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Abstract 
Immobilization or coating of photocatalysts on supporting media can open a new avenue for industrial application of pho-
tocatalysis in wastewater treatment. Herein, we present a critical review of the recent advances in loading photocatalysts 
on different materials to degrade such bio-recalcitrant organics as pharmaceuticals, pesticides, surfactants, and dyes, which 
helps in the sustainable use of polluted water after treatment. Many of the recently developed photocatalysts have proven 
high stability for long periods under illumination. Consequently, employing the catalysts in retained forms provided a viable 
solution for reuse. Supports may be movable; these include zeolites, polymers, quartz sand, 3-D graphene or fixed, such as 
glass plates, aluminum plates, and stainless steel plates. Photocatalytic reactors could be an ideal solution for continuous 
operating treatment, especially in a large-scale operation. In this review, the use of suspended and immobilized systems are 
compared in the degradation of bio-recalcitrant organic pollutants. Despite the limited research used in the immobilized 
systems, this proved very successful. This technique has overcome many of the other suspended systems’ problems, afford-
ing economical solutions such as the possibility of repeated reuse of the catalyst, reduced risk of the catalyst escaping with 
treated water, and the possibility of application on an industrial scale.
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NPs  Nanoparticles
PCO  Photocatalytic oxidation
CB  Conduction band
NSAIDs  Non-steroidal anti-inflammatory drugs
AEDs  Antiepileptic drugs
b-blockers  Beta-blockers
MCP  Monocrotophos
AP  Antipyrine
MMT  Montmorillonite
DCF  Diclofenac
Goe  Goethite
Mf  Maleate ferroxane
PAN  Polyacrylonitrile
MET  Metronidazole
MWCNTs  Multi-wall carbon nanotubes
SMX  Sulfamethoxazole
PFOSAs  Perfluorosulfonamides
PFSAs  Perfluorosulfonates
PFOS  Perfluorooctane sulfonate
PFCAs  Perfluorocarboxylic acids
PFOA  Perfluorooctanoic acid
BPA  Bisphenol A (2,2-bis(4-hydroxyphenyl) 

propane)
PVDF  Polyvinylidene fluoride
CDT  Carbon-doped  TiO2
GAC   Granular activated carbon
WPC  White Portland cement
MB  Methylene blue
MG  Malachite green oxalate
MO  Methyl orange
DMP  Dimethylphenol
AC  Activated carbon
OMC  Mesoporous Carbon
SMFs  Sintered Metal Fibers
TCE  Trichloroethene
TSA  Tungstosilicic acid
CIP  Ciprofloxacin
CEX  Cephalexin
PhACs  Pharmaceuticals
3D GBMs  Three-dimensional graphene-based 

materials
CVD  Chemical vapor deposition
SM  Steel mesh
SEM  Scanning electron microscope
XRD  X-ray diffraction
UV–Vis  Ultraviolet-visible spectroscopy
MZTC  Modified zeolite/TiO2 composite
RGOT  Reduced graphene oxide/TiO2
HS  Humic substances
DCP  Dichlorophenol
MOCVD  Metal-Organic Chemical Vapor Deposition
IMI  Imidacloprid
GFC  Glass fiber cloth

TEOA  Triethanolamine
ISO  Isopropanol
AO  Ammonium oxalate
BQ  Benzoquinone
EDTA  Edetic acid
EDTA-2Na  Edetate disodium
KI  Potassium iodide
COS  Carbon oxidation state
AOS  Average oxidation state; SMZ, 

Sulfamethazine

1 Introduction

Over recent decades, pollution has become common [1]. 
With industrial progress and extensive use of complex 
chemicals, many such substances are present in our water 
sources. Since these substances are complicated to degrade, 
they represent a real threat to our ecosystem. Significantly, 
their presence has increased over time, representing a dan-
gerous challenge for future generations. Therefore, we must 
attempt to understand the nature of these materials and try 
to find appropriate solutions. Recalcitrant organic pollut-
ants (ROPs) refers to organics like agrochemicals, phenols, 
dyes, surfactants, pesticides, and pharmaceuticals that can 
disperse the environment and damage animals and human 
life [2–6]. Recalcitrant organic pollutants  successful elimi-
nation from aquatic ecosystems is crucial not only for the 
purification of water but also for preserving social and 
environmental health [7–9]. Recalcitrant organic pollut-
ants inadequate degradation by wastewater treatment plants 
(WWTPs) occurred because WWTPs were never intended 
to treat these pollutants; in some situations, removal of such 
contaminants was below 10% [10–14].

Advanced oxidation processes (AOPs) have virtually 
eliminated ROPs from the solution [15–19]. Semiconduc-
tor photocatalysis materials are a critical AOPs technique 
for the remediation of contaminated water such as  TiO2 [20]. 
Advanced oxidation processes technology is dependent on 
developing highly reactive in situ hydroxyl radicals (•OH), 
which interact with supreme organics in a non-selective 
manner and can degrade even highly recalcitrant compounds 
[21–26]. In this process, •OH radicals initiate a series of 
oxidation reactions that lead to  H2O and  CO2 [27–30]. In 
contrast, employing catalysts nanoparticles (NPs) for the 
degradation of these contaminants is quite difficult on the 
industrial scale [31]. The separation and recovery of the 
costly active catalyst is a basic problem related to their 
limited use for industrial and synthetic purposes [32, 33]. 
Moreover, the extensive use of nanomaterials entering the 
ecological environment leads to destruction of algae growth. 
Therefore, the aquatic ecosystem’s balance can be damaged 
[34, 35]. For example, NPs of  TiO2 have been classed as 
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“harmful” for species like bacteria, yeast, algae, nematodes, 
crustaceans, and fish, at a concentration between 10 and 
100 mg.ml−1 [36]. Immobilization of semiconductor pho-
tocatalysis on supports is an ideal solution to prevent leak-
age of these nanoparticles after the treatment. Moreover, the 
reusability of the photocatalysts is hindered by the tedious 
and costly collecting of particles, which may require ultra-
filtration. On the other hand, the photocatalyst body is not 
consumed during the photocatalytic reaction, which allows 
effective reuse until the catalyst surface is blocked by the 
accumulation of adsorbed organic molecules. Considering 
the high cost of most photocatalysts, reactors that employ 
the catalysts in retained form can be the shortest avenue for 
the application of photocatalysis on larger scales [37, 38].

There are two categories of AOPs (heterogeneous and 
homogenous catalysis) [39]. A catalyst is classified as 
homogenous if it exists in the same phase as the regents. 
Ozone and the Fenton method  (Fe+ and  Fe+/H2O2) are the 
most widely applied catalysts [40]. In contrast, if a catalyst 
exists in a phase other than the reaction mixture, it is clas-
sified as heterogeneous. Separating heterogeneous catalysts 
is simple from the interactive media, and could be reused 
repeatedly [41].

