
www.ijcrt.org                                                © 2025 IJCRT | Volume 13, Issue 9 September 2025 | ISSN: 2320-2882 

IJCRT2509104 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org a851 
 

TiO₂ Catalyst Preparation and Application in 

Industrial Effluent Removal: A Comprehensive 

Review 

 

Kasif Hussain1, Mateen hasan Khan2, Sumita Patra3, Shagun Raturi4, Ilma Mansuri5 

1,4,5-Guru Nanak College Of Pharmaceutical Science, Dehradun 

2-Ahsan Group of College, Moradabad 

3-Baba Farid Institute of Technology, Dehradun 

Abstract 

Titanium dioxide (TiO₂) has emerged as one of the most promising photocatalysts for industrial wastewater 

treatment due to its exceptional properties including chemical stability, non-toxicity, and high photocatalytic 

activity. This review comprehensively examines the various synthesis methods for TiO₂ catalysts, their 

characterization techniques, and applications in removing diverse industrial pollutants. The paper discusses 

recent advances in TiO₂ modification strategies to enhance visible light activity and addresses the challenges 

and future perspectives in scaling up photocatalytic systems for industrial applications. Recent developments 

focus on overcoming TiO₂'s inherent limitations such as low efficiency under visible light and rapid 

recombination of electron-hole pairs. 

Keywords: TiO₂ photocatalyst, industrial wastewater, synthesis methods, photocatalytic degradation, 

environmental remediation. 
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1. Introduction 

Industrial effluents containing organic pollutants, heavy metals, and toxic dyes pose significant environmental 

challenges worldwide. Traditional wastewater treatment methods often prove inadequate for complete 

removal of these persistent contaminants. The emerging field of using titanium dioxide (TiO₂)-based 

photosensitizers for enhancing photocatalytic removal of thiazine dyes such as methylene blue (MB) from 

water has long been recognized for its exceptional properties. Photocatalytic oxidation using TiO₂ has gained 

considerable attention as an advanced oxidation process (AOP) capable of mineralizing organic contaminants 

into harmless products like CO₂ and H₂O. 

The unique properties of TiO₂, including its high oxidation potential, chemical inertness, and ability to 

generate reactive oxygen species under UV irradiation, make it an ideal candidate for environmental 

remediation applications. However, the wide bandgap of TiO₂ (3.2 eV for anatase) limits its activity to UV 

light, which constitutes only 4-5% of the solar spectrum. This has driven extensive research into modification 

strategies to enhance visible light absorption and improve overall photocatalytic efficiency. 

2. Synthesis Methods for TiO₂ Catalysts 

2.1 Sol-Gel Method 

The sol-gel method is one of the most widely used techniques for TiO₂ synthesis due to its simplicity, cost-

effectiveness, and ability to produce materials with controlled morphology and properties. The synthesis of 

mesoporous TiO₂ nanosheets is reported using Ti(IV) Isopropoxide as Ti(IV) precursor. A sol-gel process 

combined with microwave activation has shown promising results. 

Advantages: 

 Low processing temperatures 

 Excellent control over particle size and morphology 

 High purity products 

 Ability to incorporate dopants easily 

Disadvantages: 

 Long processing times 

 Use of expensive alkoxide precursors 

 Potential for organic residues 

 

http://www.ijcrt.org/


www.ijcrt.org                                                © 2025 IJCRT | Volume 13, Issue 9 September 2025 | ISSN: 2320-2882 

IJCRT2509104 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org a853 
 

2.2 Hydrothermal Method 

The hydrothermal method involves crystallization of TiO₂ from aqueous solutions under elevated temperature 

and pressure conditions. The present paper reports the hydrothermal synthesis of nano-TiO₂ via microwave 

heating. The precursor titanium (IV) isopropoxide and catalysator tetramethylammonium hydroxide were 

submitted to one and two-step heating. 

