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Abstract 
 
Mineralization of non-biodegradable calcitrant water contaminants by 

hydroxyl free radicals into CO2, H2O & mineral acid on the adsorbing 

nanocrystalline surface of TiO2 Photocatalyst has proven to be an effective 

approach for treatment of filthy waste water. Redox reaction on 

photocatalytic surface for emergence of hydroxyl free radicals is the 

principle of photocatalytic degradation of non-biodegradable water 

pollutants. Quantity of photocatalyst as well as water pollutants affects the 

kinetics of photocatalytic degradation reactions. Doping of TiO2 surface with 

dopants (Fe,Nb,S and Al) ions upgrades its efficiency and increases the rate 

of photocatalytic degradation.   
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Mineralization 
 

1 Introduction 

Due to high demand of alternative renewable energy, it is much more 

required step to preserve the pre-existing vital resources. Life is impossible 

and unimaginable without the presence of most significant energy resource 

i.e. water.   
 

Journal of Green Engineering,Vol.10_10,8874-8884. 

© 2020 Alpha Publishers. All rights reserved 



 
 

 

 

 

 

 

                       Prayerna Sharma et al 

 

Rapid urbanization, industrialization carries a huge percent of chemical 

toxicants along with their advantageous comforts. All such toxicants are 

ultimately disposed into the waterbodies leading to the enormous destruction 

of marines and fresh water too[1], [2]. Contamination of fresh water 

bodies’results many problems such as water scarcity, emergence of water 

borne disease has been common problems nowadays. To overcome the 

destruction created by chemical toxicants such as pharmaceutical waste, 

household waste, cosmetic industrial waste and many more, researchers are 

continuously lookingfor more superior ways for the mineralization of these 

organic water contaminants[3], [4]. 

One of such way for large scale treatment of Pollutants is advance 

oxidation process (AOP) . It includes the series of chemical treatments for 

the mineralization of organic water contaminants. Semiconductor mediated 

nanocrystalline TiO2 photocatalysis is one such advance oxidation process 

which is proven to be very effective. A series of metal oxides are available 

for this photocatalytic process like ZnO, TiO2, WO3, Fe2O3, Bi2O, SrTiO3, 

ZnWO4, CuS, ZnS, BiTiO3, Nb2O5, Ag2O3etc.  Among all available metal 

oxides the prominent one is TiO2, which is seeking more attention because of 

its unique chemical &biological inertness, low cost of production, 

photostability. TiO2 exists in three different crystalline forms. 

1. Rutile phase (the most common for if TiO2 which is thermodynamically 

stable)  

2. Anatase 

3. Brookite 

The latter two phases are metastable. Semiconductor nano crystalline 

TiO2 has proven as multifunctional photocatalyst material which can be 

widely used as good environmental catalyst. In a semiconductor the valence 

band and conduction bands are positioned in such a way that they can easily 

absorb light and makes a chemical reaction feasible.Nanocrystalline 

TiO2photocatalytic process convertswater recalcitrantinto CO2, H2O & 

Mineral acids.  Due excessive demand of clean drinking water, large scale 

research is ongoing for the treatment of pharmaceutical, cosmetics 

&municipal waste. In contrast to photocatalysis, there is another efficient 

Photo-Fenton(combination of H2O2 with UV light with Ferrous or Ferric ion 

for production of hydroxyl free radicals) advance oxidation technique which 

requires FeSO4& H2O2 as additional reagents but comparatively 

Nanocrystalline TiO2doesn’t require any additional reagent.In accordance to 

AOP, a set of procedures are designed for the mineralisation of pollutants 

into CO2, H2O & other mineral acids by oxidation reaction with free radicals 

like hydroxyl free radicals.These free radicals are strong oxidizing agents 

who react with pollutants and convert them to simpler non-reactive 

molecules. The species containing one free unpaired electron such as 

hydroxyl free radical are seeking more attention in the photocatalytic 

degradation of pollutants[5], [6].  
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The characteristics of hydroxyl free radical include its high oxidation 

potential, non-selective nature and it readily reacts with wide range of water 

contaminants, degrade them even without any additional reagent[7], [8]. 

