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Abstract 

Wastewater discharge from industries constitutes one of the main environmental issues. 

Particularly, dyes are a major concern because of their toxicity on human health. Among the 

different techniques developed to remove these pollutants from water, heterogeneous 

photocatalysis appears as a promising technology and it is one of the most studied for the 

decomposition of dyes in water phase over the few past decades. Due to its properties, titania 

has been widely studied in the water treatment processes. However, to be implanted at a large 

scale, the photocatalytic activity still needs to be enhanced, especially in the visible domain. 

One way to reach this goal consists in increasing the specific surface area of the photocatalyst. 

From this point of view porous TiO2 are excellent candidates to be considered in the water 

treatment technologies. In this Chapter, we will review the use of porous titania-based 

nanomaterials for the photocatalytic degradation of dyes contained in wastewater, since this 

process is the most promising. First a short presentation of common dyes used in the industry 

and their classification is given. The main information concerning TiO2 as potential good 

photocatalyst for dye removal from wastewater is then given to remind its structures and 

properties, describe the mechanisms proposed for pollutant photodegradation and present the 

parameters affecting its photoactivity efficiency. These aspects are the bases that orient 

researches in the synthesis of performant nanostructured TiO2 photocatalysts. Recent 

advances related to this topic are reviewed including the shaping and preparation of TiO2-

based (nano)composites materials that have been developed to favor their use and/or 

integration in a process for potential industrial use. The last part is devoted to the progress of 

two most promising process for the implementation of viable system to remove dyes from 

wastewater at a large scale. Finally some patents and the interest of titania and photocatalysis 

in industry are reviewed. 
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1. Introduction 

There are several different types of substances that may pollute water and contamination of 

surface water, groundwater and soil is a major problem (Dror et al. 2012). Because of their 

potential carcinogenic and toxic effects on human health, among the different pollutants such 

as detergents, fertilizers, volatile organic compounds (VOC), halogenated organic compounds 

(HOCs), dyes are a major environmental concern (Kolpin et al. 2002; Chen et al. 2011). Dyes 

are mainly discharged from pharmaceutics, printing, food coloring, cosmetics, paper, textiles 

and many others industries, involving an environmental pollution. Dyes can change the color 

of water, impact light penetration, reduce the solubility of gases such as oxygen and some of 

them are toxic, which further affect the ecology in the water (Epolito et al. 2005; Nandi et al. 

2009). Over 7x105 tons of dyes and pigments comprising more than 10 000 different 

molecules are produced annually worldwide (Dutta et al. 2014). Among the different kinds of 

dyes, the ones belonging to the azo family (Forgacs et al. 2004) are carcinogenic, resistant to 

biodegradation, highly toxic and mutagenic to both human beings and aquatic life (Cai et al. 

2017). Because of this toxicity for human health, many efforts have been devoted to remove 

dyes wastewater and various processes such as filtration, gravity separation, flotation, 

biodegradation or photocatalysis have been developed (Forgacs et al. 2004; Gupta et al. 2009; 

Rafatullah et. 2010; Alventosa-de Lara et al. 2012). Due to its high efficiency and wide 

applicability, adsorption is the most employed process for removing water-soluble dyes and 

activated carbons are known to be efficient adsorbents for the removal of dyes (Forgacs et al. 

2004; Mahmoud et al. 2013). However, activated carbons suffer from low adsorption capacity, 

high-cost production and regeneration (Cai et al. 2017). Therefore, other adsorbents such as 

clays, zeolites have been developed (Forgacs et al. 2004; Martorell et al. 2017). But, with this 

process the dyes are simply transfer from water to another medium causing secondary 

pollution. Other techniques such as filtration, gravity separation and flotation have high 



5 
 

operating costs and could release toxic secondary pollutants into the ecosystem. 

Consequently, they are not able to treat the water to meet standards for reuse filtration or 

coagulation. Biodegradation of synthetic dyes have also been developed (Demarche et al. 

2012; Martorell et al. 2017). This process is quite inexpensive and the end- products of 

complete mineralization are not toxic. However, many of the synthetic dyes are chemically 

stable and resistant to microbiological attack. In addition, when the discharges have low 

biodegradable portions for example waste discharges of chemical industries biological 

treatments are inefficient or insufficient (Oller et al. 2011). The development of an effective 

process to depollute water is therefore still of great and continuous interest. To reach this goal 

the heterogeneous photocatalytic appears a promising technology and it is one of the most 

studied for the decomposition of dyes in water phase over the few past decades (Julkalpi et a. 

2014; Cambié et al. 2016; Karthileyan et al. 2017; de Lima et al. 2017; Sharma et al. 2017; 

Cai et al. 2017). Indeed this technique has some advantages: (1) complete degradation of 

organic pollutants to CO2 and water, (2) no waste-solids disposal problem, and (3) only mild 

temperature and pressure conditions are necessary. Photocatalytic degradation usually occurs 

at room temperature and pressure and may be more cost-effective than other conventional 

techniques such as activated carbon adsorption and chemical scrubbers, because the 

semiconductor catalysts are inexpensive and capable of oxidizing most organic compounds 

effectively. However, for most photocatalyst the activity still need to be enhanced in particular 

in the visible domain. 

Most of the considered techniques for water treatment require the use of materials for 

adsorption of the dye prior to its elimination. Thanks to their properties related to their small 

size such as large surface area, more active surface available, quantum effect and so one, 

nanomaterials like nanoparticles, nanotubes or ordered mesoporous materials are excellent 

candidates to be integrated into the processes of dyes removal from water (Cai et al. 2017). 
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For example, Lee et al. have shown that the ordered mesoporous silica MCM-41 may be an 

effective absorbent for basic dyes removal from aqueous solution (Lee et al. 2007). In 

addition, the nature and the strength of the interaction between the host molecules and the 

adsorbent can be tuned by functionalizing the surface of these supports (Qin et al. 2009; Donia 

et al. 2009). Qin et al. have modified MCM-41 by introducing ammonium group, according 

to the post-synthesis way, for the adsorption of anionic dyes (Qin et al. 2009). Authors have 

evidenced that the functionalized MCM-41 material has a high affinity for the considered dyes 

and that the electrostatic interaction was responsible of the colorants adsorption. Among the 

various nanomaterials, titania-based ones are of particular interest. In fact, TiO2 is known to 

be chemical stable, nontoxic, low cost and reusable. Even more, the main advantages of titania 

for water treatment concerns its photocatalytic properties. Therefore TiO2 is the most studied 

and used photocatalyst nowadays (Gaya et al. 2008; Chong et al. 2010; Lazar et al. 2012; Qiu 

et al. 2012; Lin et al. 2012; Ajmal et al. 2014). As it will be illustrated in this chapter, titanium 

dioxide represents a good photocatalyst for wastewater treatment. The adsorption and the 

photocatalytic efficiencies are favored by an increase of the surface area and from this point 

of view porous TiO2 are excellent candidates to be considered in the water treatment 

technologies. This chapter will be dedicated to the use of porous titania-based nanomaterials 

for the photocatalytic degradation of dyes contained in water treatment, since this process is 

the most promising. 

 

2. Dye classifications 

Synthetic dyes exhibit considerable structural diversity (Figure 1). The main dyes employed 

in the industry are azo, diazo, anthraquinone, sulfur, indigoid, triphenylmetyl and 

phthalocyamine derivatives (Forgacs et al. 2004) (Robinson et al. 2001). Among the wide 

variety of colorants available, azo dyes are the most used and represent over 50% of the 
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colorants used in the industry (Forgacs, Cserháti, and Oros 2004). Azo dyes can be basic, acid 

or sulfur. Azoïc ones are characterized by the presence of a double bond between two nitrogen 

atoms (-N=N-) where at least one of the two nitrogen atoms is bonded to an aromatic group. 

In addition to the -N=N- and aromatics functions, dye molecules can possess several other 

organic functions such as carboxyl, hydroxyl, amino and sulfoxyl groups. Because of the 

presence of such organic functions, most of dyes exhibit amphoteric features. The charge of 

the dye is strongly dependent on the pH. Indeed, the deprotonation of acidic groups lead to 

the formation of an anionic moiety (Robinson et al. 2001). On the contrary, the protonation of 

amino functions lead to cationic dye. The dye can also be non-ionic, dependently on the pH 

(Suteu and Malutan 2013). Non-ionic dyes refer to dispersed dyes, which do not ionize in 

water (Robinson et al. 2001). 

The chemical structure of dyes can be very different from one to another and it is not 

straightforward to classify them only according to one parameter. Based on their general 

structure, dyes can be classified as anionic, non-ionic and cationic dyes (Robinson et al. 2001). 

A classification based on their source (natural, synthetic, animal, plants) and on their chemical 

structure (azo or non-azo dyes) was proposed by Ajmal et al. 2014 (Figure 2) (Ajmal et al. 

2014). 

 

3. Titania photocatalyst 

Titanium dioxide is widely used in the formulation of sunscreen and plastics, as pigments or 

as catalyst (Carp et al. 2004). For example, when used in catalysis, it enhances the 

hydrodesulfurization (HDS) of transition metal sulfides (TMS) by transferring electronic 

density towards the TMS (Castillo-Villalón et al. 2009). More recently, thanks to their good 

biocompatibility titania-based materials have attracted much attention for enzyme 

immobilization. For example, Gao et al. have reported the immobilization of horseradich 



8 
 

peroxidase (HRP) in templated titania through the biomimetic titanification process (Jiang et 

al. 2014). The authors have shown that the encapsulated HRP exhibits improvement of pH 

and thermal stability as well as tolerance against inactive agents. The encapsulated HRP also 

presents better removal efficiency than the free enzyme for the removal of both phenol and 2-

chlorophenol. Titania is a semiconductor that has received considerable attention mainly for 

its applications in electronics, electrochemical systems, including photoelectrochemical solar 

cells, electrocatalysis, optoelectronic sensors devices and high performance photocatalytic 

films (Fox et al. 1993; Hoffmann et al. 1995; Linsebigler et al. 1995; Chen et al. 2007). 

 

3.1. Structure and properties of TiO2. 

TiO2 exhibits three main polymorphs anatase, rutile and brookite (Figure 3) (Landmann et al. 

2012; Pelaez et al. 2012). The TiO6 octahedron is the common primary structural unit of these 

phases. The structural difference of these phases is due to the different stacking arrangements 

of their octahedra. Rutile crystallizes in the tetragonal system (P42/mnm space group). In 

rutile, each octahedron has 10 neighbors: two share edges and eight share corners. The 

neighbors share corners along the [110]-type direction. Anatase belongs also to the tetragonal 

system but to the I41/amd space group. It is composed of TiO6 octahedra sharing faces. The 

corner-sharing octahedron forms [001] planes. Bulk brookite is a metastable phase, which 

crystallizes in the orthorhombic system (Pbca space group). At high pressure non-

stoichiometric TiO2-x compounds can also be obtained. The bulk titania rutile structure is the 

most thermodynamically stable phase. However, at the nanosized level when the particles size 

is lower than 11 nm or comprised between 11 and 35 nm, anatase and brookite become the 

more stable phase, respectively (Zhang et al. 2000a). The bandgap values of bulk rutile, 

anatase and bookite are 3.0, 3.2 and 3.4 eV, respectively (Table 1). The Raman spectrum of 

bulk anatase exhibits a very intense band at around 143 cm-1 (Eg band) and this mode shifts 
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to higher wavenumbers in nanocrystalline materials (Kelly et al. 1997; Zhang et al. 2000b). 

As depicted in Table 2, due to its properties titania has been widely used in the water treatment 

processes such as adsorption or photodegradation. In particular, the last one has been widely 

considered for the removal of either anionic or cationic dye. In this chapter, we will focus on 

this method for dye removal from water. For this photocatalytic application, among the 

common crystalline forms of titania, anatase is generally recognized to be the most active 

phase.  

 

3.2. Mechanisms of photocatalysis and principle of pollutant degradation 

Titanium dioxide photocatalysis and photodegradation mechanisms (Figure 4a) are well 

described in literature (Carp et al. 2004; Gaya et al. 2008; Chong et al. 2010; Ajmal, 2014; 

Dong et al. 2015; Cai et al. 2017). Below we will just give a short overview of the basic 

principles of both processes. The photocatalytic properties of TiO2 evidenced by Fujishima 

and Honda in 1972 are because when the photons energy of incident light is larger than the 

band gap of the TiO2 particles, it can be adsorbed by the semiconductor (Fujishima and Honda 

1972). Electrons of the valence band are in an excited state and migrate in the conduction 

band. This results in the creation of photoelectrons (e-) and electronic hole (h+) according to 

the reaction: 

 TiO2 + hν → e- + h+ 

Recombination of these electron/hole (e-/h+) pairs can occur in the solid, they can also be 

balanced by a gap or migrate to the TiO2 particle surface. The latter phenomenon is 

particularly interesting since oxydo-reduction reactions can take place with the donnor or 

acceptor groups adsorbed at the surface. The strong oxidizing action of the hole (h+) can 

involve the formation of highly reactive hydroxyl (OH•) or R• radicals through the oxidation 

of water, of the superficial OH groups or of the organic compounds (R), such as dyes, adsorbed 
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at the TiO2 surface. These radicals are very powerful oxidizing agents, which can react with 

the pollutants adsorbed at the material’s surface through the following indirect reactions: 

 h+ + H2Oads → H+
ads + OH•ads 

 h+ + OH-
ads → OH•ads 

 h+ +Rads → R•ads  

Electrons (e-) in the conduction band can also react with electron acceptors such as oxygen to 

lead to the formation of superoxide radicals O2•ads.  

 e- + O2 → O2•ads 

This reaction is very important since it prevents the electron/hole recombination. In the 

absence of appropriated acceptors or donors of electrons the electron/hole recombination 

occurs. This process is very fast, in the range of the picosecond.  