Process Parameters: 

 Temperature: 100-200°C 

 Pressure: Autogenic pressure 

 pH: 1-14 (affects phase formation) 

 Time: 2-24 hours 

2.3 Microwave-Assisted Synthesis 

Microwave-assisted synthesis has emerged as a rapid and energy-efficient method for TiO₂ preparation. This 

investigation introduces an innovative approach to microwave-assisted crystallization of titania nanoparticles, 

leveraging an in situ process to expedite anatase crystallization during microwave treatment. 

Key Benefits: 

 Rapid heating and uniform temperature distribution 

 Reduced synthesis time 

 Enhanced crystallinity 

 Better control over particle size 

2.4 Green Synthesis Methods 

Recent research has focused on environmentally friendly synthesis routes using biological materials. In this 

research article, the photocatalytic decolourization of rhodamin B by the newly green synthesized TiO2 

nanostructure material has been investigated. Green synthesis of pure titanium dioxide nanoparticles · TiCl4 

solution was prepared by adding 10 ml TiCl4 slowly into 100 ml of distilled water at 5 – 6°C. 
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3. Characterization Techniques 

3.1 Structural Analysis 

Technique Information Obtained Typical Results 

X-ray Diffraction 

(XRD) 

Crystal structure, phase composition, 

crystallite size 

Anatase (101) at 25.3°, Rutile (110) 

at 27.4° 

Raman Spectroscopy Phase identification, crystallinity Anatase: 144, 197, 399, 513, 639 

cm⁻¹ 

BET Surface Area Specific surface area, pore size distribution 50-300 m²/g for nanoparticles 

SEM/TEM Morphology, particle size, surface features Spherical, rod-like, or sheet-like 

structures 

3.2 Optical Properties 

Property Measurement Method Typical Values 

Band Gap UV-Vis Diffuse Reflectance 3.2 eV (anatase), 3.0 eV (rutile) 

Absorption Edge UV-Vis Spectroscopy ~387 nm (anatase), ~413 nm (rutile) 

Photoluminescence PL Spectroscopy Emission peaks at 400-500 nm 

3.3 Surface Chemistry 

 X-ray Photoelectron Spectroscopy (XPS): Ti 2p, O 1s binding energies 

 Fourier Transform Infrared (FTIR): Surface hydroxyl groups, Ti-O bonds 

 Zeta Potential: Surface charge and stability in aqueous solutions 

4. Applications in Industrial Effluent Treatment 

4.1 Dye Degradation 

Textile industry effluents containing synthetic dyes represent one of the most challenging wastewater 

treatment applications. The photocatalytic degradation of azo dyes containing different functionalities has 

been reviewed using TiO2 as photocatalyst in aqueous solution. 
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Common Dyes Treated: 

 Methylene Blue (MB) 

 Rhodamine B 

 Congo Red 

 Malachite Green 

 Azo dyes 

Degradation Mechanisms: 

1. Photogeneration of electron-hole pairs 

2. Formation of reactive oxygen species (•OH, •O₂⁻) 

3. Attack on chromophore groups 

4. Mineralization to CO₂ and H₂O 

4.2 Pharmaceutical Pollutants 

Industrial pharmaceutical effluents contain complex organic molecules that are difficult to degrade using 

conventional methods. TiO₂ photocatalysis has shown effectiveness in removing: 

 Antibiotics (tetracycline, ciprofloxacin) 

 Analgesics (diclofenac, ibuprofen) 

 Hormones (estrone, estradiol) 

 Cytostatic drugs 

4.3 Pesticide Removal 

Agricultural and industrial pesticides in wastewater can be effectively degraded using TiO₂ photocatalysis: 

 Organochlorines (DDT, chlordane) 

 Organophosphates (parathion, malathion) 

 Carbamates (carbaryl, aldicarb) 

 Triazines (atrazine, simazine) 
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4.4 Heavy Metal Reduction 

TiO₂ can facilitate the photoreduction of heavy metals from industrial effluents: 

Metal Ion Reduction Mechanism Typical Removal Efficiency 

Cr(VI) Reduction to Cr(III) 90-99% 

Pb(II) Reduction to Pb(0) 85-95% 

Cd(II) Reduction to Cd(0) 80-90% 

Cu(II) Reduction to Cu(0) 88-96% 

5. Enhancement Strategies 

5.1 Doping and Co-doping 

Metal and non-metal doping strategies have been extensively studied to improve TiO₂ performance: 