Studies have revealed that pharmaceutical waste covers the major water 

pollutant contents.Scientists have verified the presence of trace amount of it 

in ground water as well as surface water. Drinking water or tap water 

contains some residuals of pharmaceutical waste. Pharmaceutical recalcitrant 

like endocrine disruptors, animals and human hormones, personal care 

products are injurious for aquatic life, terrestrial life  and as well as mankind. 

These complex organic chemicals are highly resistant and very tough to 

degrade, andaffects the water quality. Wide ranges of other procedures are 

considered to be inadequate for the treatment of these pharmaceuticals. It 

clearly shows the urgent need for new innovative techniques for the 

degradation of these toxicants.  Advance oxidation processes are proved to 

be appropriate for the degradation of complex, non-biodegradable & high 

chemically stable pharmaceutical water contaminants including endocrine 

disruptors, anti-inflammatory, analgesics, antiepileptics etc. 

. 

2  Photocatalytic Process 

According to IUPAC, Photo-catalysis processchanges the rate of reaction 

on exposure of light (Visible/UV/IR radiation)on catalyst. A photocatalyst 

absorbs the quanta of light and precedes the reaction. For a photochemical 

reaction to be feasible and efficient, the photocatalyst used should be 

chemically and biologically inert. It should be non-toxic, photoactive, 

photostable, cheaply available & much more an ideal catalyst should be 

easily excited with near as well as far UV light. The basic principle of this 

photoinduced reaction is based on the positioning of valence bands and 

conduction bands in semiconductor TiO2 surface(Figure1).When 

photocatalytic surface absorbs the light/energy which is equal or greater than 

the energy of band gap, electrons present in the valence band get excited and 

jump to higher energy state conduction band with simultaneous generation of 

positive holes in valence band[9], [10]. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

                       

 

 
Figure1 Electronic band structure of materials 

 

 

3 Factors Affecting Rate of Photochemical Reaction 

There are number of factors which affect the rate of a photochemical 

reaction such as lowering the progress of reaction, degradation of complex 

compounds or any other ways such as pH of the reaction medium, 

wavelength of light used in reaction (excess of light energy absorption might 

increases the electron hole recombination process. In 1972 Furisima & 

Honda discovered the way of water splitting by photochemical cell which 

comprises of rutile TiO2 (most common form of TiO2) photoanode with Pt 

countered electrode. This discovery has proved its uses as water/air 

purificator, anti-carcinogenic, disinfectant[11], [12].  

 

4 Semiconductor mediated TiO2 photocatalysis 

Increasein the rate of chemical reaction takes place when interaction of 

light source with the semiconductor surface starts and move forwards via 

following steps redox reaction, oxidation from photogenerated holes, and 

reduction from photogenerated electrons. The mechanism of UV-Vis light 

induced TiO2 photocatalysis is well explained in literature reported by Fox 

and Dulay in 1993.In aqueous solution photocatalytic destruction of water 

contaminants by using NTO comprises of oxidation and series of 

hydroxylation reactions. These hydroxylation reactions are initiated by˙OH. 

On exposure of UV light on semiconductor surface, a simultaneous redox 

reactions reaction takes place which leads to the formation of electron-hole 

pairs (Figure 2) . 
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Figure 2 Redox reaction on surface 

 

These holes are positive charge and when it comes in contact with water 

molecules produce hydroxyl free radicals and H
+
 ions. Electrons on reacting 

with oxygen molecules dissolved in water produce superoxide ions,which 

further react with water molecules to form hydroxide ions ‾OH.And at 

last,‾OH ions come in contact with holes and form hydroxyl free 

radicals[24]. Ultimately all constituents convert into ·OH (free radicals). 

These ·OH free radicals are strong oxidizing agents which then shows their 

action and degrade water pollutants (As shown in Scheme 1).  These photo-

induced holes are the active sites for the mineralization of water 

contaminants as reported by Friedmann et al [2010]. Light between 300-

400nm is required for this photocatalytic reaction to occur which is provided 

either by section of electromagnetic spectrum or by artificial means[13], 

[14]. 

