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A B S T R A C T A R T I C L E I N F O R M A T I O N 

 
 

Supplying clean water is a major problem in contemporary societies. The rise of industrialization, urbanization, 

and population increases have caused a shortage of clean water supplies, and the disparity between healthy water 

demand and availability is expected to worsen. The use of emergent organic contaminants (EOCs) and inorganic 

pollutants constitute a significant threat to the environment and human health.The most promising approach for 

water treatment is the usage of primary photocatalytic oxidation processes. The paper begins by outlining the issue 

of scarce water supplies and the many methods of purification, including photocatalysis using semiconductors like 

metal oxides, graphene oxides, and MOFs. The article also reviews published research on the application of these 

photocatalysts materials for the reduction of pollutants from water. This review article provides an overview of 

technique for photocatalytic water treatment, discussing the basic mechanism of photocatalysis and nanobased 

photocatalysts utilized for the reduction of organic pollutants in water. 
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1. Introduction 

Water contamination is one of the environmental issues that poses 

a severe threat to human health [1]. Due to the sharp development in 

industry, urbanization, and population, as well as a serious lack of clean 

water supplies, these issues have received a great deal of attention glob- 

ally. It is predicted that the gap between healthy water need and avail- 

ability will continue to widen in proportion to enhancing contamination 

because of the vast disposal of pollutants and toxins into the natural 

water resource. [2]. 

Hence, reducing and treating water pollution is very important and 
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Fig. 1. Mechanistic view showing photocatalysis and degradation of pollutant 

 

essential. Many sources with a variety of intricate components lead to 

water pollution. Many emergent organic contaminants (EOCs), such as 

pharmaceuticals, personal care items, industrial pollutants, and others, 

have been identified in recent years as polluting water resources [3, 4]. 

The majority of EOCs, even at low concentrations, are difficult to en- 

tirely remove by conventional water treatment techniques because of 

their physical or chemical characteristics (such as high-grade and wa- 

ter-soluble) [5]. 

Together with EOCs, inorganic pollutants constitute a significant 

hazard to both the health and the environment because of their toxic- 

ity, carcinogenicity, mutagenicity, and teratogenicity. Hence, a variety 

of methods and procedures, including coagulation, filtration, and other 

methods, have been suggested to cleanse wastewater [6, 7]. These ap- 

proaches are not ideal, though, as they require elaborate, sizable facili- 

ties that cost a lot to maintain [8]. 

The methods that rely on principal photocatalytic oxidation process- 

es are the most promising for treating water. This is because wastewater 

is becoming more complex, particularly because of the tenacious biolog- 

ical, poisonous, and organic chemicals. 

Water treatment using photocatalytic methods is a relatively new 

field with exciting potential that will be put into practice soon [9]. The 

photocatalytic oxidative destruction of man-made and naturally occur- 

ring organic contaminants (such as pesticides, organic fertilizers, humic 

matter, surfactants, etc.) in the photic layer covering surface waters is 

of highest importance among the many physicochemical changes oc- 

curring in the hydrosphere. Due to the intensity of the UV component 

of solar energy reaching the Earth’s surface, which is brought on by the 

expansion of ozone holes in the stratosphere, environmental photochem- 

ical processes are becoming increasingly important [10]. 

This review article offers an overview of the knowledge and ad- 

vancement of photocatalytic water treatment technology, covering ev- 

erything from the principles of catalyst and photoreactor creation to pro- 

cess optimisation and the water conditions that influence the procedure’s 

effectiveness.It also discusses the basic mechanism of photocatalysis 

and nanobased photocatalysts used for the reduction of organic water 

and wastewater contaminants This multidisciplinary article provides 

chemists, materials scientists, and engineers working with water with a 

revised and insightful analysis of recent findings on nanomaterials pho- 

tocatalytic degradation-focused research in contrast to reviews that have 

already been published. The paper examines various chemical modifi- 

 

 
Fig. 2. Materials toward photocatalytic application. 

 

contaminants.[11, 12]. It is common knowledge that the nature of the 

used photocatalysts has an impact on the photocatalytic efficiency, but 

that the irradiated light source also has an impact. Typically, a photon 

that has energy equal to or higher than its band-gap energy (Eg) can 

photoactivate the catalyst. Normally, the photolysis reactions would be 

more efficient with a higher irradiation intensity. [13]. Natural sunlights 

is the best resource to provide energy for these activation procedures 

because it is secure and renewable. Also, solar energy has unique ben- 

efits including its abundance and cleanliness. The energy that the sun 

provides to the surface of the earth each year is roughly four orders of 

magnitude greater than the energy that people utilize worldwide each 

year [14]. It has a lot of allure to investigate innovative catalysts having 

photocatalytic activity triggered by visible light to more effectively use 

solar energy to address water pollution challenges [15]. 

Photocatalysis is an intriguing advanced oxidation process used for 

breaking down organic pollutants and deactivating harmful biological 

agents. Heterogeneous photocatalysis is particularly useful in water 

treatment due to its advantageous characteristics, such as operating at 

feasible temperatures and pressures, completely decomposing pollutants 

and their intermediate products without producing any more contam- 

inants, and being economically reliable. By creating reactive oxygen 

species (ROS) such as holes (h+), •O -, H O , O , and •OH, photoca- 

talysis can facilitate the breakdown of pollutants through reactions with 

dissolved O2 or H2O/OH-. Moreover, optimal energy conversions can be 

achieved by reducing H+ or CO to H or hydrocarbons while converting 

H O/OH- to O through oxidation. The high oxidative power of ROS and 

holes facilitates the effective breakdown of pollutants and increases the 

rate of the reaction [16]. The production of the superoxide radical occurs 

when photogenerated electrons of a semiconductor’s conduction band 

(CB) react with O2, while the production of the 
 

is a result of the re- 

action between valence band holes (h+) . This can be expressed through 

equations 1 and 2 [17]. 

cation techniques for improving the nanomaterials surface chemistry e− + O →◻O− (1) 
CB 2 2 

in order to remove specific contaminants like organic colors and drugs 

from water efficiently. 

h+ + H O →◻OH + H + (2) 

2. Photocatalytic water treatment 

Photocatalysis has been recognised as one of the most exciting possi- 

bilities for water treatment to date because of its enormous capacity and 

effectiveness in using sunlight to destroy harmful bacteria and organic 

3. Photocatalytic mechanism 

According to the energy band hypothesis, at absolute zero, a semi- 

conductor’s valance band (VB) contains electrons with a lower energy 

whereas CB is unoccupied and has a correspondingly higher energy., can 

be used to explain photocatalysis. When a semiconductor absorbs visi- 
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ble light, its VB electrons are move to higher CB levels, causing holes 

to remain. As a result, the semiconductor’s VB becomes occupied with 

holes, while its CB fills up with electron accumulation. Following their 

migration to the semiconductor material’s surface, these photogenerated 

charge carriers next take part in redox processes. Due to their reductive 

character, photogenerated electrons contribute to the production of ROS, 

which enhances the efficiency of photocatalysis, while photogenerated 

holes have high oxidative properties [18, 19]. 

