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Abstract: The water matrix plays a complex and significant
role in photocatalytic degradation by influencing several
factors, including dissolved anions and cations, the presence
of natural organic matter, dissolved oxygen, suspended par-
ticles, turbidity, pH, and temperature. Optimizing photo-
catalytic processes for practical water treatment applications
necessitates understanding these relationships. The efficiency
and efficacy of photocatalytic water treatment systems in
degrading organic contaminants can be enhanced by care-
fully considering and manipulating the water matrix. Based
on literature published between 2000 and 2024, this review
aims to comprehend the effects of contaminants and water
quality on the photocatalytic degradation of organic pollut-
ants. Researchers have employed various water matrices and
reaction conditions to understand the interactions and
impacts of different water matrix pollutants on photo-
degradation. The literature analysis revealed that when
chloride and sulfate ions interactwith reactive oxygen species
and photocatalysts, their effects are predominantly inhibi-
tory, thereby reducing the photocatalytic activity of the cat-
alysts. Conversely, nitrate ions can exhibit an inhibitory effect
under certain conditions by scavenging hydroxyl radicals
while promoting photodegradation in other scenarios by
generating more reactive oxygen species. The degree of in-
hibition varies according to the concentration of these factors.

Keywords: water matrix; photodegradation; organic pollut-
ants; inorganic anions and cations; suspended organic
matter; dissolved oxygen

1 Introduction

One revolutionary method for addressing the increasing
problems associated with water pollution is the photo-
catalytic degradation of organic contaminants. Its efficiency
in degrading various pollutants and its environmental and
economic advantages make it a key technology in contem-
porary water treatment and environmental preservation
initiatives. The motivation to develop a review on the effect
of the water matrix on photodegradation arose during the
submission of a research paper in which reviewers inquired
about the effects of dissolved ions on photodegradation.
Since then, it was planned to produce a comprehensive
review covering dissolved ions and all other factors affecting
the photodegradation process. A literature search revealed
only a few articles discussing thematrix effect. The available
literature primarily focused on specific components of the
water matrix or specific pollutants.

Water pollution is frequently caused by organic pollut-
ants, which include industrial chemicals, pesticides, dyes, and
medications. These pollutants tend to persist in the environ-
ment. Photocatalysis can break down these complex con-
taminants into less dangerous or benign chemicals. A
significant number of organic pollutants are harmful, carci-
nogenic, or mutagenic. Photocatalysis can effectively decom-
pose these toxic substances into innocuous byproducts, such
as carbon dioxide, water, and inorganic ions, thereby miti-
gating their negative effects on ecosystems. Photocatalysis can
target a wide range of newly discovered pollutants that
traditional water treatment techniques may not be able to
address pollution from new and unknown sources. Photo-
catalytic degradation helps ensure drinking water safety by
removing contaminants from water sources and reducing
health risks associated with exposure to organic pollutants.
Numerous organic contaminants contribute to the spread of
diseases in aquatic environments. By indirectly slowing the
spread of waterborne illnesses, photocatalytic activities can
aid in controlling these pollutants. Photocatalysis can bemore
economical than older techniques for treating low concen-
trations of contaminants, as it often requires fewer chemicals
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and less energy. Additionally, photocatalytic systems typically
require less maintenance and operation, making their long-
term installation in water treatment plants more appealing.
Many photocatalytic reactions are powered by solar energy,
making them environmentally friendly and sustainable. Uti-
lizing a renewable energy source aligns with international
initiatives to reduce dependency on fossil fuels.

The components of the water matrix include inorganic
cations and anions, dissolved and suspended organicmatter,
dissolved oxygen, and the breakdown products of organic
contaminants. Water conditions include pH, temperature,
and the type of light irradiation. Less reactive chlorine spe-
cies are formed when hydroxyl radicals and chloride ions
interact (Liou and Dodd 2021). When anions and reactive
oxygen species (ROS) interact, some anions can produce
reactive intermediates that may contribute to further
pollutant breakdown or decrease overall efficiency. Br-ions
can also form bromine radicals (Br·) and other reactive
bromine species. Phosphate ions can adsorb onto TiO2 sur-
faces, obstructing active sites and hindering the breakdown
of phenolic compounds. Anions can react with ROS, such as
hydroxyl radicals (·OH), reducing their ability to attack and
degrade organic contaminants. Cations can alter the surface
charge of photocatalysts through ionic interactions or
surface complex formation. This modification may affect
the surface charge of photocatalysts, impacting both the
adsorption behavior of the cations and the organic
contaminants.

2 Photodegradation pathways

Water matrix composition is key in determining which
photodegradation pathways will dominate when a contam-
inant is exposed to light. The possible pathways are as
follows:

2.1 Direct photolysis

The contaminant itself absorbs light and breaks down. Direct
photolysis ismore effective in clearwaterwith low dissolved
organic matter (DOM) and few interfering substances
because the light reaches the contaminant without being
absorbed or scattered by other materials.

2.2 Indirect photolysis

Light is absorbed by other substances in the water (like ni-
trate, nitrite, or DOM), which then generate reactive species

(such as hydroxyl radicals ·OH, singlet oxygen, or triplet
excited states). These reactive species attack and degrade the
pollutant. Under UV light irradiation, the nitrate/nitrite ions
can produce hydroxyl radicals that oxidize pollutants. DOM
can absorb light and transfer energy to pollutants or oxygen,
generating ROS that drive degradation. Conversely, DOMcan
also absorb light that would otherwise activate the pollutant,
reducing direct photolysis. The net effect depends on
balancing DOM’s photosensitizing ability and its light-
screening effect.

2.3 Photo-Fenton and metal-catalyzed
pathways

In waters with significant iron or other transition metals,
light can drive reactions (like the photo-Fenton reaction)
where these metals, along with hydrogen peroxide (which
might be naturally present or added), generate powerful
oxidizing radicals (·OH) that break down pollutants. Water
matrices rich in iron or other catalytic metals favor these
pathways. The pH of the water is also critical here, as it
affects metal speciation and the overall reaction efficiency.

2.4 Impact of other factors

Water’s acidity or alkalinity can change the chemical form of
both the pollutant and the reactive species, influencing
which photodegradation reactions can occur. Particles in
water can scatter or absorb light, reducing the effective dose
of light that reaches the pollutant and altering the photo-
degradation pathways. In clear water with minimal inter-
fering substances, direct photolysis is more likely. In waters
with significant amounts of nitrate or DOM, indirect
photolysis dominates through the formation of reactive
intermediates. In water matrices with high iron content (or
other catalyticmetals) and under appropriate pH conditions,
photo-Fenton or metal-catalyzed pathways become signifi-
cant. This interplaymeans that the overall photodegradation
mechanism in any given water body will depend on its
specific chemical composition and physical characteristics.

There are several water matrix constituents and char-
acteristics that impact photocatalytic activity. These include
inorganic anions and cations, turbidity, naturally occurring
organic materials, pH, irradiation light type and intensity,
temperature, and dissolved oxygen as shown in Figure 1.
Figure 2 illustrates some factors affecting photodegradation
and their relative effects. Researchers’ findings regarding
how certain water contents affect the photocatalytic break-
down of organic pollutants are compiled in Table 1.
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Gamelas et al. (2024) evaluated the photocatalytic effi-
cacy of non-immobilized and immobilized porphyrins in the
photodegradation of organic contaminants for wastewater
treatment applications. This paper describes significant
advances in the photocatalytic oxidation of water pollutants
using simple porphyrin derivatives as well as porphyrins
linked to various organic or inorganic materials, including
polymers, fibers, carbon nanostructures, ZnO, SiO2, and TiO2

(or combinations of these supports), under UV, visible, and/
or solar light irradiation. The inclusion of different metals in
the porphyrin core resulted in varying photocatalytic
activity, with Cu(II) porphyrin derivatives exhibiting the

highest degradation rates. Furthermore, by sensitizing TiO2

or SiO2 supports with porphyrins, photocatalytic activitywas
significantly increased due to a decrease in the material’s
band gap and absorption of visible light. This sensitization
can occur via covalent or non-covalent interactions. It is vital
to note that the photocatalytic mechanism is based on
porphyrin excitation, followed by electron transfer to the
support’s conduction band. Photogenerated holes and
excited electrons can react with O2 or H2O to produce ROS
that degrade pollutants. In some circumstances, adding H2O2

is required to achieve high levels of pollutant degradation.
The light source (UV, visible, or solar light) is also significant.
When solar/white light is employed, the support can be
activated alongside the porphyrin, but UV light only excites
the porphyrin moiety somewhat or not at all. Solar light is a
significant advantage in photocatalysis because it reduces
costs while utilizing the entire solar spectrum. It is also
worth noting that almost all the photocatalysts covered here
can be reused without substantial activity loss. In some
cases, the photocatalyst is specific to a particular pollutant.
While the photocatalytic studies in this review appear
promising, there is a notable lack of research on identifying
degradation products.

Deba et al. 2022 investigated the photocatalytic
destruction of four micropollutants namely diclofenac
(DCF), iopamidol (INN), methylene blue (MB), and meto-
prolol (MTP), using a photocatalytic ceramic membrane. The
photodegradation studies were conducted onmultiple water
matrices by varying the feed composition of micropollutants
(MPs) in the mixture, adding different amounts of inorganic
compounds (NaHCO3 and NaCl), and using tap water. A
micropollutant mixture in tap water at environmentally

Figure 1: Illustration showing the water matric constituents and
conditions that affect the degradation activity of the photocatalysts.

Figure 2: Illustration of some factors that affect photodegradation and their relative effects (Rocha et al. 2024). Reproduced with permission from
Elsevier.
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relevant feed concentrations (1–6 μg/L) resulted in
maximum degradation of 97 % for DCF and MTP, 85 % for
INN, and 86 % for MB in an MPs mixture [1–3 mg/L] with
100 mg/L of NaCl. Adding anions, such as bicarbonate,
commonly reported as a degradation inhibitor, improved
the degradation efficiency of positively charged MPs, high-
lighting the importance of surface charge interactions be-
tween the MP and the photocatalytic surface. The presence
of chloride also had a favorable effect on MP degradation,
more so at low concentrations than at high ones. Chloride
ions can scavenge photogenerated holes, preventing elec-
tron–hole recombination; however, at high chloride con-
centrations, the number of available hydroxyl radicals
decreases proportionally to the number of available holes.
The results of mixes at environmentally relevant concen-
trations were equally surprising, demonstrating better

degradation of MPs in tap water, with degradation rates of
97 % for DCF, 85 % for INN, and 97 % for MTP.

Petala et al. (2021) conducted a study of published data on
the effect of water matrix on pharmaceutical photocatalytic
degradation. Data collected under realistic settings are
thought to be useful in guiding future photocatalytic tech-
nology development, bridging the gap between basic science
and industry. The efficiency of photocatalysis appears to be
significantly affected by (i) the nature of the materials and,
consequently, the different ROS and reactionmechanisms, (ii)
the nature and concentration of pharmaceuticals, and (iii) the
organic and inorganic contents, making the extrapolation of
ultrapure water (UPW) results into real effluents hazardous
and unrealistic. Based on the evidence presented thus far, the
method is most likely to be a green integrated solution for
tertiary wastewater treatment, including disinfection,
micropollutant destruction, and organic loading reduction in
the context of wastewater reuse. It is, therefore, critical that
future studies proceed with a comprehensive evaluation of
process performance, including, in addition to the removal of
micropollutants, microorganisms, organic matter, and color,
as well as the change in overall toxicity from by-products of
both pharmaceuticals and water matrices.

3 Influence of water matrix
ingredients affecting the
photodegradation

This review presents the effects of contaminants found in
water, wastewater, tap water, and other types of water, as
well as the properties of water, such as pH, turbidity, and
temperature, on photocatalysis and photolysis. These con-
taminants include various anions and cations, natural
organic matter, suspended particles/turbidity, and dissolved
oxygen. The pH and temperature of the solutions are among
the conditions that affect the photodegradation process. The
type and intensity of radiation also have a marked effect on
the photodegradation process. These elements are discussed
in more detail in the following section.

3.1 Influence of inorganic anions (Cl−, NO3
−,

SO4
2−, PO4

3−, HCO3
−, CO3

2−, Br−, F−)

The ions present in water significantly impact the photo-
catalytic breakdown of organic pollutants. Ions such as
chloride, nitrate, sulfate, phosphate, bicarbonate, and bro-
mide interact differently with ROS and photocatalysts. Their
effects can be either promotive, by creating more reactive

Table : Effects of anions, cations, and organicmatter in thewatermatrix
on the photodegradation process.

Reaction Effect on the photodegradation

Br− + ·OH → Br· + OH− Br− decreased the degradation of
organic dyes by forming bromine radi-
cals that were less effective in degrading
pollutants

Cl− + ·OH → Cl· + OH− Cl− inhibited the photocatalytic degra-
dation of phenol and bisphenol A by
forming less reactive chlorine species

HCO

− + ·OH → CO·− + HO HCO

− reduced the degradation rate of
pesticides by forming less reactive car-
bonate radicals

NO

− + hν → NO· + O· NO

− enhanced degradation in some
systems by generating additional ROS
but inhibited it in others by scavenging
hydroxyl radicals

SO

− + h+ → SO·
− SO

− showed a slight enhancement of
degradation for certain pollutants due
to sulfate radical generation

Ca+ + pollutant → Ca-pollutant
complex (insoluble)

Ca+ inhibited the phenol degradation
by forming calciumphenoxide, reducing
active sites on the photocatalyst

Mg+ + OH− → Mg(OH)
(precipitate)

Mg+ reduced the degradation effi-
ciency of dyes by forming magnesium
hydroxide on the photocatalyst surface

Al+ + pollutant → Al-pollutant
complex (strong interaction)

Al+ significantly inhibited the degrada-
tion of organic dyes by forming strong
complexes and altering the photo-
catalyst’s surface properties

Humic substance + ·OH→ stable
product

Humic acids reduced the degradation
efficiency of organic dyes by competing
for adsorption sites and scavenging ROS

Fulvic acid + ·OH → fulvic acid-·
OH complex

Fulvic acids reduce the degradation of
pesticides by absorbing UV light and
scavenging ROS
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species, or inhibitory, by competing for active sites and
scavenging ROS. The type of anions, their concentrations,
and the specific photocatalytic system all affect the overall
effect. Wastewater contains a variety of anions, including
bicarbonate (HCO3

−), carbonate (CO3
2−), phosphate (PO4

3−),
nitrate (NO3

−), sulfate (SO4
2−), and bromide (Br−). Waste-

water may also contain less common anions, like fluoride
(F−). These anions can significantly influence the photo-
catalytic degradation of organic contaminants through their
interactions with photocatalysts and ROS. Depending on the
composition and concentration of the anions, these in-
teractions can either accelerate or slow down the degrada-
tion process. By adsorbing onto the active sites of
photocatalysts, anions can reduce the surface area available
for degradation by competing with organic contaminants.
Less reactive species, such as hypochlorous acid (HOCl) and
chlorine radicals (Cl·), can be formed when Cl− reacts with
hydroxyl radicals. The activity of the catalyst can be altered
by Cl− forming complexes with photocatalysts or other ele-
ments in the reaction mixture (Alegre et al. 2000). Typically,
the production of less reactive species leads to inhibition. As
shown in the equation below, Cl− ions prevented the pho-
tocatalytic degradation of phenol and bisphenol A by pro-
ducing less reactive chlorine species: OH + Cl−→ Cl· +OH−. A
summary of the results of some studies showing the effects of
water matrix contents on the photocatalytic degradation of
pharmaceutical pollutants present in differentwater types is
shown in Table 2.