 TiO2 +h+ + e- → TiO2 

The superoxide radical is protonated to form hydroperoxyl radical (HO2•) and then 

subsequently hydrogen peroxide (H2O2) is formed, which dissociates into two highly reactive 

hydroxyl radicals. 

 O2•ads + H+ → HO2•ads 

2 HO2•ads → H2O2ads + O2 

 H2O2ads → 2 OH•ads 

The hydroxyl radicals will degrade the pollutant (R). 

 R + OH•ads → Intermediates of reaction → CO2 + H2O 

Oxidation and reduction processes will also take place at the surface of the photocatalyst: 

 R + h+ → oxidation products 

 R + e- → reduction products 

Since the recombination probability is 99.9%, this electron/hole recombination is the limiting 

factor for the photocatalytic efficiency. They involve a loss of the photoelectrical energy in 
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the form of heat. In addition, only a small fraction of the solar spectrum, around 5%, can 

effectively be used to degrade pollutants such as dyes. Indeed the bandgap of anatase (3.2 eV) 

requires ultraviolet radiation for photocatalytic activation but UV light accounts for only 5% 

of the sun energy compared to the 45% of the visible light (Dong et al. 2015). Thus, many 

studies are devoted to the shift of TiO2 bandgap towards lower values to induce an optical 

response of titania in the visible domain. As described in section 4.4 the main way to reach 

this goal consist in doping titania or associating TiO2 with another semiconductor such as 

ZnO. Besides the indirect degradation mechanism, under visible light, direct degradation of 

the dye (Figure 4b) can also occur (Ajmal et al. 2014). However, the latter is far slower 

reaction compared to the indirect mechanism (Ma and Yao 1998). 

 

3.3 Parameter affecting the TiO2 photoactivity efficiency 

The photocatalytic efficiency of TiO2 in solution depends on several factors such as the pH, 

the crystal structure, the particle size, the surface area and the porosity of the photocatalyst (Li 

et al 2005; Kim et al. 2007).  

At low pH, the TiO2 surface is positively charged and cannot provide the hydroxyl groups, 

which are needed for hydroxyl radical formation. However, an acidic solution enhances the 

amount of HO2•ads radicals and hence increases the concentration of H2O2, promoting the 

photocatalysis performance (Paz 2006). On the other hand, more efficient formation of 

hydroxyl radicals is expected to occur in alkaline solution since a higher pH value can provide 

a larger concentration of hydroxyl ions to react with the holes to form hydroxyl radicals. 

However, a too high pH can result in excess radicals, leading to self-quenching (Torres-

Martinez  et a. 1999).  

As mentioned above, the photocatalytic activity of TiO2 is mainly attributed to its anatase 

phase and it is reported that higher crystallinity enhanced drastically the photocatalytic activity 
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of TiO2 materials (Othani et al. 1992; Pelizzetti et al. 1993; Kelly et al. 1997; Zhang et al. 

2000b). Moreover, small crystallite size is considered to favorably increase the probability of 

mutual e-/h+ recombination at both surface and bulk traps.  

It was also reported that the photocatalytic degradation rate of azo dyes in the presence of 

UV/TiO2 is strongly dependent on the chemical structure of the dye. Indeed, monoazo dyes 

are more easily decomposed than triazo dyes since the stability of both triazine nucleus and 

cyanuric acid intermediates makes triazo dyes difficult to fully oxidize (Reutergådh and 

Iangphasuk 1997; Minero et al. 1997). Fortunately, such intermediates are not toxic. 

Competitive adsorption between water molecules and the target molecules can occur due to 

photogenerated oxidizing species, which may not migrate far away from their formation 

centres, explaining that there is no or very slow rate of degradation at few nanometer layers 

around the catalyst particles surface (Hufschmidt et al. 2002).  

According to the configuration of the reactor, light intensity, nature of the dye and morphology 

of TiO2 catalyst, the optimum quantity of the catalyst required for an efficient removal of the 

dye can change. Several studies have been realized in order to determine this optimum 

quantity by studying the reaction rate of the photooxidation process. Indeed, when all dye 

molecules are adsorbed on TiO2 surface, it clearly appears that the addition of higher quantities 

of photocatalyst would have no further enhancing effect on the degradation efficiency. 

Moreover, Zhu et al reported in their study that the excess of photocatalyst particles may 

increase opacity of the suspension which may retard the degradation rate (Zhu et al. 2012). 

Furthermore increasing the quantity of catalyst in the medium will increase particle–particle 

interaction. In that case, activated molecules can be deactivated by collision with ground state 

titanium dioxide particles. 

On the other hand, the quantity of the initial dye can also influence the mechanism of 

photodegradation. Indeed, when increasing dye concentration, dye ions will cover more active 
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sites preventing the formation of OH radicals on the surface of TiO2 catalyst as described in 

paragraph 3.2. Several authors described this phenomenon by increasing (Zhu et al. 2012) 

(Ilinoiu et al. 2013) or decreasing (Kansal, Singh, and Sud 2008) the quantity of initial dye. 

In order to increase photooxidation rate, adding oxidative species such as hydrogen peroxide 

(H2O2), ammonium persulfate ((NH4)2S2O8), potassium bromate (KBRO3) or potassium 

peroxydisulfate (K2S2O8) (Qamar et al. 2005; Saquib et al. 2008) is often used in the 

photocatalytic process. Indeed, the electron/hole recombination causes waste of energy, and 

to avoid this, it is essential to prevent this latter phenomenon. In heterogeneous catalysis, 

molecular oxygen plays the role of an electron acceptor, so, the addition of external oxidant 

(electron acceptor) in the medium will increase the photocatalytic degradation of 

contaminants. This phenomenon is well described in literature and based in three steps 

(Ahmed et al. 2010): 

- Removal of the electron-hole recombination 

- Increase of the hydroxyl radical concentration and so of the intermediate rate compounds 

- Generation of more radicals and other oxidizing species in order to increase the 

degradation photocatalytic rate of the compounds. 

The addition of the oxidant species exhibits a dual function: acting as strong oxidants they 

will tend to increase the formation of hydroxyl radicals but also inhibit the electron / hole (e-

/h+) pair recombination, however all the oxidizing agents do not have the same impact on 

photocatalytic degradation. Indeed, among those cited above, researchers have shown that 

H2O2 is generally the most effective oxidant (Ahmed et al. 2010). In that case, the 

enhancement of the degradation can be explained as follows (Akpan et al): 

H2O2 + •O2
- → •OH + OH- + O2 

H2O2 + hv → 2•OH  

H2O2 + e- → •OH + OH- 
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This effect of H2O2 has been demonstrated by Chiou et al in the photocatalytic degradation of 

phenol where the increase of the removal efficiency is observed (58 to 84% within 3h with 

the addition of H2O2 from 1.77 mM to 8.82mM) (Chiou et al. 2008). In this study, they also 

show the total degradation of phenol within 2.5h and 1h by increasing the H2O2 concentration 

from 44.1mM to 88.2mM.  

In addition, it has been generally shown that the UV/TiO2/oxidant degradation process is more 

effective in acidic than in basic medium (Ahmed et al. 2010).  

Some studies, however, have shown that an optimal concentration of H2O2 should be taken 

into account. In fact, at higher concentrations, for example, the degradation of Orange G on 

N-doped TiO2 decrease (Akpan and Hameed 2009). This can be explained by the consumption 

of •OH radicals and holes by H2O2 itself as described as follows (Mahmoodi et al. 2006; 

Coleman et al. 2007): 

•OH + H2O2 → HO2
• +H2O 

•OH + HO2
• → O2 +H2O 

h+ +H2O2 → O2 + 2H+    

In parallel, the recombination of radicals must be taken into account as a competitive reaction 

that can occur: 

•OH +•OH → H2O2 

Both •OH and h+ can finally be considered as strong oxidants for organic pollutants but in the 

excess of H2O2 concentration, the photocatalytic degradation can be inhibited. Moreover, 

H2O2 can be adsorbed on TiO2 particles that leads to surface modification and thus to the 

photocatalytic degradation (Tanaka et al. 1989).  

However, in various studies many authors have reported adsorption of compounds or 

intermediates that may acts as poison on the catalyst surface such as e.g. a multilayer of dye 

molecules around the catalyst particles surface which leads to limited interaction between 
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excited dye molecule and the catalyst and thus a decrease in photooxidation process (Bizani 

et al. 2006). 

To develop efficient photocatalysts, the specific surface area is also a crucial parameter that 

should be considered. Generally, large surface area is likely to exhibit better photocatalytic 

activity, because a large surface area provides more active sites for adsorbing dyes. Recently, 

much attention was paid to the synthesis of the nanostructured mesoporous photocatalysts 

with high surface area and uniform pore size distribution. In this chapter, we will particularly 

focus on this point. 

 

4. Porous TiO2 photocatalysts  

4.1. Templated nanostructured TiO2  

Usually mesoporous titania are synthesized from the sol-gel process using titanium alkoxides 

as precursors. For example, using this technique and starting from titanium isopropoxide as 

precursor and performing a hydrothermal treatment at different temperatures from 40 to 

240°C, Rasalingam et al. have synthesized efficient photocatalysts for the degradation of 

rhodamine B under visible light irradiation (Rasalingam et al. 2015). Using the sol-gel 

approach the textural properties of the TiO2 materials are mainly controlled by the synthesis 

conditions such as the pH, the gel composition, the humidity and so on (Simonsen M.E. and 

Søgaard 2010). The textural properties of the porous TiO2 can also be enhanced by combining 

the sol-gel process with the surfactant templating mechanism, reported for the preparation of 

the ordered mesoporous silica materials (Li et al. 2014; Baghari et al. 2015, Kimura 2016). 

Two methods can lead to the formation of mesostructured TiO2 mesostructures. The first one 

is the hard-templating route. In that case, the mesoporous titania is prepared in a confined 

space, for example via replication of mesoporous silica. Since the template prevents collapse 

of the mesostructure upon calcination, the main advantage of this method is the preservation 
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of the ordered mesopore channel array during the crystallization step at high temperature. 

However, this procedure is time consuming, non eco-friendly (it usually requires hydrofluoric 

acid to remove the hard template) and it is quite difficult to completely fulfill the mesopores 

of the hard template with the titania precursor. By contrast, the second mechanism labelled 

the soft templating pathway is less time consuming and more eco-friendly. A large variety of 

structure-directing agents such as ionic liquid, poly(ethylene glycol), diblock copolymer, 

polyoxoethylene fluoroalkyl ether, cyclodextrins or home-made block copolymers (BCPs) 

have been used to prepare the porous titania material though the soft templating route (Zimny 

et al. 2010; Veliscek-Carolan et al. 2015; Lannoy et al. 2014; Cao et al. 2016; Preethi et al. 

2017). Nevertheless, among these templates, thanks to their large molecular weights, the 

triblock copolymers such as Pluronic P123 or F127 are the most widely considered for the 

preparation of porous TiO2 (Ismail and Bahnemann 2011). Nevertheless, the main difficulty 

is to control the alkoxide precursor hydrolysis and condensation that are much faster than for 

silicon. To reach this goal, different strategies have been developed and, for example, this 

control can be achieved by the use of mixed inorganic precursor or hydrolysis controlling 

agents, such as acetylacetone, or hydrogen peroxide (Tian et al. 2002; Tian et al. 2003; Li et 

al. 2008). For example, in 1995 Antonelli and Ying have reported the first example of 

mesoporous titania by using tretradecyl phosphate as surfactant and titanium acetylacetonate 

trisisopropoxide as Ti source. Acetylacetone acts as a hydrolysis controlling agent of the 

titanium precursor (Antonelli and Ying 1995). The obtained material adopts a hexagonal pore 

ordering but the structure partially collapses after the pores are freed from the surfactant by 

calcination at 350 °C. More recently, we have developed a synthesis procedure of ordered 

mesoporous materials, having semi-crystalline framework and with high specific surface area 

(> 250 m²/g). Our strategy is based on the evaporation-induced self-assembly method, usually 

used for the preparation of the mesoporous films and on the liquid crystal templating 
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mechanism (Zimny et al. 2010). The obtained mesostructured TiO2 materials with semi-

crystalline framework are effective photocatalyst for dyes degradation such as methyl orange 

(Zimny et al. 2012; Assaker et al. 2015). The efficiency of the process depends on the working 

conditions and the optimal conditions are: one hour of dark adsorption, a TiO2 concentration 

of 0.5 g/L, a methyl orange concentration of 15 mg/L at acidic pH (pH = 4) with an incident 

light intensity of 10-5 Einstein L-1 s-1. The rates of Methyl Orange decomposition follow 

Langmuir–Hinshelwood kinetics. The dependence of the reaction rate on the incident light 

intensity is first order. No change in the activity of the catalyst is observed at the first 4 cycles, 

which indicates that the TiO2 is able to use repeatedly (Blin et al. 2012). We have also 

succeeded in introducing a second level of porosity and we have shown that thanks to the 

synergic effect of the presence of the two pore networks, the dual mesoporous titania are more 

efficient for the photo-degradation of methyl orange, used as model dye, than the mono-modal 

ones (Naboulsi et al. 2017). However, one main drawback still persists: it concerns the 

limitation of the crystallization temperature around 400°C, which is far under the required 

temperature (550°C) to completely transform amorphous TiO2 into anatase. 

