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ARTICLE INFO ABSTRACT
Keywords: The increasing need for dyes in the textile sector, has led to significant environmental conse-
Textile dye effluents quences such as natural water contamination. Textile dyes in water can hinder algae and aquatic

Environmental consequences
Advanced oxidation processes
Photocatalysis

TiOz and ZnO

plant growth, break down into harmful intermediates, and affect the aquatic food chain.
Terrestrial animals may also encounter these dyes through consumption or exposure. Cationic and
anionic dyes like methylene blue, malachite green, rhodamine B, methyl orange, eosin y and
methyl red can cause skin irritation, carcinogenicity, mutagenicity, and teratogenicity. Therefore,
the presence of these dyes in natural and wastewater streams pose significant threats to the
aquatic ecosystems, ecological systems and human health. Effective management and remedia-
tion of textile dye effluents is crucial to mitigate these risks. Although regulatory bodies like
ecological and toxicological association of the dyestuffs manufacturing Industry (ETAD) are
working on addressing these risks, more challenges still persist due to nature of textile dyes, lack
of enforcement of these regulations on textile dye industries etc. and many more. This review
explores alternative processes for textile dye effluents treatment before their release to the
environment. The aim of the review is to recommend photocatalysis as a suitable preliminary
treatment technique for textile effluents before their release to the environment. Photocatalysis
stands out amongst other advanced oxidation processes (AOPs) processes as it is a promising
approach that researchers worldwide are embracing. It is a process that converts organic pol-
lutants into less harmful substances using light and a photo-excitable catalyst. Both TiOz and ZnO
are widely used photocatalysts and have shown effectiveness towards dye degradation. Their
degradation efficiencies depend on pH, concentration of dye, dosage, time and the type of light.
These photocatalysts are reusable and have OH radicals as the most active species during the
photodegradation process. Recent studies have shown that photocatalysis, either alone or in
combination with other methods like UV or H20z, offers a practical preliminary treatment option
for various industrial effluents, enhancing the degradability of complex dyes and pollutants.

1. Introduction

To date, the contamination of water is a persisting problem globally, highlighting the need for continuous evaluation of water
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resource policies to tackle this issue [1]. The consequences of water pollution are visible across the world, resulting in deaths and
illnesses, with approximately 14,000 individuals losing their lives each day due to water pollution-related causes [1-3]. Both
developed and developing nations are facing the complexities posed by water pollution [4,5]. A variety of elements, such as rainfall,
weather patterns, soil composition, plant life, geological factors, water flow, groundwater, and human actions, all affect the water
quality [5,6]. Research reports that different types of pollutants, including biological, inorganic, and organic contaminants [7-9], can
pollute the natural water streams. Despite the various contaminants found in water streams, the organic ones are particularly persistent
because they cannot be broken down by natural processes [10]. Inadequate discharge methods lead to the contamination of envi-
ronmental water by organic pollutants like dyes, making them a major cause of concern [11,12].

The earliest documented dyes were uncovered approximately 1983 BCE [13]. This discovery paved the way for excessive use of
indigo dyes in various industries on a large scale [14]. Dyes are commonly employed to add colour to finished products in diverse
sectors such as textiles, paper, plastics, etc. [15,16]. The demand for inexpensive textiles and clothing since the early 1900s has
continuously driven the increasing potential of dyes and colourants as their annual usage surpasses 10,000 tons [14,16,17]. The textile
industry is a major player in the global economy, representing more than 6 % of all worldwide exports and providing employment for
more than 30 million people globally [18]. Even in extremely small amounts of (1 ppm), these dyes are easily noticeable and unwanted
in water [19]. These pollutants can enter the human system via direct and indirect ingestion and they are known to be hazardous to
both animals and humans [20-22]. Textile dyes have a significant impact on both human and animal health, with numerous studies
documenting their toxic effects [14,15&16]]. These dyes, often resistant to current treatments, pose significant risks to ecosystems and
human health through direct exposure and contamination of water supplies [14-17]. Several studies have reported on the impact of
textile dyes on the health of both humans and animals and Islam et al. [23] emphasised on the carcinogenicity, mutagenicity, and
teratogenicity of these textile dyes, along with their by-products. While a study performed by Islam et al. [24] on Swiss albino mice
demonstrated that exposure to wastewater from textile dyeing led to lower haematocrit levels, decreased haemoglobin, and serious
reproductive issues such as reduced sperm concentration and structural changes in the testes. Another study found that untreated
textile dyes caused severe damage to the liver and intestines of mice, indicating widespread toxicity [25].

Finally, a study by Dutta et al. [26], highlighted that textile dyes can enter the human body through contaminated water or food,
resulting in oxidative stress and potential carcinogenicity due to DNA damage. The persistence of these dyes in the environment also
leads to a decline in aquatic life, which can indirectly harm human health through the food chain [24]. While these studies highlight
the harmful effects of textile dyes, it is important to note that untreated textile wastewater is particularly difficult to manage because of
its varied, toxic, and poorly biodegradable components [23]. Methods such as adsorption, coagulation/flocculation, membrane
filtration, photocatalysis etc. have been utilised to remediate dyes in wastewater. Except for photocatalysis, these methods are
expensive, produce secondary contaminants and are subject to fouling [27-29]. Photocatalysis on the other hand, has multiple
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Fig. 1. Types of dyes and their uses. Adapted from Al-Tohamy et al. [39] with license number 5840500084504.
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environmental benefits, including complete dye degradation, non-toxic end-products, cost-effectiveness, simplicity, and adaptability
in treating a variety of contaminants including heavy metals and organic chemicals [30-33]. The method produces non-toxic end
products like CO5 and H30, preventing succeeding contamination [32]. Therefore, photocatalysis has several benefits over conven-
tional treatment methods, making it a potential option for textile dye effluents remediation. The current literature reports on pho-
tocatalysis as a new improved method to replace or complement the conventional wastewater treatment methods for textile dye
effluents, however, not taking into account the effect of textile dye effluents on the ecosystem of the natural water streams prior
treatment. Therefore, this review seeks to report on the impact of textile dye effluents on both human and animal health and
recommend photocatalysis as an effective pre-discharge treatment method for textile dye industries. The main emphasis is on both
TiOz and ZnO as literature reports on their combination with either UV or Hz0: as the best pre-discharge remedies for other industrial
wastewater effluents.

2. Textile dyes

The high demand for establishing industries that utilise dyes, particularly in the textile sector, has resulted in significant envi-
ronmental issues. These problems involve the contamination of water and soil; therefore, threatening the lives of both atmospheric and
aquatic animals [16,34]. While the textile industry plays a vital role, it consumes large amounts of water and employs over 8000
chemicals at various stages of production, such as washing, bleaching, and dyeing. Consequently, this manufacturing process generates
sludge from the textile industry [18,34,and35]]. Studies indicate that the textile industries use approximately a 0.25 billion litres of
water daily to produce 8 x 10 kg of cloth [34]. Furthermore, this production converts more than 15 % of the dyes to effluents [14].
These various types of textile effluents are then discharged into the atmosphere and water streams daily.

2.1. Source and classifications of dye effluents

Textile sludge effluents include excessive amounts of organic matter and micronutrients, and they form approximately 80 percent
of the entire waste produced by the textile industry [36,37]. World Bank reports the textile industries contribute to contribute above
15 % of overall water pollution during dyeing and finishing processes [38]. Dye substances can be categorized based on their
application, chemical properties, origin, physical properties, as well as their application. The classification into the native and syn-
thetic dyes is obsolete at the present time, as it is possible to synthesize various natural dyes. Classifying dyes effluents (Fig. 1) solely
based on their application in textiles, leather, paper, and food provides limited information about their properties [39].

A more appropriate way to categorize dyes for different applications is by considering current dyeing technologies such as inks,
disperse dyes, pigments, etc. [40]. In comparison to other industries, the textile industry discharges 54 % of dyes into the atmosphere,
while dyeing contribute 21 %, paper and pulp industry accounts for only 10 %, tannery and paint 8 % and dye manufactures 7 % as
depicted in Fig. 2 [14,40].

Textile dye effluents consist of organic materials and contribute significantly to chemical oxygen demand (COD) and biochemical
oxygen demand (BOD), requiring considerable attention [18]. Their presence in water inhibits light penetration, resulting to lower
dissolved oxygen levels, severely impacting aquatic life as a whole [14,42]. Dyes contain chromophore groups in their molecular
structures, which allow them to provide coloration to various materials [43]. They employ polar auxotrophic groups to bind to textile
fibres, enabling them to adhere to materials and impart colour [16].

The ecological and toxicological association of the dyestuffs manufacturing Industry (ETAD) worked in partnership with gov-
ernments to tackle the concerns related to the toxic effects of textile effluents [12]. Approximately 90 % of the 4000 dyes evaluated in
an ETAD research had a median fatal dose value greater than 2 g/kg, with basic and direct dyes showing the greatest levels of toxicity.
Dyes cannot be easily remediated in water due to their aromatic structure and non-biodegradability, thereby posing substantial
environmental and health risks [41]. Therefore, it is important to remediate these harmful substances before they could reach the
environment to address concerns related to environmental safety and toxicity [14].
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Fig. 2. Industries responsible for releasing dye wastewater into the environment and their percentage contribution [41].
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2.2. Textile dyes

Textile dyes released into water decrease light penetration, which can hinder the growth of algae and aquatic plants [39]. Addi-
tionally, when fish and other organisms consume these dyes, they can be broken down into harmful intermediates within their bodies,
therefore, affecting the physical condition of the entire aquatic food chain [38,41]. Terrestrial animals may potentially come into touch
with azo dyes by consuming or through direct exposure to industrial effluent [42,44]. Fig. 3 shows the ecotoxicological effects of textile
dye effluents [39].

Dyes utilised in the textile industry are divided into different classes and groups according to their overall dye structure, origin, and
compatibility with different types of fibres [44]. The largest group of colorants, known as azo dyes, makes up ~60 % of all industrial
dyes employed. Regarding their structural representations, dyes are further divided (as shown in Fig. 4) into cationic or anionic types
[45]. Various studies discussed the toxicological effect of these textile dyes on humans and animals (Table 1) [41].