It is important to note that not all photo excited electrons contribute 

to surface reactions that generate active species. A number of electron 

combine with the semiconductor’ VB holes, leading to a reduced photo- 

catalytic efficiency. Therefore, the critical process in improving photo- 

catalytic effectiveness is to prevent the recombination of charge carriers 

produced by lighten promote their movement to the semiconductor’s 

surface, that they can react with water and O2 to generate •OH and •O2-, 

respectively. This reaction inhibits electron-hole pair recombination and 

extends their lifespan. The pace of movement and recombination of pho- 

tocarrier is influenced by the potential of the VB and CB edges and the 

redox properties of the adsorbates. 

In order for redox reactions to occur, the VB potential must be more 

impact, surface modulation through the creation of defects via elemental 

and molecular doping, and the preparation of surface assemblies via the 

conventional fabrication and systems of Z-scheme heterojunction [22, 

23]. 

Among the strategies mentioned above, the creation of a heterojunc- 

tion by adding some semiconductor materials with appropriate band- 

edge potentials has received significant attention because of several 

reasons. Firstly, it allows for the improvement of visible light harnessing 

by coupling a photocatalyst with a broad band gap with another semi- 

conductor material that has a narrow band gap. Secondly, it stimulates 

the separation and migration of photocarriers through induced internal 

electric fields. Lastly, it allows for the preservation of EHP provide high 

redox and oxidative ability, respectively, in various semiconductor pho- 

tocatalysts, leading to enhanced redox ability [23, 24]. Generally, an ac- 

tive species that facilitates pollutant breakdown and a light-harvesting 

antenna compose up the heterogeneous photocatalysis system employ- 

ing semiconductor materials. There have been numerous proposals for 

the sequence of redox reactions that take place at the photon-activated 

surface. [17]: 

positive and the CB potential must be lower than the equivalent redox 

abilities necessary for the reactions of the surface. [20, 21]. However, 

it is hard for a single-component photocatalytic system to meet all cer- 

tain essential criteria. In contrast to a semiconductor system with a wide 

band gap, which makes it hard to produce electron-hole pairs (EHP), one 

with a narrow band gap undergoes rapid photocarrier recombination. To 

increase the photocatalytic efficacy of semiconductor photocatalysts, 

various strategies are employed. These include surface functionalization 

through the addition of co-catalysts and the utilization of the plasmonic 

Photocatalyst + hv → h+ + e− 

h+ + H O → •OH + H + 

h+ + OH − → •OH 

h+ + pollutant → ( pollutant )
+ 

e
− 

+ O → •O
− 

• O− + H + → •OOH 

2 • OOH → O2 + H2O2 

H O + •O− → •OH + OH − + O2 

H2O2 + hv → 2 • OH 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

Table 1. 

Metal oxide, MOF materials, C-Based materials and NC-Based materials for watertreatment application 

  

Materials 

 

Target 

 

Light Source 

 

Degradation Rate 

 

Ref. 

 

 

 

 

Metal oxide 

TiO2/Ag 

ZnO/Ag 

NiO/Ag 

CTAB-assisted TiO2 

Fe
2
O

3
@C@SiO

2
/TiO

2 

Fe-TiO2 

MIL-125 

F-MIL-125 TiO2@MIL-125 

F-TiO2@MIL-125 

CoCeOx/g-C3N4 

PCN-224/TA/PVDF 

Ag NPs@Zr-TTFTB 

UiO-66-NH2 

porous carbon nitride nanosheet 

(MCU-C3N4) 

Sand-graphite 

 

carbon quantum dots (CQDs) 

functioned 

polymer carbon nitride (PCN) 

 

Ag
3
PO

4
/nanocellulose 

Fe-doped ZnO/nanocellulose 

Anatase TiO2/nanocellulose 

ZnO/NC 

NC–TiO2 

methyl or- 

ange(MO)/4-chloro- 

phenol 

Congo red dye 

organic dyes 

organic dyes 

 

PFOA 

 

carbamazepine 

organic dyes 

sulfamethoxazole 

sulfamethoxazole 

tetracycline hydrochlo- 

ride (TC) 

methylene blue(MB) 

 

 

Bisphenol A 

 

 

MO/ MB 

MB 

MO 

Enrofloxacin (EF) 

MO 

 

Visible light 

 

 

Sunlight 

Visible light 

Sunlight 

 

Visible light 

 

Visible light 

Visible light 

Sunlight 

Sunlight 

visible light 

visible light 

 

visible light 

 

 

Sunlight 

visible light 

visible light 

visible light 

visible light 

86%-180 min for MO 

68%-180min for 4CP 

 

95%- 180 min 

97% 

85%-210min 

 

 

 

 

97%-60 min 

98%-60 min 

99%-120 min 

90% 

 

84.81% 

 

87.12 % 

 

 

95%-30min 

 

 

90%-80min 

98.84% 

99.72%-30 min 

97%-120 min 

99%-180 min 

 

[161] 

 

 

[162] 

[163] 

[164] 

 

[165] 

 

[166] 

[167] 

[168] 

[169] 

 

[170] 

 

[171] 

 

 

[172] 

 

 

[173] 

[174] 

[175] 

[176] 

[177] 

 

 

 

 

MOF materials 

 

 

C-Based materials 

 

 

 

 

 

 

NC-based Materials 
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Pollutant + (•OH , h+ , •OOHorO− ) >degradation product (12) 

 

Photocatalytic reactions typically involve three active species: h+, 

hydroxyl radical (OH), and superoxide radical (O2-), with OH being 

the primary oxidant in aqueous solutions. OH radicals are produced 

through two pathes: (i) photogenerated h+ oxidizes H2O and OH- in the 

water to form OH radicals, and (ii) photogenerated e- reduces O2- to 

create O radicals, that react with h+ to form OOH radicals and further 

decompose to generate OH radicals. Photogenerated h+ can directly 

degrade organic contaminants, but its efficiency lies on the oxidation 

conditions and catalyst type. However, e- and h+ can easily recombine 

in the hole scavengers or absence of electron. Thus, the existence of 

specific scavengers is essential to suppress charge recombination rates 

and improve photocatalytic efficiency [25]. The fundamental process of 

semiconductor photocatalysis depicted in Figure 1. 

Building a reliable and effective photocatalytic device that responds 

to visible light requires consideration of not only electronic band 

structures but also other parameters like material choice, morphologi- 

cal architecture, surface properties, and crystallinity. The selection of 

semiconductor materials is crucial in determining the level of overall 

efficiency and visible light response. Effective carrier separation and 

transportation can be achieved with the appropriate morphological ar- 

chitecture, which involves a short distance between the redox reaction 

center and photo carrier-generating junction. Low interface recombina- 

tion and high crystallinity with structural defects can improve the ability 

of photogenerated holes and electrons to participate more effectively in 

desired processes. The photocatalysts’ surface area, that is determined 

by the shape of materials’ geometrical and porosity, also plays a critical 

role in photocatalytic activity because of the importance of pollutant 

adsorption. 
 

