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The occurrence of pharmaceutical compounds in the environment has continued to attract the attention of
researchers and this has become the focus of many scientific research work as well as review articles.
Sulfonamides have been detected in underground water, seawater, sediment, soil, drinking water, river
water, animal manure, treated water effluent and reclaimed water because it is not completely oxidised
by most methods used in wastewater treatment plants. Photoelectrocatalytic (PEC) oxidation has
distinguished itself as an efficient technology for the abatement of organic pollutants. This review
provides insight into recent advancements made in the PEC oxidation of sulfonamides. We carefully
captured the progress made in the choice of photocatalysts, light sources, and electrode substrates
used. In addition, we also reviewed the recent progress made in the area of heterojunction engineering
as this offers a promising and highly efficient approach towards the abatement of sulfonamides.
Furthermore, the performances of the commonly known hydroxyl radical PEC and the sulphate radical

PEC processes were compared and discussed. An extensive discussion on different types of
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Accepted 5th May 2026 photoanodes (pristine and modified) and dual photoelectrode systems used for the PEC oxidation of
sulfonamides is presented with concluding remarks as well as future perspectives. Overall, this review

DOI: 10.1035/d5ra08934d will furnish the scientific community with insight into highly efficient, cheap, energy-saving, and
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1. Introduction

Antibiotics have been adjudged as an emerging pharmaceutical
contaminant in water. When untreated effluents containing
some antibiotics are discarded into the environment, they
inflict severe damage on human and animal health as well as
the ecosystem at large."” For over 5 decades, sulphonamides,
a group of antibiotics, have been widely applied to stall bacteria
from reproducing both in the cells of humans and animals.® In
addition, these sulphonamides are the most extensively used
antibiotics because they have unique chemical properties and
are cheap to produce.* When these drugs are ingested into the
body, due to incomplete metabolism, they are not completely
absorbed by the bodies of humans and animals, hence they are
egested. It has been reported that the egested product contains
nearly 75-90% of these drugs in their raw forms when they enter
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sustainable technologies to remediate water polluted with emerging pharmaceutical contaminants.

the environment.>” Owing to incomplete metabolism, these
drugs are released into the water system mainly through
excretion. For example, about 50 to 100% of the intake dosage of
sulfamethoxazole, a sulfonamide, is usually excreted by human
beings and animals.® Sulfamethoxazole is mostly detected in
wastewater, surface water, soils, and manure.**® It is a known
fact that sulfamethoxazole is persistent and difficult to break
down, hence it persists in the environment and to a large extent
in surface and groundwater.” Several studies have established
the toxic effects of sulfonamide antibiotics on human health
and aquatic life'*** and this is summarised in Fig. 1. Therefore,
a highly efficient method that can eliminate sulfamethoxazole
and other known sulfonamides from the environment must be
sought.

Advanced oxidation processes (AOPs) have been regarded as
an efficient water treatment technology because of the in situ
production of strong and highly reactive oxidants, which are
non-selective in nature.**** The complementary effects of
oxidants such as hydroxyl radicals, photogenerated holes, and
superoxides result in the complete mineralisation of pollutants
in water. This caters for the challenge of secondary pollution
that is associated with conventional wastewater treatment

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Several health effects of sulfonamide antibiotics, reproduced from ref. 13, with permission from [Elsevier],** copyright 2025.

techniques. Among all the AOPs, photoelectrocatalytic (PEC)
oxidation presents itself as a promising green technology with
the capacity to effectively degrade emerging contaminants in
wastewater.'® The utilisation of both sunlight and an external
bias potential in PEC gives it an added advantage in perfor-
mance over AOPs such as electrocatalysis, photocatalysis, Fen-
ton, and photo-Fenton.” This is because, in the presence of
semiconductor photocatalysts, the light induces the generation
of charge carriers, while the bias potential is responsible for the
effective separation of the charge carriers, thus resulting in
improved performance of the system.'®* The PEC system is low
cost, clean (green and sustainable), eco-friendly, possesses high
oxidising power, versatile (able to treat a myriad of recalcitrant
pollutants), and is easy to set up.' Several semiconductor
photocatalysts such as TiO,,** Cu,0,** Bi,WOs,>* and WO3,*
among many others, have been used in the PEC oxidation of
sulfonamides. However, the challenge of recombination of
photo-induced charge carriers has hampered the effectiveness
of these materials, and thus, research advances are towards the
circumvention of these setbacks. Examples of such advance-
ment include doping and the formation of heterojunction. In
recent times, the application of a dual photoelectrode PEC
system has shown promise as a low-cost, energy-saving,
sustainable, and highly efficient technology for treating waste-
water containing sulfonamides. No doubt, these strategies
produced better results, and there is a need for the scientific

© 2026 The Author(s). Published by the Royal Society of Chemistry

community to be furnished with these promising recent
advances, hence the rationale behind this review article.

It is important to state that despite the success recorded
around photoelectrocatalytic oxidation of sulfonamides and how
the technology involved has progressed over the years, no review
has been written to furnish the scientific world with the required
understanding. While we admit that Prasannamedha and
Kumar* in the year 2020, reviewed the contamination of removal
of sulfamethoxazole from aqueous solution using techniques
such as adsorption, electrochemical oxidation processes, Fenton/
photo-Fenton process, photocatalytic process, etc. There is no
review article that focuses on the PEC approach, which is
adjudged to possess some advantages over electrochemical
oxidation and photocatalytic processes.”® PEC offers a more
robust approach in that it combines electrochemical oxidation
with photocatalysis. Also, the photocatalyst is immobilised on the
electrode in PEC thus mitigating the catalyst recovery challenge.
In our opinion, PEC has introduced many dynamics, data,
knowledge, and opportunities in the treatment of sulfameth-
oxazole that are worthy of reporting. Therefore, there is a need for
a review article that captures the significant advancement made
towards the efficient degradation of sulfonamides which can also
serve as a guide towards the treatment of wastewater containing
other organic pollutants.

This review presents a critical and in-depth discussion of the
recent advancement in photoelectrocatalytic oxidation of
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sulfonamides. We were able to provide insight into the progress
made in the nature and suitability of photocatalysts, light
sources, and the choice of electrode substrate in the PEC
oxidation of sulfonamides from exfoliated graphite to fluorine-
doped tin oxide glass (FTO), nickel foam, and titanium sheet/
plate/mesh/foil. Also, we compared the performance of the
commonly known hydroxyl radical PEC process with the
sulphate radical PEC process (a more recent trend) towards the
abatement of sulfonamides. Importantly, we also reviewed the
recent advancements made in materials engineering, such as
semiconductor heterojunction and dual photoelectrode reac-
tors, as this offers a promising and highly efficient approach
towards the abatement of sulfonamides. In addition, the
successful applications of different novel photoanodes to
decontaminate water containing emerging pharmaceutical
pollutants such as these drugs are presented in this review with
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concluding remarks as well as future perspectives. To the best of
our knowledge, no review article has been published that
discusses all these recent advancements as contained in this
paper. Overall, this review will furnish the scientific community
with insight into highly efficient and sustainable technologies
to remediate water polluted with emerging pharmaceutical
contaminants.