Table 1 reports on the potential risks imposed by textile dyes on both humans and animals’ health. Textile dyes are categorized into
basic (cationic), anionic (acidic), reactive and sulphur types based on their chemical structure. Their toxicity ranges from skin and eye
irritation to carcinogenicity, mutagenicity, and teratogenicity. Examples include Methylene Blue and Rhodamine B, which cause skin
irritation, and Rose Bengal and Congo Red, known for their mutagenic and carcinogenic characteristics. Reactive Red 120 and reactive
Blue 15 known for their genotoxic, mutagenic and carcinogenic nature ad lastly sulphur black and amido black are known to disrupt
the aquatic ecosystem and their carcinogenic nature. This review focuses more deeply into cationic and anionic dyes. The release of
these cationic and anionic textile dyes into aquatic environments poses significant threats to ecological systems and human health.
Effective management and remediation of these dye effluents are crucial to mitigate these risks.

Cationic dyes, including MB, MG, and RhB which are popularly utilised in dyeing fabrics can ionise into positively charged ions in
aqueous solutions [12]. In contrast, anionic textile dyes like MO, CR, and EY are also widely used in textile factories and dissociate into
negatively charged ions in aqueous solutions [80].

The nature, toxicological impact and environmental impact of the cationic and anionic dyes are explained further in the following
sections.

2.2.1. Cationic textile dyes
The first cationic dye to be discussed is malachite green (MG, Fig. 4), it is a synthetic triphenylmethane dye of a deep green colour.
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It can be dissolved in water and is utilised across various industries [81-85]. Its primary applications include dyeing textiles, cosmetics,
papers, foods, and pharmaceuticals [81-84,86]. In fish farming, MG is employed as an agent to combat fungal and protozoan diseases,
serving as an anti-parasitic, anti-fungal, and anti-bacterial substance [82-84,87]. Nevertheless, excessive levels of MG have been found
to have harmful effects on various organs of aquatic organisms [61]. While certain countries have prohibited the usage of this dye,
others have excessively used it due to its affordability and effectiveness [81,86]. This dye is highly aromatic, stable, and
non-biodegradable in nature, hence there has been significant interest in remediating it from water resources [87-89].

The second cationic dye is rhodamine B (RhB, Fig. 4), RhB finds extensive applications and it is extensively used in field of biology,
chemistry, and optics [90]. It was initially used as a colouring agent in fabrics and foods but is now widely employed as a fluorescent
tracer in water [91]. RhB is highly valued for its exceptional stability as a dye laser material and its effectiveness as a biological stain
[92]. Additionally, industries like paper printing and leather also utilise RhB [93]. This bright bluish-red dye is classified as a basic
cationic dye that can be dissolved in water and ethanol [92,94]. However, Rhodamine B can be harmful to both humans and animals if
ingested, causing irritation to the sensory system and respiratory tract [91-93]. The Environmental Protection Agency (EPA) has
designated RhB as a list I inert substance, classifying it as a compound that is carcinogenic, reproductive toxic, neurotoxic, and
developmentally toxic [95]. As a result of its potential hazards and carcinogenic properties, the use of this dye has been prohibited in
the food and cosmetics industry [92]. Consequently, there is an urgent need to effectively eliminate Rhodamine B from water sources.

The final dye to discuss is methylene blue (MB, Fig. 4), MB is commonly used for staining biological samples and colouring ma-
terials like paper, hair, cotton, and wool [96]. MB was synthesized by Caro et al. in 1876 as an artificial dye for colouring cotton,
making it one of the earliest synthetic dyes developed [97,98]. This compound, with the chemical formula C;4H;gN3SCl, has het-
erocyclic properties and is effective in staining and deactivating microbial species [99]. It is observed as a dark green solid but turns
blue when dissolved in water [99]. MB injections are utilised for treating methemoglobinemia and urinary tract infections [100].
Additionally, in 1932, it was discovered as a remedy for carbon monoxide and cyanide poisoning [99].

Methylene blue is categorized as a toxic pigment, and it is reported to be harmful to both human and animal health [101]. The
direct ingestion or contact of MB in can cause eye and skin irritation, vomiting, diarrhoea, etc. [97]. Ingestion of MB in humans may
result in symptoms like jaundice and quadriplegia [102,103]. In a mouse experiment, the level of MB that did not cause any observed
adverse effects (NOAEL) was found to be 25 mg/kg [104]. The aromatic nature of MB makes it resistant to biodegradation through
conventional water treatment methods. The Environmental Protection and Management (Trade Effluent) Regulations stipulate that
dye effluent cannot be disposed into streams or onto the environment without prior written consent from the Director-General [105].
Therefore, permissible levels of MB vary based on the regulatory agency and local jurisdiction. The Environmental Protection Agency
(EPA) provides general guidelines, suggesting a limit of 0.2 mg/L [105]. However, in many countries, such as South Africa, there are no
specific regulations governing the permissible levels of MB in wastewater resources. Therefore, it is crucial to eliminate or remediate
MB from effluents before their discharge into freshwater systems becomes necessary.

2.2.2. Anionic textile dyes

As an anionic dye, Congo red (CR, Fig. 4), has previously been linked to allergic reactions [106]. CR strong attraction to cellulose
fibres makes it valuable in the textile industry [107]. Reports show that CR is widely employed across multiple industries, such,
printing, rubber, cosmetics, leather, pulp, textile, plastics, paper, and biomedical laboratories. Consequently, significant amounts of CR
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Table 1
Toxicological data on several textile dyes.
Dye name IUPAC name Chemical formula Type Toxicity Refs
Methylene Blue [7-(dimethylamino) phenothiazin-3-ylidene]- C16H18CIN3S Basic Eye and skin irritant [45,46]
(MB) dimethylazanium; chloride
Rhodamine B N[9-(ortho-carboxyphenyl)-6-diethylamino-3H- CogH3;CIN,O3 Basic Causes skin irritation [47,48]
(RhB) xanthen-3-ylidene]
Rose Bengal 4,5,6,7-tetrachloro-2,4',5',7-tetraiodo fluorescein CooH4Cl41405 Acidic Carcinogenic [49,50]
(RB)
Congo Red (CR) Disodium-4-amino-3-[4-(4-(1-amino-4-sulfonato- C32H2oNeNas06S2 Acidic Carcinogenic and [51,52]
naphthalen-2-yl)diazenylphenyl)-phenyl]-diazenyl- mutagenic
naphthalene-1-sulfonate
Methyl Orange Sodium-4-{[4-(dimethylamino)-phenyl] diazenyl}- Cy4H14N3Na03S Acidic Carcinogenic, genotoxic, [53,54]
(MO) benzene-1-sulfonate mutagenic
Acid Violet 7 5-acetamido-3-[-(4-acetamidophenyl)-diazenyl]-4- CooH16N4 Basic Causes degradation of [55-57]
(AOQ7) hydroxynaphthalene-2,7-disulfonic acid Nay09S, lipid, chromosomal
abnormality
Methyl Red 2-{[4-(Dimethylamino)phenyl]diazenyl} benzoic acid C15H15N304 Acidic It irritates the skin, eyes, [58-60]
(MR) respiratory system, and
digestive tract.
Remazol Disodium-1-amino-9,10-dioxo-4-{3-[2- M6 Basic Carcinogenicity, [61,62]
Brilliant (sulfonatooxy)-ethane-1-sulfonyl]-anilino}-9,10- NIN&20 genotoxicity, mutagenicity
Blue R dihydroanthracene-2-sulfonate 19
(RBBR)
Eosin Y (EY) Disodium-2-(-2,4,5,7-tetrabromo-3-oxido-6- CyoHgBrsNa,Osg Acidic Carcinogenic, causes [63,
oxoxanthen-9-yl) benzoate swelling and redness of 64&65]
eyes
Malachite 4-{-[4-(Dimethylamino)-phenyl]-(phenyl)- Co3H,5CIN, Basic cytotoxic, carcinogenic [66,67]
Green (MG) methylene}-N,N-dimethyl-2,5-cyclohexadien-1- and teratogenic
iminium chloride
Crystal Violet 4-{Bis-[4-(dimethylamino)-phenyl]-methylidene}-N, CosH30CIN3 Basic Carcinogenic and [68-70]
(cv) N-dimethylcyclohexa-2,5-dien-1-iminium chloride mutagenic
Reactive Red 5-[[4-chloro-6-[4-[[4-chloro-6-[[8-hydroxy-3,6- C44H24CloN14050SeNag Reactive Genotoxic, damages root [71,72]
120 disulfo-7-[(2-sulfophenyl)diazenyl]naphthalen-1-yl] cells (plants) and DNA cells
(RR120) amino]-1,3,5-triazin-2-yl]Jamino]anilino]-1,3,5- (fish).
triazin-2-yl]amino]-4-hydroxy-3-[(2-sulfophenyl)
diazenyl]naphthalene-2,7-disulfonic acid
Reactive Black tetrasodium; 4-amino-5-hydroxy-3,6-bis[[4-(2- Co6H21N5Na4019S6 Reactive/ affects respiratory system, [71,73]
5 sulfonatooxyethylsulfonyl)phenyl]diazenyl] Sulphur bronchitis, irritate skin and
naphthalene-2,7-disulfonate bladder cancer
Reactive disodium; 6-acetamido-4-hydroxy-3-[[4-(2- CyoH17N3Nay011S3 Reactive/ Rash, cancer, fever and [71,74]
Orange 16 sulfonatooxyethylsulfonyl)phenyl]diazenyl] Sulphur dermatitis.
(RO16) naphthalene-2-sulfonate
Reactive Blue tetrasodium [[[[5-[(4-amino-6-chloro-1,3,5-triazin-2- C41H23CICuN; 4014 Reactive Carcinogenic and [71,75]
15 (RB15) ylamino]-2-sulphophenyl]amino]sulphonyl]- mutagenic
29H,31H-phthalocyaninetrisulphonato(6-)-N29,N30,
N31,N32]cuprate(4-)
Reactive Red tetrasodium; 5-[[4-chloro-6-(3-sulfonatoanilino)- Cy7H;8CIN,Nay4016Ss Reactive/ Allergenic, carcinogenic [71,76]
198 (198) 1,3,5-triazin-2-yl] amino]-4-hydroxy-3-[[4-(2- Sulphur and mutagenic.
sulfonatooxyethylsulfonyl)phenyl]diazenyl]
naphthalene-2,7-disulfonate
Sulphur Black 1 2,10-dinitro-12H- [1,4]benzothiazino [3,2-b] C18HgN405S, Sulphur inhibitory effects on plant [77,78]
phenothiazin-3-one growth and affects soil
microbiota
Amido black sodium; 4-amino-5-hydroxy-3-[(4-nitrophenyl)dia- Cy2H16NgNaOoS, Sulphur Carcinogenic [77,79]

zenyl]-6-phenyldiazenylnaphthalene-2,7-disulfonic
acid

are released into water sources without undergoing proper treatment [108,109]. Despite its benefits, CR is highly poisonous and
carcinogenic when present as a negatively charged dye [110]. Inadequate disposal of CR leads to environmental contamination,
presenting challenges for environmental protection agencies (EPA). Therefore, it is crucial to develop an effective approach for
breaking down CR in water resources.

