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Abstract 

The photocatalytic oxidation of organic and petroleum 
wastewater treatment is an advanced oxidation process 
(AOP) with several benefits. It operates at normal 
temperatures and pressure, is inexpensive, does not 
produce secondary waste, and us easily accessible. Many 
studies have employed bubble columns, slurry bubble 
columns, and three-phase fluidized reactors in the 
photocatalytic process for wastewater treatment. Pure 
TiO2 and Fe-doped TiO2 are considered the most promising 
catalysts. The aim of this work is to review the main factors 
affecting the photocatalytic process of organic pollutants 
and petroleum wastewater (produced water) treatment, 
photocatalysts type, with a special focus on pure TiO2 and 
Fe-doped TiO2, light source, and reactor type. 

Keywords: Photocatalysis, produced water, Fe doped TiO2, 
Tapered bubble column. 

1. Introduction 

Produced water (petroleum wastewater) consists of a wide 
variety of pollutants, including oil and grease; alkanes; 
olefins; polycyclic aromatic hydrocarbons (PAHs); benzene, 
toluene, and xylene (BTX); mercaptans; phenol; ammonia; 
and many other organic compounds, in addition to a high 
level of total solids, and high biochemical oxygen demand 
(BOD) and chemical oxygen demand (COD) (Varjani et al. 
2019; Al-Nuaim et al. 2022; Al-Nuaim et al. 2023). 

Treating petroleum refinery wastewater or produced 
water (PW) requires numerous steps. Figure 1 shows these 
treatment steps with their objectives (Diya’uddeen et al. 
2011; Varjani et al. 2019). 

 

Figure 1. General steps and objectives for treating petroleum 

wastewater (Diya’uddeen et al. 2011; Varjani et al. 2019). 

The four advanced final wastewater treatment processes 
are adsorption, membrane, biological, and advanced 
oxidation processes (AOPs). Adsorption and membrane 
processes transfer the pollutants to different concentrated 
forms, whereas biological and advanced oxidation 
processes can mineralize most of the pollutants (Kaur et al. 
2016; Li et al. 2022; Oliveira et al. 2022). Table 1 likely 
provides a comprehensive overview of the four pollution-
control methods, highlighting the advantages and 
disadvantages of each (Chen et al. 2020). 

Comparing photocatalytic wastewater treatment with 
other processes, it is considered a promising and it has 
gained significant attention owing to its many advantages, 
making it a contemporary and environmentally friendly 
technology. Some key features of this approach include 
excellent performance, operation at ambient pressure and 
temperature, low costs, and the absence of secondary 
waste formation. Additionally, operating at ambient 
pressure and temperature makes it a convenient and 
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energy-efficient method. (Butkovskyi et al. 2017; Dewil et 
al. 2017). 

Photocatalysis is used to oxidize refractory organic 
compounds that cannot be oxidized during biological 

treatment. Many research articles of photolytic 
degradation performed for treating petroleum wastewater 
and organic effluents (Varjani et al. 2019). 

Table 1. Comparison of the treatment processes for organic pollutants (Chen et al. 2020). 

Process type Strength  Weakness  

Biological 

treatment 

1. Cost-effective the environmentally friendly 4nct. 
1. It is not sufficiently copiable to remove a 

significant amount of organic waste. 

2. Excellent odor and color reduction. 2. Biosocial systems are difficult to control. 

3. maximum output. 

3. It maintains the chemical oxygen demand values 

at their current levels. 

4. Some organic compounds, such as day, have a 

weak capacity for biodegradation. 

Chemical 

precipitation 

1. Energy use control. 
1. High chemical consumption (e.g., lime, oxidants, 

H2S, etc.) 

2. Easy process. 2. The pH level must be checked. 

3. There is a wide range of compounds that are readily 

available in commerce. 
3. There is a lot of sludge produced 

4.Efficient removal of absorbable organic halogen and 

total organic carbon, particularly in the pulp and paper 

industries. 

4.The addition of non-recyclable chemicals 

(coagulants, flocculants, and chemicals) was 

necessary. 

Membrane 

filtration 

1. Quick and effective. 1. Relatively high operation and maintenance costs 

2.Eco-friendly. Safe for plants and animals, non-toxic, and 

non-corrosive. 
2. Restricted feeding rate 

3. a high constituent removal rate. 
3.Membrane fouling reduces permeating flux and 

production. 

Traditional 

photocatalysis 

1. It is ecologically sound. 
1. Recovering and regenerating materials is 

challenging 

2. Excellent susceptibility, high energy efficiency, and low 

process cost. 

2. Because there are too many pollutants, 

degradation efficiency decreases. 

3.Catalyst loading adjustments are simple. 3. Potential photocatalyst losses in long-term use. 

 

The main advantages of the photocatalytic oxidation can 
be summarized as follows: (Gogate and Pandit 2004) : 

1. Operation occurs at room temperature and pressure. 

2. TiO2 is inexpensive, and sunlight can be used with 
considerable economic savings. 

3. TiO2 in aqueous media is chemically stable at a wide 
range of pH levels (i.e., 0-14). 

4. The system requires only low concentrations of TiO2 

and no additives. 

5. There is a high capacity for recovering noble metals. 

6. Many pollutants successfully attain total 
mineralization. 

7. This process is effective with chemicals containing 
halogens, which are extremely hazardous to bacteria 
when used in biological water treatment. 

The disadvantages of photocatalytic oxidation are outlined 
in below: (Gogate and Pandit 2004): 

1. Reactors cannot be used effectively at industrial scales 
due to a lack of engineering design and operation 
procedures. Being unable to evenly irradiate the entire 
catalyst surface with the same incident intensity 
presents the greatest challenge when developing 
large-scale reactors. Opacity, light scattering, depth of 

radiation penetration, and volumetric light absorption 
are all factors that limit the scale-up. 

2. Chemical reactions during photocatalysis are often 
slower than with traditional methods, necessitating 
the use of additional active catalysts in the reactor. The 
quantity of active catalyst that can be contained in 
supported reactors is only limited by the thickness of 
the coating that can be applied to their surface; the 
more coating, the lower the total conversion 
efficiency. 

3. Separation is very difficult in the suspended catalyst 
process. 

4. There have been few applications to real industrial 
effluents with high destruction efficiency using 
photocatalytic oxidation alone. 