2. Sulfonamide antibiotics
2.1 Overview

Sulfonamides are antibiotics with a wide spectrum of activity in
combating Gram-positive and some Gram-negative bacteria.
They were the first antibiotics to be applied in treating human
infectious diseases, but are now mostly used for veterinary
purposes.”® According to the European Union (EU), sulfonamide

Table 1 Physical properties of some sulfonamides and their chemical structures

Sulfonamide Molar mass (g mol ) Formula Melting point (°C) Chemical structure
o
o/N\ n\S//
Sulfamethoxazole 253.28 C10H11N305S 169 — o//
NH,
0
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Sulfanilamide 172.20 CeHN,0,S 165 \,
HoN
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antibiotics rank second as the most widely applied in veterinary
medicine. Statistically, in the UK in 2000, nearly 21% of the
drugs sold were sulfonamide antibiotics, while in many other
countries in Europe, they accounted for 11-23%. Similarly, in
the U.S., sulfonamides constitute 2.3% of all the antibiotics
used. The ubiquitous nature of sulfonamide antibiotics spreads
even to the African continent as well. For example, in Kenya,
they account for 22% of the 14 600 kg of active antimicrobials
used in producing animal feeds.”” A report focussed on the
detection of sulfonamide antibiotics in the aquatic environ-
ment between 2016 and 2021 revealed that sulfonamide anti-
biotics have been detected globally, spanning different
continents such as Asia, North America, South America, Europe,
and Africa.”® The common brands of sulfonamides include the
following: sulfamethoxazole, sulfadiazine, sulfacetamide, sul-
fathiazole, sulfasalazine, sulfadoxine, sulfanilamide, sulfafur-
azole, and sulfamethizole. They are majorly organo-sulphur
compounds consisting of ~-SO,NH, and/or -SO,NH groups with
unique 5- or 6-membered heterocyclic rings.”* The physical
properties of some of these sulfonamides, as well as their
chemical structures, are presented in Table 1.

Generally, the process by which sulfonamides are broken
down in various organisms takes different routes. For example,
when sulfonamides undergo the process of oxidation and
acetylation in the body of an organism, this results in the
egestion of inactive and reactive metabolites.'* According to the
European Union directive 93/67/EEC, sulfonamides are classi-
fied as harmful or toxic drugs. In addition, in 2009, sulfon-
amides were classified as highly toxic drugs by Environmentally
Classified Pharmaceuticals.>* Furthermore, studies have shown
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that at very low concentrations, sulfonamides pose highly toxic
effects on the embryo of zebrafish.*® Overall, they are polar and
water-soluble compounds with high mobility, hence they have
been found in surface water, groundwater, as well as drinking
water.*** Based on the above, it has become imperative to
develop efficient wastewater treatment technology for the
removal of sulfonamides.

2.2 Occurrence of sulfonamide antibiotics in the
environment

The occurrence of sulfonamide antibiotics in the environment
due to their excessive use has continued to generate a growing
concern.” There are two routes through which sulfonamide
antibiotics find their way into the aquatic environment: direct
and indirect routes as represented in Fig. 2.

Since most effluents arising from wastewater treatment
plants are not completely treated, these sulfonamide antibiotics
find their way into the ecosystem. For example, a study carried
out on the removal rate of some sulfonamide antibiotics in
eight urban wastewater treatment plants revealed that 5-62% of
sulfamethoxazole, 9-62% of sulfamethazine, 22-68% of sulfa-
pyridine, and 34-79% of sulfadiazine were successfully
removed.** This shows the need for a more efficient wastewater
treatment technology. In addition, due to the incomplete
metabolism of sulfonamide antibiotics in livestock animals,
about 70-90% of these drugs are excreted either in their original
form or as metabolites.**** Reports have shown that the detec-
tion rate of sulfadiazine and sulfamethoxazole in the Mediter-
ranean Sea is 100%.3* Also, sulfonamide antibiotics were found
to be the major antibiotics in Chinese lakes in the range of 0-

Irrigation with treated wastewater

Leakage of urban pipe network
[ ¢} pip!

¢ Sulfadiazine
Sulfamethoxazole

Fig. 2 Different routes through which sulfonamide antibiotics enter the aquatic environment, reproduced from ref. 13 with permission from

[Elsevier],** copyright 2025.
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67.18 ng L ".** Some findings have also shown that sulfonamide
antibiotics have been detected in drinking water, lakes, rivers,
surface water, and groundwater. For instance, 840 ng L™ " of
sulfadiazine was found in surface water in Kenya;** 1840 ng ™"
of sulfamethoxazole was found in groundwater in Taiwan;*’
sulfamethazine and sulfamethoxazole have been detected in
groundwater in about 18 states of the U.S. ranging from 360-
110 ng L~ ".*® Furthermore, the amount of sulfamethoxazole in
the city canal in Vietnam has reached an elevated concentration
of about 4330 ng L™ '* In general, the report of Duan et al.,
confirmed that sulfonamide antibiotics are predominant in the
aquatic environment within the concentration range of ng L™*
to ug L™ All these staggering figures inform part of our
motivation for selecting sulfonamide as our model antibiotics
in this review and to also furnish the scientific community with
the recent advances made in the successful treatment of
wastewater containing them.

3. Wastewater treatment techniques

Conventional water treatment technologies such as coagula-
tion, filtration, flocculation, sedimentation, and others have
been reported to be ineffective in remediating water containing
sulfonamides.”® Also, the possibility of utilising physical
methods such as adsorption has been investigated.****
However, adsorption cannot break down sulfonamides in water
but only transfers it from one medium to another leading to
secondary pollution. Advanced oxidation processes (AOPs) such
as the electrochemical oxidation process,** Fenton/photo-Fen-
ton,* photocatalytic process,* cavitation-based AOPs,* and
radiation-enhanced catalytic reaction” have proven to be
effective treatment techniques with the ability to breakdown
sulfonamides in water, but they suffer some setbacks. For
example, electrochemical oxidation methods rely on the use of
electrical energy to produce radicals that can degrade pollut-
ants, but this technique is impeded by factors such as electrode
lifetime, increased current density, the electrical conductivity of
the electrode, as well as the possibility of the electrode under-
going fouling because of the presence of organic deposits on the
electrode surface. In addition, the energy consumption rate as
well as the low conductance associated with wastewater, which
will demand the addition of electrolytes, weakens the applica-
tion of this technique on an industrial scale.'”*** Also, the
Fenton/photo-Fenton process depends on the production of
oxidants from hydrogen peroxide. Although the oxidants
generated are capable of degrading sulfonamides, the Fe** ions
undergo precipitation to form Fe(OH);, which is insoluble in
nature, thereby leading to secondary waste such as iron-rich
sludge.>***** Photocatalysis relies on light to produce oxidants
to degrade pharmaceutical pollutants, but catalyst recovery
after use is laborious, thus making catalyst reusability chal-
lenging. In addition, there is rapid recombination of the
photogenerated charge carriers which impedes the perfor-
mance of the catalyst.”* The setbacks associated with cavitation-
based AOPs include high temperature and pressure, surface
destruction and corrosion of the metal surface, while the
radiation-enhanced catalytic reaction is energy and frequency-
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dependent.* Given the above major demerits suffered by all the
various techniques discussed, the photoelectrocatalytic oxida-
tion (PEC) process has emerged as a promising technique for
the treatment of water containing sulfonamides because PEC is
cheap, eco-friendly, and possesses the ability to completely
mineralise the pollutant and requires. In addition, it offers high
degradation efficiency, low temperature, less energy demand,
solar utilization, mild reaction conditions, zero sludge forma-
tion, and easy catalyst recovery.*

3.1 Photoelectrocatalytic oxidation: overview

In addition to other details not specifically mentioned earlier on
various AOPs, the PEC process has been identified as an effi-
cient technology in the treatment of water polluted with anti-
biotics.> This is because of the synergistic effects of both the
electrochemical oxidation and photocatalytic degradation
processes.> The PEC process is based on the application of bias
potential to facilitate the migration of the photogenerated
electrons from the conduction band of the photoanodes
towards the cathode, thereby giving the photogenerated holes
the ease to react directly with the pollutant and degrade them.
Also, the photogenerated holes can react directly with water
molecules to produce hydroxyl radicals which also comple-
ments the degradation process. In addition, the rate of recom-
bination is suppressed due to the application of bias potential,
the powdered photocatalyst is easy to recover since they have
been immobilised on a substrate, and the recycling efficiency of
the photocatalyst is enhanced.** Overall, the PEC process pres-
ents itself as a promising and highly efficient technology. PEC
has been applied towards the abatement of different emerging
pharmaceutical pollutants such as ciprofloxacin, tetracycline,
paracetamol/acetaminophen, and diclofenac, among others.
Towards the performance of PEC, the choice of materials to be
used as photoanodes, the source of light, and the kind of elec-
trode substrate play vital roles.