While methyl orange (MO, Fig. 4) has been widely used as a dye pigment because it is an acidic anionic dye, sometimes referred to
asanazodye [111,112]. It is also textile, paper, food, and leather, and as an indicator in scientific research [111-115]. Its IUPAC name
is 4-dimethylaminoazobenzene-4-sulphate [111]. The discharge of wastewater from these industries, even when containing small
amounts of the dye, are hazardous to the lives of organisms [113]. MO not only jeopardizes human health but also disrupts the
ecological balance, primarily due to its highly mutagenic toxicity, which can lead to cancer and genetic damage [111,115]. In case of
accidental ingestion, specific enzymes called reductases present in the intestines and liver can trigger the breakdown of the azo group
within MO [114]. This breakdown forms amines belonging to aromatic compounds, which are carcinogenic and particularly contribute
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to the development of intestinal cancer [112,114]. Extensive evidence suggests that MO poses substantial risks, including harm to the
eyes, which can result in long-lasting damage [115]. The presence of methyl orange in wastewater hampers effective biochemical
purification, making its degradation a challenging task [111]. Thus, it is crucial to employ advanced processes to degrade this harmful
dye used in the textile industry.

Eosin Y (EY, Fig. 4) is a commonly used azo dye that carries a negative charge and contains bromine atoms [116]. EY is highly
soluble in water and can readily enter red blood cells [117]. It finds extensive applications as an organic dye in environmental and
pharmaceutical research, often employed to assess the effectiveness of different adsorbents for comparison purposes [118,119]. In the
process of gram staining, Eosin Y is commonly used to distinguish between different bacterial species and as a colouring agent [117,
118]. Additionally, it is frequently used in the textile sector as a pigment in formulas for fluorescent dyes and printing [116]. Moreover,
EY serves as a photocatalyst, neutralizer of biological substances, stabilizer in mini-emulsion systems, and spectroscopic probe for
examining specific properties or phenomena [118]. However, a significant amount of EY dye is lost during assembly and preparation
processes, eventually finding its way into water resources through wastewater [116]. The toxicological properties of EY indicate it’s a
skin and eyes irritant, resulting in redness and discomfort. Furthermore, it damages the eyes, kidneys and liver [117]. Consequently,
the release of a substantial quantity of Eosin Y into the environment poses potential challenges to water quality and ecosystem health
[116,119]. Posing a need to develop a suitable method to remediate RY in water sources.
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3. Conventional treatment methods

Numerous countries worldwide still lack adequate discharge regulations and guidelines for most textile dyes [120-123]. To address
this issue, various conventional treatment methods (Fig. 5a) were used to degrade these contaminants from water [39]. These con-
ventional treatment methods include coagulation/flocculation, membrane filtration, and ion exchange [124-127].

3.1. Coagulation/flocculation (CF) process

In coagulation/flocculation (CF), larger molecules aid in the accumulation and settling of flocs, resulting in the formation of bigger
flocs during the coagulation procedure (Fig. 5a). Subsequently, the flocs solidify and settle at the bottom during the flocculation
process [128]. While CF is widely used by water treatment plants, studies indicate that this technique is more effective in removing
suspended and dissolved particles, colloids, and organic materials, which are commonly found in industrial effluents [129]. However,
CF has inherent disadvantages, such as equipment staining caused iron and aluminium salts. Moreover, the chemical coagulants
commonly used in CF can be harmful to the environment and increase operational expenses.

3.2. Membrane filtration (MF) technique

The membrane separation/membrane filtration process (MF) is performed at room temperature (Fig. 6¢) and does not generate by-
products; therefore, it is regarded as a cost-effective and highly efficient separation method [130]. MF is commonly used to remove
auxiliary chemicals, salts, and colours [131]. However, there are still limitations and areas that require improvement, such as
enhancing membrane performance in terms of permeability, selectivity, antifouling properties, and scaling prevention [130,131]. The
usefulness of reverse osmosis (RO) membranes is hindered by significant variations in osmotic pressure.

3.3. Ion exchange technique

Ion exchange (Fig. 6b) involves the exchange of negative and positive ions placed on a solid sorbent in a solution [132]. This process
prefers using resins which are commercially available to treat the dye wastewater [133]. However, the ion exchange processes are
conducted in costly fixed beds and suffer from low flux. Another drawback of ion exchange resins is the need for disposal or regen-
eration of the sorbent material [134].

3.4. Adsorption techniques

Adsorption (Fig. 6a) involves the accumulation of various particles from wastewater pollutants onto the surface of an adsorbent
[135,136]. This technique is attractive for removing dyes because it is cheap and flexible in design [135]. Many textile industries
utilise commercial activated carbon, clays etc. as adsorbents for treating dye waste [136]. However, most of these adsorbents are
environmentally unfriendly, ineffective against various dyes, and can generate secondary contaminants known as sludge [137,138].

Removal of dyes in water using conventional methods was carried by various studies (Table 2).

Thaddaden et al. [139] concentrated on the impact of many parameters on the coagulation/flocculation dye treatment process,
including the masses of biomaterials, pH, settling duration, MB concentration etc. The highest dye removal of 98.29 % was achieved in
19 min. It is interesting to observe that pH had no discernible effect on the MB removal.

While Moghaddam et al. [140], utilised the ferric chloride sludge (FCS) in removing acid red 119 (AR119) dye from wastewater.

Table 2
Removal of dyes using various conventional treatment methods.
Technique Dye Time % Removed References
Coagulation/Flocculation MB 19 min 98.29 [139]
AR119 67 min 96.53 [140]
AB92 128 min 99 [141]
Membrane filtration MG - 88.21 [142]
MB - 83.91
Ccv - 71.99
MB - 99.61 [143]
EBT - 90.86
MB - 98 [144]
Ion exchange MB 5 min 94.6 [145]
EB 1440 min 99.56 [146]
Adsorption MO 30 min 68.6 [147]
MB 4h 97 [148]
RhB 24 h >90 [149]
CR 24 h >90
MB 120 min 94 [150]
cv 120 min 94
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They also researched parameters such as pH, dosage of the FCS, and the concentration of the AR119 dye. The optimized conditions led
maximum dye removal of 96.53 % after 67 min.

The research done by Szyguta et al. [141], utilised chitosan to treat coloured solutions through a process called
coagulation-flocculation. A sulfonic dye known as Acid Blue 92 was used as a model to evaluate the dye’s capacity to remediate textile
effluent. The result revealed that chitosan demonstrated higher colour removal efficiency in tap water compared to demineralized
water. Interestingly, tap water required a significantly lower chitosan concentration to achieve the desired results. Under the optimal
conditions, the maximum dye removal reached 99 %.

Wu et al. [142], utilised chitosan (CS), polyvinylpyrrolidone (PVP), and polyvinyl alcohol (PVA) to successfully synthesize a hollow
nanofiber membrane (CS/PVP/PVA-HNM) using a coaxial electrospinning method. The rejection ratios of CS/PVP/PVA-HNM for
several compounds, including methylene blue (MB), malachite green (MG) and crystal violet (CV), were determined to be 83.91 %,
88.21 %, and 71.99 %, respectively.

The research done by Subrahmanya et al. [143], presented a syringe filter membrane that is environmentally friendly,
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cost-effective, and can be used multiple times. The membrane was composed of a mixture of polydopamine (PDA), graphene oxide
(GO) and encapsulated mesoporous silica (SBA-15-PDA). This optimized GO;¢/(SBA-15/PDA), membrane effectively removal 90.86 %
(EBT) and 99.61 % (MB) in wastewater.

Zhu et al. [144] have proposed a new method for removing dyes from saline solutions by membrane filtration process. The process
involves dissolving a polyacrylonitrile nanofiber membrane with ethanolamine and immersing it in water to solidify the channels. The
effectiveness of these channels in dye rejection was evaluated, with methyl blue (MB) removal efficiency of 98 %.

In another research, Joseph et al. [145] studied the efficiency of an ion exchange resin composed of micro-sized ammonium
phosphomolybdate (APM) particles. The APM effectively removed 94.6 % MB dye from water within 5 min and it maintained a
removal efficiency up to the 16 cycles. The APM resin was pH sensitive but not light sensitive, therefore, the process of dye removal was
adsorption and not photocatalysis.

Khan et al. [146], researched the percentage of removal of eosin-B (EB) dye using BIII (QPPO/PVA-based system). A number of
parameters were analysed, and the percent of EB removed with 0.1 g of BIIIl and 1440 min was 99.56 %. Furthermore, the membrane’s
effectiveness remained constant even after four consecutive cycles of usage, demonstrating that it is reusable.

Zhang et al. [147] synthesized a hollow polyphosphazene microcapsule, rich in amino content and with a rigid-flexible coupling
cationic skeleton (HTCM) in a single step through polycondensation using hexachlorocyclotriphosphazene and tetraethylenepent-
amine. The HTCM reached a maximum adsorption efficiency of 67 % of methyl orange (MO) within 30 min.

The research by Hu et al. [148], introduced a new type of cotton fabric called superhydrophilic and underwater superoleophobic
cotton fabric (SUSCF). Interestingly, the incorporation of CNT, PSS, and PDA into the SUSCF achieved a maximum 97 % removal ratio
of MB.