Another dual templating approach has been reported to produce hierarchical 

macro/mesoporous TiO2 by a bi-template interface directed deposition mechanism based on 

a combination of soft-templating with P123 surfactant for mesoporous network and hard-

templating with macroporous carbon gabarit (Zhao et al. 2016). Macroporous carbon gabarit 

was first synthesized and immersed in the precursor solution of the mesoporous TiO2 network. 

The resulting hierarchical macro/mesoporous TiO2 material presents a regular array of 

macropores surrounded by ordered mesoporous titania walls composed of well crystallized 

anatase nanocrystals. Due to its high specific surface area, high porosity, well-connected 

channels and abundant hydroxyl groups, a high capacity of adsorption toward rhodamine B 

dye was observed. Under stimulated sunlight the rhodamine B was fully decomposed in the 
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presence of this hierarchical macro/mesoporous TiO2 in 8 min. The photodecomposition of 

rhodamine B was slower with two reference catalysts: TiO2 hollow microsphere arrays and 

commercial Degussa P25 TiO2. Macroporosity was also generated by an interesting approach 

derived from particle-stabilized emulsions to produce macrostructure-controlled titania 

ceramics has been reported by Li et al. (Li et al. 2016). With 3D interpenetrating highly porous 

structure and uniform 3-18 µm pores, the materials has showed high adsorption capacity and 

an excellent photocatalytic performance for the degradation of rhodamine B. Interestingly, 

sucrose has been added in the synthesis medium to produce C coating on the TiO2 surface by 

sintering the solid at 500°C under N2. The C-coating of macroporous TiO2 ceramic has 

improved both the dye adsorption capacity and the photodegradation rate of rhodamine B. 

 

4.2 Nanoparticles and nanotubes 

When TiO2 materials are synthesized as particles with nanosize they results in high specific 

surface area materials with exalted photocatalytic properties. TiO2 nanoparticles have been 

widely studied for photodegradation of organic pollutants in aqueous solutions and showed 

high potentiel for water waste treatments. In particular, they have been studied for their ability 

to decompose organic dyes in aqueous solutions. There are several methods to synthesize TiO2 

nanomaterials such as sol-gel, sol, hydrothermal, solvothermal and chemical vapor deposition 

that are well described in the recent review of M. M. Mahlambi et al (Mahlambi et al. 2015). 

The synthesis method and the experimental conditions are determinant on the structural and 

textural characteristics such as crystalline phase, crystallinity degree, particle size, and 

morphology, which directly influence the photocatalytic properties. Nanoparticles can be 

prepared at low temperature via a sol-gel or sol route but result in TiO2 amorphous phase and 

thus a subsequent thermal treatment has to be applied to get the anatase TiO2 crystalline phase.  

W-C. Lin et al. have prepared anatase TiO2 nanoparticles by using a sol-gel method with 
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titanium isopropoxide (TTIP), isopropanol as solvent, acetylacetone (AcAc) as stabilizer for 

TTIP and in the presence of polyethylene glycol that allowed controlling specific surface area 

(Lin et al. 2012). The synthesis experimental conditions have been optimized with the Tagushi 

experimental design method (L9(34)). The post-synthesis calcination treatment to form pure 

anatase nanoparticles was also investigated and a temperature of 550°C was found optimal. 

The synthesized nanoparticles processed as powder or as films have been shown to be efficient 

photocatalyst for the degradation of methyl blue, methyl orange and indigo dyes in water after 

10h of UV light irradiation. Among the four parameters varied for the experimental design 

matrix, the molar ratio AcAc/TTIP was found to have the greatest impact on the photocatalytic 

degradation of dyes in water. It was also observed that the presence of hydroxyl groups can 

improve the photocatalytic activity. The size of TiO2 particles is also paramount of importance 

for photocatalytic efficiency. The influence of the morphology on the photocatalytic activity 

TiO2 nanoparticles has been investigated and the nanorod shape aroused a particular interest. 

The sol-gel route allows introducing polymers or block copolymers, amphiphilic or not, in the 

synthesis medium to control morphology, particles size and aggregation. For a practical and 

an economical point of view, it is highly desired to develop facile and surfactant/polymer-free 

methods for the morphology control of TiO2 nanostructures. Anatase TiO2 nanorods have 

been synthesized via a simple two-step method: a hydrothermal treatment of the commercial 

P25 TiO2 nanoparticles in a composite-hydroxide eutectic system of 1:1 M KOH/NaOH, 

followed by acid post-treatment (Hafez 2009). The obtained TiO2 nanorods have a good 

crystallinity with the dimensions of 200–300 nm length and of 30–50 nm diameter. 

Furthermore, they are mesoporous with an average pore size of 6.2 nm and have a BET 

specific area of 85 m2/g. Compared to their precursor anatase/rutile TiO2 P25 and the titanate 

nanotubes, the pure anatase TiO2 nanorods are more efficient for the photodegradation of the 

commercial cibacrown red (FN R) textile dye under UV irradiation. Hierarchical rutile TiO2 
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superstructures made of nanorods assembled at a water-dicloromethane interface have been 

prepared by a hydrothermal treatment of dichloromethane solution of TiCl4 (Wang et al. 

2009). Size and shape of nanostructures were easily modified by varying the H2O/TiCl4 molar 

ratio. The resulting TiO2 hierarchical superstructures showed higher photocatalytic property 

to decompose methylene blue under UV light irradiation in aqueous solution (92% in 30 min) 

compare to that of commercial P25 (47% in 30 min).  The hydrothermal synthesis route based 

on a water-dicloromethane interface has allowed obtaining TiO2 nanostructures as powder or 

as freestanding film. The film is composed of greater crystallites, have a lower specific surface 

area and shows lower photocatalytic efficiency, however it offers an easier handling. The 

synthesis of TiO2 nanorods have been also realized by a rapid microwave-assisted polyol route 

from titanium glycolate followed by water treatment under microwave irradiation or 

calcination at 500°C (Gerasimova et al. 2016). Following this route or a conventional polyol 

route, the synthesized nanorods are micro-mesoporous. The post-synthesis water treatment 

under microwave allowed forming anatase nanocrystallites of 5.4 nm size and increasing 

specific surface area. The as-synthesized TiO2 nanorods show a better photocatalytic activity 

for the removal of rhodamine B (97% decomposition of rhodamine B after 30 min of UV light 

irradiation). The post-synthesis calcination at 500°C has resulted in the formation of 

mesoporous nanorods with bigger anatase crystallites (19.3 nm), a lower specific surface area 

and a lower capacity of dye adsorption, but having higher photocatalytic efficiency (98% 

decomposition of rhodamine B after 15 min of UV light irradiation).  

Titania nanotubes (TNT) have been also considered for the removal of dyes from aqueous 

solutions (Lai et al. 2014). The three general approaches in preparing TNT, are alkaline 

hydrothermal route, anodization techniques, and chemical (template) synthesis. The 

hydrothermal synthesis is recognized as a facile and low cost method and leads after a first 

step to titanate nanotubes that can be transformed into anatase TNT by acid post-treatment 
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and calcination (Xu et al. 2011). The obtained mesoporous anatase TNT photocatalyst have 

shown a good photocatalysis efficiency toward the degradation of acid orange 7 dye. Recently, 

a single post-acid treatment after hydrothermal synthesis of titanate nanotubes in highly 

concentrated NaOH solution was reported to be  sufficient to obtain anatase nanotubes with 

high surface OH density (Tsai et. 2017). The resulting materials are active photocatalysts for 

the decomposition of congo red and crystal violet dyes due to their high dye pre-adsorption 

capacity. 

The hydrothermal synthesis of titanate nanotubes with different temperatures and durations, 

and the investigation of their photocatalytic properties for the removal of methylene blue 

under UV light irradiation from an aqueous environment was reported by Liu et al. (Liu et al. 

2015) and Subramaniam et al. (Subramaniam et al. 2017). Compared to their P25 TiO2 

nanoparticle precursor, they are mesoporous with larger specific surface area and present both 

a higher dye absorption capacity and a better photocatalytic performance for the dye 

decomposition under UV light irradiation in aqueous solutions.  

 

4.3. (Nano)composites : TiO2 supported on porous matrices  

Mesoporous TiO2 are not thermally stable and usually exhibit low porous characteristics, or 

even a collapse of the mesostucture, after thermal treatment that is necessary to get highly 

crystalline anatase walls for good photocatalytic efficiency. To overcome these drawbacks 

silica-embedded titania and/or titania-silica mixed oxides have been prepared. The 

introduction of silica is also a way to modulate surface properties for improving the adsorption 

of dyes and thus the photocatalytic performance of the material. Highly ordered 2D hexagonal 

mesoporous TiO2/SiO2 composite with variable Ti/Si ratios have been prepared by 

evaporation induced co-assembly process using titanium isopropoxide and 

tetraethylorthosilicate as precursors, triblock P123 copolymer as template and a large amount 
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of HCl to control co-condensation of precursors (Dong et. 2007). The obtained TiO2/SiO2 

nancomposites have large regular mesopores (6-8 nm) and are ultra thermally stable, over 

900°C when Ti/Si ≤ 80/20, with high specific surface area (200-300 m2/g). Their walls are 

constituted of anatase nanocrystallites glued by amorphous silica. The photocatalytic activities 

of these composites for the degradation of rhodamine B in aqueous solution were found 

excellent and higher than those of commercial TiO2 P25. The study of their photocatalytic 

properties has been extended to the degradation of a large variety of anionic and cationic dyes 

(Dong et al. 2012). It was demonstrated that the surface properties of these TiO2/SiO2 

nanocomposites can be modulated by varying the Ti/Si ratio and the calcination temperature 

to adapt them for an optimal adsorption (number of surface hydroxyls) and efficient 

photodegradation (size and crystallinity of anatase nanocrystals) according the nature of the 

dye. Recently, it was reported that the extraction of silica from these TiO2/SiO2 

nanocomposites leads to stable and reusable three-dimensional interconnected mesoporous 

anatase photocatalysts. The photocatalytic activity for the degradation of dyes in aqueous 

solution under UV light irradiation is much higher than the TiO2/SiO2 parent materials and 

commercial P25 (Dong et al. 2017).  The departure of silica from the wall has left interlinked 

mesoporous network that helps the diffusion of dye molecules. The introduction of silica 

precursor as a stabilizer has been also reported for the solvothermal synthesis of silica-

embedded titania rhombic shaped nanoparticles (Yao et al. 2013). The presence of silica 

allows growing well defined anatase crystals with high specific surface area that increases 

linearly with the introduced amount of silica and due to textural mesoporosity. Due to the high 

specific surface area and the high crystallinity, the photocatalytic activity of the optimal silica-

embedded titania nanocomposite for methylene blue photodegradation under UV light 

irradiation is higher than those of pure TiO2 nanoparticles and commercial P25. 
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Coupling TiO2 with another material can be an effective tool to tune the electron/hole 

recombination. As the photocatalysis mechanism of ZnO is very similar to the one of TiO2, 

both oxides are often associated (Jing et al. 2004; Lin et al. 2005). For example, Serpone et 

al., which have examined many coupled oxides for the photodegradation of aromatic 

compounds, demonstrated during the reaction that a transfer of electrons and holes happens 

in the ZnO/TiO2 (Serpone et al. 1995). This transfer inhibits the recombination of the charge 

carriers and enhances the photocatalytic activity. Pérez-Larios et al. have reported the 

preparation of ZnO/TiO2 mixed oxides by sol-gel method varying the amount of ZnO in the 

materials between 1 and 10 wt%. (Pérez-Larios et al. 2012). They showed that obtained 

materials present a photocatalytic activity in water splitting six times higher than that 

presented by the bare TiO2. Xu et al. (Xu et al. 2004, 2005) prepared ZnO/TiO2 mixed oxides 

by simple wet impregnation of ZnO precursor on TiO2 pre-synthesized nanoparticles (Xu et 

al. 2004; Xu et al. 2005). The authors showed that when ZnO is located on the surface of TiO2 

nanoparticles it acts as recombination center of charge carriers. Consequently, the 

photocatalytic activity of obtained materials is enhanced. Shifu et al. investigated the 

preparation of ZnO/TiO2 mixed oxides by ball milling in water (Shifu et al. 2008). These 

authors tested the effect of the amount of Zn on photocatalytic oxidation of methyl orange and 

reduction of Cr2O7
2-. They demonstrated that the photocatalytic degradation efficiency of 

methyl orange decreases with the increase of Zn amount in the ZnO/TiO2 materials. However, 

the photocatalytic reduction of Cr2O7
2- depends on the amount of Zn on the material and 

reaches its optimum when this amount is of 5 wt. %. They showed also that the materials 

photocatalytic activity is influenced by the ball milling time, and the reduction of Cr2O7
2- is 

increased when milling time is up to 12 hours. Guo et al. explain that high amount of ZnO 

increases the percentage of voids due to the lack of oxygen in the crystallites of anatase (Guo 

et al. 2010). These gaps are likely to induce an intermediate energy level close to the 
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conduction band of the anatase phase and therefore to trap photogenerated electrons, by 

inhibiting the recombination of e-/h+, which consequently improves the photocatalytic activity 

of the material. In the same context, Liao et al. attribute the increasing of the photocatalytic 

activity of the ZnO/TiO2 compared to TiO2, to the presence of ZnO particles which cover the 

surface of TiO2 (Liao et al. 2008). Thus, an electron (e-) transfer occurs between the ZnO 

conduction band and that of the TiO2 and inversely for the photogenerated holes (h+), which 

move from the valence band of TiO2 to that of ZnO. The separation of charge carriers increases 

their life and improves the photocatalytic efficiency. In both cases, the presence of ZnO 

aggregates on the surface of mesoporous TiO2 reduces the recombination of e-/h+ and 

improves the photocatalytic activity of TiO2. 

