Moreover, this
work identifies research gaps and future directions,
such as the development of robust, low-cost materi-
als, enhancement of mineralization with reduced sec-
ondary risks. In addition, it emphasizes the need to
integrate treated wastewater reuse to more effectively
assess sustainability and real-world applicability.

Keywords Antibiotic resistance - Antibiotic
pollutants - Advanced oxidation processes -
Adsorption - Wastewater

Introduction

Antibiotics have significantly reduced infectious dis-

eases and helped to protect human life. However,
overuse of antibiotics in medicine has led to increased
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antibiotic residues in the environment (Yang et al.,
2023; Zhai et al., 2024; Zhang et al., 2023). Because
antibiotics are not completely broken down in the
body, they are excreted and end up in wastewater,
which then flows into rivers, oceans, and soil. In
recent years, the frequent detection of antibiotic resi-
dues in freshwater and surface water has raised con-
cerns about the presence of antibiotic pollutants in
the environment (Bonetta et al., 2023; Ogunlaja et al.,
2022; Tiwari et al., 2025). However, even at low lev-
els, antibiotic residues can have significant effects on
ecosystems, particularly by increasing the growth of
antibiotic-resistant bacteria and antibiotic resistance
genes (Savin et al., 2021; Tiwari et al., 2025). These
problems become serious for human health, as they
can reduce the effectiveness of antibiotic treatments,
lead to the emergence of new bacterial strains, and
prolong patient recovery times. Most conventional
wastewater treatment plants were designed to han-
dle bulk pollutants, such as organic matter, nutrients,
suspended solids, and certain metals, but not bio-
logically active micropollutants, including antibiot-
ics. Because of this, many antibiotics are not broken
down well and often pass through treatment only
partly removed. The treatment processes can convert
antibiotics into by-products that persist longer or are
more toxic, which can then accumulate in treated
water, sediments, and biosolids. These findings
indicate that current treatment systems are not yet
able to effectively control antibiotic pollution under
real-world conditions, raising concerns for ecosys-
tems, biodiversity, and public health (Alsaeedi et al.,
2025; Behere et al., 2025; Izah et al., 2025; Tiwari
et al., 2025). Figure 1 shows that the pharmaceuti-
cal industry is a major source of antibiotic pollution,
while hospitals and healthcare systems also contrib-
ute, as they use large amounts of antibiotics to pro-
tect patients (Hassoun-Kheir et al., 2020; Omuferen
et al., 2022). When people take antibiotics, much of
the medicine leaves their bodies either unchanged or
as active by-products. If these substances enter sewer
systems without proper controls or treatment, they
can become point sources of pharmaceutical pollu-
tion (Abou-Jaoudeh et al., 2024; Gwenzi et al., 2020;
Li et al., 2025; Liu et al., 2025; Merhi et al., 2023;
Rodriguez-Mozaz et al., 2020). In many developing
or low-income countries, people can easily obtain
antibiotics, which increases antibiotic use and raises
residue levels in sewage. If sewage systems are not
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working properly, the remaining antibiotics can eas-
ily enter rivers, lakes, and soil (Abou-Jaoudeh et al.,
2024; Okeke et al., 2025; Rani et al., 2024). Besides,
antibiotics are commonly used in raising livestock,
poultry, and fish to treat illness, prevent disease, and,
in some places, promote growth. Animals break down
only a small amount of these drugs, so most of the
antibiotics are excreted in urine and feces. This waste
becomes a major source of pollution. Moreover, in
fish farming, medicated feed and treatments can rap-
idly introduce antibiotics into nearby water (Bonetta
et al., 2023; Gwenzi et al., 2020; Li et al., 2025; Liu
et al., 2025; Okeke et al., 2025; Sousa et al., 2025).
Therefore, controlling antibiotic residues has become
an urgent priority to mitigate their potential risks to
human health and aquatic ecosystems (Izah et al.,
2025; Savin et al., 2021). Recent review articles have
improved our understanding of antibiotic pollutants,
but the available information remains limited (Ben
et al., 2019; Bhunia et al., 2025; Darby et al., 2023;
Galgano et al., 2025; Hassoun-Kheir et al., 2020;
Holmes et al., 2016; Karthikeyan & Meyer, 2006;
Kawsar et al., 2026; Patel et al., 2019; Song et al.,
2025; Thakur et al., 2024, 2025; Tiseo et al., 2020;
Wang et al., 2024b; Watkinson et al., 2007; Zhang
et al.,, 2024c). They mainly focus on environmental
sources, such as hospitals, municipalities, and live-
stock, as well as how antibiotics are distributed over
time and space, and what happens to them in water
systems (Alsaeedi et al., 2025; Aryee et al., 2022;
Hamid & Khanday, 2026; Liu et al., 2025; Lyu et al.,
2026; Merhi et al., 2023; Niu et al., 2024; Vinayagam
et al., 2022). Other studies examine treatment tech-
nologies, ecological toxicity, and potential human
health effects. However, the reviews usually focus
on just one method, such as adsorption or a specific
advanced oxidation process (Lyu et al., 2026; Niu
et al., 2024). Thus, it is possible to find in-depth infor-
mation on each topic, but it is hard to see the connec-
tions throughout the whole process. Some works pre-
sent the source, pathway, impact, and control chain in
a clear framework (Liu et al., 2025; Xu et al., 2021).
However, they often do not fully integrate common
antibiotic classes, their environmental relevance, how
they transform during natural processes or treatment,
or the combined risks to ecosystems and human
health, especially the spread of antibiotic-resistant
bacteria and resistance genes. Besides, comparisons
of technologies are frequently descriptive and provide
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Fig. 1 Main sources of antibiotic residues released into the environment

little information on side-by-side evaluations. Key
practical considerations, such as the removal per-
formance of different antibiotic pollutants, toxicity
reduction, and operational challenges (energy and
chemical consumption, material stability, and by-
product formation), remain limited.

This review covers both established and new meth-
ods for removing antibiotic residues from wastewater
and aquatic environments. It begins by introducing anti-
biotics as emerging contaminants, describing their main
sources, where they are found, and their key chemical
properties. The review then examines how antibiotic
residues move and accumulate in the environment and

discusses their effects on ecosystems and human health.
It also assesses current treatment technologies, focusing
on their efficacy, benefits, and limitations. Finally, this
work highlights current challenges and suggests future
research to develop more effective and sustainable
approaches to managing antibiotic residues and mitigat-
ing their risks to people and the environment.

Types of antibiotics

Antibiotics divide into several main groups, includ-
ing p-lactams, fluoroquinolones, tetracyclines,
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sulfonamides, macrolides, and aminoglycosides
(Bonetta et al., 2023; Hassoun-Kheir et al., 2020;
Yang et al., 2023). Worldwide, p-lactam antibiot-
ics such as penicillins and cephalosporins are most
commonly used. Along with macrolides, fluo-
roquinolones, and tetracyclines, these represent
the primary antibiotic classes in clinical practice
(Hamad, 2010; Song et al., 2025). Previous stud-
ies show that penicillins and cephalosporins are
the most commonly used systemic antibacterials
in both community and hospital settings. Besides,
quinolones, macrolides, and tetracyclines account
for a large share of total antibiotic use. Each group
has its own chemical structure and properties that
influence how antibiotics move, degrade, and are
removed during treatment (Hamad, 2010). For
example, f-lactams break down more readily, while
fluoroquinolones and tetracyclines bind strongly to
sediments and sludge, resulting in long-term accu-
mulation in aquatic environments and treatment
system solids. As discussed above, antibiotic resi-
dues are found in many water systems, including
hospital wastewater, sewage, rivers, lakes, ground-
water, and even drinking water (Bonetta et al.,
2023; Chen et al., 2024; Savin et al., 2021). Table 1
provides an overview of antibiotics identified in
various wastewaters as reported in the literature. It
shows a wide range of antibiotic residues found in
wastewater, with maximum concentrations between
2.97 and 6900 ng L~'. The detected compounds
represent several major classes, including sulfona-
mides (such as sulfamethoxazole, sulfamethizole,
and sulfaquinoxaline), fluoroquinolones (ciproflox-
acin, ofloxacin, levofloxacin, norfloxacin, enroflox-
acin), tetracyclines (tetracycline, oxytetracycline,
doxycycline), B-lactams (ampicillin, amoxicillin,
penicillin G/V, cloxacillin), as well as macrolides
(erythromycin), nitroimidazoles (metronidazole),
lincosamides (lincomycin), and ionophores (mon-
ensin). The highest concentrations were observed
for fluoroquinolones and sulfonamides, specifi-
cally ciprofloxacin (6900 ng L~!), sulfamethoxa-
zole (3400 ng L"), and ofloxacin (1651 ng L7,
reflecting their widespread use. However, several
B-lactams were detected at much lower concentra-
tions, consistent with their lower environmental
stability. The frequent detection of various anti-
biotic pollutants in wastewater at different con-
centrations raises concerns, as these compounds
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Table 1 Summary of antibiotic pollutants detected in waste-
water