 

4. New materials toward photocatalytic application 

 
4.1. Metal oxide 

In recent times, TiO2 and ZnO nanoparticles (NPs) have gained great 

attention as semiconductor photocatalysts, because of their high cata- 

lytic efficiency, high chemical stability, bio-compatibility, low cost, and 

ease of synthesis [26]. Both TiO2 and ZnO possess excellent properties 

that make them nearly ideal photocatalysts, as they respond to radiation 

intensity equal to or below UV wavelength. On the other hand, zinc 

oxide is more sensitive to photo-corrosion rather than TiO2, despite 

being more stable, providing smaller defects, and crystallinity.[27]. 

Moreover, the performance of photocatalytic activity of ZnO can be 

further enhanced by doping or adding other materials. Recently, metal 

oxides, like Fe O , WO , TiO , ZrO , ZnO, V O , etc., have been utilized 

 

titanium oxide as a photocatalyst in solar and artificial UV light, and 

when compared to artificial UV radiation, it was found that sunshine 

may destroy the dye up to 66.99% in 30 minutes. In 2016, MB, Acridine 

orange (AO), and RhB, were among the dyes that were degraded pho- 

tocatalytically using ZnO and TiO2 NPs, according to a report by Amini 

and colleagues [32]. This was done at ambient temperature and solar 

light irradiation. They discovered that when ZnO was swapped out for 

TiO2, the system’s photocatalytic activity was significantly boosted as 

a result of the instability and consequent deactivation of ZnO particles. 

The activity of 1D nanostructures zinc oxide and titanium oxide (nano- 

tubes and nanorods) for removing of MO dye was also contrasted by 

Guo et al. [33]. The results showed both of them had similar photocata- 

lytic efficiency, with ZnO being more effective when exposed to sunlight 

and TiO2 being more effective when exposed to UV light. 

Cu-ZnO was employed by Kanade et al. [34] to produce photocat- 

alytic hydrogen, and it was tested under visible light irradiation after 

being synthesized in both aqueous and organic mediums. Cu-ZnO pro- 

duced in organic media has a greater photocatalytic activity than Cu- 

ZnO produced in aqueous media. The prismatic form of wurtzite ZnO 

has ZnO as part of its structure and Cu as oxide in the core. Mn-doped 

ZnO NPs were used in photo-degradation by Ruh Ullah et al. [35]. An- 

iline and MB dyes were degraded using visible light from a tungsten 

bulb to gauge the photocatalytic effectiveness of Mn-doped ZnO NPs. 

Results demonstrated that Mn-doped ZnO degraded 50% more fast 

than undoped ZnO, indicating that ZnO:Mn2+ NPs are more effective 

for disinfecting water from inorganic and organic compounds, such 

as bacteria and arsenic . Using undoped ZnO:Mn2 and ZnO + under 

UV light irradiation, the first photo-reduction of MB was carried out. 

Although ZnO:Mn2+ took 30 minutes to destroy the same amount of 

MB, undoped ZnO was more effective than doped ZnO. Undoped ZnO 

degraded over 50% of MB in 10 minutes. Donkova et al. [30] conducted 

a study utilizing undoped Mn or Cu doped ZnO as photocatalysts that 

were prepared through chemical methods. Under UV light irradiation, 

their photocatalytic efficiency for MB the removing of dye was exam- 

ined. Pure ZnO was able to degrade the dye completely in 2 hours, while 

the catalysts with the maximum additive of Mn and Cu only achieved 

30% degradation in 2 hours. The study found that photocatalytic activity 

decreased as doping increased for all the samples examined. More re- 

cent studies have shown that several materials such as nanocomposites 

NiO/ZnO, PVDF/GO/ZnO, TiO2/Fe3O4/graphene oxide and WO3/TiO2, 

as well as ZnO/Ag heteronano structures and N2 doped TiO2 thin film, 

are effective in the photo-degradation of MB in visible-light irradiation 

[31-34]. 

Labhane and coworkers [35] synthesized Cu-doped ZnO nanopar- 

ticles with varying percentages of Cu (0%, 1%, 2%, and 3%) using the 

co-precipitation method. The optical absorption spectroscopy of Cu- 
2  3 3 2 2 2  5 

as photocatalysts to eliminate or reduce harmful inorganic and organic 

constituents in air or water resources. These photocatalysts offer a great 

deal of potential for converting different pollutants into biodegradable 

constituents, ultimately transforming them into safe CO2 and water. [28, 

29]. TiO2 was synthesized by Tayade and coworkers [30] using the hy- 

drolysis approach, and transition metals (Ni, Cu, Ag, Fe, and Co) were 

subsequently doped onto titanium oxide using the wet impregnation 

technique. Acetophenone and nitrobenzene in aqueous solution were 

photo-degraded using these samples, and the Ag-doped catalysts had the 

best activity. When MB and MG were subjected to UV irradiation for 60 

minutes, the photocatalytic efficiency of synthetic titanium oxide When 

MB and MG were tested for degradation by NPs, it was found that near- 

ly 71% and 78% of MB and MG, respectively, were decolored due to the 

presence of TiO2 NPs. The effectiveness of photocatalytic degradation 

with or without a photocatalyst as well as the impact of a light source 

were compared by Harun et al. [31]. Congo red dye was decolored using 

ZnO revealed a decline in band gap with an enhancement in Cu content. 

The catalytic performance of the synthesized samples was examined by 

degrading MB under UV light illumination, and undoped ZnO exhibited 

higher performance than Cu-doped ZnO. In another study by Min Fu et 

al. [36], Cu-doped ZnO NPs were prepared using the sol-gel procedure, 

and their photocatalytic performance was examined by degrading MO. 

The highest degradation rate achieved was 88% within 3 hours, that was 

higher than that of undoped ZnO. Upon surveying various articles, it 

was found that the primary issue with TiO2 NPs was its recombination 

of EHP was very fast, leading to a reduction in photocatalytic efficiency. 

To address this problem, the addition of metal oxides and metals into the 

TiO2 matrix considered as an effective solution. For example, a Ce-TiO2 

nanocomposite was synthesized and utilized as a photocatalyst for the 

removing of sodium diclofenac, acid red (AR), and rose Bengal (RB), 

with different factors, like time of irradiation, photocatalyst amount, and 

pollutant concentration, being evaluated [37]. Similarly, Nasir et al. in- 

vestigated the photocatalytic performance of TiO2 NPs filled with noble 
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metals (M-TiO2, where M = Pt, Ag , and Au) for the effective reduction 

of acetaminophen (AP) under solar light [38]. The photocatalytic deg- 

radation of AP was investigated with various factors like photocatalyst 

dose, initial pH, initial AP concentration, surfactants, noble metal load- 

ing, and solar light intensity. The results revealed that the performance 

of M-TiO2 photocatalyst was superior compared to conventional TiO2 

NPs. In other words, the incorporation of noble metals not only scav- 

enged electrons that produced from TiO2 NPs, caused to an increase in 

electron/hole separation, but also enhanced the capacity of M-TiO2 to 

adsorb solar light. Furthermore, the incorporated noble metals played a 

vital role in the generation of reactive species like H2O2, OH, O2-, and 

 OOH, and that directly affected the activity of TiO2 NPs photocatalyst. 