The hydrothermal synthesis of mixed porous TiO2/ SnO2 templated by polystyrene beads was 

also reported with higher photocatalytical activity toward the photodegradation of rhodamine 

B under UV light irradiation than the one of commercial P25 (Wang et al. 2014). However, 

the correlation between crystalline structures, mesoporous porous structure with 

photocatalytical activity when molar ratio Ti/Sn is varied was not clearly evidenced.  

Concerning TiO2 nanoparticles, they are highly photocatalytically active for the 

photodegradation of organic pollutant in solution. However, their morphology makes 

them difficult for handling and for recovering. To overcome these problems, various 

strategies to synthesize TiO2 nanoparticles supported composites as photocatalysts for 

dye degradation have been developed. Two series of TiO2 – SiO2 composites have been 

prepared by post-synthesis impregnation of a TiO2 precursor onto SBA-15 silica 

matrices and a subsequent thermal treatment at 400 °C under air (Besançon et al. 2016). 

The influence of the textural properties (pore size from 4 to 8 nm) of the SBA-15 and 

the TiO2 content (20-80 wt%) on the dispersion of TiO2 and its crystallization in anatase 

were evaluated. For TiO2 content superior to 25 wt% and mesopores smaller than 8 nm, 
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the impregnation occurred inside and outside the porosity of the hosts and TiO2 

crystallized as anatase nanoparticles on the SBA-15 particle surface. The quantity of 

crystallized anatase was determined by XRD using an internal standard when 

crystalline particles were detected. Their photocatalytic activity was evaluated by 

following the degradation of methyl orange and compared to commercial TiO2 

references (P25 from Degussa and pure anatase 10 nm from Alfa Aesar). While P25 

reference appeared to be the best photocatalyst for the degradation of methyl orange in 

the used conditions, the photoactivity of the composites containing crystallized anatase 

were similar to that of Alfa Aesar commercial fully crystallized anatase with a particle 

size of the same order of magnitude. It clearly appeared that comparing the composites, 

the one with 44 wt% of crystallized anatase (experimental 80 wt% TiO2), so more than 

twice less than commercial anatase references, exhibit the highest methyl orange 

degradation rate, very closed to the one observed for P25. The presence of the 

amorphous SiO2 support has led to a well dispersion of 20 nm well-crystallized anatase 

particles and assured a high density of hydroxyl groups that consequently improved the 

catalytic performance of TiO2-SBA15 composite.  

Supported TiO2 on silica SBA-15 have been also prepared with varied 30-80 wt% TiO2 

loading by a post-synthesis step based on Ti-alkoxide hydrolysis in a 

support/isopropanol suspension and subsequent calcination 500-900°C (Yang et al. 

2006). The presence of mesoporous SiO2 amorphous support allowed having high 

specific area, delaying anatase-to-rutile transformation (only the anatase phase was 

detected by XRD for calcination temperature up to 800°C) and controlled-size anatase 

nanocrystals. As a consequence, the TiO2-supported SBA-15 composites were found 

to be more active for the photodegradation under UV irradiation of methylene blue in 

aqueous solution than the commercial P25. Mesoporous aluminosilicate Al-SBA-15 
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prepared in supercritical carbon dioxide (Sc-CO2) was also considered for supporting 

TiO2 nanoparticles (Chang et al. 2013). It was observed that TiO2/Al-SBA-15 

composites showed good methylene blue decolorization in aqueous solutions that was 

much higher than those of TiO2/SBA-15 and commercial P25 TiO2. The photocatalytic 

activity can be mainly related to a higher dye adsorption capacity due to the enhanced 

specific surface area when some Si species are substituted by Al species. TiO2-

supported photocatalyst have been also obtained by using microporous supports such 

as zeolites. Mesoporous TiO2 supported ZSM-5 zeolite with large specific surface area 

have been prepared by a direct templating method with P123 as surfactant, 1,3,5-

triisopropylbenzene (TIPB) as swelling micelle agent (Znad et al. 2018). The inorganic 

component are commercial and hydrothermally treated with P123/TIPB aqueous 

solution to form a multilamellar mesoporous TiO2/ZSM-5 that is photocatalytically 

active for the total and fast degradation of methyl orange dye under solar light 

irradiation in aqueous media. Moreover, the regeneration and the reuse of the 

photocatalyst was demonstrated. The high photocatalytic efficiency seems to be due in 

large part to the high specific surface area, however, in this paper the structural and 

textural characteristics are not clearly exploited and discussed.  

Porous titania-supported composites have been also synthesized with the highly stable 

Metal-Organic Framework (MOF) UiO-66 that has a high specific surface area (Wang 

et al. 2017). Different amounts of commercial TiO2 P25 were directly introduced in the 

precursor solution of the UiO-66. The presence of UiO-66 allowed greatly increasing 

the methyl orange and rhodamine B dye adsorption in aqueous solutions and the 

photocatalytic decomposition under visible light was faster with increasing amount of 

TiO2. An optimal molar ratio TiO2/Zr (from UiO-66) of 49 was found for the most 

efficient photocatalyst, which correspond to the nanocomposite with the most reduced 
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bandgap and recombination of electron-hole pairs. Moreover, the reusability of these 

TiO2/MOF photocatalyst has been demonstrated.  

Other problems that meet TiO2 nanoparticles are related to their small size and very 

active surface that make them prone to deformation and agglomeration during 

reactions, leading to the loss of their catalytic activity.  Besides disperse TiO2 

nanoparticles on the surface of a solid matrix, another approach consisting in coating 

them with a mesoporous SiO2 (mSiO2) layer. A 3-D network of core shell P25@mSiO2 

has been prepared by a simple surfactant assisted sol-gel method (Gong et al. 2017). 

The resulting nanocomposite have shown improved photocatalytic activity for the 

degradation of methyl orange due to the presence of the mSiO2 coating that stabilizes 

the nanosized photocatalysts, increases dye adsorption capacity, and binds TiO2 

particles, providing mechanical reinforcement of the nanocomposite. Moreover, it was 

suggested that hydroxyl radicals (OH) play a major role in enhancing the performance 

of P25@mSiO2. A mechanism for the OH radical generation and transport in these 

nanocomposites has been proposed.  

Interestingly, since powder materials are difficult to manipulate and to recover from liquid 

suspension, the introduction of iron oxide phase was realized in TiO2/SiO2 composites to 

allow easy magnetic removal of the catalyst from water after reaction (Fisli et al. 2017). 

Fe3O4/SiO2/TiO2 composite has been prepared by the heteroagglomeration method. Fe3O4 

magnetite nanoparticles particles were co-precipitated with SiO2 that forms an amorphous 

coating. A suspension of commercial TiO2 nanoparticles dispersed in ammonium sulfate 

aqueous solution was added to the obtained Fe3O4/SiO2 suspension. TiO2 nanoparticles is a 

mixture of anatase and rutile phase. The photocatalytic activity of the Fe3O4/SiO2/TiO2 

composite was evaluated for the photodegradation of methylene blue in aqueous solution 

under UV light irradiation. SiO2 coating plays the role of a barrier between Fe3O4 and TiO2 
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that improve photocatalytic properties and increase the dye adsorption capacity. Although the 

photocatalytic activity of the Fe3O4/SiO2/TiO2 composite is slightly lower than the one of the 

commercial TiO2 in terms of amount of degraded methylene blue, it can be easily collected 

from the aqueous solution after reaction by using a magnetic bar.  

For an economical and environmental point of view, the use of natural porous materials as 

support for TiO2 nanoparticles can present a great interest. TiO2 modified kaolin 

photocatalysts have been prepared by physical mixing with P25 and impregnation with TiO2 

sol (Hajjaji et al. 2016). Good photocatalytic performances for the removal of methylene blue 

and orange II dyes from aqueous solutions have been reported due to the combination of 

photocatalytic and adsorption processes. Diatomite, a natural porous silica material was used 

as support for producing TiO2/diatomite composites by a modified sol-gel method and a 

subsequent calcination step at different 450-950°C temperatures (Wang et al. 2015). The 

presence of an interfacial anchoring strength between the TiO2 nanoparticles and diatom 

skeleton via Si-O-Ti bonds has been shown.  The best photocatalytic activity for the 

photodegradation of rhodamine B was observed for the TiO2/diatomite composite calcined at 

750°C for 2h and having 90/10 weight ratio of anatase/rutile. Hydroxyapatite/titania 

nanocomposites were synthesized by a dissolution/precipitation method from a titanium 

alkoxide and a natural phosphate. These low-cost photocatalysts were found efficient for the 

removal of patent blue V and methylene blue dyes from water by combination of adsorption 

and photodegradation processes. Milimeter-size porous TiO2/alginate beads have been 

produced by an ionotropic gelation route with commercial anatase titania powder (Gjipalaj et 

al. 2017). The composite beads were found good adsorbents for anionic and cationic dyes, 

such as methyl orange and methylene blue, respectively. However, their photocatalytic 

efficiencies were observed reduced compared to the non-aggregated nanopowders. 
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Nevertheless, they have the advantages to be easy to recover and reusable, making them 

promising materials as green photocatalysts. 

Porous carbon matrices such as activated carbon [Gao et al. 2011] or ordered mesoporous 

carbon [Wei et al. 2014] have also been considered as interesting porous support for TiO2 

nanoparticles because of the chemical inertness and stability in both acid and basic media, and 

tunable textural and chemical properties. The resulting increase in photocatalytic performance 

for the degradation of organic pollutant such as dyes has been related to their porosity. Larger 

pores were found preferable to avoid the pore blockage by TiO2 nanoparticles that results in 

lower dye adsorption capacity. Nanostructured carbon materials such as carbon nanotubes, 

fullerens, graphene nanosheets have arisen increasing attention due to their unusual structural 

and electronical properties [Wang and Zhang, 2012]. In particular, graphene has emerged as 

one of the most promising materials to its large surface area that improves dye adsorption 

capacity and its high electron mobility that reduces the electron-hole pair recombination 

[Morales-Tirres et al. 2012; Giovannetti et al. 2017].  

 
4.4. Doping of TiO2  

Another method to limit the e-/h+ recombination and thus to enhance the photocatalytic 

efficiency consists in doping titania (Xu et al. 2005; Chen et al. 2008; Zaleska et al. 2008; 

Devi et al. 2010; Zhang et al. 2012). The objective of doping is also to shift the band gap of 

titania in the visible region. In fact, the photocatalytic efficiency of TiO2 depends partially 

upon the relative degree of branching of the reactive electron-hole pairs into interfacial charge 

transfer reactions (Hoffmann et al. 1995). Because of the shift of the band gap of the 

photocatalyst, the presence of the dopant, such as a metal ion, in the TiO2 crystalline structure 

can change both the charge carrier recombination rates and interfacial electron-transfer rates. 

The dopant can act either as an electron trap or a hole trap. Lee et al. proceeded to doping of 

TiO2 with Fe and W, and demonstrated that the photocatalytic activity of metal-doped TiO2 
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decreased as the concentration of dispersed W or Fe ion in the lattice of TiO2 was increased 

(Lee et al. 2001). Xu et al. were the first group preparing zinc ion surface-doped TiO2 

nanoparticles and nanotubes through ligand exchange reaction, proving that the surface-doped 

materials exhibits a higher photoactivity than the pure ones, by decreasing the electron/hole 

pair recombination rate (Xu et al. 2004; Xu et al. 2005). Ku et al. demonstrated that an 

excessive ZnO on the surface of TiO2 might decrease the photocatalytic activity of the material 

by serving as recombination centers of electron-hole pairs (Ku et al. 2011). This diminution 

of the photocatalytic performance at large dopant concentrations (low band gap values) can 

be explained in terms of charge recombination. For a random distribution of substitutional 

acceptors/donors of charge dopants, a gaussian like density of states appears at the 

upper/lower part of the valence/conduction band. The corresponding density of states is 

roughly proportional to the dopant concentration. Nevertheless, high doping concentration 

(low band gap) may have detrimental effects because tunneling between trapped charges 

carriers makes a significant contribution to charge (electron-hole) recombination. 

Consequently, the photocatalytic rate constant typically decreases with the shortening of the 

electron-hole pair distance due to a growing level of dopant (Moser et al. 1987). This trend 

can be also interpreted in terms of band positions (top of valence band and bottom of 

conduction band, (ii)). The positions of valence band and conduction band of semiconductor 

reflect the oxidation ability of hole and reduction ability of electron, respectively. From the 

thermodynamic point of view, if the conduction band is more negative than the O2/O.
2

−  couple, 

the photogenerated electrons could reduce O2 to produce O2•. Meanwhile, if the position of 

the valence band is more positive than the OH-/OH• couple, the photogenerated holes could 

oxide OH − or H2O to form OH•. When the bandgap decreases, i.e for high dopant content 

titania, the conduction band edge position and the valence band edge position shift downward 

and upward, respectively. It is now well established that the low conduction band position of 
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doped titania would be the main reason for the low activity in photooxidation of organic 

molecule for low band gap. The oxidizing potential of the valence band holes remains more 

positive than the standard potential of OH − /OH• couple and the reduction potential of the 

conduction band electrons becomes less negative than the potential of O2/O2•. This indicates 

that photogenerated holes could react with chemisorbed OH- or H2O to produce OH•. 