Heterogeneous photocatalysis is a promising technology 
that is a practical, environmentally friendly, and economi-
cal technique for the degradation of organic impurities 
[42]. Electrochemical oxidation and reduction reactions 
are the immediate reactions in semiconductor photoca-
talysis, which involves transferring holes and electrons 
from the photoexcited semiconductor [43]. Several metal 
oxides are used as heterogeneous photocatalysts, including 
 Fe2O3,  TiO2,  NaTaO3,  SrTiO3,  V2O5,  NB2O5,  WO3, ZnO 
[44–50]. Sulfides including CdS,  Co3S4,  MoS2, ZnS,  In2S3 

[27, 51], and halides (AgCl, BiOI, AgBr) [52, 53] may 
also be deployed. Transition metal sulfide nanoparticles 
have unique size-dependent optical, electrical, electronic, 
and magnetic properties that distinguish them from bulk 
materials, as well as uses in catalysts [54, 55]. Because of 
their light absorption properties, charge-transfer character-
istics, excited-state endurance, and electronic structures, 
oxide-based semiconductors are generally good choices 
for photocatalytic applications. Electronic band gaps in 
semiconductor materials are commonly low. Although the 
cocatalysts drive surface redox processes through kinetic 
control, they operate as a charge-releasing and light-
absorbing substance [56]. M. Junaid et al. [57] studied 
Fe-doped CdS nanoparticles for the degradation of MB 
dye. The results showed a reduction in cost and complete 
removal of dyes. Desirable heterogeneous photocatalysts 
for practical environmental requirements should be safe, 
cost-effective, stable, efficient, and visible light-respon-
sive, as shown in Fig. 1 [58]. The expression “photocata-
lytic degradation” commonly describes full photocatalytic 
oxidation or photo-mineralization, especially to  H2O, 
 NO3

−,  CO2,  PO4
3− [22]. In this study, the conventional use 

of photocatalysts in suspended form is reviewed. Despite 
this high-efficiency method, application in water treatment 
plants or at industrial scale is inappropriate or limited due 
to the difficulty of catalyst collection with filtration and 
hazard of catalyst if it escaped with treated water. On the 
other hand, immobilized catalysts are used as a practical 
solution to overcome previous problems, and the applica-
tion in the degradation of recalcitrant organic pollutants 
may be possible, as may the possible use of immobilized 
catalysts in wastewater treatment plants in several cycles 
with high efficiency.

Fig. 1  Practical environmental requirements for homogeneous photocatalysts
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1.1  Heterogeneous photocatalysis process 
methodology

The heterogeneous photocatalysis process includes a 
sequence of reductive and oxidative reactions. The highest-
unoccupied and lowest-occupied energy bands in a semicon-
ductor are separated by a band gap, indicated by  Ebg. As light 
energy (photons) bearing photon energy equal to or higher 
than the semiconductor’s  Ebg is illuminated on its surface, 
the electrons from the valence bands are photoexcited and 
transferred in femtoseconds to the conduction band (CB) 
[59]. This leaves behind an unfilled valence band, called a 
hole  (h+), forming an electron–hole pair. If these holes and 
electrons are trapped on the surface of the semiconductor, 
and their combination is avoided, a series of reactions is 
initiated, as follows [60, 61]:

(1)Photoexcitation ∶ TiO2 + h� → e
−
CB

+ h
+
VB

(2)Entrapment of free electrons ∶ e
−
CB

→ e
−
TR

(3)Entrapment of holes ∶ h
−
CB

→ h
+
TR

(4)
Charge carrier recombination ∶ e

−
TR

+ �
+
VB

→ e
−
CB

+ heat

(5)
Photoexcited electron scavenging ∶ (O2)ads + e

−
CB

→ O⋅−
2

(6)Oxidation of hydrolysis ∶ OH− + h
+
VB

→
⋅OH

(7)
Photodegradation by OH− radicals ∶ R − H + ⋅OH → R∕⋅ + H2O

⋅

A successful photocatalytic reaction occurs by absorbing 
photons to generate e − /h + pairs. The incident light energy 
must be larger than the band gap of the semiconductor [62]. 
When photons are irradiated on a semiconductor with an 
energy equal to or greater than the energy of its band gap 
(3.2 eV in  TiO2 and ZnO, respectively), the photons are 
absorbed, resulting in the formation of electron–hole pairs. 
These electrons and holes can recombine or separate. They 
move to the surface, taking part in a variety of activities. 
Eventually, redox reactions lead to the production of reac-
tive oxygen species (ROS), such as OH radicals, reactive 
oxygen species (ROS) as well as  H2O2. These transient ROS 
have the ability to start and stop a variety of responses. Pol-
lutants are completely mineralized and rendered harmless 
 CO2 products.

Many of the commonly used semiconductors have wide 
band gaps and can thus only be excited under irradiation of 
UV light. Because Fig. 2 explains photocatalytic semicon-
ductors’ mechanism of oxidation by reactive oxidant spe-
cies [63]. The radicals of  OH• produced in Eq. (2.6) reduce 
organic contaminants into intermediate products, which 
continue to decompose until release of  CO2 and  H2O as by-
products (as in Eq. (7)). The inclusive response is outlined 
in the procedures below [64]:

• Organic impurities or mass transfer of bacteria from the 
bulk liquid phase to the face of the photocatalyst.

• Pollutant adsorption to photocatalyst surface activated by 
the photon.

• H2O2 and •OH radicals production followed by pollutant 
chemical degradation.

• Photocatalyst surface desorption of the final products or 
intermediate.

Fig. 2  Schematic representation 
of photocatalytic semiconduc-
tors mechanism for con-
taminates oxidation by reactive 
oxidant species [63]
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• Final component or intermediate mass transfer into the 
liquid bulk phase [64].

2  Recalcitrant organic pollutants

Municipal and industrial wastewaters including recalci-
trant organic compounds are among the major sources of 
surface water pollution discharge from urban wastewater 
treatment plants [65]. Because they contain an aromatic 
ring, the majority of such compounds are resistant to 
conventional treatments like coagulation, adsorption, ion 
exchange, biological oxidation, and chemical oxidation 
[2, 21, 66]. Recalcitrant contaminants, like pharmaceu-
ticals, aromatics, agrochemicals, phenolic components, 
surfactants, dyes, etc., are difficult to degrade under the 
natural state. Some of their harmful effects include physi-
ological damage, including reproductive failure, increased 
risk of cancer in marine and terrestrial organisms, and 
potential development of antibiotic-resistant bacteria. 
Recalcitrant organic classes are shown in Fig. 3; the toxic 
consequences of such recalcitrant chemical mixtures, and 

the environmental effects of many emerging contaminants 
are still unknown [67, 68]. The mechanism of recalci-
trant organic pollutant degradation using sensitized  TiO2 
photocatalysis in the irradiation of visible light has been 
reported by Han et al. [69]. Equations (8)-(14) outline the 
mechanism’s main steps under visible irradiation [69].