5. Over time, the degradation rates decrease because the 
photocatalyst becomes corroded from prolonged use. 

The photocatalytic process is made up of three main 
related components: the photocatalyst, the light source, 
and the photocatalytic reactor as depicted in Figure 2. 

In the context of water treatment, photocatalysis involves 
the use of photocatalysts, often semiconductor materials 
like titanium dioxide, which, when illuminated with light, 
generate reactive oxygen species capable of breaking down 
pollutants in water. This process is particularly effective 
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against organic pollutants and can contribute to the 
degradation of various contaminants (Sajda et al. 2024). 

 

Figure 2. General outline of the photocatalytic process. 

TiO2-based photocatalysts are commonly used to treat 
organic pollutants and petroleum industry wastewater. 
Due to its high catalytic efficiency, stability, and 
nontoxicity, the TiO2/UV technique has generated a great 
deal of attention in the field of photocatalysis. It provides 
the complete mineralization of wastewater from the 
petroleum industry while maintaining low costs, quick 
reaction times, no sludge generation, and ease of 
operation (Al-Nuaim et al. 2022; Elmobarak et al. 2021; 
Varjani et al. 2019; Ani et al. 2018; Aljuboury et al. 2017). 

Pure TiO2 has a bandgap of 3.2 and 3.6 eV for the crystal 
types anatase and rutile, respectively. The efficiency of 
absorption of sunlight is very low, and photocatalysis 
requires UV light. Doping with different transition metal 
ions (i.e., Cr, Fe, V, Mn, Co, and Ni) enhances the 
electrochemical and photochemical activities, introducing 
new energy levels into the bandgap and decreasing the gap 
to the visible range (Jeon et al. 2000; Zhang et al. 2009; 
Singh et al. 2016; Peng et al. 2012; Nair et al. 2014; Devi et 
al. 2017; Manzoor et al. 2018; Marami et al. 2018; Xu et al. 
2018; Drozd et al. 2019; Sacco et al. 2019a; Chatrnoor et al. 
2023; Heda et al. 2023). Hence, TiO2 based photocatalysts 
can be divided according to their composition into pure 
TiO2 and element doped-TiO2 or composite catalyst. The 
catalyst TiO2 doping with Fe enhances electrochemical and 
photochemical activities (Chatrnoor et al. 2023; Heda et al. 
2023). 

The pollutant, active catalyst, and effective source of 
illumination must all be in proximity to one another for the 
photocatalysis to be effective (Ibhadon and Fitzpatrick 
2013; Ahmad et al. 2016; Oliveira et al. 2022). 

Many studies have used bubble columns, slurry bubble 
columns, and three-phase fluidized reactors in the 
photocatalytic process for wastewater treatment (Cassano 
and Alfano 2000; (Pozzo et al. 2006). 

The aim of this work is to highlight the main three factors 
that effect on photocatalytic oxidation process; catalyst 
type, light source and reactor type. Furthermore, the 
article concentrated on the TiO2-based photocatalytic 
oxidation process for organic pollutants and petroleum 

wastewater (produced water) treatment, with a special 
focus on pure TiO2 and Fe-doped TiO2  

2. Photocatalysts 

Advanced oxidation processes (AOPs) for wastewater 
treatment include a wide variety of chemical processes, of 
which one is the photocatalytic process. It is employed to 
remove organic (and sometimes inorganic) pollutants from 
wastewater by oxidizing them through reactions with the 
generated hydroxyl radicals (*OH) (Ghime and Ghosh 
2020). 

Among the several semiconductor photocatalysts, TiO2 is 
the most widely used. Many scientists are paying closer 
attention to it because of its many good qualities, which 
include high oxidation capacity, photo-stability, chemical 
stability, abundance, low toxicity, low cost, and long-term 
photostability (Elgohary et al. 2021). TiO2-based 
photocatalysts can be divided according to their 
composition into pure TiO2 and element doped-TiO2 or 
composite catalysts. TiO2 doped with Fe enhances the 
electrochemical and photochemical activities (Chatrnoor et 
al. 2023; Heda et al. 2023). 

Rutile, anatase, and brookite are the three forms of crystals 
found in TiO2. The creation of TiO2 particles can be 
accomplished in a variety of ways, including flame aerosol 
synthesis (Bettini et al. 2016), hydrothermal synthesis 
(Corradi et al. 2005), and sol–gel synthesis (Gotić et al. 
1996). While retaining the drawbacks of high temperature 
synthesis, the key benefit of flame aerosol synthesis is its 
simplicity, but TiO2 crystalline powder is created by 
hydrothermal synthesis. The lack of a full understanding of 
the many factors that have a significant impact on 
photocatalytic performance (i.e., chemical equilibrium, 
nucleation kinetics, and phase growth) makes it difficult to 
regulate the overall process. The porous structure of the 
TiO2 materials, which lowers the hydraulic resistance of 
TiO2 films and increases their photocatalytic activity, is a 
crucial component of sol-gel chemistry synthesis (Li et al. 
2022). 

Photocatalytic systems are typically configured in one of 
the following ways: 

2.1. Tio2 powder suspension photocatalytic process 

High-contact surface area, which results in a quicker 
reaction time and easier operation, is a defining feature of 
slurry reactors. To guarantee that the photocatalyst stays 
in suspension in this system, turbulence is needed. But 
after usage, it is quite challenging to remove TiO2 from the 
liquid phase. According to Amir et al. (2017), meeting these 
standards also results in a significant increase in the energy 
used during the entire water treatment process. The 
research on the based photocatalytic oxidation process for 
organic pollutants and petroleum wastewater (produced 
water) treatment considered in this review is summaries in 
Tables 2. 
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Table 2. A summary of the uses of suspended TiO2 powder in photocatalytic treatment of oil and gas wastewater. 

Reference  Catalyst  Light source Reactor  Degraded material  Notes  

Natarajan et al. 

(2011) 

TiO2 (free) Powder 

Suspended 

UV-LED λ=390–

410 nm 

125 ml glass beaker 

and 5 UV-LED on 

acrylic sheet in 

circular path. 

Rhodamine B dye 

(RhB) 

95% RhB 

degradation for 6 h 

Qi et al. (2011) TiO2 (free) Powder UV light Annular reactor Organic pollutants CFD reactor 

simulation  

Sarasidis et al. 