Table 3 summarizes the findings of several studies
investigating the impact of water matrix components on the
photocatalytic degradation of organic dye contaminants in
tap water. Evaluating the effect of mineral ions in TW on the
photodegradation of organic contaminants is critical for the
process’s practical application. TW has a low concentration
of inorganic salts and a pH of 7–8, which can promote the
production of ·OH radicals. The pH range and inorganic ions
present in TW can either increase or decrease the photo-
degradation rate. Similarly, the presence of inorganic and
metal ions in TW can reduce the photodegradation rate by
competing for photocatalyst active sites and lowering pho-
tocatalytic activity. Saleh and Taufik (2019) reported the
photodegradation of MB using an AuFe3O4/graphene com-
posite in the presence of several salts, namely NaCl, Na2SO4,
NaH2PO4, NaNO3, and Na2CO3. They concluded that CO3

2−,
H2PO4

−, NO3
−, Cl−, and SO4

2− anions had an inhibitory effect
on the degradation of MB.

The efficient breakdown of AMX in the presence of hu-
mic acids and other inorganic salts under simulated sunlight
was documented by Lucía et al. (Rodríguez-López et al. 2022).
Under simulated sunlight and in the absence of light, AMX
exhibited complete degradation in the presence of 500mg/L
of FeCl3. Because AMX adsorbs onto humic acids, the pres-
ence of humic acids may have somewhat accelerated AMX’s
degradation in both the dark and under simulated sunlight.
Rocha et al. (2024) evaluated the effect of pH, salinity, and the
presence of humic substances or ROS scavengers on the

Table : Summarized results of some studies showing the effects of water matrix contents on the photocatalytic degradation of pharmaceutical
pollutants in different water types.

Catalysts Target pollutants Radiation and wa-
ter type

Contaminants Effects Reference

AgS/BiVO@a-
AlO

MNZ (mg/L) Visible; TW Cl−, SO

−, HCO

−,
Ca+, Mg+

Inhibiting effects: SO

− Fakhravar et al. ()

AgPO/NP-
CQDs/rGH

TC (mg/L) Visible; TW, Cl−, SO

− Inhibiting effect: Cl−, SO

− Chen et al. ()

CNT-TiO Carbamazepine
(mg/L)

UV, solar; WW, RW NOM Inhibiting effect: NOM Awfa et al. ()

CuP/BiVO SMX (.mg/L) Solar; WW, BW Cl−, HCO

−, HA Inhibiting effects: WW, HA, Cl−, pro-
moting effects: ВW, HCO

−
Ioannidi et al. ()

Crystalline-CN NPX (mg/L) Visible; TW, RW,
seawater, WW

Cl−, SO

− Zero effect: Cl−, SO

− Zebiri et al. ()

CeO/I, K-co-
doped CN

Acetaminophen
(mg/L)

Visible; TW Cl−, SO

−, PO

−,
NO

−
Inhibiting effect: Cl_, SO

− Paragas et al. ()

g-CN/NiO/ZnO/
FeO

Esomeprazole
(mg/L)

Visible; BW, RW, TW Cl−, SO

− Inhibiting effect: Cl−, SO

− Raha and Ahmaruzza-
man ()

Carbon dots/
g-CN

NPX (mg/L) Visible; TW, RW,
WWTP

Cl−, SO

− Zero effect: Cl−, SO

− Wu et al. ()

Inverse opal (IO) LVX, NOR (mg/L) Visible; UW SHW Cl−, SO

− Inhibiting effect: Cl−, SO

− Lei et al. ()
S@CN/B@CN CMP (mg/L) Visible, solar; DW,

TW
Cl−, NO

−, Na+, Ca+ Zero effect: Na+; inhibiting effect: Cl−;
promoting effect: NO

−
Kumar et al. ()

BW, bottle water; DW, drinking water; NOM, natural organic matter; RW, raw water; TW, tap water; UPW, ultrapure water; WW, wastewater.
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photodegradation of AMX under simulated solar radiation.
The photodegradation of AMX was observed to be faster at
higher pH levels of 8 and 9. Conversely, photolysis was
slower at high NaCl salinity. It was concluded that the main
pathway for AMX photodegradation in phosphate buffer
solution (PBS) is indirect photolysis via ·OH. Freshwater and
brackish water were also studied to evaluate matrix effects
on photodegradation, and they were found to be signifi-
cantly faster than in PBS. Figure 3 shows the breakdown of
AMX in the presence of humic acids and inorganic salts, both
in the dark and under artificial sunlight. NaCl, Na2HPO4, and
CaCl2 did not affect AMX degradation in the dark; however,
when 500 mg/L of FeCl3 and NaNO3 were used to simulate
sunlight exposure, AMX degradation reached 100 %.

Chang et al. (2021) studied the impacts of inorganic anion
and cation addition on the photocatalytic degradation of
triclosan catalyzed by heterostructured Bi7O9I3/Bi. They
observed that the presence of NO3

−, SO4
2−, and Cl− anions

hindered the photodegradation of triclosan, while HCO3
−,

Ca2+, andMg2+ cations inhibited or promoted it depending on
their concentrations. Figure 4 shows the proposed mecha-
nism for separating and transferring photo-generated
charge carriers in the Bi7O9I3/Bi nanocomposites.

When anions Cl−, SO4
2−, PO4

3−, and NO3
− were added to

various synthetic water matrices in UPW, Paragas et al.
(2021) observed that the rates of acetaminophen degradation
were reduced. TiO2 was used by Delarmelina et al. (2023) to
study the impact of chlorides on the photocatalytic degra-
dation of phenol. It was determined that solubilized chlo-
rides reduced photodegradation activity and the production
of hydroxyl radicals when employing the TiO2 photocatalyst.

A notable decrease in the rate of phenol conversion was
noted when anatase TiO2 was used. Conversely, under
identical reaction conditions, the presence of solubilized
chlorides led to an increase in rutile TiO2 activity. Anions
such as phosphate, sulfate, nitrate, carbonate, and chloride

Table : Summarized results of some studies showing the effects of water matrix contents on the photocatalytic degradation of organic dye pollutants
present in tap water.

Catalysts Target
pollutants

Contaminants Effects Reference

Ag/MnO and Ag/
MnO/graphene with
persulfate

MB HPO

−, CO

−, SO

−,
Cl−, NO

−
All ions have negative effects on the order
HPO

− > CO

− > SO

− > Cl− > NO

−
Rizal et al. ()

AuFeO/graphene
composite

MB NaCl, NaSO,
NaHPO, NaNO,
NaCO

CO

−, HPO

−, NO

−, Cl−, SO

− had negative effect,
Na + negligible effect

Saleh and Taufik
()

CuO–CuO MB and MO NO

−, Cl−, SO

− Cl− had a positive effect on MB, SO

− negative effect on MB,
Cl− on MO

Tavakoli et al.
()

NiS/CuS–CdS
Composites

MB and MO NaCl, KPO, NaCO KPO positive effect on MO, but a negative effect on MB;
NaCl and NaCO negative effect for MB and MO

Zheng et al.
()

ZnFeO MB CO

−, NO

−, Cl−, SO

− All ions had negative effect Gupta et al.
()

ZnO nanorods MB, Acid red,
Remazol red, RhB

PO

−, Cl−, SO

−, NO

− All ions had negative effects on the order
PO

− > Cl− > SO

− > NO

−
Mohammed
et al. ()

Figure 3: AMX degradation under simulated sunlight and in the dark
using inorganic salts: (A) NaCl; (B) CaCl2; (C) NaNO3; (D) Na2HPO4; (E)
FeCl3; and (F) humic acids (Rodríguez-López et al. 2022).
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are common in water, according to Wang and Wang (2021).
They produce chlorine, carbonate, nitrate, phosphate, and
sulfate radicals when they react with hydroxyl and sulfate
radicals generated during advanced oxidation processes
(AOPs). These radicals significantly impact the breakdown of
organic contaminants. Most researchers agree that the pri-
mary factor affecting AOP performance is the quenching
effect of inorganic anions on reactive species generated in
AOPs. However, not all outcomes can be explained by this
cause. Furthermore, themajority of research conducted thus
far has only examined how inorganic anions affect the
removal efficiency of specific organic contaminants from the
environment. It is essential to thoroughly assess the impact
of inorganic anions on AOPs to understand how these anions
influence AOP performance. This review paper provides a
systematic summary and review of the impact of inorganic
anions (e.g., chloride, carbonate, phosphate, sulfate, and
nitrate) on the activity of AOPs, including the transformation
of reactive species, stability of oxidants, catalytic activity of
catalysts, and degradation products. After discussing their
impact on the creation and modification of reactive species,

the effects on the stability of catalysts and oxidants (per-
sulfate and H2O2) are presented. Additionally, the impact on
the catalytic activity of catalysts is examined. Lastly, a
summary of the impact of organic pollutants on the break-
down of their intermediate products is provided. To
thoroughly assess the impact of inorganic anions on the
functionality of AOPs, this review offers insight into the
underlying influence mechanisms of inorganic anions on
AOPs. A z-scheme Ag2S/BiVO4@Al2O3 configuration was
proposed by Fakhravar et al. (2020) for the removal of MNZ
in water matrices. Their findings demonstrated slower
degradation rates in tap water when SO4

2−, HCO3
−, Ca2+, and

Mg2+ ions were present. Tap water contains several cations
and ions. Studies have shown that the photodegradation
efficiency of catalysts in tap water is lower compared to
deionized water due to the presence of several ions that
compete for the active sites of the photocatalyst. Table 4
provides a summary of some of these studies.

Additional ROS, including nitrogen dioxide radicals
(NO2·) and peroxynitrite (ONOO−), can be produced by NO3

−

ions and contribute to degradation when exposed to UV
light. The ·OH can also be scavenged by NO3

−, which lowers
the radical’s availability for pollutant breakdown.
Depending on the circumstances, the effect can be either
promotive or inhibitory (Alegre et al. 2000). As demon-
strated by the subsequent reaction, NO3

−, for instance,
increased degradation in certain systems by producing
more ROS but inhibited it in others by scavenging hydroxyl
radicals: hv + NO3

− → NO2· + O·.

Figure 4: Proposed mechanism for separating and transferring
photogenerated charge carriers in the Bi7O9I3/Bi nanocomposites (Chang
et al. 2021). Reproduced with permission from Elsevier.

Table : Comparison of photodegradation studies of dyes conducted in
deionized water and tap water.

Photocatalyst
and dye

Degradation in
deionized water

Degradation in
tap water

Reference

Ag/P@BC; Rhoda-
mine B(RhB)

.% using visible
radiation

.% using visible
radiation

Mu et al.
()

Ag NPs/TiO/
TiCTx; MB and
RhB

% in min
under UV radiation

Lower than %
in min under UV
radiation

Othman
et al. ()

Cuo/NC NPs and
CuO NPs; Methyl
Orange (MO)

.% by Cuo/NC
NPs and .% by
CuO NPs in min
using UV radiation

.% by Cuo/NC
NPs and .% by
CuO NPs in min
using UV radiation

Khan et al.
(b)

Fe–TiO nano-
tubes; Congo
red(CR)

% using visible
radiation

% using visible
radiation

Zafar et al.
()

SnO/SiO NPS
and SnO NPS;
Orange II (O ll)

.% by SnO/
SiO NPS and
.% by SnO

NPS in min us-
ing UV radiation

.% by SnO/SiO

NPS and .% by
SnO NPS in min
using UV radiation

Khan et al.
(a)
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When SO4
2− ions react with hydroxyl radicals or pho-

togenerated holes, they can produce sulfate radicals (SO4·−),
which are highly reactive and can accelerate degradation.
Ao et al. (2004) reported that SO4

2− can adsorb onto the
movement of contaminants toward the photocatalyst and
compete with pollutants for active sites. The reaction where
SO4

2− exhibited slight enhancement of degradation for spe-
cific pollutants due to sulfate radical generation (Xia et al.
2020) indicates that the effects are generally neutral or
slightly promotive due to sulfate radical formation:
SO4

2− + h+ → SO4·−.
Using a laboratory photoreactor, Pérez-Lucas et al.

(2024) evaluated the efficiency of UV/S2O8
2− against hetero-

geneous photocatalysis employing UV/TiO2 processes on the
breakdown of two widely used herbicides (terbuthylazine
and isoproturon) in aqueous solutions. Furthermore, an
investigation was conducted on the impact of the UV wave-
length on the effectiveness of herbicide degradation. Even
though the rate of degradation was higher under UV
(254 nm)/S2O8

2− than under UV (365 nm)/S2O8
2−, it only took

30 min under UV-365 nm to completely degrade the herbi-
cides (0.2 mg/L) when applying a 250 mg/L Na2S2O8 dosage in
the absence of inorganic anions.

The individual and combined impacts of sulfate (SO4
2−),

bicarbonate (HCO3
−), and chloride (Cl−) were assessed to

determine the impact of the water matrix. These can
combine with sulfate (SO4·−) and hydroxyl (HO·) radicals
produced during AOPs to generate new radicals with a lower
redox potential. The findings indicated that SO4

2− had very
little influence and that the decline in herbicide removal
effectiveness observed when dealing with complex matrices
was primarily due to the interaction between HCO3

− and Cl−.
The primary intermediates found during the photo-
degradation process are finally identified, and possible
pathways, including dealkylation, dechlorination, and hy-
droxylation, are suggested and examined.

Strong adsorption of PO4
3− ions onto photocatalyst sur-

faces can obstruct active sites. According toWang andWang
(2021), PO4

3− can form compounds with photocatalysts,
altering their activity and potentially reducing the genera-
tion of ROS. Strong adsorption onto active sites typically
causes inhibitory effects. For example, PO4

3− hindered dye
degradation by adsorbing onto TiO2 and reducing active site
availability. The effects of NaF and NaH2PO4 on rutile pho-
tocatalysis were studied by Sheng et al. (2013) These anions
were detrimental to phenol degradation in aqueous solution,
and the tendency was opposite to that observed with
anatase, brookite, and P25 (a mixture of anatase and rutile).
However, these anions were advantageous after rutile was
deposited with 0.5 % Pt; the pattern was comparable to that
seen for Pt-deposited anatase and P25. Interestingly, fluoride

was about three times more active than phosphate at the
same quantities on Pt/rutile, as noted for Pt/anatase. How-
ever, as phosphate’s adsorption increased at a surface
covering more than 90 %, its beneficial effects decreased.
Phosphate and fluoride promoted the hole oxidation of
phenol while inhibiting the adsorption and reduction of O2,
according to an independent measurement using a rutile
film electrode. A tenable mechanism is proposed that
involves the hole oxidation of phosphate into anion radicals
and the fluoride-induced enhancement of bridged oxygen/
hydroxyl radical formation.

For the breakdownof tetracycline (TC) invarious aqueous
conditions, a photocatalyst utilizing N and P co-doped carbon
quantum dots (CQDs)-modified Ag3PO4 unified graphene
hydrogel showed only a slight reduction in photocatalytic ef-
ficacy. Bicarbonates were the most effective in inhibiting the
TC breakdown of the anions tested. Zeta potential measure-
ments of photocatalysts in different electrolytes suggest a
likely correlationwith blockingmechanisms (Chen et al. 2020).

