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Abstract The heterogeneous photocatalysis combined with the use of nanostruc-
tured materials has proven to be a viable and highly efficient technology in the
degradation of numerous organic compounds. This chapter present the fundamental
aspects of nanometric semiconductors related to photodegradation and their treat-
ment conditions for effluents contaminated. The role of the predominant species
involved in each process has been studied using radical scavengers. In photocatalytic
studies, clay minerals have recently been used as supports for the anchoring of semi-
conductors, developing photocatalysts with appropriate crystalline structure, which
are more ecologically compatible and also have a high surface area. Additionally,
the operational devices and influence on the degradation effectiveness such as dyes,
pesticides and drugs were discussed for environmental treatment.
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1 Introduction

Uncontrolled growth of contamination and discharge ofmicropollutants in the natural
environment is a current major global concern [1, 2]. The majority of these contami-
nants are derived from human activities, whether from industrial, agricultural and/or
urban processes (e.g., pharmaceuticals, dyes, pesticides, plastics). They are a threat
to all living beings in terms of toxicity, carcinogenic andmutagenic effects [2–4]. For
this reason, the investigation of new methods and materials for effective wastewater
treatment is extremely important.
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Efforts have been made to develop ecologically sound and economically viable
technologies that guarantee good quality of water resources from the degradation
or immobilization of organic pollutants in natural waters [5–9]. Among the various
approaches to water treatment are biological (aerobic, anaerobic and enzymatic),
physical (decantation, filtration and adsorption) and chemical processes (advanced
oxidative processes, ozonation, photocatalysis, etc.) [4, 7, 10, 11]. Advanced oxida-
tive processes (AOPs) have been shown to be an efficient technology for the removal
and degradation of organic pollutants due to the production of hydroxyl radicals
through different formation routes, generating strong oxidizing power, so effectively
degrading toxic and/or recalcitrant compounds, which provides great versatility in
the treatment of aquatic pollutants [9, 11, 12]. By definition, AOPs are based on the
generation of highly reactive and oxidizing compounds, such as hydroxyl radicals
(·OH), ozone (O3), and hydrogen peroxide (H2O2), which react non-selectively, and
rapidly, with the great majority of organic compounds, mineralizing them and pro-
ducing carbon dioxide (CO2), water (H2O) and inorganic ions (SO4

2−, NO3
−, Cl−)

[3, 11–13]. Among the types of AOPs, photocatalysis was highlighted due to its
heterogeneous nature that allows for the treatment of waters and industrial effluents
over a wide range of pH [14–17]. Based on this context, the next section will describe
the fundamental aspects of nanometric semiconductors related to photodegradation
and their treatment conditions for effluents contaminated with defined species, such
as synthetic dyes, drugs, and pesticides.

2 Nanosemiconductors Applied to Heterogeneous
Photocatalysis

The phenomenon of heterogeneous photocatalysis has been studied since the 1970s,
originating from the work of Fujishima and Honda that described the process of
water splitting, using TiO2 as a photocatalyst, in an electrochemical cell, that pro-
moted its oxidation generating H2 and O2 [18–21]. Since then many researches have
demonstrated new ideas and innovations in the field of photocatalysis, for exam-
ple the oxidation of water and pollutant organic compounds [22–24] promoted by
semiconductors, especially on a nanometric scale, due to their high surface area and
size-induced effects. Figure 1 shows the accelerated growth in several areas, and
countries, of the use of photocatalytic technology. The main advantages of this tech-
nology include, in particular, the ability to use solar energy to control the temperature
and ambient pressure conditions, so favoring economically viable photoresistance
and low waste production, i.e. “green treatment”, allowing the reuse of the photocat-
alysts. Finally, this chapter discussed the degradation of a diverse variety of pollutant
species [14–17, 19, 24, 25].

The excitation of a semiconductor (e.g., TiO2, ZnO, CdS, WO3, ZnS) involves,
in principle, the absorption of photons of visible or ultraviolet light [26–28]. In the
semiconductor there is a region of energy discontinuity between the electronic levels
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Fig. 1 Percentage related to the growing number of publications using heterogeneous photocatal-
ysis as a technology for environmental remediation, in the last decade, by the Scopus database.
Evolution of the number of articles over the years (a), areas of concentration involving the use of
photocatalysis (b), the types of documents that are targeted (c), and the countries that concentrate
articles on this technology (d)

called the band gap, this region being composed of two energy bands, the first called
the valence band (VB—lower energy region), and the second, the conduction band
(CB—energy), the band gap being the energy difference between the bands VB and
CB [9, 19]. When the energy of the photon (hυ) is equal to, or greater than, the
band gap energy, the electrons (e) are promoted from VB to CB, leaving a positive
hole (h+) in VB, thus giving an electron/hole pair (e−

CB/h+
VB), the exciton [16, 24],

the process of which is illustrated in Fig. 2, which showed the CdS photocatalytic
scheme and the photodegradation of RR141 under the irradiation of natural sunlight
[29].