Do et al. [149], focused on preparing graphene-like carbon (GLC) from biomass as an eco-friendly and straightforward approach.
The GLC over 90 % removal of CR and RhB dyes.

Rani and Chaudhary [150] explored the Citrus limetta peel (ACLP) as an adsorbent for removing MB and CV dyes. They optimized
the process showed that with 0.1 g of ACLP, ~83 % of MB and ~90 % of CV dyes were removed in 120 min at a pH of 7. The
pseudo-second-order model was followed by this process therefore suggesting a chemisorptive nature.

Overall, these traditional approaches for removing textile dyes, have drawbacks and constraints [149-152]. These include inad-
equate removal of dyes, creation of harmful substances, substantial energy and chemical demands, sensitivity to pH and temperature,
prolonged treatment durations, limited efficacy with specific dyes, production of sludge or waste, and a lack of adaptability [152,153].
Nonetheless, continuous research and technological progress are augmenting the efficiency and efficacy of dye removal processes.
Additionally, alternative and advanced treatment methods like, advanced oxidation processes are under investigation to address these
limitations.

4. Advanced oxidation process

Advanced oxidation processes (AOPs) (Fig. 5b-f) are highly effective in treating a variety of toxic organic/inorganic pollutants and
fully eliminating nonbiodegradable contaminants such dyes, pharmaceuticals, pesticides, etc. [154].

These AOPs, are applied in industrial settings, hospitals, and wastewater treatment plants to treat toxic effluents effectively [154,
155]. AOPs encompass several methods, such as Fenton, photo-Fenton, sonolysis, photocatalysis, etc. [156]. Glaze et al. [157] first
introduced AOPs, emphasizing the role of hydroxyl radicals in purifying water. The definition, evolution, and varied strategies for
creating eOH radicals and other reactive oxygen species such 03 °H,0,, and 105 during the process were comprehensively examined
[158]. However, it is critical to note that ¢OH radicals are the most efficient and potent species in AOPs.

4.1. Electrochemical

The Fenton system, including the Fenton and Fenton-based approach (Fig. 5c-d), constitutes an advanced variant of the AOP
(Advanced Oxidation Process). In this methodology, electromagnetic radiation like UV light is incorporated alongside the conventional
Fenton process, which employs the Fe?>*/H,0, reagent. This technique is widely recognized for its ability to generate hydroxyl radicals
(eOH) in situ under acidic conditions, which exhibit potent oxidation capabilities [159,160]. These hydroxyl radicals, known for their
strong oxidative properties, interact non-selectively with various electron-rich organic molecules, leading to the formation of COo,
H>0, and several intermediate compounds (Fig. 7) [141].

Despite the Fenton system’s merits in removing diverse pollutants, it suffers from several drawbacks. These include a limited pH
range of 3-5, the persistence of iron ions causing residual coloration in treated water, challenges in large-scale production of H,O5, and
elevated treatment costs [139]. Additionally, the system’s reaction rate is hindered by sluggish mass transfer rates between the
electrode’s active surface and the bulk solution [141]. The drawbacks associated with the methods render them less appealing for
tackling the removal of dyes and antibiotics.

4.2. Sonochemical

Recent studies have demonstrated the remarkable efficacy of ultraviolet (UV)-based advanced oxidation processes (AOPs) in
treating wastewater [162-164]. One particularly attractive method is the UV/H505 process, which generates the highly reactive and
non-selective eOH radical [162-166]. This radical plays a key role in breaking down organic contaminants through direct UV

photolysis in the UV/H30, process [162,166,167]. Despite its success, there are practical challenges that need to be addressed. The (i)
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H,0, tends to be unstable in water solutions, leading to the generation of O instead of the desired HOe radical; (ii) HoO, rapidly
decomposes under UV light, posing difficulties in control and reducing its efficiency; and (iii) H2O3’s corrosive and unstable nature
hinders its transport and use during treatment processes [168,169]. Among various methods discussed, photocatalysis stands out as a
promising approach that researchers worldwide are embracing. This technique has gained popularity for efficiently breaking down
dyes and pharmaceuticals in both natural water bodies and wastewater [164]. It is quick, easy to use and does not produce secondary
sludge [170].

4.3. Photocatalysis

Photocatalysis is a popular process that uses light alongside a photo-excitable catalyst material to transform organic pollutants into
less harmful substances [171]. This process involves a photocatalyst composed of a band gap between the valence band (VB) and a
conduction band (CB). This band gap represents the energy required to energize the movement of electrons between the VB and CB
levels.

In the typical photocatalytic MB dye degradation process of TiO5 (Fig. 8), there are various steps involved:

4.3.1. Photon absorption

As seen on equation (1), the first step occurs when sufficient light (UV/Vis) is absorbed by the TiO,, this light energy (photon) is
ether equal to or greater than its bandgap energy of 3.4 eV. The electrons in the valence band (VB) become excited and move to the
conduction band (CB), leaving behind positive holes in the VB [170].

TiO, + hv — egy + hiy (€))

4.3.2. Formation of electron-hole pairs
The resulting electrons (e )and holes (h*) produced form the electron-hole pairs which are highly reactive and are important for
various reactions [171].

4.3.3. Migration charge carrier

The photogenerated electrons (e )and holes (h*) travel to the surface of the TiO, where they interact with molecules like oxygen
(02) and water (H20). For an efficient photodegradation process it is crucial for the electron-hole pairs do not recombine before
reaching the surface of the photocatalyst, as they need to form reactive species [173].

4.3.4. Formation of reactive oxygen species (ROS)

The e™ and h* initiate redox reactions on the surface of TiO, generating highly reactive oxygen species (ROS) such as superoxide
radicals (00%’) as shown in equation (2) and hydroxyl radicals (¢OH) as shown in equation (3), which are responsible for MB dye
degradation occurring in two separate redox reaction [172].

Fig. 8. Mechanism of degradation of MB by TiO, [172].
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4.3.5. Reduction reaction
In the first reaction, reduction occurs when the excited e™ reduce oxygen (O3) to form the superoxide radicals (e037) as illustrated
in equation (2) [174].

e — +0s— 05 2

4.3.6. Oxidation reaction
In the second reaction, the h™ oxidise water (H50) to produce hydroxyl radicals (¢OH) as shown in equation (3) [174].

1'1\/}3Jr +H20—> . OH#’HJr (3)

4.3.7. MB dye degradation

The two ROS, superoxide radicals (¢037) and hydroxyl radicals (¢OH) are strong oxidizing agents that break the MB dye molecules
into smaller fragments. These fragments are further decomposed into less harmful substances like carbon dioxide (CO,), water (H20)
and other inorganic ions (equation (4)).

-O%’ + -OH+MB Dye — CO, +H;0 + degraded products “4)

4.3.8. Mineralization

These processes will repeat until the dye is fully broken down into inorganic compounds, ensuring complete degradation and
minimising environmental impact [172]. In summary, when a semiconductor photocatalyst is exposed to light, it undergoes two
simultaneous reactions (Fig. 8). The first process includes oxidation (photogenerated holes), whereas the second involves reduction
(photogenerated electrons) [173]. However, following absorption of light of the right wavelength, these electrons get excited and
transition to the CB, resulting in the formation of a positive hole (h") in the VB and a negative electron (e~) in the CB [174,172].

Numerous photocatalysts have been explored for water treatment, including V20s, TiO2, Fe2Os, ZnO, ZrOy, WOs3, ZnS, NbyOs, and
CdS [146,149]. Among these, ZnO and TiO5 have attracted considerable attention [171,175-177]. TiO3 is cost-effective, easily syn-
thesized, and capable of degrading various organic compounds, including dyes [178,179]. On the other hand, ZnO is favoured for its
stability and high sensitivity to light when it comes to breaking down organic contaminants [180,181]. These photocatalysts have
outstanding chemical and physical properties suitable for the photocatalytic degradation process.

Various studies (Table 3) have been conducted where photocatalysis was used as a primary method to treat dye-contaminated
water. Table 3 summarises the findings of these studies where TiO, and ZnO nanoparticles as photocatalysts for the degradation of
textile dyes. The table includes information on the photocatalyst dosage, dye used, volume of the solution, duration of exposure, and

Table 3
Degradation of dyes by using titanium dioxide (TiO») and zinc oxide (ZnO) nanoparticles.
Photocatalyst Dosage Dye Volume (mL) Time (mins) %Degradation Ref
TiOy 32 mg TB 20 180 10 % [182]
RB 20 20 %
0.5 mg CBBR 100 120 91%- [183]
30 mg MB 300 120 65 % [176]
10 mg/L MB - 60 96 % [184]
RhB 97 %
01lg MB 100 300 35,66 % [185]
RhB 100 100 %
5g/L AB10b - 300 100 % [186]
0.30 mg MB 50 60 96 % [187]
37.5mg CR 25 50 92.7 % [188]
MO 15 97.9 %
DR23 60 97.6 %
2¢g/L AC113 - 80 94.43 % [189]
01g RhB 30 150 ~94 % [190]
20 mg MB 250 180 85 % [191]
ZnO 200 mg MB - 120 64 % [192]
04g MB 400 120 58 % [193]
EY 39 %
0.05¢g ECBT 100 180 88 % [194]
0.2g RhB 100 160 95.41 % [195]
1g/L MB. - 180 86 % [196]
200 mg BR51 100 330 89.01 % [197]
15 mg MB 15 300 92 % [198]
ECBT 86 %
15 mg MB 100 100 ~99 % [199]
MY ~97 %
50 mg CR 100 180 93 % [200]
10 mg MB 100 60 93 % [201]
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the percentage of dye degradation achieved in each study.