(8)ROPs + h� → ROPs*

(9)ROPs* + TiO2 → ROPs⋅+ + TiO2(e
−
CB
)

(10)TiO2(e
−
CB
) + O2 → TiO2 + O⋅−

2

(11)O⋅−
2
+ TiO2(e

−
CB
) + 2H +

→ H2O2 + TiO2

(12)2O⋅−
2
+ 2H +

→ O2 + H2O2

(13)H2O2 + TiO2(e
−
CB
) → ⋅OH + OH− + TiO2

(14)ROPs⋅ + + (O⋅−
2
or ⋅OH) → the degradation products

Fig. 3  Classification of recalci-
trant organic pollutants
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2.1  Pharmaceuticals

Recently, because of a widespread uses in many fields such 
as in the text (medicine, livestock, farming and aquacul-
ture, pharmaceuticals) have been found in many sources of 
water such as wastewater effluent [70–75], surface water 
[76–79], groundwater [80, 81], and even in drinking water 
[82, 83]. Most of those pharmaceutical drugs consumed 
and prescribed by livestock and humans are later excreted 
and discharged in WWTPs [84–88]. Pharmaceuticals in the 
ecosystem can damage the microbial community’s function 
and behaviors in several ways [89]. Antibiotic resistance in 
the human body and antibiotic resistance of microorganisms 
have been increased and aroused by the abuse and misuse of 
antibiotics [90]. Because of its properties, several countries 
count effluent from hospitals as industrial wastewater, and 
it is submitted to pre-treatment before being discharged into 
the urban sewage network [91]. Classical biological treat-
ment is not adequate for removing pharmaceuticals due to 
their recalcitrant performance [92–94].

Concerning environmental series of pharmaceuticals 
involves non-steroidal anti-inflammatory drugs (NSAIDs), 
antibiotics, antiepileptic drugs (AEDs), beta-blockers 
(b-blockers), antidepressants, blood lipid-lowering agents, 
antihistamines, hormones [71, 95, 96]. Although these sub-
stances are difficult to degrade, various successful attempts 
to remove pharmaceutical drugs using immobilized photo-
catalysts have been detected. Table 1 summarizes success-
fully degraded pharmaceutical drugs using immobilized 
photocatalysts.

2.2  Pesticides

Among different categories of ROPs, pesticides are the 
most commonly used worldwide, applied in regions includ-
ing 6.5–60 kg.ha−1, which adds 2.5 million tons per year 
[97]. Pesticide usage in agricultural practices is essential, 
as ensuring the quality of the harvest and food protection. 
Releasing these elements to the ecological system, includ-
ing freshwater organisms, may threaten them by exposure 
to pesticides, which are commonly recognized to contain 
life-threatening chemicals [98–102].

Several researchers have proposed using biological, 
chemical, and physical approaches to treat wastewater con-
taining pesticides. These methods were unfavorable due to 
their expensive cost and insignificant removal efficiency 
[103, 104]. However, AOPs techniques demonstrated a sig-
nificant removal efficiency toward various pesticides [105, 
106]. Table 2 illustrates successfully degraded pesticides 
using immobilized photocatalysis. Pesticides’ main catego-
ries are insecticides, fungicides, herbicides, bactericides, etc. 
[107]. Moreover, pesticides are classified according to:

• Chemical class (organophosphates, organochlorines, 
etc.).

• Function requirement (public health, agriculture, domes-
tic).

• Purpose (Target organism: herbicide, insecticide, fungi-
cide, etc.) [108].

2.3  Surfactants

Surfactants are organic molecules that include hydrophilic 
classes (their heads) and hydrophobic classes (their tails). 
They are categorized according to their ionic properties in 
water as cationic (positive charge), nonionic (no charge), 
either anionic (negative charge), or amphoteric (negative/
positive charge based on pH) [109]. Surfactants are utilized 
to reduce the tension on the surface between two liquids 
or between a solid and a liquid, making them appropriate 
as detergents, emulsifiers, foaming agents, wetting agents, 
and dispersants [110]. They are extensively used in deter-
gents, pesticides, cosmetics, shampoos, and other consumer 
products. Some surfactant compounds are not rapidly biode-
gradable, so high residuals are found in the treated effluents 
[111, 112]. After using these surfactants, the residue and the 
degradation outcomes are released into marine ecosystems 
and are included in different environmental sections such as 
surface waters [113]. Surfactants consist of hydrophilic and 
hydrophobic moieties. Despite these compounds’ serious-
ness, they need to be degraded by applying immobilized 
photocatalysts as there is minimal research in this field.

Noorimotlagh et al. [114] reported carbon-doped  TiO2 
(CDT) immobilized on a granular surface of activated car-
bon (GAC). It was used for commercial surfactant of nonyl-
phenol (NP) photocatalytic degradation.  TiO2 nanoparticles 
were in various ratios of rutile (R) and anatase (A) parts. 
Photocatalyst CDT/GAC at R (46.94)/A (53.06) revealed 
significant degradation efficiency. Removal of TOC and 
COD was 89% and 99%, respectively, decreasing to 80% of 
NP within 60 min. Li et al. [115] studied PFOA degradation 
using Pb-BiFeO3 immobilized on rGO sheets as a heteroge-
neous catalyst in a microwave-enhanced Fenton-like process. 
For PFOA degradation, a greater catalytic efficiency was 
shown by the composite of Pb-BFO/rGO for  H2O2 activa-
tion with the removal of 90.0% within 5.0 min. Gomez-Ruiz 
et al. [116] demonstrated the degradation of PFOA using 
 TiO2-rGO catalyst. A  TiO2-based composite catalyst of 95% 
and reduced graphene oxide 5% was synthesized by a simple 
hydrothermal process. After 12 h of UV–vis illumination, 
PFOA’s degradation efficiency reached 93 ± 7% by using a 
0.1 g  L−1 of  TiO2-rGO composite at an initial PFOA con-
centration 0.24 mmol.L−1. The illumination source was a 
medium-pressure mercury lamp, and a significant increase 
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in degradation efficiency was noted compared to  TiO2 photo-
catalysis 24 ± 11% PFOA removal. The degradation mecha-
nism and efficiency are shown in Fig. 4.

2.4  Dyes

Dyes are colored and appropriate for coloring leather, tex-
tiles, fibers, wool, and paper [117–120]. At present, about 
100,000 various kinds of dyes are utilized by the textile 
industries. During the dying process, up to 20 percent of 

the overall global dyes production is lost and discharged in 
the textile discharges [39, 121–123]. Such discharge into 
the ecosystem of colored wastewater causes severe environ-
mental issues and affects human health [124–126]. They are 
highly tinctorial and visible in polluted water even at low 
concentrations, and their synthetic structure and aromatic 
nature make them stable and hardly biodegradable [62, 127]. 
Dyes are classified based on chromophore structure into sol-
vent dyes, reactive dyes, direct dyes, basic dyes, and vat 
dyes [128], as shown in Fig. 5. Only 47% of synthetic dyes 

Fig. 4  Degradation mechanism 
for PFOA using  TiO2/rGO 
composite, and the degradation 
efficiency [116]

Fig. 5  Dyes classification is 
based on chromophore structure
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are biodegradable [129]. Large numbers of semiconductors 
(metal oxides and complex oxides) have been examined in 
combination with various oxides to operate as photocatalysts 
for the decomposition of dyes [45, 130, 131].