3.1.1 Nature of materials for photoelectrocatalysis. Light
plays a significant role in the PEC process as it promotes the
excitation of the photogenerated electrons from the valence
band to the conduction band of the semiconductor materials.
Therefore, the choice of semiconductor materials is based
partly on their light-harvesting properties. Some materials
absorb more in the UV region of the electromagnetic spectrum,
examples include TiO,,** ZnO,” BiPO,,*® etc., while some
materials absorb more in the visible spectrum. Since the UV
region (100 to 400 nm) accounts for only about 4-5% of the
incoming sunlight, the PEC process that depends on UV-active
semiconductor materials is not practicable and sustainable.>”
Furthermore, UV irradiation is unsafe for the environment. As
we move towards sustainability and green technology, the
search for materials that possess the ability to harvest sunlight
(visible light) is warranted.”® Several visible light-driven semi-
conductors have been used as photocatalysts for the treatment
of water containing pharmaceutical pollutants. Examples
include Cu,O, BiVO,, Bi,WOg, Ag;PO,, WO3;, Fe,03, Bi,Sn,0;,
etc. In recent years, the solar light-harvesting ability of UV-active
semiconductor materials has been promoted by doping,*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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heterojunction formation,” etc. Thereby extending their
absorption from the UV region into the visible light region.

Since the semiconductor is usually deposited on an
electrode/substrate, its conductivity (or electrochemical activity)
is also important. For example, the poor conductivity of BiFeO;
perovskite was enhanced by the incorporation of graphite
nanoparticles (BiFeO3;/GNPs) which resulted in the marked
improvement of the photocurrent response of BiFeO; towards
its application in the PEC removal of ciprofloxacin in water.*

Resistance to photocorrosion, which is a measure of the
stability of the catalyst under prolonged or intense light radia-
tion, is also an important factor. Semiconductors like ZnO fall
short in this area and thus the reason for modifying this
material. Another factor is the amenability of the semi-
conductor towards photoelectrode fabrication. Semiconductors
that can be easily electrodeposited or that lend themselves to
other advanced techniques such as atomic layer vapour depo-
sition can be suitable candidates in photoanode preparation on
the premise that the materials pass the test of light harvesting
and conductivity.

3.1.2 Light source. The source of light in the PEC process is
vital as it contributes to the evaluation of the cost of energy
consumption, eco-friendliness, and the toxicity level of the
system. The conventional light sources for the PEC oxidation of
sulfamethoxazole (and other pharmaceuticals) include UV-A
lamps,®*** mercury lamps,” and xenon light*> Recently,
researchers have used green light emitting diode (LED) as their
light source for the PEC degradation of sulfamethoxa-
zole."**3%% LED possesses some merits over other light sources
because it is cheaper, less toxic, less energy consuming, low
production of heat, small in size, and possesses a longer life-
time. These merits place LED-based systems at an advantage for
future application in the PEC technology for the removal of
sulfamethoxazole and other pollutants in general.

3.1.3 Nature of the substrate or the electrode. It is impor-
tant to present here the significant progress made over the years
in the choice of the substrate used in the PEC oxidation of
sulfonamides. In all the works captured in this review article,
four electrode type have been used in the fabrication of pho-
toanodes towards the degradation of sulfonamides namely
exfoliated graphite, FTO glass, nickel foam and titanium sheet/
plate/mesh/foil. These electrode types also cut across PEC
applications for other priority organic pollutants in water.

The application of exfoliated graphite in electrochemical
oxidation and PEC for water treatment was first reported
through the earlier works of Arotiba and coworkers.®*~** They
used EG as a direct oxidation electrode and support for semi-
conductors towards the oxidation of dyes and phenolic
compounds. The application of EG as substrate was extended to
the degradation of sulfamethoxazole in a report by Peleyeju
et al.,”® where a TiO,-exfoliated graphite electrode was used for
PEC degradation of sulfamethoxazole. The only other report
was by Mafa et al. who prepared a g-C3N,/BiOI/EG photoanode
for the PEC degradation of sulfamethoxazole.®® While these two
reports are commendable, the challenge is the leaching of the
exfoliated graphite into the solution during repeated use of the
photoanodes, which weakens the stability and reusability of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrode. Since the photocatalyst and exfoliated graphite are
both compressed into the pellet after physical mixing, the
application of bias potential under different current densities
causes the exfoliated graphite to gradually leach (partly by
oxidation of the carbon) into the solution.®” The weakness of EG
under high current necessitates a more stable substrate.

Another substrate is fluorine-doped SnO, (FTO), a low resis-
tivity, high conductive and thermally stable glass that allows light
to pass through.®® FTO glass lends itself as a substrate for many
photoelectrode fabrication approaches such as simple casting,
electrodeposition,* successive ionic layer adsorption and reac-
tion,” hydrothermal,> etc. FTO glass has been used as a substrate
in fabricating photoanode for the PEC removal of sulfameth-
oxazole; FTO/Cu,0,* FTO/Bi,WOg,* etc.

Titanium sheet/plate/mesh/foil is also a versatile material
that has been widely applied either for synthesis or as a con-
ducting substrate in PEC water treatment. Titanium plate/sheet/
foil has been electrochemically anodised by different
researchers to produce TiO, nanotube arrays for PEC oxidation
of sulfamethoxazole and sulfadiazine.>»”*”® Tailoring titanium
into nanotubes and nanostructures has added advantages such
as a high surface area to volume ratio, a unique tubular struc-
ture that promotes the electron migration efficiency, and
improved stability and reusability when compared with the
powdered TiO,.”* As a conducting substrate, Hu and co-workers
grew TiO, nanoneedle arrays on titanium mesh vig hydro-
thermal synthesis to form a photoanode for the degradation of
sulfamethazine.®* It is important to state that both the FTO and
titanium sheet/plate/mesh/foil can withstand high heat as they
can be used to synthesise materials that need to be calcined at
elevated temperatures.

Nickel foam is another substrate that has been used in
fabricating photoanode for the PEC oxidation of sulfameth-
oxazole and sulfadiazine. Based on the works captured in this
paper, Wu and co-workers were the first and only group to date
to report the use of nickel foam as their electrode substrate for
PEC oxidation of sulfamethoxazole.'® Their motivation for using
nickel foam was due to its high electronic conductivity and
unique three-dimensional cross-linked lattice structure, result-
ing in its high surface area, porosity, and adsorption
capacity.”>”” Also, Wang et al. proposed nickel foam as one of
the ideal substrates to conduct photocatalysts. This is because,
with their 3D mesh, which is responsible for their large surface
area, mass transport is promoted during degradation. Also, they
are known to be stable and cheap. Motivated by the above,
Wang and co-workers doped Fe,O; with copper and then grew it
on nickel foam for sulfadiazine degradation in a perox-
ymonosulfate enhanced PEC system.”