Pt-TiO2 exhibited better photocatalytic efficiency among them. In anoth- 

er study, the photocatalytic degradation of sulfamethoxazole was exper- 

imented using single (Au, Cu, and Ag) and bi-metallic (Au-Cu and Au- 

Ag) deposited on TiO2 NPs under sunlight and UV irradiation [39]. As 

previously stated, the addition of metal oxides like WO3, Al2O3,ZrO2, and 

SiO2to TiO2 NPs can enhance their photocatalytic properties. Hir and 

coworkers, fabricated photocatalysts film of polyethersulfone-TiO2 with 

different amounts of TiO2 NPs [40]. The photocatalytic performance of 

polyethersulfone-TiO2 was tested using methyl orange (MO) as a model 

dye. Results indicated that 13 wt% of TiO2 NPs could remove all of 

MO. In order to remove multi-drug resistant Escherichia coli (MDR E. 

coli), Das et al. [41] prepared Fe/ZnO NPs as a photocatalyst using the 

chemical precipitation technique. The photocatalytic reaction was per- 

formed for 90 minutes in solar light.It was observed that Fe/ZnONPs 

removed over 99.9% of MDR E. coli, exhibiting superior performance 

compared to pure TiO2 and ZnO. However, since the band gap of TiO2 

and ZnO is wide, they cannot efficiently absorb visible light, resulting 

in limited utilization of solar radiations. To address this issue, several 

approaches have been investigated, such as deposition of noble metals, 

coupling of different semiconductor systems among others, and doping 

of transition metals[42]. The findings indicate that coupling different 

semiconductor oxides leads to a reduction in band gaps and an extension 

of the absorption range to the visible light region. This promotes the 

separation of electron-hole pairs, resulting in an increase in photocat- 

alytic performance [43]. Among the available metal oxides, ZnO is a 

good photocatalyst because of its ease of fabrication, low cost, excellent 

oxidation capacity, and large free excitation binding energy. Addition- 

ally, within TiO2 NPs, photo-generated electron-hole pairs recombine 

quickly. Thus, several strategies have been explored to facilitate of TiO2 

photocatalyst in visible-light, including adding different materials to en- 

hance its photocatalytic performance [44]. One study employed glucose 

to synthesize carbon-doped TiO2 photocatalyst for RhB photo-reduction 

[45]. This approach led to the substitution of carbon elements in the TiO2 

structure, resulting in a mesoporous material with a bandgap of 3.01 eV, 

a micropore diameter of 8 nm, and a surface area of 126.5 m2/g. The 

photocatalytic degradation of RhB was studied by varying factors like 

irradiation time, substrate amount, and TiO2/RhB ratio. ZnO faces lim- 

itations as a photo electrode due to its n-type behavior, which impedes 

its control of electrical conductivity [28]. However, doping ZnO with 

transition metals such as Al, Fe, Ag, Cr, Mn, and Co can modify its elec- 

trical, optical, and magnetic properties based on doping concentration 

[46]. Active sites are created by surface defects, thus, studying the effect 

of doped ZnO on photocatalytic performance is crucial [47]. 

4.2. MOFs material 

 

MOF materials are typically prepared by combining organic ligands 

and metal-containing units through coordination, resulting in an open 

network structure with remarkable features such as high porosity, sta- 

bility, pore size, and enormous surface area[48]. Organic linkers such as 

neutral organic molecules, halides, cyanides, and anionic organic mole- 

cules [49]. The geometry of the resulting MOF structure is determined 

by metal’s coordination number at the center and can range from linear 

to T- and Y-shaped structures [50]. Both the organic and inorganic com- 

ponents can form structures with high flexibility and n-dimensional (n 

= 1, 2, 3) complexity, allowing for combination with guest molecules. 

MOFs consist of weaker bonds than zeolites (such as H2 bonds and 

coordination ) between organic-inorganic bonds, that contribute to the 

MOF’s structural stability under various hard conditions [51]. MOFs 

have had a long-lasting impact on various fields including chemistry, 

material sciences, and physics, biology. Initially, MOF nanomaterials 

were prepared by combining organic linkers and metal cluster ions with 

strong bonds to form a permanent, open porous crystalline network [52]. 

These materials possess a range of advantageous characteristics like 

high porosity, stability, large surface area under different environments, 

and an inexpensive preparation process. [53]. The ligands play a critical 

effect in forming symmetric pore distribution, which result in increased 

adsorption ability. The enormous dimensions of MOF pores often result 

in a large pore size (over 10 Å in numerous MOF framework), while 

others have a narrower pore size distribution, leading to a relatively 

stronger adsorbent-adsorbate bond [54]. The use of metallic ions with 

different organic linkers has allowed researchers to develop an extensive 

variety of MOF materials [52]. 

Two critical features in selecting the appropriate MOF for wastewa- 

ter treatment are the pore environment, that can be modified by altering 

the surface area and the organic ligands. MOF have been identified as 

potential alternatives because of their homogeneous distribution of to- 

pological structure, active sites, and inherent properties of organic-in- 

organic hybrids. MOFs exhibit attractive semiconductor properties, 

enabling the integration of various molecular functional components 

to activate incident light and promote diverse useful photocatalytically 

reactions [55].. Photo-reducation occurs when there is a distinction in 

energy between the illuminated light and the band gap energy. MOF is 

regarded as a photocatalyst because, when exposed to light, it behaves 

like a semiconductor. [56].. Some experiments have been conducted 

which using MOF for photocatalysis, yielding satisfactory outcomes 

that make them appropriate. 

Zhang et al. presented a unique system in 2015 for the removal 

of brilliant green (BG) and fuchsine acid (AF) under visible light that 

consists of Pd NPs supported on MIL-101(Cr) with reduced graphene 

oxide (rGO) . This photocatalystwas cyclable for five cycles and had a 

photocatalytic capacity of 100% for BG in only 15 minutes (20 minutes 

for AF). [58]. The hierarchical MIL-100(Fe)33% @TiO2 revealed 45 

times the highest rate of MB in comparison with TiO2 because the MOF- 

based photocatalyst’s superior adsorption ability, which has a larger 

surface area than TiO2, provided suitable reaction channels and made 

it easier to capture the organic dye. A further illustration is the MOF- 

based heterogeneous structures made of MIL-53(Fe) microrods orna- 

mented with magnetic nanospheres, which shown remarkable efficacy 

in the H2O2-mediated visible light RhB photo breakdown technique 

and reached up to 98.7% RhB degradation. [55]. Additionally, RhB was 

completely destroyed by MIL-53(Fe)@AgI after 180 minutes of visible 

light exposure [60]. Some MOFs, including MOF-5 and UiO-66, can 

act as semiconductors, transferring energy from the organic linker to 

the metal-oxo cluster. [61]. The usage of solar energy is constrained by 

the fact that the majority of MOFs can only harvest UV light. MOFs 

have been coupled with sensitizers and semiconductors to overcome this 

restriction. For instance, the photoreduction of sulphorhodamine B was 

greatly increased by the composite system of MIL-53(Fe) and the cat- 

ionic resin Amberlite, and the degradation was effective for five cycles 

[62].There are various strategies reported in literature for the develop- 

ment of photoactive materials based on MOFs, which are grouped into 

three categorized based on their photocatalytic mechanism [58, 59]. The 

first method utilizes the semiconductor characteristics of metal clusters, 
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resulting in dispersed nano semiconductors which are isolated by organ- 

ic linkers, and yielding type I MOFs. These MOFs are advantageous as 

they possess high porosity that enables pollutants to be in close prox- 

imity to the photogenerated charges and semiconductor dots, light ab- 

sorption, and photoactive dots’ high density by the organic linker acting 

as antennae, thereby enhancing the photo response of the catalyst [58]. 