When esomeprazole was removed using a g-C3N4/NiO/
ZnO/Fe3O4 nanohybrid photocatalyst, it was observed that
nitrate and sulfate ions had more limiting effects, whereas
Cl− decreased removal efficiency. Phosphate ions, car-
bonate, bicarbonate, and fluoride all exhibited inhibitory
effects. The impact of metal cations on the breakdown of
esomeprazole was investigated. When Na+, Ca2+, or Al3+

were added to UPW, the removal efficiency of the reported
system decreased. An investigation into the effects of
organic matter in water was carried out in UPW using
isopropanol, acetone, sodium dodecyl sulfate (SDS), and
humic acid sodium salt (HAS). The organic materials
delayed decomposition, possibly due to photosensitization,
except for acetone (Raha and Ahmaruzzaman 2020).
Tolosana-Moranchel et al. (2020) investigated the impact of
an organic water matrix on the photodegradation of
four phenolic compounds – phenol, 4-nitrophenol, 4-
chlorophenol, and methyl-p-hydroxybenzoate, using two
commercial TiO2 catalysts (Aeroxide® P25 and Hobbikat
UV-100) that have very different physicochemical charac-
teristics. To compare the two TiO2 photocatalysts, slight
variations in the photodegradation rates of these four
aromatic compounds were noted. HO is added to the
aromatic ring in two steps to initiate the photocatalytic
reaction (addition-elimination). The second phase is rate-
determining, with electron-withdrawing substituents
lowering the reaction rate, as demonstrated by Hammett
linear free energy equations. When HOMBIKAT® TiO2 was
added to tap water, a photo process mediated by HO rad-
icals created from the photogenerated holes was the most
significant. However, in the photocatalytic degradation
process using TiO2 P25, conduction band electrons and ROS
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produced from CB electrons were crucial. The primary
reason for the activity loss observed when P25 was used in
the presence of Na2CO3 or NaHCO3 was the pH shift, as
there was no discernible impact on the production of HO
radicals. Conversely, HOMBIKAT® TiO2 showed faster HO
radical production and increased photoactivity when ions
were present. These notable distinctions can be attributed
to the fact that HOMBIKAT® TiO2 has demonstrated a
higher surface area and amore negatively charged surface
than P25, which inhibits the strong adsorption of anions.
The Br− can react with ROS to produce hypobromous acid
(HOBr) and bromine radicals (Br·), which can then
participate in additional reactions. Br− can change the
routes of degradation by forming complexes with con-
taminants or ROS. Less reactive bromine species are typi-
cally formed as a result of inhibitory actions. Because the
bromine radicals produced by the Br− ions were less effi-
cient at breaking down the contaminants, the degradation
of organic dyes was reduced: Br· + OH− → Br− + ·OH.

The overall photocatalytic efficiency can also be
impacted by the synergistic or antagonistic interactions
between several anions (Türkyılmaz et al. 2017). The com-
plex interactions between Cl− and SO4

2− resulted in a net
decrease in photocatalytic effectiveness, with Cl− inhibiting

degradation and SO4
2− providing a modest increase. Anions

can alter a photocatalyst’s surface charge, hydrophilicity,
and electrical characteristics, affecting the catalyst’s overall
activity. It was discovered that high concentrations of Cl−

and NO3
− altered the photocatalyst’s surface characteristics

of TiO2, influencing how it interacted with contaminants and
produced ROS.

The use of commercial, low-cost LED398nm and high-
power LED365nm for heterogeneous photocatalysis with
TiO2 and ZnO photocatalysts was investigated by Náfrádi
et al. (2021), with particular attention paid to the effects of
matrices and components on radical formation, as well as
light intensity, photon energy, and quantum yield. The
effects of various LEDs, matrices, and inorganic ions were
examined using two neonicotinoids: imidacloprid (IMIDA)
and thiacloprid (THIA). In genuine matrices employing both
light sources, the transformation rates of imidacloprid
IMIDA and THIA for TiO2 were significantly decreased;
however, for ZnO, matrices had no effect on removal rates
and increased them (Figure 5a and b). While Cl-had no effect
on TiO2, using ZnO significantly accelerated the trans-
formation rate (Figure 5c and 5d).

Guo et al. examined key elements and processes influ-
encing the photodegradation of organic micropollutants

Figure 5: Relative initial transformation rates of IMIDA and THIA measured (a, b) in different water matrices and (c, d) in the presence of Cl− and HCO3
−

(Náfrádi et al. 2021).
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(OMPs) in the aquatic environment (Guo et al. 2024). Photo-
chemical reactions widely occur in the aquatic environment
and play fundamental roles in aquatic ecosystems. Solar-
induced photodegradation is extremely effective for many
organic micropollutants, particularly those that cannot be
hydrolyzed or biodegraded, thus helping to reduce chemical
pollution. According to recent research, photodegradation
may play a more significant role than biodegradation in
several OMP conversions in aquatic environments.

The water matrix, including pH, inorganic ions, and
DOM, can all affect photodegradation. The effect of the
water matrix, such as DOM, on photodegradation is com-
plex, and freshfindings on the diverse impacts of DOMhave
just been published. Furthermore, physical elements such
as latitude, water depth, and temporal fluctuations in
sunlight all impact the photodegradation process since they
control the lighting conditions. However, understanding
the significance of photodegradation in the aquatic envi-
ronment remains challenging due to the variety and
complexity of the processes involved. As a result, this study
provides a succinct explanation of the relevance of photo-
degradation and the various processes involved in OMP
photodegradation, focusing on recent advances in primary
DOM reactions. In addition, important knowledge gaps in
environmental photochemistry are identified. Figure 6
depicts the direct and indirect photolysis of organic con-
taminants in the presence of a water matrix and reactive
intermediates.

Ge et al. investigated the photodegradation and im-
pacts of the major dissolved components on the photolytic
kinetics of sulfonamides (SAs) and fluoroquinolones (FQs)
in ice/water under simulated sunlight (Ge et al. 2024). The
results revealed that the photolysis of sulfamethizole
(SMT), sulfachloropyridazine (SCP), enrofloxacin (ENR),
and difloxacin (DIF) in ice/water followed pseudo-first-
order kinetics. Individual antibiotics exhibited varying
photodegradation rates in ice and water. This difference
was attributable to the concentration-enhancing and sol-
vent cage effects during the freezing procedure. Further-
more, the principal elements (Cl−, HASS, NO3−, and Fe(III))
demonstrated varied degrees of promotion or inhibition on
the photodegradation of SAs and FQs in the two phases,
depending on the individual antibiotics and thematrix. The
extrapolation of laboratory results to field circumstances
yielded a fair estimate of environmental photolytic half-
lives (t1/2, E) between midsummer and midwinter in cold
locations. The estimated t1/2, E values varied between 0.02 h
for ENR and 14 h for SCP, depending on the reaction phases,
latitudes, and seasons. These findings highlighted parallels
and variations in the ice and aqueous photochemistry of
antibiotics, which is critical for accurately assessing
the fate and risk of these novel contaminants in freezing
environments. Figure 7 shows the competitive photo-
absorption, photosensitization, and photodegradation of
antibiotics in the presence of anions, dissolved oxygen, and
organic matter.

Figure 6: Direct and indirect photolysis of organic pollutants in the presence of a water matrix and reactive intermediates (Guo et al. 2023). Reproduced
with permission from Elsevier.
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3.2 Influence of inorganic cations (Ca2+,
Mg2+, Na+, K+, Al3+)

Wastewater contains a variety of cations, including calcium
(Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+), and
aluminum (Al3+) ions. Even in typical drinking water, alkali
and alkaline earth metal cations are highly prevalent and can
significantly impact the photocatalytic breakdown of organic
contaminants. Their interactions with contaminants and
photocatalysts determine the extent of their influence.
Through surface charge alteration, complexation, precipita-
tion, and ionic strength changes, water cations substantially
affect the photocatalytic degradation of organic contaminants.
The effects of calcium, magnesium, sodium, potassium, and
aluminum ions vary from neutral to inhibitory, depending on
their interactions with pollutants and photocatalysts. Under-
standing these impacts is essential for improving photo-
catalytic processes in water treatment applications.

Through ionic interactions or surface complex forma-
tion, cations can alter the adsorption behavior of both the
cations and the organic contaminants. For instance, Ca2+ can
modify the surface potential of TiO2, impacting the kinetics
of pollutant adsorption. Certain cations can combine with
organic contaminants or photocatalysts to form insoluble
complexes or precipitates, blocking active sites or removing
pollutants from the solution. Certain organic acids and
magnesium ions can precipitate, reducing the amount of

these contaminants available for degradation. The aggre-
gation state of photocatalysts can also be influenced by cat-
ions, altering the effective surface area and light-absorbing
capabilities. TiO2 nanoparticle aggregation can be induced
by Na+ ions, which can induce the nanoparticles’ water
dispersion and overall photocatalytic activity. This section
discusses specific ions.

The photocatalyst surface may absorb Ca2+ ions,
changing the surface charge and potentially generating
calcium oxide. When combined with organic contaminants
or photocatalysts, Ca2+ can precipitate, obstructing active
sites or eliminating pollutants from the mixture. By forming
calcium phenoxide and reducing active sites on the photo-
catalyst, Ca2+ hinders the breakdown of phenol.

Pollutant + Ca2+ -> Ca-pollutant complex (insoluble).
Using crystalline carbon nitride (CCN) as a photocatalyst

has positively affected the degradation of naproxen (NPX) in
tap water, river water, seawater, and wastewater. Research
indicates that adding Ca2+ and Mg2+ ions to aqueous media
enhances the breakdown of NPXby increasing the amount of
pollutants adsorbed on the surface of the photocatalyst.
Copper cations (Cu2+) may inhibit the removal of NPX by
interacting with photogenerated electrons in the conduction
band of CCN (Wang and Wang 2021). Lei et al. (2020) studied
the degradation of levofloxacin (LVX) and norfloxacin (NOR)
in groundwater and simulated hospital effluent using in-
verse opal potassium-doped carbon nitride photocatalysts,

Figure 7: Competitive photoabsorption,
photosensitization, and photodegradation of
antibiotics in the presence of anions, dissolved
oxygen, and organic matters (Ge et al. 2024).
Reproduced with permission from Elsevier.
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observing only a slight reduction in efficiency. A slight
reduction in the photocatalytic degradation of NPX was
notedwhen using carbon dot-adorned hollow porous carbon
nitride nanospheres (Wu et al. 2020).

Magnesium hydroxide (Mg(OH)2) may form on the sur-
face of the photocatalyst as a result of Mg2+ adsorption,
altering the surface charge. Similar to Ca2+, Mg2+ can pre-
cipitate or form insoluble complexes with contaminants
adsorbed on the catalyst’s surface. The degradation effi-
ciency of dyes was decreased byMgO due to the formation of
magnesium hydroxide on the photocatalyst’s surface. Reac-
tion: Mg(OH)2 → Mg2+ + OH− (precipitate).

Na+ ions can change the solution’s ionic strength,
affecting the electrostatic interactions between contaminants
and the photocatalysts. Na+ ions can cause photocatalyst
particle aggregation, altering the particles’ reactivity and
dispersion. Due to potential aggregation and ionic strength-
related effects, the effects of Al3+ ions are often neutral or
slightly inhibitory. The aggregation of TiO2 nanoparticles has
been found to cause a slight suppression of the breakdown of
organic contaminants by Na+ ions. K+ similarly influences
electrostatic interactions and ionic strength in the solution.
Through surface charge modification, K+ can affect the
adsorption of contaminants on the photocatalyst. Ionic
strength and adsorption effects generally result in neutral or
slightly inhibitory outcomes. Like Na2O, K2O does not signifi-
cantly affect the degradation of drugs due to its role in regu-
lating ionic strength. Al2O3 has a considerable capacity to
adsorb onto the surface of the photocatalyst, significantly
altering the surface charge and potentially generating
aluminum oxide (Al2O3). Al2O3 and organic pollutants can
form strong complexes, which may limit the degradation
potential of organic pollutants. Due to significant surface
adsorption and complex formation, the effects are often
inhibitory. Through the formation of strong complexes and
the modification of the surface characteristics, Al3+ ions
significantly impede the degradation of organic dyes.
Pollutant + Al3+ -> Al-pollutant complex (strong interaction).

Depending on their cumulative effects on surface
characteristics and pollutant interactions, various cations
can interact in ways that either enhance or decrease pho-
tocatalytic efficiency. A combination of Ca2+ and Na+ had a
complex effect, with the inhibitory actions of Ca2+ being
somewhat mitigated by the presence of Na+ due to compe-
tition for adsorption sites. Cations influence the surface
charge and reactivity of the photocatalyst, altering the
pH and total ionic strength of the solution. Elevated levels of
Ca2+ and Mg2+ can change the ionic strength, affecting the
electrostatic interactions between pollutants and the pho-
tocatalyst and resulting in varying degradation efficiencies.

3.3 Influence of natural organic matter

The photocatalytic breakdown of organic pollutants is
significantly aided by natural organic matter (NOM) in
water, including fulvic acids, biogenic organic compounds,
and humic materials. Pollutants and photocatalysts can
interact with NOM, producing various effects on the degra-
dation process. Organic matter in water has a major impact
on the photocatalytic destruction of organic pollutants by
modulating pH and ionic strength, scavenging ROS, forming
complexes, competing for adsorption sites, and absorbing
light. The overall effect of NOM can vary based on the type of
organic matter and the specific photocatalytic system,
ranging from neutral to inhibitory. Understanding these
interactions is imperative for optimizing photocatalytic
water treatment systems. An extensive study of these con-
sequences is presented below: Target organic contaminants
and NOM compete for adsorption sites on the photocatalyst
surface, resulting in fewer active sites available for pollutant
degradation. For instance, humic acids can adsorb onto TiO2

surfaces, occupying positions typically occupied by con-
taminants like phenol, thereby reducing degradation effi-
ciency. NOM can scatter and absorb light, particularly in the
UV-visible spectrum, which decreases the number of pho-
tons available to activate a photocatalyst. This phenomenon
is referred to as the “inner filter effect.”High concentrations
of fulvic acid can absorb UV radiation, diminishing TiO2’s
activation and, consequently, its capacity to produce ROS.
This leads to lower degradation rates and reduced photo-
catalyst activation. Awfa et al. (2020) employed a CNT-TiO2

catalyst to photodegrade carbamazepine (10 mg/L) in raw
water and wastewater when exposed to UV and solar radi-
ation, discovering that NOM surrogates impeded the
degrading process. ROS produced during photocatalysis,
such as hydroxyl radicals (·OH) and superoxide anions (O2·−),
can react with NOM, reducing the availability of these rad-
icals for breaking down contaminants. Since humic mate-
rials can scavenge hydroxyl radicals, the availability of these
radicals for degrading pharmaceuticals is diminished,
thereby reducing the effectiveness of ROS (Klein et al. 2021).
NOM can alter the reactivity and solubility of metal ions or
contaminants by forming complexes with them, potentially
changing the degradation pathways of contaminants or
sequestering them away from the photocatalyst. Fulvic acids
can combine with metal ions and other contaminants to
create complexes that alter the free concentration of the
pollutants available for degradation, thus changing the
efficiency and pathways of degradation (Nikishina et al.
2022). The ionic strength and pH of the water are influenced
by NOM, which can impact the ionization state of
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contaminants and the surface charge of photocatalysts.
Humic acids can buffer pH, changing TiO2’s surface charge
and interactions with ionizable contaminants. When acids
and acids were added, humic acid exhibited buffering
behavior, with significant buffering capacity observed when
NaOHwas introduced. According to Jingcheng et al. (Xu et al.
2021) humic acid demonstrates buffering activity between
pH 5.5 and 8.0, with a maximal buffer capacity at pH 6.0.
Humic compounds exhibit notable characteristics such as
strong competitive adsorption onto photocatalyst surfaces,
substantial absorption of UV-visible light, robust hydroxyl
radical scavenging, and stable complex formation with pol-
lutants. Due to these mechanisms, the effects are often
inhibitory. By scavenging ROS and competing for adsorption
sites, humic acids decrease the breakdown efficiency of
organic dyes (Lee et al. 2023). ZnO nanoparticles were used
by Makropoulou et al. (2020) for UV photodegradation of
SMX, and the results indicated that the water matrix in-
fluences SMX removal. However, due to its sensitivity, humic
acid significantly increased the removal of SMX in surface
water. Materials with significantly higher activity are pro-
duced when copper phosphide (Cu3P) is dispersed across the
BiVO4 surface. SMX was the target pollutant in bottled water
(BW) and WW, and the water matrix effect was thoroughly
examined using this information. BW did not influence
removal at all, but WW kept SMX from being eliminated.
Further investigations were conducted in synthetic water
matrices employing suitable amounts of HA, bicarbonates,
or chlorides in UPW to elucidate this phenomenon. In the
case of HA, there was a considerable decrease in SMX
clearance, suggesting the inhibitory effect of organic matter;
however, in the case of NaCl, the decline was not as signifi-
cant. Conversely, bicarbonates have been associated with
positive results (Ioannidi et al. 2020). Compared to humic
acids, fulvic acids exhibit weaker competitive adsorption
onto active sites, absorb UV light (producing the inner filter
effect), and react, albeit to a lesser extent than humic acids,
with hydroxyl radicals. By absorbing UV radiation and
scavenging ROS, fulvic acids slow down the breakdown of
pesticides (Burrows et al. 2002).