Jafari et al. [132] reported nanosized  TiO2/SiO2 immo-
bilized on cementitious materials. Photocatalytic efficiency 
in removing some organic dyes was investigated. A sol–gel 
pioneer was initially utilized to prepare the synthesized 
 TiO2–SiO2 nanoparticles characterized using UV–Vis, 
SEM, and XRD. A thin layer of the prepared composite was 
coated successfully on white Portland cement (WPC) blocks. 
Nano-TiO2–SiO2-coated WPC blocks effect was evaluated 
in dyes photocatalytic degradation, including MB, MG, 
and MO. The results indicated an increasing photocatalytic 
efficiency based on the composition and pH of the cement 
added. Khaledi Maki et al. [133] reported nanoparticles of 
 TiO2 doped with iron (Fe), nitrogen (N), and cerium (Ce) 
(Fe–N-Ce-TiO2) immobilized on a bed of glass for organic 
dye degradation Direct Blue 15. The study revealed that the 
pH acidic condition is preferable for the removal of dye. 
The optimal parameters’ condition for the total Direct Blue 
15 dye removal under the radiation of LED is pH = 5.7, dye 
initial concentration 25 mg  L−1, dose catalyst nanoparticles 
10 mg  cm−2, current intensity of 0.68 A (1000 lx), and con-
tact time 60 min. Schematic of the used photocatalytic reac-
tor used in the experiments is shown in Fig. 6.

Akerdi et al. [134] demonstrated photocatalytic removal 
of Acid Red 14 in an aqueous solution using nanoparticles 
of  TiO2 immobilized on a fabricated graphene oxide plate. 
The GO nanoparticles were layered on a carbon electrode 
(GOCE) and utilized as a catalyst bed. Nanoparticles of 
 TiO2 were attached to the (GO-CE-TiO2) bed with thermal 
technique. For the photocatalytic procedure, a solution of 
500 mL in a batch mode including dye was prepared. Pho-
tocatalytic treatment was executed for 120 min. Time effect 

(min), concentration of dye (mg  L−1),  TiO2 content (g  L−1), 
and solution pH value on the photocatalytic process were 
inspected. Dye removal efficiency rose in high pH (> 7) and 
low pH (< 7). The GO and  TiO2-fabricated electrode with 
(a) and the photocatalytic reactor (b) are shown in Fig. 7.

2.5  Phenolic compounds

Phenolic derivatives form a category of common recalci-
trant pollutants in the environment. Their existence even at 
low concentrations may threaten the use or reuse of water. 
Phenols induce undesirable odor and taste of drinking 
water and have adverse effects on various biological sys-
tems. The majority of these substances are classified as toxic 
[135–138]. Phenolic substances are aromatic compounds 
bound to the aromatic ring with one or more hydroxyl 
groups. These substances are generally present in wastewa-
ter discharged from different industries, such as chemical 
synthesis, petroleum refineries, coke plants, plastics, paper, 
dyes, pulp, pharmaceutics, textiles, pesticides, and herbi-
cides synthesis, as well as detergents [139–141]. Table 3 
illustrates phenolic compounds successfully degraded using 
immobilized photocatalysis.

3  Catalyst immobilization

Recently, heterogeneous catalyst immobilization on vari-
ous supports has attracted many authors because of the 
assumption that the catalysts could be readily isolated from 
the interaction solution and reused in various cycles, which 
reducing the expensive cost of the catalyst usage [142–144]. 
Supporting materials have to be inert, erosion-resistant and 
expose multiple areas of the surface with the capacity of 
holding the catalyst particles so as to remain attached and act 
as suspended catalysts [145]. Many researchers successfully 
used supporting materials such as steel mesh (SM) [146], 
fiberglass [147], cellulose [67], carbon fiber [148], carbon 
nanotube [149], silica [150].

3.1  Methods of catalyst immobilization

3.1.1  Sol–gel method

The sol–gel procedure has been widely utilized because of 
its many advantages, such as low cost and strong applica-
bility to substrates. This method includes the dispersion 
of suspended particles in Brownian motion with a fluid 
matrix. The suspended particles will first transform to vis-
cous gels before converting into solid materials [151]. A 
critical factor in this method is the aging time that causes 
the sol to freeze. This depends on the sol’s concentrations, 
and the mechanism shown in Fig. 8 is not restrictive or 

Fig. 6  Schematic of the used photocatalytic reactor used in the exper-
iments [133]
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exhaustive. Such stages can be prolonged, altered, or elim-
inated together, except solvation and gelation; depending 
on a specific implementation, the steps allow for hydroly-
sis and condensation reactions to stay fixed to produce a 
sol–gel-derived material [152].

3.1.2  Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) requires a thin solid film 
on a substrate material by a vapor-phase precursor chemical 
reaction in the broadest sense. Therefore, CVD can be differ-
entiated from physical vapor deposition (PVD), or example 
in terms of reactive sputtering and evaporation, involving the 
adsorption of atomic or molecular material on the substrate 
[153]. This procedure uses different energy sources such as 
plasma, heat, and light to deposition material. Usually, the 
type of gases used are chloride, hydride, and bromide. The 
desirable chemical composition gradient can be revealed by 
variation of the gas ratio, the gas’s pressure, the rate of flow, 
deposition temperature, and type of gas [154]. CVD can be 
used to deposit glass/steel coating and small-scale coatings, 
i.e., microelectronics, on vast areas. This method provides 
the possibility for perfect film uniformity and controls the 
composition with premium phase coverage [155].

3.1.3  Electrophoretic deposition

The purpose of electrophoretic deposition is the formation 
of thin films for specific purposes. Under the impact of a 
utilized electric field, EPD includes electrophoretic motion 
of suspended charged particles toward an electrode and 
formatting of a deposit. Depending on a particulate charge, 
warranties can be anodic and cathodic [156, 157]. The 
deposition takes place depending on the type of electrode. 
The deposit occurs on the cathode when the particles are 
positively charged, and the operation is called cathodic 
electrophoretic deposition. The process is called anodic 
electrophoretic deposition when the deposit occurs on the 
positive electrode (anode) of negatively charged particles 
[158]. Figure 9 illustrates the schematic diagram of EPD 
[159]. In EPD, a current flows between the parallel sheets’ 
electrodes when a potential is applied. The magnitude of 
the flowing current is determined by several device param-
eters involving cell constant, electrochemical kinetics, and 
solution conductivity [160]. EPD has recently been used 
to manufacture composite and functional ceramics, thin 
films, coated and functionally graded substances, high-
performance ceramic, hybrid coatings; and biomaterials 
and to deposit carbon nanotubes and nanoparticles in the 
manufacture of developed nanostructured materials [161].

Fig. 7  GO and  TiO2-fabricated electrode (a) and the reactor of photocatalytic degradation (b) [134]
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3.1.4  Plasma‑sprayed coating technique

The plasma spraying procedure can be outlined as follows: 
firstly, the precursor solution of the metal or ceramics is 
heated via an ionized inert gas (plasma); then, the heated 
compounds are sprayed at the desired surface for coating, in 
general, a metallic alloy or metal. This procedure is gener-
ally utilized for providing a barrier against corrosion, wear, 
or high temperatures [162]. The porous structure of the 
coatings required for catalytic implementations in plasma 

spraying depends significantly on the jet outflow regime (tur-
bulent, laminar, or transient), the flow rate, and components 
of the plasma-forming gas, spraying distance, the applied 
power, and the average bulk temperature [163].