Key findings reported from Kumar et al. [182], showed that under specific conditions the degradation rates for TB and RB were 10
% and 20 %, respectively. The process followed first-order kinetics. Then, Mohamed et al. [183] prepared TiO3 quantum dots via the
sol-gel technique and achieved a photocatalytic efficiency of 91 % when degrading Coomassie brilliant blue R (CBBR) using direct
sunlight exposure. Ge et al. [184] synthesized visible-light-responsive TiO, using a solvothermal process. The TiO, showed excellent
photocatalytic capabilities in degrading rhodamine B (RhB) and methylene blue (MB), with over 95 % efficiency under visible light
within 60 min. Li et al. [185] synthesized TiO, nanoparticles using a hydrothermal approach for photodegradation studies of both RhB
and MB. The degradation efficiency of RhB and MB after 300 min was 34 % and 100 %, respectively. Aboul-Gheit et al. [186] syn-
thesized TiO, that degraded 100 % of amido black 10b (AB10b) dye after 300 min of illumination. Green synthesis methods by
Pavithra et al. [187] achieved 96 % degradation of MB in 1 h, while Bopape et al. [172] reported 65 % degradation of MB in 2 h using
TiO3 nanoparticles. Tatarchuck et al. [188] studied the degradation of Methyl Orange (MO), Congo Red (CR) and Direct Red 23 (DR23)
dyes by TiO5 in water, achieving efficiencies of approximately 98 %, 93 %, and 98 %, respectively. Acid Blue 113 (AB113) was
degraded by environmentally synthesized TiO2 nanoparticles [189], achieving a 94.43 % degradation within 80 min, following
pseudo-first-order reaction kinetics. Dodoo-Arhin et al. [190] prepared TiO, nanostructures and achieved approximately 94 %
degradation of RhB dye under UV light. Ngoepe et al. [191] achieved an 85 % degradation of MB using green-synthesized TiO5
nanoparticles.

Various studies where zinc oxide (ZnO) photocatalysts were utilised for the degradation of different dyes were also reported in
Table 3.

Xue et al. [192] used ZnO nanowires to break down Methylene Blue (MB) dye, achieving a 64 % reduction in MB concentration
within 2 h. In their study. Chakrabarti and Dutta [193] investigated the ZnO as an effective catalyst for the photodegradation of MB
and Eosin Y (EY) dyes, resulting in a 58 % degradation of MB and a 39 % degradation of EY concentrations using a UV light. Kaze-
minezhad et al. [194] prepared ZnO nanoparticles using the co-precipitation technique and successfully decomposed 88 % of Erio-
chrome black-T (EBT) dye. While Dodoo-Arhin et al. [195] utilised nanocrystalline wurtzite ZnO particles as photocatalysts for RhB
dye degradation under UV light. They achieved a 95.41 % degradation efficiency under specific conditions. Isai and Shrivastava [196]
found their synthesized ZnO efficient against 86 % of MB dye while considering various factors like pH, dye concentration, contact
duration, and catalyst amount. While Yashni et al. [197] explored the use of ZnO nanoparticles for degrading Basic Red (BR51) dye.
They achieved the highest degradation rate of 89.01 % with specific conditions. Golmohammadi et al. [198] biosynthesised ZnO

100= . .
(a)
= 804 =
= °
3 607 3
s =
=] [=5]
40
S 3
= 204 ==
0 ] ] | 1 60 ] I ] ]
2 4 6 g 10 20 40 G0 80
pH Dosage(mg)
7 @ 1007 (@)
804 %
s o S
3 3 01
£ 70+ £
& 2 a0+
= -
52 60+ 2 4l
50 1 L} L} I 0 L} L} LI 1
10 20 30 40 ] 50 100 150 200
Concentration(ppm) Time{min)

Fig. 9. Photodegradation curves of MB by TiO, reporting on on various conditions (a-d). Adapted from Ngoepe et al. [191] with licence number
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nanoparticles and demonstrated their effectiveness in degrading both MB and ECBT dyes under direct solar light, achieving degra-
dation rates of approximately 92 % and 86 %, respectively. The ZnO nanocrystals fabricated by Priyadharshni et al. [199] using
coconut husk extract and achieved remarkable photocatalytic capabilities, leading to the degradation of MB (99 %) and metanil yellow
(97 %) dyes. While the biosynthesised ZnO-NPs prepared by Chakraborty et al. [175] achieved the highest degradation efficiency of 93
%. Finally, Ameen et al. [200] green synthesized ZnO nanoparticles and demonstrated their ability to degradation ~93 % of methylene
blue dye. These studies show the effectiveness of both TiO3 and ZnO photocatalysts for removal of dyes. However, these two pho-
tocatalyst possess differences in photocatalytic activity, stability, and cost. According to studies conducted by AlMohamadi et al.
[202], Lin et al. [203], Park et al. [204] and Gelashvili et al. [205] ZnO shows higher photocatalytic activity than TiO, this is due to its
superior electron mobility and larger surface area. In terms of stability, the TiO. showed more stability over multiple cycles while
maintaining its photocatalytic efficiency, while ZnO was reported to be less stable with each cycle [202,204]. According to AlMo-
hamadi et al. [202] and Yunus et al. [206], ZnO is more cost-effective compared to ZnO as it is easy to prepare.in contrast, Lin et al.
[203] reported TiO: to be more cost-effective due to its availability and cheap productions as compared to ZnO. The choice between
TiO4 and ZnO is dependent on specific application requirements. And also, it is important to note that there are numerous parameters
that affect the photodegradation process using both TiO5 and ZnO.

4.3.9. Factors affecting the photodegradation process

4.3.9.1. Effect of pH. The pH of the solution impacts both the adsorption capacity and the charge properties of the photocatalyst
[196]. Itis a critical factor in the photodegradation of textile dyes using ZnO and TiO; photocatalyst as it impacts the photodegradation
efficiency (Fig. 9a). This parameter is important in the generation of hydroxyl radicals which assist in the photocatalysis reaction
[196]. The industrial effluents are often not neutral, making it necessary to consider the pH effect on degradation rates. The effect of pH
against the TiO, nanoparticles were studies by various researchers and in the research conducted by Tayeb et al. [178], pH studies of
MB using the TiO nanospheres were explored. Therefore, the pH of a dye solution impacts the degradation process. The removal
percentages were improved with the increase the pH value. The degradation percentages of ~57 %, ~42 %, and ~95 % were achieved
at pH levels 7, 1.4, and 12.6, respectively. The basic pH of 12.6 was found to be the optimum pH of the study.

In another study by Kumar et al. [182], the photodegradation studies on Rose Bengal (RB) and Thymol Blue (TB) dyes using TiO;
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photocatalyst were conducted. The highest photodegradation efficiency of TB was observed at pH 5-6, with TiO»/PAni/GO achieving
degradation efficiency of 96 %. Under basic conditions the TiO2/PAni/GO achieved the photodegradation efficiency of 96 % for the TB
dye. The optimal photodegradation for TB occurred within the neutral pH range (6-7), with efficiencies of 98 %, for the TiO2/PAni/GO
photocatalyst.

Similarly on the study conducted by Ngoepe et al. [191], explored pH range of 2-10 using the photocatalytic performance of a TiO5
nanocomposite with methylene blue. The results revealed that pH 10 was optimal for effective dye degradation of methyl blue. The
highest percentage degradation of ~84.9 % was obtained (Fig. 9a).

For the ZnO semiconductor, experiments were conducted by Chakrabarti et al. [193] using 50 mg/1 MB solutions at pH 5.5 t0 9.7. It
was found that-the efficiency of degradation increased with increasing pH levels. The increase in pH from 5.5 to 9.7 influenced the
degradation percentage to rise from 49 % to 62 % within 2 h. Therefore, their optimal pH was found to be 9.7. As observed on
Fig. 10a-d, the degradation of ECB dye after 180 min was 75 %, 83 %, and 88 % at pH levels of 4, 8, and 11, respectively. The re-
searchers argued that although maximum degradation occurred at pH 4, ECB dye decomposed more rapidly at pH 11. Therefore, chose
pH 11 as the optimum pH.

Isai and Shrivastava [196], studied the pH parameter during the photodegradation process of MB dye within the pH range of 1-10
using a synthesized ZnO and 2%Fe-ZnO. The point of zero charge (pHpzc) of the catalyst was determined to be approximately 8.3 for
ZnO and 8.9 for 2%Fe-ZnO. Therefore, doping the ZnO with Fe increased the pHpzc.

In their study, Yashni et al. [197] explored the four pH conditions (3, 5, 9, and 8.15) on the BR51 dye. The maximum degradation of
BR51 obtained was ~83 %, ~59 %, ~69 % and 62 % for pH 5, 9, 3 and pH 8.15, respectively. Therefore, the optimal pH was reported
to be at pH 5.

Priyadharshini et al. [199], studied the pH parameter on the photodegradation of MB using the ZnO catalyst. As the pH increased to
10, higher degradation performance was observed while the lowest degradation performance was observed at pH of 4. The highest
degradation of MB at pH 10 was 99 %. It was concluded that the basic pH generates anions on the catalysts which adsorbs MB resulting
in more effective removal of the dye.

The photodegradation of dyes using TiO» favoured higher basic conditions of pH of 10-12.6 even though various dyes were studied
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[178,191]. An exception is observed on the TiO3/PANi/GO nanocomposite as the optimum pH for the studies were 5-7 for RB and TB
dyes. As for the ZnO nanoparticles, the degradation of MB favoured pH of 9.7-10 and for BR51 favoured the pH of 5. These studies
highlight the influence of pH on the photodegradation dyes by ZnO and TiO3 nanomaterials, emphasizing the need for pH optimization
in wastewater treatment.

4.3.9.2. Effect of concentration. The concentration parameter influences the quantity of dye that could be adsorbed on the catalyst
[186]. This parameter also influences the light behaviour during the photocatalysis process [194]. As seen on Fig. 11(a-b), the
degradation efficiency decreases as the concentration of dye was increased. This is because of the increased number dye molecules
being adsorbed on the TiO3 and ZnO catalysts, therefore, reducing the number of photons that reach the catalyst [186].

Alshehri et al. [177], studied the impact of MB concentration on the photocatalysis process. The concentrations ranging from 2.0 x
107°t0 12.0 x 107> M were explored. The results in the study demonstrated that degradation efficiency decreased with increasing MB
dye concentration. Therefore, an optimal concentration was determined to be 1.0 x 1075 M [177].