4. Photoelectrocatalytic oxidation of
sulfonamides

There has been significant progress made in the PEC oxidation
of sulfonamides with several photoanodes. While some of the

works entailed the use of single photoanodes, the use of doped
photoanodes, the construction of heterojunctions, and the
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fabrication of dual-photoelectrode systems to enhance the
performance of the PEC are some reported
advancements.

system

4.1 Unitary photoanodes

The use of a single or one type of semiconductor material has
been reported in the fabrication of photoanodes on substrates
such as EG and FTO for the PEC degradation sulfamethoxazole.
In their work, Peleyeju et al.*>® prepared (for the first time) a TiO,-
exfoliated graphite photoanode for the PEC oxidation of
sulfamethoxazole. The extent of degradation of sulfamethoxa-
zole was monitored with UV-vis spectrophotometry and they
observed a reduction in the absorbance of sulfamethoxazole
with time at its Apax. Also, their study compared the electro-
chemical and photoelectrocatalytic degradation of sulfameth-
oxazole at the TiO,-exfoliated graphite electrode. The result
obtained confirmed that the PEC process performed better than
the electrochemical oxidation process. The better performance
is because of the complementary effects of the bias potential
and solar energy in the PEC system which resulted in the
generation of oxidants such as photogenerated holes and
hydroxyl radicals which freely reacted with the sulfamethoxa-
zole until it was completely broken down. Furthermore, the
study gave insight into the role of the exfoliated graphite in the
TiO,-exfoliated graphite photoanode. It was reported that the
TiO,-exfoliated graphite photoanode performed better as
compared to only exfoliated graphite. This is because of the
following: (i) the TiO,-exfoliated graphite has a higher electro-
active surface area, thereby resulting in an increased number
of sites for the water molecules to be oxidized to produce
hydroxyl radicals, (ii) since upon irradiation, photogenerated
charge carriers are produced, the exfoliated graphite serves as
an electron sink, thereby reducing the rate of recombination.
This study further showed that increasing the current density
promotes the generation of oxidants at the anode as well as the
migration of the electrons towards the cathode. While this work
provides insight into the use of exfoliated graphite as support,
Peleyeju et al. did not probe the stability and reusability of the
electrode.”® Furthermore, the performance of the system in
a real matrix cannot be inferred because the authors did not use
real wastewater. The degradation time of 6 h for 100% degra-
dation of sulfamethoxazole (from UV/vis spectrometer) has now
been shortened in recent trends.

Cu,O has been used as a unitary photoanode material for the
PEC degradation of sulfamethoxazole.” Koiki et al. used Cu,O
to generate sulphate radicals for the degradation of
sulfamethoxazole.”* Although PEC degradation of sulfameth-
oxazole using hydroxyl radicals has been widely reported, but
due to stronger oxidising ability, higher selectivity, longer life-
time, and its ability to break down stubborn organics, sulphate
radical PEC degradation technology presents itself as a more
efficient technique.® The need to harness the sulphate radical
PEC towards improved degradation of sulfamethoxazole led
Koiki et al. to use a visible-light-driven semiconductor photo-
catalyst, pristine Cu,O to activate persulphate ions to produce
sulphate radicals. Cu,O was synthesised via a rapid and
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template-free route and then conducted on FTO glass. This
study provided a better understanding and insight into the fact
that when Cu,O is irradiated, electrons and holes are generated
(eqn (1)). The electrons in the CB get trapped by the persulphate
ions to produce sulphate radicals (eqn (2)). Similarly, while the
photogenerated holes in the VB react directly with the
sulfamethoxazole to break them down (eqn (3)), it also reacts
with the water molecules to produce hydroxyl radicals (eqn (4)).

CuO+hv > h' +e” (1)

e+ 5,057 — SO, + S0, (2)

h* + sulfamethoxazole — CO, + H,0 (3)
h* + H,0 —» "OH + H* (4)

Given the complementary effects of sulphate radicals,
hydroxyl radicals, and holes, 84% of sulfamethoxazole was
oxidised within 2 h. In addition, the trapping of the photog-
enerated electrons by the persulphate ions assisted in sup-
pressing the rate of recombination commonly associated with
PEC degradation experiments using pristine photoanodes. The
reusability and stability of the electrode were probed by con-
ducting cycles of experiments, and it was found to be relatively
stable and reusable after 10 hours. Towards real-life applica-
tion, the authors probed the efficiency of their material in a real
wastewater system resulting in a 50% mineralisation from total
organic carbon measurement after 2 h.*® Compared to results
obtained from Peleyeju et al. as earlier discussed,” it is clear
that there has been advancement in the PEC oxidation of
sulfamethoxazole using pristine photoanodes. Also, the issue of
electrode reusability and stability, treatment duration and real-
life practicability has been addressed. Therefore, this study
offers a more efficient, reusable, and stable approach towards
the PEC oxidation of sulfamethoxazole using pristine
photoanodes.

4.2 Doped photoanodes

To overcome the problem of rapid recombination that is
generally associated with the use of single material (or pristine)
photoanodes in the PEC oxidation process, researchers in
recent studies have explored the possibility of introducing
dopants into these semiconductor photocatalysts. It is expected
that in the presence of dopants, the rapid recombination of the
photogenerated charge carriers is suppressed, and the solar
light harvesting properties of the photoanodes are improved.
Thus, the overall performance of the system is enhanced.

ZnO possesses a wide band gap, and it is therefore only
active in the UV region of the electromagnetic spectrum.
However, Yeganeh et al. showed that by doping ZnO with cobalt,
(i) the absorption of ZnO can be extended towards visible light,
(ii) the band gap energy can be altered to promote electron
transfer, (iii) the Fermi level of ZnO can be tuned, and (iv) the
overall PEC performance of the system can be enhanced.
Therefore, in their work, cobalt-doped ZnO was depositedon an
FTO glass and the photoanode was applied for the
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photoelectrocatalytic oxidation of four sulfonamide antibiotics
(sulfacetamide, sulfathiazole, sulfamethoxazole, and sulfadia-
zine) in the presence of visible light. This study further provides
insight into the performance of the synthesised photoanode
under different systems such as photolysis (PL), electrochemical
oxidation (EC), photocatalysis (PC), and photoelectrocatalytic
degradation (PEC). The results obtained showed that for the
sulfamethoxazole, PL, EC, PC, and PEC yielded 10.6, 27.3, 50.2
and 95.8% degradation respectively. This marked performance
by the PEC confirmed that the complementary effect arising
from the EC and PC enhanced the degradation of sulfameth-
oxazole. This is due to the suppression in the recombination of
the photogenerated charge carriers because of doping ZnO with
Co. This further gave rise to the production of more oxidants
such as hydroxyl radicals, holes, and superoxides, which
contributed to the degradation process.”

TiO, is one of the most widely used photoanodes in the PEC
oxidation of antibiotics because it is cheap, possesses excellent
chemical stability, and has interesting photoelectrochemical
properties. Nevertheless, it possesses a wide bandgap, poor
solar light harvesting properties, and suffers from rapid
recombination. While the conventional metal doping method
has been used to mitigate these setbacks, it further imparts
negatively on the thermal stability as well as the photocatalytic
properties of the material.*»** On the other hand, self-doping
has been identified as a preferable method because it
prevents the introduction of other elements and induces
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intrinsic defects (Ti** or O, (oxygen vacancy)) in the TiO, crys-
tals. Interestingly, the Ti*" increases the electrical conductivity
and promotes the charge carrier separation. In addition, the
Ti** or O, can also introduce new defect energy levels ranging
between 0.75-1.18 eV below the CB of TiO,, thereby enhancing
its visible light activity. Furthermore, it has been established
that constructing specific nanoarchitectures can also effectively
suppress the rate of recombination by shortening the distance it
will take the minority charge carriers to get to the surface. The
above motivated Liang et al. to construct an efficient Ti*" self-
doped and nitrogen-annealed TiO, nanocone arrays Ti**-TiO,
NCs(N,) photoanode for the PEC abatement of sulfametha-
zine.** The separation of the photogenerated charge carriers
was studied (Fig. 3). As shown in Fig. 3a, the photocurrent
response obtained by the Ti**-TiO, NCs(N,) photoanode was
about 9.5 times higher than pristine TiO, NCs(N,). The linear
sweep showed a similar photocurrent pattern (Fig. 3b) this
marked increase was due to improved photogenerated charge
carrier separation caused by the introduction of Ti**(self-
doping). Furthermore, the EIS Nyquist plot (Fig. 3c) showed
that the Ti**-TiO, NCs(N,) photoanode possessed the least R,
value given the size of the semicircle. This showed that the
charge transfer kinetics taking place at the interface between
the Ti*'-TiO, NCs(N,) photoanode and the electrolyte signifi-
cantly suppressed the recombination of the electrons and holes.
The results obtained from the UV-vis diffuse reflectance spec-
troscopy (Fig. 3d) showed that annealing the TiO, NCs in
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reproduced from ref. 54, with permission from [Elsevier],>* copyright 2023.
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nitrogen as well as the introduction of Ti** caused the photo-
anode to absorb more in the visible light and a reduced band
gap energy. Liang and co-workers went ahead to interrogate the
PEC performance of the prepared electrodes by applying them
towards the abatement of sulfamethazine. Expectedly, the
pristine TiO,NCs photoanode degraded 47.17% of sulfametha-
zine, while the Ti**-TiO, NCs(N,) photoanode degraded 98.69%
within 60 min confirming that the separation of the photog-
enerated charge carriers has significantly been promoted in the
doped photoanode. Overall, this work offers a promising
approach for treating effluents containing pharmaceuticals by
applying Ti** self-doped and nitrogen-annealed TiO, nanocone
arrays.>*