3.1.5  Magnetron sputtering deposition

Magnetron sputtering is a plasma-based procedure that 
is ionized. It accelerates inert gas (usually Ar) atoms 
that are ionized and accelerated because of the pos-
sible difference between the anode and the negatively 
biased target (cathode). The interactions between the 
ions and the desired surface enable atoms to be ejected 
(sputtering), condensing on a substrate and forming 
a film [164]. When the sputtered atoms move via the 
thick plasma, the probability of an ionizing collision 
is significantly higher than in a conventional discharge 
of magnetron, where far more particles move to the 
substrate without collisions, shields, walls, or other 
components. The target requires good electrical con-
ductivity to facilitate the high-current pulses [165].

3.2  Advantages of catalyst immobilization

It is possible to use catalysts either in immobilized 
or suspended form. After dispersing the used catalyst 
particles in the aqueous solution, the illumination’s 
penetration deepness is restricted due to scattering or 
absorption through the dissolved organic matter and 

Fig. 8  Routes of syntheses of sol–gel. Procedures are characterized by the transfer of colloidal solution to an interconnected network (gelation) 
as a sol–gel procedure [152]

Fig. 9  Electrophoretic deposition process schematic illustration [159]
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catalyst particles [145]. Unsupported catalysts are 
often less stable, and as a rule, coagulation is inevita-
ble through the catalytic reactions [166]. In large-scale 
systems, the usage of unsupported catalysts involves 
a time-consuming, expensive process for the isolation 
from the treated wastewater before disposal and recy-
cling of the catalyst. The photocatalyst immobilization 
can obviate the above drawbacks given over appropri-
ate support [167]. For instance, the  TiO2 catalyst is 
usually utilized in suspension (slurry) with premium 
performance; however, costly filtration is needed 
to isolate the treated solution’s catalyst [168, 169]. 
Table 4 briefly lists the benefits and drawbacks of sus-
pended and immobilized photocatalysts [31].

4  Supporting materials

The materials used for immobilization are named support, 
carrier, or anchored materials. The material’s properties 
are significant in revealing the success of immobilization. 
Supporting materials should possess the following qualities 
[170]:

• Low cost and eco-friendly material.
• Static after immobilization process and does not obstruct 

the required reaction.
• Resistance in mechanical and thermal properties.
• High constancy versus degradation by vigorous oxidative 

radicals produced via the photocatalyst when its surface 
is illuminated.

• The material must be strongly anchored with the catalyst, 
even after entering the reactor.

• Catalyst activity must not be positively affected after 
immobilization.

• It provides a high surface area for the catalyst.
• High durability.

The support material’s primary function is to 
enhance the contact mass’s textural properties 
(excess surface area, porosity, etc.) [171]. Supports 
are usually categorized as organic and inorganic sup-
ports by their chemical nature. Whatever the support, 
it plays a significant part in active catalyst immobili-
zation. There are three main functions of the support: 
(i) to expand the catalytic material surface area; (ii) 
to reduce sintering and enhance the catalytic mate-
rial’s hydrophobicity and thermal, hydrolytic, and 
chemical stability; (iii) to regulate the beneficial 
lifetime of the catalyst [172]. In this review, we will 
divide support materials into two categories: mov-
able and fixed supporting.

4.1  Movable supporting materials

Movable supporting means that the catalyst is attached 
to the supporting material and acts as one group when 
placed into the aqueous media to improve the catalyst 
activity. The advantage of this type of support is the 
same for suspended catalysts, such as the high inter-
action surface area, which participates in the superior 
degradation of contaminates [173].

Table 4  Benefits and drawbacks of suspended and immobilized photocatalysts [31]

Suspended type photoreactors Immobilized photoreactors

Benefits Benefits
Catalyst distributed uniformly Continuous operation of the reactor
Significant photocatalytic illumination surface area to reactor volume 

ratio
Superior elimination of organic matter from the aqueous phase while 

using an immobilized agent with adsorption characteristics
Mass transfer is limited No additional catalyst separation operation required
Because of catalyst continuous adding and removing, the catalyst foul-

ing effects are extremely minimized
Particles mixed as well
Low-drop in pressure through the reactor
Drawbacks Drawbacks
Post-expensive filtration processes are required Lower operation efficiencies by immobilized photocatalyst due to light 

scattering
Effective light dissipation and adsorption in the suspended particles 

medium
A possible limitation of mass transfer at minimal flow rates of the 

contaminates
Possible catalyst washout and catalyst deactivation
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4.1.1  Zeolite

Zeolites are defined as microporous-crystalline alu-
minosilicates. They have been formed by sharing the 
corner  AlO4

- and  SiO4
- tetrahedra [174, 175]. Zeolites 

are low cost, friendly to the ecosystem, and renew-
able. They are potentially valuable resources to reme-
diate cumulative contaminates. Natural zeolite has 
many mesoporous structures (distribution of pore size 
varying from 2 to 50 nm), including broad internal 
and external cation adsorption surface active sites 
[176–179]. Due to their adsorption ability, zeolites 
have attracted greater attention, helpings to collect the 
contaminates to the catalyst surface’s closeness, lead-
ing to rapid removal [180].
Danish et al. [181] demonstrated ultra-fine nanoparti-
cles of iron–nickel bimetallic. These nanoparticles are 
immobilized on natural zeolite composite (Z-nZVI-Ni) 
as a heterogeneous catalyst for trichloroethene degra-
dation (TCE). The results demonstrated that the com-
bination of nickel and iron particles on the zeolite plate 
dramatically increased the BET’s surface area to 120 
 m2.g-1. By increasing nickel from 1% to 5% by weight 
in the Z-nZVI-Ni, the TCE removal was completely 
achieved. Leal Marchena et al. [182] studied tungsto-
silicic acid (TSA) anchored on NH4Y and NH4ZSM5 
zeolites, which were successfully synthesized by wet 
impregnation for MO photodegradation. The increase 
in TSA amount on the zeolite produces a persistent 
boost in photocatalytic action and degradation rate. 

The catalyst quantity’s optimum concentration was 0.5 
g  L-1; however, increasing the catalyst quantity reduces 
the removal rate because the solution becomes opaque 
and cloudy, decreasing light penetration. Liao et al. 
[183] demonstrated an enhanced zeolite/TiO2 com-
posite (MZTC), which was synthesized in situ using a 
saturated infiltration method. The photocatalytic effi-
ciency of MZTC was estimated under UV light irra-
diation by examining the rate of degradation of (MB) 
dye in an aqueous solution. The test’s degradation effi-
ciency detected that MB’s degradation by MZTC-2.5 
composite was the maximum, reaching 93.6% within 
60 min. Figure 10 shows a schematic of MB degrada-
tion using MZTC-2.5 [183]. Ajoudanian et al. [184] 
studied nickel oxide (NiO) incorporated into clinop-
tilolite (CP) zeolite nanoparticles. Ion exchange and 
calcination techniques were performed. The immobi-
lized catalyst was characterized by SEM, TEM, DRS, 
FT-IR, XRD, and BET. The developed catalyst was 
used in cephalexin (CEX) photocatalytic degradation. 
The optimum experimental conditions were catalyst 
initial dose 0.2 g  L-1, pH 4.5, and 300 min of irradia-
tion time. At this optimal status, up to 76% of CEX 
was degraded.