Metal Doping: 

 Fe, Cr, Mn, Co, Ni, Cu, Zn 

 Introduces mid-gap states 

 Enhances visible light absorption 

Non-metal Doping: 

 N, C, S, F, P 

 Substitutional/interstitial incorporation 

 Narrowing of bandgap 

5.2 Composite Formation 

This study presents a comparative investigation of TiO2-based composites, including TiO2/ZrO2, ZnO, 

Ta2O3, SnO, Fe2O3, and CuO, aiming to assess their potential for enhancing photocatalytic applications. 

Common Composite Systems: 

 TiO₂/ZnO 

 TiO₂/SnO₂ 

 TiO₂/WO₃ 

 TiO₂/CdS 

 TiO₂/Ag 
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5.3 Morphology Control 

Different morphologies offer varying advantages: 

Morphology Advantages Applications 

Nanoparticles High surface area Suspended systems 

Nanotubes Directional charge transport Photoelectrochemical cells 

Nanosheets Exposed active facets High-efficiency photocatalysis 

Hierarchical structures Multiple length scales Enhanced light harvesting 

6. Reactor Design and Process Parameters 

6.1 Reactor Types 

Slurry Reactors: 

 Advantages: High surface area, good mass transfer 

 Disadvantages: Catalyst separation required 

Fixed-bed Reactors: 

 Advantages: Easy catalyst separation, continuous operation 

 Disadvantages: Mass transfer limitations 

Fluidized-bed Reactors: 

 Advantages: Good mixing, heat transfer 

 Disadvantages: Complex design, potential catalyst loss 

6.2 Operating Parameters 

Parameter Optimal Range Effect on Performance 

pH 3-9 Affects surface charge and adsorption 

Temperature 20-80°C Higher temperature increases reaction rate 

Catalyst Loading 0.1-2.0 g/L Optimal loading avoids light scattering 

Initial Concentration 10-100 mg/L Lower concentrations favor complete degradation 

Light Intensity 10-100 mW/cm² Higher intensity increases reaction rate 
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7. Economic and Environmental Considerations 

7.1 Cost Analysis 

The economic viability of TiO₂ photocatalysis depends on several factors: 

Capital Costs: 

 Reactor design and construction 

 Light sources (UV lamps, LED systems) 

 Catalyst immobilization systems 

 Monitoring and control equipment 

Operating Costs: 

 Energy consumption for lighting 

 Catalyst replacement 

 Maintenance and cleaning 

 Waste disposal 

7.2 Environmental Impact 

Positive Aspects: 

 Complete mineralization of organic pollutants 

 No secondary pollution 

 Renewable energy compatibility (solar) 

 Catalyst recyclability 

Challenges: 

 Energy requirements for artificial lighting 

 Potential nanoparticle release 

 Catalyst disposal at end of life 
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8. Recent Advances and Future Perspectives 

8.1 Emerging Trends 

Plasmonic Enhancement: 

 Noble metal nanoparticles (Au, Ag, Pt) 

 Surface plasmon resonance effects 

 Visible light activation 

Z-scheme Systems: 

 Mimicking natural photosynthesis 

 Efficient charge separation 

 Enhanced redox capability 

Single-atom Catalysts: 

 Maximum atom utilization 

 Unique electronic properties 

 Enhanced selectivity 

8.2 Challenges and Solutions 

Challenge Current Solutions Future Directions 

Low visible light 

activity 

Doping, sensitization Plasmonic enhancement, Z-scheme 

Charge recombination Surface modification, co-catalysts Single-atom catalysts, defect 

engineering 

Catalyst deactivation Self-cleaning surfaces, regeneration Robust materials, stable supports 

Scale-up issues Reactor optimization, process 

intensification 

Continuous flow systems, solar 

concentrators 
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8.3 Integration with Other Technologies 

Membrane Photoreactors: 

 Combining photocatalysis with membrane separation 

 Simultaneous degradation and filtration 

 Reduced fouling through photocatalytic self-cleaning 

Electrochemical Enhancement: 

