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ABSTRACT 

The applications of photocatalytic nanomaterial technology received intense scientific focus with the advent of nanotechnology. 

Applications based on TiO2 nanoparticles have shown promise of photocatalytic efficiency among many semiconductor metal 

oxides. Titanium dioxide is utilized in many practical applications such as water and air purification, self-cleaning of surfaces, 

and energy production. The major drawback with TiO2 based photocatalysts is the wide band gap, which requires UV light to 

produce the electron-hole pairs. This review article focus on techniques/methods to eliminate band gap which reduces 

photocatalytic efficiency. Application of semiconductor photocatalytic techniques to degrade organic pollutants and their 

antimicrobial activity is discussed here using model systems. Synthetic and natural nanohybrids are available today and have 

varying characteristics as options. Recently developed natural mineral based nanohybrids is the new trend in photocatalytic 

applications. It appears that the removal efficiency of existed photocatalysts is higher than that of synthetic products. Natural 

nanohybrids carry the advantages of low costs, avoiding extensive synthesizing conditions in future photocatalytic applications.   

Keywords: Antibacterial activity; Metal doped TiO2; Natural and synthetic based TiO2 nanohybrids; Semiconductor 

nanomaterial; Visible active photocatalyst.  

1. Introduction 

 The word "nano" has rapidly penetrated the public 

consciousness over the past decades. It has also sparked 

speculation of a seismic shift in most research and 

engineering fields [1]. Nanotechnology is a superior 

method of producing materials. It provides more for 

less, namely smaller, cheaper, lighter and faster devices 

with improved functionality, utilizing less material and 

consuming less energy [2]. Nanotechnology is 

essentially defined by a unit of scale, the nanometer, 

with powerful influence on the framework of matter. A 

nanometer (nm) is one-billionth of a meter or 100,000 

times smaller than the wavelength of visible light (VL) 

[3].  
*Corresponding author: 

E-mail address: imalka@sjp.ac.lk (I. Munaweera) 

A nanometer could be comprehended as the size of 10 

hydrogen atoms or five silicon atoms in a line [4]. At the 

nanoscale, most material properties meet the properties 

of the atomic and molecular levels, such as wave-

particle duality and quantum effects [5]. Nanoscale is 

also characterized by a notable increase in the ratio of 

surface area to volume, changing the physical properties 

of materials compared to macroscopic structures [6].  

Nanotechnology can be successfully applied to create 

novel multifunctional materials [3,5]. Among the many 

applications, nano-functional hybrid materials have 

been investigated for environmental pollution control, 

specifically to decontaminate water pollutants at low-

cost and slow release nitrogen fertilizer in agriculture 

[7–13]. Nanotechnology is findings its importance as 

medicinal and drug delivery agents [14–17], in food 

technology [18] and in rubber industry [9,19].  
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Fujishima and Honda discovered the photocatalytic 

activity in the 1970s, which led to a revolution in 

wastewater purification [20–22]. Carey et al. pioneered 

semiconducting material to dissociate organic pollutant 

“polychlorobiphenyl” [21,23]. Semiconductors possess 

the potential to degrade organic pollutants into carbon 

dioxide and water by absorbing photons [24,25]. 

Photocatalysis exposure of materials to ultra violet 

(UV), visible or near-infrared light induces photo-

excitation. The photo-catalytic redox mechanism 

imitated by photo excitation inactivate a broad spectrum 

of bacteria and organic pollutants [26]. The electrons 

(eˉ) in the semiconductor's valence band (VB) are 

energized to the conduction band (CB), resulting in 

holes (h+) in the VB. Redox reactions are initiated by the 

eˉ and h+ created in this process [3,26]. Various  

semiconductor materials like metal oxides (TiO2, ZnO, 

SnO2, Fe2O3, Al2O3, NiO, Nb2O5, ZrO2, WO3) [27–34], 

metal sulfides (PbS, CdS, ZnS, NiS) [35–43] and several 

other molecules capable of serving as photocatalysts are 

described [44–47]. The effectiveness of any 

semiconductor material would depend on lowest 

electron-hole recombination rate and capability of 

radical formation [48–50]. The photocatalytic activities 

need to be low-cost, eco-friendly, chemically  inactive, 

photostable and long-lasting [13,20,25,51,52]. A 

semiconductor material can be synthesized in to nano-

size, creating exceptional characters like large surface 

area, porosity, higher crystallinity, increased light 

absorption, efficient charge separation and high 

photostability. These properties enable achieving 

superior catalytic performances [24,26]. Photocatalytic 

efficiency of many nanomaterials, such as quantum dots 

(QDs), has been studied over the past decade. Fig. 1 

depicts the band gap (BG) positions against normal 

hydrogen electrode (NHE) in various semiconductor 

materials. According to the Fig. 1, the highest BG is 

attributed to Ta2O5 and SnO2, suggesting restricted 

photon absorption from VL. Although BG of TiO2 

(anatase and rutile) is fairly close to ZnO, chemical 

instability is the disadvantage of ZnO as a 

semiconductor [53]. The TiO2 is prominent as the 

common semiconductor material for photocatalysis 

[25,51,52,54]. 

TiO2 is a n-type semiconductor which has many 

applications compared to other semiconductors [6,56–

58]. A variety of photocatalysts have been developed 

using TiO2 for crucial remediation in addressing many 

pollution-related environmental problems. More diverse 

photocatalysts are now synthesized by modifying TiO2 

structure for improved efficiency [30, 31,58–77]. 

However, TiO2 photocatalyst possess the disadvantages 

of extended BG, poor sorption capability, minimum 

surface area, poor sunlight absorption (<5%), frequent 

recombination of electron–hole pairs (eˉ-h+) and 

complexity in removing it from liquids, hence TiO2 

brings in limitations in photocatalytic efficiency 

[13,20,22,28,42]. 

The photocatalytic activity (PCA) of semiconductors, 

including TiO2 could improve strategies like changing 

the morphology, crystallinity of phase, defect sites, pore 

size, and reducing the particle size [26]. The 

morphology of a crystal plays a major role in PCA. 

Scientists have synthesized nanotubes [78], nanowires 

[75,79], nanorods [52,80], nanoflowers, 1-Dimensional 

nanostructures [81], popcorn [82], and core-shell 

structure [83] changing the morphology of TiO2. TiO2 

has three major polymorphs, namely, anatase, rutile, and 

brookite. Brookite is orthorhombic in shape, while 

anatase and rutile are of tetragonal shapes [84]. Anatase 

possess greater photocatalytic performance due to its 

smaller particle size, lighter effective mass, and longer 

lifespan of photoexcited electrons and holes [85]. 

Anatase has indirect BG of 3.2 eV but  rutile has direct 

BG is 3.0 eV and  brookite has direct BG of 3.4 eV 

[50,54,56,85,86]. As a result, anatase and brookite only 

activates in the UV region in solar spectrum. Rutile, on 

the other hand, get activated by absorbing VL photons. 

In contrast to anatase and brookite, rutile is 

thermodynamically stable. Rutile is formed by the 

irreversible and exothermic conversion of 

anatase/brookite TiO2 over 600 °C [50,87]. Even though 

rutile is visible light active (VLA), its higher 

recombination rate, formation difficulties, and poor 

reduction potential in CB, make it poor photocatalyst 

out of three polymorphs [86]. The mixed phase of 

anatase and rutile is  more effective photocatalysts than 

pristine TiO2 [22,54,87]. Brookite synthesis is 

considerably hard to achieve in normal conditions [88]. 

Brookite is a better photocatalyst than rutile because 

electrons are held at reasonable depths, thus allowing 

both eˉ-h+ to be available for reduction and oxidation 

reactions [85,87,89,90]. According to recent 

publications, electron transfer reactions may also occur 

in brookite based composites, which gives highly 

efficient PCA [88]. Numerous techniques were used to 

extend the BG of TiO2 to the VL region, including 

doping, development of heterojunctions, morphological 

tailoring, oxygen vacancy generation and surface 

modification [91–94]. More unique VLA photocatalytic 

materials and methods have been recently developed to 

eliminate microorganisms and organic pollutants from 

wastewater [26,92].  

A photocatalyst must answer the following three questi- 
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Fig. 1. Band Gap Positions of Semiconductor Materials Against Normal Hydrogen Electrode (NHE) [55]. 

-ons for excellence (1) Achieving higher reactivity 

against organic contaminants in using solar energy, (2) 

Eliminating high recombination rates and achieving 

perfect eˉ-h+ separation and (3) Ability for industrial 

application [91]. This current review paper attempts to 

highlight findings of the last ten years focused on VLA 

TiO2 nanohybrids and their application to PCA and 

antibacterial properties.  In this paper, we present VLA 

TiO2 synthesis routes (synthetic and natural) and 

characterization strategies that can be applied to classify 

nanomaterials. There is no literature on natural minerals 

pathway to synthesize VLA nanomaterials. We 

summarize the pollutant reduction efficiency of 

synthetic VLA TiO2 nanomaterials. Finally, we discuss 

the recently synthesized natural mineral based VLA 

TiO2 nanohybrids and their use as photocatalysts in 

numerous applications. There is room to identify critical 

points in natural and synthetic photocatalysts and their 

productivity for elimination of environmental 

pollutants. Thus, this review articled examines different 

photocatalysts and their synthesis aiming at industrial 

applications. This review also helps in recognizing more 

eco-friendly photocatalytic technology.  