Maximum concen- References
tration detected

Antibiotic pollutants

(ngL™h
Sulfamethoxazole 3400 Yang et al. (2011)
Erythromycin 480 Yang et al. (2011)
Ciprofloxacin 1100 Yang et al. (2011)
Levofloxacin 900 Yang et al. (2011)
Tetracycline 310 Yang et al. (2011)
Sulfaquinoxaline 98 Shao et al. (2009)
Ofloxacin 342 Shao et al. (2009)
Tetracycline 747 Shao et al. (2009)
Oxytetracycline 1481 Shao et al. (2009)
Norfloxacin 73 Shao et al. (2009)
Norfloxacin 33 Shao et al. (2009)
Ampicillin 160 Blair et al. (2015)
Norfloxacin 140 Blair et al. (2015)
Penicillin G 30 Blair et al. (2015)
Penicillin V 86 Blair et al. (2015)
Sulfamethizole 92 Blair et al. (2015)
Penicillin 297 Kleywegt et al.
(2019)
Sulfamethoxazole 80 Patel et al. (2019)
Ciprofloxacin 591 Patel et al. (2019)
Tetracycline 22.8 Patel et al. (2019)
Ofloxacin 366 Patel et al. (2019)
Ciprofloxacin 5692 Rosal et al. (2010)
Erythromycin 760 Rosal et al. (2010)
Metronidazole 127 Rosal et al. (2010)
Ofloxacin 1651 Rosal et al. (2010)
Amoxicillin 280 Watkinson et al.
(2007)
Penicillin V 10 Watkinson et al.
(2007)
Norfloxacin 145 Watkinson et al.
(2007)
Ciprofloxacin 6900 Watkinson et al.
(2007)
Enrofloxacin 20 Watkinson et al.
(2007)
Lincomycin 70 Watkinson et al.
(2007)
Doxycycline 40 Watkinson et al.
(2007)
Monensin 10 Watkinson et al.
(2007)
Sulphamethoxazole 570 Watkinson et al.
(2007)
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Table 1 (continued)

Maximum concen- References
tration detected

Antibiotic pollutants

(ng L™
Trimethoprim 480 Watkinson et al.
(2007)
Amoxycillin 6.94 Watkinson et al.
(2009)
Penicillin V 13.8 Watkinson et al.
(2009)
Cloxacillin 4.6 Watkinson et al.
(2009)

remain bioactive even at low levels. As a result,
antibiotic residues can impose chronic selection
pressure on wastewater and receiving-water micro-
biomes, selecting for increased abundance of anti-
biotic-resistant bacteria and antibiotic resistance
genes (Karthikeyan & Meyer, 2006; Kawsar et al.,
2026; Kleywegt et al., 2019; Patel et al., 2019;
Shao et al., 2009; Thakur et al., 2025; Tiseo et al.,
2020; Watkinson et al., 2007). Long-term expo-
sure to antibiotics and their mixtures can change
the structure and function of microbial communi-
ties in aquatic ecosystems, especially when sev-
eral antibiotics are present at the same time. The
main concern for human health is the indirect risk
of antimicrobial resistance. There is also a risk of
low-level exposure when reclaimed water is used
for irrigation, aquaculture, or as a drinking-water
source if treatment is not effective (Thakur et al.,
2025; Watkinson et al., 2009). Therefore, it is
important to know the basic properties of antibiot-
ics, such as their main components, structure, and
uses. This knowledge helps us assess environmen-
tal risks and find ways to manage them (Fig. 2).
For example, tetracycline antibiotics reduce the
risk and severity of respiratory infections such as
bronchitis and pneumonia. They can also be used
for skin conditions such as dermatitis, bacterial
intestinal infections, and diseases such as malaria.
Penicillin antibiotics are widely used to treat seri-
ous bacterial infections such as meningitis and cer-
tain sexually transmitted diseases. Doctors often
give them before or after surgery to help prevent
infections and improve recovery. In farming, pen-
icillin-type antibiotics help keep livestock healthy
and productive by controlling infections (Alsaeedi

et al., 2025; Hassoun-Kheir et al., 2020; Lyu et al.,
2026). Sulfamethoxazole is another widely used
antibiotic used for gastrointestinal infections and
certain forms of gastroenteritis. In addition, sulfon-
amides, such as sulfamethoxazole and sulfadiazine,
are commonly prescribed for community infec-
tions and are often combined with trimethoprim to
improve their effectiveness (Alsaeedi et al., 2025;
Hamid & Khanday, 2026). Macrolides, including
erythromycin, azithromycin, and clarithromycin,
are key drugs for controlling infections caused by
unusual bacteria. Minoglycosides (gentamicin,
streptomycin, and kanamycin) are primarily used
for severe or complicated infections, particularly in
hospitals (Zhang et al., 2024c).

Pathways and environmental distribution
of antibiotic pollutants

Figure 3 shows that antibiotic residues enter the envi-
ronment in several ways, with wastewater treatment
plants as the main source. When people or animals
take antibiotics, some of the drug and its by-products
are excreted and enter wastewater treatment plants
(Hamid & Khanday, 2026; Liu et al., 2025; Zhang
et al., 2024c). However, wastewater treatment plants
are not designed to remove small amounts (trace lev-
els) and by-product pollutants, so they often remain
in the treated water and sewage sludge. The remain-
ing antibiotic residues are discharged into receiv-
ing waters, including rivers, lakes, and coastal areas.
The concentrations of these residues depend on fac-
tors such as dilution and hydrology, but the remain-
ing contaminants are still present (Galgano et al.,
2025). Moreover, discharges from wastewater treat-
ment plants consistently introduce antibiotics into the
environment. Therefore, the amount of contaminants
increases, resulting in various negative effects on both
human health and the ecosystem (Huang et al., 2026;
Kawsar et al., 2026). Besides, some antibiotics may
also be formed, regenerated, or produced during treat-
ment because wastewater contains a mixture of parent
compounds and transformation products. This means
that, even if the target compound is partly removed
earlier, it can be replenished later or transformed into
other, potentially more toxic compounds. In general,
when studies report removal efficiency based on the
disappearance of the target antibiotic, the reported
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value may overestimate true elimination because the
compound may be converted into other chemical
forms (transformation products or bound residues)
rather than fully mineralized to CO,, H,O, and inor-
ganic ions (Miguez Gonzalez et al., 2025; Thakur
et al., 2025). This distinction is important for envi-
ronmental release: transformation products are often
more polar and can pass through secondary treat-
ment into the final effluent, while compounds sorbed
to sludge can later desorb or undergo further trans-
formations during sludge handling, potentially rein-
troducing antibiotic residues (Galgano et al., 2025;
Karthikeyan & Meyer, 2006; Tiseo et al., 2020).
Further, antibiotics with a strong affinity for sol-
ids can partition into activated sludge and accumu-
late in waste sludge or biosolids. When sludge or
biosolids are used as soil amendments, antibiotics
can later reach surface waters through runoff and
erosion, or seep into groundwater, depending on the
soil and rainfall (Holmes et al., 2016; Thakur et al.,
2025). Also, using treated effluent for irrigation or
industrial purposes can spread antibiotic residues to
soils and crops (Abou-Jaoudeh et al., 2024; Liu et al.,
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2025). Antibiotic residues can reach groundwater
in several ways. After being released into rivers and
canals, these residues can move through riverbeds
and enter nearby aquifers. When manure or biosolids
are spread on land, or when reclaimed water is used
for irrigation, antibiotics are added to the soil. More
mobile compounds may then leach into the ground-
water, depending on factors such as rainfall, soil type,
organic carbon content, and the depth to the water
table (Holmes et al., 2016; Kawsar et al., 2026; Rosal
et al., 2010; Thakur et al., 2025; Watkinson et al.,
2009).

