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Photocatalysis is an advanced oxidation process (AOP) that has significant attention to the degradation of
organic pollutants. Although most literature on photocatalysis mainly focuses on the basic photocatalytic
mechanisms, photocatalyst designs, and operational parameters, this research aims to delve deeply into the
various process parameters and mechanisms under different conditions. It explores intermediates produced by
dye photocatalysis and the proposed degradation pathways. This review systematically analysed relevant liter-
ature based on various databases, studying various process parameters and mechanisms as well as utilising
analytical techniques (spectroscopy and chromatography) to synthesise key themes and findings in photo-
catalysis. This review revealed significant advancements in photocatalysis, highlighting the photocatalytic
process has 4 domain steps in degradation pathways, including demethylation, ring shortening, ring opening,
and mineralisation. Previous studies indicated the emergence of new peaks at 331 nm and 370 nm in UV-Vis
analysis for MB, while hypsochromic shifts for RhB were attributed to the processes of demethylation and de-
ethylation, respectively. In short, this review underscores the potential of dye photocatalysis to revolutionise
green analytical practices and emphasises the importance of sustainable approaches in analytical methodologies,

focusing on innovative and eco-friendly analytical methods aligned with the scope of the journal.

1. Introduction

As the fast fashion trend develops, the demand for new clothing in-
creases year by year, leading to increased production and environmental
concerns. The production of new clothing has required essential re-
sources such as water and energy. A massive amount of water, approx-
imately 1.6 million litres of water has been consumed by the textile
industry for the production of 8 tonnes of fabrics [1]. Also, water used by
the textile industry is released into the environment along with
approximately 72 toxic chemicals [2]. Among these chemicals, synthetic
dyes are a significant concern due to their toxicity and hazard to the
environment and human health.

In order to treat the dye wastewater before it returns to water bodies,
there are some methods, such as physical, biological, and chemical, that
have been studied by researchers. Physical approaches such as adsorp-
tion treatment, membrane filtration, and coagulation can achieve a high
dye removal from wastewater [3-5]. Elzahar & Bassyouni [6] reported
that chitosan as an adsorbent achieved up to 94.2 % removal of Direct
Blue 78. Moreover, activated carbon is also a prevalent adsorbent in dye
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wastewater treatment, as it can achieve a 99.5 % removal percentage of
Reactive Red 195 [7]. However, there are drawbacks to these physical
approaches, such as high cost, post-treatment of adsorbents and sludge,
and membrane fouling [8-11]. On the other hand, biological approaches
include the bioremediation of dye by the facilitation of fungi, bacteria,
algae, and enzymes. Takkar et al. [12] reported that Actinobacillus
biodegradation of methyl red demonstrated a high removal percentage
of 98.9 % within 12 h. Besides, Sonwani et al. [13] revealed that the
removal percentage of Congo red (CR) reached up to 97.0 % using an
anaerobic-aerobic sequential bioreactor. This process took up to 12 days
to complete the decolorisation. Although biological approaches have
been used to remove dyes from wastewater completely, the process is
prolonged and essential for managing critical conditions that demand
meticulous monitoring.

Chemical methods, also known as advanced oxidation processes
(AOPs), utilise chemicals such as oxidative reagents to generate reactive
oxygen species (ROS) to treat dye wastewater. Researchers have
extensively studied dye wastewater treatment by photocatalytic degra-
dation [14-16]. This is because photocatalytic degradation essentially
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degrades and mineralises dye molecules by introducing natural re-
sources into the process, forming fewer or no harmful products.
Furthermore, the excellent performance of semiconductor photo-
catalysts such as TiOy, ZnO, BiyOs, rGO, and carbon dots in dye degra-
dation and the recyclability of heterogeneous photocatalysts are the plus
points of this process [17-20]. For example, Bilici et al. [21] demon-
strated that TiO as the heterogeneous semiconductor photocatalyst
with the amount of 1.0 g/L achieved complete photodegradation of 50
ppm of Reactive Orange in the presence of hydrogen peroxide (H202).
After five consecutive cycles of reuse, the photodegradation efficiency
remained steady. This demonstrates the sustainability and longevity of
semiconductors as photocatalysts.

The photodegradation process promotes sustainable solutions for
monitoring and controlling dye pollutants in the environment. Utilising
natural resources such as sunlight or low-energy light in the photo-
catalytic process helps minimise waste generation in industry while
reducing energy consumption. Furthermore, the photocatalysts used in
the literature are mostly sustainable and multifunctional, which in turn
contributes to green chemistry principles. Further developments in dye
photocatalysis, including the use of sustainable materials such as agri-
cultural waste and natural resources, will significantly drive innovation
in environmentally friendly analytical methods.

It is gratifying to ascertain that the photodegradation of dye waste-
water is highly dependent on environmental effects. By meticulously
examining various operation effects, researchers can evaluate the
operating conditions to achieve a maximum photodegradation per-
centage, allowing for the implementation of this approach on an in-
dustrial scale in the future. Therefore, the purpose of this review is to
summarise the effects of environmental variables, including light source
and intensity, photocatalyst dosage, initial pH and initial concentration
of the dye solution, reaction temperature, and the presence of oxidising
and reducing agents, on the performance of photocatalysts for dye
degradation. In addition, in order to gain an in-depth understanding of
photocatalytic degradation, its mechanism will be encapsulated, thereby
providing bonus points for optimising the conditions for the photo-
catalytic degradation process. There is a paucity of information on
exploring the intermediates by various analytical instruments in the
previous review articles. In light of this, this review presented herein
aims to outline the technique of analysing intermediates produced
during the photocatalytic degradation of azo and xanthene dyes.

2. Parameter effects on photodegradation

Photodegradation efficiency is a critical determinant of photo-
catalyst longevity and availability. Nonetheless, the efficiency of pho-
tocatalysts is highly dependent on various process parameters.
Operational parameters such as light source and intensity, photocatalyst
dosage, initial pH of the solution, initial dye concentration, reaction
temperature, oxidising agent, and reducing agent are particularly
important due to their substantial impact on dye degradation
performance.

2.1. Effects on light source and intensity

Photodegradation, as the name implies, is the process of breaking
down substances in the presence of light. Hence, light plays a vital role
in the photocatalysis process. Due to the adsorption of light by dyes and
photocatalysts at different wavelengths, the type of illumination chosen
becomes a crucial consideration. Types of light can be divided into three
categories: (i) ultraviolet (100-400 nm), (ii) visible (400-700 nm), and
(iii) near-infrared (700-1000 nm). In the field of photocatalytic degra-
dation, sunlight, ultraviolet (UV) light, and visible light are widely
studied because semiconductor photocatalysts are more sensitive to the
absorption wavelengths of these light sources. UV light can be cat-
egorised into three types: UVA (315-400 nm), UVB (280-315 nm), and
UVC (100-280 nm) [22].

Green Analytical Chemistry 12 (2025) 100230

Wang et al. [23] found that 20 mg/L reactive red was substantially
degraded under UV light at wavelengths 185 and 254 nm in the presence
of sodium persulphate (NayS>0g). Ozone (Os) is favourable to generate
hydroxyl radicals (¢OH) by direct photolysis under UV light with a
wavelength of 185 nm, while persulphate ions (S;0g) are favourably
activated to form sulphate radicals (SO ) at the wavelength of 254 nm.
In addition, an effort has been made by Ayodhya et al. [24] to compare
the different light sources (sunlight, visible, and UV) to photodegrade
various organic dyes by copper sulphide (CuS) nanoparticles for 4 h of
irradiation times. They demonstrate that the photodegradation of
organic dyes under sunlight irradiation reached the highest removal
percentage. Likewise, according to Safni et al. [25], when evaluating the
effectiveness of CN-codoped TiOz in photodegrading orange F3R dye
under various light, the order of photodegradation ability from lowest to
highest is as follows: visible light, UV light, and sunlight. The photo-
degradation efficiency of 6 mg of CN co-doped TiO, on 30 mg/L orange
F3R dye under sunlight reached 53.9 %. This is because of the wide
range of wavelengths in the sunlight spectrum, which allows it to
effectively photodegrade dyes. By contrast, UV and visible lights showed
moderate effectiveness in degrading dyes, around 30 %. Therefore, it is
preferential to undergo photocatalytic degradation of dyes under sun-
light irradiation.

Besides light sources, light intensity is also a key point in the pho-
todegradation of dyes. This is because light intensity affects the dye
photodegradation kinetics, as mentioned by Groeneveld et al. [26] and
Ollis [27] in Table 1.