2. Theory of Photocatalysis 

The primary source of the nanotechnological treatment 

method is the photocatalyst. As a result, several 

photocatalysts have been identified as potential 

materials for wastewater treatment [37,38,95]. The 

photocatalytic process begins by absorbing photons 

from the UV and VL equal to or greater than the BG 

energy. The eˉ-h+ pair occurs when an electron in VB 

migrates to CB, resulting in the formation of a hole in 

VB. The eˉ-h+ pair migrate to the surface of the 

semiconductor, where reduction and oxidation reactions 

occur at the adsorbed pollutant. Two radical species, 

hydroxyl (OH•) and superoxide (O2
•ˉ) were formed 

through surface chemical reactions in the 

semiconductor. Generated O2
•ˉ radical reacts with H+ to 

form hydroperoxyl radical (HO•
2) and finally convert 

into H2O2. H2O2 is also generated via the direct two-

electron reduction in O2 [96]. The eˉ-h+ will rejoin by 

releasing photons and heat into the outer environment 

causing deactivation of the semiconductor [97]. This 

activation and deactivation process continuously occurs 

in rapid time intervals [50].  Fig. 2 depicts the five steps 

in all heterogeneous photocatalysis process: 

transportation of pollutant, adsorption to catalyst 

surface, disintegrating reactions, desorption of by 

products and by-products release into liquid phase, 

respectively. The pollutant must be adsorbed into 

catalyst surface to initiate the dissociation reactions. 

During dissociation utilizing energized radicals, organic 

molecules in the waste material will break down into by 

products [92].    

All advanced oxidation process (AOP) generating 

radicals (OH•, Cl•, Cl2
•, ClO•, HClO•, F•, Br•) can 

decompose organic compounds into CO2, H2O and 

inorganic salts [98–100]. In oxidizing organic 

molecules, OH• (2.80 eV) radicals perform better than  
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Fig. 2. Five Steps in Heterogeneous Photocatalysis Process [92]. 

H2O2 (1.78 eV) and O3 (2.07 eV) [87,101]. Due to the 

radical participation, AOPs brings in excellent 

thermodynamic and kinetic reaction efficiency. In 

addition, HO• enhances the reaction 106–1012 fold faster 

than other oxidants, such as O3. HO• is the second most 

energetic oxidant after fluorine radical. The reaction rate 

constant of  HO• involved in reactions are several times 

higher than O3 [101].   

Two simultaneous processes, oxidation and reduction, 

occur on a semiconductor surface with adsorbed 

pollutants, oxidation occurs due to photogenerated holes 

on the VB and reduction happens due to photogenerated 

electrons [102]. An important benefit of TiO2 over other 

semiconductors is its use to reduce protons (ENHE 

(H+/H2) = 0.0 eV) and oxidize water (ENHE (O2/H2O) = 

1.23 eV) concurrently [103]. Moreover, E° (O2/H2O) = 

1.23 eV for the donor species adsorbed on the TiO2 

photocatalyst is more negative than potential of TiO2 

VB (V/ENHE= +2.5 at pH=7), whereas, E° (O2/O2°) = -

0.33 eV for acceptor molecules is more positive than 

potential of TiO2 VB (-0.52 eV/ENHE at pH=7) [103].  

3. Photocatalytic Mechanism of TiO2 Based 

Photocatalyst 

The photocatalytic mechanism explains how organic 

molecules are degraded or oxidized by reactive oxygen 

species (ROS). The semiconductor surface determines 

whether the degradation reaction is partial or complete 

for attached pollutant molecules. Therefore, expanding 

the oxidation surface area of the nanohybrid is an 

essential feature in the synthesis method. Increased 

number of pollutant molecules bound to the accessible 

surface at nanohybrids, makes a reaction quick. Recent 

publications describe photocatalytic degradation 

processes for various organic pollutants 

[35,36,40,41,44,104–107]. The reaction 1-7 and Fig. 3 

depicts the general mechanism of semiconductor 

photocatalysis using solar light [108,109]. After 

absorbing photons from sunlight, electron (e-) get 

excited to CB and created hole (h+) at VB. The e- will 

reduce molecular O2 and generate ROS. Also, positive 

charged h+ oxidize water molecules to generate ROS. 

The generated ROS break down the pollutant into CO2 

and H2O. 

Semiconductor + hυ → ecb
ˉ + hvb

+ (1) 

ecb
ˉ + hvb

+ → Energy   (2) 

hvb
+ + Pollutant → Pollutant+               (3) 

hvb
+ + H2O → OH˙ + H+   (4) 

hvb
+ + HOˉ → OH˙    (5) 

ecb
ˉ + O2 → O2˙ˉ     (6) 

ROS + Pollutant → CO2 + H2O  (7) 

Dye-sensitized photo-degradation technique brings in 

few variations, as shown in the reactions 8-15 below. 

Photodegradation starts by collecting photons from dye 

molecules which get excited. Then it transfers electrons 

to anatase CB. As a result, exciting e- reacts with 

adsorbed oxygen molecules and generates ROS species. 
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Fig. 3. Mechanism of Photocatalytic Activity of Heterogeneous Catalyst [92]. 

This is shown in a model pollutant humic acid using the 

dye-sensitized technique in reaction 8-15 [110]. Dye 

molecules get excited after absorbing a photon, or dye 

molecules are adsorbed into semiconductor surfaces 

(reaction 8-9). The attached dye molecules get excited 

by absorbing a photon and then undergo oxidation 

(reactions 10-11). Reaction 12-13 shows oxidation and 

reduction reactions of the surface-bound dye molecule. 

Reaction 14 indicates the reduction of the O2 molecule. 

The energized dye molecule can also get be self-

oxidized to donate e- to CB (reaction 15). 

Dye + hυ ↔ Dye*     (8) 

Semiconductor + Dye ↔ Dye-Semiconductor  (9) 

Dye-Semiconductor + hυ → Dye*-Semiconductor 

                                           (10) 

Dye* + Semiconductor → Dyeox + Semiconductor (ecb
ˉ)

                                                   (11) 

Dye*-Semiconductor → Dyeox-Semiconductor (ecb
ˉ)

                                          (12) 

Dyeox-Semiconductor (ecb
ˉ) → Dye-Semiconductor 

                                           (13) 

Dyeox-Semiconductor (ecb
ˉ) + O2 → Dyeox-

Semiconductor + O2ˉ                                         (14) 

Dye* → Dyeox + (ecb
ˉ)   (15) 

The photocatalytic action depends on several factors 

including, photocatalyst type, light intensity, pollutant 

concentration, catalyst concentration, pH of the 

solution, doping element etc, [47,92]. The 

photocatalytic reaction of semiconductors can be 

improved by optimizing the above factors, to increase 

speed of degradation and removal efficiency 

[53,108,111–113]. Following examples are evidence of 

improved heterogeneous nanohybrid’s photocatalytic 

activity against model pollutants.  

Fig. 4 shows the photodegradation reaction mechanism 

of methylene blue (MB) dissociation using TiO2 

nanomaterial [114,115]. A 90% photocatalytic 

efficiency was achieved using 10 nm TiO2 

nanoparticles, suggesting nanoparticle size reduction 

enhances the removal efficiency [53]. The reaction 

mechanism demonstrates that the degradation of MB 

starts with removing four methyl groups attached to N 

in the structure. The –NH2 groups are then separated 

from both aromatic rings, followed by disintegration of 

the rings. The benzene ring eventually deteriorates into 

CO2 and water. As a result, byproducts like NO2 and 

SO2 were also generated [53]. The VL active N-TiO2 

catalyst gave 88% of removal efficiency with a higher 

dissociation rate constant (1.2x10-2 min-1). This illustrat- 



Kasun L. Seneviratne et. al/ Iran. J. Catal. 11(3), 2021, 217-245 

 

 
Fig. 4. The Photodegradation Mechanism of MB using TiO2 

Nanoparticle [53,114]. 

-es that doping element is another factor for enhancing 

photodegradation capability of the catalyst. Whereas 

pure TiO2 gave only 60% removal efficiency , 40% of 

MB remains in the liquid phase showing doped TiO2 is 

more efficient than pristine TiO2 [108]. Another dye 

molecule, Methyl Orange is also used against AgBr/g-

C3N4 catalyst, which gave ~80% degradation efficiency 

[116,117]. 

Lipid molecule degradation using S-TiO2 nanoparticles 

serving as the VLA photocatalyst is shown in Fig. 5. 

The ROS species (ROO˙) was formed by reacting O2 

with the olefinic H atom of the lipid molecule, resulting 

in a double conjugated molecule. Since the conjugated 

molecule was rearranged, it gets oxidized into a 

hydroperoxide molecule by reacting O2 molecular. The 

hydroperoxide molecule is then converted into a 

peroxide molecule, followed by formation of ketones, 

aldehydes, acids, and CO2 [118]. 

The photodegradation of phenol molecule using a Fe 

doped TiO2 photocatalyst is shown in Fig. 6. Initially 

ROS (˙OH) attack the phenolic ring, resulting in the 

formation of catechol (CT), hydroquinone (HQ), and 

benzoquinone (BQ). Decomposition of HQ and BQ 

results in development of benzenetriol (BT), 

hydrobenzoquinone (HBQ) and CT, which disintegrates 

into pyrogallol (PG), followed by carboxylic acid and 

finally, CO2 and H2O. Utilizing Fe-TiO2 photocatalyst  

 
Fig. 5. Photodegradation Mechanism of Lipid Molecule using 

S-TiO2 Nanohybrid [118]. 

 
Fig. 6. The Mechanism of Phenol Degradation by using Fe-

TiO2 Nanomaterial [119]. 