When creating type II MOFs, organic linkers with photo responsiveness, 

like dye-based linkers, are used. These linkers act as antennas, collecting 

light and transferring charges produced by photosynthesis to the metal 

clusters.. [60]. Type III MOFs are the simplest method, in that the MOFs 

act as a photoactive species and porous matrix are encapsulated within 

the porous structure. Their stability in water was a significant drawback. 

For instance. A study on the photo reduction of phenol in water using 

MOF-5 was carried out by Alvaro et al., however, its instability was later 

observed by Hausdorf and coworkers [62], who noted that its structur- 

al modification was influenced by the water environment. Laurier and 

coworkers. [63] reported the photocatalytic performance of Fe-based 

MOFs, such as MIL-88B, MIL-101, and MIL-100, which all contain 

Fe3-µ3-oxo clusters, for the reduction of Rhodamine 6G under visible 

light . These MOFs had higher activity than virgin TiO2 and rather well 

retained their crystallinity following the process, despite the incomplete 

dye degradation. The type II photocatalytic MOFs MIL-125(Ti), UiO- 

66(Zr), and ZIF-8[64] and the type I MOFs MIL-101, MIL-88B, and 

MIL-53 [60, 65] are among those that have received the most attention. 

In type I MOFs, the Fe-O cluster makes use of the light, and the photo- 

generated electron is transferred from O2- to Fe3+. The study also pres- 

ents other effective strategies for enhancing the photocatalytic activity of 

MOFs, with the goal of increasing their absorption of visible light and 

improving their performance under solar light. Shi and coworkers [64] 

prepared Fe-MOFs functionalized with amino groups (NH2-MIL-53, 

NH2-MIL-88B, and NH2-MIL-101), which demonstrated high stability 

and performance for the photo degradation of Cr(VI) in water in visible 

light. They supposed that the addition of the amino group in the organic 

linker improved the performance of the MOFs due to both the Fe-cluster 

and NH2-linker were excited under visible light. Another strategy for 

designing better photocatalysts is to deposit metal NPs onto MOFs. The- 

ophylline, bisphenol A, and ibuprofen were three PPCPs (Pharmaceuti- 

cals and Personal Care Products) that Liang and colleagues [67] recently 

added Pd NPs onto MIL-100(Fe), producing highly active photocata- 

lysts for the visible light-induced photoreduction of these three PPCPs. 

It was discovered that Pd NPs decreased photogenerated electron-hole 

pair recombination, which increased activity of photocatalyst. Hetero- 

junctions, which are created by mixing MOFs with other semiconduc- 

tors, have also showed potential. More active centers can result from the 

other semiconductor dispersing more easily due to the porous structure 

of the MOF [60]. For example, Rahimi and Mosleh[65] recently studied 

the photodegradation of the pesticide abamectin using a combination 

of Cu2(OH)PO4 and HKUST-1 through sonophotocatalysis. The MOF 

exhibited a band gap of 2.59 eV and achieved almost complete removing 

of the pesticide. 

4.3. Carbon based materials 

 

Carbon nanomaterials have demonstrated considerable promise 

as effective antibacterial agents, including carbon nanotubes (CNTs), 

fullerenes, and graphene-based materials. Among these materials, 

graphene is a recently findly nanomaterial that has exceptional prop- 

erties such as high electrical conductivity), high charge carrier mobil- 

ity at room temperature[66, 67], [68], high thermal conductivity, large 

surface area [69], high mechanical stiffness, optical transparency [70], 

[71], [72], and an exceptionally conjugated structure. Due to its biocom- 

patibility and unique characteristics, graphene is well-suited for diverse 

applications such as liquid crystal devices, disinfection of bacteria, sen- 

sors, wastewater treatment, solar cells, batteries, and capacitors[73-75]. 

One emerging area of interest is the use of graphene composites for solar 

light-driven bacterial disinfection, which takes advantage of graphene’s 

ability to transport charge carriers in photocatalytic reactions. Although 

graphene has found numerous applications in different fields, its use 

in biological studies is relatively limited. As a result, recent study has 

focused on understanding the interactions between living cells and 

graphene derivatives Studies have shown that both GO and rGO exhib- 

it strong antibacterial performance. GO exhibits stronger antibacterial 

activity compared to rGO because of the smaller nanosheets’ size. The 

van der Waal interactions between rGO nanosheets are stronger, causing 

particle aggregation and resulting in rGO nanosheets that are around 

nine times larger than GO nanosheets. Graphene sheets’ cutting edges 

damage the cell membrane, which results in a loss of the membrane’s 

integrity, the release of cellular material, and eventually, cell death. This 

bactericidal effect has been observed for both GO and rGO [76-78]. 

Nanomaterials based on graphene have the ability to oxidize various 

components of bacterial cells, including lipids, DNA, and proteins. The 

antibacterial properties GO and rGO have been assessed to depend on 

both concentration and time. Enhancing the incubation concentration 

and time of these materials results in a higher rate of bacterial cell death. 

GO dispersion shows a much higher level of antibacterial activity at all 

tested concentrations and incubation intervals. Both their effects on the 

membrane and the resulting rise in oxidative stress are thought to be 

responsible for rGO and GO’s ability to kill bacteria. It is commonly ac- 

knowledged that the primary mechanism behind the antibacterial activi- 

ty of carbon-based nanomaterials like fullerene and CNTs involves oxi- 

dative stress. [79, 80]. In general, graphene-based materials are thought 

to undergo oxidation through two pathways: ROS and ROS-independent 

pathways. Similar to fullerene, which uses a graphene-based substance 

to oxidize a crucial cellular component, this ROS-independent method 

prevents respiration or disrupts a particular microbial function. Due to 

its capacity to combine with other nanomaterials to form composites, 

graphene and its derivatives have been favored for the creation of hybrid 

nanocomposites. By absorbing photo induced electrons from the metal’s 

CB, graphene can successfully separate an electron-hole pair. Due to the 

high water solubility of chemically altered graphene, such as GO with 

hydroxyl and carboxyl groups, rGO-based composites can produce hy- 

brid materials with the necessary characteristics. It has been successful 

to create a number of GO, graphene, and rGO-based hybrid materials 

using different metal oxides, metals, non-metals, etc. [81]. 

The effectiveness of GO sheets as an antimicrobial agent is influ- 

enced by their morphology and lateral dimension. Larger GO sheets, 

for example, demonstrate greater antimicrobial performance rather than 

smaller ones due to their ability to cover a significant portion of the cell 

surface. The larger GO sheets (> 0.4 m2) have the ability to encircle the 

bacterial cell, blocking all active sites on the cell membrane that are 

available and preventing cell division. Smaller GO sheets (0.2 m2), on 

the other hand, may adhere to the surface but are unable to enclose and 

isolate the entire cell, leading to a noticeably lower level of performance. 