Towards photocatalyst improvement, another approach to
doping is defect engineering.®** Defect engineering entails
tuning the electrical structure of pristine semiconductor mate-
rials. One of the methods in defect engineering is to introduce
oxygen vacancies (Oy) to significantly improve the reactivity of
the active sites, thus markedly boosting the PEC performance of
the photocatalyst.*”*® The possibility of exploring this prom-
ising approach became the motivation for which Wu et al.
developed a direct approach that promoted a concomitant
boron doping and O, production on bismuth tin oxide
(BiySn,05) quantum dots for PEC oxidation of sulfamethazine.*
The results obtained from the optical and photoelectrochemical
studies showed that the synergistic effects of boron doping and
O, gave rise to the following: (i) the band gap of the pristine
Bi,Sn,0; became narrower after doping, thus improving the
solar light harvesting property of Bi,Sn,0, and enhancing its
performance towards the PEC oxidation of sulfamethazine, and
(i) the current density of 20% boron-doped Bi,Sn,0, was nearly
twice higher than the pure Bi,Sn,0; showing that doping with
boron resulted in the efficient separation of the charge carriers.
It is important to note that the effect of boron doping, as well as
O, on the electronic structure of Bi,Sn,0;, was also investigated
via Density Functional Theory. The results obtained from the
calculations confirmed that the boron doping and the intro-
duction of O, on the Bi,Sn,0; successfully tuned the electronic
structure of Bi,Sn,0, by creating intermediate levels. These
intermediate levels promoted excitation, improved charge
separation and electron transport, hence suppressing the
recombination of the photogenerated electron and holes.
Finally, the efficiency of the photoanodes was probed in a PEC
degradation experiment to break down sulfamethazine. As
a result of the rapid recombination and poor light-harvesting
property of Bi,Sn,O0;, only 48.4% of sulfamethazine was
broken down within 60 min. Conversely, 20% boron-doped
Bi,Sn,0; completely degraded sulfamethazine under 60 min.
Conclusively, this work offers a new approach to the collective
effect arising from boron doping and O, in heterobimetallic
oxides such as Bi,Sn,0, in a PEC system. Furthermore, given
the efficiency of the photoanode in completely degrading sul-
famethazine within an hour under an LED light source, this
work presents a novel, cheap, eco-friendly, energy-saving, and
efficient technology for water treatment.

A recent methodology for preparing doped semiconductor
photoanodes for PEC oxidation is through the use of materials
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based on metal-organic frameworks (MOFs). MOFs are known
to possess large surface area, porous, possess high adsorption
capacity, and their pore sizes can be tuned.” For example, zeolite
imidazole framework (ZIF) is an MOF that contains carbon and
nitrogen-rich imidazole which can act as a ligand for metal-
organic linkage. Several ZIF-based photocatalysts have been
fabricated into electrodes for PEC application.*® However, ZIF
suffers some setbacks such as poor graphitic structure and as
such does not promote electron transport. To circumvent this
challenge, Thamilselvan et al.> prepared a Ni-Co bimetallic
decorated dodecahedral ZIF for the PEC oxidation of
sulfamethoxazole. It was proposed that doping the ZIF with Ni
and Co will improve the surface area and the current density of
ZIF, thereby resulting in improved charge transfer efficiency,
and overall, enhanced PEC performance. Rather than gener-
ating the usual OH radical for the degradation, the authors
prepared Ni-Co bimetallic ZIF to activate peroxymonosulphate
(PMS) salt to produce sulphate radicals which will complement
other oxidants in the system for enhanced PEC oxidation of
sulfamethoxazole. The author justified the effect of doping of
the ZIF by the improved PEC degradation in comparison to ZIF
only based on the following: (i) doping of ZIF with Ni and Co
increased the pore volume as well as the micro-mesoporous
structure of ZIF. This further markedly improved the transfer
of electrons between PMS and Ni-Co ZIF which led to the
production of sulphate radicals, (ii) the Ni-Co ZIF composite
photoanode possessed a large surface area, thereby providing
more active sites that in turn improved the PEC performance,
(iii) the micropores and mesopores of the Ni-Co ZIF composite
were able to trap visible light which then induced the produc-
tion of charge carries such as holes for improved PEC degra-
dation of sulfamethoxazole. Furthermore, they showed that the
Ni-Co bimetallic ZIF activated the PMS based on the marked
improvement in degradation in the presence of PMS over its
absence. With a high degradation efficiency in 24 min, the work
opens new possibilities in the development of porous
bimetallic/MOFs heterostructured photoanodes for PMS acti-
vation for enhanced PEC oxidation of sulfamethoxazole.

4.3 Heterostructured photoanodes

The formation of semiconductor heterojunctions is a proven
effective approaches to PEC oxidation of sulfonamides owing to
improved solar light harvesting ability and improved photog-
enerated charge separation. These lead to increased lifespan of
the photogenerated charge carriers, thus making the PEC
degradation system more effective. Factors such as band gap,
valence band edge, conduction band edge, work function, and
Fermi level of the material (semiconductor) are considered in
heterojunction engineering. Several heterostructured photo-
anodes consisting of p-n, n-n, arranged in different configu-
rations such as Z or S scheme heterojunctions, have been
developed towards improved PEC oxidation of sulfonamides.
For example, Orimolade et al.®® prepared a p—n heterojunction
photoanode consisting of BiVO, and Ag,S via electrodeposition
and successive ionic layer adsorption and reaction towards PEC
oxidation of sulfamethoxazole. As shown in Fig. 4, the
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formation of a p—n heterojunction brought about an alignment
of the Fermi energy level, thus creating an internal electric field
that resulted in the effective separation of the holes into the VB
of Ag,S, thereby leading to a direct oxidation of the sulfameth-
oxazole by the holes. On the other hand, since the electrons
moved towards the CB of BiVO,, there was efficient charge
separation which gave the holes the freedom to further react
with water molecules to produce hydroxyl radicals, which also
oxidised the sulfamethoxazole. Overall, 86% of the sulfameth-
oxazole was oxidised within 120 min.