40% of phenol degrade was achieved [119]. Choi et al. 

showed Pt(IV) doped TiO2 was more effective than 

pristine TiO2 by obtaining ~90% degradation within 2 

hours with VL irradiation [120]. 

More photocatalytic applications against various 

organic pollutants are shown in Table 1. According to 

Table 1 more heterogeneous photocatalysts were used. 

Recent publications reported their degradation 

efficiency against wastewater treatment. Many oxides, 

sulfides, phosphates etc, serving as heterogeneous 

photocatalysts were able to eliminate a substantial 

number of pollutants by coupling multi-elemental 

complexes, generating promising nanohybrids for future 

wastewater treatments.    
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Table 1. Heterogeneous Photocatalysts Utilized in Various Environmental applications 

Photocatalyst Pollutant Efficiency Reference 

Se-TiO2 RhB 91.3% [76] 

TiO2/ZnO/GO MO 57.7% [13] 

Fe2O3/TiO2 
MO 61.5% 

[121] 
CR 46.8% 

Ag-TiO2 E102 40.0% [122] 

α-Fe2O3/Cu2O MB 81.0% [123] 

CuO-nano-

clinoptilolite 
MB and BPB 61% and 32% [28] 

Co-NiAl2O4 MG ~45% [33] 

InVO4-TiO2 DR 23 95% [61] 

Ag/TiO2 RB 255 94.46% [62] 

CuFe2O4 AR 206 ~100% [124] 

Nb2O5 CR and MB 90% and 87% [125] 

CdS–Ag3PO4 MB ~90% [107] 

Co3O4 MO 76% [126] 

Mg-Al Oxide Phenol 85% [127] 

CuMn2O4 RhB and MO 97% and 57% [128] 

NiS–P zeolite EBT ~62% [42] 

CdS-ZnS Rifampin ~84% [43] 

Ag halides-

clinoptilolite 
4-MA and 4,3-CNA ~40% and ~41% [129] 

B-TiO2 Metoprolol 70% [130] 

Ag nanoparticles and 

TiO2 
Formaldehyde ~95% [131] 

Fe-TiO2 Phenol ~60% [119] 

Excitation of an e- from its VB to CB occurs when 

photons get absorbed by photocatalyst, leaving behind a 

positively charged h+. The redox processes occur at the 

catalyst surface and the consequence is the reduction of 

contaminants. If these e--h+ pairs are not immediately 

scavenged after photo-excitation, they are combined and 

neutralized rapidly, a phenomenon known as 

recombination. This can happen on the nanomaterial 

surface, known as surface recombination, or in bulk, 

known as mass recombination. Recombination cause 

energy to be released, leading to reduction of quantum 

efficiency. This process can occur on the surface or 

within the bulk of the catalyst due to various problems 

in crystal defect sites. The introduction of dopants, co-

catalysts, or heterogeneous coupling can be used to 

avoid or minimize recombination reaction 

[27,92,123,129,132]. Thus, heterogeneous 

photocatalyst becomes VLA with significant changes in 

the crystal structure. Reducing technique of 

recombination of semiconductor is further discussed in 

section 5. 

4. Photocatalytic Disinfection by Using VLA TiO2 

Nanohybrids 

4.1 Photodegradation of Microorganisms 

Since the fundamental mechanism of inactivating 

microorganisms through nanotechnology is yet to be 

thoroughly explored, there is no precise method to 
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justify the disinfection phase. Two hypotheses can be 

used to describe the disinfection mechanism regarding 

microbes. There are (1) free metal ions released from 

metal-semiconductor materials by dissolution and (2) 

oxidation of cells by utilizing ROS generated on the 

semiconductor surface. Furthermore, since the outer 

charge of microbe cells is negative, the positive charge 

on the semiconductor increases their adsorption onto a 

nanoparticle. As a result, it will have an immediate 

impact on the disinfection process [109]. Table 2 shows 

a toxic level of free metal ion concentration for various 

microbes. Metal ions show toxicity against microbes in 

several ways including deactivation of enzymes [133], 

denaturing protein, destroying nucleic acids, hindering 

cell multiplication [134], growth inhibition, inhibition 

of O2 transferability[135] and death [136].  

 

Table 2. Toxicity of Heavy Metals against Microorganisms 

Microbe Species Metal Toxic level/ppm Tolerable level/ppm Reference 

Bacteria 

Bacillus subtilis 
Cr 

>100 <50 
[137] 

E.coli 9-10 <60 

Staphylococcus spp. 
Pb 

>1 <0.8 
[138] 

Streptomyces spp. >1 <0.8 

Staphylococcus spp. 
Cu 

>1.5 <1.0 
[138] 

Streptomyces spp. >1.5 <1.0 

Pseudomonas spp. 
Ni 

>1.0 <0.5 [139] 

Acinetobacter spp. >50 <35 [140] 

Enterobacter cloacae Co >10 <8 [141] 

Pseudomonas 

aeruginosa 
Hg 

>50 <35 [141] 

Klebsiella 

pneumoniae 
>50 <35 [142] 

Pseudomonas spp. Zn >0.5 <0.5 [139] 

 

Fungi 

 

Sphaerotilus natans 

Cr 

>100 <80 [143] 

Phanerochaete 

chrysosporium 
>10 <10 [144] 

 

Candida albicans 
Hg 

>0.03 <0.02 
[145] 

Candida maltosa >0.04 <0.03 

Candida albicans 
Ag 

>0.02 <0.01 
[145] 

Candida maltosa >0.04 <0.03 

Aspergillus flavus 

Pb >1000 <1000 

[146] 

Zn >1000 <1000 

Ni >1000 <1000 

Cu >100 <100 

Cd >100 <100 

Cr >100 <100 

Aspergillus niger 
Cr >100 <100 

[146] 
Pb >1000 <1000 
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Cu >500 <500 

Zn >250 <250 

Cd >100 <100 

Ni >100 <100 

Algae 

Spirogyra spp. 
Cr 

>5 <5 
[147] 

Spirulina spp. >5 <5 

Chlorella vulgaris 
Pb >5 <3 [148] 

Cu >1.5 <1 [149] 

The photocatalyst has been demonstrated to destroy a 

wide range of microbial species, including Gram-

negative and Gram-positive organisms, fungi, algae, 

protozoa, and viruses. It has also been demonstrated to 

be capable of inactivating toxins by microorganisms 

using semiconductors [109,150,151]. The ability to 

destroy microbes indicates that the surface of 

nanohybrids can be self-sterilizing, particularly when 

modified with transition or noble metals [109]. 

Gram-negative bacteria (GN) 

E. coli is a representative of GN bacteria, has a thin 

peptidoglycan layer (much thinner than in GP) and an 

outer membrane with lipopolysaccharide (LPS) in the 

outer layer and phospholipids in the inner layer. The 

high lipid content of GN in the outer membrane makes 

it special than GP [152]. 

Gram-positive bacteria (GP) 

As a representative of GP, Staphylococcus aureus, has a 

thick peptidoglycan coating that covers more than half 

of its surface area, generally about 90% of the total area. 

The peptidoglycan consists of a crystal lattice structure 

in the bacterial cell wall, produced by two amino sugars, 

namely, N-acetylglucosamine and N-acetylmuramic 

acid, respectively [109,152]. 

The significant resilience of GN cell wall to dissociation 

is well established. The presence of high levels of LPS 

and proteins in the outer membrane, along with a limited 

number of phospholipids, are the crucial molecules in 

the membrane's superior chemical resistance activity. 

Due to the outer membrane barrier, GN bacteria is more 

resistant to dissociation than GP, however the 

mechanism of resistance is still unknown to the 

scientific world. Although photocatalysis' antibacterial 

activity has not been fully investigated, the sterilizing 

process mechanism is still unclear [152]. 

Fungi, algae, and protozoa 

Under the laboratory conditions, fungi spores are more 

stable than vegetative ones, and Trichoderma 

harzianum spores were resistant to destruction [153]. 

During the entire treatment period, Acanthamoeba cysts 

proved to become half of the cell reduction process 

[154]. 

Viruses 

The majority of the tests were carried out using 

deactivated E. coli bacteriophages, which are 

demonstrated for ssRNA viruses (MS2 & Qβ), ssRNA 

virus, ssDNA type virus, and dsDNA type virus (λ & T4 

Mammalian infections include (poliovirus 1), birds and 

human influenza viruses, and SARS coronavirus. The 

Zika virus is spread by mosquito vectors, as is the herpes 

simplex virus [109]. The mechanism of virus cell 

structure disintegration using photocatalytic technique 

is shown in Fig. 7.  

Bacterial toxins (Cyanotoxins) 

Photodegradation detoxified bacterial toxins are formed 

by GN bacteria endotoxin, algae toxins, and 

cyanobacteria toxins [109].  The adsorption and 

photocatalytic degradation of Microcystin-LR is greatly 

enhanced when a VLA N–TiO2 nanomaterial is used 

under acidic conditions. It was proposed that 

electrostatic attraction between MC-LR and N–TiO2 

improved while MC-LR had a negative charge due to 

the disintegration of its free –COOH pairs, while N–

TiO2 had a positive charge [156,157].  

More works related to bacteria/fungi/virus 

photocatalytic deactivations are present in Table 3. 

VLA photocatalysts obtained ~100% removal 

efficiency, suggesting VLA photocatalyst is a promising 

material to utilize in disinfection applications.   
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Fig. 7. Photocatalytic Deactivation Mechanism of Virus Cell using Semiconductor  [155]. 