[82]. 

Metal/semiconductor-based nanomaterials are currently the most 

widely used photocatalysts, but they can lead to secondary pollution 

when metal ions are released [83, 84]. To address this issue, various 

non-metallic nanocarbon materials (NCMs), such as graphitic carbon 

nitride (g-C3N4), graphene, carbon dots (C-dots), and CNTs, have been 

studied as photocatalysts or catalyst to form heterostructured photocat- 

alysts that enhance the photocatalytic efficiency for water disinfection. 

Due to its exceptional photocatalytic activity, g-C3N4has attracted the 

most attention among these materials [85, 86]. However, due to its mod- 

est surface area and quick recombination charge carriers, bulk g-C3N4 

with stacked layers has relatively low photocatalytic antimicrobial ef- 

ficiency. Exfoliated g-C3N4 nanosheets are one example of a nanostruc- 
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ture that can be created to alter the photocatalytic antibacterial efficacy 

of g-C3N4 [87, 88]. 

The process to produce single atomic layer g-C3N4. has involved 

thermally etching bulk g-C3N4 into nanosheets and then exfoliating 

those sheets using ultrasonication. [85]. Greater antibacterial activity, 

reduced charge-transfer resistance, and improved charge separation 

towards E. coli were all characteristics of the resulting single atom- 

ic layer, g-C3N4. Mesoporous g-C3N4 nanosheets were created in the 

meantime using a two-step template-free process, resulting in porous 

g-C N nanosheets (PCNS) with 2.0 nm thickness, 0.61 cm3/g1 of pore 

with MWCNTs [91]. In one study, a TiO2/MWCNTs/Si film was utilized 

as photocatalysts for the inactivation of E. coli in visible light irradia- 

tion, resulting in a 75% bacterial kill rate in 1 hour compared to 40% in 

the dark [92]. Various CNT concentrations were used to generate CNT- 

doped TiO2 thin films, with the composite film containing 20 weight 

percent CNTs demonstrating the best antibacterial effectiveness against 

E. coli in visible light. [93]. Although other NCMs have been combined 

with photocatalytic metal NPs for the photocatalytic inactivation of E. 

coli, these studies are not discussed in detail here [94, 95]. 

3 4 4.4. Nanocellulose-based material 
volume, and 190.1 m2/ g1 of surface area. Greater antibacterial activity 

was observed in PCNS in comparison in bulk g-C3N4 due to the pres- 

ence of more reactive surface sites, quicker separation of photogene- 

rated EHP, and increased charge transfer activity. For instance, under 

visible-light irradiation, PCNS obtained a disinfection rate of approxi- 

mately 99.9999% in 30 minutes, but bulk g-C3N4 could only kill 77.1% 

of the same pathogens [90]. Lately, Teng and coworkers demonstrated 

that edge-functionalized g-C3N4 can be used to treat water with high 

pathogen content, resulting in a disinfection efficiency of over 99.9999% 

in just 30 minutes of visible-light irradiation. several g-C3N4-containing 

nanocomposites have been created for photocatalytic water treatment. 

One illustration is the construction of commercial cellulose acetate (CA) 

membranes with g-C3N4/rGO composites. This composite profited from 

the photocatalytic effectiveness of g-C3N4 in visible light, the capacity of 

rGO to transfer electrons, and the retention capabilities of cellulose ace- 

tate membranes. The g-C3N4/rGO/CA membranes efficiently eliminated 

all bacteria after being exposed to visible light for two hours, leading 

to a 6.5-log reduction in bacterial cell count [91]. The immobilization 

of SnO2 and g-C3N4 on TiO2 nanotubes produced on Ti plates result- 

ed in another ternary nanocomposite with strong antibacterial efficacy 

under UV and visible-light irradiation [92]. To control the speed and 

course of photo-generated EHP and boost the disinfectant action against 

S. aureus, Li and colleagues created a sandwich-structured g-C3N4/TiO2/ 

kaolinite [93]. Recently, Kang and coworkers, developed two rapid and 

eco-friendly methods for synthesizing porous g-C3N4, opening up the 

possibility for large-scale formation of g-C3N4 for water disinfection 

applications [86]. Other nanocarbon materials (NCMs) such as CNTs, 

C-dots, graphene, and its derivatives, in contrast to g-C3N4, are inef- 

fective photocatalysts for direct photocatalytic water disinfection. This 

is mainly due to their hydrophobic surface, which makes it difficult for 

them to be well dispersed in aqueous solutions [87, 88]. Additionally, 

their small band gaps limit their ability to effectively generate EHP, 

causing to low creation rates of ROS and poor antibacterial activity [89]. 

In order to boost the photocatalytic activity of diverse NCMs, recent 

research has concentrated on coupling them with metal-based photo- 

catalysts. For example, graphene and TiO2 NP nanocomposites have 

been carefully explored for photocatalytic water disinfection. [90]. One 

work showed how to photocatalytically treat GO with TiO2 NPs under 

UV irradiation with methanol as a hole acceptor to create a TiO2/rGO 

nanocomposite. Under natural sunlight, the resultant nanocomposite 

demonstrated the capacity to eradicate both F. solani and E. coli. [90]. 

Another study by Zeng and coworkers reported the development of a 

TiO2 co-decorated rGO and C-dot nanocomposite, known as CTR. CTR 

 

Cellulose is a commonly used biopolymer for reinforcing compos- 

ites made of fiber and thermoplastic materials [96]. Nanocellulose (NC) 

is extracted from cellulose in nanoscale dimensions and can take vari- 

ous forms. It is a renewable material with a high surface area, strength, 

unique surface chemistry, and chemical inertness [97]. Two forms of 

NC are cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs), 

with a rod-like shape and lengths ranging from 100 nm to 2000 nm 

and diameters between 2 and 20 nm [98]. The forms and sizes of NC 

depend on the source of cellulose and the preparation method used 

[99]. Acid hydrolysis is a common method used in the preparation of 

nanocelluloses, using either hydrochloric or sulfuric acid. During this 

process, the acid reacts with the hydroxyl groups on the surface of cel- 

lulose to form sulfate esters, which results in negatively charged cel- 

lulose nanocrystals (CNCs) that are electrostatically stable. The type 

of acid used determines the surface charge density of the CNCs, with 

sulfuric acid producing CNCs with higher surface charge density com- 

pared to hydrochloric acid. Therefore, different preparation routes can 

be employed to carry out various chemical modifications based on the 

desired properties of the CNCs. [100]. CNCs, as bio-based nanoscale 

materials, have captured the attention of both researchers in academia 

and industry due to their remarkable physicochemical and structural 

properties. These properties include high mechanical strength, optical 

transparency, tunable surface chemistry, low density, renewability, bio- 

degradability, and biocompatibility [101]. As a result, CNCs are gaining 

recognition as a promising material for various applications in electron- 

ics [102], pharmaceuticals, biomedical, supercapacitors, membranes 

[103], and nanocomposites. Another type of nanocellulose is bacterial 

nanocellulose (BNCs), which is synthesized by different bacteria and 

has a very high degree of crystallinity [104]. Due to its hydrophilic sur- 

face chemistry, chemical inertness, high strength, and high surface area, 

NC has emerged as a promising material for water remediation appli- 

cations [105]. While various approaches have been explored for water 

remediation, photocatalysis has gained attention due to its eco-friendly 

approach. Semiconductor materials have been investigated as photocat- 

alysts; however, their agglomeration and limited reusability hinder their 

practical application [106]. Thus, the composites of these semiconductor 

materials with cellulose have been gaining attention due to their im- 

proved electron-hole pair separation. The cellulose materials provide 

structural support, immobilize the photocatalysts, and reduce their con- 

tamination, resulting in enhanced photocatalytic performance and recy- 

clability [107]. To develop these composites, researchers have explored 

various semiconductor materials such as ZnO, TiO , WO , ZnS, CdS, 
demonstrated improved photocatalytic performance for bacterial inacti- 2 