These excitons can recombine directly, or indirectly, via surface defects, by
radioactive or non-radiative processes,without causing a chemical reaction (recombi-
nation of charges), or by migrating to the surface of the semiconductor, so inducing
oxidation-reduction reactions that subsequently degrade the organic contaminants
[9, 14, 30–32]. Normally h+

VB readily reacts with H2O from the surface and pro-
duces ·OH (oxidation reaction), whereas, e−

CB most often reacts with O2 to produce
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Fig. 2 Schematic diagram of a possible photodegradation mechanism of RR141 azo dye over a
CdS photocatalyst under visible light, and natural solar light irradiation. Adapted from Senasu and
Nanan [29]

O2
− (superoxide anion), triggering reactions that lead to the generation of radicals

(reduction reactions) [9, 30]. Rauf et al. [15, 33] in studies on the fundamentals and
application of photocatalysis, showed that degradation does not necessarily occur
exclusively through the hydroxyl radical, but also through other radical species, such
as O2, and HO2

·.
After excitation, photocatalytic efficiency is an alternative to the removal of energy

at the surface of the semiconductor and a rapid recombination between the pairs e−/h+
[26, 34], releasing energy in the form of heat. Oxy-reduction reactions involving
semiconductor excitation, load maintenance, and recombination of loads, are listed
below [15, 26, 31].

Photocatalyst + hv → e−
CB + h+

VB (1)

H2O(ads) + h+ → ·OH(ads) + H+
(ads) (2)

h+ + OH− → ·OH(ads) (3)

O2 + e− → O2
·−

(ads) (4)

O2
·−

(ads) + H+ → HO2
·
(ads) (5)

HO2
·
(ads) → O2 + H2O2(ads) (6)

H2O2 + ·O2
− → OH− + ·OH + O2 (7)
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H2O2(ads) + hv → 2·OH(ads) (8)

Pollutant (h+, ·OH,HO2
· or O2

·−) → pollutant degradation (9)

The efficiency of a photocatalyst is understood by indirect and direct mechanisms
[14, 15, 19, 33, 35]. The indirect mechanism can be explained, based on the indirect
oxidation photogenerated by the hole, on the surface of the semiconductor. In the
case of direct mechanism, the action of the photogenerated holes occurs through the
transfer of direct charge on the surface of the semiconductor, a fact explained by the
adsorption (chemisorption) on the surface of the semiconductor [14, 15, 33]. Further-
more, it is known that the knowledge of these steps, in agreementwith the kinetics and
stoichiometry established for a given reaction, can generate a better understanding
of the processes, facilitating the identification of the generated products, as well as
facilitating the reactive phases and species important for the photocatalytic efficiency
improvement [36].

3 Understanding the Role of Scavengers in Photocatalysis
Using Nano-semiconductors

Not only is the efficiency of the degradation process important, but also the influence
of each species on the degradation, and its interaction from the use of inhibitors and/or
radical scavengers avoiding recombination between the charge. Because of this, the
understanding and adjustment of the process efficiency are very important [26, 37],
monitoring the mechanisms involved in photodegradation more reliable [37–40].
Recently, there have been several papers in the literature involving the use of radical
scavengers to better understand the reactions involved. Theseworks are distinguished
by the wide variety of pollutants studied, and the structural modifications of different
materials [38, 41, 42]. Some of these works are presented in chronological form as
follows:

Samsudin et al. [43] synthesized BiVO4 via the solid-liquid state reaction and
evaluated its photocatalytic potential in the oxidation of MB dye (methylene blue).
The study emphasized the role of scavengers of reactive species, such as hydrogen
peroxide (H2O2), silver nitrate (AgNO3), and methanol (CH3OH), to elucidate the
photocatalytic degradation. According to the authors, the presence of AgNO3 gener-
ated an intensification in the photocatalytic activity, resulting in 100% degradation
of MB in 120 min under visible light irradiation. This high activity is attributed to
the action of the scavenger, its performance being strongly dependent on the surface
area of the crystalline planes {010} and {110} of the synthesized BiVO4.