 

Table 3. Photocatalytic Activity against Various Microbes 

Microbe Species Photocatalyst Efficiency (%) Reference 

Bacteria 

E. coli N-TiO2 100 [158] 

Staphylococcus 

aureus 
Ce/B-TiO2 100 [159] 

E. coli V/N-TiO2 100 [160] 

E. coli BiOBr-AgBr 100 [161] 

E. coli BiVO4/Ag+ >99 [162] 

E. coli AgI/Bi2MoO6 100 

[163] Staphylococcus 

aureus 
AgI/Bi2MoO6 100 

E. coli 
Porous g-C3N4 

nanosheets 
100 [164] 

E. coli 
Ag/g-C3N4 

nanosheets 
100 

[165] 
Staphylococcus 

aureus 

Ag/g-C3N4 

nanosheets 
100 

E. coli 
Ag2WO4/g-C3N4 

heterojunction 
100 [166] 

Fungi 
Candida spp. TiO2 65 [167] 

Aspergillus niger Cu/P-25 100 [168] 

Virus bacteriophage Qβ CuxO/TiO2 99.99 [169] 
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4.2 Disinfection Using Reactive Oxygen Species (ROS) 

As a result of TiO2 structures to create ROS, several 

studies have concluded that •OH is a cell invader 

[170,171]. It is also possible to disinfect using ROS 

species such as superoxide (O•ˉ
2), H2O2, and O3. 

However, •OH redox potential (2.80 eV) is more 

suitable for microbial cell structure breakdown. Thus, 
•OH become promising radical species to deactivate 

microbes [101].  Lipid peroxidation by ROS is shown 

by the release of chemical malondialdehyde (MDA) as 

a byproduct and a simultaneous loss of respiratory layer 

action as determined by a decrease in 2,3,5-

triphenyltetrazolium chloride [171]. The ˙OH generated 

by TiO2 attack on dimethylsulphoxide and cysteamine 

is thus eliminated from the water [172]. Kikuchi et al. 

[173] demonstrated that E. coli slaughtering continued 

even though the bacteria were isolated from the surface 

by a 50 m thick porous layer. In any case, mannitol, a 

free radical scavenger, discouraged destroying without 

the membrane, although H2O2 catalase reduced 

destroying both with and without the microbes 

membrane. The hypothesis suggested that ˙OH and 

peroxide were responsible for destroying close to the 

TiO2 surface, with H2O2 acting as a stand-in at a certain 

distance. ROS, like peroxide radicals (O2˙ˉ), were not 

taken into account. The ˙OH radicals generated by 

microwave irradiation of TiO2 tended to improve the 

destruction of Gram-negative E. coli bacteria. Cho and 

Yoon [174] demonstrate that dominant ROS species 

destroy C. parvum cysts.  

4.3 Mechanism of Disinfection 

TiO2 based nanohybrids offer a significant benefit due 

to their non-contact antibacterial activity. Furthermore, 

TiO2 offers no toxic material release, avoiding harmful 

effect for human health and the environment, TiO2-

based structures are suitable for immobilization onto a 

substrate and/or insertion in vectors. Therefore, TiO2 

has become common semiconductor material that is 

used widely for disinfection applications. The 

antimicrobial activity was initially suggested to reduce 

coenzyme-A dimerization and, as a result, inhibit 

biological oxygen utilization. In either case, proof exists 

that the harmful behavior is caused by a cell membrane 

and cell wall damage. These effects are described based 

on (1) microscopy (2) lipid peroxidation discovery (3) 

leakage of intercellular elements such as ions, RNA, and 

protein and (4) spectroscopic analysis [109].   

Loss of permeability leading to cell spillage of cellular 

components revealed the immediate spillage of K+ ions 

from cured cells of Streptococcus sobrinus; AHT is 

generated within a short time. This is accompanied by a 

gradual release of RNA and protein. Spillage of K+ also 

tended to be associated with cell death in GN bacteria 

such as E. coli [175,176]. Using TEM images of 

photocatalyzed cells of S. sobrinus with TiO2, it was 

discovered that the cell division was disturbed and 

disintegrated after cells encountered TiO2 photocatalytic 

activity for one hour of light irradiation, with more 

disruption after 2 hours [177]. Cell passing, according 

to scientists, is accompanied by changes in cell 

permeability and a strengthening of the cell wall 

structure. SEM images of different GN and GP revealed 

morphological changes that cause cell wall destruction 

after UV-A light on apatite-coated TiO2 textures on 

cotton [178]. 

In the use of a thin layer of TiO2 particles to destroy E. 

coli. the exterior film in the bacteria seemed to be 

affected. Following that, the cytoplasmic layer is 

degraded completely. Photocatalytic destruction 

happened, but there was no peptidoglycan degradation 

reaction. An instrument such as Atomic Force 

Microscopy (AFM) would estimate cells on irradiated 

TiO2 film that appeared to have disintegrated external 

membranes [178].  

Lipid peroxidation using ROS- Lipid peroxidation via 

ROS was illustrated by the discharge of MDA as a 

byproduct and simultaneous loss of respiratory film 

movement measured by the decrease of 2,3,5-

triphenyltetrazolium chloride [172]. The degradation 

reaction of E. coli endotoxin occurs without substantial 

degradation of peptidoglycan; authors demonstrated 

that in GN bacteria, cell damage occurs in the following 

order: OM, PG, IM [179]. 

This study suggested that DNA damage could enable 

TiO2 nanoparticles to move through cell membranes. 

Damage to DNA does occur on TiO2, but it is most 

likely a recent occurrence following membrane 

dissociation and, eventually, cell death [180]. 

In spectroscopic studies, TiO2 movement on 

disconnected two layer phospholipid has been observed, 

resulting in disruption of the two-layer structure using 

X-ray diffraction, laser spectroscopy, and Fourier 

Transform infrared spectroscopy (FTIR). The disruption 

occurred as a result of lipid peroxidation [181,182] as 

calculated by MDA growth. As reactive oxygen species 

(ROS) attack polyunsaturated fatty acids, such as 

linoleic corrosive, lipid peroxidation occurs. According 

to the FTIR spectra, E. coli allowed the development of 

carboxylic acids such as MDA as byproducts of 

membrane degradation. MDA also promotes 

decomposition by more extended irradiation periods 

[175]. Fig. 8 depicts the commonly proposed  
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Fig. 8. The Proposed Mechanisms of Bacterial Cell Damage 

by using Semiconductor [183]. 

mechanism of cell disintegration reaction processes 

using semiconductor materials. 

5. Synthesis of Synthetic TiO2 and Natural Based 

TiO2 Nanohybrids 

5.1 Synthesis of Synthetic TiO2 Nanohybrids 

TiO2 nanohybrids were synthesized by utilizing 

commercial Ti metal precursors. Due to its high Ti 

content, preparation of nanomaterials become very easy 

and quick. Titanium dioxide nanohybrids can be 

synthesized from several methods like sol-gel method 

[184–186], solid-state reactions, hydrothermal 

treatment [48,120], ultrasound-induced method, 

supercritical drying [187,188], coprecipitation [189], 

chemical vapor deposition [189,190], continuous 

reaction method, multi-gelation technique, Radio 

Frequency (RF) sputtering, microemulsion [191,192], 

Aerogel and Xerogel [190], plasma [189,191], wet 

impregnation [97,189], microwave-assisted method 

[25,52]. Some of the methods have been explained 

below. 

The sol-gel method is a far more comfortable and 

conventional technique for the synthesis of TiO2 

nanoparticles. Thus, more authors prefer to follow the 

sol-gel route with changing different parameters (like 

the concentration of precursor, pH, solvent, etc.) to 

achieve TiO2 particles [193]. The sol-gel method has 

advantages such as particle size, being controlled, 

leading to a higher surface area to particles [194], The 

sol-gel process initiates from alkoxide, sulfur, and 

chloride-based precursor hydrolyzed into a "sol" and 

followed by polycondensation to create a "gel." 

Afterward, drying the gel converts to xerogel by 

evaporation of solvent and ultimately calcined 

amorphous powder changes into stable TiO2 particles 

[193,194]. Guillard C. et al. showed excellent resistance 

to titanium alkoxide's hydrolysis rate via an 

esterification reaction. An acidic acid is applied to 

regulate the hydrolysis, stabilize sol, and to avoid the 

precipitation of TiO2 [195].  

Hydrothermal method is ordinarily carried out in a steel 

vessel called autoclave consists of Teflon (poly-

tetrafluoroethylene) liners beneath which regulate 

temperatures and weights watery arrangement. This 

strategy offers high purity nanosized TiO2 at a moderate 

temperature with the least contamination. This method 

helps to reduce the production cost of nanosized TiO2 

materials [196].  

Chemical vapor statement (CVD) – the method is based 

on the reaction between vaporizable metal alkoxides 

(e.g., isopropoxide) and oxygen or steam of gases. 

These forms are ordinarily utilized to create coatings to 

manipulate the various properties of different substrates. 

It happens inside a vacuum chamber, and the thermal 

energy supply heats up inside gases within the coating 

chamber as a result, a thin layer of material is deposited 

on the substrate [196]. 

The sputtering  was developed very useful to synthesize 

nanosized TiO2 particles. This strategy employs plasma 

made from argon and oxygen atoms. Energized argon 

(Ar) ions hit an anode made from TiO2 or  evaporated 

Ti, deposited on a substrate [196]. 