Kumar et al. [182] studied the impact dye concentrations on photodegradation of TB and RB. The photodegradation efficiencies for
the three photocatalysts were decreasing as the TB concentration was increased. Similarly, the RB dye degradation with increasing RB
concentration. It was concluded that higher concentrations of TB and RB restrict light penetration through the dye photocatalyst
surface [182].

The dye concentration studies by Ngoepe et al. [191], revealed that at higher concentrations (30 and 40 ppm), the degradation
percentages were 66.4 % and 62.8 %, respectively. In contrast, lower concentrations (10 and 20 ppm) showed higher degradation rates
of 74.3 % and 85.5 %, respectively (see Fig. 9c). Specifically, the degradation efficiency decreased from 85.5 % at 20 ppm to 62.8 % at
40 ppm [191].

Kazeminezhad et al. [194], study highlights the impact dye concentration of the MB dye on photocatalytic degradation from 25 to
100 mg/L. Similarly, there was a decrease in photocatalytic percentage as the concentration of MB increased [194].

While Yashni et al. [197], showed that the degradation of BR51 was decreasing from 1, 5, and 10 ppm. This reduction in degra-
dation was associated with the diminished penetration of UV light. The higher concentrations of BR51 block the photons from reaching
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Fig. 12. Effect of photocatalyst loading on the photodegradation of (a) MB and (b) MY by ZnO nanocrystals. Adapted from Priyadharshini et al.
[199] with licence CC BY.
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the surface of ZnO nanoparticles. Therefore, fewer hydroxyl radicals are available to attack the compound, and the scarcity of active
sites on the ZnO nanoparticles further hinders oxidant generation, leading to a reduced degradation rate of BR51 [197].

Fig. 11a-b, compares the degradation efficiency of ZnO photocatalyst against various concentrations of MB and MB dye [199]. As
expected, the efficiency of the ZnO nanoparticles decreased with increased dye concentration and the optimum dye concentration was
found at 5 ppm. The decrease in degradation of 99 %-58 % was reported on MB and MY degradation decreased from 97 % to 56 %
[176]. They associated this reduction with insufficient light absorption on the ZnO surface and lower OHe radicals’ production
essential for the photodegradation process [194].

As a result, it is critical to maintain an appropriate ratio of photocatalyst to dye concentrations. The findings of concentration
investigations of ZnO and TiO, degradations show that the catalyst works at dye concentrations from 5 ppm to 25 ppm. As a result,
photocatalysts were most efficient at dye degradation up to 25 ppm (for MB, RB, and TB) and 10 ppm (for MY and BR51) [177,182,191,
197,199].

4.3.9.3. Effect of photocatalyst dose. The quantity of the catalyst used is another essential parameter influencing the dye degradation
process [177]. This parameter also depends on the reaction container size, as increased particle density can lead to more collisions,
blocking light from reaching the catalyst particles and reducing hydroxyl radical generation [177]. In addition, some textile dyes can
be degraded by UV irradiation only, so it is important to determine the extent of dye photolysis without a catalyst [193]. This process is
useful to determine the minimum photocatalyst required to achieve maximum dye decolourization. In their study Chakrabarti et al.
[193], started by performing blank experiments for Eosin Y dye without a catalyst to assess photolysis. Then experiments were
conducted with varying amounts of ZnO photocatalyst. The photolysis of Eosin Y reached 4 % after 120 min. However, with increasing
dose from 0.2 to 1.0 g in 400 ml, the percentage of dye degraded rose from 47 % to 74 % after 2 h. Beyond this, the degradation
percentage decreased. Thus, the optimal ZnO dosage for EY degradation was 1.0 g.

The impact of varying the amount of ZnO nanocatalyst was studied by Alshehri et al. [177]. In their experiments, the catalyst load
ranged from 5.0 to 30.0 mg/L. There was an increase in degradation rate as the ZnO photocatalyst dose increased up to 25 mg, beyond
this photocatalyst dose led to decreased degradation. This is because higher amounts of catalyst result in more dye molecules adsorbing
ZnO surface, increasing the hydroxyl radical production, thereby enhancing photocatalytic activity. However, excessive catalyst
loading can cause agglomeration of ZnO particles, unfavourable light scattering, and hindered light penetration, reducing
photo-degradation efficiency. Therefore, optimising the catalyst concentration is essential for effective photon absorption and to avoid
excessive usage of the catalyst. For maximum photocatalytic performance, a ZnO catalyst dose of 25 mg was used in the experiments
[177].

The effect of ZnO nanocrystals dosage on the degradation of MB and MY (Fig. 12a-b) was studied by Priyadharshini et al. [199]. The
study found that an increase of 5-15 mg ZnO dose led to MB degradation of 63 %-99 % and MY degradation of 61 %-97 %. This was
associated with availability of more active sites. However, increasing the dose to 20 mg reduced the degradation to 88 % for MB and 99
% for MY. Higher dosages of ZnO nanocrystals led to agglomeration and aggregations of catalyst which reduced the system’s
degradation efficiency. The optimal photocatalyst amount of 15 mg was chosen for proceeding studies.

Ngoepe et al. [191] explored the effect of TiO5 dosage on the degradation of MB and dosage amounts ranging from 20 to 80 mg at
pH 10 were examined. As shown in Fig. 9b, the degradation percentage increased from 71.2 % at 20 mg to 85.5 % at 60 mg, but then
decreased to 77.0 % at 80 mg. This decrease at higher dosages could be attributed to nanoparticle agglomeration. Therefore, excessive
amounts of TiO, nanoparticles can also lead to suspension in the solution [191].

When Isai and Shrivastava [196] examined the impact of photocatalyst loading of 0.2 g-2 g on MB dye degradation, they found that
the degradation efficiency increased rapidly with the increase in catalyst concentration but decreased at 2 g due to increased
particle-particle interactions and agglomeration. This reduced light absorption by the photocatalyst and prevented interactions with
the surface of the catalyst, resulting in fewer excited particles and electron/hole pairs and hydroxyl radicals being produced [191,197].
Therefore, optimum dose was taken to be 1.8 g for both photocatalysts.

Yashi et al. [197] explored the degradation of 1 ppm BR51 at a neutral pH of 7 using ZnO NP doses of 50-200 mg. The degradation
percentage increased with higher concentrations, reaching 74.48 % at 100 mg. However, further increases to 150 and 200 mg
decreased the degradation rate of BR51 dye. This reduction may be due to reduced sunlight penetration, agglomeration and aggre-
gation of the catalyst, and collisions between activated and ground state molecules controlling the reaction.

These studies have shown that the effectiveness photocatalysis process is affected by the quantity of the catalyst used [191].
Optimal catalyst loading enhances degradation efficiency by increasing active sites and hydroxyl radical production [177,199].
However, excessive catalyst amounts can lead to agglomeration, blocking light penetration and the reduction of catalyst efficiency
[196,197]. It is also important to consider the extent of dye photolysis without a catalyst to understand the contribution of direct
photolysis to overall degradation [193,199]. Various studies demonstrate that while initial increases in catalyst loading improve
degradation rates, beyond a certain point, additional catalyst leads to decreased performance due to aggregation and light scattering
[177,191,193,196,197]. Therefore, determining the optimal catalyst concentration is crucial for maximizing photocatalytic efficiency.

4.3.9.4. Effect of time. Time is another aspect that influences photocatalyst performance; ideally, the photocatalysis process should be
highly rapid and efficient [143].

Table 3 presents data on various photocatalysts, their dosages, dye types, experimental volumes, degradation times, and the
percentage of dye degradation achieved. Interestingly, the degradation time ranges from 15 min to 330 min, and the percentage
degradation varies from 10 % to 100 %. The TiO, degradation percentages vary widely based on dye type, dosage, and experimental
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conditions [182-200]. Higher percentages are seen with RhB [185] under certain conditions, while lower percentages are seen with TB
[182]. On the contrary, ZnO shows a wide range of degradation efficiency, from 39 % to 99 %, with exposure time significantly
impacting it [192-201]. Therefore, it important to study the effect of time on the photocatalysis process.

Ngoepe et al. [191] studied the time parameter (Fig. 9d) on their green-synthesized TiO, against the MB dye. The degradation
percentage increased with longer UV irradiation, but decreased after 2 h, suggesting that the catalysts had reached their maximum
degradation capacity [191]. Isai and Shrivastava [196], explored the time parameter on the photocatalytic degradation of MB dye
under optimal conditions. They used a fixed ZnO and 2 % Fe-ZnO catalyst at 1 g/L. The results showed that increasing the time of
irradiation of the catalyst increased MB dye degradation. The degradation rate was faster from O to 140 min due to the availability of
many active sites. After 140 min, the system reaches equilibrium, and the degradation rate decreased due to MB dye particles and the
catalyst surface repulsions [196]. From the studies, it was evident that the optimum time degradation of MB dyes was 120 min for TiO5
and 140 min for ZnO photocatalysts.

4.3.9.5. Effect of reusing the photocatalyst. Photocatalysis is an environmentally friendly technology that typically does not generate
waste disposal issues, as the catalysts can be reused [172]. The photocatalysts must be reused at best twice without dropping their
efficiency [193]. The reusability parameter is crucial as it can help reduce process costs [191]. Hence, it is of high importance to use
photocatalysts which are highly reusable. When Bopape et al. [172], conducted the reusability tests of biosynthesised TiO2-NPs against
MB. The degradation efficiency of the dye reduced with each successive cycle. After four cycles, the photocatalytic efficiency of the
TiO2-NPs decreased up to ~30 %.

Alshehri et al. [177], studied the reusability studies of green synthesized ZnO-NPs on MB dye degradations in UV light irradiation.
The recovered ZnO photocatalyst was reused four times under the same conditions, and it showed excellent stability and catalytic
efficiency [177].

Kumar et al. [182] performed reusability of photocatalysts against RB and TB (Fig. 13a-b). The degradation efficiencies of the
recycled photocatalysts for RB and TB declined with each proceeding cycle. This drop in efficiency of the photocatalysts was due to the
loss of some active sites [182].

Ngoepe et al. [191], studied the degradation percentage declined starting from the first cycle, indicating an immediate loss in
photocatalytic efficiency. The researchers reported that the decline may be attributed to the partial loss of the catalyst during the
recovery process [168]. Similarly, Chakrabarti et al. [193] explored the photodegradation performance of two recycled photocatalyst.
The RC-1 and RC-2 degraded 21 % and 23 % of EY dye, respectively.