(2011) 

TiO2 (free) Powder 

Suspended 

Three blue light 

bulbs λ=365nm 

Photocatalytic reactor 

with ultrafiltration 

Sodium alginate 

polysaccharides 

75% max. total 

organic carbon 

(TOC) removal  

Jamali et al. 

(2013) 

TiO2 (free) Powder 

Suspended 

UV LEDs 375 nm Mini cylindrical vessel Phenol  87% Phenol 

degradation 

(Boyjoo et al. 

2014) 

TiO2/P25 

suspension 

with 2 or 4 

artificial UV lamps 

Annular reactor with 

catalyst suspension 

Organic pollutants CFD Increase in 

reaction rate 56% 

and 123% when 

using 2 and 4 

lamps 

(Dominguez et 

al. 2015) 

TiO2 (Free) powder 

Suspended 

LED 375 nm In 10 

strips and 18 units 

(180 LEDs) 

A glass reaction 

vessel fitted inside 

PVC cylinder. 

Dodecyl benzene 

sulfonate DBS 

Surfactants 

50% DBS 

degradation for 3 h 

(Sarasidis et al. 

2014) 

TiO2 (free) powder 

Suspended 

Four black light 

bulbs, encased in 

acrylic containers 

continuous 

membrane reactor, 

with hybrid catalysis  

Diclofenac drug 

(DCF) 

96% DCF 

degradation 

(Casado, 

Timmers, et al. 

2017) 

TiO2 (free) powder 

Suspended 

UV-LED 365 nm 

and UV black light 

fluorescent lamp 

365–370 nm. 

Two reactors, 

optically differential 

photoreactor annular 

lab. scale reactor 

Methanol CFD Kinetics of 

Oxidation 

methanol to 

formaldehyde 

(B. Liu et al. 

2016) 

TiO2 (free) powder 

Suspended 

UV mercury lamp 

peak at 254 nm 

Cylindrical glass jar 

covered by a quartz 

cap and sealed with a 

(PTFE) o-ring 

Produced Water 

Polycyclic Aromatic 

Hydrocarbons 

(PAHs)  

PAHs degradation 

was strongly 

restricted by the 

organic 

composition in 

OPW 

(Turolla et al. 

2016) 

TiO2/P25 powder 

Suspended 

UV 254-355 nm Annular reactor with 

suspension 

Oxalic acid (OXA) 90% OXA 

degradation 

(Casado, 

Marugán, et al. 

2017) 

TiO2/P25 powder 

Suspended 

UV-LED 365 nm Annular reactor with 

Suspension catalyst 

Cinnamic acid (CA) 80%, 90% CA 

degradation for 50, 

100 mg/l CA for 1 h  

(Casado et al. 

2019) 

TiO2/P25 powder 

Suspended 

solar simulator 

xenon lamp or 

Natural sunlight 

Based on a tubular 

reactor and a 

compound parabolic 

collector, the solar 

reactor 

Methanol  Oxidation of 

methanol to 

formaldehyde 

(Silva et al. 

2019) 

TiO2 (free) powder 

Suspended 

UV lamps (253.7 

nm) 

glass beaker (500 ml) 

illuminated from the 

top 

Phenolic in sea 

water and 

Produced Water 

(PW) 

99% for phenol 

elimination, no 

significant salt 

concentration 

 

2.2. Immobilization of Tio2 photocatalytic oxidation 
process 

Immobilized TiO2 refers to the adhesion of titanium dioxide 
onto a support material, such as glass, silica, zeolites, or 
other porous materials the immobilization process usually 
enhances the practical application of TiO2 in 
photocatalysis, offering advantages such as easy recovery 
and reuse of the catalyst. According to several studies 
(Srikanth et al. 2017), using the photocatalyst supported 
(immobilized) by various materials in various reactor 

configurations has proven to be a good strategy to get 
around these challenges in recent years. As a catalyst in 
aqueous matrices, TiO2 can be immobilized on a variety of 
inert support materials for use in fixed-film and fixed-bed 
reactors, or it can be used in a slurry reactor (Manassero et 
al. 2017). Additional significant technical problems include 
separating photocatalytic nanoparticles after water 
treatment and integrating them into workable reactor 
systems (Muritala et al. 2020). Before heterogeneous 
photocatalytic technology can be applied in industrial 
processes, it is necessary to develop nanoparticle 
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immobilization strategies that offer both a high 
photocatalytic activity and an affordable solid-liquid 
separation (Persico et al. 2015) ble 3. The general steps of 
immobilization strategy involve the following steps: 

1. Selection of the suitable support material like glass, 
silica, metal oxide, etc. The slection method usually 
depends on the the intended application as well as the 
compatibility between the TiO2 and the support 
material. 

2. Ensuring that the selected material surface is clean and 
with no contamination. In most cases, it is important 
to enhance the adhesion of TiO2. This is done by 
activation the surface of the support material either by 
cleaning, acid washing, or surface functionalization. 

3. Preparing TiO2 suspension through dispersing the TiO2 
powder in a suitable solvent. 

4. Employing an immobilization process and it can be 
doen in several techniques involving the following: 

5. So-gel process in which that a sol-gel solution of TiO2 

was prepared and applied onto the prepared surface 
support and dried to form the immobilized TiO2 layer. 

6. Dip-Coating in which that the support material 
submerged into TiO2 suspension to allow the 
adsorption and then dried. 

7. Chemical Bonding in which a chemical reaction 
occurred to create a chemical bond between TiO2 and 
the support material. 

8. Finaly, Heat treatment or calcination, in this step the 
coated support material is subjected to heat in furnace 
to remove any residual solvents and transfer the 
coated TiO2 into stable and crystalline form. 

An overview of prior studies employing the immobilized 
TiO2 photocatalytic system are provided in Table3. 

Table 3. Studies employing the immobilized TiO2 photocatalytic system. 

Reference  Catalyst  Light source Reactor  Degraded material  Notes  

(Duran et al. 

2011) 

Immobilized TiO2 

surface 

UV 165-207 mm TiO2 surface 

immobilized on an 

annular reactor 

Benzoic acid and 

2,4-

Dichlorophenoxy 

acetic acid 

first order rate 

constant of 0.025 

min-1 

(Sampaio et al. 