In addition to competitive adsorption and contesting for
adsorption sites, biogenic organic matter (BOM) also reacts
with produced ROS, lowering their availability. It may
release nutrients that impact microbial activity in the water,
indirectly affecting photocatalysis. In addition to extra in-
direct effects from nutrient release, the overall effects are
inhibitory. By scavenging ROS and competing for adsorption
sites, BOM from algal blooms inhibited the breakdown of
synthetic organic compounds (Paulino et al. 2023). The
competitive adsorption of algal organicmatter (AOM) causes
it to adsorb onto photocatalysts and react with ROS,

decreasing its effectiveness. Similar to BOM, which can
release nutrients that influence microbial processes,
resulting in comparable nutritional impacts. Because of
adsorption competition and ROS scavenging, the effects are
often inhibitory. By scavenging hydroxyl radicals and
occupying photocatalyst surfaces, AOM diminishes the
degradation of pharmaceuticals (Pivokonsky et al. 2021).
Pollutants and NOM can combine to create complex mix-
tures thatmay affect degradation efficiency in beneficial and
detrimental ways. The potent ROS scavenging and competi-
tive adsorption of humic compounds and pharmaceuticals
result in decreased degradation efficiency. NOM can modify
the surface characteristics of photocatalysts, including their
charge, aggregation state, and hydrophilicity, thereby
impacting their overall activity. The photocatalytic effec-
tiveness of TiO2 was affected by high concentrations of hu-
mic acids due to changes in its surface charge and dispersion
state. The creation of secondary pollutants as a result of the
interaction between NOM and ROS may exacerbate the
degradation process. Fulvic acids and hydroxyl radicals can
react to produce byproducts that are pollutants in and of
themselves, necessitating further treatment. High amounts
of dissolved organic carbon (DOC) absorb ROS, limiting their
availability for degrading contaminants. Pollutants and DOC
compete for the same adsorption sites on the photocatalyst.
High levels of DOC often inhibit photocatalytic processes.
According to Dong S. et al. (2023) elevated DOC from urban
runoff inhibited the photocatalytic breakdown of
pharmaceuticals.

When compared to UPW, Figure 8 demonstrates a sig-
nificant decrease in the apparent kinetic constant of meth-
ylparaben (MeP) degradation by a factor of about 4 and 8,
respectively, in the BW and secondary treated WW matrix.
The presence of organic and inorganic materials competing
for reactive radicals, the slightly alkaline nature of BW and
WW, and the effect of solution pH all contribute to the
matrices’ detrimental effects on MeP degradation. The drop
inMeP over time for the several systems under evaluation is
depicted in Figure 9. After 120 min, little MePwas eliminated
when the Solar/SPS (sodium persulfate) system was exposed
to solar light, suggesting that S2O8

− was not significantly
activated. MeP elimination in the dark (Catalyst/SPS system)
is limited to about 30 %, indicating that the catalyst only
slightly activates the oxidant. MeP degradation was greatly
enhanced by adding SPS to the Solar/Catalyst system
compared to the original setup. MeP was completely
degraded after the addition of SPS within 60–90 min of
treatment. Compared to the photocatalytic process alone,
the combined process (Solar/Catalyst/SPS) exhibited an
apparent rate constant that was four times greater (Arvaniti
et al. 2020).
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Ahmad S. et al. conducted a literature analysis to assess
the effect of tap water contents on the photodegradation of
organic pollutants such as dyes, pharmaceuticals, and
pesticides (Ahmad et al. 2023). The TW had a variety of
effects on organic pollutant photodegradation, which may
have increased or decreased photodegradation effective-
ness. TW contains carbonates, bicarbonates, chlorides,
oxides, sulfates, and phosphates of various metal ions such
as Fe2+, Mg2+, Ca2+, and Si2+ (Bathla et al. 2022). The photo-
catalysts Fe3O4 NPs and Fe3O4/ZrO2 degraded methyl red
dyemore efficiently in TW than distilled water, as shown in
Figure 10 (Khan I. et al. 2020c). Inorganic ions such as SO4

2−,
HCO3

−, and Cl− have a dual effect on the photodegradation
of organic pollutants, depending on photocatalyst types and
ion concentrations (Khan et al. 2022). In a Fe(III)/chlorine
degradation system for reactive green 12, Cl2·−was found to
be primarily responsible for a significant decrease in dye
concentrations, whereas Cl· and ·OH contributed to only
∼5 % of the overall removal efficiency. Mineral ions,

including SO4
2−, NO3

2−, HCO3
−, and CO3

2−, negatively
impacted photocatalytic decolorization when mineralizing
Reactive Orange 16 with TiO2 NPs. Similarly, cations in
wastewater influence organic dye photodegradation. BiOI
microspheres destroyed 84 % of oxytetracycline in pure
water and 92 % in TW after 5 h of visible light exposure. The
greater rate of degradation in TW employing bismuth
oxyiodide may be due to dissolved components such as
nitrate ions. The photolysis of nitrate can significantly in-
crease the formation of hydroxyl radicals, which are highly
reactive in the photodegradation of organic contaminants.
Adding Na2SO4 suppresses the photodegradation of sul-
fonamides by TiO2. Inorganic anions in water had no sig-
nificant effect on the breakdown of sulfadiazine with
N-doped coconut-shell biochar as a catalyst. Similarly,
DOM, phosphate, and ferrous ions inhibit the degradation
of DCF, with inhibition becoming stronger as the concen-
trations of DOM, phosphate, and ferrous ions increase (Gao
et al. 2020).

Figure 8: Rate constants of 125 μg/L
methylparaben (MeP) degradation with
g-C3N4 in actual water matrices and UPW
spiked with non-target substances at various
concentrations (Arvaniti et al. 2020). Repro-
duced with permission from Wiley.

Figure 9: Effect of sodium persulfate (SPS)
(250 mg/L) on the catalytic photodegradation
of 500 μg/L MeP with 100 mg/L g-C3N4 under
solar irradiation in UPW. Numbers next to lines
show the apparent rate constant, k/min
(Arvaniti et al. 2020). Reproduced with
permission from Wiley.
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CaCO3 has also been extracted from TW as a white
powder sintered at 900 °C and applied for the efficient
adsorption/degradation of rhodamine B dye (Bathla et al.
2022). Inorganic cations, such as Na+, K+, Ca2+, and Mg2+, are
also present in natural waters and affect the photocatalytic
degradation of organic pollutants (Ahmad et al. 2023).

Jiménez-Salcedo et al. conducted the photodegradation
of naproxen under visible light radiation and natural sun-
light in tap water and ultrapure water using a g-C3N4 pho-
tocatalyst and without any catalyst (Jiménez-Salcedo et al.
2022). Figure 10 shows higher degradation of naproxen using
g-C3N4 photocatalyst compared to the absence of a catalyst.
Moreover, tap water shows reduced degradation of nap-
roxen compared to ultrapure water due to the various ions
present in tap water that interact with naproxen (Figure 11).

3.4 Influence of pH

pH is a crucial factor that significantly affects the photo-
catalytic breakdown of organic contaminants. It influences

the photocatalyst’s surface charge, the ionization state of
pollutants, the generation of ROS, and the adsorption-
desorption equilibria. By affecting the surface charge of
the photocatalyst, the ionization state and availability of
pollutants, the production of ROS, and the adsorption-
desorption equilibria, pH plays a substantial role in the
photocatalytic destruction of organic pollutants. In practical
applications, optimizing pH can enhance photocatalytic
effectiveness by avoiding the drawbacks and advantages of
acidic, neutral, and basic pH environments. An extensive
examination of how pH affects photocatalytic degradation is
provided below: The pH level at which there is no charge on
the photocatalyst surface is known as the point of zero
charge (PZC). The surface is negatively charged above the
PZC and positively charged below it, affecting the charge-
dependent adsorption of contaminants. With a PZC of
around 6.8, TiO2 exhibits a positively charged surface that
attracts anionic pollutants in acidic conditions (pH < 6.8) and
a negatively charged surface that attracts cationic pollutants
in basic settings (pH > 6.8). The results adjust the adsorption

Figure 10: UV/Vis spectra ofmethyl red dye in tapwater before and after reaction using (a) Fe3O4 NPs, (b) Fe3O4/ZrO2 NPs, (c) % degradation comparison
of methyl red dye in distilled and tap water photodegraded by Fe3O4 NPs, and (d) % degradation comparison of methyl red dye in distilled and TW
photodegraded by Fe3O4/ZrO2 NPs (Khan, I. et al. 2020c). Reproduced with permission from Springer Nature.
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effectiveness according to the pH and pollutant charge to the
PZC. Pollutants and the photocatalyst interact electrostati-
cally, which depends on the surface charge, which changes
with pH. These interactions can promote or prevent
adsorption and subsequent degradation. Strong electrostatic
attraction to positively charged TiO2 surfaces enhances the
degradation of anionic dyes at acidic pH values. Depending
on the pH, various organic contaminants can exist in distinct
ionization states, influencing their solubility, reactivity, and

adsorption on the photocatalyst surface. The ionization of
phenol fluctuates with pH, impacting the effectiveness of
phenol adsorption and degradation in TiO2-based photo-
catalysis. When the pH exceeds neutral, phenol exists as
phenolate ions with different adsorption properties.
Pollutant solubility and dissociation are influenced by pH,
affecting their availability for photocatalytic destruction.
Under basic conditions, weak organic acids become more
soluble and more accessible for breakdown. One important

Figure 11: Photodegradation of naproxen
through g-C3N4 under (a) visible light radia-
tion, (b) natural sunlight (Jiménez-Salcedo
et al. 2022). Reproduced with permission from
Elsevier.
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ROS in photocatalysis, hydroxyl radicals (·OH), develop in a
pH-dependent manner. Generally, basic conditions facilitate
the production of ·OH radicals from hydroxide ions or water.
In ZnO photocatalysis, the breakdown of pollutants such as
atrazine was boosted by the increased production of
hydroxyl radicals in basic conditions (pH > 7). pH also affects
the creation of superoxide anions (O2·−). Basic conditions
enable the production of O2·− from dissolved oxygen. Under
basic conditions, there was a greater formation of superox-
ide anions, which improved the degradation of organic dyes
in TiO2 photocatalysis. By changing the surface charge and
ionization state of the contaminants, pH modifies their
adsorption isotherms on the photocatalyst surface. Because
TiO2 has a negative surface charge, it was discovered that
basic dyes like MB absorb more at basic pH and can influ-
ence the desorption of intermediate degradation products,
affecting the degradation process as a whole. In ZnO pho-
tocatalysis, faster desorption of acidic intermediates at basic
pH reduced surface fouling and increased overall degrada-
tion efficiency. Extremely high or low pH levels can
compromise the stability of the photocatalyst, causing it to
degrade or become inactive. In highly acidic circumstances
(pH < 3), TiO2 demonstrated decreased stability and activity,
reducing catalyst degradation efficiency. The photocatalyst’s
band gap and activation can be influenced by pH, impacting
the photocatalytic activity of the catalyst. ZnO’s photo-
catalytic activitywasmodified by slight variations in its band
gap at different pH levels, which could either increase or
decrease activity. Anionic pollutants are drawn to positively
charged photocatalyst surfaces in acidic environments,
promoting adsorption and degradation. Increased anionic
dye degradation rates in TiO2 photocatalysis were observed
at acidic pH levels. Oxygen radicals and superoxide anions
are examples of ROS that can be produced less frequently in
acidic environments. Degradation rates of neutral contam-
inants were lowered by reduced hydroxyl radical formation
at acidic pH in ZnO photocatalysis, which consequently
reduced degradation efficiency since fewer ROS were
generated. A balanced surface charge may be produced by
neutral pH levels, maximizing the adsorption of both
cationic and anionic contaminants. TiO2 photocatalysis
demonstrated balanced adsorption of cationic and anionic
dyes at neutral pH, resulting in moderate degradation rates.
Ideal conditions for the formation of ROS are frequently
found at neutral pH without causing drastic changes in
surface charge. Optimal production of hydroxyl radicals at a
pH close to neutral enhanced the degradation effectiveness
of various contaminants in ZnO photocatalysis. Basic con-
ditions improve the effectiveness by promoting the

generation of ROS, such as superoxide anions and hydroxyl
radicals. In basic conditions (pH> 7), higher rates of hydroxyl
radical generation enhanced phenol degradation rates in
TiO2-based photocatalysis. Under standard circumstances,
anionic pollutants are repelled from negatively charged
photocatalyst surfaces, decreasing adsorption. Lower
degradation rates for these contaminants resulted from
reduced anionic dye adsorption at basic pH in TiO2 photo-
catalysis. The effectiveness of photocatalysis can be
increased by adjusting pH to match the ideal conditions for
adsorption and degradation for a given set of contaminants.
The best conditions for adsorption and degradation were
achieved by adjusting pH to 5–6 for the degradation of
anionic dyes in TiO2 systems. Buffering agents can maintain
stable pH conditions during photocatalysis to avoid fluctu-
ations that could lower efficiency. Buffering solutions were
utilized to maintain a neutral pH and maximize the break-
down of mixed contaminants by ZnO photocatalysis.

The pH dependence of the MeP degradation rate is
illustrated in Figure 12. MeP degrades more quickly and is
almost eliminated after 90 min of radiation when the initial
pH is 3. Degradation was less effective in an alkaline atmo-
sphere despite intrinsic conditions producing a reasonable
elimination percentage. After a 120-min treatment, 52 % and
73 % of 500 μg/L MeP were eliminated at pH 6 and 9,
respectively (Arvaniti et al. 2020).