Sanad et al. [38], synthesized ZnO, ZnS and ZnO-ZnS nanocomposites by the sol-
gel method and evaluated the degradation of methylene blue, and eosin, dyes using
electron scavenging agents (AgNO3), holes (KI), hydroxyl radicals (isopropanol),
and superoxides (benzoquinone), under UV light. They found that the incorporation
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of ZnO, on the surface of the ZnS, induces the stabilization of the oxide particles
in order to reduce the recombination rate of the electron-hole pair, so causing the
complete destruction of the organic pollutants. However, the hydroxyl radicals, and
holes played predominant roles in the degradation of the dyes.

Liu et al. [42], by a simple solvothermic method, synthesized AgTiS from
TiO2/sepiolite for the photocatalytic system in the degradation of methyl orange.
Specifically, the 5% AgTiS composite exhibited the best photocatalytic activity,
with 100% of the dye degraded after 50 min UV light and 260 min visible light.
For the entrapment of the active species, t-butanol (TBA, 1 mM), p-Benzoquinone
(p-BQ, 1mM) and ammonium oxalate (AO, 1mM), were the scavengers of hydroxyl
radicals (·OH), superoxide (·O2

−), and holes (h+), respectively. The degradation effi-
ciency of methyl orange was slightly reduced by the addition of TBA, however the
degradation was suppressed significantly in the presence of β-BQ and AO, indicating
that ·O2 and h+ play important roles in the degradation process. The results of this
research highlighted the AgTiS composite as a promising catalyst for environmental
protection applications.

Mohammadi et al. [44], when evaluating the degradation of MB dye using rGO-
TiO2 synthesized in a hydrothermal approach, pointed out how the electrons are the
main active species in the photodegradation of MB by rGO-TiO2. This behavior is
taken into account, since, among the numerous reactive species scavengers evaluated,
the addition of AgNO3 considerably decreases the degradation efficiency, indicating
that the electrons are the main active species during the degradation process, a result
confirmed by the use of a electron scavenger. In addition, the oxygen rich species
·O2

− also plays an important role in the photocatalytic process and contribute in the
degradation of the molecule adsorbed on the surface of the TiO2 nanocomposite.

Numerous semiconductors are applied in heterogeneous photocatalytic pro-
cesses, with titanium dioxide (TiO2–P25 from Degussa) being the most commonly
employed.As alreadymentioned above, due to its excellent physico-chemical proper-
ties, such as chemical and photochemical sensitivity, high thermal stability, chemical
stability over a wide range of pH, possibility of immobilization on solids, possibility
of activation by sunlight, insolubility in water, non-toxic, and low cost, TiO2 serves
as reference material for the evaluation of other photocatalysts [26, 45–47]. How-
ever, due to the band gap of 3.2 eV (= 385 nm), its application is limited to the UV
range, which represents only 4–5% of solar irradiation at sea level [23, 48]. In order
to reverse this situation, different strategies, such as doping [48], chemical modifi-
cation with transition metals [49], and nitridation [50], have been applied in order
to modify the TiO2 for use in the visible region [45, 46, 51, 52]. Among the classes
of the alternative compounds are, for example, the titanates [52], the ferrites [53],
the niobates [54], and stannates [55–57]. Another alternative is the combination of
oxide-clays [58–61], used in the degradation of a variety of organic pollutants, which
will be given a more specific approach in this work.
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4 Nanosemiconductors Supported on Clays

Clays have a different, and interesting, set of characteristics and properties that make
them promising in the catalytic processes [62]. In photocatalytic studies, the clay
minerals have been used, recently, as support for the anchoring of semiconductors,
developing more ecological photocatalysts with an appropriate crystalline structure
and with a high surface area. Therefore, the combination of oxides with these clay
substrates can improve the photo efficiency, compared to pure semiconductors, result-
ing in the presence of new energy levels favoring the occurrence of a greater num-
ber of photogenerated charges, so obtaining effective catalysts under sunlight, and
decreasing the electron/hole recombination and the formation of toxic intermediates
[59, 63].

The metallic oxide nanoparticles, such as TiO2, are mainly studied for the pho-
todecomposition of organic pollutants. However, it is difficult to recover them in
solution which prevents adequate reuse, and there is the possibility of agglomeration
in solution so reducing their active surface area. Thus, the immobilization of semi-
conductors in substrates can provide viable solutions to overcome these problems
[64]. The intercalation of metal oxide nanoparticles in the interlamellar spacing of
clay minerals could affect the photocatalytic activity of the semiconductor due to the
difficulty of access to the surface of the intercalated semiconductor [65]. Thus, the
incorporation of semiconductors in the structures of clay minerals is still a challeng-
ing alternative as a strategy to increase the photocatalytic activity of nanomaterials
and their subsequent reuse [66]. However, these porous materials possess favorable
properties for their substrate use, such as high adsorption capacity, non-corrosiveness,
non-toxic, accessibility, availability, and good thermal and chemical stability [67],
which make them an appropriate alternative in the field of environmental remedia-
tion. In recent years, different porous silicates such as montmorillonite [68], sepiolite
[69], kaolinite [70], diatomita [71], and zeolites [72], have been used as a support to
obtain photocatalytic composites.