Microemulsion method is characterized as the 

thermodynamically stable, optically isotropic fluid of 

two or three immiscible liquids with the addition of 

surfactant. It gives a heterogeneous mixture for 

nanoparticle synthesis. The arrangement of particles in 

frameworks is governed by the reactant dispersed within 

the droplets. The steady surfactant microcavities give a 

hindrance impact that limits nucleation reaction, 

reducing particles' development and aggregation. It 

happens in two ways: direct microemulsion (oil in 

water) and reservoir microemulsion (water in oil), 

equivalent to fluid and non-liquid media. The micelles 

are shaped in a liquid medium, where hydrocarbon 

chains of surfactants are situated toward the micelle's 

insides. The hydrophilic head of the surfactants  is 

attached with the encompassing watery medium [48]. 

A few types of Ti metal precursors are used to 

synthesize nanohybrids, namely, alkoxide 

[186,197,198], chloride precursors [187,199,200], 

sulfur precursors [188,201], etc. The commercially 

available TiO2 material is the Degussa P-25 [202,203], 

and anatase [13,202]. In the sol-gel method, various 

other chemicals are also used such as solvents [24,199], 

stabilizers [86] and surfactants [99,204,205] that can be 

identified from the literatures. Table 4 shows the 

advantages and disadvantages of TiO2 synthesis 

methods.  
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Table 4. The Advantages and Disadvantages of Various TiO2 Synthesis Methods 

Method Advantages Disadvantages Reference 

Sol-gel 
Easy, Homogeneity, 

Reproducible 

High cost, required high 

temperature to calcine 
[206] 

Chemical Vapor 

Deposition 

Uniform, pure and 

reproducible particles 

Slow evaporation of 

solvent, aggregation occur 
[207] 

Hydrothermal 
Simple, high-quality 

crystals 

Required expensive 

autoclave unit 
[208] 

Sputtering 
High quality and uniform 

particles 
Ionic bombardment [209] 

Microemulsion 
Particle size can be 

controlled 
High cost for emulsion [210] 

5.1.1 Metal or Metals Doped TiO2 

More metals were used as a dopant to attach with TiO2, 

and attempts were successful enough to enhance 

photocatalytic activity. Numerous metals have been 

used to modify the titania structure and its BG values. 

Among the metals, transition metals (like Fe, Co, Ni, 

etc.) [51,79,120], noble metals (like Ag, Au, Pt, and Pd) 

[20,112,211,212], lanthanide metals (like La, Nd, Pr, 

etc.) [213] are used by different reseachers to produce 

promising photocatalyst.  

The first attempt of non-metal doping was in 1986, 

when nitrogen (N) is used as the doping element with 

TiO2. After that, more different non-metals have been 

used as a dopant by various authors. Moreover, a non-

metal doped photocatalyst has been modified to absorb 

VL while narrowing the BG. Thus, it enhance the 

photoactivity under visible range as well [191]. More 

different non-metals (N, B, C, S, etc.) [56,108,118,191] 

were used by authors for doping to TiO2 crystal 

structure.  

5.1.2 Nanocomposite of TiO2 

The nanocomposite comprises of two or more metal 

oxides mixed and forms somewhat different material 

(Example: SiO2/TiO2) which enhances the absorption of 

VL, thus influences greater photoactivity. 

Nanocomposite is synthesized by using Graphene oxide 

(GO), ZnO, V2O2, SnO2 [13,80,197,214]. Authors 

interpret nanocomposite a very promising photocatalyst 

to be used to decompose organic pollutants.  

5.2 Synthesis of Natural Based TiO2  

A few scientists evaluated the structure of the Earth's 

crust to be 16 % alumina, 7% iron oxides, 4% 

magnesium oxide, and 1% titanium dioxide, which 

makes titanium the fourth primary abundant support 

metal in the world. Titanium (Ti) is the ninth most 

abundant element [215]. The various minerals 

containing Ti metals and their physical properties are 

shown in the Table 5 [216]. Ti overwhelming mineral 

forms are Ilmenite (ferrous iron FeTiO3) and rutile 

(TiO2). Other minerals contain an exceptionally minor 

amount of Ti. The primary use of Ilmenite is the 

generation of TiO2 white pigment via the sulfate and 

chloride routes [217]. Rutile is utilized in welding rod 

coatings and making titanium metal. Recently rutile is 

utilized for the generation of TiO2 white pigments via 

the chloride route. Pure Ilmenite contains 32% Ti and 

37% Fe [215,217]. As compared, rutile has 60.0% Ti 

and 40.0% O and much better titanium mineral for the 

generation of pigments [217], the sulfate route generates 

approximately 3.5 tons of waste. In contrast, the 

chloride route generates only 0.2 tons of waste per ton 

of TiO2. In the sulfate route,iron sulfate (FeSO4) 

formation is considerably more significant than FeCl3 

from the chloride route. Moreover, the production cost 

and extreme acid treatment are required for extraction 

of Fe in the sulfate route [218]. The quality of TiO2 

pigment depends on Fe removal efficiency. Higher the 

Fe removal ability will increase the purity of TiO2. 

Therefore, the synthesis route very much depends on the 

chemical used in the process. Iron removal efficiency 

decreased in following order, HF>H2SO4>HCl>HNO3 

[219]. The significant quantity of Ilmenite is provided 

by United States, Australia, Canada, European 

countries, Asian countries, and African countries, and 

the significant rutile producers are Australia, African 

countries, and India [216,217]. Nowadays, more than 

50% of the world's rutile is used to pigment 

manufacturing industry. Less than 15% of Ti's entire 

world supply now comes from rutile, and the ores of 

rutile decreased to approximately 30% of the Earth's Ti 

ores due to the demand in mining process [216]. 
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Table 5. Major Ti Containing Minerals Present in the Earth Crust and Their Physical Properties 

Mineral Specific gravity Hardness (Mohs) Color 

Ilmenite (FeTiO3) 4.74 5.50 Black 

Rutile (TiO2) 4.37 6.25 Reddish brown 

Anatase (TiO2) 3.90 5.75 Brown 

Brookite (TiO2) 4.13 5.75 Yellowish brown 

Leucoxene (TiO2) 4.00 - Yellowish brown 

Arizonite (Fe2O3.3TiO2) 4.12 - Deep red 

5.2.1 Sulfate Route 

The sulfate route, powdered Ilmenite, or slag (acid-

treated Ilmenite) (78% TiO2) interacted with sulfuric 

acid, then the final product as titanium sulfate (TiSO4) 

increased to make a TiO2 pigments and waste 

comprising majority of ferrous sulfate heptahydrate 

(FeSO4.7H2O) crystals. The commercial extraction of 

TiO2 from sulfate route started in 1918 in the US and 

Norway. The Fe2(SO4)3 solution was reduced with iron 

to FeSO4, after which the mixture cooled down to 

crystallize the iron into FeSO4.7H2O. The supernatants 

react with acid and TiO2 to accelerate the TiO2 

formation as fine colloidal particles. The washing 

process of solids removes the iron and other impurities 

(anions like SO4
2-, Cl-, cations like Mn, Si, Mg, etc.). 

TiO2 pulp is calcined in a rotary kiln machine to 

evacuate water and generate the perfect TiO2 crystals. 

Only Ilmenite is used in this route because rutile and 

leucoxene are not reacting with sulfuric acid [216,220–

222]. 

5.2.2 Chloride Route 

rutile, synthetic rutile, or high-Ti slag (or Ilmenite 61% 

TiO2) can reacts with chlorine gas (Cl2) to generate 

titanium tetrachloride (TiCl4). The titanium 

tetrachloride was purified to achieve less impurity level. 

This was followed by conversion directly to TiO2 

pigment with the discharging Cl2 by warming the vapor 

with air at elevated temperatures. In contrast to the 

sulfate route, this process produces less waste (e.g., 

FeCl2 can convert to FeO very quickly). The chloride 

process undergoes two steps. (1) The primary step is the 

rutile reacted using coke (C) as a reductant and Cl2 as 

the reacting gas to make TiCl4 and a small residue 

(waste), (2) TiCl4 is burned with O2 at elevated 

temperatures in an especially design burner to generate 

TiO2 pigments [215,216,223]. 

5.2.3 Microbiological Oxidation 

The microbiological oxidation route is also used rarely 

to separate Ti metals from Ilmenite minerals. The 

bioleaching is less productive than acid leaching in 

terms of Ti and Fe extraction. The bioleaching 

experiments after 35 days brought about very low Fe 

and Ti dissolutions with utilizing pure cultures (A. 

niger, P. citrinum, and B. megaterium) and mixed 

cultures (A. niger and P. citrinum) [224]. 

5.2.4 Alkaline Route 

Amer [225] reported the primary roasting method from 

dissolving Ti from mechanically stimulated Ilmenite. 

About 90% of Ti was leached by generating sodium 

titanate (Na2TiO3) under the ideal conditions. Alkaline 

roasting is commonly utilized to disintegrate Ti from 

Ilmenite or the acid-treated titania solids after leaching 

out of iron. The blend of NH3 water and H2O2 was used 

for dissolving Ti from acid-treated titania solids [226, 

227]. Table 6 shows natural-based visible, active TiO2 

nanohybrids synthesized methods and utilized as photo 

catalytically applications. 

 

5.3 Characterization of Synthesized VLA TiO2 

Nanohybrids 

Since the preparation of TiO2 needs to identify what 

material is present in the synthesized sample, 

nanomaterials cannot be observed from the naked eye. 