4.1.2  Polymers

Polymers have achieved an excellent position due to 
their intrinsic properties, among other materials [185]. 
They are used to produce manufactures such as lami-

Fig. 10  Schematic of the degradation of MB using MZTC-2.5 [183]
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nates, paints, plastic sheets, building materials, house-
hold appliances, and packing [186]. Immobilizing the 
catalysts on polymers negates the need for separation 
procedure after water treatment and eliminates eco-
toxicity-related problems [187]. Use of polymers as 
the carrier for  TiO2-based photocatalysts is common. 
These polymers include polysulfone, polyethersulfone, 
polyamide, cellulose acetate, polyacrylonitrile, poly-
vinylidene fluoride, and polypropylene [188]. Accord-
ing to Singh et al., polymers are suitable for catalyst 
immobilization for the following reasons [170]:

• They are innoxious substances that are completely inert 
and have high durability, and are mechanically stable.

• They have hydrophobic properties, which give them addi-
tional advantages.

• They are readily available and costless
• Thermoplastic properties boost the ease of coating the 

catalyst by thermal methods.
• They have high resistance to UV irradiation and do not 

oxidize quickly

Jallouli et al. [189] reported paracetamol photocatalytic 
degradation. Nanoparticles of  TiO2 and  TiO2/cellulosic 
fiber were examined under sunlight and UV irradiation. 
 TiO2 suspension/UV technique showed extra efficiency than 
the  TiO2/cellulosic fiber technique. However, immobilized 
 TiO2 showed several advantages over the suspended system. 
It can improve the adsorption properties while permitting 
the photocatalyst to be easily separated from the solution 
with enhanced reusable performance. Aoudjit et al. [190] 
demonstrated the usage of  TiO2 (P25) nanoparticles sup-
ported into a poly (vinylidene fluoride–trifluoroethylene) (P 
(VDF–TrFE)) membrane. The synthesized membrane was 
used in tartrazine dye photocatalytic degradation. The results 
showed that 8 wt. %.  TiO2 nanocomposite has a noticeable 
sunlight photocatalytic action over about 5 h. The degrada-
tion efficiency reached about 78% of contaminates.

4.1.3  Quartz sand

Silica crystals  (SiO2), the main composition of quartz sand 
material, are other impurities that we removed through the 
deposition procedure. Quartz sand, otherwise recognized 
as white sand, is weathered rocks, including feldspar and 
quartz. The quartz sand’s main composition is  Al2O3,  SiO2, 
 TiO2,  Fe2O3, MgO, CaO, and  K2O [191]. He et al. [192] 
demonstrated the impact of solar irradiation on wastewa-
ter, including PhACs, by employing immobilized  TiO2 that 
exist as a catalyst and studied the prospect of this photo-
catalysis as a post-treatment procedure effluent of waste-
water. Experiments were carried out using supported  TiO2 

(photocatalysis) and without (photolysis). Firstly, using a 
sol–gel technique, on 200–500 μm sand,  TiO2 was success-
fully immobilized. The photocatalysis result is significant 
in the complete removal of PhACs in wastewater effluent. 
For diclofenac, propranolol, and carbamazepine, 76 ± 3% 
was the removal efficiency. Ben-Moshe et al. [193] reported 
quartz sand as support for copper oxide nanoparticles and 
their catalytic efficiency to decompose an organic dye. Sup-
ported sand was filled in a column for studying the catalytic 
action for the decomposition of Lissamine green B organic 
dye through experiments with an oxidant hydrogen peroxide. 
A promising consequence was shown for the CuO catalyst 
when used in a suspended form in batch systems. The impact 
of nanoparticle immobilization on quartz sand and its inclu-
sion in the catalytic procedure have been studied in a flow-
through apparatus. For organic dye degradation, the covered 
sand was filled in a column, and its catalytic efficiency was 
studied with an oxidant such as hydrogen peroxide. Con-
figuration trials with uncovered sand were likewise carried 
out for comparison. The covered sand reported a significant 
catalytic potency, reaching total oxidation of the dye. The 
removal was enhanced by extending the dye’s residence time 
in the column, yielding removal of the dye up to 85%. For 
organic dye degradation, the covered sand was filled in a col-
umn, and its catalytic efficiency was studied with an oxidant 
such as hydrogen peroxide. Configuration trials with uncov-
ered sand were likewise carried out for comparison. The 
covered sand reported a significant catalytic potency, reach-
ing total oxidation of the dye. The removal was enhanced by 
extending the dye’s residence time in the column, yielding 
removal of the dye up to 85%.

4.1.4  Three‑Dimension graphene

Over the last few years, three-dimensional graphene-based 
materials (3D GBMs) have increasingly attracted concern. 
While they preserve the outstanding graphene properties, 
they also improve the functional application potential of gra-
phene. The manufacture of 3D graphene is mostly conducted 
by methods of template-assisted chemical, chemical self-
assembly, and chemical vapor deposition (CVD), as shown 
in Fig. 11 [194].

He et al. [195] studied a three-dimensional graphene 
hydrogel-AgBr@rGO to degrade bisphenol. This research 
discusses the encapsulation of AgBr to create a compos-
ite (AgBr@rGO) by reduced graphene oxide, which can be 
combined from three-dimensional (3D) network structures 
with hydrogels (rGH-AgBr@rGO). AgBr@rGO’s core–shell 
design inhibited AgBr particle growth, and excellent size 
control (500–600 nm) was achieved; however, hybridization 
with graphene developed quick migration and separation of 
photogenerated charges. rGH-AgBr@rGO’s 3D graphene 
nanosheets quickly adsorbed bisphenol A (BPA). BPA was 
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then quickly decomposed by AgBr@rGO nanoparticles 
under visible light irradiation. The results indicate that the 
interconnectedness between adsorption and photocatalytic 
decomposition could considerably enhance the degradation 
efficiency of pollutants. A regenerated micron-sized 3D 
mesh is structured via a simplistic filter without the require-
ment for complicated catalyst filtration. The data acquired 
showed excellent interconnectedness between the adsorp-
tion-based pollutant and photocatalytic decomposition by 
rGH-AgBr@rGO. 150% BPA removal was more significant 
than pure AgBr, and after five consecutive cycles, about 90% 
removal efficiency was achieved. The complete degradation 
of BPA was achieved through the first 6 h. Nawaz et al. [196] 
studied a synthesized three-dimensional (3D) reduced gra-
phene oxide/TiO2 (RGOT) aerogel, which was synthesized 
by a simplistic hydrothermal one-step procedure. The pho-
tocatalytic assessment of carbamazepine (CBZ) recalcitrant 
substance in an aqueous solution was evaluated. RGOT 
revealed superiority in adsorption and about 200% greater 
photodegradation efficiency than pure  TiO2 (of more than 
99%), with 90 min CBZ elimination observed in 10 ppm 
aqueous solution. CBZ adsorption and photocatalytic deg-
radation are significantly affected by the  TiO2 mass ratio in 
RGOT aerogel; the optimal  TiO2/GO in RGOT was found to 
be 2:1. The attractive benefits of RGOT aerogels are many, 
including its macroporous 3D structure, effective charge 

separation, considerable surface sites for immobilizing the 
catalyst, and CBZ mass transportation near the photocatalyst 
surface area.