The efficacy of water treatment can be enhanced by
combining pH correction with photocatalytic treatments, as
this will hasten the elimination of pollutants. Pre-treatment
with acidity followed by TiO2 photocatalysis improved the
rates at which pharmaceuticals broke down in wastewater.
When photocatalytic devices are adjusted to the local
pHvalues of industrial and naturalwaters, good performance
can be achieved without requiring large pH modifications.
Pollutant degradation rates were higher in photocatalytic
systems that operate well in naturally occurring waters with
varying pH values. The nanoparticles of bismuth vanadate
(BiVO4) were produced at various pH levels (9, 10, and 11)
using a simple co-precipitation technique. Raman spectra
provided additional evidence that the produced nanoparticles
were identified asmonoclinic single-phase BiVO4 basedon the
XRD patterns. The optical absorption demonstrated broad
absorption in the visible range, with a prominent emission at
520 nm. The effectiveness of the samples and the effect of
pH on photodegradation were assessed using RhB dye pho-
tocatalytic degradation. Figure 13 displays the percentage of
degradation and time-dependent spectrum shift for RhB dye
using BiVO4 nanoparticles at pH levels of 9, 10, and 11 (Jose-
phine et al. 2020).
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Figure 12: Effect of initial pH on 500 μg/L MeP
degradation with 100 mg/L g-C3N4 under solar
irradiation in UPW. Numbers next to lines
show the apparent rate constant, k min−1

(Arvaniti et al. 2020). Reproduced with
permission from Wiley.

Figure 13: Time-dependent spectral change and percentage degradation of using BiVO4 nanoparticles at pH levels of 9, 10, and 11 for RhB dye (Josephine
et al. 2020).
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3.5 Influence of temperature

Temperature is a critical factor affecting the photocatalytic
breakdown of organic contaminants. It influences the speed
of the photocatalytic reaction, the characteristics of the
photocatalyst, the interactions between the photocatalyst
and contaminants, and the overall effectiveness of the
degradation process. Temperature affects mass transfer,
ROS dynamics, adsorption–desorption equilibria, photo-
catalyst characteristics, and reaction kinetics, all crucial to
the photocatalytic destruction of organic pollutants. By
balancing these variables, ideal temperature ranges can
dramatically increase degradation efficiency, but extremes
in either direction can have complex and occasionally
detrimental consequences. Practical applications often
involve temperature control or adaptation to local envi-
ronmental conditions to maximize photocatalytic effective-
ness. This is a thorough examination of the effects of
temperature on photocatalytic degradation:

Increasing temperature raises the kinetic energy of
molecules, lowering the activation energy barrier for pro-
cesses. This can be lowered by promoting more successful
collisions between reactants and the photocatalyst surface.
In a TiO2 photocatalytic system, the phenol degradation rate
increased with temperature, indicating that the degradation
process requires less activation energy at higher tempera-
tures. Temperature increases led to faster degradation and
increased reaction rates. According to the Arrhenius equa-
tion, the rate constant, k, for a reaction rises exponentially
with temperature. Temperature-dependent increases in the
rate constant for photocatalytic dye degradation resulted in
more efficient degradation. The adsorption isotherms of
pollutants on the surface of the photocatalyst are influenced
by temperature, which can impact the availability of pol-
lutants for degradation. Elevated temperatures can decrease
the surface concentration of contaminants by reducing
adsorption due to desorption. At higher temperatures,
organic contaminants such as MB lost some ability to adsorb
on TiO2, resulting in a lower surface concentration for pho-
tocatalytic destruction. This potential decrease in surface-
bound contaminants impacts the degradation rate. Elevated
temperatures can enhance the desorption of intermediate
products generated during degradation, preventing surface
poisoning and encouraging further degradation. Continuous
pollutant degradation was possible in ZnO photocatalysis
without significant catalyst deactivation due to faster
desorption of intermediates at higher temperatures, leading
to increased efficiency. The band gap energy of semi-
conductors can be affected by temperature. Higher

temperatures typically cause the band gap to shrink slightly,
influencing photoexcitation efficiency. As the temperature
increased, TiO2’s band gap marginally shrank, improving
photocatalytic activity and photon absorption. The mobility
and recombination rates of electron–hole pairs in photo-
catalysts are influenced by temperature. The advantages of
improved reaction kinetics may be offset by higher tem-
peratures, which can increase recombination rates. Elevated
temperatures in ZnO resulted in greater electron–hole pair
recombination rates, somewhat countering the advantages
of higher reaction rates and decreasing overall efficiency.
The production rate of hydroxyl radicals in TiO2 photo-
catalysis increased with temperature, leading to faster
degradation of pollutants like atrazine. Higher temperatures
can enhance the generation rates of ROS, such as hydroxyl
radicals (·OH) and superoxide anions (O2·−), which are
crucial for the degradation of organic pollutants. Increased
ROS generation results in improved degradation efficiency.
However, high temperatures can also impact the stability
and lifespan of ROS. Certain ROS may decompose rapidly at
elevated temperatures, reducing their ability to degrade
contaminants. The potency of hydroxyl radicals diminishes
at extremely high temperatures, which can reduce the
overall effectiveness of organic molecule breakdown. The
effects of elevated temperatures can vary, and efficiency
may be decreased by a potential decrease in ROS stability.
Warmer temperatures generally lead to faster diffusion of
molecules in water, facilitating the surface of the photo-
catalyst surface and increasing the rate of contact. The
breakdown rates of contaminants such as bisphenol A were
accelerated in a photocatalytic reactor due to improved
diffusion rates at higher temperatures. Elevated tempera-
tures improved degradation efficiency by enhancing mass
transfer. In open systems, higher temperatures can increase
evaporation rates, concentrating pollutants and potentially
increasing their availability for degradation. Larger ambient
temperatures in outdoor photocatalytic systems concen-
trated contaminants, increasing degradation rates due to
higher local concentrations. Because of concentration ef-
fects, elevated temperatures may enhance degradation
rates. Degradation rates slow down at lower temperatures
due to reduced reaction kinetics. Pollutants are degraded by
photocatalysis at much slower rates in cold water because of
slower reaction kinetics and less molecular mobility.
Consequently, degradation efficiency was decreased at
lower temperatures.

Lower temperatures can increase surface concentration
by improving the adsorption of contaminants on the pho-
tocatalyst. Slower kineticsmay result in somewhat improved
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degradation rates due to higher local concentrations caused
by increased adsorption of organic contaminants on TiO2 at
lower temperatures. This complex impact might lead to a
local increase in pollutant concentration but a slower overall
degradation rate. An ideal temperature range exists when
reaction kinetics are sufficiently high without causing sig-
nificant desorption or recombination losses. For TiO2 pho-
tocatalysis, the ideal temperature was found to be 35 °C, as it
provided the optimum reaction rate and adsorption,
resulting in the highest degradation efficiency of pollutants
like dyes. The equilibrium between ROS generation and
stability occurs within this range, enhancing overall degra-
dation efficiency. In a ZnO system, moderate temperatures
were optimal for ROS formation and stability, allowing for
the effective degradation of pollutants such as pharmaceu-
ticals (Hwang et al. 2022).

Because ROS dynamics are balanced at high tempera-
tures, degradation efficiency is enhanced. However,
extremely high temperatures can introduce challenges such
as recombination and desorption, in addition to increasing
reaction speeds. Reaction rates may rise alongside electron–
hole pair recombination rates above 50 °C, decreasing net
efficiency. While higher reaction rates are beneficial, they
may also be offset by increased recombination and desorp-
tion. High temperatures can negatively impact degradation
efficiency due to significant increases in contaminant
desorption and decreased ROS stability. Elevated tempera-
tures led to removing contaminants from TiO2 and reduced
the stability of hydroxyl radicals, thereby lowering overall
degradation efficiency. The combined effects of degradation.
Desorption and reduced ROS stability result in decreased
efficiency. Maintaining temperature within an ideal range
can enhance degradation efficiency in photocatalytic re-
actors. Reactors with controlled temperatures demonstrated
higher degradation rates for organic contaminants such as
pesticides than systems with temperature fluctuations.

3.6 Influence of irradiation type and
intensity

Important elements in the photocatalytic degradation effi-
ciency of organic contaminants. Generally, higher light in-
tensities accelerate degradation rates by generating more
ROS until a saturation threshold is reached. While visible
light necessitates modified or doped photocatalysts, UV light
is highly effective for wide-bandgap photocatalysts. In gen-
eral, direct photocatalysis is not successful with infrared
light. The ideal combination of light quality and intensity
depends on the specific pollutant and photocatalyst being
used and the surrounding conditions. Higher photon flux

from increased light intensity enhances the excitation of
electrons in photocatalysts from the valence band to the
conduction band. This results in generating more electron-
hole pairs, promoting the production and the breakdown of
pollutants. For example, organic dyes like MB degraded
more quickly with increased UV light intensity due to more
effective ROS formation. Generally, higher light intensity
accelerates degradation rates until reaching a saturation
point, which typically has a favorable effect. However, the
photocatalyst may become saturated at very high light in-
tensities, causing the photocatalytic degradation rate to
plateau. Heat generation may also impact the process;
however, excess photons do not contribute to creating
additional electron-hole pairs. The phenol degradation rate
plateaued at very highUV intensities, indicating that the TiO2

photocatalyst was fully saturated. While high intensities
yield good initial results, the returns may diminish. Exces-
sive light can raise the temperature of a photocatalytic
reactor, which may impact the stability and activity of the
photocatalyst, potentially leading to thermal deactivation or
increased electron–hole pair recombination. Overexposure
to light raised the temperature of a photocatalytic reactor,
which increased recombination rates and decreased the ef-
ficiency of pollutant breakdown. Many common photo-
catalysts, including TiO2, can have their electrons excited
from the valence band to the conduction band by UV light
(200–400 nm). This process generates electron–hole pairs,
forming ROS. Since TiO2 absorbs high-energy photons, UV
light significantly accelerates the breakdown of organic
contaminants such as bisphenol A and pharmaceuticals. UV
light is particularly useful and necessary for photocatalysts
like TiO2 that require it to activate. Visible light (400–700 nm)
has less energy than UV light and must be used with pho-
tocatalysts with smaller band gaps or that have undergone
modification or doping. Modified or doped photocatalysts
that absorb visible light can produce ROS. For example,
nitrogen-doped TiO2 efficiently breaks down pollutants such
as MB under visible light. Generally, infrared light (700 nm
and beyond) is ineffective for direct photocatalytic degra-
dation because it lacks the energy to activate electrons in
most photocatalysts. Due to insufficient photon energy,
infrared light cannot degrade organic contaminants using
common photocatalysts like TiO2. A variety of wavelengths
produced by broad-spectrum light sources may stimulate
distinct photocatalysts or encourage the breakdown of a
wider range of contaminants. Pollutant degradation has
been achieved using solar light or xenon lamps, which
combine the effects of UV and visible light to enhance pho-
tocatalytic activity across various photocatalysts. These
light sources are adaptable and often efficient, particularly
for systems designed to use several wavelengths. A
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photocatalyst’s bandgap energy establishes the minimum
wavelength of light necessary for activation. While wide
bandgap photocatalysts typically require UV light, narrow
bandgap photocatalysts can utilize visible light. For instance,
CdS (bandgap ∼2.4 eV) can be activated by visible light, while
ZnO (bandgap ∼3.2 eV) requires UV light. This establishes the
necessary light quality for efficient photocatalysis. The
visible spectrum can be accessed by doping photocatalysts
with elements or pairing them with photosensitizers to
expand their light absorption range. The addition ofmid-gap
states or extra absorption bands has increased photo-
catalytic activity under visible light for both nitrogen-doped
TiO2 and dye-sensitized TiO2. This improves overall effi-
ciency and permits the use of visible light. Different pollut-
ants may require different types and intensities of light for
optimal degradation. When selecting a photocatalyst and
light source, the particular pollutant and degradation envi-
ronment should be considered. Environmental factors such
as temperature, turbidity, and dissolved substances can
modify light intensity and quality effectiveness. Using TiO2,
phenol degradation was most efficient under UV light at
moderate intensities, while the degradation of some dyes
was more effective under visible light with modified pho-
tocatalysts. UV radiation may be absorbed and scattered in
naturally occurring water bodies with significant turbidity,
which reduces the effective light intensity reaching the
photocatalyst.

The degradation of 500 μg/L methylparaben (MeP) with
100 mg/L g-C3N4 under visible and artificial light irradiation
is shown in Figure 14. The MeP removal under visible light
was reduced by 50 % following a 120-min treatment. Ac-
cording to Arvaniti et al. (2020), this observation indicates
that the generated catalyst exhibited strong activity in solar
radiation, likely because solar radiation contains UV light
that provides extra energy for photodegradation.

3.7 Influence of dissolved oxygen

Dissolved oxygen (DO) is essential for the photocatalytic
degradation of organic contaminants, as it contributes to the
production of ROS and modifies electron dynamics on the
photocatalyst surface. For effective photocatalysis, dissolved
oxygen promotes the generation of ROS, which are crucial
for breaking down contaminants. Examples of ROS include
hydroxyl radicals and superoxide anions. A photocatalytic
system operating at optimal DO concentrations produces the
most ROS and minimizes electron-hole recombination.
However, extremely high or low DO levels can lead to sub-
optimal degradation rates. The precise effects of DO can vary
depending on the type of photocatalyst used, the surround-
ing conditions, and the nature of the pollutants present.
Electrons from the photocatalyst’s conduction band can be
accepted by dissolved oxygen to form superoxide anions
(O2·−), which can subsequently react to produce hydroxyl
radicals (·OH) and hydrogen peroxide (H2O2). For instance, in
the presence of UV-irradiated TiO2, dissolved oxygen absorbs
electrons to create O2·−, aiding in the degradation of organic
pollutants such as phenol.

Azim et al. (2024) studied the effect of DO on the pho-
todegradation of MB. The result plotted in Figure 15 showed
an increase in the degradation rate constant from 0.035 to
0.062 min−1 when the initial DO level was raised from 2.8 to
3.9 mg/L.

3.8 Influence of suspended particles and
turbidity

The breakdown of organic contaminants through photo-
catalysis can be significantly affected by suspended particles
in water. These particles interact with the photocatalytic

Figure 14: Degradation of 500 μg/L
methylparaben in ultrapure water under
visible or solar irradiation with 100 mg/L
g-C3N4 (Arvaniti et al. 2020). Reproduced with
permission from Wiley.
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system, influencing pollutant adsorption, light penetration,
catalyst activity, and overall degradation efficiency. Sus-
pended particles reduce light penetration, compete for
adsorption sites, cause surface fouling, and alter the water’s
chemistry, substantially impacting the photocatalytic
destruction of organic contaminants. The specific effects
depend on the type and quantity of suspended particles
present. Effective strategies to mitigate these impacts
include pre-treatment to remove suspended particles, opti-
mizing photocatalyst properties, and ensuring adequate
dispersion and mixing throughout the photocatalytic pro-
cess. Suspended particles scatter and absorb light, reducing
the amount of light that reaches the photocatalyst surface,
which can diminish the production of ROS and electron–hole
pairs necessary for the degradation process. High turbidity
in a TiO2 system caused by suspended clay particles inhibited
UV light penetration, resulting in decreased photocatalytic
degradation rates at which dyes such as MB. This reduction
in photocatalyst activation leads to lower degradation effi-
ciency. The absorption of light by suspended particles before
it reaches the photocatalyst effectively shields the catalyst
from light, further reducing its activation.