Moreover, as the light intensity increases, the photon number in-
creases, thus enhancing the generation of ROS. As reported by Ilyas et al.
[28], the degradation efficiency of 15 mg/L of crystal violet (CV) at 60
min was positively correlated with light intensity, where the visible light
intensity increased from 20 x 10° Lux to 55 x 103 Lux, resulting in an
increase in the degradation percentage from 42.1 % to 100 %.
Furthermore, Zhang et al. [29] highlighted partially different trends in
photodegradation efficiency with increasing light intensity. With the
systematic increase of UV light intensity (200-400 W), the photo-
degradation of 50 mg/L of Rhodamine B (RhB) by 40 mg of Bi,O3@LDHs
within 180 min showed a noticeable trend from 50.0 % to 90.4 %, fol-
lowed by only 5 % variation increment in degradation efficiency after
reaching 400 W. Thus, a further increase in light intensity no longer
resulted in significant changes. This trend highlights the photo-
degradation rate of dye is independent of light intensity when reaching a
threshold value. Similarly, as the intensity increased from 60 lux to 70
lux, the efficiency of TiO2/GO nanocomposite in photodegrading Mal-
achite Green (MG) under a Xenon lamp increased from approximately
69 % to 82 % and subsequently decreased to 76 % (75 lux) [30].

From these findings, the type of light source and light intensity
significantly influenced the degradation efficiency of the dye. Sunlight,
as a sustainable energy source, is crucial for exploring photocatalysis.
Moreover, it is essential to identify the optimal level of light intensity to
achieve a maximum photodegradation rate without escalation of cost.
Therefore, these hierarchies emphasise the significance of determining
the appropriate irradiation wavelength and light intensity in accordance

Table 1
The relationship between photodegradation rate and light intensity [26,27].

Light intensity Description

Low (0-20 mW/cm?) A linear relationship between photodegradation rate and
light intensity

First kinetic order (Rate = kI)

Intermediate (25 mW/  The photodegradation rate is dependent on the square root

cm?) of light intensity
1
Half kinetic order (Rate = k[I]2)
The photodegradation rate is independent of light
intensity
Zero kinetic order (Rate = k[I]°)

High (>25 mW/cm?)
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with the particular requirements of photocatalytic degradation.
2.2. Effects on photocatalyst dosage

In order to achieve a maximum dye degradation percentage, the
researchers conducted studies to determine the effect of photocatalyst
dosage on the degradation of dye. Generally, when the amount of pho-
tocatalyst increases, the decolorisation percentage increases signifi-
cantly [31]. This is attributed to the increased surface area, thus
providing more available active sites for the adsorption of dye [32].
Ariyanti et al. [33] proved that the photodegradation efficiency of 5 ppm
RhB and methyl orange (MO) in single and binary systems increased
with the increase of photocatalyst (0.5-2.0 g/L). Furthermore, a similar
consequence was shown in the work of Ahmadi & Ganjidoust [34], in
which zinc oxide immobilised banana peel activated carbon
(BPAC/ZnO) nanocomposite was employed as a photocatalyst for pho-
todegradation of Acid Blue 25 (AB25). The nanocomposite dosage has
increased from 0.2 g to 0.9 g, which enhanced the degradation of AB25
from 77 % to 97 %. In addition, Bagheri & Chaibakhsh [35] reported
that the photocatalytic ozonation of Acid Blue 113 (AB113) by
Fe;02/MoS,, resulted in an upward trend in photodegradation effi-
ciency with the increased photocatalyst dosage (1-15 mg). An
outstanding degradation performance occurred when Fe;O,/MoS; was
increased to 15 mg, providing a complete decolorisation of AB113.
Herein, increasing photocatalyst dosage leads to the escalation of
available active sites, enhancing the adsorption of Os, and thereby
generating more ROS, which may contribute to the subsequent oxida-
tion of organic pollutants.

However, when photocatalyst loading is surplus, the degradation
performance of the dye is reduced. This limits mass transfer and UV
scattering, thereby reducing dye removal efficiency [36,37]. As reported
by Bhapkar et al. [38], whose work demonstrated that the photo-
degradation of 5 ppm methylene blue (MB) by ZnO was enhanced when
the photocatalyst dosage increased from 0.05 g/L to 0.1 g/L. However,
when the ZnO dosage increased to 0.15 g/L, the degradation efficiency
decreased slightly from 97.21 % to 94.46 %. A similar outcome was
reported by Ilyas et al. [28]. In photocatalytic degradation of 15 mg/L
CV, a markedly increased degradation efficiency from 48.54 % to 99.12
% as the amount of Au@Vm-BiVO, increased from 5 mg to 25 mg. As the
dosage of Au@Vm-BiVO4 further increased (30 mg), the degradation
efficiency decreased (92.92 %).

Essentially, photocatalysts, as photocatalytic accelerators, play a key
role in affecting dye degradation efficiency. The photodegradation ef-
ficiency increases with the increment of photocatalyst amount and
subsequently declines after reaching the threshold. This indicates that
an appropriate dosage of photocatalyst is imperative to achieve optimal
photodegradation efficiency.

2.3. Effects on initial pH of solution

In the photocatalytic process, the initial pH of the dye solution has a
great influence on the adsorption dynamics and the generation of ROS,
thereby affecting the degradation efficiency of the dye [39,40]. The
point of zero charge (PZC) is the basic concept for studying the effect of
the initial pH value of a dye solution on the photodegradation of dyes. In
general, when the initial pH value of the dye solution is lower than the
PHppzcy value, the photocatalyst is presumed to have a positively
charged surface. In contrast, when the pH of the solution is higher than
PH(pzc), the photocatalyst surface provides negative charges [41]. When
the surface of the photocatalyst is positively charged, it is conducive to
the adsorption of anionic dyes through electrostatic attraction [42].
Conversely, the negatively charged photocatalyst surface is more
favourable for the adsorption of cationic dyes.

Recent studies have shown that the pHpzc) significantly impacts the
photocatalytic efficiency of photocatalysts, confirming the importance
of charge interactions in promoting dye adsorption. For instance,

Green Analytical Chemistry 12 (2025) 100230

Bhapkar et al. [38] reported that the initial pH value of the 5 ppm MB
solution was 4, which was lower than the pHpzc) of ZnO (pH 7.6),
resulting in a low degradation performance (27 %). This is attributed to
the positive charge on the ZnO surface, resulting in Coulomb repulsion
between the dye and the photocatalyst. Therefore, the adsorption of MB
dye on the ZnO was weak. On the other hand, when the initial pH of MB
was 9, the ZnO surface favoured the cationic properties of MB through
electrostatic attraction, which resulted in a photodegradation efficiency
of 98 %. According to studies by Yusuff et al. [43], zinc oxide-termite hill
composite (ZnO-TH) had a pHpzc) of 7.72 and decolorised 25 mg/L
AB113 by about 92.3 % at pH 3 and <60 % at pH 10. At the low pH of the
solution, the positively charged surface of ZnO-TH was conducive to the
adsorption of the AB113 of anionic dye by electrostatic attraction,
thereby increasing the interaction between the dye and the generated
ROS on the surface of the photocatalyst. Conversely, the negatively
charged surface of ZnO-TH at a high pH value hindered the adsorption of
AB113 dye by repulsive force, resulting in decreased photodegradation
efficiency.

The initial pH of the solution also significantly influences the gen-
eration of ROS in the photocatalysis process, especially in the photo-
catalytic ozonation. Os is an oxidant that is favourable to acidic
conditions, as O3 undergoes two possible mechanisms: (i) direct oxida-
tion and (ii) indirect oxidation. In direct oxidation, O3 destroys the
carbon double bonds (C=C) of the aromatic rings to produce in-
termediates of aldehydes and carboxylic acid [44,45]. Meanwhile, in-
direct oxidation is highly dependent on the pH value of the reactant
solution. Under acidic conditions, the environment of the reactants
consists of a high concentration of hydrogen ions (H"), which enhances
the electrophilic attack of organic dye. By contrast, there is an adverse
effect on dye photodegradation when O3 is under an alkaline condition
[46]. In previous studies, the photocatalytic ozonation of 50 ppm Direct
Blue 1 (DB1) by 7.5 mg of ZnSnOs@S-doped g-C3N4 attained the most
promising results at pH 2 (~45 %), mild photodegradation efficiency at
pH 3 and pH 5 (~30 % and ~20 %, respectively), and lower photo-
degradation efficiencies after pH 5 (<20 %) across a wide range of pH
values (pH 2-12) [47]. However, to imitate the real scenario in textile
wastewater, a weak acidic condition of reactant solution is selected
instead of a strong acidic condition.