Montmorillonite is a lamellar clay with a di-octahedral structure of type 2:1,
expansivity, high surface area, and cation exchange capacity, being a material widely
applied as a support for the dispersion of semiconductors in heterogeneous catalysis.
Samples prepared by the precipitation of small crystals of TiO2 on the montmoril-
lonite surface were used in the photodegradation of the herbicide dimethachlor [65],
and phenol [73], in aqueous solution, and exhibited remarkable catalytic efficiency
by the mass of TiO2 dispersed in the nanocomposites.

Among the lamellar clay minerals, vermiculite has a high load between the
lamellae, and excellent physicochemical properties, such as high cation exchange
capacity, interaction capacity with organic molecules, and variable interlamellar dis-
tance. Silicates, derived from the vermiculite form of materials are essentially exfo-
liated and chemically functionalized by an acid leaching process. TiO2 nanoparticles
were dispersed on the surface of the support to obtain highly efficient functional
photocatalysts for the degradation of organic dyes in solution [74].
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Functional compounds based on lamellar clay minerals still favor the separa-
tion of charges, after immobilization of the semiconductors, so favoring the non-
recombination of the excitons. Zr-TiO2/cloisite [63], and W-TiO2/cloisite [75], were
synthesized by the sol-gelmethod and their catalytic performance, under sunlight and
visible light, was evaluated by the photodegradation of antipyrine and atrazine. The
antipyrine photodegradation results, after six hours of testing, indicated the forma-
tion of small organic acids as intermediates that were finally decomposed into CO2

so achieving a moderate mineralization of the drug. In the experiments for atrazine
removal, the results showed that the nanocomposite has higher photocatalytic effi-
ciency under sunlight than under visible light. TiO2-cloisite heterostructures [59],
and Ce-TiO2/cloisite [58], made using the dispersion of semiconductor nanoparti-
cles on the surface of exfoliated lamellar clay, were used as a photocatalyst in the
degradation of rhodamine B and phenol under the irradiation of sunlight. The formed
nanocomposites were shown to be promising for photodegradation of the dye and
the phenolic compound. The results indicated that after 24 h of reaction, the total
mineralization of the phenol, and the intermediate aromatic compounds formed, had
been observed, thus reducing their initial toxicity. Figure 3 shows the nanostruc-
tured materials formed from the presence of the TiO2 nanoparticles between the
delaminated layers of the cloisite clay.

Different techniques of immobilization of semiconductors are used, such as the
incorporation of species among the lamellar clay minerals, and subsequent calcina-
tion, that gives rise to thermally stable materials by the pillarization process, these
materials being promising for the catalytic removal of organic pollutants dissolved
in chains, due to the presence of acid sites and their permanent porosity [68, 76].
The thermal stability, adsorptive properties and catalytic activity of the clay minerals
can be enhanced by their intercalation with precursor solutions of one or more metal
cations. Generally, the most easily incorporated cation (e.g. Al3+) may act alone as
a pillarizing agent, or may be followed by the addition of a second cation forming a
mixed pillar [77].

Abdennouri et al. [61] investigated the photocatalytic potential of a titanium oxide
pillar clay for the decomposition of 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4-
dichlorophenoxypropionic acid (2,4-DP) pesticides in solution, which showed a high
photocatalytic activity of the nanomaterial for the selective degradation of the pes-
ticides. González et al. [68] investigated the photocatalytic activity for degradation
of trimethoprim using titanium oxide doped with Cr3+ or Fe3+ doped clay. The Cr3+

doped solid presented better results in the degradation of the antibiotic in solution,
reaching up to 76% of degradation in 180 min. Therefore, the pillar clays have a two-
dimensional heterostructure that can prevent the agglomeration of oxide nanoparti-
cles when incorporated in the interlamellar spacing, and exhibit high surface area
and porosity, increasing the photocatalytic activity of the semiconductors [78].

Clays with fibrous morphology, such as sepiolite, have a structure consisting of
blocks formed by an octahedral sheet of magnesium sandwiched between two tetra-
hedral silicon sheets, presenting cavities or tunnels along the c-axis, this structure
being formed by channels of the zeolite type [69, 79]. Their structure, microporos-
ity, high surface area, presence of silanol groups, and negative charge on the surface,
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Fig. 3 Transmission electron micrographs (TEM) of the Zr-TiO2/cloisite catalyst [63]

make the sepiolitematerials attractive as supports for the anchoring ofmetallic oxides
and applications in the photodegradation of organic pollutants. TiO2/sepiolite photo-
catalysts show that sepiolite has a positive synergistic effect on TiO2 photocatalytic
activity for the degradation of phenolic compounds, which can be attributed to the
high surface area obtained from the nanocomposite [69, 79].