The recyclability of ZnO nanoparticles (NPs) was assessed by Yashni et al. [171]. The degradation efficiencies of BR51 were 86.13
% for the first run, 82.90 % for the second, 71.90 % for the third, and 66.49 % for the fourth run. These results showed a 20 % reduction
in photocatalytic degradation performance after four cycles [197].

The reusability of photocatalysts is critical for photocatalytic processes that are both environmentally friendly and economically
effective [193]. While materials such as TiO2 NPs and ZnO NPs lose efficiency with each reuse cycle, they can still be useful after
several cycles. After four cycles, TiO2-NPs lost 29 % of their efficiency [172], but the ZnO-NPs lost 20 % of their efficiency [197].
Choosing highly recyclable photocatalysts reduces performance loss and operating expenses. Despite certain efficiency reductions
owing to active site obstruction and catalyst loss during recovery, many photocatalysts have the potential for continued usage.

4.3.9.6. Effect of reactive species. Throughout the degradation process, various species such as holes (h*), hydroxyl radicals (¢OH),
superoxide radicals (002’) and electrons (e) are produced [150]. To identify the roles of these species, various chemicals like EDTA,
tert-butanol, p-benzoquinone (BQ) and AgNOs, were used as scavengers by Bopape et al. [172] in the reaction system as seen on
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Fig. 14a-f. The results, shown in Fig. 14a-f, indicate that the addition of EDTA and AgNOs increased the degradation, suggesting that
electrons (e ) and holes (h™) played a lesser role in the degradation compared to other species. On the contrary, the addition of t-BuOH
resulted in degradation reduction of 34 %, highlighting that ¢OH radicals played a major role in the photocatalysis process [172].

Alshehri et al. [177] investigated trapping studies of active species in the photodegradation of MB process. The three scavenger
reagents: benzoic acid (BA) for @OH scavenging, benzoquinone (BQ) for .O%’ scavenging, and ammonium oxalate (AO) for scav-
enging holes (h*) were used. The addition of benzoic acid significantly reduced the photocatalytic degradation of MB, demonstrating
that hydroxyl radicals (@ OH) were predominantly responsible for degradation under UV light [177].

In their study, Quek et al. [181] employed various scavenger agents to trap specific reactive species: benzoquinone (BQ) for su-
peroxide anions (027), catalase for hydrogen peroxide (H,0,), EDTA for holes (h*), histidine for singlet oxygen (105), and tert-butanol
for hydroxyl radicals (@OH). The introduction of these radical scavengers into the photocatalytic system led to a reduction in anti-
bacterial activity, highlighting the importance of each reactive species in the photocatalytic process.

These studies highlight the important roles played by various reactive species during the photodegradation process. Majority of
results indicate that hydroxyl radicals (¢OH) are the highest contributors to the MB degradation, as evidenced by a substantial decrease
in degradation efficiency when hydroxyl radicals were scavenged. In contrast, scavengers targeting other species, such as electrons and
holes, had a lesser impact on degradation rates [177,181]. The reduction in photocatalytic activity upon scavenging these species
emphasizes their importance in achieving effective degradation and antibacterial performance, respectively. Therefore, understanding
the roles of these reactive species is vital for optimising photocatalytic systems and enhancing their efficiency dye degradation
applications.

4.3.9.7. Effect of light. While studies have shown that TiO3 and ZnO are efficient, it is important to note that both photocatalysts have
numerous limitations [171,175]. These include high recombination rates, small surface areas, and large bandgaps [171]. TiO5 has
been reported to have a bandgap of around 3.2 eV, while ZnO has a bandgap of ~3.4 eV [175]. The effect of light parameter on the
photocatalytic process was studied by various researchers.

Alshehri et al. [177] employed the green synthesized ZnO-NPs as a photocatalyst for degrading MB dye under a UV light source and
a maximum of 88.4 %. While Bopape et al. [172], obtained the photodegradation efficiency of 65 % on MB dye utilising the bio-
synthesised 30 g TiO2-NPs under UV light. Similarly, utilising the UV light irradiation Ngoepe et al. [191] achieved photocatalytic
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degradation ~86 % of MB using their green synthesized TiO5 photocatalyst. Tayeb et al. [178], also used UV light irradiation and
degraded 97.6 % of MB dye using TiO, nanoparticles. While Li et al. [185] found that the prepared ZnO exhibited more than 30X
degradation efficiency against dyes than the P25 under both UV and UV-vis irradiation. Furthermore, these photocatalysts achieved
higher photocatalytic efficiency under UV light than UV-vis light. Kumar et al. [182], utilised the visible light source to study pho-
tocatalytic degradation of TB and RB dyes. The maximum degradation levels for TB and RB were between 85 and 99 %, utilising
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Fig. 15. Photodegradation spectra and kinetics plots of CBBR dye photodegradation rates in the presence of different TDs, measured using the
UV-vis light (a—c) and solar light (d-f). Adapted from Mohamed et al. [183] with license number 5840430324890.
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TiO2/PAni/GO photocatalyst.

A study by Mohamed et al. [183], compared the photocatalytic efficiencies of TiO3 quantum dots (TDs) against Coomassie brilliant
blue R (CBBR) under direct solar and UV-vis light irradiation (Fig. 15). The photocatalytic degradation of CBBR under solar and
UV-visirradiation light were 91 % (after 240 min) and 89 % (after 120 min), respectively [183]. These results indicate that the TDs can
be used under direct sunlight which is a cheaper and more sustainable process that could be easily implemented in the existing water
treatment processes. In another study, Ge et al. [184] synthesized visible-light active TiO, photocatalysts. The results demonstrated
effective photocatalytic performance of TiO5 against the MB and RhB. For RhB and MB, the photodegradation efficiency was reported
to be >95 % in 60 min of visible light exposure. While the Pavithra et al. [164], prepared C. gigantean leaf-assisted TiO2 NPs which
degraded 96 % MB in 60 min under direct sunlight exposure.

The use of ZnO nanoparticles as a photocatalyst in the degradation of RhB dye under UV light was investigated by Dodoo-Arhin
et al. [195], and the maximum degradation efficiency of ~95.41 % was reported. Finally, Golmohammadi et al. [198], prepared
ZnO NPs that were utilised to degrade two (MB) and ECBT) in direct sunlight. The ZnO NPs showed excellent photocatalytic activity,
achieving 92 % and 86 % degradation efficiencies within 5 h for MB and ECBT, respectively.

These studies show that the photocatalytic ability of both TiO3 and ZnO is light dependent. Although, TiO3 and ZnO are well-known
for their photocatalytic properties, they have high recombination rates, small surface areas, and wide bandgaps (3.2 eV for TiO5 and
3.37 eV for ZnO), which limit visible light absorption [171,175]. These limitations indicate that, while efficient, their preparation and
implementation should be improved.

Several investigations have highlighted the performance of TiO3 and ZnO under UV radiation, with ZnO nanoparticles showing
high degradation efficiency of MB dye, reaching up to 88.4 % [154]. While, the TiO, nanoparticles have shown varying degradation
efficiencies for MB dye under UV radiation, ranging from 65 % [172] to 86 % [191] and even 97.6 % [178]. Microscale ZnO had better
photocatalytic activity than Degussa P25 TiO5 under UV-visible and visible irradiation [182], demonstrating that size and shape may
affect performance.

Studies on photocatalytic activity under visible light have yielded mixed results. TiO2/PAni/GO, TiO2/PAni, and TiO; catalysts
achieved degradation levels of 85-99 % for Thymol Blue and 60-97 % for Rose Bengal, indicating that visible light can be effective, but
with varying degrees of success [182]. C. gigantean leaf-assisted TiO, NPs degraded MB by 96 % in 60 min under direct sunshine,
indicating a sustainable strategy to solar utilisation [187]. Therefore, photocatalysts based on direct sunshine and visible light show
great promise for long-term usage. TiO5 quantum dots and C. gigantean leaf-assisted TiOo NPs degrade effectively in sunlight, providing
a cost-effective and ecologically beneficial solution for water treatment [183,187]. While the ZnO nanoparticles have also demon-
strated outstanding photocatalytic efficacy in sunshine, with MB and ECBT breakdown rates of 92 % and 86 %, respectively, within 5 h
[198]. Although TiO, and ZnO are efficient photocatalysts, their efficacy is affected by light conditions and intrinsic limits. Advances in
photocatalyst design, such as optimising particle size and investigating visible light activity, can improve their practical applicability.
Furthermore, using direct sunshine or visible light is a more sustainable and cost-effective method for photocatalytic processes.

5. Application of photocatalysis as an industrial treatment method for textile effluents

The increasing production of harmful textile dye-contaminated wastewater remains a critical environmental issue [198-207]. This
presents a considerable obstacle to traditional water treatment systems currently in place [196]. Thus, researchers have explored a
variety of chemical, physical and biological treatment methods, with their effectiveness varying depending on the specific conditions
of the experiments [195]. The discharge of dye effluents directly into natural water streams is hazardous to aquatic ecosystems’
photosynthetic activities [207,208]. As a result, these effluents not only harm the environment, but also represent a risk to human
health via the food chain [180]. This is due to the presence of metals and aromatic compounds in textile effluents, which cause
mutagenic or teratogenic effects on aquatic creatures [207].

Moreover, in many instances, organic substances like dyes in various water sources resist degradation by pre-treatment methods,
leading to the generation of harmful disinfection by-products that may pose health risks [208-210]. Dye molecules exhibit a higher
degree of complexity as they consist of multiple aromatic rings interconnected in a fully conjugated arrangement [211]. Therefore, not
only is it expensive for wastewater treatment plants to treat the dye effluents from textile industries, but it is also harmful to the
environment and humans at large [212]. It is highly advisable for textile industries to select a suitable treatment method for the dye
effluents before discarding into natural water streams.