3 

vation under solar light, causing to morphological changes in bacterial 

cells. Highly dispersed C-dots and TiO2 were thought to be responsible 

for the more efficient disinfection because they promoted the separation 

of electron-hole pairs, allowed electron transfers from photo-excited O2 

and TiO2 molecules via conductive rGO nanosheets, and created a lot of 

O2•- [99]. For possible photocatalytic water disinfection applications, 

NCMs have been coupled with different photocatalytic metal/semicon- 

ductor NPs. For instance, WO3 nanorods and TiO2 nanocrystals were 

anchored concurrently on rGO nanosheets, while TiO2 was also coupled 

BiOI, BiOBr, BiOCl, Ag3PO4, AgVO4, AgI, AgBr, and AgCrO4 [108]. 

Composites of semiconductors and cellulose have been found to im- 

prove photocatalytic activity by 1.3–3.5 times compared to individual 

semiconductors or cellulose. In recent times, non-metallic semicon- 

ductors such as carbon nitride and graphite have also been used to en- 

hance photocatalysis [109]. This section will discuss the fundamental 

mechanism of photocatalysis and the use of cellulose-based photocata- 

lysts for the degradation of organic pollutants in water and wastewater. 

Cellulose-based materials possess remarkable properties, including hy- 
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drophilicity, chirality, a large surface area, and versatile chemical func- 

tionality [110]. In particular, NC has been utilized as a photocatalyst 

for the degradation of organic pollutants in water under UV or visible 

light irradiation. Incorporating NPs with semiconductor properties has 

been shown to significantly increase the photocatalytic activity of NCs. 

Due to its exceptional host properties, cellulose can provide stability and 

effectively control the growth of NPs without compromising their mor- 

phology [111]. A great number of research has been conducted on the us- 

age of nanocellulose (NC)-based materials, such as fibers, membranes, 

hybrid materials, and thin films, as photocatalysts for water remedia- 

tion [112]. In hybrid materials consisting of cellulose and nanoparticles 

(NPs) such as TiO2, ZnO, graphene oxide (GO), and Fe2O3, the cellulose 

is adsorbed onto the metal oxide, increasing the surface area and extend- 

ing the wavelength response to the visible range through the incorpora- 

tion of its hydroxyl (─OH) groups. Additionally, bacterial nanocellulose 

(BNC) has been employed for composite formation with metal oxide 

NPs because of its high surface-to-volume ratio, excellent hydrophilic 

properties, and remarkable mechanical strength [113]. Depending on the 

NPs used for hybrid formation, cellulose-based materials can be classi- 

fied as follows: 

4.4.1. TiO2/Nanocellulose composite as photocatalyst 

 

Due to its high thermal stability, nontoxicity, cheap, and ease of han- 

dling, TiO2 metal oxide is a semiconductor widely utilized for diverse 

applications such as photocatalysis and water splitting for hydrogen 

evolution reactions [114]. In this regard, Sun and colleagues developed 

a cellulose/TiO2 composite monolith for the photocatalytic reduction of 

methylene blue (MB). Under UV light irradiation, the composite ex- 

hibited 99% removing within 60 minutes, and 90% efficiency retention 

after ten cycles [115]. In related research, a microfibrillated cellulose 

(MFC)-polyamide-amine-epichlorohydrin (PAE)-TiO2 NP composite 

was developed using a two-step mixing process. The resulting compos- 

ite was uniform, reproducible, flexible, and reusable. Under UV light 

irradiation, the composite demonstrated a 95% photocatalytic degrada- 

tion of methyl orange within 150 minutes. The polyamide-amine played 

a essential role in retaining the NPs and preventing their release into the 

environment [111]. The photocatalytic reduction of MO in water has 

also been investigated using TiO2 and bacterial nanocellulose (BNC). 

TiO2 was supported onto the BNC, and rare earth elements were doped 

into the composite using the sol-gel method. The results demonstrated 

complete dye degradation using the (IV)-doped composite, while the 

(III)-doped composite exhibited 79.7% degradation. The optimal dosag- 

es for (IV) and (III) were 2 and 5 mol/L, respectively [30]. In addition, 

Brandes and colleagues synthesized spherical BC/TiO2 nanocomposites 

for effective degradation of methylene blue from water. The nanocom- 

posites demonstrated 70.83% and 89.58% degradation of MB after 35 

minutes in situ and ex situ, respectively [116]. 

4.4.2. ZnO/Nanocellulose Composite as Photocatalyst 

 

Cellulose nanocrystals (CNCs), which are prepared from natural cel- 

lulose via acid hydrolysis, are rod-shaped and can vary in size from 1 to 

100 nm, depending mainly on their origin [117]. 

Chemical modifications and doping with other NPs, such as ZnO, 

have been used to alter the properties of cellulose nanocrystals (CNCs) 

for various applications in photocatalysis and the biomedical field. ZnO 

NPs have been found to possess high catalytic activity, optoelectronic 

properties, and disinfectant properties against a wide range of patho- 

gens [28]. With a bandgap value of 3.3 eV, ZnO is a promising photo- 

catalyst, similar to TiO2 (which has a bandgap of 3.2 eV for anatase), 

and can be utilized for applications such as gas sensors, solar cells, UV 

photodetectors, optical devices, and batteries [118, 119]. Recent stud- 

ies have also demonstrated the potential of ZnO NPs for wastewater 

 

treatment by degrading organic pollutants and other effluents [120, 121]. 

The use of ZnO as a photocatalyst is limited by its high surface energy 

and aggregation of nanoparticles, which can be overcome by incorpo- 

rating nanofibrillar materials such as cellulose during their synthesis. 

Such nanocomposites have shown excellent applications in various 

fields, including wastewater treatment. Guan et al. developed hybrids of 

ZnO/CNC with varying morphologies using bamboo CNC as a precur- 

sor. The resulting hybrid exhibited high adsorption capacity for cationic 

dyes, with ZnO/CNC 8.5 showing efficient removal of malachite green 

(99.02%) and MB (93.55%) with an adsorption ability of 49.51 mg/g 

and 46.77 mg/g, respectively [122]. Researchers have also investigated 

the use of BNC as a photocatalyst for dye degradation. In addition, the 

composite of NC with ZnO has been developed using oil palm empty 

fruit bunches as a source of NC through alkaline and acid treatment, 

which acted as host polymers for the fabrication of ZnO NPs. The ob- 

served photocatalytic properties of ZnO/CN composite were found to 

be superior to those of pure ZnO, with the percentage crystalline index 

being improved from 35.7% to 43.3% and 53.3% by alkaline and acid 

treatment [123]. Furthermore, CNC/ZnO composites have demonstrated 

antibacterial activity and improved photocatalytic performance [124]. 