Therefore, by using high tech instruments such as X-ray 

Diffractometer (XRD), Scanning Electron Microscope 

(SEM) coupled with Energy Dispersive X-ray 

spectroscopy (EDS), Transmission Electron 

Microscope (TEM), X-ray Photoelectron Spectroscopy 

(XPS), Fourier-Transform Infrared Spectroscopy 

(FTIR), Raman Spectroscopy (Raman), Brunner–

Emmett–Teller (BET) and Barret, Joyner, and Halenda 

(BJH) pore size distribution, UV-Visible Diffuse 

Reflectance Spectroscopy (UV-Vis-DRS), 

Thermogravimetric Analysis (TGA/DTA) and Electron  
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Table 6. Natural Based TiO2 Nanohybrids Synthesized from Ti Contained Natural Minerals 

Raw material Method Nanohybrid Application Reference 

Rutile - - MB oxidation [228] 

Ilmenite Sulfate Synthetic anatase MO oxidation [229] 

Ilmenite Sulfate Synthetic rutile 
Cigarette smoke 

degradation 
[230] 

Ilmenite Alkaline Li4Ti5O12 Electrochemical [231] 

Ilmenite 
Alkaline & 

Chloride 
Synthetic rutile Oxalic acid [232] 

Ilmenite Chloride LiFePO4 Electrochemical [227] 

paramagnetic resonance spectroscopy (EPR) were used 

to identify  nanomaterials based om literature. 

Moreover, researchers are willing to make sure that their 

anticipated material is present in the synthesized titania 

sample. As an example, solely phase is no more 

photoactive, thus need to have mixture phases. If the 

synthesized material purely present in one phase, no 

more photocatalytic activity occurred. Thus, it is a 

failure and those materials are not used. Therefore, 

characterization techniques are an important cause of 

supporting to identify what compounds are present in 

the samples. If dopant introduces to titania, the 

characterization method can confirm the dopant 

attached to titania by studying spectra given by the 

instruments. That is the critical factor concern with 

doping ions to the titania phase.   

5.3.1 X-ray Diffractometer (XRD) 

XRD may be a routine technique that decides a sample's 

composition or crystalline structure. Besides, crystals 

like macromolecules and inorganic compounds can be 

utilized to determine atoms' structure inside the sample. 

This method transmits X-ray beams from the x-ray tube. 

X-rays are chosen since the wavelength is analogous to 

dispersing between particles within the sample, so 

diffraction is disturbed by spreading the molecules 

within a particle. The x-rays pass through the sample, 

leaping off the particles within a structure, and changing 

the beam's direction at a different angle, theta θ, from 

the original beam. Usually, the point of diffraction. The 

point of diffraction can at that point utilized to decide 

the contrast between nuclear planes operating Bragg's 

law (Equation 16) [25]. 

 𝑑 =
𝑘𝜆

𝛽 cos 𝜃
  (16) 

Where, d is the crystallite size, λ is the wavelength of 

the X-ray radiation (Cu Kα=0.15406 nm), k is the shape 

factor (0.9), β is the full width at half maximum of the 

most intense peak and θ is the diffraction angle. The 

distance between atomic planes can be used to 

determine the composition or crystalline structure 

[24,81,233]. 

The anatase and rutile phase mass fraction can be 

calculate via Spurr’s equation (eq. 17) [98,187]. 

𝑓𝑎 = (1 + 1.26
𝐼𝑎

𝐼𝑟
)

−1
   (17) 

𝑓𝑟 = (1 − 𝑓𝑎)                                         (18) 

𝐴

𝑅
= {

𝑓𝑎

𝑓𝑟
}     (19) 

Where fa & fr are the anatase and rutile fractions and Ia, 

Ir are the integrated intensities of the most intense peaks 

of anatase (1 0 1) and rutile (1 1 0) (eq. 18), eq. 19 shows 

the fraction ratio of the anatase and rutile, respectively. 

The most intense peaks of anatase phase are 25.17°, 

37.60°, 47.76°, 54.01°, 62.60°, 68.59°, 70.36° and 

75.09° and its hkl values are 101, 004, 200, 105, 204, 

116, 220,215, respectively (database card no. JCPDS-

00-021-1276) [81,111,190], whereas rutile is  27.38°, 

36.10°, 41.24°, 54.28° and 62.67° and its hkl values are 

110, 101, 111, 211 and 002, respectively (database card 

no. JCPDS-00-021-1276) [81]. Also, brookite is 25.34, 

25.69 and 30.80° and its hkl values are120, 111, 211 

(database card no. JCPDS-00-029-1360) [76,89,234]. 

5.3.2 Fourier-Transform Infrared Spectroscopy (FTIR) 

& Raman Spectroscopy (Raman) 

Fourier-Transform Infrared Spectroscopy (FTIR) 

IR spectroscopy consolidates a few sorts of estimation 

strategies, like diffuse reflection strategy and attenuated 

total reflection strategy (ATR). The procedure's 

guideline is the change in dipole moment in an atom due 

to its movement after absorbing the Infrared radiation 

could be a characteristic feature of the atomic species 

and attributes for a typical spectrum. This strategy 
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advantage is also famous as relatively cheap, fast, and 

simple to utilize and requires a small amount of sample 

[235]. Table 7 shows FTIR peak positions of doped 

titania and pure titania.  

Table 7. FTIR Peak Positions of Doped and Pure TiO2 

Functional 

group 

Vibration 

type 

Material 

type 

Band 

position 

(cm-1) 

Ref. 

O-H water Stretching 

TiO2 

3240 

[199] O-H 

adsorbed 

water 

Bending 1623 

O-H water Stretching 

TiO2 

3100-3600 

[80] 

O-H 

adsorbed 

water 

Bending 1630 

Ti-O 
Stretching 722 

Bending 590 

Ti-O-Ti 
Stretching 525 

Bending 471 

O-H water Stretching 

TiO2 

3400 

[236] 

O-H 

adsorbed 

water 

Bending 1640 

Ti-O 

anatase 
Stretching 550 

Ti-O 

rutile 
Stretching 530-640 

Ti-O & 

Ti-O-Ti 

Bridging 

stretching 
400-700 

O-Ti-O 
Stretching 

Cu/Zn-

TiO2 
492-505 

[237] 
Stretching TiO2 458 

O-H water 

Stretching TiO2 3426 

Stretching 
Cu/Zn-

TiO2 
3419-3426 

O-H water Stretching 

TiO2 

3416 

[25] 

O-H 

adsorbed 

water 

Bending 1644 

Ti-O Bending 670-735 

 

 

 

Raman Spectroscopy (Raman)  

In Raman spectrometer, frequently, a modest fraction of 

the scattered light features a different color. It has 

changed frequency because, during the diffusing 

process, its energy changed by association with atomic 

vibrations. This is known to be the Raman diffusing 

process.  

The primary stage in producing a Raman spectrum is to 

irradiate the sample with a unicolor light source, like a 

laser. Most of the light that disperses outside unaltered 

in energy known as “Rayleigh scattered.” Raman 

change happens since photons interchange part of their 

energy with atomic vibrations in the material. The 

frequency of vibration of particles determines the 

interchange in energy [238]. Table 8 shows Raman 

band positions of TiO2 phases.  

5.3.3 Brunner–Emmett–Teller (BET)         

The BET philosophy (Brunner-Emmett-Teller theory) is 

utilized to decide the surface area of solid or permeable 

materials. Various properties such as disintegration 

rates, catalytic development, moisture retention, and 

shelf life are routinely related to a material’s surface 

area. Total pore size distribution was analyzed using a 

cylindrical pore prototype of the BJH (Barret, Joyner, 

and Halenda) method [235]. Table 9 shows the BET 

surface areas and BJH pore size distribution of different 

photocatalysts. 

5.3.4 UV-Vis Diffuse Reflectance Spectroscopy 

The light occurrence at optically dispersion interfacing 

(samples like powders) with coarseness reduces the 

wavelength may somewhat reflect frequently, 

incompletely scatter, and be partly absorb to the 

substrate. The last portion may experience absorption 

inside particles, experience deflection at grain edges, 

recur at the sample surface, and interact with reflected 

parts. In DRS, UV range proportion of the light scattered 

from a boundlessly dense layer and the scattered light 

from a perfect non-absorbing testimonial sample was 

measured as a work of the wavelength λ. The light of 

powdered samples by incident radiation leads to diffuse 

light of the tests. The incident light somewhat retained, 

to some degree scattered. The scattered radiation, 

transmitting from the sample, is collected in an 

integration sphere and identified [235]. The BG 

calculation is done by taking diffuse reflectance values 

(R) of the solid sample, which is transforming to 

Kubelka-Munk function shown in equation 20 

[33,35,39,41,108,128]. 
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Table 8. Vibration Frequencies and Observed Raman Bands (cm-1) for Anatase, Rutile, and Brookite  

Anatase Rutile Brookite Reference 

Position (cm-1) Assignment Position (cm-1) Assignment Position (cm-1) Assignment  

134 Eg 433 Eg - - 

[54] 
382 B1g 591 A1g - - 

503 A1g - - - - 

621 Eg - - - - 

155 Eg 466 Eg - - 

[52] 
399 B1g 610 A1g - - 

513 A1g + B1g - - - - 

634 Eg - - - - 

146 Eg 448 Eg 248 Ag 

[118] 
397 B1g - - 321 B1g 

516 A1g - - - - 

638 Eg - - - - 

145 Eg 154 B1g 
126, 154, 196, 

247, 413, 635 
Ag 

[239] 
197 Eg 239 combination 213, 323 B1g 

397 B1g 446 Eg 366, 462, 585 B2g 

639 Eg 609 A1g 454 B3g 

- - - - 
155, 194, 247, 

412, 636 
Ag 

[89] 
- - - - 213, 322, 501 B1g 

- - - - 
366, 395, 460, 

583 
B2g 

- - - - 172, 287, 545 B3g 

 