In natural waters, organic-rich particles absorb UV light,
decreasing the effective photonflux required to activate TiO2

and diminishing the breakdown efficiency of organic pol-
lutants. This results in reduced photocatalytic activity due to
light attenuation. Suspended particles may adsorb pollut-
ants, creating competition for the adsorption of organic
contaminants on the photocatalyst surface. Consequently,
fewer contaminants are available for degradation. Reduced
phenol adsorption on TiO2 in the presence of suspended
sediment particles has been reported to lead to lower
degradation rates. Additionally, competition for adsorption
sites has been linked to decreased pollutant breakdown.
Particles suspended in the airmay settle on the photocatalyst
surface, obstructing active sites and reducing the catalyst’s
effective surface area. The accumulation of suspended par-
ticles on ZnO surfaces can cause fouling, which reduces the

number of active sites available for ROS production of
ROS and pollutant degradation. This surface-covering effect
results in decreased photocatalyst efficiency. Suspended
particles can also promote the aggregation of photocatalyst
particles, leading to larger aggregates that settle out of sus-
pension and reduce the available surface area of the catalyst.
TiO2 tends to agglomerate in high concentrations of sus-
pended particles, resulting in sedimentation and decreased
photocatalytic effectiveness for degrading organic contami-
nants. Aggregation has been shown to reduce the effective
catalyst surface area and light absorption. Additionally,
suspended particles can shorten the interaction duration
between the photocatalyst and pollutants, particularly in
batch systems. Increased sedimentation of TiO2 in the pres-
ence of naturally suspended particles has been associated
with lower degradation rates of pharmaceuticals and other
contaminants. When the catalyst and pollutant have less
contact time, degradation efficiency decreases. Particles
suspended in the air can release dissolved materials that
interfere with photocatalysis by introducing competing ions
or altering pH. Carbonate-containing suspended particles
can release bicarbonates into the water, scavenging hy-
droxyl radicals and reducing the efficiency of ROS in
breaking down contaminants such as atrazine. The specific
chemistry of the suspended particles can lead to varying
impacts on photocatalytic degradation. Some suspended
particles may participate in processes that generate or
exhaust reactive intermediates, affecting the overall photo-
catalytic process. Suspended particles containing iron may
catalyze Fenton-like reactions, generating additional ROS
that could either support or hinder the photocatalytic pro-
cess. The complex effects on degradation efficiency are
contingent upon the reactivity of the suspended particles.
Clay particles may absorb and scatter light, reducing light
penetration and the availability of pollutants for photo-
catalysis. In a TiO2 system, the efficacy of photocatalytic
degradationwas diminished by clay particles due to reduced
UV light penetration and adsorption of contaminants such as

Figure 15: Dissolved oxygen level (mg/L) versus degradation efficiency (%) for (A) H2O/MB/GO and (B) H2O/MB/H2O2 systems (Azim et al. 2024).
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phenol. This impact is typically inhibitory due to compe-
tition for adsorption and light, possibly promoting side
reactions. Iron oxide particles in water systems impacted
rhodamine B photocatalytic degradation and ROS dy-
namics. Depending on the system, the effectmay be neutral
or inhibitory. Organic particles can react with ROS,
compete for adsorption sites, and absorb light. Elevated
concentrations of NOM in water inhibit UV light penetra-
tion and compete with pollutants for adsorption on TiO2,
thereby decreasing contaminant breakdown rates. This is
generally inhibitory due to competing adsorption and light
absorption. Biogenic particles can also influence photo-
catalytic reactions, altering water chemistry and releasing
organic materials. Algal particles can reduce the effec-
tiveness of the photocatalytic degradation of contaminants
like pesticides by releasing organicmaterials and changing
the water’s pH. Variations in water chemistry and light
absorption typically result in inhibitory outcomes. Micro-
plastics can absorb and scatter light, affecting the amount
of light that reaches the surface and the pollutants that can
be degraded. Water systems containing microplastic par-
ticles exhibit reduced light penetration and fewer adsor-
bed pollutants, leading to decreased photocatalytic
destruction of organic contaminants. This outcome is
typically inhibitory due to competition for adsorption and
light scattering. Industrial particles can introduce heavy
metals or other reactive species that interfere with the
photocatalytic process. Particles containing heavy metals
can impact the photocatalytic degradation of organic
contaminants by introducing competing reactions and
altering ROS dynamics. The outcome is unpredictable;
depending on the specific composition, it may be neutral or
inhibitory. The effects and mechanisms of DOM on anti-
biotic photodegradation are illustrated in Figure 16 (Guo
et al. 2024).

4 Key water matrix constituents
effect on individual
photocatalyst

4.1 g-C3N4 photocatalyst

The effectiveness of g-C3N4 as a photocatalyst in water
treatment is significantly influenced by various water
matrix constituents, including inorganic ions, NOM, pH, and
dissolved oxygen. These components can either enhance or
inhibit the photocatalytic degradation of pollutants by
affecting charge separation, reactive species formation, and
surface interactions (Imran et al. 2025).

Among inorganic ions, anions such as Cl−, SO4
2−, NO3

−,
HCO3

−, CO3
2−, and PO4

3− can interact with g-C3N4 in different
ways. Chloride ions tend to scavenge hydroxyl radicals (·OH)
and photogenerated holes (h+), thereby reducing degrada-
tion efficiency. In some cases, chloride can also form reactive
chlorine species that may lead to secondary pollutants. Sul-
fate ions have a mild scavenging effect on hydroxyl radicals
but generally do not significantly inhibit photocatalysis.
Nitrate ions can compete for photogenerated electrons and
participate in the formation of nitrogen-based reactive spe-
cies, which may either enhance or reduce degradation effi-
ciency depending on reaction conditions. Bicarbonate and
carbonate ions are strong scavengers of hydroxyl radicals,
forming less reactive carbonate radicals (CO3·−), which leads
to a decrease in photocatalytic activity. Phosphate ions can
bind to the g-C3N4 surface, altering its charge distribution
and affecting the adsorption of target pollutants.

Cations such as Ca2+ and Mg2+ may contribute to the
aggregation of g-C3N4 particles, reducing available active
sites and thus lowering photocatalytic efficiency. Iron ions
(Fe3+) can enhance photocatalysis through Fenton-like

Figure 16: Illustration showing the effects and
mechanisms of DOMon the photodegradation
of antibiotics (Guo et al. 2024). Reproduced
with permission from Elsevier.
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reactions, facilitating the generation of hydroxyl radicals.
However, at high concentrations, Fe3+ may also compete for
photogenerated electrons, reducing the availability of
charge carriers for pollutant degradation. Similarly, transi-
tion metal ions such as Cu2+ and Zn2+ can either promote
charge separation or introduce toxicity concerns depending
on their concentration and interaction with g-C3N4.

Natural organic matter, particularly humic and fulvic
acids, plays a dual role in photocatalysis. These substances
can act as electron donors, improving charge separation and
increasing radical production, thereby enhancing photo-
catalytic performance. However, they can also act as scav-
engers of hydroxyl radicals, reducing their availability for
pollutant degradation. The overall impact of NOM depends
on its concentration and chemical composition.

The pH of the water matrix is another crucial factor
influencing g-C3N4 photocatalysis. Under acidic conditions
(pH less than 5), the catalyst surface becomes positively
charged, which can enhance the adsorption of negatively
charged pollutants. However, excessive protonation of
active sites may hinder radical formation and suppress
photocatalytic activity. In contrast, alkaline conditions
(pH more than 8) promote the generation of hydroxyl radi-
cals due to increased hydroxide ion (OH−) availability,
thereby improving degradation efficiency. However, the
negatively charged surface of g-C3N4 at high pH may repel
anionic contaminants, reducing adsorption and limiting
degradation rates. Typically, a neutral to slightly alkaline
pH (pH 6 to 8) is considered optimal for most photocatalytic
applications.

Dissolved oxygen (DO) plays a critical role in photo-
catalysis by acting as an electron acceptor, facilitating
charge separation and promoting the formation of super-
oxide radicals (O2·−). Higher DO levels generally improve
photocatalytic degradation by preventing electron–hole
recombination and enhancing oxidative pathways. In
oxygen-deficient conditions, reduced electron trapping leads
to faster recombination of charge carriers, thereby lowering
photocatalytic efficiency. Additionally, the presence of
hydrogen peroxide (H2O2) can further enhance photo-
catalysis by generating hydroxyl radicals. However, exces-
sive H2O2 may act as a radical scavenger, leading to reduced
degradation performance.

Overall, the photocatalytic efficiency of g-C3N4 is highly
dependent on the composition of the water matrix. The
presence of scavenging ions such as chloride, carbonate, and
phosphate, along with excessive NOM, can reduce efficiency,
whereas moderate levels of iron ions, dissolved oxygen, and
hydrogen peroxide may enhance pollutant degradation.
Optimizing water chemistry is essential to maximize the
performance of g–C3N4–based photocatalysis for effective

water treatment. Table 5 summarizes the effects of keywater
matrix constituents on g-C3N4 photocatalyst. This table can
serve as a quick reference for understanding how various
water constituents can influence the photocatalytic perfor-
mance of g-C3N4.

4.2 TiO2 photocatalyst

The photocatalytic activity of TiO2 in water treatment is
significantly influenced by the presence of various water
matrix constituents, including inorganic ions, NOM, pH, and
DO. These components can either enhance or inhibit the

Table : The effects of key water matrix constituents on photocatalysis
using g-CN catalyst.

Water matrix
constituent

Effect on g-CN

photocatalysis
Mechanism/notes

pH Alters surface charge and
influences pollutant
adsorption

Changes in pH affect the
protonation/deprotona-
tion of active sites on
g-CN, impacting the
electron-hole separation
and adsorption efficiency

Inorganic ions
(Cl−, SO

−, NO

−,
HCO

−)

May inhibit or enhance
activity

Some ions can scavenge
reactive species (e.g., Cl−

capturing ·OH radicals),
while others may improve
charge separation under
optimal conditions

Dissolved organic
matter (DOM)

Decreases photocatalytic
efficiency

DOM can absorb light
(screening effect) and
compete for active sites on
the catalyst, reducing
effective photon absorp-
tion and pollutant
interaction

Turbidity /sus-
pended solids

Lowers light penetration
to the catalyst

Particulates produce scat-
tering and absorb light,
diminishing the effective
photon flux that reaches
the g-CN surface

Dissolved oxygen Enhances ROS generation DO acts as an electron
acceptor, enabling the
formation of superoxide
radicals, which boost the
degradation process

Metal ions
(e.g., Fe+)

Can trigger additional cat-
alytic reactions or increase
recombination rates

At optimal levels, metal
ions may participate in
reactions like photo-
Fenton, enhancing activ-
ity; excess metal ions
might serve as recombi-
nation centers, reducing
efficiency
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efficiency of photocatalysis by affecting charge carrier
dynamics, radical formation, surface interactions, and
pollutant adsorption.

Inorganic ions, both anions and cations, play a crucial
role in determining the overall performance of TiO2 photo-
catalysis. The (Cl−) ionswhich are commonly present inwater,
tend to act as radical scavengers by reacting with hydroxyl
radicals (·OH) and photogenerated holes (h+), leading to the
formation of chloride radicals (Cl·) thatmaybe less effective in
degrading pollutants. Sulfate ions (SO4

2−) can also interact
with hydroxyl radicals, but their impact is generally weaker
compared to chloride. The NO3

− ions can undergo photore-
duction under UV irradiation, generating nitrogen-based
reactive species that may either contribute to or hinder
photocatalytic activity, depending on the specific reaction
conditions. The HCO3

− and CO3
2− ions, on the other hand, are

known to be strong scavengers of hydroxyl radicals, forming
less reactive carbonate radicals (CO3·−), which ultimately re-
duces the overall efficiency of TiO2-mediated photocatalysis.
The PO4

3− ions can adsorb onto the surface of TiO2, modifying
its surface charge and potentially affecting the adsorption of
pollutants, often leading to decreased catalytic activity.

Cations such as Ca2+ andMg2+, which contribute towater
hardness, may influence TiO2 photocatalysis by promoting
particle aggregation, thereby reducing the active surface
area available for photocatalytic reactions. Iron ions (Fe3+)
can participate in Fenton-like reactions, whichmay enhance
the production of hydroxyl radicals and improve photo-
catalytic efficiency under certain conditions. However, at
higher concentrations, Fe3+ can also compete for photo-
generated electrons, leading to charge recombination and
reduced degradation rates. Similarly, other transition metal
ions such as copper (Cu2+) and zinc (Zn2+) may either facili-
tate charge separation or introduce undesired competitive
interactions that limit the availability of reactive species.

Natural organic matter, which includes humic acids,
fulvic acids, and other organic macromolecules, exerts both
beneficial and inhibitory effects on TiO2 photocatalysis. On
one hand, NOM can act as an electron donor, improving
charge separation and enhancing photocatalytic perfor-
mance. On the other hand, NOM can also serve as a radical
scavenger, competing with target pollutants for ROS such as
hydroxyl radicals, thereby reducing the overall degradation
efficiency. Additionally, NOMmay adsorb onto the surface of
TiO2, forming a passivating layer that inhibits light absorp-
tion and limits the availability of active sites for photo-
catalytic reactions.

The pH of the water matrix significantly influences the
photocatalytic behavior of TiO2. Under acidic conditions
(pH less than 5), the TiO2 surface becomes positively charged,
which can enhance the adsorption of negatively charged

pollutants but may also lead to increased electron-hole
recombination. In alkaline conditions (pH more than 8), the
surface charge of TiO2 becomesmore negative, promoting the
formation of hydroxyl radicals due to the higher concentra-
tion of hydroxide ions (OH−), which generally improves pho-
tocatalytic efficiency. However, at very high pH levels,
repulsion between negatively charged TiO2 particles and
anionic pollutants can limit the effectiveness of degradation.
The optimal pH range for TiO2 photocatalysis typically falls
between neutral to slightly alkaline conditions (pH 6 to 8),
where a balance between charge separation and hydroxyl
radical generation is maintained.

Dissolved oxygen (DO) is another critical factor in TiO2

photocatalysis, as it acts as an electron acceptor that facili-
tates charge separation and enhances the formation of ROS,
particularly superoxide radicals (O2·−). Higher levels of dis-
solved oxygen generally improve photocatalytic perfor-
mance by preventing electron-hole recombination and
increasing oxidative pathways. In oxygen-deficient condi-
tions, the reduced availability of electron acceptors leads to a
higher recombination rate of photogenerated charge car-
riers, which significantly lowers photocatalytic efficiency.
Additionally, hydrogen peroxide (H2O2) is often introduced
as an external oxidant to enhance TiO2 photocatalysis by
generating additional hydroxyl radicals. However, excessive
concentrations of H2O2 can act as a radical scavenger,
reducing the overall effectiveness of the process.

Overall, the efficiency of TiO2-based photocatalysis in
water treatment is highly dependent on the composition of
the water matrix. The presence of radical-scavenging anions
such as chloride, carbonate, and phosphate, along with high
concentrations of natural organic matter, can inhibit degra-
dation, while the presence of moderate levels of iron ions,
dissolved oxygen, and hydrogen peroxide can enhance pho-
tocatalytic performance. Optimizing the balance of these
constituents is crucial for maximizing the effectiveness of
TiO2 photocatalysis in water treatment applications. Table 6
summarizes the key water matrix constituents that can affect
the photocatalytic performance of TiO2. This table provides a
concise overview of how different water constituents can
impact the efficiency of TiO2-based photocatalytic processes.
Adjusting and optimizing these parameters is a key when
applying TiO2 in real water treatment scenarios. The effects
vary based on the specific water composition, pollutant type,
and experimental conditions.

4.3 Bismuth-containing photocatalysts

The photocatalytic performance of bismuth-containing cat-
alysts, such as Bi2O3, BiVO4, Bi2WO6, and BiOBr, is strongly
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influenced by various water matrix constituents, including
inorganic ions, NOM, pH, and dissolved oxygen. These fac-
tors can either enhance or suppress photocatalytic activity
by affecting charge carrier dynamics, ROS generation, sur-
face interactions, and pollutant adsorption.