In another work, Fan et al’® reported an n-n nano-
heterojunction photoanode consisting of highly oriented and
vertically ordered stoichiometric copper and zinc-based ferrites
(Cuyp 5Zn, sFe,0,4) quantum dots anchored with TiO, nanotube
arrays (NTs). The TiO, nanotube arrays was first prepared by
electrochemical anodization after which it was anchored with
Cuy5Zng sFe,0, via a noel vacuum-assisted impregnation
approach. The results obtained showed that the overall perfor-
mance of 70% PEC degradation obtained by the hetero-
structured photoanode can be attributed to the following: (i)
improved visible light harvesting property, (ii) effective charge
separation arising from the construction of the n-n hetero-
junction which greatly retarded the rate of recombination. It is
important to also note that in this work transient absorption
spectroscopy was used to quantitatively estimate the lifetime of
the charge carriers. From the results obtained, the holes in
Cug.5Zny sFe,0, quantum dots anchored with TiO, nanotube
arrays possessed a longer lifetime of 72.23 ps compared to
pristine TiO, NTs (51.49 us). This also confirmed that the
anchoring TiO, NTs with CugsZn,sFe,0, quantum dots
extended the lifetime of the photogenerated holes thereby
resulting in improved performance of the system. In conclu-
sion, this study has further enriched the scientific community
with novel insight into molecular tailing which entails the
anchoring of TiO, NTs with multiple spinels such as Cug ;-
Zn, sFe,0, quantum dots to form a photoanode that is highly
efficient, stable, and recyclable for PEC degradation of emerging
pharmaceutical pollutants in the presence of sunlight.

To mitigate the challenges of wide band gap and the rapid
electron-hole recombination that impede the performance of

© 2026 The Author(s). Published by the Royal Society of Chemistry

highly ordered and vertically oriented TiO, NTAs, Teng and co-
workers engineered Ag;PO,/MoS,/TiO, NTAs p-n-n hetero-
junction photoanode and further applied it towards the degra-
dation of sulfadiazine.” Firstly, the TiO, NTAs were prepared by
the anodic oxidation method. Thereafter, MoS, was deposited
on the as-prepared TiO, NTAs via a light-assisted electro-
chemical deposition approach. Finally, A;PO, was conducted on
the MoS,/TiO, NTAs by successive chemical method. The
results from photoelectrochemical degradation studies showed
that approximately 70% of the sulfadiazine was degraded by the
Ag;P0O,/Mo0S,/TiO, NTAs heterojunction photoanode within 4 h
compared to 35% and 44% extent of degradation recorded
using MoS,/TiO, NTAs and Ag;PO,/MoS,/TiO, NTAs respec-
tively. This performance by the ternary photoanode can be
attributed to the antenna effect that can occur in photocatalytic
systems. The antenna effect describes what happens when the
analyte of interest adheres to the surface of the semiconductor
photocatalysts at a certain distance from the light-absorbing
particle. Provided that the semiconductor photocatalysts are
in an aggregated form and possess the same crystallographic
orientation, the light-absorbing particle will transfer energy
from one photocatalyst to another. As this energy reaches the
photocatalyst that the analyte of interest has been adhered to,
the latter then traps the holes, and this causes the separation of
the original excitons which overall improves the performance of
the system.*?

The construction of S-scheme heterojunction is a novel and
more efficient route to heterojunction engineering owing to its
unique internal electric field (IEF) effect, which results in
a more improved charge carrier separation and greater redox
power when compared to type-II and Z-scheme hetero-
junctions.®”® Wu et al. constructed a Bi,Sn,0; quantum dots/
TiO, nanotube arrays (NTAs) S-scheme heterojunction for
improved PEC oxidation of sulfamethazine.** The Bi,Sn,0,
quantum dots were decorated on the TiO, NTAs in situ via
a hydrothermal process followed by extensive characterisation.
The ex situ spectra obtained from the XPS showed that after
decorating the Bi,Sn,0; quantum dots on TiO, NTAs, the
binding energy of Bi 4f, Sn 3d, and O 1s in Bi,Sn,0, had the
tendency to move to a higher direction, while the Ti 2p and O 1s
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sulfamethazine.

in TiO, could shift to a lower direction. From these shifts and
based on the different work functions of the two materials,
there is a possibility of transport/transfer of electrons from
Bi,Sn,0; to TiO, after contact, thus creating an internal electric
field effect. To corroborate this, the in situ irradiation XPS
studies of Bi,Sn,0, quantum dots/TiO, nanotube arrays
revealed that there were shifts in the binding energy of the
different core-level orbitals of the materials both in the presence
and absence of light. These changes of the core-level orbitals of
the materials evidence the electron transfer pathway from TiO,
to Bi,Sn,0; when irradiated, which agrees with the S-scheme
mechanism. To gain further insights into the transfer of elec-
trons in the engineering of semiconductor heterojunctions, the
work function is a critical parameter. In this work, the results
obtained from the work functions of Bi,Sn,0, quantum dots
and TiO, nanotube arrays showed that the Fermi level of TiO,
was lower than that of Bi,Sn,0,. However, when these two are in
contact, electrons are expected to flow from Bi,Sn,0; to TiO,,
promoting an equal Fermi level between the two materials and
further resulting in the creation of an internal electric field at
the Bi,Sn,0,/TiO, nanotube arrays interface. Overall, this will
promote the separation of the charge carriers as well as improve
the PEC efficiency towards the degradation of sulfamethazine.
As shown in Fig. 5, the engineering of S scheme configuration
(BiySn,0,/TiO, NTAs photoanodes) gave room for the photog-
enerated holes in the valence band of TiO, and the electrons in
the counter electrode to be actively involved in the degradation
process as this resulted in 90% PEC degradation of sulfame-
thazine as against a degradation of 64% with pristine the pris-
tine TiO, NTAs photoanode. Furthermore, the Bi,Sn,0,/TiO,
photoanode was used in a comparative study to probe into the
effectiveness of EC, PC, and PEC processes towards sulfame-
thazine degradation. The PEC markedly outperformed EC and
PC. Overall, the results from this work showed an advancement
in the oxidation of sulfamethazine through the fabrication of
highly efficient novel heterojunction photoanode and it also
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provides insight into novel heterojunction engineering that will
pave the way for a more efficient wastewater treatment system.

4.4 Dual photoelectrodes

As the quest towards sustainable, cheap, highly efficient, and
low energy-demanding PEC technologies continues, a dual
photoelectrode cell lends itself as a promising approach. This is
because it caters for setbacks such as high cost, high energy
consumption (1.0-2.0 V vs. Ag/AgCl), corrosion of photoanode
or photocathode materials, loss in material integrity through
self-redox reaction etc.”* In a dual photoelectrode system, the
photoanode and the photocathode serve as light absorbers, and
the difference between the quasi-Fermi energy levels of these
two photoelectrodes produces an internal photovoltage.®® This
internal photovoltage can make up for part or the total required
electrical energy for the PEC process.”

;OH\, co, )
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4

Fig. 6 Schematic representation of sulfadiazine degradation by TiO,
NNs-NCDs/Coz04 PEC system, reproduced from ref. 97 with
permission from [Elsevier],®” copyright 2023.
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(a) Sulfamethoxazole degradation intermediates and possible reaction pathways, reproduced from ref. 71 with permission from [Elsev-
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ier],”* copyright 2024. (b) Proposed degradation route of sulfamethoxazole by photoelectrochemical process, reproduced from ref. 20 with

permission from [RSC],2° copyright 2017.