Table 9. BET Surface areas and BJH Pore Size Distribution of Semiconductors  

Material Method BET surface area/ m2g 
BJH Pore 

diameter/ nm 
Reference 

SnO2-TiO2 
Chemical bath 

deposition 

57.00 - 

[80] 33.00 - 

103.00 - 

TiO2 Sol-gel 53.73 - [190] 

TiO2 
Sol-gel 25.50 8.80 

[54] 
Solution combustion 177.00 3.85 
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Microwave assisted 

hydrothermal 
250.00 8.80 

Mesoporous TiO2 Sol-gel 
78.51 44.32 

[240] 
110.73 16.80 

TiO2 
Hydrothermal 163.00 6.70 

[81] 
Commercial 31.00 - 

TiO2 
Co-precipitation 

202.00 3.90 
[241] 

Fe/Co/Ni-TiO2 182.00-199.00 3.90-4.30 

TiO2 
Sol-gel 

104.00 - 
[120] 

Cu/Fe/La-TiO2 110.00-130.00 - 

P-25 Commercial 50.00-54.00 - [56] 

Rutile Sol-gel 303.40 6.50 [234] 

𝐹(𝑅) = 𝛼[
(1−𝑅)2

2𝑅
]                      (20) 

𝛼 {(ℎ𝜐)
1

𝑚} = 𝐶(ℎ𝜐 − 𝐸𝑏𝑔)                 (21) 

   

By using equation 21 and optical BG value as m=2 for 

direct transition for Tauc plot of (F(R)hv)2 vs bang gap 

energy (Ebg) will determine the BG value of the 

photocatalyst sample [39,83,108,129,242]. Table 10 

shows the calculated band gap values of various 

semiconductors materials prepared from different 

methods.  

Table 10. The Band Gap Values Obtained for Various Semiconductors 

Material Band gap (eV) Reference 

TiO2 3.09 

[186] 
Ni/Mn-TiO2 

3.07 

3.08 

Pure Anatase 3.25 

[236] Pure Rutile 3.00 

Mixed phase 3.00-3.25 

Pure TiO2 3.30 
[237] 

Cu/Zn-TiO2 3.00-3.20 

Co-NiAl2O4 2.80-3.00 [33] 

CuMn2O4 3.00 [128] 

PbS-CdS 2.69 [41] 

AgCl-AgI/NCP 2.82 [129] 

CuO-ZnO/NCP 3.20 [39] 

NiO-PbO-NCP 3.36-4.29 [35] 

NCP-Natural Zeolite nanoparticles  
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5.3.5 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy for chemical 

examination may be a simple investigation strategy that 

gives primary and chemical state data from the external 

5-10 nanometers of a solid surface. X-ray of known 

energy (hν), for the most part, Al (Kα) at 1486.7 eV or 

Mg (Kα) at 1253.6 eV, interatomic with a molecule, a 

photoelectron transmitted by incomes of the 

photoelectric effect. Chemical information in nearly the 

sample can be extricated since holding energies are 

dependent on the chemical environment of the 

molecule. Chemical environments that deshield the 

atom of interest causes that particle's center electrons to 

extend binding energies. Alternately, diminished 

binding energies are measured for the center electrons 

of molecules that pull back electrons from others. 

X-rays (photons) assaulted a sample, and when 

electrons inside the sample retain adequate energy, they 

are evacuated from the sample with a particular active 

energy. The energy of eliminated electrons was 

analyzed by the detector and plot of these energies and 

relative numbers of electrons. Electrons of particular 

energies follow distinctive ways through the sensor, 

which allows the computer to recognize the electrons 

and create the spectra [235]. Table 11 shows XPS 

binding energies of TiO2 synthesized from various 

methods.  

Table 11. The XPS Binding Energies of TiO2  

Material type XPS peak Binding energy (eV) Reference 

Anatase 

Ti 2p1/2 458.5 

[81] 

Ti 2p3/2 464.2 

Ti+4 458.6, 464.4 

Ti+3 457.3, 463.2 

C 1p 199.2 

Anatase 

Ti 2p1/2 464.3 

[243] 

Ti 2p3/2 458.5 

O 1s (O2-) 529.8 

O 1s (OH) 531.0 

S-TiO2 

C 1s 285.0 

[118] 

N 1s 401.2 

 

O 1s 530.5 

 S 2p 169.7 

Ti 2p 460.8 

N-TiO2 

C 1s 284.6 

[108] N 1s 399.0 

Ti 2p3/2 457.9 
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Ti+3 456.5 

O 1s (O2-) 529.0 

O 1s (OH) 529.7 

5.3.6 Scanning Electron Microscope (SEM) coupled 

with Energy Dispersive X-ray spectroscopy (EDS) & 

Transmission Electron Microscope (TEM) 

Scanning Electron Microscope (SEM) coupled with 

Energy Dispersive X-ray Spectroscopy (EDS)  

Generally, the morphological examination is sufficient 

to characterize a catalyst material as TiO2, and the EDX 

investigation serves to confirm this characterization and 

recognizes the composition atoms display in TiO2. The 

SEM uses a centered beam of high-energy electrons to 

create multiple signals at the surface of solid specimens. 

In most applications, data is collected over a chosen 

region of the surface of the sample. EDS utilized the X-

ray range transmitted by a significant test assaulted with 

a strong beam of electrons to induce a localized 

chemical examination. The qualitative investigation 

includes identifying the lines in the content and is 

reasonably direct due to X-ray spectra's easiness [235]. 

Anatase particles are spherical shaped, rutile particles 

are needle/spindle-shaped, whereas brookite has an 

ellipsoidal/cylindrical structure [54,185,234,244]. 

Anatase crystal size varies from 10-20 nm as indicated 

in the publication [54]. 

Transmission Electron Microscope (TEM) 

The TEM may be a viable device for energetic material 

testing. An energized beam of electrons transfers 

through a sample. The contacts between the electrons 

and the particles are utilized to observe topographies 

such as the crystal configuration and grain edges. The 

electron beam from the electron gun was reduced into a 

small, consistent by a condenser lens. The beam strikes 

the sample, parts of the beams are diffused due to the 

sample's depths and electron opacity. This diffused 

beam is exchanged for a lens and a picture is made on 

the phosphor screen. The image passed down the narrow 

channel through the center of the lens; that point 

broadened all the way. The picture is shown up on the 

screen [235]. TEM images of anatase particles are 

spherical-shaped, rutile particles are needle shaped 

[52,54,244,245]. The crystallite size of the anatase is 5 

nm and the needlelike rutile nanoparticles is 7 nm [234]. 

5.3.7 Electron Paramagnetic Resonance Spectroscopy 

(EPR) 

Electron Paramagnetic Resonance (EPR) could be a 

portion of magnetic resonance spectroscopy, which 

utilizes microwave radiation to test elements with 

delocalized electrons, such as radicals within the 

remotely related inactive attractive field. EPR targets 

the interaction between an attractive external field and 

the unpaired electrons of any system, EPR is performed 

utilizing microwaves. In EPR, the frequency is regularly 

held steady, while the magnetic field quality is changed, 

EPR tests must frequently be performed at low 

temperatures [246]. Recent publications have 

recognized  theelectron exchange from rutile to anatase 

electron catching sites by means of EPR [22,241]. The 

EPR values of anatase and rutile polymorphs are present 

in Table 12.  

5.3.8 Thermogravimetric Analysis (TGA/DTA)  

Thermogravimetric examination, TGA, is utilized to 

appear when a compound contains components such as 

solvents or other freely bound molecules that might 

disappear upon warming. Most heat flow into the 

sample holder (differential scanning calorimetry, DSC) 

can be measured and differentiated in temperatures 

between the test and reference pan (differential thermal 

analysis, DTA). DSC is quantitative, and it measures the 

total energy of the system [235]. The final weight loss 

(up to 900 °C) for pure, N-doped, and Ag-doped TiO2 

was just 3-4%. Water present on the catalyst surface 

evaporates at temperatures over 100 °C. Organic 

solvents and organic materials decompose at 

temperatures between 200 and 400 °C. No significant 

weight loss was detected above 400 °C, demonstrating 

the stability and purity of the catalysts produced [108]. 

Pure titania loses 32% of its weight across the whole 

temperature range examined, while doped titania loses 

44%. TGA plot shows three phases to the overall weight 

reduction (percentage) due to the adsorbed water loss. 

From 150 °C to 400 °C, weight loss occurs due to 

chemisorbed water, solvent, and residual organics being 

removed. Over 400 °C, weight loss is minimal due to 

the stability of the catalyst [248].  
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Table 12. EPR Values for Anatase and Rutile  

Phase ERP Signals Reference 

 g1 g2 g3 gǁ
* g┴

#  

Anatase 2.016 2.012 2.002 1.958 1.988 
[247] 

Rutile 2.019 2.014 2.002 1.947 1.969 

*,# Surface Electron Trapping Sites; g1, g2 and g3- surface hole trapping sites. 

6. Recently Developed VLA TiO2 Nanohybrid and 

Their Utility as Photocatalyst 

This section contains recently synthesized VLA TiO2 

nanohybrid materials and their application as 

photocatalysts. Also, we introduce natural-based 

synthesized VLA TiO2 nanohybrids and usage as 

environmental remediation. 