On the other hand, antibiotics that strongly attach
to solids, like fluoroquinolones and tetracyclines, usu-
ally stick to suspended particles, sludge, and sedi-
ments by bonding with minerals or organic matter
(Huang et al., 2026; Karthikeyan & Meyer, 2006;
Tiseo et al., 2020). This process limits their move-
ment in water for a short time but causes them to
build up in sludge and sediments over the long term,
creating secondary reservoirs. These reservoirs can
later release antibiotics back into the environment if
conditions change, such as shifts in pH, salt levels,
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or during storms, which keeps exposure going even
when water concentrations change (Miao et al., 2025;
Zhang et al., 2023). When antibiotics enter natural
systems, they can break down through photolysis,
biodegradation, and hydrolysis. However, these pro-
cesses are often slow, depend on the specific com-
pound, and are strongly influenced by environmental
factors such as sunlight, temperature, redox condi-
tions, the microbial community, and water chemistry
(Miao et al., 2025; Thakur et al., 2025). It is impor-
tant to note that breaking down antibiotics does not
always make them harmless. Partial breakdown can
create new products that may last, stay active, or have
different toxicity and movement compared to the
original compound. Because of this, antibiotics in the
environment are better described as being redistrib-
uted among water, sediment, and living organisms,
and turned into various by-products, rather than being

completely removed. This helps explain why traces
of antibiotics can remain in rivers, sediments, and
groundwater affected by wastewater for long periods
(Abou-Jaoudeh et al., 2024; Zhang et al., 2024c).

Impacts of antibiotics

Antibiotic pollutants are recognized as emerging
contaminants because they can impact ecosystems
and human health even at low concentrations (Gal-
gano et al., 2025; Thakur et al., 2025; Tiseo et al.,
2020). In water and soil environments, antibiotic
pollutants can disrupt local microbial communities,
reduce the number of sensitive microorganisms, and
help resistant strains grow (Holmes et al., 2016).
Besides, antibiotic pollutants often co-occur with
other pharmaceuticals and organic and inorganic
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compounds, further increasing their negative impact
on the ecosystem. In particular, they contribute to
ecological stress by producing mixture effects and
improving persistence and transfer into sludge,
sediments, and soils (Darby et al., 2023; Galgano
et al., 2025; Huang et al., 2026; Kawsar et al., 2026;
Thakur et al., 2025).

One of the most serious issues associated with
antibiotic pollution is the increasing spread of antibi-
otic-resistant bacteria and antibiotic resistance genes,
linking environmental contamination to human health
(Akhter et al., 2024; Savin et al., 2021; Tiwari et al.,
2025). The mechanisms for the spread of antibiotic-
resistant bacteria and antibiotic resistance genes have
been widely proposed in previous studies (Darby
et al., 2023; Galgano et al., 2025; Holmes et al,,
2016; Kawsar et al., 2026; Thakur et al., 2025). The
spread of antibiotic-resistant bacteria and antibiotic
resistance genes occurs due to the selective pressure
exerted by residual antibiotics. These bacteria and
genes disseminate rapidly through various mecha-
nisms of genetic material exchange, particularly in
environments with frequent antibiotic exposure. They
persist and are transported through wastewater, rain-
water runoff, reclaimed water used for irrigation, and
food chains, enabling prolonged environmental pres-
ence and increasing the likelihood of human exposure
(Darby et al., 2023; Galgano et al., 2025; Holmes
et al., 2016; Tiseo et al., 2020).

In detail, places like wastewater treatment plants,
rivers below effluent outfalls, sediments, and farm
soils treated with sludge or manure often provide
favorable conditions for the development of resist-
ant bacteria (Matubber et al., 2025; Ogunlaja et al.,
2022). When bacteria are often exposed to small
amounts of antibiotics, those that can survive will
thrive. Over time, these resistant strains become
more prevalent than other strains (Izah et al., 2025;
Savin et al., 2021; Tiwari et al., 2025). In addition,
resistance genes can move between microbes by gene
transfer, which makes them spread for long periods
to different species and environments (Akhter et al.,
2024; Savin et al., 2021; Tiwari et al., 2025). Resist-
ant bacteria from the environment can re-enter the
human body through the food chains and drinking
water (Behere et al., 2025; Merhi et al., 2023). When
these resistance traits transfer to humans, they reduce
the effectiveness of the main antibiotics, increase
healthcare costs, and increase mortality (Izah et al.,

@ Springer

2025). Moreover, the presence of antibiotic residues
and transformation products in water sources also
raises concerns about global public health (Izah et al.,
2025; Okeke et al., 2025; Rodriguez-Mozaz et al.,
2020). Figure 4 shows that when antibiotic residues
enter water and soil, they disrupt natural micro-
bial communities. Therefore, antibiotic resistance
can reduce biodiversity and nutrient cycling. They
also harm aquatic and soil organisms, which further
impacts humans through the food chain. One major
concern is that antibiotic-resistant bacteria can per-
sist in the environment, turning rivers, sediments,
and soils into long-term sources of resistance (Abou-
Jaoudeh et al., 2024; Okeke et al., 2025).

Figure 4 also displays several direct and indi-
rect risks to human health from antibiotic pollution
(Akhter et al., 2024; Behere et al., 2025; Izah et al.,
2025). Ongoing exposure to antibiotic residues and
resistant microorganisms raises the chances of anti-
biotic-resistant infections, which are harder and more
expensive to treat. The movement of resistance genes
from environmental bacteria to human pathogens,
facilitated by horizontal gene transfer, is a major con-
cern because it can reduce the effectiveness of current
antibiotics (Okeke et al., 2025; Zhong et al., 2022).

Therefore, evaluating and managing antibiotic
pollutants should focus on reducing exposure routes
(contaminated drinking-water sources, water reuse
and irrigation, aquaculture, and food chains), control-
ling the original pollutants and their transformation
products, and monitoring microbial functional indica-
tors (Galgano et al., 2025; Patel et al., 2019; Thakur
et al., 2025; Tiseo et al., 2020; Watkinson et al.,
2007).

Methods used to remove antibiotic residues

Conventional wastewater treatment methods are
widely used in municipal and industrial plants and
effectively reduce organic matter, nutrients, and path-
ogens. However, these systems were not designed to
remove trace-level micropollutants such as antibiot-
ics, resulting in limited and inconsistent removal.
Biological treatment, physical separation, and chemi-
cal oxidation each offer specific removal methods
but have limitations when addressing antibiotics in
wastewater (Alsaeedi et al., 2025; Hamid & Khanday,
2026; Lyu et al., 2026; Niu et al., 2024; Peng et al.,
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2024). Biological treatment methods like activated
sludge, trickling filters, and nutrient removal systems
use microbes to break down organic pollutants. Phys-
ical separation processes, including sedimentation,
filtration, and membrane-based technologies, remove
antibiotics primarily through adsorption onto sus-
pended solids or by size exclusion (Hamid & Khan-
day, 2026). Primary and secondary clarifiers partially
eliminate antibiotics that bind to particulates, such as
tetracyclines and fluoroquinolones. Membrane foul-
ing, high operational costs, and concentrated waste
streams also challenge large-scale use, especially in
resource-limited settings (Li et al., 2023; Niu et al,,
2024; Sompornpailin et al., 2024; Yu et al., 2024;
Zhang et al., 2024d). Chemical oxidation methods,
such as chlorination and ozonation can degrade or
alter certain antibiotics. These methods work well
for disinfection and reducing some contaminants,
but many antibiotics resist mild oxidants under nor-
mal conditions. Chlorination can produce by-products
that retain biological effects or may be more toxic.
Ozonation is more effective at removing antibiotics
but consumes substantial energy and requires care-
ful management to avoid the formation of harmful
by-products (2024d; Zhang et al., 2024c). The suc-
cess of chemical oxidation also depends on factors
such as wastewater complexity, pH, and the amount
of other organic material present (Farkas et al., 2024;
Hamid & Khanday, 2026; Zheng et al., 2023). Limi-
tations of conventional wastewater treatment have
driven research into advanced technologies that more

effectively remove antibiotic residues from com-
plex water sources. These methods seek to improve
removal efficiency, minimize secondary pollution,
reduce antimicrobial activity, and enhance sustain-
ability. Adsorption-based methods and advanced oxi-
dation processes are among the most promising strat-
egies (Gahrouei et al., 2024; Stylianou et al., 2021).
This study evaluates the effectiveness of adsorption-
based methods and AOPs, their applicability, and
their principal limitations. The main goal is to find
effective ways to lower antibiotic levels, reduce the
risk of resistance, and protect both the environment
and public health (Hamid & Khanday, 2026).