Researchers have also explored BNC as a potential photocatalyst for 

dye degradation [125]. Wei et al. utilized hydrothermal synthesis to de- 

velop hexagonal and crystalline wurtzite ZnO with BNC and used it for 

MB reduction in UV light irradiation. The photocatalyst showed 94.4% 

degradation efficiency within 30 minutes, and it was reusable for up to 

eight cycles. The use of cotton as a source of BNC makes it a renewable 

and eco-friendly material. The cellulose material acts as a substrate to 

immobilize the semiconductor NPs. In another study, Xiao et al. utilized 

TEMPO-oxidized cellulose as a reactive template to develop a carbon/ 

ZnO composite for MB degradation, achieving up to 96.11% degrada- 

tion within 120 minutes [126]. 

4.4.3. Graphene Oxide/Nanocellulose composite as photocatalyst 

 

GO has been widely utilized for forming composites that improve 

the transmission capacity of e–/h+ pairs. The conjugate effect of the ben- 

zene ring in GO increases the photodegradation performance rate. Tu et 

al. produced a nanocomposite film of regenerated cellulose (RC) and 

GO with micropores incorporating Cu2O NPs. The resulting nanocom- 

posite was used for the reduction of MOdye invisible-light irradiation. 

The degradation rate increased from 2.0 mg/h/g/cat to 6.5 mg/h/g/cat 

[127]. Various solvents have been used as dispersing agents to enhance 

these films’ electrical, thermal, and mechanical properties. The monohy- 

drate solvent N-methylmorpholine-N-oxide (NMMO) was employed for 

fabricating GO/cellulose composite films, and their rheological proper- 

ties were improved [128]. 

4.4.4. g-C3N4/Nanocellulose composite as photocatalyst 

 

g-C3N4is a polymeric semiconductor that lacks metallic properties 

and has a bandgap of 2.7 eV, making it an ideal candidate for satisfy- 

ing the thermodynamic requirements of water splitting to produce hy- 

drogen and oxygen [129, 130]. Numerous research teams are currently 

exploring the capacity of g-C3N4 in the clean production of hydrogen 

[131]. While g-C3N4 shows superior photocatalytic performance for or- 

ganic pollutant degradation compared to traditional photocatalysts such 

as TiO2, its composites with cellulose have demonstrated exceptional 

performance. In a study by Zhao et al., a composite membrane was syn- 

thesized using g-C3N4 nanosheet, rGO, and cellulose acetate (NS/rGO/ 

CA), which was utilized for the reduction of rhodamine B dye in visible 

light irradiation. The observed photocatalytic performance was superior 

to that of g-C3N4 alone [109]. 
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5. Conclusion and perspectives 

 
The utilization of photocatalysis for water treatment is under visible 

light rapidly receiving popularity worldwide, and its distinct character- 

istics present significant opportunities to transform the field of water and 

wastewater treatment. This study gives a comprehensive overview of 

the recent advancements in photocatalytic water treatment, specifically 

focusing on photocatalysts under visible light irradiation. We delve into 

the fundamental principles of heterogeneous photocatalysis, the regu- 

latory mechanism governing it, and the exceptional attributes of pho- 

tocatalysts in visible light irradiation. Numerous techniques have been 

devised to expand the light absorption capability of photocatalysts to 

the visible spectrum, including doping, dye sensitization, heterostructure 

formation, incorporation of p-conjugated structures, and investigation 

of novel nanocomposites and multi-component oxides with visible light 

response. These modified photocatalysts have found extensive applica- 

tions in degrading both organic and inorganic pollutants, as among with 

photocatalytic disinfection. 

Hence, these findings hold potential for advancing the progress of 

environmentally friendly remediation techniques through redox re- 

actions by photocatalyst propelled under visible light, a green energy 

source. Despite notable advancements in heterogeneous photocatalytic 

water treatment utilizing photocatalysts under visible light irradiation, 

this field remains in its early stages, and further improvements are nec- 

essary. While developing water treatment with photocatalysts poses 

important challenges, such as high costs, technical obstacles, and po- 

tential environmental and human hazards, many of these obstacles may 

be temporary in nature. In order to make photocatalytic water treatment 

technology in visible light irradiation a practical reality in the near term, 

it is crucial to address several critical technical challenges related to 

catalyst development, process optimization, and reactor design. These 

challenges include the need to enhance the efficiency and photo-stability 

photocatalysts, which are currently restricted by the physicochemical 

characteristics of these materials. 

i) One modification technique, dye sensitization, has enabled the 

extension of adsorption light wavelength to the visible light range and 

enhanced the efficiency of conventional visible light responsive photo- 

catalysts. However, the using of some photocatalytic materials remains 

restricted because of the degradation and dissolution issues associated 

with dyes, that hampers their photocatalytic applications. Thus, a more 

meticulous design of functional photocatalysts is necessary to achieve 

desirable physicochemical characteristic of the materials. 

(ii) Creating a cost-effective solid-liquid separation method by ef- 

fectively immobilising the photocatalyst. One significant challenge at 

present is the depletion of catalysts during the photocatalytic process, 

that impedes their regeneration and raises concerns about environmental 

contamination due to catalyst leakage. Immobilized photocatalytic sys- 

tems can overcome issues related to catalyst recovery and aggregation, 

while also reducing the reactor’s size. 

(iii) Developing an efficient photoreactor to maximize the usage of 

solar energy and minimize electricity costs. The practical application of 

photocatalytic processes on an industrial scale necessitates the develop- 

ment of appropriate photoreactors. Proper design and construction of 

such devices can facilitate optimal harvesting of solar energy, efficient 

accommodation of photocatalysts and reactants, and effective collection 

of reaction products. 

(iv) Developing a comprehensive global database containing infor- 

mation on the tested photocatalysts, including catalyst material types, 

preparation methods, improvement, photocatalytic reaction conditions, 

and performance. To prevent redundant and pointless efforts and to aid 

in the development of creative catalysts, this database should be easily 

accessible. Combining various techniques and approaches may be nec- 

essary to achieve the desired photo-degradation efficiency. 

 

To this end, it is essential to establish a database containing com- 

prehensive information on the construction and application of existing 

photocatalysts. Numerous nano materials have been utilized in photoca- 

talysis under visible light irradiation, and creating a database will help 

in avoiding redundancy and accelerating progress. Additionally, theo- 

retical and modeling studies should be conducted to develop a thorough 

understanding of the characteristics, synthesizing, and activity of pho- 

tocatalysts and their modification for water treatment. Integrating mul- 

tiple technologies can offer a promising outlook for water treatment and 

addressing energy concerns using advanced, highly efficient, and robust 

visible light-responsive photocatalysts. 
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