Hydrogen and oxygen generation is one option to supply 

power by using a water oxidation reaction. Therefore, 

researchers try to generate VLA nanohybrids as a 

photocatalyst using VL as an energy source. The 

conventional water oxidation reaction occurred by using 

electrodes and electricity. Therefore, inventing a VLA 

photocatalyst reduces the cost of the water oxidation 

process and long-time reusable technique. Wang et al. 

[249] investigated a plasmonic photocatalyst based on 

Au/TiO2-rutile used as an O2 generating nanohybrid for 

water-splitting reaction under VL irradiation. The 

nanocomposite Au/TiO2-Ru/SrTiO3: Rh photocatalyst 

is a promising material to produces H2 and O2 with the 

rate of 5.6 and 2.7 μmol/h/g, respectively. Miyoshi et al. 

[250] showed that nitrogen/fluorine-codoped rutile TiO2 

was synthesized using rutile TiO2 and (NH4)2TiF6. The 

TiO2-N/F illustrated higher PCA; hence, H2 and O2 

generation increased under VL irradiation. Hoang et al. 

[75] reported the N-Ta-TiO2 nanowire catalyst showed 

a greater increment in photoelectrochemical reaction 

both under VL (>420 nm) illumination. Sinatra et al. 

[251] show the rate for H2 production by using Au–

Cu2O (2 wt. %)–TiO2 is slightly higher than Cu2O (2 wt. 

%)–TiO2, quicker than Au (2 wt. %)–TiO2 and very 

much faster than TiO2. Fig. 9 shows the dye degradation 

with redox potential of VLA NaFeTiO4 nanohybrid.  

 

Fig. 9. Dye Degradation Under VL using VLA Heterogeneous Nanohybrid [252]. 
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Hunge et al. [253] showed chemical oxygen values 

(COD) that mineralization of oxalic acid using 

WO3/TiO2 nanomaterial gave higher PCA and achieved 

83% degradation. They suggested WO3/TiO2 VLA 

nanohybrid is a promising photocatalyst material 

regarding wastewater treatment. Zhu et al. [199] 

investigated VLA photocatalyst BiVO4/TiO2/GO to 

decompose Reactive Blue-19 (RB-19) under VL 

irradiation. They showed the mentioned nanocomposite 

achieved the best degradation % of RB-19. Cavalcante 

et al. [130] showed from their results of metoprolol 

(MET), degradation significantly increased by doping 

with 5% B to TiO2 (70 % of MET removed) compared 

to pristine TiO2 (48% of MET removed). Niu et al. [254] 

successfully created B doping TiO2 and material which 

was used to degrade Methylene Blue (MB) under VL 

illumination. They achieved more considerable 

degradation of MB by using a 6% B-TiO2 hetero 

nanomaterial. More synthetic VLA TiO2 nanohybrids 

have been designed just like N/B/Ag-TiO2 [108], Se-

TiO2 [76], Fe/Co/Ni-TiO2 [241], GO-TiO2 [230], S-GO-

TiO2 [255], Carbon Quantum Dot (CQD)-TiO2 [256], 

Ce-TiO2 [257], MoSe2/TiO2 [258], In/Fe-TiO2 [5], 

WO3-TiO2 [259], Ag/Fe/Sr-TiO2 [260], Ta/N-codoped 

TiO2 [75].  

The natural Ilmenite-based TiO2 nanohybrids are also 

promising material for the water and air purification 

process. Scientists have now developed Ilmenite based 

photocatalysts for treatment techniques instead of using 

synthetic photocatalysts [230,252,261–266]. The 

synthetic photocatalyst is more expensive than the 

Ilmenite based photocatalyst because of higher chemical 

cost and extreme conditions applied to the synthesized 

method. Therefore, Ilmenite based photocatalysts are 

low cost and easily synthesized via sulfate, chloride 

routes [262,263,265]. However, there is a little or no 

publications regarding VLA active Ilmenite based 

nanohybrids. Hence, we summarized UV and VL 

activated Ilmenite based photocatalysts and their 

utilization in air and wastewater treatment applications 

in this review. 

The Ilmenite is capable of decomposing Reactive Black 

5 (RB-5) under the acidic condition irradiated with UV 

light. Complete mineralization of RB-5 occurred using 

2.0 g/L of catalyst concentration of Ilmenite within two-

hour irradiation [267]. Chuan et al. [228] used natural 

rutile to degrade MB dye in wastewater. Natural rutile 

decomposed 50% of MB within three hours and 90% in 

77 h and is finally mineralized within 119 h under UV 

light. Mahmoud et al. [262] synthesized Fe doped TiO2 

photocatalyst using the lixivium (filtrate) phase 

obtained by directly leaching Ilmenite with HCl acid. 

They successfully added Pt, Pd, and Ag metals to iron-

doped TiO2. They invented photocatalyst synthesizing 

methods for the first time in history. They used these 

photocatalysts to degrade MB under UV and VL. Only 

Pd added Fe-TiO2 showed better degradation under UV 

light. Under VL, Ag added Fe-TiO2 photocatalyst 

showed higher degradation % than Pd, and Pt added Fe-

TiO2. Kostova et al. [229] synthesized the synthetic 

anatase by direct leaching with H2SO4 acid by using 

Ilmenite. The PCA of anatase prepared from Ilmenite 

concentrate was lower than that of the commercially 

Degussa P 25 nanomaterial. Rosli et al. [230] 

synthesized TiO2/GO and used it to degrade cigarette 

smoke. The results showed integrated photocatalyst 

better than pure TiO2, commercial P25, and TiO2-rutile 

regarding cigarette smoke's removal efficiency. The 

graphite increases the light absorption ability of TiO2 in 

the VL area. Therefore, the synthesized photocatalyst is 

very useful in purifying polluted air. Tao et al. [232] 

obtained nano TiO2 rods from the wet treatment process 

using Ilmenite with NaOH and HCl. The nanorods 

showed excellent PC properties in the 

photodecomposition of oxalic acid. They also 

mentioned that synthesized material was more reliable 

than commercial rutile material. Smith et al. [263] also 

synthesized Fe doped TiO2 from sulfuric acid leaching 

with Ilmenite. They used their photocatalyst to degrade 

4-chlorophenol (4-CP) under VL. The results showed 

above 30% degradation of  the 4-CP from sulfated Fe-

TiO2 nanohybrid under VL irradiation, which is much 

better than P-25 material. García-Muñoz et al. [268] 

modified Ilmenite via reduction under the H2 

atmosphereand prepared surface-modified Ilmenite 

photocatalyst. They used photocatalyst to degrade 

phenol in water. The results showed complete phenol 

decomposition at pH of 3 and 50 °C experiment 

conditions.  

TiO2/SBA-15 catalyst was synthesized by using 

Ilmenite as TiO2 material and modified silica species 

SBA-15, creating a massive specific surface area of 386 

m2/g. It showed the highest PCA, and dimethoate 

degraded within seven hours under simulated solar light 

[261]. Lan et al. [264] synthesized carbon-nitrogen-

sulfur doped TiO2 using Ilmenite. The Ilmenite was acid 

leached by using sulfuric acid. After preparing C-N-S-

TiO2 nanomaterial, they used tetracycline as a pollutant 

to investigate PCA. The photocatalyst degrades >95% 

of tetracycline by using 30 mg L-1 within 150 min under 

VL illumination. Xia et al. [269] used raw Ilmenite to 

inhibit the growth of E. coli bacteria under VL 

irradiation. Ilmenite can produce O2
−˙ under VL 

irradiation. With superoxide radical addition of 

persulfate dramatically increased the rate of E. 

coli inactivation. Kalantari and Emtiazi [270] show the 
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antibacterial activity of Ilmenite and nano Ilmenite 

material. Their results showed nano-Ilmenite contained 

an antimicrobial effect under VL illumination and dark 

condition compared to raw Ilmenite.  

7. Conclusions 

We have profoundly described the current trends in the 

environmental remediation application of 

semiconductor-based photocatalysts. Most organic dye 

pollutants and other hydrocarbons can effectively be 

degraded within the VLA TiO2 nanohybrids under VL 

irradiation. The photocatalytic field shows that 

semiconductor is a promising route to remediate the 

organic pollutants since it is very efficient utilization of 

sunlight as an energy source. The semiconductors may 

produce reactive oxygen species (ROS) when exposed 

to UV and VL. The ROS degrade pollutants 

comprehensively in the formation of environmentally 

friendly byproducts like CO2 and water. Thus, no 

environmental pollution occurred by using 

semiconductors. Drawbacks of TiO2 such as large BG 

can be overcome by introducing various metals, oxides 

which leads to generate user-friendly photocatalyst 

while activating under VL as well. Hence, this paved the 

way to use a wide variety of applications developed 

regarding the photocatalytic field in recent years. 

Therefore, titania after modification of the BG enables 

to work under UV, and VL becomes the best 

semiconductor material among other semiconductors 

(ZnO, CdS, WO3). Many TiO2 synthesized routes 

available to follow up with low cost, easy techniques. 

The synthetic and natural pathway is predominately 

used to generate VLA photocatalyst. The synthesized 

physical characteristics of nanoparticles must prove the 

photocatalytic efficiency. The naturally available 

ilmenite and rutile are the raw material for future 

nanohybrids production. More investigations are still 

going on to synthesize the best photocatalyst for all 

environmental remediation. Thus, information included 

this review article provides a great platform to solve 

many problems regarding best photocatalyst exists in 

present day.  
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