2013) 

TiO2-coated glass 

raschig rings 

Simulated solar 

light irradiation 

A glass cylindrical 

reactor packed 

with TiO2-coated 

rings 

Phenol  90% Phenol 

degradation lose 

activity when 

reused 

(Miranda-García 

et al. 2014) 

Immobilized TiO2 on 

glass spheres 

UV range 290–800 

nm (9% 

corresponds to UV 

radiation in the 

290–400 nm range) 

a pilot compound 

collector (CPC) 

solar plant 

Multi 

contaminants  

Regeneration 

treatments 

El Yadini et al. 

(2014)  

Immobilized TiO2 on 

Borosilicate glass 

plates 

UV 350- 400 nm 

peak 370 nm 

Stirred tank 

reactor 

Insecticide 

Fenamiphos 

Degradation rate 

constants k=0.0183 

min-1 

Wang et al. 

(2015) 

Immobilized TiO2 on 

Diatomite 

UV 250W Hg lamp. Mini reactor 100 

ml 

Rhodamine B (RhB) 90% RhB 

degradation for 1 h 

(Barton et al. 

2016) 

TiO2-coated glass 

sheets and optical 

fibers 

UV mercury lamp 

30 W/m2 

Reactor glass 

beaker with side 

and top light 

source 

Methylene blue 

(MB) and methyl 

orange (MO) 

1st order rate 

constant of about 

1.55 min-1 g-1 

(Maculan et al. 

2016) 

Immobilized TiO2 on 

metal plate coated 

with polyurethane 

resin and the catalyst. 

UVsolar Flat plate reactor  Dairy effluent Reductions in COD 

(66.5%) and BOD 

(66.1%). 

(Ramasundaram 

et al. 2016) 

Immobilized TiO2 on 

PVDF (poly vinylidene 

fluoride) coated Steel 

mesh (SM) 

UV six blacklight 

blue lamps 350–

400 nm 

SM- TiO2 was hung 

inside a 60-mL 

quartz reactor 

Methylene Blue 

MB, methyl orange 

MO, reactive blue 4, 

sulfamethoxazole, 

and microcystin-LR 

Degradation rate 

constants of 

0.0251, 0.0368, 

0.0164, 0.0568, 

and 0.0725 min-1, 

respectively 

Wang et al. 

(2016) 

TiO2 Supported Silica 

nanosheets 

composite 

Visible light 

irradiation ≥400 

nm 

Continuous small 

container 

supported catalyst 

sheet  

Phenol 90% phenol 

degradation for 10 

h 

(Rokhmat et al. 

2017) 

TiO2 nanoparticles 

coated on plastic 

granules 

Sunlight irradiation 

wavelength longer 

than 300 nm 

Hollow rectangular 

reactor with 

transparent glass 

Methylene blue 

(MB) 

96.54% MB 

Degrading for 48 h 
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at the top and a 

mirror at the 

bottom 

(Cunha et al. 

2018) 

TiO2 immobilized on 

glass spheres 

UV-Vis’s irradiation 

simulated the solar 

spectrum 

Compound 

Parabolic 

Concentrator (CPC) 

reactor 

Methylene blue 

(MB) 

>96% MB 

degradation for 90 

min 

(Sraw et al. 

2018) 

TiO2 immobilized clay 

beads 

UV λmax 365 nm Fixed bed 

recirculation 

catalyst 

immobilized clay 

beads 

Pesticide 

Monocrotophos 

(MCP) 

MCP degradation 

78.57% 

(Tugaoen et al. 

2018) 

TiO2 coated optical 

fibers  

UV- LED lamp 365 

nm connected 

individual fiber 

bundle of fibers 

PVC cylinder 

magnetic stirring 

optical fiber 

bundles at center 

Para-chlorobenzoic 

acid (pCBA) 

TiO2 coated optical 

fiber bundles 

enhanced 

pollutant removal  

(Urkasame et al. 

2018) 

TiO2− SiO2 monolithic 

straight macropores 

(microhoney-combs) 

UV- LED Packed bed ground 

catalyst 

Methylene blue 

(MB) 

The conversion of 

MB reached a 

maximum at a 

calcination 

temperature of 

600 °C. 

(Cerrato et al. 

2019) 

Deposited micro- TiO2 

on glass Raschig rings 

UV light Packed column 

with coated glass 

Raschig rings 

Ibuprofen (IBP) Degraded 87 % of 

IBP in 6 h 

Espindola et al. 

(2019) 

TiO2-P25 immobilized UVA lamps 

λmax=365nm 

Photocatalytic 

membrane reactor 

immobilized 

catalyst 

Oxytetracycline 

(OTC) 

Lower efficiency 

but stable 

permeate flux 

Sacco et al. 

(2019) 

structured N-doped 

TiO2 supported on 

polystyrene (PS) 

spheres 

visible light-

emitting diodes 

(LEDs) 

packed bed Methylene Blue 

(MB) 

almost complete 

decolorization 

achieved after 2 h 

(Satuf et al. 

2019) 

immobilized TiO2 

surface 

UV max 365 nm Microfluidic 

reactor with 

catalyst films 

Clofibric acid (CA) 50% CA 

degradation for 8 h 

(Pestana et al. 

2020) 

TiO2 pelletized UV Packed bed 

continuous flow 

reactor 

Microcystins (MC) 51% MC 

degradation was 

observed. 

Zhang et al. 

(2020) 

TiO2-coated glass 

beads 

Xe-lamp Capillary micro 

photoreactor 

packed bed 

Methylene blue 

(MB) 

 

 

2.3. Fe doped TiO2 powder suspension photocatalytic 
process 

Fe-doped TiO2 powder is titanium dioxide powder that has 
been loaded with iron (Fe). The dopping process is usually 
used to introduce specific properties enhancing the 
performance of various applications. This process includes 
integrating a certain number of iron ions into the TiO2 
crystal lattice. The dopping process are done through the 
following steps 

1. Preparing the chemical materials involving titanium 
dioxide (TiO2) powder, iron precursor (e.g., iron 
chloride, iron nitrate), solvent (e.g., water or organic 
solvent), reducing agent (if applicable), and surfactants 
or stabilizers 

2. Dissolving the iron precursor with a suitable solvent to 
form a solution, after mixing that solution with 

titanium oxide powder. The doping level is determined 
by the used ratio of iron to titanium. 