Hu et al. designed a novel tandem PEC reactor to work at a low/
no applied voltage.” This reactor consists of TiO, nanoneedle
arrays (NNs) as a photoanode and a nitrogen-doped carbon dots
(NCDs) modified Co;0, photocathode. A three-dimensional Ti
mesh was used as the electrode substrate to promote mass transfer
(see scheme in Fig. 6). In their work, the performance of the reactor
was investigated by applying it for PEC degradation of sulfadiazine.
The results obtained showed that the TiO, NNs/Ti mesh

26464 | RSC Adv, 2026, 16, 26452-26472

photoanode and the NCDs/Co;0,/Ti mesh photocathode system
achieved 98.54% sulfadiazine degradation within 75 min. This
performance can be attributed to the following: (i) the difference
between the quasi-Fermi energy levels of these two photoelectrodes
produced an internal photovoltage. (ii) The nitrogen-doped carbon
dots present in the NCDs/Co;0,/Ti mesh photocathode served as
an electron sink, thus preventing the electrons from reacting with
the Co;0,. The electrons captured by the nitrogen-doped carbon

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Recent works on PEC oxidation of sulfonamides®

View Article Online

RSC Advances

PEC condition and

Photoanode sulfonamide Light source % Degradation Ref.
TiO,/Ti (UV-A) CE: Pt plate, RE: Ag/AgCl UV detector (A = 267 nm) 100% within 70 min 61
electrode, SE: 10 mM NacCl;
sulfamethoxazole
BTNAs CE: Ti mesh, RE: saturated Xe lamp 100 mW cm > ~80% within 2 h 73
calomel electrode, SE: 1 mM
hypophosphite; sulfadiazine
TiO,-exfoliated graphite CE: Pt foil, RE: Ag/AgCl, SE: Xe lamp 100 W ~100% after 6 h 20
0.1 M Na,SO,;
sulfamethoxazole
Cuyg 5Zn, sFe,0,4 quantum CE: Pt foil, RE: saturated Xe lamp 500 W 70% after 120 min 72
dots/TiO, NTs calomel electrode, SE: 0.1 M
Na,S0O,; sulfamethoxazole
Ti/TiO, NT-UiO-66 (Zr) NH,, CE: Pt mesh, RE: Ag/AgCl, UV light (maximum intensity 78%, 88%, 57% within 180 18
Ti/TiO, NT-Ru;(BTC),, Ti/ SE: N/A; sulfamethazine of 365 nm, 12 W) min
TiO, NT-Au@ZIF-8
TiO, nanoneedle arrays- CE: Pt foil, RE: Ag/AgCl, SE: LED lamp 30 W 99.62% within 120 min 62
Co030, 0.1 M Na,SOy;
sulfamethazine
B-Bi,Sn,0,-0V quantum CE: Pt foil, RE: Ag/AgCl, SE: LED lamp 50W 100% within 60 min 19
dots/Ni foam 0.1 M Na,SOy;
sulfamethazine
Ag/TiO,/Ti CE: Pt foil, RE: Ag/AgCl, SE: UVA-LEDs (365 nm) and vis- 89.1% after 2 h 98
0.1 M Na,S0,; sulfadiazine LEDs (430 nm)
Ag;PO,4/BiVO,/FTO CE: Pt wire, RE: saturated Xe lamp 300 W 100% within 3 h 103
calomel electrode;
sulfamethoxazole
Ni-Co bimetallic decorated CE: Pt foil, RE: Ag/AgCl, SE: Xe lamp 100 mW cm > 100% within 24 min 2
ZIF 0.1 M Na,SOy;
sulfamethoxazole
Bi,Sn,0; quantum dots/TiO, CE: Pt foil, RE: Ag/AgCl, SE: LED lamp 50 W 90.3% after 120 min 59
nanotube arrays 0.1 M Na,SOy;
sulfamethoxazole
FTO-Bi,WOq CE: Pt foil, RE: Ag/AgCl, SE: Xe lamp 300 W 98% after 90 min 22
3 mM PMS;
sulfamethoxazole
N, P co-doped black-blue CE: N, P co-doped black-blue Xe lamp 300 W 100% after 120 min 71
TiO, nanotube array TiO, nanotube array, RE:
saturated calomel electrode,
SE: 0.2 M Na,SO,;
sulfamethoxazole
FTO/BiVO,/NiS CE: Pt wire, RE: Ag/AgCl, SE: Xe lamp 100 W 58% within 120 min 104
0.1 M Na,SOy;
sulfamethoxazole
g-C3N4/BiOI/EG CE: Pt wire, RE: Ag/AgCl, SE: Xe lamp 300 W 88% after 180 min 66
0.1 M Na,SO,;
sulfamethoxazole
Co;Se,/BiVO,/FTO CE: Pt wire, RE: Ag/AgCl, SE: Xe lamp 100 W 75% after 120 min 17
0.1 M Na,SOy;
sulfamethoxazole
Co-doped ZnO/FTO CE: Ti, SE: 0.1 M Na,SO,, SE: Hg lamp 6 W 95.8% after 90 min 7
0.75 gr L™ NaCl;
sulfamethoxazole
TiO,/Ti CE: Pt plate, RE: Ag/AgCl, SE: UV-A lamp 4 W 100% within 70 min 61
10 mM NacCl;
sulfamethoxazole
TiO,/Ti CE: stainless steel wire, RE: UV-A lamp 9 W 97% within 180 min 105
Ag/AgCl, SE: 0.1 M Na,SOy;
sulfamethazine 98.68%
FTO-BiVO, CE: Graphite rod, RE: Ag/ Xe lamp 150 W 50% within 120 min 106
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AgCl, SE: 0.1 M Na,SOy;
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Table 2 (Contd.)
PEC condition and
Photoanode sulfonamide Light source % Degradation Ref.
FTO-Cu,O CE: Pt foil, RE: Ag/AgCl, SE: Xe lamp 100 W 86% after 120 min 21
10 mM Na,S,0g;
sulfamethoxazole
Ti**~TiO,NCs(N,) CE: Pt sheet, RE: Ag/AgCl, LED lamp 50 W 98.68% after 60 min 54
SE: 0.1 M Na,SOy;
sulfamethazine
FTO/BiVO,4/Ag,S CE: Pt sheet, RE: Ag/AgCl, Xe lamp 100 W 86% within 120 min 90
SE: 0.1 M Na,SOy;
sulfamethoxazole
FTO-Cu,0/Ag;PO, CE: Pt sheet, RE: Ag/AgCl, Xe lamp 100 W 67% after 120 min 79
SE: 0.1 M Na,SO,;
sulfamethoxazole
FTO-AgNPs-Cu,O CE: Pt sheet, RE: Ag/AgCl, Xe lamp 100 W 81% within 90 min 107
SE: 3 mM Na,S,0g;
sulfamethoxazole
Ag3P0O,4/M0S,/TiO, NTAs CE: N/A, RE: SN/A, SE: 0.01 M Xe arc lamp 300 W 70% after 240 min 91

NagOy; sulfadiazine

“ CE = counter electrode, RE = reference electrode, SE = supporting electrolyte.

dots reacted with dissolved oxygen, thus producing superoxides
which resulted in the reduction of sulfadiazine. (iii) The bias
potential introduced into the system (0.4 V vs. Ag/AgCl) promoted
the further separation of the photogenerated electron and holes
thereby creating mobility of the charge carriers to independently
take part in the degradation of sulfadiazine. Furthermore, this
system shows more promise in practical application as 95.91% of
sulfadiazine was degraded within 300 min in the presence of
sunlight and absence of external voltage, while 98.16% of sulfadi-
azine was degraded within 180 min in the presence of sunlight and
0.4 V vs. Ag/AgCl. Overall, Hu et al. provided a bedrock for further
developments of low-cost, energy-saving, efficient, and sustainable
PEC technology for wastewater remediation.

The architecture of a dual-function Z-scheme heterojunction
PEC system for the degradation of sulfadiazine was fabricated by
Leng et al..”® In their work, they harnessed the advantages of the
band structures of both the photoanode (Ag-TiO,/Ti) and the
photocathode (ZnO/Cu,O/Cu) in the presence of an external bias
potential to boost the oxidation and reduction efficiencies of the
anode and cathode respectively. When irradiated, the n-type Ag-
TiO,/Ti and p-type ZnO/Cu,O/Cu produced electrons and holes.
The introduction of the bias potential aided the movement of
electrons from the anode to the cathode, while the holes moved
from the cathode towards the cathode. Since these electrodes align,
the following occurred: (i) both the photoanode and the photo-
cathode compensated each other with photovoltage, which then
enhanced the upward bending of the energy bands of the Ag-TiO,/
Ti and the downward bending of the ZnO/Cu,O/Cu. (ii) The space
charge layer thickened. This aided the charge carrier separation and
intensified the oxidation reaction on the Ag-TiO,/Ti electrode as
well as the reduction reaction on the ZnO/Cu,O/Cu electrode. The
performance of the system was evaluated and 89.1% sulfadiazine
degradation within 2 h. Overall, this system offers a novel, stable,
and low-energy-consuming approach to wastewater treatment.