Palygorskite is a fibrous silicate of magnesium, containing a significant presence
of Al and Fe in its structure, with large crystals and a predominantly di-octahedral
character. Nanostructured photocatalysts based on palygorskite were successfully
prepared from the incorporation of different oxides in the microfibrous structure
of this clay [80–82]. The studies showed the production of an inorganic-inorganic
nanocomposite photocatalyst, in the visible spectrum, with high efficiency for the
degradation of organic pollutants in aqueous solution.
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Fig. 4 TEM of the ZnO nanoparticles (a), ZnO/cloisite (b) and ZnO/Tunisian smectite (c) nanoar-
chitectures [85]

Nanocomposites based on ZnO anchored on the surface of clay minerals are
widely reported in the literature for photocatalysis applications of organic com-
pounds. Nanocomposites of ZnO/clays are highly reactive for the photodegradation
of dyes in solution, showing good stability and activity, even after several cycles of
reuse, with the ZnO: clay ratio being the determining factor of the photocatalysis
potential [83, 84]. Figures 4 and 5 show the micrographs of the ZnO nanoparticles
distribution on lamellar and fibrous clays, respectively.

Nanoparticles of TiO2 and ZnO are generally the most used in the photocatalytic
studies of nanomaterials based on clay minerals, but other nanocomposites based on
different transition metals, for application in environmental remediation, can also be
found in the literature [86–88]. Zhang and Yang [89] investigated the photocatalytic
activity of cobalt oxide nanoparticles incorporated in halloysite nanotubes (HNTs).
Figure 6 shows the scheme of the deposition of the nanoparticles on the clay surface
and the proposed mechanism for the photodegradation of methylene blue dye. The
authors investigated different oxide:clay ratios. The results indicated that the ratio
by weight of 1:6 Co3O4 HNTs produced better results, reaching up to 97% of dye
degradation. Hence, the combination of the catalytic properties of the cobalt oxide,
with the adsorptive properties of the inorganic matrix, formed a nanomaterial with
excellent properties for use in the environmental field for the removal of organic
pollutants from aquatic effluents.

The various techniques applied for wastewater treatment have their advantages
and disadvantages, such as cost, removal capacity, regeneration capacity, and reuse
[90]. With advances in nanotechnology, the scientific community uses a lot of pho-
tocatalytic degradation to treat aquatic environments and this method has the main
advantage, in relation to adsorption and other traditional methods, of the mineraliza-
tion of the organic pollutant in CO2 and water as complete photo-oxidation products
[91–93]. But the formation of reaction intermediates may occur during the photocat-
alytic oxidation process, which, in many cases, may be even more harmful organic
compounds than the initial pollutants themselves [94]. The TiO2/zeolite photocata-
lyst promoted the rapid degradation, andmade possible the elimination, of secondary
pollution generated by the emission of harmful intermediates during the photocat-
alytic oxidation reactions of diethyl sulfate [94]. Zeolites are used as a strategy for the
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Fig. 5 SEM (a and c) and TEM (b and d) micrographs of the sepiolite based nanoarchitectures
showing presence of ZnO nanoparticles covering the clay fibers [85]

development of greener catalysts, where the semiconductor, incorporated within the
crystals of the zeolite, functions as an active site and the micropores of the support
can be selective to diffuse the organic micropollutants in solution [95].

Therefore, the increased photocatalytic efficiency of the semiconductors incor-
porated in lamellar or fibrous clay minerals, and the zeolites, showed an excellent
alternative material that can minimize the disadvantages such as rapid recombination
of photoinduced electron-hole pairs, and the limited visible light absorption capac-
ity semiconductors traditionally studied. Furthermore, they significantly improve the
photo-efficiency of the functionalmaterials, due to the increase of active sites, surface
area, and a decrease in the formation of toxic intermediates during the photocatalysis
process of organic pollutants, thus generating new selective and ecologically correct
catalysts.
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Fig. 6 Proposed mechanism for the photocatalytic activity of Co3O4 nanocomposite/HNTs in the
photodegradation of MB under UV irradiation. Adapted from Zhang and Yang [89]

5 Operational Devices and Influence on the Degradation
Effectiveness

The photocatalytic oxidation rates are highly dependent on several operational fac-
tors (photocatalyst concentration, pH of the solution to be degraded, concentration
of pollutants, calcination temperature, intensity of light and irradiation time, dis-
solved oxygen, electrolyte effect and dopant) that affect the yield and efficiency
of the process directed to the degradation of the organic compounds. In addition,
another important factor is the structural characteristics of the materials and the
potentials of the valence and conduction bands, which interfere directly in their
performance [14, 15, 96–106]. In this sense, such parameters can be optimized in
order to guarantee greater catalytic conversion and lower economic costs.