Step 1 

1.1 Redox reaction on surface of TiO2                Positive Holes + Electrons  

Step 2 

2.1 Positive Holes + H2O·                       OH + H+ ions   

Step 3 

3.1 Electrons + O2                           Superoxide ions  

3.2 Superoxideions +H2O                               OH- ions   +   ·OH  

3.3 OH- ions + Positive Holes                              ·OH   

Step 4 

4.1 ·OH +complex pollutants                            simpler molecules 

Scheme1.Series of reaction during the formation of hydroxyl free radicals 

after photo excitation of TiO2 surface 

The discovery of Titanium metal oxide semiconductor has wide number 

of applications which are proven to be effective. The most fascinating 

application is the water purification via photochemical reaction. Various 

number of organic water contaminants like dyes, cosmetics, pharmaceuticals, 

and bacterial water pollutants are degraded by NTO photocatalytic 

process[15], [16].  
 



 
 

 

 

 

                      

 

It demonstrated the formation of more than 51 stable intermediates by 

using some techniques like High Performance Liquid Chromatography 

(HPLC), High Resolution Mass spectroscopy (HRMS)as observed in the case 

of photo-catalytic degradation of a N, N-diethyl-m-toluamide with TiO2under 

suitable solar Light. The degradation of this chemical starts with series of 

·OHmediated hydroxylation reactions. These intermediates get mineralized 

after 4 hours of irradiation. 

Photocatalytic degradation of Rhodamine B Dye (Figure 3) in presence 

of Degussa P-25 TiO2 

 
Figure 3. Structure of Rhodamine B[Chemical formula: C28H31N2O3, Molecular 

weight:  479.02g/mol] 

 
Photocatalytic degradation of Rhodamine B Dye in presence of only 

LED Light source has resulted in the 20% degradation of Rh-B Dye at the 

end after 3 hours. Comparatively, 96% degradation RhB dye was observed in 

the presence of UV-LED light source and Degussa P-25TiO2 photo-catalyst 

(Degussa/Evonik P-25, Aeroxide TiO2 P-25 is a Titania photocatalyst which 

is composed of Anatase & Rutile crystalline). 

 

5 Study of Dye and Catalyst Concentration in 
Photocatalysis 

In order to study the effect of concentration of dye used for degradation 

in the presence of UV-LED light source & photocatalyst, the concentrationof 

dye was varied. It was observed that the rate of degradation of Rh-B dye 

increases with only up to the certain concentration level and gets decreased 

with excess amount of dye used. The % of degradation rate decreased form 

96% to 51% with increase in concentration from 2.08 to 10.43×10
−5

M. In 

case of 2.08×10
−5

M, the % degradation was 96% which further decreased 

with increase in concentration of RhB dye[26].Similarly the amount of 

catalyst used also affects the degradation rate of reaction. To understand this 

concept, different experiments were performed by keeping the Rh-B dye 

concentration constant and varying the amount of catalyst from 0.4—2.8g/l.  
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Result demonstrated that the rate of reaction was increased from 34% to 

74% within 3 hours with constant increase in concentration of catalyst upto 

1.6 g/L, but when the catalyst concentration was further increased, reaction 

rate % decreased from 74% to 37%. It is due to the screening effect, light 

scattering & increase in the turbidity of solution which results in the decrease 

of UV light penetration. 

 

6 Nanocrystalline photocatalyst particle size  

TiO2 photocatalyst act as adsorbing material, which adsorbs the water 

contaminants on its surface and converts them into simpler minerals. Extent 

of adsorption depends on the particle size of the catalyst, more number of 

adsorbing sites enhance the photonic efficiency (charge carrier transfer 

rate)of reaction. Number of available active sites increaseswith reduction in 

surface area. Previous studies revealed that photocatalytic degradation does 

not increase monotonically with reduction in particle size. For a reaction to 

be efficient,an optimum particle size of nanocrystalline TiO2 Photocatalyst in 

liquid phase decomposition of chloroform should be of about 10nm]. 

 The Quantum yield of the reaction is mainly affected by the e-/h
+
 

(electron/positive hole) recombination, more electron hole recombination 

lowers the efficiency of reaction. In nanocrystalline photocatalysis when 

ultra-finite size semiconductor photocatalyst isused, e-/h+ are generated 

more efficiently and they quickly reach the surface[28-29]. It undergoes 

recombination due to lack of driving force for e
-
/H

+ 
 separation and presence 

of  abundant surface active sites i.e.  an optimum particle size exists in pure 

TiO2  photocatalytic system for maximum efficiency of reaction. 