The photo-Fenton process has different effects on pH compared to
photocatalytic degradation and photocatalytic ozonation processes.
Chakraborty et al. [48] reported that the degradation efficiency of 50
ppm MB and CR decreased with increasing pH. While at pH 2, MB and
CR were almost completely degraded. This is because the surface of
ferrous nanoparticles becomes more positively charged, which enhances
dye adsorption, consequently promoting the capacity for degradation.
Whereas, under alkaline conditions, the high concentration of OH" ions
reacts with Fe nanoparticles to form ferric hydroxide (Fe(OH)s),
resulting in a dye removal percentage of <50 %. Contrary to the former
findings, Butt et al. [49] found slightly different results, indicating that
complete decolorisation of 10 mg/L MO by 1000 mg/L of ilmenite was in
the pH 2-3 but had a slower degradation rate at pH 2 compared to pH
2.5 and 3. This minor discrepancy may be attributable to excessive
proton generation, resulting in enhanced eOH radical scavenging effects
[36].

Based on these findings, in different photocatalysis processes,
different initial pH levels of solutions are required to achieve optimal
degradation effectiveness. The effectiveness of dye degradation highly
depends on the adsorption dynamic between dye and photocatalyst. In
contrast, photocatalytic ozonation and photo-Fenton are influenced by
the interaction of O3 molecules and ferrous ions with the concentration
of ions (H" and OH) present in the solution, thus affecting the genera-
tion of ROS.

2.4. Effects on initial dye concentration

At a constant amount of photocatalyst, it is crucial to study the initial
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dye concentration to determine the optimal conditions for achieving
maximum dye removal. Generally, the initial dye concentration is
inversely proportional to the effectiveness of degradation of dyes. The
decolorisation percentage is projected to decline with the incline of
initial dye concentrations. This can be stemmed from the lower capa-
bility of photons to penetrate the dye molecules and reach the surface of
the photocatalyst [50,51]. Since dye molecules have occupied the active
sites of the photocatalyst, the generation of eOH radicals is reduced,
thereby reducing the photodegradation effect of the photocatalyst [52,
53]. Moreover, the high concentration of dye molecules tends to adsorb
light, thereby reducing the absorption of light by the photocatalyst
surface [54,55].

A notable example of the effect of initial dye concentrations on
photodegradation efficiency is the decreasing trend in the degradation
of MB by ZnO as the model contamination concentration increases from
5 ppm (97 %) to 15 ppm (84.12 %) [38]. Likewise, as noted by Ven-
katesh et al. [56], photocatalytic degradation of RhB and malachite
green oxalate (MGO) by 75 mg of nano SnO, demonstrated a significant
reduction in degradation efficiency, from 86 % to 39 % and 94 % to 48 %
for RhB (4.35 x 107° M to 8.69 x 107° M) and MGO (5.4 x 107° M to
2.14 x 10 M), respectively.

Furthermore, an increase in dye concentration results in an elevation
in the number of dye molecules. When the number of dye molecules
surpasses the number of e¢OH radicals produced by Os oxidation, the
eOH radicals produced are inadequate to degrade the dye molecules.
This is certainly true in the case of photocatalytic oxidation of Acid Red
1 (AR 1) with 0.3 g/L TiO5 and 20 % Fe-Zeolite [57]. The increment of
AR 1 concentration from 100 ppm to 400 ppm, resulted in decreasing
degradation efficiency from approximately 92 % to 87 %. In addition, as
reported by Bousalah et al. [58], the photo-Fenton process with 1.3 mM
Hy0, and 0.125 mM of Fe?" completely degraded Indigotine in the
concentration range of 100-600 ppm under a 100 W tungsten lamp.
Nevertheless, the degradation percentage decreased with the rising dye
concentrations as the consequence of the high amount of dye molecules
hindered the interaction between Fe?* ions and H50, [59].

However, there are diverging findings from Elsayed et al. [60] and
Sharifian et al. [61] with the former. As stated by Elsayed et al. [60], the
photodegradation efficiency mainly increased from 90 % to approxi-
mately 100 % as the MB concentration rose from 10 ppm to 50 ppm but
then decreased to around 70 % when the MB concentration further
increased to 100 ppm in the presence of 0.5 g/L of WO3 under visible
light irradiation for 90 min. Sharifian et al. [61] reported that the
removal percentage of MB by 0.8 g/L of Ag@SrTiO3 @ CNT nano-
composite was initially increased from 75 % to 100 % as the dye con-
centration increased from 2 to 5 ppm, respectively. It can be observed
that this occurs only at absolutely low dye concentrations. This may be
due to the enhanced interaction between dye molecules and photo-
catalysts, as well as the lower amount of dye molecules than that of the
active site of photocatalysts [62]. Further increased the MB concentra-
tion (10 and 20 ppm), the finding ultimately aligned with the formers’
findings, in which the photodegradation efficiency dropped to 63 % and
54 %, respectively.

Accordingly, dye concentration plays a crucial role in the photo-
degradation process as a reaction rate-related parameter, and it can
serve as a pollutant model to simulate real wastewater scenarios. Based
on the aforementioned evidence, the maximum photodegradation effi-
ciency was achieved at a lower initial dye concentration. In spite of the
fact that low dye concentration can reach a higher removal rate, an
appropriate concentration of dye needs to be considered for simulating
real wastewater scenarios.

2.5. Effects on reaction temperature
Photodegradation is not a temperature-dependent process, but its

kinetic reaction is affected by temperature [63]. Temperature signifi-
cantly affects the mass transfer of electrons from the valence state to the
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conduction band as well as the generation of ROS [64]. As the temper-
ature increases, collisions occur between molecules, thereby enhancing
the occurrence of redox reactions [65]. Typically, an increase in reaction
temperature improves the performance of photocatalysts in the degra-
dation of dyes as well as the kinetic reaction [66]. For instance, Veli-
dandi et al. [67] found that the degradation of 500 mg/L RhB and MO in
both single and mixture systems by 10 pL of Ag-AgCl nanoparticles
exceeded 95 % when the temperature increased from 40 °C to 60 °C.
Furthermore, the results show that the further raising of the reaction
temperature leads to a reduction in reaction time in order to achieve the
maximum removal rate.

Bousalah et al. [58] also demonstrated the positive impact of tem-
perature on the photodegradation of 300 mg/L of Indigotine dye by the
photo-Fenton process. As the temperature increased from 20 °C to 35 °C,
the photodegradation efficiency increased from 26 % to 100 % after 5
min of light irradiation. Moreover, their report has proven that less re-
action time was required to complete the removal of Indigotine when
the reaction temperature increased. Furthermore, Usman et al. [68]
noted a similar trend as Bousalah et al. [58]. When the temperature rose
from 20 °C to 35 °C, the degradation percentage of 20 ppm bromophenol
blue (BPB) by 0.6 g/L of Fe304/rGO escalated from 91.87 % to 98.27 %,
and the rate constant increased from 0.0544 min™! to 0.0776 min’. In
the same way, when the photodegradation of 200 mg/L MB by 0.1 g of
ZnO-rGO with increased reaction temperature from 30 °C to50 °C, the
rate constant increased from 0.026 min! to 0.049 min! [69]. This is
attributed to the enhanced generation of eOH radicals, thereby accel-
erating the degradation rate. However, when the temperature continues
to increase beyond the optimal temperature, it can have a negative
impact on the photodegradation of the dye. This situation was reported
by Barakat et al. [70] where the rate of photodegradation of 10 ppm MB
by 0.5 wt% Ag-TiOy increased from 0.025 mg/min (5 °C) to 0.0313
mg/min (15 °C), and then progressively decreased to 0.0181 mg/min
when the temperature was raised to 55 °C. This can be the fact that the
high temperature leads to the reduction of binding interaction between
dye molecules and photocatalysts before the degradation process is
completed [71].

The parameter of temperature is highly influential in determining
the kinetics of the photodegradation process. The earlier mentioned
evidence indicates that the photodegradation kinetic rate has a fluctu-
ating trend, with a significant peak initially, and then gradually de-
creases as the temperature further increases after reaching a threshold.
This trend suggests that studies on reaction temperature under various
operating parameters should be prioritised in order to reduce the reac-
tion time, thereby enhancing the efficiency of dye degradation.

2.6. Effect on oxidising and reducing agent

During the photocatalytic degradation process, oxidants (ozone,
hydrogen peroxide, sodium persulphate, potassium bromate) and
reducing agents (sodium borohydride) play a synergistic role in the
photocatalytic degradation of dyes as they improve the performance of
photocatalysts in dye degradation. When oxidising agents are added, a
benign process occurs as ROS can be generated by direct and indirect
oxidation to achieve the purpose of dye degradation [72]. The role of the
oxidising agent is to enhance the oxidation reaction during dye photo-
catalysis. Whereas when introducing reducing agents in photocatalysis,
the dye undergoes reductive degradation, which is beneficial to the
semiconductor in cleaving the chromophore and decomposing the large
dye molecules into small molecules [73].