 Photoelectrocatalysis (PEC) 

 Applied bias for charge separation 

 Synergistic effects 

Biological Treatment Integration: 

 Pre-treatment for biodegradability enhancement 

 Post-treatment for complete mineralization 

 Reduced toxicity to biological systems 

9. Case Studies 

9.1 Textile Wastewater Treatment 

A pilot-scale study demonstrated the treatment of real textile wastewater using TiO₂ photocatalysis. The 

system achieved 95% color removal and 80% COD reduction within 4 hours of treatment. Key findings 

included: 

 Optimal TiO₂ loading: 1.5 g/L 

 pH adjustment to 7.0 improved performance 

 Sequential treatment enhanced mineralization 

 Total treatment cost: $2.5 per m³ 

9.2 Pharmaceutical Wastewater Treatment 

A case study on pharmaceutical wastewater containing multiple active compounds showed: 

 Complete removal of ciprofloxacin (50 mg/L) in 120 minutes 

 85% reduction in total organic carbon (TOC) 

 Formation of biodegradable intermediates 
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 Energy consumption: 45 kWh/m³ 

9.3 Pesticide Contaminated Groundwater 

Field trials for pesticide-contaminated groundwater remediation demonstrated: 

 99% atrazine removal (initial concentration: 10 mg/L) 

 Treatment time: 3 hours under solar radiation 

 No toxic byproducts formation 

 System payback period: 3.5 years 

10. Regulatory and Safety Considerations 

10.1 Regulatory Framework 

International Standards: 

 WHO guidelines for drinking water quality 

 EPA regulations for wastewater discharge 

 EU Water Framework Directive 

 ISO standards for photocatalytic materials 

Regional Variations: 

 Stricter limits in developed countries 

 Emerging regulations in developing nations 

 Industry-specific requirements 

10.2 Safety Aspects 

Nanoparticle Safety: 

 Potential health effects of TiO₂ nanoparticles 

 Workplace exposure limits 

 Environmental fate and transport 

 Risk assessment methodologies 
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Operational Safety: 

 UV radiation exposure protection 

 Chemical handling procedures 

 Emergency response protocols 

 Personal protective equipment (PPE) 

11. Conclusions 

TiO₂ photocatalysis represents a promising technology for industrial effluent treatment, offering complete 

mineralization of organic pollutants without secondary pollution. Recent advances in synthesis methods, 

particularly microwave-assisted and green synthesis approaches, have improved the efficiency and 

sustainability of TiO₂ catalyst preparation. The development of modified TiO₂ systems through doping, 

composite formation, and morphology control has significantly enhanced visible light activity and overall 

performance. 

Key findings from this review include: 

1. Synthesis Innovation: TiO2 and titanium mixed metal oxides ternary (V/Ag/TiO2) 

nanocatalyst was synthesized through a microwave-assisted sol–gel route, demonstrating improved 

synthesis efficiency. 

2. Enhanced Performance: Highly Efficient Removal of 2,4,5-Trichlorophenoxyacetic Acid by 

Adsorption and Photocatalysis Using Nanomaterials with Surface Coating shows promising results 

for complex pollutant removal. 

3. Industrial Applications: Novel buoyant composite photocatalysts were prepared by thermally 

immobilizing titanium dioxide (TiO2) nanoparticles and powdered activated carbon (PAC) onto 

polypropylene granules, addressing practical implementation challenges. 

Despite significant progress, challenges remain in scaling up photocatalytic systems for large-scale industrial 

applications. Future research should focus on developing more efficient visible-light-active catalysts, 

optimizing reactor designs, and reducing energy costs through solar energy integration. The integration of 

TiO₂ photocatalysis with other treatment technologies offers promising opportunities for comprehensive 

wastewater treatment solutions. 

The economic viability of TiO₂ photocatalysis is improving with advances in LED technology, catalyst 

immobilization techniques, and process optimization. As environmental regulations become more stringent 

and the demand for sustainable treatment technologies increases, TiO₂ photocatalysis is expected to play an 

increasingly important role in industrial wastewater treatment. 
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