3. Mixing the prepared to ensure uniform 
distribution of the iron precursor. 

4. Adjusting the pH level of the solution to control 
the doping efficiency. 

5. Evaporating the solvent to get the dried powder 

6. Heat treatment or calcination the dried powder in 
a furnace in a temperature range 400-800oC. This 
step helped in crystalline the material and 
diffusing the iron ions into the TiO2 lattice. 

TiO2 doped with Fe enhances the electrochemical and 
photochemical activities (Chatrnoor et al. 2023; Heda et al. 
2023). The research on the Fe-doped TiO2 powder solution 
photocatalytic process system utilized for the treatment is 
listed in Table 4. 
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TiO2-based photocatalysts are commonly used to treat 
organic pollutants and petroleum industry wastewater. 
Wet impregnation technique (Realpe et al. 2016), reactive 
radio frequency sputtering (Nair et al. 2014), sol-gel 
(Komaraiah et al. 2019), mechanical alloying(Ranjit and 
Viswanathan 1997), co-precipitation(Z. Zhang et al. 1998), 
hydrothermal (Shi et al. 2018), microwave approach (Aba-
Guevara et al. 2017), controlled hydrolysis (Dholam et al. 
2009), RF plasma-enhanced chemical vapor deposition 
(Voleský 2015), and reactive magnetron sputtering are 
some of the methods that have been reported for doping 
Fe into TiO2 structure. By drawing contaminants closer to 

the catalysts' active sites, immobilizing photocatalysts in 
the right kind of adsorptive material would make it easier 
to recover the catalysts and promote photodegradation 
(Shi et al. 2020). Furthermore, for applications where the 
irradiation source is sunshine, buoyant immobilization 
material is extremely desirable. Thus, new supporting 
materials with high catalyst adherence, super adsorption 
capability, and tunable buoyancy-to-suspension 
interconversion are required for a variety of photocatalysis 
applications (Sboui et al. 2017). Table 4 illustrates the 
researcher’s used Fe-doped TiO2 powder in photocatalytic 
process. 

Table 4. Studies on the photocatalytic process using Fe-doped TiO2 powder suspension. 

Reference  Catalyst Light source Reactor  Degraded material  Notes  

(George et al. 

2011) 

TiO2 pure and Fe-

Doped TiO2 

Nanoparticles 

UV Xenon arc lamp 

with a light filter 

that transmits light 

in the range 350-

450 nm 

Well plates N-acetyl-L 

tryptophanamide 

(NATA). 

The rate of NATA 

oxidation 

increased with Fe 

content in TiO2 

(Ganesh et al. 

2012) 

Fe-doped TiO2 

powder 

UV-Vis three 

wavelength ranges 

400−475 nm, 

475−550 nm and 

800−1100 nm with 

three λmax peaks 

at t 433 nm, 512 

nm and 900 nm 

75 mm tall by 150 

mm wide glass dish 

Methylene blue 

(MB) 

90% MB 

degradation, at 0.1 

wt% Fe-doped 

TiO2  

Zhang and Zhu, 

(2012) 

Fe-doped TiO2 

immobilized on 

polyamide fabric 

sunlight and UV 

254 nm light 

fabric sample 

5.0×6.5 cm was 

dipped into 50 ml 

of MB solution 

container 

Methylene blue 

MB 

95% MB 

decolorization for 

sunlight at 2.5 h, 

and for UV at 6 h 

 Mwangi et al. 

(2013) 

Fe (III)-doped TiO2 

immobilized on 

sintered glass 

UV–Vis Lab stirred 

Continuous 

circulation beaker 

with aeration. 

Dissolved organic 

carbon (DOC) 

Starch solution 

Fe-doped TiO2 was 

activated using 

natural light 

(Si et al. 2015) Fe-doped TiO2 

catalyst 

UV Fluidized bed Alizarin Green (AG) AG Degradation 

rate constants 

0.017 min-1 

(Sood et al. 2015) Fe-doped TiO2 

nanoparticles 

Philips CFL bulb 

visible light 400 nm 

to 520 nm 

Double walled 

batch photo 

reactor 

Para-nitrophenol 

(PNP) 

92% maximum 

degradation in 5 h 

with Fe3+ 0.05 

mol% 

(Moradi et al. 

2016) 

Fe-doped TiO2 

nanoparticles 

Visible light Glass beaker under 

stirring. 

Reactive red 198 

(RR 198) 

40% RR198 

decolorization for 

5 h with 1 wt% Fe 

doped TiO2 

(Ali et al. 2017) Fe-doped TiO2 

nanoparticles 

Visible light Pyrex glass well 

reactor with a 

magnetic stirring, 

water circulating 

jacket and a 

window for 

molecular oxygen 

supply 

methylene blue 

(MB) 

75% MB removal 

at 3% Fe-doped 

TiO2 after 90 min 

Foura et al. (2017) Fe-Doped TiO2 

Supported on HY 

Zeolite 

UV light at 254 nm film flow Plexiglass 

rectangular 

workable area 

photocatalyst 

nanoparticles 

Methylene blue 

(MB) 

MB removal 

(>98%) was 

achieved after 1 h 
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immobilized on the 

glass plate) 

(Bansal & Verma 

2018) 

Fe-TiO2 composite 

in free granules 

form 

Sunlight  Non-concentrating 

solar recirculating 

fixed-bed reactor 

Pentoxifylline 

(PEN) drug 

93% PEN removal 

after 4 h 

Kaur et al. (2018) Fe-Doped TiO2 

immobilized on 

clay beads 

sunlight Flat Plate Carbendazim CBZ Degradation 93% ± 

4.65 for after 6 h 

(El Mragui et al. 

2019) 

Pure TiO2 Fe- 

doped TiO2 Co-

doped TiO2 

nanoparticles 

UV-Vis Pyrex cylindrical 

beaker 250 ml 

Carbamazepine 

(CBZ) 

CBZ removal With 

UV Fe/TiO2> TiO2 

TiO2>Co/ TiO2 With 

Vis light Fe/TiO2> 

Co/ TiO2 Co/ TiO2> 

TiO2 

(Ghorbanpour & 

Feizi 2019) 

Fe-doped TiO2 visible light Rectangular 

photoreactor 

50x50x50 cm made 

of MDF. 

Methyl orange 

(MO) 

The maximum 

degradation 69% 

at the Fe doping 

content of 0.5 

wt%. 