There are significant changes with the introduction of oxidants in the
photodegradation process. Previous studies by Bahadorirad et al. [47]
demonstrated that 7.5 mg of ZnSnOs3@S-doped g-C3N4 had the lowest
photodegradation rate (< 5 %) for DB1 in the absence of Os. Upon the
addition of Os, the degradation percentage boosted to approximately 70
%. According to the same source, the photocatalytic ozonation process
increased the degradation rate of dyes by 2.6 times and 2.1 times
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compared to photocatalytic degradation and ozonation processes,
respectively. These findings support the assertion that the presence of
oxidants plays a critical role in photodegradation efficiency, as the
presence of oxidants improves the generation of ROS, thereby increasing
the oxidation of dyes, finally leading to a high degree of degradation of
dye contaminants [74]. Moreover, the presence of oxidants reduces
electron-hole recombination and acts as an electron scavenger during
the photocatalytic degradation process [75,76]. Despite this, they also
pose potential environmental challenges due to the formation of toxic
by-products, and they can impede the photodegradation process when
overloading oxidants [77].

To address these challenges, many researchers have investigated the
optimal concentration of oxidising agents for dye degradation, focusing
on the concentration range of oxidants to prevent photodegradation
from being hindered while maximising photodegradation efficiency
[78-80]. In the presence of various ranges of O3 flux, the degradation
efficiency of Amaranth dye by 0.1 g/L of Cu-ZnO under UV irradiation
has a fluctuation trend [81]. With the increase of O3 flux (0.28 g/h-0.44
g/h), the degradation efficiency gradually improved. Hereafter, the
degradation efficiency declined from 90 % to 82.7 % with a further
increase of O3 flux (0.57 g/h). Similarly, in the photocatalytic ozonation
of 20 mg/L Reactive Red 120 and Reactive Yellow 145, Rajeswari &
Poongodi [82] utilised 0.2 g/L of Sn-ZnO as the photocatalyst in the
presence of O3 (0-0.48 g/h), the COD removal rate increases. Subse-
quently increasing the dosage of Og resulted in a decrease in the COD
removal effect. The upward trend of the photocatalytic efficiency can be
explained by Henry’s law, that is, the increase in the concentration of O3
leads to an increase in the mass transfer rate of Os from gaseous to liquid
state, thereby increasing the mass transfer coefficient [83,84]. There-
fore, the reaction of O3 and photogenerated electrons in the conduction
band increased, resulting in an increase in the degradation efficiency.
However, the excess amount of O3 can be reacted with the ¢OH radicals
to form a less reactive ROS.

A recent study investigated the effect of HyO, on the degradation of
acid orange 7 (AO7) by ZnO in the photocatalytic degradation process
[85]. During the first 20 min of the reaction time, the degradation ef-
ficiency increased steadily from 64.8 % to 78.9 % when the H,05 con-
centration (0.208-1.25 mM) increased. At 40 min, the removal
efficiencies of AO7 were 97.1 % and 99.7 % at H,O- concentrations of
0.208 mM and 1.25 mM,, respectively. In contrast, a divergent trend has
been indicated in the degradation of 10 mg/L MO by the photo-Fenton
process at pH 2.5 [49]. A complete decolorisation was achieved at 1 mM
of HyO, concentration, and the decolorisation rate was approximately
60 % at 40 mM. This is attributed to the hole scavenging effects as well
as the reaction of excess amounts of H,O5 and eOH radicals to produce
hydroperoxyl (HO3) radicals [28]. The HO3 radical (1.70 V) has lower
oxidising power compared to the OH radical (2.8 V) [86,87]. Thus, the
low oxidising power of radicals decreases the performance of dye
degradation.

In addition, Wang et al. [23] have explored the degradation of 20
mg/L reactive red wastewater by NayS20Og with a concentration range of
0.5-2.5 mmol/L. The results of this study have indicated that the
increased concentration of NayS,0Og enhanced the photodegradation of
reactive red. After 1.5 mmol/L of NayS>0s, the photodegradation rate
increased slowly due to the self-scavenging effect. According to Cao
et al. [88], in the absence of NayS>0g, the photodegradation rate of 15
ppm MB by 50 mg of BiVO4 under visible light was 51.4 %. While a
synergistic effect occurred in the presence of NayS,Qg, offering a pho-
todegradation efficiency of 69.2 %. Moreover, there is a significant
increment in photodegradation of MB, from approximately 70 % to 100
%, as the concentration of NayS;0g increased from 10°to5 x 107* M,
and levelled off at 10~ M. This can be attributed to the trapping of Moy
and eOH radicals [89].

Recent studies have demonstrated the low or no degradation of dye
when sodium borohydride (NaBH4) was used alone [90,91]. This is
because NaBHy acts as an electron donor and requires a relay system
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(catalyst) to assist in the transfer of electrons from the borohydride ion
(BH3) to the dye [92]. Moreover, electrons generated by BHj ions have
an association effect, resulting in more negative charges on the surface
of the catalyst, thereby enhancing the adsorption of electrophilic dyes
[93]. According to research by Kanchana & Vijayalakshmi [94], when
metal nanoparticles (Cu, Ni, Ag) were used as photocatalysts to degrade
CV, bromocresol green, and MB in the presence of 5 % NaBH4 (wt/v),
resulting in a complete discolouration. Moreover, based on studies by
Rubai et al. [95], a positive effect of the concentration of NaBHy4 in the
photodegradation of 50 mg/L reactive red 120 by 0.1 g of ZnO and
FeoO3 nanoparticles was determined. As the concentration of NaBH4
(0.05-0.2 g) increased, the photodegradation percentage of Reactive
Red 120 increased from 25 % (ZnO) and 35 % (Fe03) to 100 %. This is
due to the fast reduction of dye molecules [96].

Based on the aforementioned studies, it can be stated that the pres-
ence of oxidising and reducing agents provides a synergistic effect
during the photocatalytic degradation process. A positive relationship
between the concentration of oxidising or reducing agents and the
photodegradation efficiency. However, the optimal dosage of oxidising
or reducing agents needs to be investigated to obtain maximum photo-
degradation efficiency.

2.7. Summative insight on photocatalysis parameters

In summary, the parameters mentioned above greatly influence the
photodegradation of dye. There is no definition of which parameters are
the best. As every parameter is interrelated with the dye photocatalysis.
The dye photocatalysis is highly influenced by the parameters discussed
above, such as the photon energy given by light intensity affecting the
adsorption of photons by the semiconductor photocatalyst; the adequate
amount of photocatalyst allowing better performance of photo-
degradation; the pH of the solution significantly impacting the dye
photocatalysis by adsorption dynamic and ROS generation; the appro-
priate initial concentration of dye permitting the passage of photons; a
proper setting of reaction temperature enabling the increment of kinetic
energy of dye particles; and the oxidising and reducing agents enhancing
the redox reaction during the photodegradation. Refinement of these
parameters can profoundly improve the efficiency of dye photocatalysis.
Table 2 illustrates the various photocatalysis processes by summarising
the optimal operating conditions and their photocatalytic performance.
Different optimal conditions achieved the superior performance of the
photocatalyst with the removal percentage of >90 %.

2.7.1. Mechanism of photocatalytic degradation process

In the photocatalytic degradation process, ROS plays an important
role in studying the mechanisms. High reactive ROS are generated
during the beginning of the process, for instance, superoxide anions
(03), hydroxyl radicals (OH), sulphate radicals (SO} ), and singlet ox-
ygen (10,) [98]. The ROS has strong redox properties, making them
powerful oxidants and scavenging pollutants in the mineralisation pro-
cess of organic pollutants. Ultimately, the mineralised products which
are carbon dioxide (CO,) and water (H20) have less impact on the
environment. According to He et al. [99], during the photocatalytic
degradation process, the interaction between the ROS and organic pol-
lutants can be summarised in three key stages, including initiation,
propagation, and termination phases (Fig. 1). In general, ROS are
generated via the promotion of the initiator and simulator in the initi-
ation phase, followed by the immediate reaction of high reactive ROS on
dye molecules in the propagation stage. Eventually, the disproportion-
ation reaction occurs in the termination phase. The initiators such as O,
H50,, NayS20g, and NaBH4 play a role in promoting the generation of
ROS, whereas light irradiation and temperature serve as external sim-
ulators in enhancing the production of ROS.