A successful treatment of textile wastewater can be described as a procedure that eliminates or lowers the concentrations of sig-
nificant physico-chemical characteristics of dyes before its ultimate disposal [213]. Therefore, literature have shown that the use of

Table 4

Studies showing photocatalysis as a treatment method for various industrial effluents.
Pre-treatment method Pollutant Type of Waste % Removal Time (mins) References
UV/alkaline H,0, pre-treatment (UHP) sisal waste Agricultural 76.6 % (delignification) 600 [210]
UV/TiO, Total organic carbon (TOC) Municipal 50 % 360 [213]
TiO»-biological Crystal violet (CV) Industrial 94 % 90 [214]
TiO, Carbamazepine (CBZ) Hospital 78 % 240 [215]
TiO,/VUV 0il Food 70 £ 3 % 10 [180]
TiO, P25 Total organic Petrochemical 99.5 % 360 [216]
TiO» COD Textile and pulp 87 % 300 [217]
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photocatalysis emerges as an effective technology for the treatment of dye effluents before they could be released to the environment
[189-193]. The successful treatment is dependent on the characteristics of the dye molecule targeted for degradation [205-210].
Utilising photocatalysis as a preliminary treatment process shows promise in addressing limitations associated with traditional
methods [188,209]. This method involves improving the degradability of dyes before releasing to the environment as evidenced by
studies of the dye-containing wastewater been successfully treated by photocatalysis [182-201].

Additionally, various studies (Table 4) have been conducted where photocatalysis was employed as a preliminary treatment
method. Yang et al. [212] research investigated the combined approach of UV photocatalysis and alkaline HyO pre-treatment (UHP)
to improve the subsequent enzymatic hydrolysis of sisal waste, comparing it with alkaline HyO2 pre-treatment (AHP). The optimal
conditions for UHP were determined to be 0.1 g/g dried sisal waste, pH 10.0, and UV radiation for 6 h, resulting in a delignification rate
of 76.6 %, a sugar conversion of 71.2 %, and glucose conversion of 91.6 %.

Ali et al. [213] study examined the effectiveness of a solar photocatalysis reactor in the pre-treatment of wastewater for removal of
total organic carbon (TOC) and turbidity. The process involved UV sunlight/TiO5, UV sunlight and UV sunlight/H»05 nanocatalysts to
membrane fouling. The research assessed the impact of time and solar radiation on TOC and turbidity removal. The study found
maximum removal efficiencies of 95 % for turbidity and 31 % for TOC at with optimal conditions.

While Chen et al. [214] studied the effectiveness of a combined photocatalytic-biological system in degrading crystal violet (CV)
from a water solution was evaluated. Preliminary tests revealed that the optimal operational conditions for the photoreactor included a
reaction time of 1.5 h, pH level of 7.0, and a retention time of 2.0 min. Under these specified conditions, the photocatalytic reaction
resulted in a 94 % reduction in the toxicity of the CV solution.

Chong et al. [218] explored a wastewater pre-treatment system using titanium dioxide (TiO5) nanofibers. The goal was to enhance
the biodegradability of carbamazepine (CBZ) in synthetic hospital effluent. The data demonstrated that the TiO3 pre-treatment system,
when employed independently, efficiently degraded 78 % of the CBZ drug.

Two-stage pretreatment
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Fig. 16. illustrates a diagram of a laboratory-scale hybrid system featuring a two-stage pre-treatment process. Adapted from Li et al. [185] with
license number 5692610107599.
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Kang et al. [215], studied the effectiveness of a vacuum ultraviolet (VUV) and TiO, oxidation system for pre-treatment of oily
wastewater from restaurants. Under optimal conditions, the VUV and TiO,/VUV process achieved removal efficiencies of >50 %, and
86 %, respectively.

Li et al. [180], combined membrane distillation and photocatalytic degradation for treating and reusing petrochemical wastewater
(Fig. 16). The results showed that the modified stainless-steel mesh/glass microfiber filter removes oil emulsions, and TiO, P25 serves
as the photocatalyst in the photocatalysis phase.

Balcioglu et al. [216] explored the treatability of mixed raw, coagulated, and biologically pre-treated wastewater from textile and
pulp sources, as well as effluents from various process stages, was investigated using an enhanced heterogeneous photocatalytic
oxidation process. Treatment effectiveness was assessed based on TOC, COD, BODs, and dye removal. The study found that photo-
catalytic oxidation treatment with HyOo was more efficient in removing pollutants from pre-treated wastewater samples. For bio-
treated Kraft bleaching and textile effluents, 52 % and 87 % COD removal were achieved, respectively. The addition of ferric ion
accelerated the oxidation time but did not impact total COD reduction. Dye removal was achieved within the first hour, but complete
decolourization was not achieved for pulp effluents.

The studies presented in Table 4 reported on the utilisation of photocatalysis alone or with other methods as a successful pre-
treatment method for various industrial effluents [214,217]. When photocatalysis alone or coupled with various method were
employed on industrial effluents, various contaminants were removed to certain levels. In a case of organic contaminants, CV was
removed up to 90 % [214], CBZ up to 78 % [215], TOC up to 50 %, etc.

Therefore, textile industries generate significant amounts of dye-contaminated wastewater, which poses significant environmental
and health risks [172]. Traditional water treatment systems struggle to handle these effluents, which disrupt photosynthetic activity
and pose risks to human health through the food chain [196]. These methods are often ineffective in completely degrading or removing
dye contaminants, and their excessive cost and environmental impact make them less viable [182]. There is a pressing need for textile
industries to handle dye effluents before releasing to wastewater and natural water streams. Additionally, studies have highlighted
photocatalysis as a promising technology for treating dye-contaminated wastewater, improving the degradability of dyes and making
it a more efficient pre-treatment option [183-201]. Other studies have shown that photocatalysis alone or in combination with other
methods (e.g., UV, H202) showed promise for treating dye-bearing wastewater [206,217]. Textile should consider adopting photo-
catalysis as a preliminary treatment method to ease the treatment of dyes by traditional methods. Ensuring that industrial effluents
meet acceptable standards before discharge is crucial for environmental protection and public health.

6. Challenges and future prospects
6.1. Photocatalysts and light source

A rapid photodegradation process of dyes by both TiO3 and ZnO requires the use of UV light which is more expensive than the
sunlight. Most studies under visible or sunlight reach the highest degradation of dyes after hours of degradation.

It is essential to investigate doping techniques to reduce the band gaps of TiO, and ZnO, allowing for the utilisation of visible
wavelengths. Additionally, retrieving photocatalysts from the slurry following the photodegradation process is not economically
practical. While using immobilized catalysts could potentially resolve this challenge, it is crucial to address the preservation of
photoactivity in immobilized forms.

6.2. Textile dye effluents

Most studies of degradation of dyes have been investigated under optimized conditions using only one type of dye at the time, while
most textile effluents contain a mixture of dyes. Therefore, studies that involve the degradation of a mixture of dyes should be explored
to properly record the efficiency of these photocatalysts against an array of dyes.

6.3. By-products of photocatalysis

The by-products of the dyes after going through the photodegradation process and their effect to the environment should be
explored in detail.

6.4. Economic implications

The literature reports that the enhanced removal efficiency can be investigated by evaluating a mix of innovative pre-treatment
methods. One potential approach involves integrating coagulation/flocculation with photodegradation. This suggestion might be
expensive to implement and maintain by textile industries, however a trade-off between cost and efficiency can be considered.
6.5. Regulation of textile dye effluents

Regulative bodies like the Ecological and Toxicological Association of the Dyestuffs Manufacturing Industry (ETAD) work to
mitigate the toxic effects of dye products. However, characteristic challenges of dye degradation, such as aromatic structures, high

organic content, non-biodegradability, and resistance to light, necessitate urgent attention to eliminate these substances effectively
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before reaching natural water streams.

6.6. Treatment of textile dye effluents

Conventional treatment methods for removing textile dyes from water, such as coagulation/flocculation, membrane filtration, ion
exchange, and adsorption, have been widely employed but have various limitations.

Photocatalysis is a promising preliminary treatment method for textile dye effluents. The review explores the efficiency of pho-
tocatalysis as a treatment of textile effluents. It provided multiple evidence where industries in various sectors have utilised photo-
catalysis as a pre-treatment method for their effluents before releasing to the environment. Also, the need to address several challenges
of photocatalysis, such as the dependence on UV light, investigation of mixed dye effluents, exploration of by-products, and their
environmental impact should be explored. Finally, to ensure that textile industries comply, the ETAD should implement severe
regulations.

7. Conclusion

The high demand for dyes in the textile industry has led to severe environmental consequences, including water and soil
contamination. The use of water and chemicals in textile production results in the generation of sludge and harmful effluents, which
pose significant challenges to aquatic life by reducing photosynthesis and dissolved oxygen levels. Textile dye effluents, particularly
reactive, sulphur, cationic and anionic types, have diverse applications and are harmful to the environment and aquatic life. Regulative
bodies like the Ecological and Toxicological Association of the Dyestuffs Manufacturing Industry (ETAD) work to ease the toxic effects
of dye products. However, characteristics of dyes, such as the aromatic structures, high organic content, non-biodegradability, and
resistance to light make it difficult to remediate from wastewater. This, therefore, necessitate an urgent technique to successfully
remove these substances effectively. Conventional treatment methods for removing textile dyes from water, such as coagulation/
flocculation, membrane filtration, ion exchange, and adsorption, have been widely employed but have various limitations such as
inefficient removal, high cost, sludge production etc.

Advanced oxidation processes (AOPs), such as electrochemical, sonochemical, and photocatalytic methods, have demonstrated
remarkable efficacy in treating toxic organic pollutants and emerging contaminants. However, challenges such as dependence on UV
light for efficient photodegradation, investigation of mixed dye effluents, exploration of by-products, and their environmental impact
need further research.

Photocatalysis, a promising pre-discharge method, employs photocatalysts like TiO3 and ZnO to break down pollutants using light.
The review explores the efficiency of photocatalysis as a pre-discharge treatment of industrial effluents, mainly the textile effluents. It
provided multiple evidence where industries in various sectors have utilised photocatalysis as a pre-discharge/pre-treatment method
for their effluents before releasing to the environment. Also, the need to address several challenges of photocatalysis, such as the
dependence on UV light, investigation of mixed dye effluents, exploration of by-products, and their environmental impact was also
highlighted.
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