(Khan et al. 2019) Fe-doped TiO2 

nanoparticles 

Xenon lamp visible 

light (λ=400 nm) 

stirred cylindrical 

vessel  

methylene blue 

(MB) 

95% MB removal 

at 10% Fe-doped 

TiO2 after 3 h 

(Liang et al. 2019)  Fe-doped TiO2 

powder 

UV mercury lamp 

365 nm and 

fluorescent lamp 

10 mL solution 

treating cell 

Methyl orange 

(MO) 

MO degradation 

50% for visible 80% 

for UV at 0.3 mol% 

Fe+3 

(Ahmed 2020) Fe- TiO2 crystals 

immobilized on 

fiberglass  

LED 395-405 nm Glass cylinder 

rectangular bar at 

center holds 12 

LEDs, 3 on each to 

cover a 360-degree 

Phenol  Degradation 85% 

after 90 min 

Wang et al. (2021) Fe-doped TiO2 

powder 

mercury lamp 

λ=365 nm and 

visible fluorescent 

lamp  

slurry container 

(25-50 ml) 

Methyl orange 

(MO) 

Degradation 

1327.5 µg/g for UV 

light and 103.9 

µg/g for visible 

light after 2 h 

(Mancuso et al. 

2021) 

Fe-doped TiO2 

powder 

A strip of visible-

LEDs was 

positioned around 

the external body 

of the 

photoreactor 

Pyrex cylindrical 

batch photoreactor 

D = 2.6 cm L = 41 

cm  V= 200 ml 

AO7 dye total 

organic carbon 

(TOC) Phenol   

90% AO7 dye 

discoloration 40% 

TOC removal after 

3 h 

Ellouzi et al. (2022) Fe-doped TiO2 hydrogen lamp Vis-

L resource 

A rectangular glass 

reactor filled with 

cold water. 125 mL 

quartz tube, 

installed inside the 

reactor. 

Azo dye methyl 

orange (MO) 

4.2 times higher 

efficiency 

compared to pure 

TiO2 

Matias et al. (2022) Fe-Doped TiO2 

impregnated on 

porous polymeric 

platforms 

LED solar simulator Small magnetic 

agitation beaker 

Rhodamine B (RhB) Degradation 85% 

after 3.5 h 

3. Light source 

Effective photocatalysts operate in the ultraviolet (UV) 
region of the light spectrum, which is expensive and energy 
consuming. To maximize efficiency, a wavelength in the 
ultraviolet region (<400 nm) is used for TiO2-based 
photocatalyst activation (Oliveira et al. 2022). Figure 3 
shows the light solar energy distribution received by the 

Earth. The amount of UV light that enters the atmosphere 
is minimal (approximately 5% of solar light). Visible light 
(vis) and infrared light (IR) make up the majority of the solar 
energy that the Earth receives (Barzagan 2022). 

For the photocatalysis process, light sources are divided 
into either UV light with a wavelength range of 190-400 nm 
or visible light with a wavelength range of 400-780 nm. 
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Additionally, two light source types are employed: 
conventional lamps and light emitting diode (LED) lamps. 
Instead of UV lamps, two main types of LEDs—visible LEDs 
and UV LEDs—have been used for photochemical 
applications. For the purpose of researching the 
photocatalytic degradation of bisphenol, visible LED and 
carbon/nitrogen-doped TiO2 were used leading to good 
results (Chen et al. 2005; Wang and Ku 2006; Chen and 
Dionysiou 2005; Wang and Lim 2010; Natarajan et al. 2011; 
Jamali et al. 2013). 

 

Figure 3. Light solar energy distribution received by the Earth 

(Barzagan 2022) 

An LED is a semiconductor that emits light in a narrow 
spectrum, with different wavelengths (i.e., infrared, visible, 
or near ultraviolet) depending on the composition and 
condition of the semiconducting materials. LED output is 
directed and linearly correlated to the current flowing 
through its active region. In addition, LEDs are more cost-
effective than traditional ultraviolet sources due to their 
small size and relatively long lifespan (greater than 50,000 
h). Most UV curing, disinfection, sensing, and 
photocatalysis applications have traditionally employed 
conventional UV sources. However, LEDs have recently 
been recognized as an alternative to conventional 
ultraviolet irradiation sources; additionally, solar light can 
be utilized alongside LEDs for such applications (Jo & 
Tayade 2014). 

Compared to traditional ultraviolet light irradiation 
sources, UV-LED technology possesses a number of 
benefits. These light sources are more energy-efficient and 
durable, and they have longer lifespans, while avoiding the 
mercury pollution issue with UV-A black lights and UV-C 
germicidal lamps. As a result of the homogeneity of the 
light dispersion found in slurry photoreactors, the reaction 
rates obtained from photocatalytic processes may be 
incorrectly analyzed. For catalysts immobilized on a 
surface, the creation of an effective photocatalytic reactor 
requires the simultaneous optimization of the light 
dispersion and the area occupied by the photocatalytic 
particles (Casado et al. 2017b). 

4. Photocatalytic reactors 

Photocatalytic reactor is the device at which the chemical 
reaction is facilitated through the use of photocatalysts. 
Several photocatalytic water treatments reactors have 
been created and tested during the previous 20 years. They 
can be categorized in several ways depending on their 
design and the operation conditions. According to their 
operating condition they can be classified as slurry 
photoreactor or immobilized photoreactor. As shown 
before, photocatalysts can be categorized by (1) form into 
powder (i.e., nano- or micro-sized particles) and (2) either 
suspended or immobilized (fixed), in which the catalyst is 
applied in a film on the wall surface of the reactor and on 
the supported particles or by pelletizing the powder to a 
large particle size (P. Liu et al. 2009; J. Liu et al. 2009). In 
comparison to suspended photocatalysts, supported 
photocatalysts have the benefit of not requiring a 
subsequent filtration step. But suspended photocatalysts 
often have a higher specific surface area than supported 
ones, which results in better degrading properties. Tables 
5 show the advantages and disadvantages of slurry-type 
(suspended) and immobilized (fixed) photoreactors 
(Srikanth et al. 2017). 

Table 5. Advantages and disadvantages of slurry-type and immobilized photoreactors (Srikanth et al. 2017). 