However, the electrons transferred to the surface of semiconductor particles could not interact 

with O2 to form O2•. This accelerates the recombination of the photo-generated electrons and 

holes, thus reducing the formation rate of OH•. Therefore, only a low degradation rate is 

observed for these photocatalysts. Different strategies such as addition of metal salt into the 

TiO2 colloid, sol-gel, ion implantation, impregnation, chemical vapor deposition have been 

tested for the syntheses of metal-doped titania (Zaleska et al. 2008). For example through a 

post-synthesis Tayade et al. have doped mesoporous titania with different transition metal ions 

(Tayade et al. 2006). The authors have first prepared the TiO2 by the hydrolysis of titanium 

isopropoxide in the absence of surfactant, and thus no mesopore ordering was obtained. In a 

second step, the metal was introduced by using the wet impregnation method. The obtained 

doped materials have been tested for the degradation of acetophenone and nitrobenzene 

present in aqueous solution. The authors have demonstrated that the photocatalytic activity of 

the silver metal ion impregnated TiO2 photocatalyst has the highest initial rate of 

photocatalytic degradation for both compounds due to the interstitial position of impregnated 

silver metal ion in the TiO2 lattice. Among the different strategies to introduce the metal ion 

dopant, the direct sol gel way is of particular interest (Zaleska et al. 2008; Chauhan et al. 

2012). Indeed, this technique does not required complicated instruments, since it is simple and 

easy. In addition, the incorporation of an active dopant in the sol during the gelation stage 

allows the doping element to have a direct interaction with the support. Mesoporous TiO2 was 

also modified with silver nanoparticles that were photogenerated during the wet impregnation 
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by AgNO3 of the preformed TiO2 (Xiong et al. 2011). The Ag particles formed on the TiO2 

surface were assumed to increase the affinity of the surface to oxygen, which is supposed to 

be the major role in enhancing the photocatalytic degradation of rhodamine B under UV light 

irradiation. The doping by metal such as bismuth has also been considered for mesoporous 

TiO2/MCM-41 SiO2 nanocomposites to enhance photocatalytic activity under visible light for 

methylene blue removal from water solution (Mohamed et al. 2018). Synergetic effects of 

interfaces between Bi2O3 and TiO2 were assumed to enhance the catalytic performance of the 

composite Bi/Ti-MCM-41. Co-doping with N has allowed narrowing the band gap energy of 

the photocatalysts resulting in greater visible light photocatalytic activity for the degradation 

of acid Red 85-a, a fabric dye (Thejaswini et al. 2016). Co-doping with metal such as Zr and 

Si can affect anatase phase stability, crystallinity, particle size and optical properties of TiO2, 

resulting in enhanced photocatalytical activity in the photodegradation of methyl orange in 

aqueous solution under visible light (Ilkhechi et al. 2014). 

Non-metal doping of TiO2 with boron, carbon, sulfur, fluorine or nitrogen has also 

been reported. For example, N-doped TiO2 have been prepared by treating powder TiO2 in a 

NH3 gas flow (Zhang et al. 2010). In that case, N-doping induces oxygen vacancies and 

contributes to the absorption as well as photoactivity in the visible region. It is also reported 

that modified N doped TiO2 such as C-N-TiO2, usually shows favorable effects for improving 

the photocatalytic activity in the visible compared to N-doped TiO2 (Zhang et al. 2010). The 

photocatalytic activity towards degradation of rhodamine B dye under visible light was 

enhanced by doping with non metal dopants, N, N/S and N/F hierarchical macro-/mesoporous 

TiO2 and combining with water-mediated adsorption (Pan et al.2013). Beside the advantage 

to make the TiO2 photocalyst active under visible light, the doping with non metal such as 

carbon could be also be benefit for increasing dye adsorption capacity and improve the 

photocatalyst activity for dye removal by combination of adsorption and degradation (Xu et 
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al. 2016). Doping with sulfur creates acid sites on the photocatalyst surface that enhance 

photocatalytic activity for the degradation of organic molecules such as dyes. Sulfur is usually 

introduced in the synthesis medium with thiourea (Guo et al. 2010), but the use of elemental 

sulfur was also reported and claimed to be less harmful (Galenda et al. 2017). The main 

drawback of the non-metal doping concerns the long-term instability of the photocatalyst. Co-

doping with non-metal and metal dopants have been explored for getting synergetic effect 

from the two dopants. For producing photocatalyst highly active in the visible, co-doping with 

S and Cu has been achieved to get advantage of S to lower bandgap of TiO2 and of Cu to trap 

the electrons in the conduction band of TiO2 in order to prevent charge recombination of 

electrons with holes (Yi et al. 2014).  

It is noteworthy that other strategies such as encapsulation of photosensitive molecules 

within porous photocatalysts have been developed to improve photocatalytic properties in the 

visible. Heteropolytungstic acid (HPA) that is photosensive has been incorporated by direct 

synthesis in SBA-15 and Ti-SBA-15 materials (Anandan et al. 2007). The photodegradation 

of methyl orange in aqueous solution under visible light was observed faster in the presence 

of HPA-TiSBA-15 than those in HPA-SBA-15 and Ti-SBA-15.  

 

4.5. Shaping 

Most of the TiO2 photocatalysts are synthesized as nano- or micro-sized particles and are 

powdered materials that is limiting for their applicative use. The shaping to integrate them in 

processes that can be developed at the industrial scale is necessary and often remains a 

challenge since properties of the photocalysts has to be preserved.  Processing photocatalysts 

as films has been explored according different strategies. TiO2 nanoparticles prepared by a 

sol-gel method in presence of polyethylene glycol have been processed as thin films by spin-

coating the obtained TiO2 sol on glass substrates and applying a subsequent thermal treatment 
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(Lin et al. 2012). The film thickness was varied by repeating the film deposition procedure. 

The obtained films have been showed to be efficient for the photodegradation of methylene 

blue, methyl orange and indigo in water under UV light irradiation. Increasing film thickness 

results in increasing degradation rate to a certain extent. Indeed the photocatalytic reactions 

were found to occur mainly on the surface of TiO2 thin films. For thick films, the TiO2 

particles in the interior region are less active because of the difficulty to access for the reactant 

and the low diffusion in solution for the reaction by-products. Moreover, an increase of 

opacity and light scattering were observed for thick films that decreases the light transmission 

in the film. Microfibrous palygorskite clay was mixed to a precursor nanocrystalline TiO2 sol 

containing Triton X-100 non ionic surfactant and the resulting mixture was spread on a glass 

slides by dip-coating (Stathatos et al. 2017). A subsequent thermal treatment at 500°C was 

applied to remove organic component. Highly nanostructured porous palygorskite/TiO2 

composite films with variable quantities of palygroskite were produced and tested as catalysts 

for the photodecomposition of basic blue azo-dye in water under UV light irradiation. The 

film with an optimal palygorskite/TiO2 weight ratio of 3/2 was found the most effective 

photocatalyst. It was observed that palygoskite has a low photocatalytic activity under UV 

illumination probably due to the presence of light activated oxides such as Fe2O3 and TiO2 

present in the clay, and it is assumed that the coexistence of MgO and CaO helps to a better 

hydroxylation of the surface or to slower charge recombination. The photocatalytic activites 

of the composites is due to a synergetic effect of the palygoskite clay and anatase 

nanoparticles. The reusability of the palygorskite/TiO2 composite films have been evidenced 

for 4 cycles. An interesting approach is the immobilization of TiO2 nanoparticles on 

macroporous alumina (or clay) disk (or tubular) membranes for filtration. Titania and titania-

silica sols were deposited on macroporous alumina disk membranes (Tajer-Kajinebaf et al. 

2014). To get anatase with the most favorable crystallite size of 10 nm a thermal treatment at 
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400°C was optimal for both TiO2-alumina and TiO2/SiO2-alumina membranes. The 

membrane composites have been successfully used for removing methyl orange from aqueous 

solution by coupling membrane separation process with photocalytique technique. Since the 

presence of silica delays the phase transformation anatase to rutile and inhibits grain growth 

of anatase, the TiO2/SiO2-alumina membranes were assumed to have great potential for 

efficient water treatment. TiO2 nanoparticles have been also incorporated polysulfone (PSf) 

ultrafiltration membrane for a selective degradation of methylene blue (Melvin et al. 2017). 

First, commercial P25 TiO2 nanoparticles were modified and molecularly imprinting with 

methylene blue as template in a polymer matrix. The imprinted TiO2 was then introduced in 

the precursor mixture of the PSf membrane. The photocatalytic and selective properties of 

TiO2 entrapped in PSf membrane was successfully evidenced in an integrated 

photodegradation-ultrafilration system. The incorporation of photoactive TiO2 nanoparticles 

onto textile fibers has been studied for self-cleaning (Wang et al. 2015). It is an interesting 

approach for water treatment since TiO2-supported onto textile can facilitate the photocatalyst 

recovery from reaction medium. The use of textile such as sacklotch for TiO2 photocatalyst 

support offers the opportunity to produce a composite highly active to photodegrade acid black 

26, a dye used in the textile, and stable for applications in water treatment (Vaez et al. 2012). 

Embedding of titania nanoparticles into porous cellulose aerogel is also attractive for water 

treatment since the composite is like a textile felt that can be easily handled and used for 

filtration (Jiao et al. 2015). The obtained anatase TiO2/cellulose aerogel showed a high 

photocatalytic activity for indigo carmine dye degradation in aqueous solution under UV light 

and maintained the well-define shape throughout the radiation process. Another interesting 

shaping is the production of TiO2 nanofibers by electrospinning that can be used as reactive 

filtration materials for water treatment applications (Nalbandian et al. 2015).  
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5. Examples of processes for dyes removal from water using TiO2 photocatalyst 

In most of processes developed for photocatalytic water treatment, TiO2 is usually introduced 

as slurry in the reactor. This can lead to several problems of filtration and/or micro-reactor 

clogging and light transport in the reaction medium (Bouguer-Lambert-Beer law) (Cambié et 

al. 2016). Up to now, the main drawback of industrial TiO2-based advanced oxidation 

processes is due to post operational separation of the catalyst (filtration, coagulation-

floculation-sedimentation) from the reaction medium (N. Wang et al. 2014). This drawback 

can be overcome thanks to processes such as sedimentation, membrane filtration or cross-flow 

filtration, which allow the physical separation of particles from the slurry (Molinari et al. 

2002; Fernández-Ibáñez et al. 2003; Doll and Frimmel 2005). An alternative is to use a 

packed-bed reactor but in this case, the light is not able to reach the center of the reactor. 

Another alternative allows overcoming such limitation by coating a thin catalyst layer on the 

reactor’s walls of a continuous-flow photochemical micro-reactor. 

 

5.1. Photocatalytic membrane reactors (PMRs) 

5.1.1. Membrane process 

Membrane process is a separation technique extensively implemented in numerous industries 

such as cosmetics, chemical, electronic, food, pharmaceutical, as well as for desalination and 

wastewater treatment industries. The main advantages of membrane-based processes lie in the 

low energy cost, suitability for implementing continuous processes, low cost maintenance, the 

production of stable quality of water almost independent of the wastewater composition and 

the easy scale up by simple increasing the number of membrane modules (Mozia 2010). On 

the other hand, among the main drawbacks of such technology, one can specify the membrane 

lifetime and the membrane fouling with particles and colloids present in the feed.  

The two main technologies used are the pressure driven membrane processes and those where 

the concentration difference is the driving force (dialysis, pervaporation and direct contact 
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membrane distillation) (Mozia 2010). In the case of pressure driven membrane processes, the 

smaller the pore size is, the smaller the molecules separated are. Pore sizes can be classified 

as follow: microfiltration (MF) > ultrafiltration (UF) > nanofiltration (NF) > reverse osmosis 

(RO). MF membranes allows the separation of particles > 0.1 μm, UF membranes is efficient 

for particles > 2 nm and NF membrane allows the separation of particles < 2 nm. In reverse 

osmosis process, almost all salts, metal ions and small organic molecules are separated (Koros 

et al. 1996). As expected, decreasing the pore size leads to an increase of the resistance of the 

membrane and consequently the pressure to apply in the process increases while decreasing 

the pore size.  

Membrane processes can be implemented either in a dead end mode, cross-flow mode and 

submerged membranes (Chin et al. 2007a; Chin et al. 2007b; Huang et al. 2007; Choo et al. 

2008; Fu et al. 2006). In the dead end mode, the membrane acts as a simple filter and all the 

feed is flowed through the membrane. The main drawback of this configuration is the 

accumulation of particles, colloids and other substance on the membrane, leading to the 

formation of a cake, which can clog the pores of the membrane. Consequently, such a 

configuration is not suitable for large-scale industrial applications. The submerged mode is 

close to the dead end configuration but the design of the reactor allows reducing the membrane 

fouling. In the cross flow configuration, the incoming feed moves parallel to the membrane 

surface that limits the deposition of foulants on the membrane surface since the feed flowing 

tangentially to the membrane removes partially the deposit (Mozia 2010).  

 

5.1.2. Generalities about photocatalytic membrane reactors (PMRs) 

Photocatalytic membrane reactors (PMRs) is a promising technology to remediate drawbacks 

such as separation of the photocatalyst as well as products/by-products from the reaction 

medium in the field of wastewater treatment (Ollis 2003; Augugliaro et al. 2006; Mozia 2010). 
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In such technology, photocatalysis is coupled with a membrane process. The role of the 

membrane is to act as a simple barrier for the photocatalyst and a selective barrier for the 

molecules to be degraded (Molinari et al. 2002).  