Photocatalytic degradation, also known as photocatalysis, is cat-
egorised into two categories: homogeneous photocatalysis and
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Table 2

Comparison of the optimal conditions for different photocatalysis processes.
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Photocatalysis

Photocatalyst

Dye pollutant

Optimal condition

Photodegradation percentage (%) References

Photocatalytic degradation

Photocatalytic degradation

Photocatalytic ozonation

Photocatalytic ozonation

Photo-Fenton

Photo-Fenton

GO

CuS nanoparticles

TiO,-Fe-Zeolite

Fe,03/MoS;

Fe304/a-Fey03

FeSO4e7H,0

Indigo Carmine
Neutral Red

Methylene Blue
Rhodamine B
Eosin Y

Congo Red
Acid Red

Acid Blue 113

Methylene Blue

Congo Red

Indigotine

Light source: Sunlight

pH =10

Catalyst dosage: 0.055 g

[Dye]= 25 ppm

Degradation time: 200 min

Light source: Sunlight

Catalyst dosage: 0.03 g

[Dye]=2 x 10° M

Degradation time: 240 min

Light source: UV light (10 W)

pH = Neutral

Catalyst dosage: 0.3 g/L (TiO2); 20 % (Fe-Zeolite)
[Dye]: 100 ppm

Degradation time: 5 min

Ozone flow rate: 100 mg/h

Light source: Visible light

pH= 6.4

Catalyst dosage: 0.02 g

[Dye]: 25 ppm

Degradation time: 45 min

Ozone flow rate: 0.2 g/leh

Light source: Mercury lamp (450 W)
pH=2

Catalyst dosage: 1 g/L

[Dye]: 50 ppm

Degradation time: 12 min (MB); 8 min (CR)
[H205]: 25 mM

Light source: Visible lamp (200 W)
pH=3

Catalyst dosage: 0.125 mM

[Dye]: 300 ppm

Degradation time: 10 min

[H50,]: 1.3 mM

98.74 [97]
97.56

90.29 [24]
69.23
91.97
60.35
99.00 [57]

99.00 [35]

99.00 [48]

99.00

100.00 [58]

*[Dye] refers to the initial concentration of dye.

*[H,0-] refers to the concentration of hydrogen peroxide.

FREE RADICAL
MECHANISM

Fig. 1. The free radical mechanism.
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heterogeneous photocatalysis. Homogeneous photocatalysis is a degra-
dation process in which the reactants and photocatalysts are in the same
medium [100]. Meanwhile, heterogeneous photocatalysis is a process in
which the photocatalysts have different phases from the reaction me-
dium, are activated by absorbing light, and then degrade organic pol-
lutants into less harmful products. By introducing the oxidising agent in
the photocatalysis process, a synergetic effect occurs, which enhances
the generation of ROS, thereby improving the photocatalysis process
[101].

In heterogeneous photocatalysis, various semiconductors have been
employed as photocatalysts that facilitate the degradation of dyes into
small fragments such as COy and H0. The semiconductor photo-
catalysts possess varying band gap sizes for the absorption of light. For
instance, TiO3, ZnO, SnO,, and CuO are semiconductors that have been
widely studied as photocatalysts, with bandgap energies of approxi-
mately 3.2 eV, 3.4 eV, 3.6 eV, and 1.9 eV, respectively [102-105].
Generally, when light with sufficient energy strikes the surface of a
photocatalyst, electrons in the valence band absorb photon energy and
cross the forbidden band to the conduction band [Eq (1)]. This process is
known as photoexcitation. The photogenerated holes in the valence
band oxidise the hydroxyl ion (OH) and Hy0 molecules to form eOH
radical [Egs. (2)-(4)]. Conversely, photoinduced electrons in the con-
duction band have reducing properties that reduce the dissolved oxygen
(O2) to undergo a series of reactions to gain ROS [Egs. (5)-(8)] [106].
The generated eOH radicals oxidise organic pollutants to produce in-
termediates and compound fragments, which are then further oxidised
to form final products (CO, and Hy0).

Photocatalyst + hv —Photocatalyst (eg, + hi) @
hj, + OH —-OH )
his + H,0—-OH + H* 3)
hip + 2H,0—~H,0, + 2H" )
eqp + 02—0; ()
ez + 0, +2H'>H,0, (6)
0, +H -H,0, @)
HzOz +e —-OH + OH™ (8)

Homogeneous photocatalysis, such as photo-Fenton, photo-ozona-
tion, and photo-oxidation, where the photocatalysts and dye pollutants
have the same state of matter. Iron is a transition metal used as the
photocatalyst in the photo-Fenton process. Initially, the trivalent ferric
ions (Fe>*) absorb light energy to reduce to divalent ferric ions (Fe?")
[Eq (9)]. The Fe®" ions then interact with H505 to form OH ions and
oOH radicals and the ferric ions return to divalent, which are ready to
absorb more light for the photodegradation process [Eq (10)]. The
generated eOH radicals then decompose organic dyes into in-
termediates, then CO, and HyO [Eq (13)] [48]. However, the difficulties
of recycling the iron ions in the photo-Fenton process limit the overall
sustainability of the process [107]. In order to ensure the sustainability
of photocatalysts, supporting materials are introduced for the immobi-
lisation of ferric ions. Gou et al. [108] studied the heterogeneous
(MoSy@Fe/H202/UV) photo-Fenton processes, in which MoS, as the
supporting material plays a crucial role in the adsorption of UV light [Eq
(11)]. The photogenerated h* undergoes water ionisation with water
molecules to generate eOH radicals as mentioned above [Eq (3)].
Whereas photogenerated e reduced Fe>* ions to Fe?" ions [Eq (12)], and
then decomposed Hy0, to produce ¢OH radicals [Eq (10)].

Fe** ™, Fe?" 1 e 9
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Fe** + H,0,—~Fe*" + OH™ + -OH 10)
MoS; + hv—egy + hiy an
e +Fe** >Fe*" (12)
OH + Organic pollutant—H,0 + Intermediates—CO; + H,O 13)

When Os is used in photocatalysis, the process is called photo-
catalytic ozonation. Os acts as an initiator to generate ROS, enhancing
the photodegradation process. In homogeneous photocatalysis, only
photo-ozonation occurs with the presence of O3, while heterogeneous
photocatalysis involves both photo-ozonation and photocatalytic ozon-
ation. The mechanism of photo-ozonation can be divided into two types:
(i) direct and (ii) indirect ozone reactions, which are highly dependent
on the reaction environment. Direct reaction is the main pathway under
acidic conditions, while indirect ozonation is predominant under alka-
line conditions [109]. The alone Og directly electrophilically attacks
organic pollutants or performs indirect photo-ozonation to generate
©OH radicals [Egs. (14)-(16)].

Photo-ozonation:

O3 + hv—0, + -0 14)
O + HzO—>H202 (15)
H,0, + hv—2-0H (16)

In photocatalytic ozonation, Os is primarily adsorbed on the surface
of the photocatalyst. Herein, photocatalyst acts as a medium for electron
mass transfer. Initially, the photogenerated e” [Eq (1)] is captured by O3
to generate ozonide radicals (O3 ) [Eq (17)]. This shows that the O3 acts
as a scavenger to prevent the recombination of electron-hole pairs. Then,
protonation of O3 [Egs. (18)-(19)] and oxygen ionosorption [Egs. (5)-
(8)] take place [78]. During the protonation process, O; radicals
interact with hydrogen ions (H") to form hydroxyl superoxide anion
(HOy3), then decompose into Oz and eOH radicals.

An adequate number of oxidants can generate high amounts of ¢OH
radicals. Nonetheless, excess amounts of oxidants may negatively affect
the photodegradation of dye. When an intensive amount of Os is present
in the photocatalysis process, the decomposition of O3 will take place
[Egs. (20)-(21)]. The overage of O3 reacts with ¢OH radicals, forming O5
and hydroperoxyl radicals (HO5), then undergoes a reversible reaction
to form superoxide anions (O;) and H' ions. Furthermore, photo-
catalytic ozonation also highly relies on environmental conditions.
Ozone decomposition is preferably favoured under alkaline conditions.
Since the high concentration of OH ions may be the initiator of ozone
decomposition, secondary oxidants are formed, which have weaker
oxidising properties than eOH radicals. [Eqs. (22)-(23)] [46]. The
generated ROS are then entered into the propagation and termination
phase to produce CO, and H0. Fig. 2 illustrates the mechanism of
photocatalytic degradation, photocatalytic ozonation, and photo-Fenton
processes.

Photocatalytic ozonation:

05 + egz—0; W)
0; +H'—HOj (18)
HO; -0, + -OH (19)

Ozone decomposition:

HO; <0, +H* 21

03 + OH -0, + HO, (22)
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(@) Sunlight._

Photocatalyst

Hy0

(c) Sunlight ».

SO, + S04>

Photocatalyst

(B) Sunlight._

(d
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0;
k’.o H_20> H202L~0H
0,

OH"
Photocatalyst:
H,O0
EEEE NSNS N NSNS NSNS EEEEEEEEEE
BH,
Sunlight. %' BH;
oe
%, HZ
2e”
Dye
Intermediate

Photocatalyst

(e hy

Fe3* —>H202

Fe?t Fe’™ +OH+* OH

h
SubstrateTv> h*

Fe'* — > Fe?* 05 k3t 40+-0H

. H' e
07 —— H)0, TOH

Fig. 2. Mechanisms of (a) photocatalytic degradation, (b) photocatalytic ozonation by O3, (¢) photocatalytic ozonation by Na,S,0g, (d) photocatalytic reduction, (e)

photo-Fenton (homogeneous), (f) photo-Fenton (heterogeneous).