4.1.5  Other uncommonly used supports

Besides these prevalent supports, there are abundant 
other unusual supports, including those based on sodium 
alginate [197], cellulose acetate [198], and laccase enzyme 
[199], which have been used for the immobilization of the 
photocatalytic material. Ye et al. [200] reported phenol 
degradation using synthesized ZnO nanosheets/Montmoril-
lonite photocatalyst. The composite was produced without 
calcining via the novel in situ alkaline hydrolysis syntheses 
method. The phenol’s efficient degradation via the compos-
ites reached 88.5%, which is higher than the ZnO photo-
catalyst (56%).

4.2  Fixed supporting materials

For large-scale industrial purposes, immobilized photo-
catalysts on fixed support materials are greatly preferred, 
because there is no requirement for a filtration unit at the 
end of the treatment process. Initial and running costs are 
reduced, making the system further commercially viable 
for a large industrial scale. Fixed support materials also 

Fig. 11  Fabrication methods for 
3D graphene [194]
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have their drawbacks; the main reason for the decrease in 
efficiency is the reduced surface area, which reduces the 
degradation rate. Thus, it is necessary to prolong photocata-
lytic treatment time, reducing the treated substratum’s daily 
capacity [147].

4.2.1  Glass plates

Due to their UV light transparency in photocatalytic appli-
cations, the glass plates are appropriate as catalyst support. 
As a result, this can offer a considerable surface area and 
expand the efficiency of photocatalysis. Moreover, extra 
potential benefits such as additional surface area improved 
adsorption characteristics and improved reduced recombi-
nation of charge or surface –OH groups in photocatalysis 
[201]. Darvishi Cheshmeh Soltani et al. [202] demonstrated 
the photocatalytic technique usage fitted with nanoparticles 
ZnO immobilized on glass plates for removal of formalde-
hyde in aquatic solution. The efficiency of formaldehyde 
degradation reduced significantly to 12.96% because the 
solution had a heavy, strong acid condition (pH = 2.0). The 
efficiency of degradation was reduced from 56.41 to 44.02% 
by raising pH values from 7 to 10, respectively; a significant 
decrease in the degradation efficiency was shown at basic 
status. When the initial formaldehyde concentration supplied 
inside the reactor rose from 500 to 4000 mg  L−1, the deg-
radation efficiency reduced from 62.30 to 11.96%, respec-
tively, in 30 min. The result suggests that the photocatalytic 
technique using immobilized ZnO nanoparticles could be 
an effective and promising tool for wastewater treatment, 
including formaldehyde.

Maleki et al. [203] demonstrated ZnO nanoparticles pre-
pared and immobilized on glass plates through chemical pre-
cipitation techniques for humic substances (HS). The initial 
concentration of (HS), pH effect, surface area, and UV lamp 
power were the studied parameters. Acidic conditions pre-
ferred the photocatalysis of HS. Increasing the power of the 
UV lamp and the glass surface area enhanced HS’s degra-
dation efficiency. Jafari et al. reported toluene and benzene 
oxidation by nanoparticles of ZnO, which were immobilized 
using the photocatalytic techniques on glass plates. Nano-
particles of ZnO were coated with a heat attachment method 
on three glass plates. To estimate the photocatalytic deg-
radation efficiency of toluene and benzene, a layered plate 
was illuminated by a metal halide lamp in a reactor with 
a rectangular shape in batch mode. Glass surfaces coated 
with ZnO suspension achieved 57% and 46% degradation 
of toluene and benzene when concentration was 50 ppm at 
45 °C and relative humidity of 40% after 240 min illumina-
tion of metal halide lamp. Shokri et al. [204] demonstrated 
cefazolin photodegradation in the existence of  TiO2.  TiO2 
was examined as immobilized on glass plates and in sus-
pended form. The initial concentration of cefazolin, initial 

pH of the solution, catalyst dosage, and light intensity were 
the observed operational parameters. The best conditions 
achieved for the photodegradation of cefazolin were pH 5, 
an initial concentration of cefazolin = 20 mg  L−1, with light 
intensity of 17 W.m−2 in both cases.

4.2.2  Aluminum plates

Research on aluminum sheets is still limited and needs fur-
ther study, despite several successful attempts, presented in 
the following lines. Gar et al. [205] demonstrated a recycled 
photocatalyst produced by incorporating sulfur cations into 
the lattice of titanium dioxide  (TiO2) with a highly active 
visible light. Aluminum plates were used as a support mate-
rial for the prepared photocatalyst. Polysiloxane was used 
as the attaching material for cyclic use in photocatalysis 
experiments. Degradation of 2,4-dichlorophenol (2,4-DCP) 
was successfully achieved using suspended and immobilized 
catalysts under a direct illumination of a metal halide lamp. 
Removal of 2,4-DCP by the suspended catalyst, by compari-
son, was more rapid than by the immobilized catalyst. On 
the other hand, the immobilized catalyst trends in removal 
rates denote that the degradation of 2,4-DCP could be pro-
longed for extra time to achieve the same efficiency as the 
suspended catalyst. For an initial concentration of 25 mg 
 L−1, the result of degradation was higher than 97% after 
480 min for 2,4-DCP. Degradation rates were 98%, 96%, 
90%, 86%, and 80.4% in five consecutive cycles, resulting 
from the significant catalyst stability and the possibility for 
reusability even after long periods of photocatalytic reaction.

Seabra et al. [206] reported active layers of  TiO2 immo-
bilized on aluminum sheets, using a jet spray, a conventional 
and low-cost deposition process. The layers attached to the 
substrate were carried out using a commercial thermally 
adherent polyester ink used in industry for aluminum sur-
face treatment. The layers’ photocatalytic efficiency was 
examined to remove Orange II organic dye in aqueous solu-
tions. The reaction was examined in a batch photoreactor 
under solar and visible light. The attached catalysts were 
compared with suspension  TiO2 (anatase). For a  TiO2 and 
polyester ink layer having a 1:1 weight ratio and a thickness 
of 60 m (100 g  m−2), the enhanced achievement was reached 
for layers. These layers confirmed attracting discoloration 
performance degree of 95%.

4.2.3  Stainless steel

Stainless steel is efficient as a substrates for  TiO2 because: 
it is low cost, high strength, and chemically and thermally 
stable. Mirzaei et al. [207] demonstrated a spinning stainless 
steel disk photoreactor by immobilizing  TiO2 on the disk 
surface; the degradation of phenol was studied in aqueous 
solutions. The completed degradation predicted for phenol 
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was 100% at the optimum condition (flow rate 2000 mL.
min−1, rotational speed 290 rpm, and disk diameter 22 cm). 
Murgolo et al. [208] studied a  TiO2 nanostructured film 
placed on a stainless steel mesh via the Metal–Organic 
Chemical Vapor Deposition (MOCVD) procedure. Tri-
methoprim and warfarin degradation was twice with the 
new catalyst as when using  TiO2 Degussa P25. K. Fouad 
et al. [209] demonstrated a novel engineering-designed pho-
tocatalytic reactor. The reactor was used for the repetitive 
degradation of sulfamethazine (SMZ). Tungsten-doped  TiO2 
(W-TiO2) catalysts were immobilized into four consecutive 
stainless steel plates by using polysiloxane. Under the opti-
mum operating conditions, the SMZ concentration residual 
after 30 min of the photocatalytic reaction was below the 
detection limit. The immobilized W-TiO2 catalysts showed 
high stability even after five consecutive runs. The photo-
catalytic reactor is shown in Fig. 12.