Some advantages of membrane reactors with respect to conventional ones are: 1) the confining 

of the photocatalyst in the reaction environment by means of the membrane, which allows the 

implementation of a continuous process with simultaneous catalyst and product separation 

from the reaction environment, 2) the control of the residence time of molecules in the reactor. 

As a result, post operational separation of the catalyst from the reaction medium involving 

coagulation-floculation-sedimentation operations is avoided. This allows reducing energy 

cost and sizing the installation. 

As for conventional (photo) catalytic processes, two kind of PMRs can be distinguished: 1) 

reactors where the catalyst is suspended in the reaction mixture and 2) those where the catalyst 

is immobilized on/in the membrane (photocatalytic membrane) (Augugliaro et al. 2006; Ma 

et al. 2010; Mozia 2010). In the first configuration (catalyst is suspended in the reaction 

mixture) the main drawback is the membrane fouling by the catalyst particles, especially in 

the case of pressure driven processes and more particularly in the cases of microfiltration and 

ultrafiltration. Photocatalytic membranes, where the photocatalytic reaction occurs on the 

external surface and within the pores of the membrane, allow overcoming such drawback. 

However, the membrane has to be resistant to UV irradiation and the coating of the catalyst 

on and/or in the membrane results in a decrease of surface area and consequently of the 

photocatalytic activity.  

As expected, when the pore size of the membrane increases, (microfiltration (MF) > 

ultrafiltration (UF) > nanofiltration (NF) > reverse osmosis (RO)) the amount of organics 

products in the permeate increases as well (Tomaszewska et al. 1998; Molinari et al. 2004; 

Mozia et al. 2006) and the pressure to be applied decreases. 
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Most of the photocatalytic membrane reactors studied in the literature combine photocatalysis 

with membrane process, involving microfiltration (Erdei et al. 2008; Shon et al. 2008; Benotti 

et al. 2009), ultrafiltration (Sun et al. 2004; Fu et al. 2006; Tsarenko et al. 2006) and 

nanofiltration (Augugliaro et al. 2005; Molinari et al. 2006: Molinari et al. 2008  

In order to overcome the fouling phenomenon, new types of PMRs combining membrane 

reactors with direct contact membrane distillation (Mozia et al. 2008; Mozia, et al. 2009), 

pervaporation (Camera-Roda and Santarelli 2005) and dialysis (Azrague et al. 2007), were 

developed more recently. 

 

5.1.3. Photocatalytic membranes  

- TiO2 immobilized on/in the membrane 

In such configuration, the light source is located in a way to ensure the irradiation of the 

membrane (Figure 5). The photodegradation of dyes occurs at the surface and/or within the 

pores of the membrane. Two asymmetric configurations (Figure 6a and 6b) of membrane 

reactors can be found (Mozia 2010). In the first one, the photoactive separation layer is 

deposited on a non-photocatalytic support. The membrane acts as both a filter and a 

photocatalyst. The light source is located in the photoactive separation layer (photocatalytic 

membrane) side.  

In such configuration, the main advantage is that the organic compounds present in the 

solution are decomposed on/in the membrane, thus preventing cake formation and membrane 

fouling (Tsuru et al. 2001). The main drawback is that the membrane can be damaged by UV 

radiations (Ollis 2003) (Chin et al. 2006). Actually the membrane resistance to UV radiation 

depends on its composition and manufacturing (Molinari et al. 2000; Chin et al. 2006;). This 

limitation can be overcome by the use of ceramic (Alem et al. 2009; Romanos et al. 2013) or 
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metallic (Bellobono et al. 2005) membranes but the main drawback of such membranes is 

their cost. 

In the second configuration, the non-photoactive separation layer is deposited on a photoactive 

support. The light source is located in the photoactive support side. In such configuration, 

filtration (membrane) and photocatalysis (photoactive support) are separated. Such 

configuration allows obtaining a higher permeate quality and prevents the membrane 

degradation by UV radiation (Mozia 2010). The main drawbacks are that only the permeate 

is purified, the possible fouling of the non-photoactive membrane and the non-degradation of 

high molecular weight organics. Indeed, such large molecules are blocked by the pore size of 

the membrane and thus cannot cross the membrane to reach the photocatalytic support. Both 

configurations were compared by Bosc et al. by using mesoporous TiO2 base membranes for 

the photocatalytic degradation of methylene blue (Bosc et al. 2005). Romanos et al. even 

implemented “double side active photocatalytic ultrafiltration (UF) membranes” which 

consists in coating and irradiating both sides of the membrane (Romanos et al. 2013). From 

their results on the photocatalytic degradation of methyl orange, authors claimed that such a 

process exhibits similar performances as compared to the highly efficient standard 

nanofiltration, and with the advantages such as lower energy consumption without the 

generation toxic by-products. 

Several studies report dye photodegradation through photocatalytic membranes (TiO2 

immobilized on/in the membrane) (Zhang et al. 2006a; Wang et al. 2008; Papageorgiou et al. 

2012; Mendret et al. 2013; Romanos et al. 2013; Zhang et al. 2014).  

Zhang et al. reported the synthesis of a TiO2 hollow fiber based membrane, which was 

evaluated for the photocatalytic degradation of acid orange 7 (Zhang et al. 2014). The 

influence of the calcination temperature was found to strongly influence membrane properties: 

the higher the calcination temperature, the smaller the pore size and the photocatalytic activity, 
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the higher the mechanical robustness. The best calcination temperature was reported to be 

900°C, which allows removing 90.2% of organics at a water flux of 12.2 L.m-2.h-1.  

Alem et al. reported the synthesis of a multilayer mesoporous TiO2 coated on alumina 

membrane with a high surface area (83 m2.g-1 and a pore size of 4 nm) for the 

photodegradation of methyl orange (Alem et al. 2009). Such membrane allows increasing the 

photocatalytic activity by 60% without sacrificing its permeation compared to colloidal 

monolayer membrane. Mendret et al. reported the photodegradation of acid orange 7 on a 

TiO2/Al2O3 membrane (Mendret et al. 2013). They found that such a process enhances 

ceramic membrane wettability and allows preventing membrane fouling while improving flux 

stability. Moreover, membrane cleaning was performed by irradiating membrane surface 

under static conditions, without chemicals. Papageorgiou et al. 2012 implemented 

photocatalytic/ultrafiltration process using a composite of AEROXIDE® TiO2 P25 and 

alginate polymer fibers based membrane which were found to be 3 fold more efficient than 

conventional membrane for the photocatalytic degradation of methyl orange (Papageorgiou et 

al. 2012). 

- TiO2 suspended in the reaction mixture 

In such configuration, the photocatalytic process is ensured by TiO2 introduced as a slurry in 

the incoming feed and the membrane acts as a filter for TiO2 particles, thus ensuring the 

permeate to be free of TiO2 particles. Indeed, most of the studies reported the high efficiency 

of the membrane filtration resulting in a very low concentration of TiO2 particles in the 

permeate (Meng et al. 2005; Tomaszewska and Morawski 2006; Huang et al. 2007; Mozia 

and Morawski 2009). For reactors where the catalyst is suspended in the reaction mixture, 

three main configurations can be distinguished: irradiation of the feed tank, irradiation in a 

specific module (photoreactor) located between the feed tank and the membrane, irradiation 

of the membrane.  
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One advantage of such process is the photocatalytic efficacy given that TiO2 particles are not 

embedded in the membrane, allowing a higher surface area available for the photocatalytic 

process. It also allows obtaining a higher permeate quality and prevents the membrane 

degradation by UV radiation. On the other hand, the main drawbacks is membrane fouling, 

especially by TiO2 particles, leading to the decline of the permeate flow (Molinari et al. 2006; 

Molinari et al. 2008). As a general trend, the higher the TiO2 particles concentration is, the 

fastest the fouling of the membrane is (Sopajaree et al. 1999a; Sopajaree et al. 1999b; Shon et 

al. 2008). The membrane fouling strongly depends on the pressure and flow applied in the 

process (Sopajaree et al. 1999a; Sopajaree et al. 1999b). A high flow allows preventing the 

formation of the cake by removing continuously TiO2 particles. Under such conditions (high 

flow) the influence of the pressure on the fouling of the membrane is negligible. However at 

low flow, the influence of the transmembrane pressure becomes predominant and membrane 

clogging can occur. One alternative is the implementation of submerged membrane process, 

which is less sensitive to membrane fouling (Chin et al. 2007a; Chin et al. 2007b; Molinari et 

al. 2008). Low permeate flux results in higher residence time that favors the process efficiency 

(Molinari et al. 2000; Rivero et al. 2006; Chin et al. 2007b). Other parameters such as pH or 

ionic strength will also affect the process (Mozia 2010). Especially, the pH strongly influences 

TiO2 particles agglomeration (Xi and Geissen 2001; Paz 2006). Also, the presence of humic 

acid was found to render the cake more resistant to the flow (backpressure increase) (Lee et 

al. 2001). However, one can expect the photodegradation of organic products of the cake by 

the application of UV light (Choo et al. 2008), especially with the configuration where the 

membrane is irradiated. The shaping of the catalyst also impacts the membrane clogging. 

Indeed, by using a ball-shaped TiO2/SiO2 catalyst, the fouling phenomenon was found to be 

reduced as compared to the standard Degussa P25 (Fu et al. 2006). The batch mode is 
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generally found to be more effective than the continuous mode but the latter is better suited 

for industrial scale applications (Li and Zhao 1999; Molinari et al. 2002). 

Others processes such as dialysis, pervaporation or direct contact membrane distillation also 

exist. For example, Azrague et al. developed a photocatalytic membrane process where the 

mass transport through the membrane is not achieved by transmembrane pressure but thanks 

to the difference of concentration (dialysis). The main advantage of such process is that it 

prevents the fouling of the membrane observed with pressure driven processes (Azrague et al. 

2007). Authors observed that under their conditions, the rate-limiting step is the mass transport 

rather than the photodegradation. Camera-Roda et al. have also reported a process combining 

pervaporation and photocatalysis (Camera-Roda and Santarelli 2005). They reported that the 

integration of photocatalysis to the pervaporation process improved its efficiency. However, 

in the process presented, the photocatalyst remains in the treated wastewater. Finally, direct 

contact membrane distillation coupled with photocatalysis process were implemented for the 

removal of dyes (Mozia et al. 2005a; Mozia and Morawski 2006; Mozia et al. 2007; Mozia 

and Morawski 2009) as well as for others pollutants (Mozia et al. 2014). In such process, the 

feed flows through the membrane under gas phase. In this case, the process is driven by the 

vapor pressure difference between the two sides of the membrane. The main advantage of this 

technology is that membrane fouling does not occur, even after 180 h of stream and 

independently of the TiO2 source (Mozia 2010). Another advantage is that theoretically, 100% 

of the non-volatile compounds such as salts, dyes or others large organic molecules are 

separated (Tomaszewska et al. 1998; Curcio et al. 2010). As a result, permeate was found to 

be of high quality. However, such process suffers from several drawbacks among which high-

energy consumption and a low flux as compared to pressure driven processes. 

Several studies report dye treatment using TiO2 particles in suspension in the reaction mixture 

(Molinari et al. 2002; Molinari et al. 2004; Ryu et al. 2005; Cui et al. 2006; Jiang et al. 2010; 
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Damodar et al. 2010). For example, Molinari et al. reported the removal of congo red and 

patent blue from wastewater through a pressure driven membrane process using the reference 

TiO2 Degussa P25 catalyst in suspension in the feed (Molinari et al. 2004). A comparison 

between suspended and entrapped TiO2 as well as the influence of different parameters such 

as system configuration, irradiating source and its position, the pressure in the membrane cell 

and the initial concentration of the substrates, the recirculation rate were studied. It was found 

that the photodegradation rate of congo red was 50 times higher with the immersed UV lamp 

than that found with the external lamp. Also, as discussed above, the use of the photocatalyst 

in suspended form was more efficient than TiO2 entrapped in a polymeric membrane. 

Damodar et al. developed a process coupling a polytetrafluoroethylene membrane with a 

TiO2/UV slurry reactor that was implemented for the degradation of reactive black 5 

(Damodar et al. 2010).  Such a system was found capable of removing 75–82% TOC, 

operating efficiently for long periods with high removal efficiency, as well as efficiently 

recycling of the catalyst. Jiang et al. reported the photocatalytic degradation of acid red B in 

a slurry photocatalytic membrane reactor (Jiang et al. 2010). It was observed that the TiO2 

loading and the initial dye concentration strongly influence the reaction rate. 

Cui et al. studied the performances of a slurry photocatalytic reactor coupled with a membrane 

for the photodegradation of methyl orange (Cui et al. 2006). They found that the degradation 

rate is higher as compared to a cylindrical reactor and the rejection rate of the TiO2 

photocatalyst particles reaches 99.9%.  

Additionally to the dyes, numerous pollutants such as sodium dodecylbenzene sulfonate (H. 

Zhang et al. 2006b), trichloroethylene (Choo et al. 2008) biologically treated sewage effluent 

(Shon et al. 2008), fluvic acids (Fu et al. 2006), Para-Chlorobenzoate (Huang et al. 2007), 

bisphenol A (Chin et al. 2007a; Chin et al. 2007b), lyncomycin (Augugliaro et al. 2005; 
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Augugliaro et al. 2006) and others (Choo et al. 2008) can be decontaminated through 

photocatalytic membrane reactors.  

An alternative process to membrane reactors which emerged the past years consists in 

implementing photocatalytic micro-reactors. 