HO; + 05—~ROS (03,05 ,-OH) (23)

Moreover, in photocatalytic oxidation, Na;S2Og and Hy0- are also
extensively utilised as oxidising agents in the process of dye degrada-
tion. When NayS,0g is added to the photocatalytic process, NayS»0g is
dissociated in water to form sodium ion (Na*) and persulphate ion
(S,0%7). The S,02" ion has a similar role as O3 as a scavenger of e’ of the
conduction band, by trapping it to generate SO, radicals [Eq (24)].
Besides, the photolysis of S,02~ ion to generate SO, radical [Eq (25)].
The generated SO, radicals are then reacting with H,O molecules to
form eOH radicals and sulphate ions (SO%’) [Eq (26)] [96,110].
Nevertheless, the concentrated S,03~ ions react with generated radicals
(eOH and SO;") to form S,05 radicals [Eqs. (27)-(28)]. Also, the scav-
enging effect occurs when rich amounts of SO, radicals are present
[Egs. (29)-(30)] [110]. Likewise, when there is a high concentration of
H20; in the reaction environment, HyO2 decomposes and eventually
form O, anions [Egs. (31)-(32)]. This is attributed to the higher oxi-
dation-reduction potential of eOH (2.8 V) and SO, (2.6 V) radicals
compared to Oz (2.07 V), HyO2 (1.76 V), and S,02~ (2.01 V) [96,
111-113].

Photocatalytic oxidation by S,0%~:

$,0% + eg,—S0; +S0>

$,0;” + hv—>2S0;

SO, + H,0-S0; +-OH+H"

Entrapment of -OH and SO; :

$,02” +-OH—OH™ + $,0;

$,07 +50; >S,05 + 503

Scavenging of SO, :

SO; + SO, —S,0%

1
SO +-OH—HSO, + 50,

Hy0, decomposition:

H,0, + -OH—H,0 + HO,

(24)
(25)

(26)

27)

(28)

(29)

(30)

(31)
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HO, <0, +H" (32)

After the ROS radicals are generated, they enter the propagation and
termination stages, which involve the redox reaction between ROS and
the dye. According to Saha et al. [114], the degradation of organic dyes
by demethylation, ring shortening, and ring-opening via redox reaction.
Initially, the generated eOH radical attacks the methyl group, forming
alcohols, aldehydes, and carboxylic acids, and finally captures the H
atom [Egs. (33)-(39)]. Next, Egs. (40)-(42) demonstrate the reaction
mechanism between the eOH radical and the aromatic amine of dye.
Moreover, oxidation of sulphur-containing species of dyes occurs
through the attack of eOH radicals [Eqs. (43)-(46)]. From the perspec-
tive of the reaction mechanism, inorganic ions such as ammonium ions
(NH}) and sulphate ions (SO%’) are generated.

Demethylation:
—N(CHs), + -OH— — N — CH;CH,, + H,0 (33)
—N — CHs;CH, + -OH— — N — CH3;CH,OH (34)
—N — CH5CH,0H + -OH— — N — CH5CH OH + H,0 (35)
— N - CH;CHOH + -OH- — N — CH;CH(OH), (36)
— N - CH;CH(OH), + -OH—» — N—CH; — C = 0 + H,0 (37)
—~N-CH; —C =0+ -OH— — N— CH; — COOH (38)
— N—CH; — COOH + -OH— —NCH;3 + H' (39)

Ring shortening:

~R - NH, + -OH— — R — OH + NH, (40)
NH, + H'—NH, (41)
NH; + H' >NH (42)

Ring-Opening:

-8t = +.-OH- — §(= 0) — +H,0 (43)
~S(= 0) — +-OH— — SO, + -H (44
—S0, + -OH— — SOsH (45)
~SOsH + -OH— — SO3~ + 2H* (46)

Sodium borohydride (NaBH,4) serves as a reducing agent in photo-
catalytic degradation. In photocatalytic reduction degradation, NaBHy,
dye molecules, and semiconductor photocatalysts act as nucleophiles,
electrophiles, and relay systems, respectively [93,115]. According to
Kanchana & Vijayalakshmi [94], this reaction could be defined by the
Eley-Rideal (ER) adsorption mechanism. Initially, the BH, ions adsor-
bed on the semiconductor photocatalyst via electrostatic attraction.
Then, BH, ions are dissociated to form borane (BH3) and hydride ions
(H), and finally release electrons [Eqs. (47)-(49)], which are accepted
by the photocatalyst. As a relay system, photocatalysts act as substrates
for reactions between electron acceptors and donors [116]. The electron
is then donated to absorbed dye molecules to undergo a reduction
process [117]. After the reduction of the dye molecules is completed,
desorption occurs.

Dissociation of borohydride ions, BH,:

BH,—BH; + H~ 47
2H —H, + 2e~ (48)
BH, + H,0—~BO3™ + 8¢ + 10H" (49)
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3. Proposed degradation pathway

After exploring the parameters that influence the effect of dye pho-
todegradation and the hypothesised mechanisms of dye photo-
degradation upon the addition of oxidising and reducing agents, it is
necessary to consider the production of intermediates and end products
of the process. In this context, this section will focus on the techniques
being used for studying the intermediates produced during the photo-
degradation, providing insight into the degradation pathway of the
photodegradation process.

In general, the chemical structure of synthetic dyes consists of skel-
etons (benzene, naphthalene, and anthracene), auxochromes (hydroxyl
and amine groups), chromophores (nitroso, azo, alkene, and carbonyl
groups), and solubilising groups (sulfonic groups) [118,119]. These
groups are frequently targeted in the degradation process, transforming
them into simpler or more desirable compounds. Nonetheless, the in-
termediates produced during photodegradation may pose a risk
affecting the aquatic food chains [120]. Analytical techniques such as
spectroscopy (Fourier Transform Infrared Spectroscopy and UV-vis
spectrophotometry) and integrated techniques (HPLC-MS, GC-MS,
LC-MS, and UHPLC-MS) have been utilised to identify the in-
termediates during photocatalysis prior to proposing a degradation
pathway for dyes. Both spectroscopy and chromatography are employed
for periodic monitoring of the emergence of new substances or the
change in dye molecule concentration over time.

3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is used to analyse the changes in the functional
groups of dye molecules during the photocatalytic process by comparing
the peaks that appear on the FTIR spectrum before and after photo-
decolouration. New bands appear after the photodegradation, indicating
the cleavage of bonds and the formation of new fragments. The dimin-
ishing peak intensity represents the weakening properties of certain
functional groups. Thus, it can be interpreted that the bonds at the
functional groups are broken, resulting in a reduction in the concen-
tration of the functional groups.

MB is a cationic thiazine dye, where the heterocyclic aromatic con-
sists of an N-S conjugated system that acts as a chromophore to provide a
blue colour, and amine groups (-NRy) are the auxochromes, improving
the colour intensity. Table 3 and Table 4 illustrate the structure of MB as
well as its FTIR spectra. Based on Ovchinnikov et al.’s report [121], the
structural property of MB (Table 4) consists of overlapping O—H and
N—H stretching (3700-3200 cm™), asymmetric and symmetric C—H
stretching (3000-2840 cm'l), skeletal stretching vibrations of C=C
(1650-1566 cm’l) and C=N bands (1342-1266 cm'l), stretching vibra-
tions of C—N (1342-1266, 1250-1020 cm™) and C=S" (~1350 cm™)
bonds heterocycles as well as bending vibrations of C—H bonds
(880-770 cm'!). The O—H stretching involves interaction with nitrogen
atoms allocated in the heterocycle and dimethylamino group.

Table 6 exhibits the FTIR spectra of MB and RhB after photo-
degradation and their assignments. As reported by Majeed et al. [122], a
comparison of FTIR spectra was studied before and after the photo-
degradation of MB. After MB photodegradation, multiple new peaks
appeared in the 3600-2800 cm™ region. These peaks represent the
overlapping bands of N—H and O—H (3527 and 3406 cm™) as well as
the N—H stretching and bending (3209 and 3026 cm™). An adsorption
band at 1753 em’}, is attributed to the C—N stretching vibration. On the
authority of Mohamadi & Ghorbanali [123], after the photodegradation
of MB by CeO>@GS sponge, numerous absorption peaks were dimin-
ished, and new characteristic peaks were discovered in the spectrum of
degraded MB. Strong peaks around 3417 cm™ and 1638 cm™ correspond
to the characteristic of water, whereas the peak at 1028 cm'l, indicates
the presence of C—N bonds from aliphatic amine groups. Furthermore, a
peak near 2074 cm™ indicates a stretching band of N=C=S, confirming
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Table 3
The structure and molecular weight of MB and RhB.
Dye M.W. Amax Structural
Methylene blue (MB) 319.85 g/mol 664 nm Cl-
A s y N*\
N
Rhodamine B (RhB) 479.02 g/mol 546 nm
567 nm
OH
(0]

*M.W. refers to molecular weight; Anax refers to maximum wavelength.