Slurry photoreactors Immobilized photoreactors 

Advantages 

• The catalysts are dispersed uniformly. 
• Greater illumination of the photocatalytic surface area 

in relation to the reactor volume 
• Significantly reduced catalyst fouling effects due to 

the reactor's continual addition and removal of 

catalyst. 
• A more effective suspension-based particle mixing. 

• Lessened reactor-wide pressure drops. 
• There are seldom any mass transfer restrictions. 

Advantages 

• Improvement in the removal of organic material from 

the aqueous phase while applying immobilizing agents 

with adsorptive qualities. 

• Can offer continuous operation of the reactor. 

• Can offer continuous operation of the reactor. 

• It is quite simple to separate the catalyst from the 

final treated effluent stream. 

Disadvantages 
• Requires laborious and expensive post-treatment 

filtration procedures for the recovery of photocatalyst 

from the treated wastewater effluent streams. 
• When there is a higher catalyst loading, suspended 

catalysts have a tendency to scatter light, slowing 

down photocatalytic activities. 
• Catalytic particle aggregate, especially at greater 

concentrations. 

Disadvantages 
• The potential for catalyst washout and deactivation. 

• Less photon accessibility to the catalyst. 
• Considerable external mass transfer restrictions when 

the pollutant to be treated is flowing at low rates. 
• With an increase in catalyst film thickness, internal 

mass transfer may play a dominant role by restricting 

the utilization of the supported photocatalyst, which 

is due to an increase in the diffusion path length of 

the reactant from the bulk to the catalyst surface. 
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Table 6. Typical photocatalytic reactors (Cassano and Alfano 2000). 

Systems type Reactor Remark 

Liquid-solid systems 

Well-stirred slurries 
Most commonly used as photocatalytic 

reactors 

Fluidized beds  
Less widely used as photocatalytic 

reactors 

Packed beds 
Less widely used as photocatalytic 

reactors 

Catalytic walls 

Include membrane and fiber optic 

reactors, and Include membrane and 

fiber optic reactors. 

Gas-liquid-solid systems 

Trickle beds 

Less widely used as photocatalytic 

reactors 

Packed bubble columns 

Well-stirred slurries 

Bubble column slurries 

Fluidized beds 

Moving beds 

 

Cassano and Alfano (2000) have classified reactors for 
photocatalytic processes for wastewater treatments 
according to their contact phases, as shown in Table 6. 

Depending on the design of the photocatalytic reactor, 
(Braham & Harris 2009) describe eight types of 
photocatalytic reactors, as follows: 

1. Slurry, Fixed and Fluidized Bed Photoreactors 

2. Parabolic Trough Reactors (PTR) 

3. Compound Parabolic Collectors 

4. Inclined Plate Collectors 

5. Double-Skin Sheet Photoreactor 

6. Rotating Disk Reactors 

7. Water Bell Reactors 

8. Optical Fiber Photoreactors 

Ballari et al. (2019) discusses three types of reactors (i.e., 
slurry reactors, wall reactors, and fixed-bed reactors), 
classified according to geometry, modeling, and design 
purposes. In the cases of simpler geometries, such as 
continuous annular or flat-plate wall reactors, the design 
equations are essentially the same. Figure 4 shows the 
three types of photocatalytic reactors for wastewater 
treatment that employ artificial light: slurry reactor, 
packed-bed reactor, and fluidized-bed reactor. 

 

Figure 4. Photocatalytic reactors for wastewater that employ 

artificial light: (a) slurry reactor, (b) packed-bed reactor, and (c) 

fluidized-bed reactor (Cassano and Alfano 2000). 

In slurry reactors, photocatalysts are suspended as tiny 
powders or nanoparticles in liquid media. Photocatalyst 
slurries have a greater surface area, providing a significant 
benefit. The cost of separating nanometer catalyst particles 
is a significant barrier to commercializing this technology. 
The light absorption in slurry systems cannot be separated 
from scattering, making kinetic analysis problematic. An 
alternate option involves attaching the catalyst to a clear 
stationary support that the tainted water travels through. 
This method can effectively illuminate all photocatalysts 
installed in the reactor. An early study on slurry reactor had 
been done o the mineralization of chloroform into chloride 
and CO2.  Kormann et al. found that while chloroform was 
completely dehalogenated, [Cl−] increased over time 
(Kormann et al. 1991). Li Puma and Yue studied the 
degradation kinetics of both single and multi-component 
chlorophenols. The researchers investigated the 
combination of photocatalysis and photolysis using short, 
medium, and long wavelength ultraviolet light 
simultaneously (Li Puma G and Yue PL. 1999). A TiO2 slurry 
reactor was used to evaluate the adsorption and 
photocatalytic degradation of Safira HEXL dye (Jone, et al. 
2005). The researchers found that dye adsorption to the 
photocatalyst surface was crucial for effective degradation. 
The process was pH-dependent, with a faster breakdown 
rate found at low TiO2 charge. 

The study of the photocatalytic degradation of organic 
wastewater in a laboratory slurry photocatalytic reactor is 
similar to that used for the degradation of polycyclic 
aromatic hydrocarbons in produced water ((B. Liu et al. 
2016), as shown in Figure 5. 

The packed-bed reactors use a solid support, often a 
photocatalyst bed, to flow reactants. The photocatalyst is 
immobilized on a support structure, and reactants pass 
over or through the catalyst bed, which is exposed to light 
for reaction. 

Nogueira and Jardim studied the photodegradation of 
methylene blue utilizing sun irradiation in a fixed bed 
reactor with TiO2 immobilized on a flat glass plate. The 
slope of the plate affects methylene blue 
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photodegradation due to two factors: fluid thickness and 
light intensity. The study indicated that 95.8% of the model 
compound deteriorated at a 22◦ slope and 89% at a 25◦ 
angle (Nogueira and Jardim 1996). Feitz et al. studied two 
fixed bed photocatalytic reactors: a packed bed reactor and 
a coated mesh reactor, utilizing solar illumination. The 
processing rate for 2 mg L−1 phenol solutions was computed 
as 140 mg m−2 h−1 for the packed bed reactor and 20 mg 
m−2 h−1 for the coated mesh reactor. The coated mesh 
reactor showed decreased activity due to inadequate 
photocatalyst surface contact, low TiO2 levels, and a small 
reactor-to-tank volume ratio. The packed bed unit 
demonstrated 40% lower photonic efficiencies than 
suspension systems while decomposing 100 mg−1 
dichloroacetic acid solutions. The authors suggested that 
this approach was highly successful (Feitz et al. 200). A 
tubular photocatalytic TiO2 coating produced via sol-gel 
was used by (Lin et al. 2003). They studied a reactor with 
recirculation mode and a batch photocatalytic reactor for 
the breakdown of methylene blue and phenol. The 
researchers suggest using the synthesized sol-gel film for 
water purification due to its excellent photocatalytic 
activity in decomposing organic molecules. I their work, a 
180-minute photoreaction of phenanthrene resulted in 
67.6% destruction and 40.1% conversion to CO2. 