 

5.2. Continuous-flow photochemical micro-reactor 

5.2.1. Flow reactors 

A micro-reactor (or flow reactor, microfluidic reactor) is a chemical reactor where the reaction 

occurs in a confined channel with a diameter below 1 mm (J. Zhang et al. 2017). Such micro-

reactors and their applications undergone intense development and were extensively reviewed 

the past years (Hartman and Jensen 2009; Jensen et al. 2014; Gemoets et al. 2015; Cambié et 

al. 2016; Rossetti and Compagnoni 2016: Heggo and Ookawara 2017; Jensen 2017; J. Zhang 

et al. 2017).  Thanks to their small size, micro-reactors exhibit a high surface to volume ratio, 

what favors mixing, heat and mass transfer (Gemoets et al. 2015; J. Zhang et al. 2017). 

Consequently, flow reactors allow favoring heterogeneous reactions such as liquid-liquid, 

liquid-gas, liquid–solid and gas-liquid-solid reactions by favoring the contact area between 

reactants and catalyst.  Indeed, it was reported that specific interfacial areas can reach values 

as high as: liquid-liquid: 1000-10000 m2/m3, gas-liquid: 160-1300 m2/m3, thus improving 

mass transfer as compared to conventional batch reactors (Nieves-Remacha et al. 2012; 

Nieves-Remacha et al. 2013). Mass transfer coefficients were found to be: liquid-liquid: 1.9-

41 s-1, gas-liquid: 0.2-3 s-1 (Yue et al. 2009; Woitalka et al. 2014). As a result, the general 

trend is that the use of micro-reactors results in a better efficiency as compared to conventional 

ones (Anderson 2012; Mizuno et al. 2016; Cambié et al. 2016). Moreover, thanks to the small 

reactor volume, safety of the process is improved, even for harsh conditions (Hessel et al. 

2011; Gutmann et al. 2015). Indeed, such reactors allow implementing high temperature 
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and/or high-pressure reactions, as well as explosive reactants/products.  Additionally, micro-

reactors also present many advantages from a point of view of green chemistry since they 

allow improving the safety of the process, the energy efficiency, higher yields and reduced 

wastes (Newman and Jensen 2013; Rossetti and Compagnoni 2016). The reproducibility and 

low cost scale up are often spotlighted among advantages of micro reactors. Indeed, it is often 

claim that the scaling up simply consists in multiplying the number of reactors but the reality 

is not as straightforward (Rossetti and Compagnoni 2016). Indeed, the fluid distribution to 

ensure an accurate control of the flow and the cost of scaling up still represent a major 

challenge. Three main scaling up strategies were reported in the literature: parallel numbering-

up (reactors in parallel), consecutive numbering-up (reactors in series) and scale-out by 

suitable dimension enlarging (Zhang et al. 2017; Kuijpers et al. 2017). Flow reactors can be 

made of glass, polymer, silicon, ceramic or metal (Anderson 2012; Heggo and Ookawara 

2017). They can be used in numerous configurations and can be coupled with sonochemistry, 

microwave and photocatalysis (Wegner et al. 2011). 

 

5.2.2. Photochemical flow reactors 

Photochemical micro-reactors result from the coupling of a micro-reactor with photocatalytic 

process (photocatalyst + irradiation source) (Van Gerven et al. 2007; Coyle and Oelgemöller 

2008; Su et al. 2014; Heggo and Ookawara 2017). The operating principle of such reactors is 

schematized in the Figure 7. 

The implementation of photochemical micro-reactors allows overcoming some drawbacks of 

conventional batch reactors, more especially the attenuation effect of photon transport, which 

makes the scale-up difficult, by ensuring a uniform irradiation of the reaction mixture and/or 

of the catalyst (Colina-Márquez et al. 2010; N. Wang et al. 2014; Cambié et al. 2016). Indeed, 

their high surface to volume ratio results in a high accessible photocatalytic surface area. It 
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was evidenced that mass transfer from the reaction medium to the catalyst is improved 

(Gorges et al. 2004: N. Wang et al. 2014). 

The separation of the catalyst from the reaction medium can be overcome by coating a thin 

photocatalyst layer on the reactor’s walls of a continuous-flow photochemical micro-reactor 

(Heggo and Ookawara 2017). Thus, the catalyst can be fully irradiated. However, such a 

coating of the catalyst results in a decrease of the accessible surface area (Mozia 2010; Cambié 

et al. 2016). Fortunately, this phenomenon is compensated thanks to the high surface to 

volume ratio (up to 11667 m2.m-3) of micro-photoreactors compared to conventional slurry 

photoreactors (2631 m2.m-3) (Gorges et al. 2004). 

Micro-reactors can implemented according to different configurations among which slurry-

bubble reactor, monolith reactor, membrane reactor, fluidized bed reactor, falling film reactor, 

planar reactor, microchannel and capillary reactors, silicon reactors and multiphase micro-

droplet reactors.  

Flow photoreactors are mostly implemented in organic photochemical reactions and, in a 

minor extent, TiO2-based photocatalytic degradation of dyes degradation (Gutmann et al. 

2015; Mizuno et al. 2016). 

 

5.2.3. Dye degradation using photochemical flow reactors 

Several example of photocatalytic dye degradation in micro-reactors were reported in the 

literature. Most of them use methylene blue as a model dye. Some studies focus on 

immobilization of the catalyst on the inner walls of the reactor. For example, Li et al. reported 

that by using TiO2@SiO2 coated walls of a micro-reactor, the degradation rate of methylene 

blue was increased by more than 150 times as compared to conventional system (X. Li et al. 

2003). In another work, methylene blue was photodegraded both on TiO2-P25 and TiO2-

graphène photocatalysts deposited on the walls of a glass chip micro-reactor (Padoin et al. 
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2016). The degradation rate of methylene blue was found to be one order of magnitude higher 

than with equivalent macroscopic reactor. In order to increase the photocatalytic efficiency 

for the methylene blue degradation, Lindstrom et al. coated a mesoporous anatase film with a 

high surface area on the inner walls of the reactor (Lindstrom et al. 2007). As a general feature 

of micro-reactors they found that the rate limiting parameter for the photodegradation of 

methylene blue is not the catalyst surface area, neither the adsorption properties but the oxygen 

concentration in the water phase, meaning that the reaction is not limited by heat and mass 

transfer in such conditions. Lin et al. studied the influence of light and TiO2 doping for the 

photodegradation of methylene blue while comparing micro-channel and planar 

photocatalytic micro-reactors (C. Lin et al. 2016). The planar micro-reactor was found to be 

more efficient than the micro-channel one and doped TiO2 were reported to be more efficient 

than TiO2 under natural sunlight. 

The influence of reaction parameters on the photodegradation rate and the global process 

efficiency are strongly dependent on the reactor technology. Zhang et al. reported that the 

photocatalytic degradation rate of methylene blue in a TiO2 packed bed micro-reactor was 

increased by 520 as compared to a conventional bulk container of 15 mL (Zhang et al. 2013). 

The implementation of a TiO2 coated monolith in a micro-reactor for the photocatalytic 

degradation of methylene blue was reported by Teekateerawej et al. (Teekateerawej et al. 

2005). Additionally to the TiO2 coating method, which influences the photocatalyst efficiency, 

they found that, in such configuration, irradiation light angle is the main parameter governing 

the catalytic reaction rate given that the light does not cross the monolith. Yang et al. compared 

three mini-fluidized bed reactors for the photocatalytic degradation of methylene blue (Z. 

Yang et al. 2016). The first one with Fe3+/TiO2 photocatalyst coated on the inner wall of the 

reactor, the second one where the Fe3+/TiO2 photocatalyst is coated on the surface of fluidized 

particles (glass beads) and an third one with Fe3+/TiO2 photocatalyst coated both on the wall 
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of the reactor and on the fluidized glass beads. The fluidization of glass beads allows 

increasing mass transfer coefficient by 11–13 and apparent reaction rate constant is multiplied 

by 4.9. The third reactor combing the two forms of catalyst (Fe3+/TiO2 photocatalyst coated 

both on the wall of the reactor and on the fluidized glass beads) was found to be 5 to 35% 

more efficient as compared to the two other configurations. 

Interestingly, Aran et al. reported a gaz-liquid-solid heterogeneous photocatalytic process by 

coupling a micro-reactor with a TiO2-based photocatalytic membrane (Figure 8) whose role 

is to ensure a continuous delivery of oxygen in the aqueous feed (Aran et al. 2011). 

Advantageously, such a tri-phasic system implemented at the micro-scale improves gas–

liquid–solid interface. Authors reported that the photocatalytic degradation rate of phenol was 

increased thanks to oxygen supply. However, no significant effect was observed for the 

degradation of methylene blue, likely due to the lower initial concentration that lowers the 

amount of oxygen required for its degradation.  

Even if such a technology is promising, there is still a lack of knowledge to develop the scale 

up of the process at the industrial scale.  

 

6. Titania and photocatalysis in industry 

Up to now titania-based systems for the water treatment by photocatalysis remains mainly at 

the laboratory stage and efforts are mainly focused on the preparation of efficient 

photocatalysts. Beside the different studies reported in academic publications and cited in this 

chapter, some patents also exist (Park et al. 2002; Willmer et al. 2002; A. Toledo et al. 2014; 

P. Balaya et al. 2015). For example Willmer et al. have patented the preparation method of 

doped TiO2 with lanthanide metal. Materials are obtained by the acid-catalyzed sol-gel process 

and the obtained photocatalysts exhibit an enhanced efficiency for the photochemical 

degradation of the organic substrates such as p-Chlorophenoxyacetic acid than the unmodified 
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TiO2 (Willmer et al. 2002). To implant such material at the industrial scale much attention 

should be paid on the shaping. As a matter of fact the main drawback of using titania is due 

to the fact that powder form of TiO2 is considered and that a filtration step is required. This 

filtration step is a drawback for the economic viability of photocatalysis process based on 

titania. Nevertheless, it should be noted that several company such as Clearwater industries, 

Photox Bradford Ltd, Lynnetch Inc., Ishihara Sangya Kaisha Ltd…have products at the 

development stage for water purification using semiconductor photocatalyst (B.E. Butters et 

al. 1996; A. Gonzalez-Martin et al. 1998; A. Gonzalez-Martin et al. 2000, B.E. Butters et al. 

2000). For example the Lynntech Inc. company has patented a method and an apparatus based 

on the photocatalytic oxidation method using a porous titanium dioxide membrane for the 

mineralization of organic contaminants in water (A. Gonzalez-Martin et al. 1998). The 

photocatalytic reactor operates effectively at ambient temperature and low pressures. A 

packed-bed photoreactor using photocatalyst coated particles is also proposed (A. Gonzalez-

Martin et al. 2000). More recently, Kisalius and Kinsinger have patented a method for 

synthesis doped or undoped titania with controlled size, phase, morphology and porosity 

(Kisalius and Kinsinger 2017). The prepared photocatalysts are integrated in a device for 

water treatment. The few examples reported above concerning water treatment allow to 

conclude that photodegradation of dyes by porous titania is a promising technology that will 

grow in the future and that it can reach the commercialization stage if we succeed to control 

the shaping of the photocatalysts. 

 

7. Conclusions 

Because of their potential toxic effects on human health water pollution by dyes is a major 

issue and many efforts are devoted to solve it. Among the different methods considered to 

remove dye, photodegradation is one of the most promising methods since it leads to the 
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complete mineralization of the organic pollutants to CO2, water and mineral acids. In addition, 

such process avoids the production of solid-wastes and only mild temperature and pressure 

conditions are required. Thanks to its properties, titania has been widely considered as 

photocatalyst for dyes removal and many efforts have been devoted to increase the specific 

surface area since this parameter is crucial for the photocatalytic activity. 

Various types of porous TiO2 nanomaterials such as powder mesostructured titania, 

nanoparticles, nanotubes or nanorods have been successfully used for dyes photodegradation 

such as methylene blue, rhodamine B or methyl orange. However up to now these materials 

are barely incorporated in a process and most of the tests are performed at the laboratory scale. 

Many efforts are devoted to the shape modeling to integrate these materials in processes and 

formation of films or the immobilization of TiO2 on support such as membrane disks have 

been considered.  

Properties of titania and in peculiar the specific surface area can also be tuned by associating 

it with another material to get nanocomposites. By the way both the specific surface area and 

the thermal stability are increased. As a consequence, in comparison with the performances 

of commercial titania such as P25, the photocatalytic efficiency of the composites is enhanced. 

Coupling TiO2 with another material can also induce a decrease of the bandgap, which allows 

enhancing the activity under the visible light. This can also be achieved by doping, which 

limits the electron/hole recombination and therefore favors the photocatalytic activity. 