Table 4
The FTIR spectra of MB [121].
Frequency range Assignment
(cm™)
3560-3170 Overlapping of stretching vibration of O—H bonds and N—H
bonds
3000-2840 Asymmetric and symmetric stretching vibration of C—H
bonds in alkane group
1650-1566 Stretching vibration of C=C in cyclic alkene group
~1350 Stretching vibration of C=S" bonds
1342-1266 Stretching vibration of C—N bonds in aromatic amine
1250-1020 Stretching vibration of C—N bonds in amine groups
880-770 Bending vibration of C—H bonds
850-550 Stretching vibration of C—Cl bonds in halo compound
720-680 Benzene derivatives

the presence of the isothiocyanate complex. Alvarado et al. [124] re-
ported that the MB was degraded by ZnO nanoparticles to form products
such as secondary alcohol, thiocyanate complexes, nitro compounds,
and water. The secondary alcohol was characterised by absorption peaks
around 2990-2900 cm™', 1480-1410 cm™, and 1090-1000 cm™. The
complexes of thiocyanate and isothiocyanate exhibited peaks near
2370-2230 cm™ and 2050 cm’}, respectively. In addition, strong peaks
appeared in the 3600-3200 cm! region, associated with intermolecular

Table 5
The FTIR spectra of RhB [126,127].

Frequency range (cm™)  Assignment

~3500 Stretching vibration of O—H bonds from alcohol group
~ 3300 Stretching vibration of O—H bonds from carboxylic group
~ 3100 Stretching vibration of C—H bonds from alkene group

~ 2900 Stretching vibration of C—H bonds from alkane group

~ 1600 Stretching vibration of C=0 from carboxylic group

~ 1220 Stretching vibration of C—O from ether group

~ 820 Bending vibration of C—H out of plane

10

O—H stretching, confirming the existence of water molecules.

RhB, a xanthene dye, has a structure consisting of a planar hetero-
cyclic skeleton incorporating "O". RhB is a carcinogenic and mutagenic
organic compound, which undergoes phototoxic reactions to produce
intermediates that are harmful to the living organism. Table 5 presents
FTIR spectra of pure RhB [125]. The bands around 3500 cm™! and 3300
cm™, were associated with the O—H stretching from alcohol and car-
boxylic group, respectively. These peaks indicate the presence of the
carboxylic and -OH groups involved in intermolecular hydrogen
bonding with water molecules. In addition, distinct peaks at 3100 cm™
and 2900 cm™, correspond to the stretching vibrations of C—H from
alkene and alkane groups. Absorption around 1600 cm™ is associated
with C=0 stretching vibration, which further supports the presence of
the carboxylic group in the RhB structure. Bands near 1220 cm™ indicate
the occurrence of C—O stretching, which is integral to the dye’s struc-
tural properties.

Zhu et al. [128] reported that bands of intermediate after photo-
degradation of RhB by TiOy/cellulose microsphere were at 3390 cm™
and 3183 cm™! (N—H stretching), 2956 cm’l, 2924 cm’!, and 2851 cm™!
(C—H stretching), 1711 cm’! (C=0 stretching), 1650 cm’! and 1456
em’! (C—H bending), and 1370 em’! (O—H bending). In accordance
with P. Chen et al. [83] and Ma et al. [127], the frequency band of O—H
stretching of RhB is shifted toward lower frequency after the photo-
degradation, from 3575 em! to 3320 cm™ and 3440 cm™ to 3240 cm™,
respectively. This corresponds to the transition from intermolecular
hydrogen bonding interactions with H—N and H—N-C groups before
photodegradation to intermolecular hydrogen bonding interactions with
O—H and C—H groups after photodegradation, illustrating the
de-ethylation process [129].

The findings from the FTIR analysis provide valuable insights into
the difference in chemical characteristics between pure dye and inter-
mediate after photodegradation. In spite of that, superficial information
about the intermediate can be obtained from FTIR analysis, attributed to
the several superimposed pinnacles [130]. Thus, the auxiliary of other
spectroscopy or mass spectrum analysis supports the validation of
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Table 6
The FTIR spectral of dye and its intermediates of photodegradation and its
assignment.

Dye Reference ~ Wavenumber Assignment
(em™
Methylene [122] 3527, 3406, Stretching vibration band of
blue 3308 O—HY/ Stretching vibration band
of N—H
3209, 3026 Stretching & bending vibration of
-N-H from amide group
2916 Stretching vibration of C—H
bonds in methylene
1753 Heterocyclic aromatic C—N
bonds
1654 Stretching vibration of C=0
bonds
1474 Stretching vibrations of C—N
bonds in aromatics amines/
Bending of O—H groups
1319 Symmetric and asymmetric
stretching vibration of -CH3
groups / C=N group
1120 Stretching vibration within the
aliphatic chain
870 Bending vibration of C—H in-
plane
[123] 3417 Stretching vibration of O—H
bonds from alcohol group
2074 Stretching vibration of N=C=S
bonds from isothiocyanate groups
1638 Stretching vibration of C=C bonds
from alkene groups
1264 Stretching vibration of C—O
bonds from ester groups
1028 Stretching vibration of C—N
bonds from amine groups
710 Bending vibration of C=C bonds
from alkene groups
[124] 3600-3200, Stretching vibration of O—H
2990-2900 bonds
2370-2230 Stretching vibration of N=C=0
bonds
~2050 Stretching vibration of N=C=S
bonds
1630-1600 Stretching vibration of C=C bonds
from conjugated alkene groups
1480-1410 Bending vibration of C—H bonds
in alkane groups
1390-1280 Stretching vibration of N—O
bonds from nitro compounds
1090-1000 Stretching vibration of C—O
bonds from secondary alcohol
RhB [128] 3390, 3183 Stretching vibration of N—H from
amines
2956, 2924, Stretching vibration of C—H from
2851 alkene
1711 Stretching vibration of C=0 from
carboxylic groups
1650 Bending vibration of C—H from
aromatic compounds
1456 Bending vibration of C—H from
alkane
1370 Bending vibration of O—H from
phenol
[131] 3320 Stretching vibration of O—H from
alcohol
[127] 3240 Stretching vibration of O—H
bonds

intermediates and end products during photodegradation.

3.2. UV-vis spectrophotometry

UV-vis spectroscopy is commonly used in monitoring the changes in
dye concentration during photocatalysis. Changes in concentration can
be judged by observing changes in the maximum wavelength
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absorbance of the dye. The absorbance decreased with the prolongation
of reaction time during the photocatalytic process, indicating a decrease
in dye concentration. Besides, the decomposition process of dyes can be
determined by analysing the shifting of absorption peaks using UV-vis
spectroscopy [132].

MB has four prominent absorption peaks at 246, 300, 613, and 665
nm, in particular, the peak at 664 nm is the most focused, as it represents
the characteristic of the chromophore (central benzene ring), offering a
blue colour in solution [133,134]. As the decrease in absorbance of the
peak at 664 nm, the decrease in the characteristic of the chromophore
signifies the disruption of the benzene ring. As reported by Liu et al.
[135], when the photodegradation of MB by g-C3Ny, the absorption peak
of MB shifted significantly from 663 nm to 609 nm at 80 min irradiation.
Likewise, Nair et al. [136] found that there was a minor blue shift in the
absorption peak of MB when it was photodegraded by TiO5 and ZnO.
Moreover, when MB was being photodegraded by nano-TiO2 and
nano-ZnO, new peaks appeared around 331 nm and 370 nm, respec-
tively, resulting in the demethylation of MB molecules.

RhB, an N-alkylamine-containing dye, has a prominent characteristic
peak of around 556 nm. Along the photocatalysis, the characteristic
peak changes with time. According to Phuruangrat et al. [137], during
the photodegradation of RhB by undoped CdS and Eu-doped CdS, a
notably hypsochromic shift and a progressive decrease in the intensity of
the absorption peak occurred. This is attributed to the de-ethylation of
the N-ethyl group and disruption of chromophore structure leading to
ring-opening [138,139]. Similarly, J. Chen et al. [140] reported that in
the presence of hydroxyl-group-modified g-C3N4, the absorption peak
intensity significantly diminished concomitant with a slight blue shift
(from 552 nm to 497 nm) under irradiation of visible light.