5.1 Effect of the Initial Concentration of the Organic
Pollutant

The initial concentration of the organic contaminant is an important factor from the
kinetic point of view, since, it interferes directly in the rate of photocatalytic oxi-
dation. Initially, the rate of degradation is proportional to the increase in substrate
concentration. As the oxidation proceeds, the rate of decomposition reaches a sat-
uration that is related to the active surface of the semiconductor. In contrast, the
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photocatalytic rate is decreased with increasing irradiation time, while maintaining
a fixed catalyst amount. The explanation for this decrease depends greatly on the
semiconductor properties and the projected operating conditions [14, 15, 100, 104].
For Malato et al. [100], a series of tests, at different initial concentrations, were con-
ducted to confirm whether or not the experimental results could be adjusted to the
appropriate optimum pollutant concentration model.

5.2 Effect of the Amount of Catalyst

Normally the increase in the dosage of the photocatalyst gives themediuman increase
of the active (OH, etc.), which in turn, react quickly, favoring the maximum of
degradation and efficiency of the process. Although the direct ratio of efficiency and
dosage guarantees maximum yields, after achieving the equilibrium of degradation
at the optimized limit, the excess of particles of the photocatalyst decreases the rate
of degradation as there is the dispersion and reduction of light penetration such that
the solution blocks the radiation, so preventing the reaction from proceeding, and
therefore, promotes a decreased effect of the photocatalytic performance [15, 101–
103]. This behavior was also observed byHaque et al. [104] during the degradation of
the antibiotic norfloxacin (0.25 mM), being investigated in different concentrations
of Degussa P25, ranging from 0.5 to 3 g L−1, in pH 6.8, for a duration 80 min.

5.3 Effect of pH

pH is a parameter that significantly affects the surface charge properties of the pho-
tocatalyst, so it is a very important variable in the photocatalytic processes. The
analysis of the effects of pH on the efficiency in the photodegradation process is
considered a complex assignment due to the numerous variables, such as electro-
static interactions between the semiconductor surface, solvent molecules, substrate,
and charged radicals, formed during the reaction process. These affect not only the
particle charges, but also the size of the aggregates that can be produced, and still
allow variations in the positions of the photocatalyst’s electronic bands. Changes in
pH tend to influence the rate of reaction as a function of the adsorption behavior
between the organic molecules and the starting materials, ensuring an important step
in the oxidation through simple, cheap, and efficient, optimization. Typically, the
ionization state of the molecules can be protonated, or deprotonated, under acidic
or alkaline conditions. In the literature, this concept is consolidated by TiO2, tak-
ing into account its value of zero charge potential (PCZ), and its desired pH value,
according to the written reactions TiOH + H+ − TiOH2

+//TiOH + OH− − TiO−
+ H2O [98, 100, 103, 104, 106, 107]. In the photocatalytic degradation of orange
G dye, Sun et al. [108] showed that nitrogen doped TiO2 (N: TiO2) was responsible
for the significant increase of dye degradation under visible light. In addition, it was
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found that lowering the pH of the solution from 6.5 to 2.0 increased the degradation
efficiency from 32 to 99% during 150 min under visible light. In acidic conditions,
the pH of the solution significantly influences the degradation, with 2.0 being the
optimum pH studied.

Maddila et al. [109] reported the influence of pH on the degradation of the bro-
moxynil pesticide using CS-TiO2 as a photocatalyst. The degradation experiments
were performed at pH values of 3, 7 and 11. Their results indicated that the process
efficiency was improved with increasing pH from 3 to 11. As the solution became
alkaline, the decomposition rate for secondary oxidants, such as the hydroxyl radical,
increased, thereby favoring the process. The optimum pH during these experiments
was 11, the pH variation study being useful to understand the process mechanism
with the highest degree of removal.