Adsorption process
Benefits and limitations

Adsorption is a common method for removing a wide
range of water contaminants. It works for both inor-
ganic substances, such as heavy metals, phosphates,
nitrates, and organic micropollutants, including phar-
maceuticals, dyes, pesticides, and antibiotic residues.
In this process, dissolved pollutants attach to the
adsorbent surface, enter its micropores, or bind to its
active sites. This transfers contaminants from water
to a solid medium, which can then be separated and
treated (Wang et al., 2025). Adsorption is also effec-
tive for many antibiotics and for water sources. It
removes a wide range of compounds and can be added
to existing treatment systems to help manage changes
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in incoming water quality and sudden increases in
contaminants (Alsaeedi et al., 2025; Hamid & Khan-
day, 2026; Wang et al., 2024b). Another impor-
tant advantage is that adsorption can be adjusted to
remove specific substances. By modifying the surface
chemistry, such as by adding -COOH, -OH, -NH,,
sulfonic groups, or metal-binding sites, it is possi-
ble to direct adsorption toward specific antibiotics in
complex mixtures (Hamid & Khanday, 2026; Wang
et al., 2024b). However, it still has various limita-
tions, particularly regarding antibiotic risk mitigation.
Adsorption only transforms pollutants from the liquid
to the solid phase and does not destroy antibiotic mol-
ecules. As a result, the toxicity and biological activ-
ity of the antibiotics remain (Alsaeedi et al., 2025).
Improper regeneration or disposal of the adsorbent
can allow antibiotics to desorb and re-enter the envi-
ronment (Hamid & Khanday, 2026). Advanced adsor-
bents such as carbon nanotubes, graphene oxide,
and metal-organic framework-based materials have
high processing costs, which limit their practical-
ity for treating large volumes of wastewater. Even
lower-cost alternatives like biochar, agricultural
waste-derived carbons, and clays can pose challenges,
including inconsistent performance and sensitivity to
water composition (Wang et al., 2024b; Xiang et al.,
2020). Third, adsorbents need to be regenerated using
thermal, chemical, solvent-based, or electrochemi-
cal methods, or they must be safely disposed. This

step is important for sorbents containing antibiot-
ics, as incomplete regeneration or improper disposal
can lead to toxicity and the re-release of pollutants
(Wang et al., 2024b). The advantages and disadvan-
tages of the adsorption process are shown in Fig. 5.
As discussed earlier, adsorption is a strong option for
controlling antibiotic pollutants because it is simple,
adaptable, and effective for removing trace organ-
ics, particularly as a final step in standard treatment
systems. Still, its main drawback is clear: adsorption
mainly moves pollutants rather than breaking them
down (Wang et al., 2024b; Yeo et al., 2025).

Removal of antibiotic pollutants using adsorption
process

Various adsorbents have been studied for remov-
ing antibiotic pollutants from water, highlight-
ing the urgent issue of antibiotic contamination in
water and wastewater (Mahdavi et al., 2025; Wang
et al.,, 2024b). These materials include traditional
carbon-based sorbents and advanced porous frame-
works, such as granular activated carbon (GAC),
Fe-MCM-41 molecular sieves, biochar from organic
waste, iron-modified biochar, bentonite—alginate com-
posites, mesoporous silica, and metal-organic frame-
work (Chen et al., 2025b; Wang et al., 2024b; Xiang
et al., 2020; Yang et al., 2025; Yeo et al., 2025; Zhang
et al., 2025a). Together, the adsorbents offer different

Advantages ‘

;
High Efficiency ‘ .

Adsorption

Disadvantages ‘

Only transfers pollutants

High cost of adsorbent

from the liquid phase to the
( carbon nano tube,

activated carbon, MOF)

solid phase without

degrading them

Adsorption )

Easy to Operate Potential

(Does not require any

additional equipment) o

High Regeneration and Recovery

Reduces treatment costs and enables
the production of value-added

Difficult to apply on a

large scale

Fig. 5 Advantages and disadvantages of adsorption process
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ways to remove antibiotics by combining large sur-
face areas and pore spaces with adjustable surface
chemistry, such as electrostatic attraction, hydrogen
bonding, m—r interactions, and surface complexation
(Chen et al., 2025b; Vamsi et al., 2024; Yang et al.,
2025). Table 2 summarizes key adsorbents and their
performance for the removal of different types of anti-
biotic pollutants (Gao et al., 2019; Hao et al., 2021;
Khanday et al., 2025; Li et al., 2018). The adsorption
of antibiotic pollutants depends on the interaction
between adsorbent properties and antibiotic charac-
teristics. For the adsorbent, factors such as surface
area and pore structure affect the number of avail-
able adsorption sites and their accessibility. Surface
charge and the surface functional groups influence
the strength of electrostatic forces, hydrogen bonds,
and surface complexation. For the antibiotic, impor-
tant factors include its size, aromaticity, polarity, and
acid-base behavior (as determined by pKa). These
properties determine the form of the antibiotic at spe-
cific pH levels and its ability to enter pores and bind
to active sites (Rana et al., 2025; Vamsi et al., 2024;
Xiang et al., 2020; Yang et al., 2025; Yeo et al., 2025;
Zhang et al.,, 2025a). Table 2 shows that adsorp-
tion has been studied for many types of antibiotics,
including tetracyclines (tetracycline, doxycycline),
B-lactams (amoxicillin, cefixime), fluoroquinolones
(ciprofloxacin, norfloxacin, ofloxacin), sulfonamides
(sulfamethoxazole), nitroimidazoles (ornidazole,
metronidazole), and other residues. The variability
in reported adsorption capacities indicates that this
process depends on multiple interactions, which are
influenced by the type of adsorbent and the proper-
ties of the water or wastewater (Wang et al., 2024b;
Zhang et al., 2025a). Several high-performing mate-
rials show how careful adsorbent design can greatly
improve uptake. For example, magnetic Ni@ZIF-8
has very high adsorption capacities for tetracycline
(770.2 mg g™') and cefixime (428.2 mg g~!). This
is due to its porous structure, which offers many
sites for adsorption, and its surface chemistry, which
allows strong binding. The magnetic property also
makes it easier to separate and reuse. Acid-modified
chitosan also performs well, with a high capacity for
doxycycline (295.43 mg g!). This is because it has
more sites that can interact with antibiotics and form
stronger hydrogen bonds and electrostatic interac-
tions. Carbon-based materials are also effective. Cot-
ton-based activated carbon and iron-modified sludge

biochar have high tetracycline adsorption capacities
(824 and 386.9 mg g~!, respectively). This shows the
value of a well-developed pore network and surface
features, as well as extra interactions in metal-mod-
ified biochar. Similarly, biochar made from furfural
residue binds well to norfloxacin (299.6 mg g=!). Its
aromatic domains and oxygen groups help bind fluo-
roquinolones via m—x interactions, hydrogen bond-
ing, and electrostatic interactions (Chen et al., 2025b;
Wang et al., 2024b; Xiang et al., 2020; Yeo et al.,
2025). At the same time, sustainable adsorbents,
including buckwheat hull biochar, bentonite—algi-
nate composites, sludge biochar, iron/zinc- and phos-
phoric acid—modified sludge biochar, activated mag-
netic biochar, and hazelnut shell biochar, typically
achieve moderate but meaningful capacities of about
50-100 mg g~!. While these values are lower than
those of advanced frameworks, these sorbents are
often preferred for real-world applications due to
their low-cost materials, simpler production methods,
and scalability. In treating antibiotic-contaminated
wastewater, the balance between maximum capacity
and practical or economic considerations is often the
deciding factor.

It also reveals that surface functional groups play
a major role in the removal performance of anti-
biotic pollutants. Groups with oxygen and nitro-
gen, such as -OH, -COOH, —NH,, and metal sites
like Fe, Ni, or Zn, help form strong bonds through
hydrogen bonding and complexation (Chen et al.,
2025b; Minale et al., 2021; Vamsi et al., 2024; Yang
et al., 2024; Yeo et al., 2025; Zhang et al., 2025b).
This is most important for antibiotics with multiple
heteroatoms, which are common in tetracyclines
and fluoroquinolones. To enhance performance,
researchers often incorporate functional groups into
the surface or design composites. Methods include
acid or alkali treatment to introduce more oxygen-
containing groups, metal addition to create coordi-
nation sites, or the use of porous materials, such as
MOFs or mesoporous silica, to increase the number
of active sites (Zhang et al., 2025b).