In summary, during the photocatalysis process, the transition in
characteristic peaks of dyes provides superior insight into the degrada-
tion process (demethylation, de-ethylation, and ring-opening). None-
theless, only conspicuous conjugated systems are able to be analysed by
UV-vis spectrometry. As a result, to gain a more comprehensive un-
derstanding of the characteristics of intermediates and products during
the photocatalysis of dye, the integration of UV-vis spectrometry with
other analytical techniques is essential.

3.3. Integrated techniques

Integrated techniques of chromatography equipped with mass
spectrometry are commonly used to determine the chemical character-
istics of intermediates. Chromatography determines the interaction of
the analysed compound with the stationary phase via retention time,
whereas mass spectrometry determines the molecular weight of in-
termediates by the mass-to-charge ratio (m/z). For analysing the in-
termediates generated during the photodegradation of dyes by
chromatography-mass spectrometry, specific conditional setups are
shown in Table 7. Typically, the degradation pathway of dyes can be
summarised in 4 main steps, which are demethylation or de-ethylation,
chromophore cleavage, opening ring, and mineralisation [33,114,141].
These steps have occurred by attacking ROS generated in the initiation
phase [Egs. (1)-(25)].

In the degradation pathway of MB (Figure S2), two competing pro-
cesses are proposed to occur simultaneously, namely demethylation or
ring shortening. When demethylation is the initial step in MB degrada-
tion, the Csp3—N bonds were ruptured to form Azure B (m/z 270), Azure
A (m/z 256), Azure C (m/z 242), and thionine (m/z 228). According to
the study by Martin & Leprince-Wang [142], Azure B was analysed when
the reaction time for photodegradation was zero. This is due to the fact
that the presence of impurities in MB or demethylation occurs when
exposed to light. Nonetheless, Azure C and thionine were absent from
the mass spectra of Saha et al.’s work [114]. This may be due to the rapid
oxidation of these two compounds. Concurrently, the destruction of the
benzene ring occurs, followed by ring shortening, in which the
destruction of N-S heterocyclic group structure bonds. The
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Table 7
The conditional setup of HPLC-MS, GC-MS, LC-MS, and UHPLC-MS.

Technique HPLC-MS GC-MS LC-MS UHPLC-MS

Reference [148] [149] [150] [33]

Samples Methylene Blue Basic Red 51 Direct Blue 1, Methyl Red, and ~ Rhodamine B and

Reactive Black 5 Methyl Orange

Mobile phase/ Carrier A: 0.1 % formic acid  Helium gas Acetonitrile: Water (70:30, v/ A:0.1 % formic acid in
gas in water v) water
B: 0.1 % formic acid B:0.1 % formic acid in
in methanol acetonitrile
Column type C18 (2.1 mx 100 HP5- MS capillary column (30 m x 0.25 mm, 0.25 pm) Capillary column Terra C18 (5  Syncronis C18 (100 x
mm, 3 um) m x 100 mm, 0.22 um) 2.1 mm, 1.7 pm)
Flow rate 0.25 mL/min 1 mL/min 0.08 mL/min 0.4 mL/min
Temperature control/ 40 °C 50 °C (for 1 min); 100 °C (20 °C/min for 1 min); 180 °C (10 °C/ 200 °C 30°C
programming min for 1 min); 220 °C (5 °C/min for 5 min); 300 °C (10 °C/min for
5.5 min)
Ionization technique ESI EI (70 eV) ESI EI

*EI refers to electron impact ionization; ESI refers to electrospray ionization.

intermediates produced in this process were the tricyclic and mono-
cyclic compounds in Figure S1(d-o). These intermediates are further
oxidised by eOH radicals to form amine and amino/sulfonic
acid-containing species as well as succinic acid. Ultimately, the in-
termediates are mineralised to produce non-toxic organic acids (acetic
acid and oxalic acid) and mineralised inorganic substances (CO,, H20O,
NO3, SO3, SOF).

During the photocatalytic degradation of RhB, the generated ROS
radicals, as mentioned above, react with the adsorbed RhB on the
photocatalyst and undergo degradation processes, including N-de-eth-
ylation, decarboxylation, and cleavage of the chromophore. Figure S3
shows the intermediates detected during the photocatalytic degradation
of RhB by LC-MS, LC-MS/MS, and GC-MS [141,143-145]. Figure S3
(b-j) demonstrates the structure of intermediates of RhB after the amino
group oxidation process, while Figure S3 (k-w) depicts the structural
intermediates of RhB subsequent to the ring shortening. Based on these
intermediates, the proposed RhB degradation pathway is shown in
Figure S4, in which there are four possible pathways to degrade RhB into
organic small molecules and inorganic compounds. The first possible
route that has been proposed is progressive de-ethylation via an attack
on eOH radicals [141,146]. The second route is assumed to occur under
acidic conditions due to the presence of a high concentration of ¢OH
radicals. The chromophores of RhB" molecules are disrupted, forming
intermediates with m/z 182 and 153 [143]. The third pathway postu-
lated that the RhB' molecules are attacked by O3 to form intermediates
with m/z 314, then further decomposed to generate a resorcinol com-
pound (m/z 110). The fourth route is initially de-ethylated to form an
intermediate at m/z 415 and then hydroxylated to form intermediates at
m/z 116 and 244 [145]. All the intermediates are then further oxidised,
leading to ring shortening and ring opening, yielding aliphatic conju-
gated compounds and ultimately CO5 and H0.

In summarising the postulated degradation pathway of azo and
xanthene dyes, the ROS preferentially attack the methyl (-CHg) or ethyl
(CH,CH3), amino (-NHj), and sulphate (—SO?{) groups, resulting in
demethylation, de-ethylation, deamination, and desulfonation. These
steps have allowed the discolouration of dyes due to the destruction of
chromophores and auxochromes of dyes. Whereas aromatic rings have
more chemical stability, which makes them resistant to direct attack by
ROS [147]. Therefore, ring opening comes after the demethylation or
de-ethylation and ring shortening.

4. Conclusion

Photocatalysis is an advantageous advanced method for dye waste-
water treatment. This is due to the end products being green and safe.
This review emphasises the influence of environmental factors on pho-
todegradation dye, the mechanism of photocatalysis, and intermediates
formed in the degradation pathway. Evidently, by manipulating the
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operational parameters in accordance with the properties of photo-
catalysts, the performance of photocatalysis can be enhanced. In addi-
tion, the researchers postulated the ROS production mechanism when
tuning parameters, such as the pH of the solution, oxidants, and
reducing agents. Furthermore, a great comprehension of the dye
degradation pathways was obtained by identifying the intermediates
formed during the photocatalytic process using analytical techniques
(FTIR, UV-Vis spectroscopy, chromatography). Based on the analysed
intermediates by MS, the degradation pathway of dyes was proposed. It
can be summarised that the complete degradation of azo or xanthene
dyes undergoes four steps: demethylation or de-ethylation, ring short-
ening, ring opening, and mineralisation. This is attributed to the
oxidation of ROS, which cleaves the chromophore, causing discoloura-
tion, destroying the aromatic ring, and eventually breaking the bonds of
the aliphatic chain to obtain a smaller, safer molecule. There is still
ongoing study on the intermediates and end products of photocatalysis
to confirm the dye pollutant is completely mineralised and not only
discoloured. Moreover, researchers endeavour to investigate photo-
catalysis in dye mixtures instead of single dyes, as the dye wastewater
consists of multiple dyes. By studying the parameters of dye photo-
catalysis, the optimised conditions can be identified as the most suitable
for implementation in the scaling-up process, thereby reducing the
release of dye wastewater into water bodies. Additionally, investigating
the mechanisms of photocatalysis and the pathways of photo-
degradation serves to confirm and optimise the complete mineralisation
of dyes.

Over the past decade, the field of dye photocatalysis has predomi-
nantly concentrated on single dyes and intrinsic semiconductor photo-
catalysts. This foundational research has laid the groundwork for a
deeper understanding of the photocatalytic mechanisms and their effi-
cacy in dye degradation. However, recent studies have begun to shift
their focus towards more complex systems, investigating binary dyes
that better simulate real-dye wastewater scenarios, improved degrada-
tion efficiency and analysis of intermediates and end products, as well as
doped semiconductor photocatalysts that offer enhanced performance
and tailored properties. In consideration of future research directions, it
is advisable that subsequent endeavours expand the scope to encompass
multiple dyes and real wastewater samples. This approach ensures that
the developed photocatalytic processes are more applicable and effec-
tive in real-world environmental remediation. Additionally, it is
imperative to investigate the synergistic effect of using both oxidising
and reducing agents in dye photocatalysis. This combination could
potentially reveal novel mechanisms and pathways, leading to the
enhancement of degradation efficiency and broader applicability in
wastewater treatment. Furthermore, it is essential for future studies to
explore the scaling-up photocatalytic of real dye wastewater, particu-
larly in maintaining efficiency and cost-effectiveness.
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