26466 | RSC Adv, 2026, 16, 26452-26472

5. Possible photoelectrocatalytic
oxidation pathways of sulfonamides

It is important to state that despite the varied approaches
employed by different researchers towards the efficient PEC
degradation of sulfonamides, comparative analysis can be
drawn from the chemical reactions, proposed degradation
pathways, and intermediate products obtained based on the
analyte of interest.

5.1 Chemical reactions, proposed degradation pathways,
and intermediate products involved in the PEC degradation of
sulfamethazine

As shown in Fig. 7a and b,*>>* there are four possible chemical
reactions and degradation pathways associated with the
degradation of sulfamethazine.

5.1.1 Ring rearrangement. The parent compound with m/z
= 279 can undergo a Smiles-type rearrangement to produce 4-
(2-imino-4,6-dimethylpyrimidin-1(2H)-yl) aniline with m/z =
215, releasing SO,. This is always followed by an oxidation
reaction where the nitrogen atom in the amino group of the
aromatic ring is converted into a nitroso derivative with m/z =
229.99,100

5.1.2 Bond cleavage. The cleavage of the sulforaphane (S-
N) bond, which is between the benzene and pyrimidine ring,
can lead to intermediate products such as sulfanilic acid with
m/z =172 and 2-amino-4,6-dimethylpyrimidine with m/z = 124.
The methyl group of 2-amino-4,6-dimethylpyrimidine can
undergo rapid oxidation. This oxidation is initiated by the
reactive oxygen species generated by the PEC system to form
another intermediate product with m/z = 154. Also, a substitu-
tion reaction occurs at this stage, where the amino groups are
substituted by the reactive oxidants, such as OH, to form

© 2026 The Author(s). Published by the Royal Society of Chemistry
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another intermediate product with m/z = 125. The sulfanilic
acid can also undergo oxidation to give two other products with
m/z = 110 and 190.'°%***

5.1.3 Ring opening. This is initiated by the hydroxyl radi-
cals and/or other reactive species produced in the PEC system.
Here, the C=N and C-N bonds present in the pyrimidine ring of
sulfamethazine are affected, leading to ring opening and
subsequent formation of 4-amino-ncarbamimidoyl-
benzenesulfonamide with m/z = 215. Further cleavage of the
N-S bond of the 4-amino-ncarbamimidoyl-benzenesulfonamide
gives rise to another intermediate product with the m/z = 190.'*

5.1.4 Hydroxylation. Due to the pronounced effect of the
negative charge existing between the N-atom and the benzene
ring, the N-H became susceptible to oxidation by the reactive
oxygen species, and 4-NO-sulfamethazine is formed with m/z =
295. This intermediate product further undergoes ring-opening
and bond-cleavage reactions to form intermediates with m/z =
231 and 190, respectively.”>**

5.2 Chemical reactions, proposed degradation pathways,
and intermediate products involved in the PEC degradation of
sulfamethoxazole

As shown in Fig. 8a and b,>*”* five chemical reactions and
degradation pathways are involved in the breakdown of
sulfamethoxazole. These include hydroxylation, bond cleavage,
desulfonation, oxidation, and denitrification. These reactions
create intermediate products with m/z values such as 99, 94, and
84, which are lower than the molecular weight of the parent
compound, with an m/z of 254.

It is important to note that, despite the interesting results
obtained from various works investigating the possible chem-
ical reactions and degradation pathways in the PEC degradation
of sulfonamides, studies on the extent of toxicity of the inter-
mediate products have not been widely reported.

6. Conclusion

In this report, we present the recent advancements in the
photoelectrocatalytic oxidation of sulfonamides using different
pristine, doped, heterojunction photoanodes, and dual photo-
electrodes. Based on the summary presented in Table 2, it is
evident that significant progress has been made to successfully
break down sulfonamides in water. The authors which to note
that in most reports in Table 2, the use of percentage degra-
dation was in the context of the extent of parent removal rate
and not the complete mineralisation rate because in degrada-
tion there is the likelihood of other intermediates in the solu-
tion. Evidently, TiO, is the most widely used semiconductor
photocatalyst in the PEC oxidation of sulfonamides. Despite the
setbacks associated with TiO,, this report showed that the
architecture of TiO, can be tuned for improved performance.
Enhancement in the PEC degradation of sulfonamides can be
realised by doping and heterojunction formation. In addition,
given the impressive progress made by using LED as a light
source, its use is encouraged in future work as an energy-saving,
cheap, and green source of light in the PEC system towards the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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abatement of other organic pollutants. Noticeably, Ti sheet/
plate/mesh/foil and FTO glass were mostly used as the
conductive substrate because Ti sheet/plate/mesh/foil could
serve a dual purpose of a conductive substrate and a semi-
conductor amenable for doping or heterojunction formation.
FTO can be a suitable substrate for different deposition tech-
niques such as electrodeposition, successive ionic layer
adsorption and reaction, simple casting, etc. In addition, based
on the improved performance of the dual photoelectrode
system using real wastewater, sunlight irradiation, and zero
applied potential, this self-power generating system presents
itself as a practical technology for wastewater treatment. Over-
all, the review shows that PEC oxidation continues to be a highly
efficient technology for the abatement of organic pollutants in
wastewater.

Considering the works reviewed in this article, we wish to
note the following for future research:

1. About 40% of the photocatalyst used for the PEC oxidation
of sulfonamides is TiO,. No doubt, impressive progress was
made in modifying TiO, in order to improve its performance.
However, future works should consider the use of other highly
efficient solar light-driven photocatalysts to mitigate the short-
comings of TiO,.

2. The discovery of different architectures of TiO, such as
TiO, nanotube arrays, TiO, nanoneedle arrays, TiO, nanocone
arrays, etc. and their performances seem to be progressive. It is
not yet certain which nano architecture presents the best
results; thus comparative studies can be worthwhile.

3. The engineering of S-scheme heterojunction photoanodes
towards enhanced PEC oxidation of sulfonamides is still in its
infancy. Thus we hope to see more research based on this
architecture because of its unique internal electric field (IEF)
effect which results in a more improved charge carrier separa-
tion and greater redox power which culminates to improved
performance of the PEC system.

4. Defect engineering still has a lot more potential to be
explored in PEC material development. For example, boron
doping-mediated formation of oxygen vacancies may improve
catalyst reactive sites and enhance PEC of some semiconductor
photocatalysts towards the oxidation of sulfonamides and other
organics in water.

5. Since the introduction of sulphate radicals into the PEC
system has shown more efficiency in the degradation of
sulfonamides as compared to the hydroxyl-based PEC system.
We hope to see more of the sulphate radical approach in PEC
degradation.

6. Synthesis of porous bimetallic/MOFs heterostructured
photoanodes for PEC degradation of sulfonamides is in its
infancy. Given their interesting properties and performance,
more MOF-based materials should be explored to fabricate
photoanodes for PEC oxidation.

7. In the PEC degradation process, there is a possibility of
producing intermediates with higher toxicity than the parent
compound. Thus, the need to avoid generating toxic interme-
diates and improve the PEC efficiency to break down toxic
intermediates within a short time should be considered.
Extensive studies should be carried out on toxicity.
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8. Towards industrial-scale application, the dual photo-
electrode system lends itself as a cheap, efficient, energy-
friendly, and practical approach and should be explored.
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