Adsorption mechanisms
The adsorption of antibiotic pollutants onto solid
sorbents involves multiple interaction pathways, as

shown in Fig. 6. Antibiotics are captured through
n—n interactions, hydrogen bonding, electrostatic
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Table 2 Adsorption of antibiotic pollutants using various adsorbents

Adsorbent Antibiotic pollutants Adsorption References

capacity

(mgg™)
Cotton-based activated carbon tetracycline hydrochloride 824 Chen et al. (2025b)
Iron-modified municipal sludge biochar Tetracycline 386.9 Ma et al. (2019)
Chicken bone biochar Tetracycline 98.9 Oladipo and Ifebajo (2018)
Pine sawdust biochar Tetracycline hydrochloride  177.7 Liang et al. (2019)
Hazelnut shell biochar Oxytetracycline 52.7 Hao et al. (2021)
zero-valent iron @hazelnut shell biochar Chlortetracycline 42.5 Hao et al. (2021)
Date brown waste biochar/zerovalent iron Chlortetracycline 89.1 Ahmad et al. (2019)
Iron loaded sludge biochar Doxycycline 129.0 Wei et al. (2019)
CuZnFe,04-biochar composite Sulfamethoxazole 212.8 Heo et al. (2019)
magnetic biochar Sulfamethoxazole 20 Reguyal and Sarmah (2018)
Activated magnetic biochar Norfloxacin 7.25 Wang et al. (2017)
Magnetic biochar-based manganese oxide composite Norfloxacin 6.94 Liet al. (2018)
Magnetic biochar-based manganese oxide composite Ciprofloxacin 8.37 Li et al. (2018)
Magnetic biochar-based manganese oxide composite Enrofloxacin 7.19 Liet al. (2018)
magnetic biochar derived from furfural residue Norfloxacin 299.6 Lietal. (2019)
Iron/zinc and phosphoric acid modified sludge biochar ~ Ciprofloxacin 83.7 Ma et al. (2020)
Iron/zinc and phosphoric acid modified sludge biochar ~ Norfloxacin 39.3 Ma et al. (2020)
Iron/zinc and phosphoric acid modified sludge biochar  Ofloxacin 254 Ma et al. (2020)
manganese ferrite modified biochar Pefloxacin 253 Xiang et al. (2020)
manganese ferrite modified biochar Ciprofloxacin 133 Xiang et al. (2020)
sludge biochar Tylosin 58 Cai et al. (2020)
Magnetic Ni@ZIF-8 composite Tetracycline 770.2 Zhang et al. (2025a)
Magnetic Ni@ZIF-8 composite Cefixime 428.2 Zhang et al. (2025a)
Phosphoric acid-impregnated chitosan Amoxicillin 229.82 Khanday et al. (2025)
Phosphoric acid-impregnated chitosan Doxycycline 295.43 Khanday et al. (2025)
Bentonite-alginate composite Amoxicillin 42.32 Yeo et al. (2025)
Bentonite-alginate composite Ampicillin 59.93 Yeo et al. (2025)
SBA-15-modified with polyaniline Amoxicillin 34.2 Pandey et al. (2021)
Amino functional SBA-15 assisted NU-1000 Tetracycline 424 Yang et al. (2024)
Amino-Fe(III) functionalized mesoporous silica Tetracycline 53.9 Zhang et al. (2015)
Cu-based hydrochar Tetracycline 291.2 Zhang et al. (2025b)
buckwheat hull biochar Metronidazole 29.56 Zhang et al. (2025¢)
buckwheat hull biochar Tinidazole 27.90 Zhang et al. (2025c¢)
buckwheat hull biochar Ornidazole 27.97 Zhang et al. (2025c¢)
Activated carbon fiber Metronidazole 2.03 Gao et al. (2019)
Soybean hulls biochar Metronidazole 34.24 Schneider et al. (2024)
MIL-53(al)-NDC-MOF Tinidazole 149 Li et al. (2022)

attraction or repulsion, pore filling, and surface com-
plexation or chelation. In practice, both physisorp-
tion (including van der Waals forces, pore filling,
and n—x stacking) and chemisorption (complexation

with functional groups or metal sites) contribute to
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the transfer of antibiotics from the aqueous phase to
the adsorbent surface (Ahmad et al., 2019; Schnei-
der et al., 2024; Wang et al., 2024b; Wei et al., 2019;
Zhang et al., 2025b, 2025¢).
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Fig. 6 Adsorption mechanism of antibiotic pollutants

Adsorption removes antibiotic molecules from
water by trapping them on a solid material, which
reduces pollutant concentration and limits environ-
mental exposure (Chen et al., 2025b; Wang et al.,
2024b; Xiang et al., 2020; Yang et al., 2025). When
the adsorbent is added to contaminated water, anti-
biotic molecules move from the water to the surface
of the adsorbent, enter its pores, and are held there
by the interaction mechanisms shown in Fig. 5 (Chen
et al., 2025b; Liang et al., 2019; Ma et al., 2019;
Wang et al., 2025; Yeo et al., 2025). Removal effi-
ciency depends on the physicochemical properties
of the adsorbent, such as surface area, pore structure,
and surface chemistry, as well as the characteristics of
the antibiotic compounds.

Each adsorption pathway operates optimally under
specific conditions. As a result, the same antibiotic
may behave differently on various materials, and fac-
tors such as pH can significantly influence perfor-
mance. Electrostatic adsorption happens when the
surface charge of the adsorbent is opposite to the net
charge of the pollutant (Chen et al., 2025b; Vamsi
et al., 2024; Yang et al., 2024, 2025; Yeo et al., 2025;
Zhang et al., 2025b). Since many antibiotics change
charge with pH, shifting between cationic and anionic
forms, the interaction can alternate between attraction
and repulsion (Minale et al., 2021; Yang et al., 2024).

Moreover, adsorption through complexation or
chemisorption becomes stronger when the adsorbent
has functional groups like -COOH, —OH, or —NH,,
or metal sites that can coordinate with heteroatoms
in antibiotics, such as oxygen or nitrogen. This leads
to more stable inner-sphere interactions. n—x interac-
tions are strongest for antibiotics with aromatic rings,
which are common in fluoroquinolones and sulfona-
mides, when the adsorbent has graphitic or conju-
gated domains. Hydrogen bonding is particularly
important in materials with numerous polar func-
tional groups (Khanday et al., 2025; Minale et al.,
2021; Wang et al., 2025; Yang et al., 2024). Based on
the mechanisms described above, we can design and
develop next-generation adsorbents for antibiotic con-
trol (Vamsi et al., 2024; Zhang et al., 2025b, 2025c).
To achieve high adsorption capacity, it is important to
use porous materials that support easy diffusion and
pore filling, along with suitable surfaces that increase
electrostatic attraction, hydrogen bonding, and com-
plexation (Chen et al., 2025b; Wang et al., 2024b;
Yang et al., 2025).
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Removal of antibiotic pollutants using advanced
oxidation processes