Up to now, membrane-based photocatalytic process is one of the most studied techniques to 

remove dyes from water at a large scale. Nevertheless, micro-reactors also appear as a 

promising technology for wastewater treatment. The main challenge that still persists is to 

implant the porous titania in these processes and to develop them at the industrial scale. 
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Table 1 : Characteristics of the main polymorphs of titanium dioxide 
 

 Anatase Rutile Brookite 
Crystallographic system Tetragonal Tetragonal Orthorhombic 
Space group I41/amd P42/mnm Pbca 

Cell parameters (Ao) 
a : 3.793 
c : 9.512 

a : 4.5937 
c : 2.9618 

a : 5.456 
b : 5.497 
c : 5.1 

Density (cm3/g) 3.89 4.42 4.12 
Bandgap (eV) 3.2 3.0 3.4 
refractive index 2.561 2.605 2.581 
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Table 2 : TiO2 for dyes removal from water 

Dye family Dye Materials used for 
the removal 

Depollution 
water process 

Parameters Lamp 
informations 

Conclusions References 

Anionic dye  Acid Black 
26  

Immobilized 
TiO2 
nanoparticles 

Photodegradation 
and 
photocatalytic 
oxidation 

700 mL of acid black 
26 solution (0.071 
mM) was mixing in a 
reactor (flow rate: 1 
L/min). TiO2 
nanoparticles was 
immobilized on a 
sackcloth fiber 
support 

UV lamp 
with an 
intensity of 
1.8 mW/cm² 

In acidic 
conditions, with 
H2O2 for 
oxidation 
reaction, 80 % of 
dye would be 
removed from the 
solution 

(Vaez et al. 
2012) 

Acid Blue 25 P25 Photocatalytic 
oxidation 

A solution containing 
50 mg/L of dye with 
various quantity of 
P25 and H2O2 

Two UV-C 
lamp (15 W) 

In optimized 
conditions, the 
system was able 
to remove 99 % 
of dye in solution 

(Mahmoodi 
and Arami 
2009) 

Acid Orange 
7 

S,Cu- codoped 
TiO2 
nanoparticles  

Photodegradation 20 mg/L acid orange 7 
aqueous with various 
masses of catalyst in 
acidic conditions  

Visible light 
source is 18 
W lamp 
(>447 nm) 

In optimized 
conditions, 60 % 
of dye was 
converted in the 
solution 

(Yi et al. 
2014) 

Acid Orange 
7 

Mesoporous 
ZrO2/TiO2 

Adsorption 0.01 g of mesoporous 
powder was mixing 
with 10 mL of acid 
orange 7 solution at 
various 
concentrations 

- In the better 
conditions, 101 
mg/g of dye 
would be 
adsorbed on the 
materials 

(Kimling, 
Chen, and 
Caruso 
2015) 

Congo Red TiO2 nanotubes 
doped La2O3 

Adsorption Adsorption kinetics: 
0.20 g of adsorbant 
was mixing at 200 

- Equilibrium time 
is obtained after 

(Guo et al. 
2014) 
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rpm with a CR 
aqueous solution of 
20 mg/L 
Adsorption isotherms: 
La2O3-TiO2 
nanotubes powders 
were placed in 
solution of CR at 
different 
concentrations (30-
120 mg/L) 

10 min of 
reaction.  
Langmuir 
isotherm thanks 
to determine the 
maximum 
amount adsorbed 
on the catalysts 
(up to 140 mg/g). 
 

Congo Red TiO2/palygorskite 
composite 

Adsorption 0.2 g of adsorbant was 
introduced in 100 mL 
of dye solution with a 
concentration 
between 200 and 2000 
mg/L 

- Langmuir model 
give a maximum 
adsorbent on the 
composite at 518 
mg/g 

(Peng et al. 
2013) 

Methyl 
orange 

Mesoporous TiO2 Adsorption 20 mL Aqueous 
solution containing 
different 
concentrations of 
methyl orange (5-
1000 mg/L) are 
mixing with 
mesoporous TiO2 
adsorbents during 20 
min.   

- The maximum 
adsorption 
capacities are 
determined to be 
454,5 mg/g using 
Langmuir 
adsorption 
isotherms 

(Asuha, 
Zhou, and 
Zhao 2010) 

Methyl 
orange 

TiO2 doped Ag Photodegradation 10 mg of catalysts 
were added to a 
reactor containing 30 
mL of 20 mg/L of 

Three lamp 
(15 W 
each) : UVA 
(366 nm) , 
UVB (310 

In each condition, 
more than 90 % 
of dye 
discoloration was 
obtained. After 2 

(Chaker et 
al. 2016) 
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methyl orange 
solution 

nm), UVC 
(254 nm) 

h of reaction, 
more than 80 % 
of TOC was 
converted on the 
solution 

Methyl 
Orange  

C, N – modified 
monolithic TiO2 

Photodegradation 0.05 g of powder was 
added into 50 mL of 
methyl orange 
aqueous solution (12 
mg/L) 

1000 W 
xenon lamp  

Every sample 
will be able to 
remove 90 % of 
dye in solution 

(C. Chen et 
al. 2010) 

Methyl Blue  UiO-66/TiO2  Photodegradation 45 mL of methylene 
blue solution with 100 
mg of powder 

500 W Xe 
arc lamp 
with a UV 
cut-off filter 

More than 60 % 
of dye is removed 
from the solution  

(Y. Wang et 
al. 2017) 

Naphtol 
Green B 

Mesoporous 
ZrO2-TiO2 

Photocatalytic 
degradation 

50 mL of dye aqueous 
solution (20 ppm) and 
variant quantity of 
ZrO2-TiO2 catalysts 
was mixing  

16W/cm² 
high 
pressure 
mercury 
lamp (254 
nm) 

In optimized 
conditions, >99% 
of dye could be 
removed from the 
solution  

(Thejaswini, 
Prabhakaran, 
and 
Maheswari 
2017) 

Orange II Mesoporous TiO2 Adsorption Adsorption kinetics: 
30 mg of adsorbant 
was introduced in 15 
mL of dye solution 
(50 mg/L) at different 
temperature (30, 40 et 
50°C) 
Adsorption isotherms: 
same conditions with 
different dye 
concentration (50-
1500 mg/L) 

- Equilibrium 
adsorption is 
obtained after 
400 min of 
reaction. 
Langmuir 
isotherm thanks 
to determine the 
maximal 
adsorption 
capacity at 

(Abramian 
and El-Rassy 
2009) 
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402,82 mg/g 
(30°C) 

Quinoline 
Yellow 

Anatase TiO2  Photodegradation  lamp irradiated 
reactor containing 150 
mL of dye solution 
(8.10-5M) and 9 mg of 
TiO2 powder 

6 W UV 
lamp 

A complete 
mineralization of 
dye is observed 
using COD 
analysis 

(Gupta et al. 
2012) 

 

Dye 
classification 

Dye Reactive 
materials 

Depollution water 
process 

Parameters Lamp 
informations  

Conclusions References 

Cationic dye  Basic Blue 
41 

TiO2/palygor
skite film 

Photodegradation 12 mg of catalyst was 
introduced in 80 mL of dye 
solution (2.5.10-5 M) 

Four lamps 
with 4 W 
power each 

After 90 min of 
reaction, more 
than 80 % of dye 
coloration was 
removed from 
the solution 

(Stathatos et 
al. 2012) 

Direct Red 
81  

P25 Photodegradation 
using a continuous-
flow reactor 

A solution containing 100 
mg of P25 powders and 
1,5.10-5 M of dye 
circulated at a flow rate of 
88 mL/min in a reactor 
containing a 
photochemical chamber 
and a continuous source of 
wave radiation. 

Fluorescence 
lamp (max 
350 nm) with 
different 
intensity 
(100, 300, 
500 et 700 W) 

The % 
photodegradatio
n of dye after 
105 min was 100 
% with the 
combination 
UV/MW (700 
W) 

(Genuino et 
al. 2012) 

Methylene 
Blue  

Mesoporous 
TiO2-SiO2  

Adsorption 50 mg of adsorbants was 
mixed with 5 mL of 
aqueous dye solution of 
(0,1 -2,5) mmol/L 
concentration range 

 Using Langmuir 
isotherm 
parameters, 
maximum 
adsorption value 
is 4,79 mmol/g 

(Messina and 
Schulz 2006) 
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for TiO2-SiO2 
compound 

Methylene 
Blue  

Mesoporous 
TiO2-SiO2 

Photodegradation 0.03 g of powder were 
added to 300 mL of dye 
solution (20 mg/L) 

500 W 
mercury lamp 
(max 365 nm) 

99,2 % of dye 
was degraded 
after 60 min of 
irradiation. The 
rate constant is 
1.5 times more 
performed that 
Degussa P25  

(Yao et al. 
2013) 

Methylene 
Blue  

Mn-doped 
TiO2 
nanoparticles 

Photodegradation 100 mg of photocatalysts in 
100 mL of solution (10 
ppm) 

Visible: 
Osram Dulux 
lamp 11 W 
UV: Mercury 
Lamp (310-
400 nm) of 
intensity 4,5 
mW/cm² 

In any case, 90 
% of 
decolorization 
can be observed 
after 60 min of 
illumination 

(Binas et al. 
2012) 

Methylene 
Blue  

TiO2 coating 
on HDPE 

Photodegradation TiO2/HDPE sample disk 
(surface area : 4,5 cm²) was 
placed in the bottom part of 
a reactor with  an aqueous 
solution (1.10-5 M) of dye  

High 
intensity UV 
lamp (UVP 
Black Ray 
B100AP) 

After 6 h of 
reaction, less 
than 30 % of dye 
was always in 
the solution 

(Kasanen et 
al. 2011) 

Methylene 
Blue  

TiO2 
nanotubes 

Photodegradation 0.2 g of titanate nanotubes 
were dispersed in 100 mL 
of aqueous solution of MB 
at 9 mg/L 

A 6 W, 254 
nm, UV lamp 

At equilibrium, 
99 % of MB was 
degraded from 
the solution in 
20 min 

(W. C. Lin et 
al. 2011) 

Methylene 
Blue  

Au/TiO2/SB
A-15 
 

Photodegradation 0.1 g of catalyst and 100 
mL of dye solution (20 
mg/L) were mixing 

Visible light 
(>400 nm) 

After 150 min of 
reaction, 99,8 % 
of dye was 
removed 

(Y. Chen et 
al. 2015) 
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Patent Blue  Mesoporous 
TiO2/apatite 

Adsorption 
Photodegradation 

Adsorption and 
photodegradation: 200 mg 
of adsorbents were added 
to 100 mL of a dye solution 
(20 mg/L) 

125 W UV A-
B-C lamp 
(200-600 nm) 

In 1 h, 
adsorption 
equilibrium was 
achieved. In 
optimized 
conditions, 12 h 
was used to 
remove 95 % of 
dye in solution 

(El Bekkali et 
al. 2016) 

Rhodamine 
B 

Mesoporous 
TiO2 

Photocatalytic 
oxidation 

50 mg of catalyst was 
added into a cylindrical 
glass containing 50 mL of 
dye solution at 40 ppm 

Irradiation 
lamp was a 
PLS-SXE 
300 300W 
xenon lamp 

After 250 min of 
irradiation, 90 % 
of dye was 
removed 

(Liu et al. 
2012) 

Rhodamine 
B  

Ag-modified 
mesoporous 
TiO2 

Photodegradation 150 mg of photocatalyst 
and 300 mL of 8.6.10-3 
mM were mixing.  

125 W high 
pressure 
mercury lamp 

90 % of dye in 
solution was 
removed after 60 
min of 
irradiation 

(Xiong et al. 
2011) 

Rhodamine 
B  

Carbon/TiO2 
nanotubes 

Photodegradation 25 mg of sample and 20 mL 
of dye solution (5.10-5 M)  

Two UV 
lamps (20 W)  

More than 80 % 
of dye 
concentration 
was removed 
after 12 h of 
reaction 

(Im et al. 
2012) 

Rhodamine 
B 

P25 TiO2 Photocatalytique 
oxidation 

200 mL of aqueous 
solution of rhodamine B (5 
mg/L) with 5 to 120 mg of 
P25, pH = 4,5 

UV lamp 
(max 254 nm) 
with 15 W 
power and 
light intensity 
of 1,643 
µW/cm² 

96 % of dye 
coloration was 
removed during 
the reaction. 
And 48 % of the 
TOC was take 
off the solution 

(de Lima et 
al. 2017) 
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Rhodamine 
B 

Meso-
macroporous 
TiO2 

Photodegradation 50 mL of aqueous solution 
of rhodamine B (10-5 M) 
containing 50 mg of TiO2 

300 W 
mercury lamp 

In 8 min of 
illumination, 97 
% of dye was 
removed  

(Zhao et al. 
2016) 
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Figure 1 : Structure of the main synthetic dyes studied in degradation. "Reprinted with 
permission from (Forgas et al. 2004). Copyright 2004 Elsevier, Environment International." 
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Figure 2 : Dye classification on the basis of dye chemical constitution and its application. 
Reprinted with permission from (Ajmal et al. 2014). Copyright 2014 RSC, RSC Advances. 
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Figure 3 : Structure of the main polymorphs of titanium dioxide: anatase (a), rutile (b) and 
brookite (c). "Reprinted with permission from (Pelaez et al. 2012). Copyright 2012 Elsevier, 
Applied Catalysis B: Environmental." 
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Figure 4 : Indirect (a) and direct (b) dye degradation processes. "Reprinted with permission 
from (Ajmal et al. 2014). Copyright 2014 Royal Society of Chemistry, RSC Advances". 
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Figure 5 : Scheme of an experimental setup working with a photocatalytic membrane (TiO2 
immobilized in or on the membrane). "Reprinted with permission from (Mozia 2010). 
Copyright 2010 Elsevier, Separation and Purification Technology." 

 

 

  



83 
 

Figure 6 : Operating principle of a photocatalytic membrane with photoactive separation layer 
(a) and with photocatalytic membrane with non-photoactive separation layer and photoactive 
support (b). "Reprinted with permission from (Mozia 2010). Copyright 2010 Elsevier, 
Separation and Purification Technology." 
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Figure 7 : Operating principle of a micro-reactor. "Reprinted with permission from (Cambié 
et al. 2016). Copyright 2016 ACS, Chemical Review." 
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Figure 8 : Photocatalytic membrane-based tri-phasic flow reactor implemented by Aran et al. 
"Reprinted with permission from (Aran et al. 2011). Copyright 2011 Elsevier, Journal of 
Photochemistry and Photobiology A: Chemistry". 
 

 

 

 

 

 

 

 

 