5.4 Intensity and Source of Irradiation

The effect of intensity of the light on the rate of degradation of the target molecule
also depends on the type of photocatalyst, and it is expected that different behaviors
will be observed according to the intensity. In this sense, at low intensities, the rate
of degradation increases linearly, as its intensity increases gradually. This relation-
ship is plausible if it is considered that in reactions involving low light intensity, the
formation of electrons/holes are in the majority and avoid recombination between
charges. However, in increasing light intensity, there is a competition between the
separation of the charge carriers and their recombination, thus generating a negative
effect on the rate of the photocatalytic reaction [14, 15, 98, 105, 110]. Also in this
context, the increase of the irradiation time is expected to favor degradation kinet-
ics, otherwise, there is competition between the substrate and the photogenerated
intermediates making the process difficult.

There are other parameters that directly, and/or indirectly, affect the photocatalytic
efficiency. When using interfering substances such as chlorides (Cl−), carbonates
(CO3

2−), nitrates (NO3
−), and phosphates (PO4

3−), they may act by blocking or
deactivating the oxidative rate during the photocatalytic process due to the interac-
tion and/or adsorption of the ions with the sites of the photocatalysts [96, 97, 105,
106]. Depending on the pH of the solution, these species can compete directly with
the model pollutant and influence the overall rate of photocatalytic oxidation. Other
substances and parameters may also interfere positively, or negatively, with photo-
catalytic efficiency (H2O2, Ag+), depending on the reaction medium. The velocity
kinetics provides the real interpretation regarding the removal and mineralization of
the contaminants. In the same way, parameters derived from the form and type of
reactor, such as geometry, light distribution, and flow type, play an important role in
the photocatalytic reactions involved.

The literature reports several works involving the variation of these parameters to
evaluate the degradation of compounds (pesticide dyes and drugs) [38, 97, 111–115].
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These works bring wide versatility and the possibility of their uses against different
materials used as photocatalysts.

6 Photocatalytic Degradation of Organic Contaminants
for Environmental Treatment

In agreement with the photocatalytic treatment and the use of semiconductive
nanoparticles, the photocatalytic degradation of toxic compounds depends on sev-
eral factors that have already been mentioned in the previous section, and help in
the comprehension and interpretation of the photogenerated mechanisms after the
process [116].

The most common pollutants in wastewater comprise mainly dyes, pesticides,
pharmaceuticals, heavy metal ions, radioactive substances, and polyaromatic hydro-
carbons, among many others [117, 118]. These contaminants classed as organic
and inorganic, depending on their chemical composition [117, 118]. Table 1 shows
the schematic representation of pollutant publications via photocatalytic treatments
tested in the last decade. The search only pertains to articles such as the type of
document evaluated in the databases.

In analyzing the presented values as showed in Table 1, it was noted how many
studies on dyes have been expressly discussed in the past ten years. Considering the
articles found, followed by the expressions: (1) dyes, (2) dyes and photocatalytic
application, and (3) dyes and photocatalytic treatment, it was verified that the dyes
are presented in a number of publications three times greater than that for pesticides,

Table 1 Number of articles found in the Web of Science, and Scopus databases, related to the
mentioned pollutants and their usual combinations involved in the photocatalytic process

Description Web of Science Scopus

Organic contaminants 15,876 12,776

Organic contaminants and photocatalytic treatment 529 255

Organic contaminants and photocatalytic application 399 196

Pesticides 42,985 45,479

Dyes 119,589 156,005

Pharmaceuticals 78,139 134345

Pesticides and photocatalytic application 110 55

Dyes and photocatalytic application 2,627 2,758

Pharmaceuticals and photocatalytic application 211 118

Pesticides and photocatalytic treatment 237 117

Dyes and photocatalytic treatment 2,559 2,682

Pharmaceuticals and photocatalytic treatment 561 234
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Obviously, the number found corresponds to articles concerning diverse applica-
tions, not only photocatalytic degradation. The same was observed for the two other
pollutants. However, when taken into account for photocatalytic applications, this
ratio is larger according to the information from both databases.

Dyes are substances soluble in the medium in which they are present, and are used
to attribute permanent color to othermaterials, absorb light in the visible region of the
electromagnetic spectrum, and have a chromophore group in their structure [119].
Synthetic dyes are generally used to color fabrics and textile fibers, and dyes are
most commonly found in environmental remediation studies from industrial efflu-
ents. Dyes can be classified according to their structure, such as anthraquinones
and azo dyes, or they can be classified according to the type of interaction with
the textile fiber. From the different interactions, the synthetic dyes can be classified
according to Salleh et al. [120]. Reactive dyes have in their structure a reactive group
capable of forming a covalent bond with cellulose. They are usually represented by
anthraquinones and azo dyes. Direct dyes have interactions with the fiber through
Van der Waals forces. A dye class consisting of compounds having more than one
azo group in their structure (diazo, triazo), Azo dyes are usually are synthesized on
the fiber through a coupling agent. Acid dyes are a group of anion dyes that have
three sulfonic groups [2, 14, 120, 121]. Dispersive dyes are generally stabilized in
the fibers with the aid of long chain dispersing agents. Several works are found in
the literature with the purpose of investigating the removal of these dyes in solution
through photochemical reaction using semiconductors as photocatalysts [122–125].