 

Figure 5. Laboratory slurry photocatalytic reactor (B. Liu et al. 

2016). 

The photocatalytic oxidation of a non-ionic surfactant was 
performed in a labyrinth flow reactor with an immobilized 
photocatalyst bed (Mozia et al. 2005). The study examined 
how flow rate affects the breakdown of non-ionic 
surfactants. The researchers found that photodegradation 
of the surfactant was most effective at a flow velocity of 
11.98 dm3 h−1. The researchers further, investigated the 
remediation of Acid Red 18, an azo dye (Mozia et al. 2007). 
An immobilized Aeroxide Degussa P25 catalyst was used to 
study the photodegradation of Acid Red over longer 
reaction durations. Mineralization timeframes ranged from 
35 to 60 hours based on flow rate, indicating that slower 
flow rates reduced system efficiency.  

Fluidized bed reactors, like fixed-bed reactors, employ a 
solid support for their photocatalysts. However, in this 
scenario, the movement of gas or liquid reactants suspends 
and fluidizes the catalyst particles. This increases mass 
transfer and the effectiveness of the photocatalytic 
process. 

Nelson et al. compared a fluidized TiO2 system for 
methanol oxidation to a packed bed reactor. The study 

found that fluidization led to quicker photocatalytic 
breakdown rates compared to packed bed units. The 
fluidized reactor produced CO2 at a rate of 2.0 × 10−7 mol 
cm−3 min−1, while the packed bed reactor produced only 1.0 
× 10−7 mol cm−3 min−1. Static mixing and vibration were 
shown to diminish photocatalyst separation rates with 
Degussa P25, but not with TiO2 -Al2O3 (Nelson et al. 2007)  
Overall, TiO2-Al2O3 was shown to be an effective 
photocatalyst, consistent with Paz's results (Paz 2010). 

 

Figure 6. A small-scale, gas-liquid-solid, three-phase, fluidized-

bed photoreactor: (1) flow controller, (2) compressor, (3) 

sampling tube, (4) sampling tank, (5) Pyrex® glass cylindrical 

vessel, (6) black light lamps, (7) gas distributor, and (8) draft tube 

(Matsumura et al. 2007). 

A small-scale, gas-liquid-solid, three-phase, fluidized-bed 
photoreactor is shown in Figure 6 (Matsumura et al. 2007). 

 

Figure 7. Conical-shaped circulating upflow reactor: (1) 

thermometer, (2) UV lamp, (3) quartz tube, (4) micro air 

compressor, (5) circulating pump, (6) valve, and (7) thermostat 

(Saien and Nejati 2007). 

Tapered bubble columns (TBCs) are used for a range of 
processes, such as wastewater treatment, exothermic 
reactions, biofilm reactions, nuclear fuel particle coating, 
coal gasification, sulfide ores roasting, and food processing 
(Bandyopadhyay et al. 2011). TBCs are a specific type of 
bubble column reactor with a cross-sectional area that 
increases progressively down the vertical axis. The use of a 
higher superficial gas velocity ensures the suspension of 
heavier particles (with higher terminal particle settling 
velocities) at the bottom, while a lower superficial gas 
velocity prevents the entrainment of lighter particles (with 
lower terminal particle settling velocities) at the top. 
Therefore, tapered columns allow for extensive particle 
mixing and a wider range of particle size distributions 
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compared to traditional cylindrical columns (K. Zhang et al. 
2003).  

Saien and Soleymani (2007) used an annular and conic 
body shape circulating upflow reactor with a UV lamp at 
the center with no dead zone, as shown in Figure 7. About 
50% removal of the chemical oxygen demand (COD) was 
obtained and 97% of dye degradation was achieved at the 
following operating conditions: 40 mg/l catalyst, 6.2 pH, 
45ºC, and 2 h irradiation. 

5. Conclusions 

This review shows how photocatalytic approaches have 
considerably improved the treatment of severely polluted 
industrial wastewater. There is evidence that TiO2-based 
photocatalysts decompose organic contaminants more 
efficiently than other photocatalytic systems for 
wastewater treatment. The photocatalyst's 
physicochemical properties are influenced by the synthesis 
technique, chemical composition, and technological 
aspects. 

Organic contaminants in wastewater can be considerably 
decreased by upgrading photoreactors, which convert 
pollutants to CO2 and H2O using photocatalysts. Although 
there are other types of catalysts, TiO2 is one of the most 
commonly employed in the process. Pure TiO2 absorbs 
relatively little sunlight, and photocatalysis needs UV 
radiation. Doping with metal ions such as Fe enhances 
electrochemical and photochemical activities, introducing 
new energy levels into the bandgap and decreasing the gap 
to the visible range. 

Improved photocatalytic performance can be achieved by 
investigating the synergistic effects of various operating 
conditions. Despite major recent advances, decreasing 
efficiency and reutilization remain poor, making them 
unsuitable for use in practical applications. 

The effectiveness of photocatalysis is heavily impacted by 
the operating parameters and reactor designs employed. 
In a photocatalytic reactor, elements such as degradation 
concentration, pH, temperature, charged nature of the 
pollutant, reactor, light source (lamp), and catalyst are all 
critical to achieve maximum efficiency. As a result, while 
developing and manufacturing photocatalysts for the 
treatment of organic pollutants, all critical parameters 
must be carefully examined. 

The choice of a specific photocatalytic reactor type 
depends on the nature of the reaction, desired product, 
and other process parameters. Each type has its 
advantages and limitations, and researchers and engineers 
select the most suitable design based on the specific 
requirements of their application. 

Immobilization for recycling, photocatalyst optimization, 
and reactor design to increase the separation efficiency are 
all crucial components needed to advance the 
development of innovative photocatalytic systems. 
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