Inorganic ions, particularly anions such as Cl−, SO4
2−,

NO3
−, HCO3

−, CO3
2−, and PO4

3−, interact differently with
bismuth-based photocatalysts. The Cl− ions often act as
radical scavengers by reacting with ·OH radicals and pho-
togenerated holes (h+), forming less reactive chlorine species
that can hinder pollutant degradation. However, in some
cases, the formation of reactive chlorine radicals (Cl·, Cl2·−)
may contribute to oxidation pathways, depending on the

reaction conditions. Sulfate ions can also compete with
target pollutants for hydroxyl radicals, although their
impact on photocatalysis is generally weaker than that of
chloride. Nitrate ions, when exposed to light, may undergo
photoreduction, generating nitrogen-based reactive species
that can either promote or suppress photocatalytic efficiency
depending on specific reaction pathways. Bicarbonate and
carbonate ions are known to scavenge hydroxyl radicals,
leading to the formation of less reactive carbonate radicals
(CO3·−), which can significantly reduce the overall efficiency
of bismuth-based photocatalysis. Phosphate ions tend to
adsorb strongly onto the surface of bismuth-containing
catalysts, altering surface charge and potentially blocking
active sites, thereby reducing catalytic performance.

The presence of cations such as Ca2+, Mg2+, Fe3+, Cu2+,
and Zn2+ can further impact photocatalytic efficiency. Cal-
cium and magnesium, which contribute to water hardness,
may induce particle aggregation, decreasing the available
surface area and limiting light absorption. Iron ions can
enhance photocatalysis through Fenton-like reactions by
generating additional hydroxyl radicals. However, excessive
Fe3+ concentrations may act as electron acceptors, leading to
increased charge recombination and a reduction in overall
efficiency. Transition metal ions such as copper and zinc can
either improve charge carrier separation or introduce
competing interactions that reduce reactive species avail-
ability, depending on their concentration and redox
potential.

Natural organic matter, including humic and fulvic
acids, plays a complex role in photocatalysis involving
bismuth-based catalysts. On one hand, NOM can act as an
electron donor, facilitating charge separation and enhancing
ROS generation, which may improve pollutant degradation.
On the other hand, NOM can also act as a scavenger of hy-
droxyl radicals, leading to competition between NOM and
target pollutants for reactive species, ultimately lowering
degradation efficiency. Additionally, NOM can adsorb onto
the surface of bismuth-containing catalysts, forming a
passivating layer that blocks active sites and reduces light
absorption, further inhibiting photocatalytic performance.
The overall effect of NOM depends on its concentration and
chemical structure, with high NOM levels generally leading
to reduced photocatalytic efficiency.

The pH of the water matrix is another crucial factor
influencing the photocatalytic behavior of bismuth-based
materials. Under acidic conditions (pH less than 5), the sur-
face of the catalyst becomes positively charged, which can
enhance the adsorption of negatively charged pollutants but
may also increase electron-hole recombination, reducing
photocatalytic efficiency. In contrast, alkaline conditions
(pHmore than 8) promote the formation of hydroxyl radicals

Table : Summary of the key water matrix constituents that can affect
the photocatalytic performance of TiO.

Water matrix
constituent

Effect on TiO

photocatalysis
Mechanism/notes

pH Alters surface charge
and reaction kinetics

pH changes can modify the
TiO surface charge, influ-
encing electron–hole separa-
tion and adsorption of
pollutants

Chloride (Cl−) Generally inhibitory Cl− ions can scavenge hy-
droxyl radicals, forming less
reactive chlorine species that
reduce degradation efficiency

Sulfate (SO

−) Can have minimal to
inhibitory effects

Like Cl−, sulfate ions may
interact with reactive species,
though effects are often less
pronounced

Bicarbonate
(HCO

−)
Inhibitory Bicarbonate ions tend to

scavenge hydroxyl radicals,
decreasing the generation of
reactive species needed for
oxidation

Nitrate (NO

−) Mixed effects Under UV light, nitrates can
generate additional reactive
species; however, they may
also compete for photons

Dissolved organic
matter (DOM)

Inhibitory DOM competes for light
(screening effect) and active
sites, reducing the available
photon flux and catalytic
activity

Turbidity / sus-
pended solids

Reduces photocatalytic
efficiency

Particles scatter and absorb
light, decreasing the effective
irradiation reaching the TiO

catalyst
Dissolved oxygen Enhances

photocatalysis
Oxygen acts as an electron
acceptor, promoting the for-
mation of ROS that support
pollutant degradation
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due to higher concentrations of hydroxide ions (OH−), which
can improve degradation rates. However, at very high
pH values, the negatively charged catalyst surfacemay repel
anionic pollutants, limiting adsorption and decreasing
overall photocatalytic performance. For most bismuth-
containing photocatalysts, neutral to slightly alkaline con-
ditions (pH 6 to 8) are considered optimal for achieving a
balance between pollutant adsorption, radical generation,
and charge carrier separation.

Dissolved oxygen (DO) plays a key role in bismuth-based
photocatalysis by acting as an electron acceptor, thereby
facilitating charge separation and enhancing the formation
of ROS such as superoxide radicals (O2·−). Higher DO levels
generally improve photocatalytic efficiency by reducing
charge recombination and increasing oxidative degradation
pathways. However, in low-oxygen environments, the
reduced availability of electron acceptors leads to a higher
recombination rate of photogenerated charge carriers,
significantly lowering catalytic activity. Additionally, the
introduction of hydrogen peroxide (H2O2) as an external
oxidant can enhance photocatalysis by generating addi-
tional hydroxyl radicals, but excessive H2O2 concentrations
may act as a radical scavenger, reducing overall efficiency.

Generally, the effectiveness of bismuth-containing
photocatalysts in water treatment is highly dependent on
the composition of thewatermatrix. The presence of radical-
scavenging anions such as chloride, carbonate, and phos-
phate, along with high concentrations of NOM, can inhibit
photocatalysis, while moderate levels of iron ions, dissolved
oxygen, and hydrogen peroxide can enhance degradation
efficiency. Optimizing the balance of these constituents is
crucial for maximizing the performance of bismuth-based
photocatalysts in water treatment applications. Table 7
summarizes key water matrix constituents affecting photo-
catalysis using bismuth-containing catalysts. It provides a
quick reference to understand the interplay between water
matrix constituents and the performance of bismuth-based
photocatalysts. Optimizing these parameters is essential for
maximizing photocatalytic efficiency in real-world water
treatment applications.

4.4 ZnO and other zinc-containing
photocatalysts

The photocatalytic performance of zinc-containing catalysts,
such as ZnO and ZnS, is significantly influenced by various
water matrix constituents, including inorganic ions, NOM,
pH, and dissolved oxygen. These factors affect charge carrier
dynamics, ROS generation, surface interactions, and

pollutant adsorption, ultimately determining the efficiency
of photocatalysis.

Inorganic ions, particularly anions such as Cl−, SO4
2−,

NO3
−, HCO3

−, CO3
2−, and PO4

3−, play a crucial role in the
photocatalytic behavior of zinc-based materials. Chloride
ions tend to scavenge hydroxyl radicals (·OH) and photo-
generated holes (h+), leading to the formation of less reactive

Table : Summary of key water matrix constituents affecting photo-
catalysis using bismuth-containing catalysts.

Water matrix
constituent

Effect on bismuth-
containing
photocatalysis

Mechanism/notes

pH Modifies surface
charge and band
structure

Changes in pH can shift the
catalyst’s surface charge and
band edge positions, influ-
encing the adsorption of pol-
lutants and the efficiency of
electron-hole separation

Chloride ions
(Cl−)

Can be inhibitory or
transformative

High Cl− concentrations may
scavenge reactive radicals
(e.g., ·OH) and, in some cases,
induce the formation of bis-
muth oxychloride phases that
alter activity

Sulfate ions
(SO

−)
Often slightly inhibitory May interact with reactive

species, reducing their avail-
ability for pollutant degrada-
tion without significantly
altering catalyst structure

Bicarbonate ions
(HCO

−)
Inhibitory Tend to scavenge hydroxyl

radicals, thereby reducing the
number of reactive species
generated during
photocatalysis

Nitrate ions
(NO

−)
Mixed effects NO

− can generate additional
reactive species under UV
illumination, yet they may
also compete for photons,
potentially reducing
efficiency

Dissolved organic
matter (DOM)

Inhibitory Competes for adsorption sites
on the catalyst and absorbs
incoming light (screening ef-
fect), lowering the effective
photon flux for catalyst
activation

Turbidity / sus-
pended solids

Reduces photocatalytic
efficiency

Particles scatter and absorb
light, diminishing the in-
tensity and uniformity of light
reaching the catalyst surface

Dissolved oxygen Enhances
photocatalysis

DO functions as an electron
acceptor, promoting the for-
mation of ROS that help in
pollutant degradation
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chlorine species that can inhibit pollutant degradation. In
certain conditions, chloride may also contribute to the for-
mation of reactive chlorine radicals (Cl·, Cl2·−), which can
influence oxidation pathways. Sulfate ions generally have a
weaker scavenging effect on hydroxyl radicals, though they
may compete with target pollutants for reactive species.
Nitrate ions can undergo photoreduction, generating
nitrogen-based reactive species that may either enhance or
hinder photocatalysis depending on reaction conditions.
Bicarbonate and carbonate ions act as strong hydroxyl
radical scavengers, forming less reactive carbonate radicals
(CO3·−), which significantly reduces the overall efficiency of
Zn-based photocatalysis. Phosphate ions strongly adsorb
onto the ZnO surface, altering its charge distribution and
potentially blocking active sites, which can suppress photo-
catalytic performance.

Cations such as Ca2+, Mg2+, Fe3+, Cu2+, and Zn2+ also in-
fluence Zn-based photocatalysis. Calcium and magnesium,
which contribute to water hardness, can induce particle
aggregation, reducing the active surface area available for
light absorption and photocatalytic reactions. Iron ions can
enhance photocatalysis through Fenton-like reactions, pro-
moting the generation of hydroxyl radicals. However, at high
concentrations, Fe3+may act as an electron acceptor, leading
to increased charge recombination and a decline in photo-
catalytic efficiency. Similarly, transition metal ions such as
copper and zinc can either improve charge separation or
introduce undesired competitive interactions that limit
reactive species availability, depending on their oxidation
states and concentrations.

Natural organic matter, including humic and fulvic
acids, has both beneficial and inhibitory effects on Zn-based
photocatalysis. On one hand, NOM can act as an electron
donor, improving charge separation and increasing ROS
production, which may enhance pollutant degradation. On
the other hand, NOM can also scavenge hydroxyl radicals
and compete with target pollutants for reactive species,
thereby reducing the overall degradation efficiency. Addi-
tionally, NOM can adsorb onto the surface of zinc-based
catalysts, forming a passivating layer that blocks active sites
and reduces light absorption, further inhibiting photo-
catalytic performance. The impact of NOM largely depends
on its concentration and chemical composition, with higher
NOM levels generally leading to decreased photocatalytic
efficiency.

The pH of the water matrix is another key factor that
affects the photocatalytic activity of zinc-containing mate-
rials. In acidic conditions (pH less than 5), the surface of ZnO
becomes positively charged, enhancing the adsorption of
negatively charged pollutants but also increasing electron-
hole recombination, which lowers photocatalytic efficiency.

Furthermore, ZnO tends to dissolve in highly acidic condi-
tions, forming Zn2+ ions, which leads to catalyst deactivation.
In alkaline conditions (pH more than 8), the formation of
hydroxyl radicals is promoted due to the higher concentra-
tion of hydroxide ions (OH−), which generally enhances
degradation rates. However, at very high pH values, the
negatively charged surface of Zn-based catalysts may repel
anionic pollutants, limiting adsorption and decreasing pho-
tocatalytic efficiency. The optimal pH range for ZnO photo-
catalysis typically falls between neutral and slightly alkaline
conditions (pH 6 to 8), where a balance is maintained be-
tween charge separation, radical generation, and pollutant
adsorption.

Dissolved oxygen (DO) plays a critical role in Zn-based
photocatalysis by acting as an electron acceptor, facilitating
charge separation, and promoting the formation of ROS such
as superoxide radicals (O2·−). Higher DO levels generally
enhance photocatalytic performance by preventing charge
recombination and increasing oxidative pathways. However,
in oxygen-deficient conditions, the reduced availability of
electron acceptors leads to faster recombination of photo-
generated charge carriers, significantly lowering photo-
catalytic efficiency. The introduction of hydrogen peroxide
(H2O2) as an external oxidant can further enhance photo-
catalysis by generating additional hydroxyl radicals. Howev-
er, excessive concentrations of H2O2 may act as a radical
scavenger, reducing overall degradation efficiency.

Overall, the efficiency of Zn-based photocatalysts in
water treatment is highly dependent on the composition of
the water matrix. Radical-scavenging anions such as chlo-
ride, carbonate, and phosphate, along with high concentra-
tions of NOM, can inhibit photocatalysis. At the same time,
moderate levels of iron ions, dissolved oxygen, and
hydrogen peroxide can enhance pollutant degradation.
Optimizing water chemistry is crucial to maximizing the
performance of ZnO and other zinc-based photocatalysts in
water treatment applications. Table 8 provides a summary
of the key water matrix constituents that can affect photo-
catalysis using zinc-containing catalysts (e.g., ZnO or Zn-
doped materials). This table provides an overview of the
relationship between water matrix components and the
performance of zinc-containing photocatalysts. Optimizing
these parameters is the key for maximizing photocatalytic
efficiency in practical water treatment applications.

4.5 WO3 and other tungsten-based
photocatalysts

The photocatalytic performance of tungsten-containing cat-
alysts, such as WO3 and other tungsten-based materials, is
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significantly influenced by various water matrix constitu-
ents, including inorganic ions, NOM, pH, and dissolved
oxygen. These factors affect charge carrier dynamics, ROS
generation, surface interactions, and pollutant adsorption,
ultimately determining the efficiency of photocatalysis.

Inorganic anions such as Cl−, SO4
2−, NO3

−, HCO3
−, CO3

2−,
and PO4

3− have a profound impact on the photocatalytic
behavior of WO3. Chloride ions tend to act as radical scav-
engers by reacting with hydroxyl radicals (·OH) and photo-
generated holes (h+), forming less reactive chlorine species
that can inhibit pollutant degradation. However, in certain
conditions, chloride may also contribute to the formation of
reactive chlorine radicals, which can influence oxidation
pathways. Sulfate ions are generally weaker scavengers of
hydroxyl radicals, though they may still compete with target
pollutants for ROS. Nitrate ions can undergo photoreduction
under UV or visible light exposure, generating nitrogen-
based reactive species that may either enhance or hinder
photocatalysis depending on reaction conditions. Bicarbon-
ate and carbonate ions act as strong hydroxyl radical scav-
engers, forming less reactive carbonate radicals (CO3·−),
which significantly reduces the overall efficiency of WO3-
based photocatalysis. Phosphate ions tend to adsorb onto the
WO3 surface, altering charge distribution and potentially
blocking active sites, thereby suppressing photocatalytic
performance.

The presence of cations such as Ca2+, Mg2+, Fe3+, Cu2+,
and W6+ can also impact WO3 photocatalysis. Calcium and
magnesium contribute to water hardness, leading to particle
aggregation, which reduces the available surface area for
light absorption and photocatalytic reactions. Iron ions can
enhance photocatalysis through Fenton-like reactions, pro-
moting the generation of hydroxyl radicals, which may
improve degradation efficiency. However, excessive Fe3+

concentrations can act as electron acceptors, leading to
increased charge recombination and a decline in overall
efficiency. Transitionmetal ions such as copper and tungsten
can either improve charge separation or introduce unde-
sired competitive interactions that limit reactive species
availability, depending on their oxidation states and
concentrations.