Unlike adsorption, which transfers antibiotics from
water to a solid surface, advanced oxidation pro-
cesses (AOPs) chemically transform antibiotic pol-
lutants. AOPs achieve deep oxidation and mineraliza-
tion, making them a modern and effective alternative
or supplement to traditional wastewater treatments
(Garcfia et al., 2020; Hamid & Khanday, 2026; Niu
et al., 2024). They are particularly valuable for anti-
biotics that are persistent and contribute to antimi-
crobial resistance. The main advantage of AOPs is
that they degrade antibiotic molecules, reduce their
bioactivity, and convert organic carbon into harm-
less products such as CO,, H,O, and inorganic ions
(Farkas et al., 2024; Niu et al., 2024). As shown in
Fig. 7, AOPs share a key feature: they use a precur-
sor or activation step to create highly reactive spe-
cies, including hydroxyl radicals (-OH), sulfate radi-
cals (SO, ), singlet oxygen (10,), superoxide anion
radicals (O, 7), and ferryl ions (FeO,%) to oxidize

antibiotic molecules (Hamid & Khanday, 2026; Niu
et al., 2024). These radicals target electron-rich sites
in antibiotics, such as aromatic rings, heterocycles,
double bonds, and nitrogen- or sulfur-containing
groups. This process breaks open rings, cleaves
chains, and gradually oxidizes molecules into smaller
fragments. In practice, AOPs change antibiotics from
difficult-to-remove micropollutants into products that
are easier to break down or fully mineralized, making
proper detoxification rather than simple removal from
water. The formation rate, steady-state concentra-
tion, and lifetime of radicals are critical to the effec-
tiveness of AOPs. Antibiotic degradation depends
on kinetics: radicals are continuously generated but
are rapidly consumed by reactions with antibiotics,
organic matter, inorganic scavengers such as bicar-
bonate and chloride, and process activators (Hamid
& Khanday, 2026; Niu et al., 2024). Systems that
maintain a higher radical flux by optimizing precur-
sor dosage, employing effective activation methods
like UV light or catalysts, and minimizing scaveng-
ing typically achieve faster degradation and improved
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Fig. 7 Removal of antibiotic pollutants using advanced oxidation processes
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mineralization. Therefore, AOP design prioritizes
maximizing radical production and directing their
reactions toward antibiotics rather than side reactions.
When conditions are optimized, AOPs can achieve
mineralization, fully breaking down antibiotics into
harmless inorganic substances rather than merely
transforming the parent compound. AOPs include
several groups that all use radicals, but they differ in
how these radicals are made. Common types are UV/
H,0,, ozonation, Fenton and photo-Fenton systems
(Fe’*/H,0,), persulfate (SO, ™), photocatalysis (TiO,,
g-C;N,), and electrochemical (Chin et al., 2023;
Dong et al., 2016; Li et al., 2023; Ma et al., 2023;
Niu et al., 2024; Zhu et al., 2022). In each case, the
process starts with a precursor like H,0O,, O5, persul-
fate/PMS, dissolved oxygen, or a catalyst-bound oxi-
dizer, and the way this precursor is activated decides
which radicals are most important. This is important
for treating antibiotics because different radicals react

in different ways: -‘OH is generally very reactive,
SO, can work better in certain ionic conditions and
pH levels, and 10, may play a role in systems with
catalysts or sensitizers. Choosing the right AOP for
the specific water and antibiotics often makes the dif-
ference between only partial breakdown and complete
mineralization.

Advantages and disadvantages of AOPs

Table 3 summarizes the benefits and drawbacks of
AOPs for the removal of antibiotic pollutants. It
describes how each method works and highlights
their main disadvantages and practical limits, as
reported in the literature (Gahrouei et al., 2024;
Krishnan et al., 2023; Raj et al., 2021; Zhang et al.,
2022, 2024a). AOPs offer significant advantages over
adsorption, as they chemically degrade antibiotics
rather than merely transferring them to another phase.

Table 3 Benefits and limitations of AOPs for antibiotic pollutant removal

Method Benefits

Limitations

Photolysis (UV/H,0,) Effective degradation:
Wide range of antibiotic pollutants
No sludge formation
Simple operation

Easy to implement with (UV lamp +H,0,)

Fenton
Cost-effective reagents (Fe>* and H,0,)
Simple and fast reaction

Photo-Fenton
Faster degradation
Reuses Fe®* via photoreduction

Electrochemical Precise control of radical generation
No need for external chemicals

Effective for wide range of pollutants

Photocatalysis
saving)

High efficiency in -OH radical generation

Enhanced -OH production using light (UV/solar)

Utilizes solar or UV light (eco-friendly and energy-

High energy demand: UV light

High H,0, Consumption: Requires hydrogen peroxide

UV lamps degrade over time and need replacement to
maintain efficiency

Non-recovery H,0,

Requires acidic pH

Generates iron sludge

Limited regeneration of Fe**

Requires light source (infrastructure or sunlight)
Produces iron sludge
Higher operational costs than Fenton

High energy consumption

Electrode fouling and degradation over time
Expensive electrode materials

Limited scalability for large volumes

Recombination of charge carriers reduce efficiency
Poor light penetration in real wastewater

Reusable and stable photocatalysts (e.g., TiO,, ZnO) Catalyst recovery and reuse can be challenging

Effective against persistent and low-concentration

pollutants
Produces minimal secondary pollution
Activated persulfate
Effective over a wide pH range
Long-lived radicals for deeper oxidation

Generates strong oxidants (SO, and -OH)

Require light, increasing energy cost

Requires activation (heat, UV, transition metals, or
base)
Potential toxicity from by-products or sulfate residues

Suitable for degrading a broad spectrum of antibiot- High chemical cost (persulfate salts)

1CS

Ozonation Strong oxidizing power (O; and -OH)

Fast reaction kinetics with many antibiotics

No chemical additives required
No sludge generation

May need post-treatment to remove residuals

High cost of ozone

Short ozone half-life; must be generated on-site
Reduced efficiency in turbid or organic-rich water
Potential formation of toxic by-products
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Most AOPs act quickly, remain effective at low pol-
lutant concentrations, and fully break down antibiotic
molecules into less harmful or mineralized products.
As a result, they are a more effective solution for
reducing long-term environmental and health risks.

AOPs can help reduce secondary waste manage-
ment and lower the risk of transferring pollution to
other environmental compartments. The main excep-
tion is photo-Fenton systems, which produce iron
hydroxide precipitate. In addition, AOPs use highly
reactive radicals to break down antibiotic molecules,
minimizing pollutant accumulation and uncontrolled
release, which are common concerns in sorption-
based methods. It also indicates that no single AOP
performs best in all situations. However, each method
has limitations that can make it difficult to apply on a
large scale or for long-term use.

For example, photolysis-based systems, such as
UV/H,0,, require ultraviolet light, which results in
high costs for equipment, energy, and maintenance. In
addition, hydrogen peroxide cannot be recovered or
reused cost-effectively, and excessive use can increase
costs or reduce efficiency (Dong et al., 2016; Far-
kas et al., 2024; Hamid & Khanday, 2026; Li et al.,
2023; Ormefio-Cano & Radjenovic, 2024; Zhang
et al., 2024d). Similarly, the electrochemical method
requires a constant electrical supply to produce oxi-
dizing species at the electrode surface. The systems
allow precise control and on-demand oxidant produc-
tion, but they often face challenges like high energy
use and expensive electrode materials, especially
when noble or stable anodes are needed for long-term
use (Ormeno-Cano & Radjenovic, 2024; Zhang et al.,
2022).

Selecting an AOP should fit with both the waste-
water type and treatment objectives. Key factors
such as antibiotic concentration, water composition,
flow rate, available energy, and required mineraliza-
tion influence the optimal choice. Rather than view-
ing these methods as competitors, recent evidence
supports a context-specific or hybrid approach. This
strategy leverages the strengths of each AOP while
minimizing the limitations through combination or
process enhancement (Farkas et al., 2024; Hamid &
Khanday, 2026). By comparing advantages such as
rapid degradation, high efficiency, low sludge produc-
tion, and reduced secondary pollution with limita-
tions like energy demand, chemical consumption, and
activation requirements, researchers and practitioners
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can select or combine advanced oxidation processes
that best support effective, sustainable, and scalable
removal of antibiotic residues from various wastewa-
ter systems (Hamid & Khanday, 2026).

Removal of antibiotic pollutants using AOPs

Table 4 summarizes case studies demonstrating the
use of AOPs to remove common antibiotics from
wastewater. The findings highlight current technolo-
gies and their limitations in practical applications.
However, degradation performance depends strongly
on oxidant activation, catalyst or electrode design,
antibiotic type, and specific wastewater conditions
(Farkas et al., 2024; Hamid & Khanday, 2026; Zheng
et al., 2023).