4.2.4  Other uncommonly used materials

Verma et al. [210] used supported  TiO2 on cement beads 
for an imidacloprid insecticide (IMI), as shown in Fig. 13, 
involving degradation with durability examination of the 
catalyst. In suspension mode, running conditions were opti-
mized for the superlative degradation by varying pH, the 
dose of  H2O2,  TiO2, and the batch reactor area/volume ratio. 
After photocatalytic treatment of up to 3 h, about 95% of 
IMI was degraded under all optimized conditions. In a fixed-
bed analysis, the degradation of IMI was employed using 
 TiO2 coated cement spherical beads. The spherical beads’ 
diameter was about 2.0 cm with two coatings of the catalyst, 

sufficient for removing IMI after 6 h. The performance and 
stability of the anchored catalyst were tested 30 times by 
recycling the beads.

5  Photocatalytic reactors

Photocatalytic reactors are classified into two classes based 
on photocatalyst conditions: reactors that have photocatalyst 
immobilized on a surface, and reactors whose photocata-
lyst is in the suspended form [211]. The significant advan-
tage of immobilized reactors is that they allow continuous 
operation, have no need for catalyst particle separation, and 
may reuse catalytic supports for various cycles. The main 
disadvantages of surface-immobilized reactors are the low 
area-to-volume ratio, leading to mass transfer restrictions 
and low reaction rates. However, suspended reactors have 
a high specific surface area of suspended catalytic particles 
[212]. For water purification and wastewater treatment, a 
photocatalytic reactor can be a perfect solution.

5.1  Movable supported photocatalytic reactors

A reactor that consists of  TiO2 immobilized on glass 
beads and has in the center a UV lamp was used for deg-
radation of high ammonia in water [213]. Zhong et al. 
[214] reported pumice-loaded  CeO2/Bi2WO6 photocata-
lysts using macroporous pumice as support. SEM images 
indicate that pure pumice is a porous substance with a 
smooth surface and relatively large pores, In contrast, 
pumice in pumice-loaded  CeO2/Bi2WO6 catalysts has 
very rugged textures and clings to them with a layer of 
catalyst films on surfaces. A photoreactor with a con-
tinuous flow with dimensions 410 × 60 × 200 mm, com-
posed of a settling tank and three reaction tanks was used. 

Fig. 12  Perspective sketch for the photocatalytic reactor [209]

Fig. 13  Supported  TiO2 on cement beads [210]
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Volume was 0.8 L for reaction tanks, and a 100 W lamp 
was used for illumination. Claes et al.[215] illustrated a 
photocatalytic reactor for the degradation of MB dye. A 
reservoir was equipped with a peristaltic pump to supply 
the reaction solution to the reactor containing methylene 
blue trihydrate. An LED array was linked to movable pil-
lars to provide a light source at a distance of 4 cm from 
the reactor.  TiO2 was coated over borosilicate beads and 
was situated in the middle part. The experimental setup 
is shown in Fig. 14 [215].

5.2  Fixed supported photocatalytic reactors

Zhang et al. [216] demonstrated a fixed-bed reactor designed 
by immobilizing a thin film of BiOI on glass fiber cloth 
(GFC); the fixed-bed reactor is shown in Fig. 15. It consists 
of a light source, two reservoirs, a peristaltic pump, and a 
sloping plate to support the film and collection of light. The 
reactor’s photocatalytic action was examined by bisphenol 
A (BPA) degrading under a sunlight simulator. BPA’s initial 
concentration (20 mg  L−1) was degraded up to 98% by the 
BiOI thin-film reactor within 8 hs’ irradiation and pH range 
(5–9). O’Neal Tugaoen et al. [217] studied the degradation 
of para-chlorobenzene acid (pCBA) using a  TiO2-coated 
quartz optical fibers reactor, as shown in Fig. 16. The pho-
toreactor contains a Clear PVC cylinder with an inner diam-
eter of 1.9 cm and a total length of 18 cm. 16 cm was the 

solution depth, with a 5 ml.min−1 flow rate using a peristaltic 
pump. The highest degradation was achieved by utilizing 
five coated fibers with five LEDs [217].

Fig. 14  Experimental setup schematic for  TiO2 coated over borosilicate beads [215]

Fig. 15  Thin-film fixed bed reactor [216]
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6  Reusability of catalysts

The reusability of the attached catalyst is an essential point. 
It depends on the method of attaching on the catalyst itself. 
Degradation efficiency illuminates at last runs due to the 
effect of scouring, which induces particles that are not well 
immobilized to desolate the supporting material because of 
the shear force generated by the rapid movement of polluted 
solution. Gar et al. [205] degradation of 2,4-dichlorophenol 
in water using the photocatalytic technique was tested on 
aluminum plates, using a reusable immobilized S-TiO2 by 
polysiloxane. The experimental tests were carried out over 

longer periods (480 min) and under the same circumstances, 
s, as shown in Fig. 17. After five repeated runs, the final deg-
radation efficiencies were 98%, 96%, 90%, 86%, and 80.4%, 
respectively. The removal of the repetition periods’ displays 
high catalyst performance and constancy despite long dura-
tions of the photocatalytic procedure.

7  Conclusions

There is no doubt that high pollution rates, especially from 
recalcitrant organic pollutants, mean we face major chal-
lenge because these pollutants will return to us in one form 
or another. The researchers spared no effort to find safe and 
economical methods of treatment. The trend in recent years 
is strongly toward AOPs techniques. This method is effec-
tive, but not practical if used in suspended form on a large 
scale. Hence, using this technique in immobilized form is 
the optimum way forward. This review specifically covered 
classes of recalcitrant organic pollutants, the possibility of 
the degradation of such pollutants using immobilized pho-
tocatalysis, photocatalytic reactors, and reusability of immo-
bilized catalysts.

Study recommendations could be as follows:

1- The use of suspended catalysts is effective only in labo-
ratory experiments or preliminary studies; however, it is 
not appropriate to apply on an industrial level.

2- Immobilized photocatalysts are applicable in reactors, 
which could be utilized as a unit in wastewater treat-
ment plants or for special effluents. They could solve the 
problems of suspended form, such as cost and difficulty 
of reuse.

Fig. 16  OF/LED photocatalytic reactor [217]

Fig. 17  Reusability of immobi-
lized catalyst, initial concentra-
tion of 2,4-DCP 25 mg  L−1 
[205]
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3- Studies on the treatment of pesticides using immobilized 
photocatalysis need to be increased, as there has been a 
lack of studies dealing with pesticides.

4- The degradation of surfactants needs further study, espe-
cially since it is used extensively in all fields.

5- The use of immobilized photocatalytic reactors should 
be encouraged, because they are the future and the pos-
sibility of using them as additional units in the stations.

6- Estimation of cost of reactor’s is crucial when evaluating 
the benefits of these reactors.

7- The immobilized photocatalysts’ performance cannot be 
evaluated without evaluating the possibility of reuse of 
immobilized catalysts for long periods.
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