Natural organic matter, including humic and fulvic
acids, has both beneficial and inhibitory effects on WO3

photocatalysis. On one hand, NOM can act as an electron
donor, improving charge separation and increasing ROS
production, which may enhance pollutant degradation. On
the other hand, NOM can also scavenge hydroxyl radicals
and compete with target pollutants for reactive species,
reducing the overall degradation efficiency. Additionally,
NOM can adsorb onto the surface of tungsten-based cata-
lysts, forming a passivating layer that blocks active sites and
reduces light absorption, further inhibiting photocatalytic
performance. The impact of NOM largely depends on its
concentration and chemical composition, with higher NOM
levels generally leading to decreased photocatalytic
efficiency.

Table : Summary of key water matrix constituents affecting photo-
catalysis using zinc-containing catalysts.

Water matrix
constituent

Effect on Zn-
containing
photocatalysis

Mechanism/notes

pH Alters catalyst stability
and surface charge

At low pH, ZnO may dissolve or
form zinc ions, while at high
pH, zinc hydroxide phases may
form. An optimal pH helps
maintain surface charge for
better pollutant adsorption
and charge separation

Chloride ions
(Cl−)

Generally inhibitory Cl− ions can scavenge photo-
generated holes and hydroxyl
radicals, reducing the effective
concentration of reactive spe-
cies needed for pollutant
degradation

Sulfate ions
(SO

−)
Typically inhibitory or
minimally influential

Sulfate ions can compete for
active sites or interact with
radicals, though their impact is
usually less pronounced than
that of chloride

Bicarbonate ions
(HCO

−)
Inhibitory Bicarbonate ions tend to scav-

enge hydroxyl radicals, thereby
decreasing the number of
reactive species available for
photocatalysis

Nitrate ions
(NO

−)
Mixed effects Under UV light, nitrate ions

may generate additional reac-
tive species; however, they can
also compete for photons and
affect charge carrier dynamics

Dissolved organic
matter (DOM)

Inhibitory DOM absorbs incoming light
(screening effect) and com-
petes for adsorption sites on
the catalyst, reducing the
effective light intensity and
active surface area

Turbidity / sus-
pended solids

Reduces photo-
catalytic efficiency

Particulate matter scatters and
absorbs light, diminishing the
photon flux that reaches the
Zn-based catalyst and thereby
lowering reaction rates

Dissolved oxygen Enhances
photocatalysis

Oxygen acts as an electron
acceptor, promoting formation
of ROS that facilitate the
oxidation of pollutants
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The pH of the water matrix is another key factor that
affects the photocatalytic activity of tungsten-based ma-
terials. In acidic conditions (pH less than 5), the surface of
WO3 becomes positively charged, enhancing the adsorp-
tion of negatively charged pollutants but also increasing
electron-hole recombination, which lowers photocatalytic
efficiency. Additionally, WO3 is known for its stability in
acidic environments, unlike ZnO or TiO2, which can
dissolve under highly acidic conditions. In alkaline con-
ditions (pH more than 8), the formation of hydroxyl radi-
cals is promoted due to the higher concentration of
hydroxide ions (OH−), which generally enhances degra-
dation rates. However, at very high pH values, the nega-
tively charged surface of WO3 may repel anionic
pollutants, limiting adsorption and decreasing photo-
catalytic efficiency. The optimal pH range for WO3 photo-
catalysis typically falls between neutral and slightly acidic
conditions (pH 4 to 7), where a balance is maintained be-
tween charge separation, radical generation, and pollutant
adsorption.

Dissolved oxygen (DO) plays a critical role inWO3-based
photocatalysis by acting as an electron acceptor, facilitating
charge separation, and promoting the formation of ROS such
as superoxide radicals (O2·−). Higher DO levels generally
enhance photocatalytic performance by preventing charge
recombination and increasing oxidative pathways. Howev-
er, in oxygen-deficient conditions, the reduced availability of
electron acceptors leads to faster recombination of photo-
generated charge carriers, significantly lowering photo-
catalytic efficiency. The introduction of hydrogen peroxide
(H2O2) as an external oxidant can further enhance photo-
catalysis by generating additional hydroxyl radicals. How-
ever, excessive concentrations of H2O2 may act as a radical
scavenger, reducing overall degradation efficiency.

Overall, the efficiency of WO3-based photocatalysts in
water treatment is highly dependent on the composition of
the water matrix. The presence of radical-scavenging an-
ions such as chloride, carbonate, and phosphate, along with
high concentrations of NOM, can inhibit photocatalysis,
while moderate levels of iron ions, dissolved oxygen, and
hydrogen peroxide can enhance pollutant degradation.
Optimizing water chemistry is crucial to maximizing the
performance of WO3 and other tungsten-based photo-
catalysts in water treatment applications. Table 9 summa-
rizes the effects of important water matrix constituents on
photocatalysis using WO3 or tungsten-containing catalysts.
This table provides a concise overview of how various
water matrix constituents can influence the performance

of WO3-based photocatalytic processes. Adjusting these
parameters is crucial for optimizing the efficiency of
tungsten-containing catalysts in real-world water treat-
ment applications.

Table : A summary of the effects of important watermatrix constituents
on photocatalysis using WO and other tungsten-containing catalysts.

Water matrix
constituent

Effect on WO

photocatalysis
Mechanism/notes

pH Alters surface charge
and stability

WO generally performs bet-
ter under slightly acidic con-
ditions; changes in pH modify
the catalyst’s surface proper-
ties, affecting pollutant
adsorption and charge
separation

Chloride ions
(Cl−)

Generally inhibitory Cl− ions can scavenge photo-
generated holes or reactive
radicals, leading to the for-
mation of less reactive chlo-
rine species that reduce
oxidation efficiency

Sulfate ions
(SO

−)
Often slightly inhibi-
tory or minimally
impactful

SO

− may compete for active
sites or interact with ROS,
though its effects are typically
less pronounced compared to
other anions

Bicarbonate ions
(HCO

−)
Inhibitory HCO

− ions scavenge hydroxyl
radicals, lowering the number
of reactive species available
for oxidizing pollutants

Nitrate ions
(NO

−)
Mixed effects NO

− can generate reactive
species under UV or visible
light, that may enhance
degradation; however, they
can also absorb light,
competing with WO for
photons

Dissolved
organic matter
(DOM)

Inhibitory DOM absorbs incoming light
(screening effect) and com-
petes with target pollutants
for adsorption on the catalyst
surface, reducing effective
photocatalytic activity

Turbidity / sus-
pended solids

Reduces photocatalytic
efficiency

Particulate matter scatters
and absorbs light, diminishing
the photon flux reaching the
WO catalyst and thus
lowering reaction rates

Dissolved oxygen
(DO)

Enhances
photocatalysis

DO serves as an electron
acceptor, promoting the for-
mation of ROS that drive the
degradation of pollutants
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5 Performances of various
photocatalysts in different water
types

The performance of various photocatalysts differs signifi-
cantly across different types of water, including wastewater,
tap water, drinkingwater, bottledwater, and distilled water,
due to variations in composition, presence of contaminants,
and physicochemical properties.

In wastewater, photocatalysis is often less efficient due to
the high concentration of organic and inorganic contaminants,
dissolved solids, and microbial content. Titanium dioxide
(TiO2), one of the most commonly used photocatalysts, shows
reduced efficiency in wastewater due to the presence of NOM,
heavy metals, and anions such as chloride, sulfate, and car-
bonate, which act as radical scavengers. The graphitic carbon
nitride (g-C3N4) also faces challenges inwastewater treatment,
as its performance is strongly affected by the presence of
competing organic pollutants and suspended particles, which
can block light absorption and reduce charge separation. Zinc
oxide (ZnO), while highly active under UV light, suffers from
leaching in acidic wastewater conditions, leading to catalyst
deactivation. Bismuth-based photocatalysts such as BiVO4 and
Bi2WO6demonstrate better stability inwastewater due to their
visible-light activity, but they still face interference from high
ionic strength and organic pollutants. Tungsten-based photo-
catalysts like WO3 are relatively stable in acidic and complex
environments but have lower oxidation potential, limiting
their ability to degrade persistent organic pollutants.

In tap water, photocatalysis is generally more effective
than inwastewater, though still subject to some interference
from inorganic ions such as bicarbonate, chloride, and sul-
fate. TiO2 maintains good performance in tap water, partic-
ularly under UV light, as the lower organic load reduces
radical scavenging effects. g-C3N4, with its visible-light
activity, is also effective in tap water, though NOM present
in certain municipal water supplies can still reduce its effi-
ciency. ZnO works well in neutral to slightly alkaline tap
water but may suffer from gradual dissolution if the water
contains acidic components. Bismuth- and tungsten-based
photocatalysts tend to performwell in tap water due to their
ability to function under visible-light conditions and relative
stability in common anions.

Drinking water, which is typically filtered and treated to
remove most organic and inorganic contaminants, provides
a favorable environment for photocatalysis. TiO2 achieves
high efficiency in drinking water, as fewer interfering

species are present to compete with target pollutants for
reactive species. g-C3N4 also exhibits good performance,
though any remaining NOM can still influence its activity.
ZnO is effective in drinking water but requires careful
pH control to prevent catalyst leaching. Bismuth- and
tungsten-based photocatalysts perform well due to their
stability and ability to utilize visible light, making them
suitable for advanced drinking water purification
applications.

Bottled water, which is generally purified and free of
significant contaminants, allows for high photocatalytic
efficiency. TiO2 and ZnO work efficiently in bottled water
due to minimal interference from NOM or anions. g-C3N4,
BiVO4, and WO3 also show strong performance in bottled
water, as the absence of complexing agents and radical
scavengers allows for efficient charge separation and
pollutant degradation. However, since bottled water is
already of high purity, photocatalysis is often applied more
for disinfection purposes rather than contaminant
removal.

Distilled water provides the most ideal conditions for
photocatalysis since it lacks inorganic ions, organic matter,
and microbial contaminants that can inhibit photocatalytic
activity. In distilled water, TiO2, ZnO, g-C3N4, BiVO4, andWO3

all exhibit their highest efficiencies due to the absence of
radical scavengers and competitive adsorption effects. This
makes distilled water the best medium for studying the
intrinsic photocatalytic activity of different materials under
controlled conditions. However, in practical applications,
photocatalysis in distilled water is not commonly needed, as
it is already free from pollutants.

Overall, photocatalytic performance varies significantly
depending on the type of water being treated. Wastewater
presents the greatest challenges due to its high contaminant
load and radical scavenging effects, while tap water and
drinking water allow for more efficient pollutant degrada-
tion. Bottled water and distilled water provide nearly ideal
conditions for photocatalysis, with minimal interference
from anions, organic matter, or microbial content. The se-
lection of a suitable photocatalyst for differentwater sources
depends on its stability, ability to function under the avail-
able light source, and resistance to interference from
competing species. Table 10 presents a summary of how
various photocatalysts tend to perform in different water
matrices. It is noted that actual performance depends on
many experimental factors (e.g., pollutant type, light source,
catalyst loading), and this table provides a general compar-
ison based on common findings in the literature.
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6 Conclusions and
recommendations

The photocatalytic degradation of organic contaminants is
significantly influenced by the water matrix, which operates
through several mechanisms. Photocatalytic efficiency can
be enhanced or hindered by inorganic ions, suspended
particles, pH, temperature, natural organic matter, light in-
tensity, and quality. Understanding and regulating these
variables is essential for optimizing photocatalytic reactions
to remove pollutants effectively. ROS interacts with ions on
the photocatalyst surfaces, enhancing or decreasing photo-
catalytic activity. Certain ions, such as bicarbonate and
chloride, can scavenge ROS. Dissolved oxygen acts as an
electron acceptor, generating ROS such as hydroxyl and su-
peroxide radicals, crucial for breaking down organic con-
taminants. The pH influences pollutant speciation and
photocatalyst surface charge. While basic pH promotes the
creation of hydroxyl radicals, accelerating degradation
rates, acidic pH attracts negatively charged contaminants.
The optimal pH range varies based on the specific pollutant
and photocatalyst. As a photosensitizer or scavenger, NOM
can compete with pollutants for ROS and adsorption sites on
photocatalysts, affecting pollutant degradation efficiency.
Temperature influences the solubility of oxygen in water
and reaction kinetics. Elevated temperatures generally in-
crease reaction rates but may also accelerate the recombi-
nation of electron-hole pairs, potentially reducing efficiency.

In well-mixed systems, particulates may adsorb pollutants,
and high turbidity can impede photocatalyst activation and
degradation. Turbidity and particulates affect light pene-
tration and the contact between photocatalysts and pol-
lutants. To maximize efficiency under varying weather
conditions and seasons, photocatalytic processes can be
adjusted to local temperature conditions. Photocatalytic
systems in colder climates have been modified with tem-
perature control to maintain effectiveness year-round.
Utilizing solar energy for photocatalysis can enhance
degradation efficiency, as solar radiation naturally in-
creases temperatures throughout the day. This rise in
temperature in photocatalytic reactors facilitates faster
degradation of pollutants like atrazine. The effectiveness of
degradation can be improved by removing suspended
particles before photocatalytic treatment, thereby reducing
light scattering and competing adsorption. Filtering water
to eliminate suspended sediments can enhance the degra-
dation rates of organic contaminants. Employing photo-
catalysts with larger surface areas or greater activity can
mitigate the impact of suspended particles. The enhanced
surface characteristics of modified photocatalysts have
demonstrated greater resilience to the inhibiting effects of
suspended particles in water. Increasing mixing or aera-
tion can prevent suspended particles and photocatalysts
from settling to preserve catalyst activity. Aerated systems
have improved photocatalytic degradation efficiency by
maintaining a well-dispersed concentration of pollutants
and photocatalysts.

Table : A summary of the performance of various photocatalysts in different water types.

Photocatalyst Wastewater (high organic load,
turbidity, interfering ions)

Distilled water (mini-
mal impurities)

Drinking water (low
levels of ions/
organics)

Bottled water (com-
parable to drinking
water)

Tap water (varies with
residual chlorine and
mineral content)

TiO Low to moderate (efficiency
reduced by organic matter and
turbidity)

High (optimal light
penetration, minimal
interference)

High (minor ion ef-
fects, efficient
activity)

High (similar to
drinking water)

Moderate (some ion
interference and chlorine
effects)

g-CN Moderate (visible-light activity may
overcome some interference, yet
organics can compete for active
sites)

High (efficient charge
separation and pollutant
adsorption)

High (good perfor-
mance with low
interference)

High (comparable to
drinking water)

Moderate to high
(dependent on specific
tap water composition)

ZnO Low to moderate (sensitivity to
pH and ion dissolution can lower
activity)

High (high photo-
catalytic degradation
rates)

High (efficient under
low interference)

High (comparable to
drinking water)

Moderate (ionic species
may affect stability and
performance)

WO Low to moderate (performance
affected by surface adsorption of
impurities)

High (effective under
visible light in pure
media)

High (limited inter-
ference leads to
strong activity)

High (similar to
drinking water)

Moderate (mineral ions
may alter surface
properties)

BiVO Moderate (pH sensitivity and
competing organics can moderate
its efficiency)

High (strong activity in
controlled conditions)

High (efficient when
interference is
minimal)

High (comparable to
drinking water)

Moderate (variability due
to tapwater constituents)
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