The results in Table 4 show excellent removal per-
formance of antibiotic pollutants by electrochemical
oxidation. For example, an electrochemical system
with an S-graphene sponge electrode removed 99.2%
ofloxacin, 94.4% sulfamethoxazole, 95.9% erythro-
mycin, and 92% roxithromycin. These results indicate
that electrochemical AOPs generate reactive species
directly at the electrode, enabling efficient oxidation
across various antibiotics. The Ti/BTNAs electrode
also achieved 86% removal of berberine hydrochlo-
ride. These findings suggest that electrode develop-
ment can extend electrochemical treatment to a range
of organic pollutants. Ozonation has been widely
studied for antibiotics such as tetracycline, amoxicil-
lin, sulfamethoxazole, ciprofloxacin, and chloram-
phenicol, with reported ozone-only efficiencies rang-
ing from 20 to 55%. The results indicate that direct
ozonation is less effective for removing antibiotic pol-
lutant (Ahmadipour et al., 2024; Farkas et al., 2024;
Hamid & Khanday, 2026; Ormefio-Cano & Radjeno-
vic, 2024; Rodriguez-Lépez et al., 2024; Siddhard-
han et al., 2024; Zhang et al., 2024c, 2024d; Zheng
et al., 2023). To improve the removal performance of
antibiotic contaminants, several hybrid systems have
been developed, such as O;/PMS, activated carbon/
O3 (AC/0Os), silicate ore/O3, Fe;0,/0;, Fe;0,/Co;0,/
03, and (Mn,O,/y-Fe,05)/0;. Among them, Fe;0,/
Co030,/0; and (Mn,0,/y-Fe,05)/O5 can completely
remove sulfamethoxazole and sulfamethazine. The
results show that catalytic ozonation enhances ozone
utilization and increases radical generation. For exam-
ple, Co-silicate ore/O; achieved 93.2% removal of tet-
racycline, while AC/O; degraded 85% of penicillin G,
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Table 4 Degradation performance of antibiotic pollutants using advanced oxidation processes

Method

Antibiotic

Performance (%)

References

S-graphene sponge electrode
S-graphene sponge electrode
S-graphene sponge electrode
S-graphene sponge electrode
S-graphene sponge electrode
Ti/BTNAs-electrochemical
Fe;0,/0zonation
Fe;0,/Co;0,/Ozonation
(MnxOy/y-Fe,0;)/Ozonation
Ozonation

AC/ozonation

Co-silicate ore/O;

Silicate ore/O5

Ozonation

Ozonation

0,/PMS

CoMoO,/g-C;5N,
CoMoO,
g-G;N,

Fe;0,/Zn0O photocatalyst/UV light

ZnO/UV light

Fe;0,/UV light
AgCl/ZnO/g-C3N,
BivVO,

BivVO,

Pd@Fe;0,/MMT
ZnO/N-g-C;N,
Cu,0@Fe;0,/PMS
Magnetic Fe;0,-C@MoS,/PMS
Fe;0,/g-C3;N,/rGO
I-doped GCN
ZnS-CdS/C

ZnS-CdS/C

ZnS-CdS/C

ZnS-CdS/C
CdZnS/BiOCl1

Porous g-C;N;_ -O/PMS

Ofloxacin
Sulfamethoxazole
Erythromycin
Roxithromycin
Trimethoprim

Berberine hydrochloride
Sulfamethoxazole
Sulfamethoxazole
Sulfamethazine

Penicillin G

Penicillin G

Tetracycline hydrochloride
Tetracycline hydrochloride
Tetracycline hydrochloride

Tetracycline, Amoxicillin,
Sulfamethoxazole, Cipro-
floxacin, Chloramphenicol

Tetracycline, Amoxicillin,
Sulfamethoxazole, Cipro-
floxacin, Chloramphenicol

Tetracycline

Tetracycline

Tetracycline

Tetracycline

Tetracycline

Tetracycline

Tetracycline hydrochloride
Tetracycline
Oxytetracycline
Tetracycline

Tetracycline,

Tetracycline,

Tetracycline

Tetracycline hydrochloride
Tetracycline

Levofloxacin

Enrofloxacin
Ciprofloxacin

Tetracycline

Tetracycline hydrochloride

Sulfamethoxazole

99.2
94.4
95.9
92.0
87.2
86
85
100
100
33.6
85
93.2
69.3
46.0
20- 55

60-85

91.3
579
68.7
100
74
68
90
72
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indicating that catalyst supports can enhance ozona-
tion performance. Moreover, activated persulfate sys-
tems generate sulfate radicals with strong oxidizing
capacity, which are effective at degrading antibiotic

pollutants. For example, g-C;N5_,-O/PMS achieved
77.3% degradation of sulfamethoxazole, while mag-
netic Fe;O,-C@MoS,/PMS removed up to 97% of
tetracycline (Feng et al., 2025; Jing et al., 2024; Tao
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et al.,, 2025). However, among AOPs, photocataly-
sis is the most commonly used and rapidly growing
method for antibiotic degradation. This is likely
because it is simple, works with many materials, and
can use solar energy. Table 4 demonstrates that a wide
range of photocatalysts, including metal oxides (ZnO,
TiO,), non-metal semiconductors (g-C;N,, rGO), and
multi-component composites (such as BiVO,, ZnO/
N-g-C;N,, Fe;0,/g-C;N,/rGO, ZnS-CdS/C, CdZnS/
BiOCl), have achieved degradation rates up to 99.8%.
For tetracycline, I-doped g-CN reached 99.8%, while
CdZnS/BiOCl, CoMoO,/g-C;N,, and AgCl/ZnO/g-
C;N, achieved 95%, 91.3%, and 90%, respectively
(Ahmadipour et al., 2024; Aldrdery et al., 2025;
Baldez et al., 2024; Chen et al., 2025a; Chin et al.,
2023; Jitae et al., 2025; Ma et al., 2023; senasu et al.,
2023; Siddhardhan et al., 2024; Zhu et al., 2022).
Conventional materials like ZnO, Fe;0,4, and BiVO,
provided lower but still significant removal rates of
about 68-72%. These results indicate that catalyst
optimization, including heterojunction formation,
doping, cocatalysts, and conductive additives, is often
crucial for achieving high degradation efficiency.
Photocatalysis offers a practical and energy-efficient

way to treat water, using sunlight and common cata-
lysts. When combined with scalable methods such
as coated supports, magnetic recovery, or structured
reactors, it achieves high removal efficiency, reduced
secondary pollution, and simple operation. Therefore,
advanced oxidation processes, especially photocataly-
sis, are among the best options for removing antibi-
otic residues from water and wastewater (Gahrouei
et al., 2024; Garcia et al., 2020; Panchakeaw et al.,
2025; Tian et al., 2023; Zhang et al., 2024b).

Degradation mechanisms

Figure 8 presents the removal mechanisms of anti-
biotic pollutants using advanced oxidation pro-
cesses. Unlike adsorption, which transfers antibi-
otics from water to a solid surface, AOPs destroy
them through chemical oxidation. Reactive species
such as hydroxyl radicals (-OH), hydroperoxyl radi-
cals (HO,), sulfate radicals (SO, "), singlet oxygen
(10,), ferryl ions (FeO,"), and superoxide radicals
(O,7) break down antibiotic molecules into non-toxic
compounds (2024a; Chen & Wang, 2019; Hemavi-
bool et al., 2022; Huynh et al., 2024; Liu et al., 2021;

Generation of Reactive Species

UV/H;0,: H;0, + UV — 2:0H

Fenton: Fe?** + H,0, — Fe** + «OH + OH™
Photo-Fenton: Fe** + hv — Fe?* + «OH

Ozonation: Oz + H,0O — *OH + HO,*

Activated Persulfate: S,0g*" + heat/UV/Fe?* — 2SO0,
Photocatalysis: h* + H,0 — *OH, e™ + O, — O,

Mineralization (Final
products: CO,, H,O, and

inorganic substances)

Oxidation of Antibiotic

Molecules
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Fig. 8 Removal mechanism of antibiotic pollutants using advanced oxidation processes
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Ormefio-Cano & Radjenovic, 2024; Panchakeaw
et al., 2025; Shan et al., 2023; Wang et al., 2022; Yin
et al., 2016; Zhang et al., 2024d). In detail, once these
oxidizing species form, they quickly attack the most
reactive parts of antibiotic molecules, such as aro-
matic rings, conjugated double bonds, heterocycles,
and functional groups with nitrogen, sulfur, or oxy-
gen. This first oxidation step usually produces several
transformation intermediates through reactions like
hydroxylation, dealkylation, ring opening, and side
chain cleavage. Subsequently, the radicals continue to
oxidize these intermediates, thereby degrading them
into smaller compounds (Chin et al., 2023; Ma et al.,
2023; Niu et al., 2024; Zhu et al., 2022). This process
can lead to mineralization, in which the remaining
organic carbon is converted to CO,, H,0, and inor-
ganic ions. In this way, AOPs offer a clear mechanism
for removing antibiotic residues and inhibiting their
toxicity to humans and the environment (Aldrdery
et al., 2025; Baldez et al., 2024; Hamid & Khanday,
2026; Jitae et al., 2025; Li et al., 2024; Senasu et al.,
2023; Zhang et al., 2024b).