 

7 Doping in TiO2 Photocatalyst Surface to Enhance 
Photocatalytic Efficiency of the Reaction  
 

Particle size of the catalyst plays a crucial role in the dynamics of the 

nanocrystalline photocatalytic reaction.So, to increase the quantum yield 

during photaocatalytic degradation of water pollutants e
- 

/h
+
 recombination 

has to be reduced. Introduction of defects or in other words doping of the 

lattice crystalline surface with many of the transition metal ion dopants have 

been widely investigated for TiO2 system. For eg; 

 

8 Fe3+ doped TiO2 Photocatalyst  
 

Among different doping metal ions, Fe
3+

 has been most widely examined 

for TiO2 particles with size 6-9 nmsmall quantity (0.2-1.0%) and it has been 

proven to enhance the activity of TiO2 photocatalyst. Additionof these Fe
3+ 

ions on to the TiO2 surface is known to inhibit the charge carrier surface 

recombination of e
-
/h

+
 pairsgenerated on irradiation of catalytic surface with  



 
 

 

 

 

                      

 

light source. Dopant concentration for different particle size of TiO2 

photocatalyst was identified and it was concluded that concentration of Fe
3+

 

gets decreased with increase in particle size. 

 

9 Visible light Activated Nanocrystalline Doped TiO2 
Photocatalyst 

 
More advance TiO2 photocatalyst surface doped with sulphur, aluminium 

etc. are more innovative visible light activated catalyst for degradation of 

water contaminants. Theseare more effective than transition metal ion doped 

TiO2 photocatalyst because of their disadvantages like low thermal stability. 

These materials are activated by visible light rather than UV Light. For 

example;  

 
9.1    Sulphur doped TiO2 photocatalyst 

 

 
Figure 4 .Structure of Methylene Blue [Chemical formula: C16H18ClN3S   Molecular 

weight: 319.85 /mol] 

Umebayashi et al has synthesized this S-doped TiO2 photocatalyst for 

degradation of Methylene Blue (Figure4) dye under visible light. Several 

other studies revealed that sulphur doping in TiO2 photocatalyst enhances the 

degradation of Methylene Blue under visible light. In sulphur doped 

photocatalyst presence ofanionic S
2-

 anionic substitutional doping and 

cationic S
4+

/S
6+

 doping showed more interesting results in photocatalytic 

degradation. Physiochemical properties of sulphur doped nanocrystalline 

TiO2 like pore size, crystalline size, and porosity can be controlled by 

calcinationstemperature. For example,photo-catalyst calcinated at 350 °C are 

most effective for degradation of Hepatotoxin Microcystin-LR under visible 

light. 

 

9.2     Aluminium doped TiO2 photo-catalyst 

These nanofibers are preparedby using Sol- Gel derived electrospinning 

method. In this typing of doping, molar ratio of Al/TiO2 was varied from 0 to 

0.73 to get the doping result by crystal structure as well as the photocatalytic 

efficiency of Al-TiO2 photocatalyst for methylene blue degradation.  
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By doing so, it was concluded that the degradation rate was increased 

from7.3×10
−4

 min
−1

 to 4.5×10
−3

 min
−1

 with increase of Al/TiO2ratios from 0 

to 0.38, but further this rate was decreased to 3.4×10
−3

 min
−1

 when Al/TiO2 

molar ratio increased up to 0.73. XRD results revealed that the Al-

TiO2nanofiber consists of Anatase, Rutile & Amorphous phase with varying 

molar ratios of Al/TiO2. 

 
10 Conclusion 

Various filthy industrial chemical wastes (Dyes, Pharmaceutical waste, 

cosmetic, paper mill waste, household waste etc.) which ruins water grade 

and causemajor loss to the aquatic as well as terrestrial life. Nanocrystalline 

TiO2photocatalytic degradationhas proven to be a eco-friendly way to get rid 

of these unwanted water contaminants. Electron/Positive hole pair generation 

on irradiation of photocatalyst surface which in turn forms ·OH. 

TiO2photocatalysis (AOP) degrades wide range of pollutants.This 

photocatalytic degradation activity of TiO2 increases on addition of dopants 

on the catalytic surface. Dopants inhibit the e
-
/h

+ 
pair recombination by 

forming the defects in crystalline surface. Appropriate concentration of TiO2 

photocatalyst is responsible for better results in photocatalytic degradation. 
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