Evaluation of technologies for removing antibiotic
pollutants

To properly assess technologies for removing anti-
biotics, it is important to consider more than how
well they remove contaminants. Factors such as
energy use, costs, by-products, and scalability
should also be considered. This evaluation helps
identify treatment methods that perform not only
in the laboratory but also in real-world wastewater
treatment (Alsaeedi et al., 2025; Hamid & Khan-
day, 2026; Hassoun-Kheir et al., 2020; Niu et al.,
2024; Peng et al., 2024; Wang et al., 2024b). Fig-
ure 9 shows the advantages and limitations of dif-
ferent methods used to remove antibiotic pollutants.
For example, adsorption and membrane processes
often display high removal rates by trapping anti-
biotic molecules, but they do not destroy the con-
taminants and instead move them to another phase
(Hamid & Khanday, 2026; Wang et al., 2024b).
On the other hand, advanced oxidation processes,
photocatalysis, and electrochemical treatments can
degrade antibiotics, reducing both the parent com-
pounds and their biological effects. Energy demand
is a key limitation for advanced treatment tech-
nologies. Physical adsorption and natural treatment
systems require little energy, making them suit-
able for decentralized or resource-limited settings.

o Advanced et
onstructe embrane
Biological Adsorption Oxidation
wetlands Filtration
Processes

- Low energy

- Low energy

- Low-cost
- Low-cost

- Incomplete removal - Simple operation

- Low efficiency - Easy to scale

- Larger area needed

- Not effective against
antibiotic-resistant

on season

bacteria/genes

-Performance depends

- Low energy use
- Low-cost

- Produces secondary

waste

- Does not destroy

antibiotics

- High efficiency

- Effective degradation

of antibiotics

- High energy

- Costly operation and

materials

- High capacity
- No chemical reagents
- High energy

- Generation of

concentrated brine

- Secondary waste

streams

Fig. 9 Comparison of different technologies for antibiotic removal
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However, AOPs need substantial energy to generate
reactive species and maintain irradiation (Alsaeedi
et al., 2025; Lyu et al., 2026; Niu et al., 2024).

Cost is an important factor when choosing and
using new technologies. Low-cost adsorbents made
from biomass, industrial by-products, or natural
systems are often more affordable, especially in
developing regions. High-performance materi-
als, membranes, and advanced reactors perform
well but can be expensive to purchase and oper-
ate, as they may require chemicals, new electrodes,
or catalyst regeneration. Increasingly, life-cycle
cost analyses indicate that hybrid systems, which
combine low-cost pretreatment with advanced
processes, can reduce total treatment costs while
achieving strong removal performance (Alsaeedi
et al., 2025; Hamid & Khanday, 2026).

By-product generation is often overlooked but
remains critically important. Physical separation
processes create secondary waste streams, includ-
ing spent adsorbents, sludge, and concentrated
brines, all of which require safe handling and dis-
posal. Chemical and oxidative treatments can pro-
duce transformation products that retain antimi-
crobial activity or have unknown toxicity, raising
concerns about incomplete mineralization. Com-
prehensive evaluation of transformation pathways
and post-treatment toxicity is essential to ensure
removal technologies do not substitute one envi-
ronmental risk for another (Alsaeedi et al., 2025;
Hamid & Khanday, 2026; Lyu et al., 2026; Niu
et al., 2024). Scalability and operational robustness
are key to the practical relevance of removal tech-
nologies. While many advanced methods perform
well at laboratory or pilot scale, they often encoun-
ter challenges with reactor design, maintenance,
and long-term stability during scale-up. Adsorption
units and nature-based systems are typically more
scalable and easier to integrate into existing infra-
structure. In contrast, energy-intensive processes
demand precise engineering and operational over-
sight. As a result, integrated and hybrid treatment
configurations are increasingly preferred, as they
combine the strengths of multiple technologies
and address individual limitations (Alsaeedi et al.,
2025; Hamid & Khanday, 2026; Lyu et al., 2026;
Niu et al., 2024; Wang et al., 2024b; Zhang et al.,
2024c).

@ Springer

Remaining challenges

Recently, various methods have been developed to
control antibiotic pollutants, but they still remain
several challenges related to treatment costs, safety
issues, and scale-up in field applications (Fig. 10).

For safety reasons, a major problem is that some
methods can reduce antibiotic levels but do not fully
break them down into harmless substances, such as
CO, and H,0, or into other inorganic compounds.
Therefore, by-products still remain, and some of
them may be more toxic than the original antibiot-
ics. Another major challenge is controlling antibiotic-
resistant bacteria and the resistance genes that drive
them. Destroying antibiotic molecules does not auto-
matically remove the genetic material responsible for
resistance (Alsaeedi et al., 2025; Hamid & Khanday,
2026; Zhang et al., 2024c). Also, treatments that are
not strong enough, especially in biological systems
or partially oxidative processes, can unintention-
ally increase the pressure that selects resistance. To
solve this problem, targeted approaches and often
combined treatment strategies are needed, rather than
relying only on conventional methods for removing
chemical contaminants (Alsaeedi et al., 2025; Hamid
& Khanday, 2026). Besides, only a few studies have
been done within the set timeframe. Most research
has focused on short-term lab or controlled experi-
ments that do not account for the complex nature of
wastewater, changing loads, or seasonal variations
(Alsaeedi et al., 2025; Hamid & Khanday, 2026;
Zhang et al., 2024c). Important practical issues, such
as how long catalysts last, how well adsorbents can be
reused, energy use over time, and efficiency declines,
have not been studied enough. Without clear, data-
based limits, it is difficult to assess how reliable,
cost-effective, or sustainable the treatment process
is. Finally, previous studies used different experimen-
tal designs, antibiotics, concentration ranges, water
types, analytical methods, and performance measures.
Thus, it is difficult to compare results or determine
which technologies are most effective.

Conclusions and future perspectives
This review summarizes current approaches for

removing antibiotic pollutants from water and waste-
water, with a focus on reducing their toxicity and
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Complex Wastewater
Laboratory tests often do not

reflect real-world conditions

Fig. 10 Remaining challenges in controlling antibiotic pollutants

the spread of antibiotic-resistant bacteria and resist-
ance genes. Among effective methods, adsorption
and advanced oxidation processes are promising
approaches for removing antibiotic residues. The
adsorption process is a simple, low-cost operation
that can be applied to different types of wastewaters.
However, this method did not reduce the toxicity of
antibiotic pollutants, and controlling the adsorbent
after the treatment process remains challenging.

Besides, advanced oxidation processes can directly
degrade antibiotic pollutants and reduce their toxic-
ity by the reactive radicals. However, these processes
require a high energy supply, large amounts of oxi-
dants, and complex reactor systems. As antibiotic
contamination increases, we need to develop low-
cost, more sustainable treatment methods that can
completely remove pollutants.

Therefore, future research should focus on devel-
oping materials/methods that reduce energy demand
by utilizing renewable energy sources, improve reus-
ability, and enhance the removal efficiency of antibi-
otic pollutants, particularly at trace levels.

On the other hand, the mineralization and
reduced toxicity of antibiotics in real wastewater are

important factors that need to be carefully evaluated
for further reuse of treated wastewater. The process
also helps to reduce the development of antibiotic-
resistant bacteria/genes that contribute to inhibit-
ing their negative impacts on humans. Some treat-
ment strategies combine advanced methods, such
as adsorption with advanced oxidation processes
or membrane with advanced oxidation processes.
These approaches can improve pollutant removal
efficiency and reduce pollutant toxicity.

These methods can be applied to various types
of wastewaters containing different pollutants and
can help reduce operating costs. Using natural sun-
light as a renewable energy source should also be
considered and developed to reduce treatment costs
and create more sustainable wastewater manage-
ment. To support sustainability, future antibiotic-
control strategies need to match wastewater reuse
goals. This means focusing on removing the main
compounds, reducing toxicity, breaking down
harmful byproducts, and managing antibiotic-
resistant bacteria and antibiotic-resistance genes
risks. When choosing technologies, it is important
to consider energy and chemical use, the stability
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and reusability of the materials, how to handle any
leftover waste, and how well the treatment works.

Moreover, life cycle assessment should be
included from the start of technology development.
This approach helps control each process and makes
it easier to develop sustainable methods before apply-
ing them in wastewater treatment plants.
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