The kinetics of photocatalytic degradation of methylene blue (MB) cationic dye
has been reported in the literature. Dariani et al. [126] investigated the photodegra-
dation and mineralization of this dye using TiO2 under UV light irradiation. The
results showed that photocatalysis is an excellent technique for discoloration of the
MB dye in solution, reaching up to 90% of complete degradation in 2 h of reaction.

Rhodamine B cationic dye is also present in several studies that address dyes
as polluting wastewater models. Fu et al. [127] investigated the photodegradation of
Rhodamine B under visible light irradiation using Bi2WO6 nanoparticles. The results
indicate that the decomposition of the RB by the semiconductor probably does not
involve the ·OH radicals, and in this case, it may be due to the reaction between the
directly photogenerated hole with the RB.

An azo dye used in the literature, in research involving photocatalysis for the
degradation of emergent pollutants, is methyl orange (MO). Kulkarni et al. [111]
used ZnFe2O4@ZnO nanoparticles to investigate the photodegradation of MO under
visible andUV irradiation. The band gap of thematerialmakes it a good photocatalyst
in the visible region, leading to complete degradation of MO in 9 h.

For years, various pesticides are continually being released into the environment
via processes from agriculture that, when left untreated, pose risks to biodiversity,
terrestrial ecosystems, as well as the life of all living beings [128, 129]. Since then,
compliance with strict quality standards is required in the case of toxic substances
[130], such as pesticides, which are assessed by international and governmental
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bodies as to their physicochemical, toxicological and ecotoxicological properties,
ensuring compliance with requirements and corrective measures for their use and
safety [131, 132].

Pesticides are essential chemical compounds and they are effective tools to control
agricultural pests, and/or weeds and insects, that would adversely affect agricultural
productivity [132, 133]. Currently, most of the pesticides used are based on semi-
volatile organic matter and can react strongly with species such as hydroxyl (OH),
ozone (O3), and nitrate (NO3) [134]. As these contaminants are non-biodegradable,
toxic, and strongly persistent in the environment [130, 135, 136], they become a
cumulative problem in the long run. In this sense, treatment by efficient purification
technologies is recommended, as well as for the other contaminants highlighted
in this chapter, with photocatalytic degradation being the target of studies for the
scientific community due to its uses, benefits, and adverse potential.

Contamination by chlorine compounds such as 2,4-dichlorophenoxyacetic acid
(2,4-D) and 2,4-dichlorophenoxypropionic acid (2,4-DP), in aqueous solution, were
evaluated against photocatalytic activity using purified and pounded clays with TiO2

[61]. According to the authors, the photocatalysts effectively degrade the selected
pesticides, where the activity of the TiO2 pillarized clay sample is lower than pure
TiO2 due to poor surface accessibility of TiO2 is the amorphous phase of the TiO2

pillars. Nevertheless, a titanium intercalation, in the intermediate layer of clays,
is one of the most promising methods to improve the photocatalysis, varying the
percentages of the oxide present [61].

Atrazine is a herbicide, and/or triazine pesticide, widely used in pest control in
agriculture, although it is of great concern because of its persistence and toxicity
[133, 137]. Xue et al. [137], visible light-sensitive BiOBr/UiO-66 was synthesized
and applied to the degradation of atrazine. Operational parameters, such as pH,
presence of anions, inorganic cations, and water type, were investigated extensively
in this study. The results showed that BiOBr/UiO-66 exhibited higher and better
photocatalytic performance over pure BiOBr. Atrazine was rapidly degraded under
acidic conditions (pH= 3.1) and strongly inhibited by HCO3

− and the SO4
2−, being

the inorganic cations few influential in the degradation. Finally, atrazine degradation
pathways were investigated via LC-MS/MS [137].

In the case of pharmaceutical micropollutants in the environment, they are seen
as a hazard to health, water quality and, above all, food safety, due to the formation
of metabolites of unknown nature [138, 139]. The concentrations of drugs released
into the sewage system are affected by numerous conditions ranging from their man-
ufacture to the seasons, climate, pH, temperature, the type of sewage involved, and
other factors [140]. Drugs are substances absorbed by the body. Moreover, they are
developed to be persistent,maintaining their chemical properties enough to guarantee
their desired purpose [141–143].

On the issue of water decontamination, Bayan et al. [144] synthesized spheres
composed of CdS by the simple hydrothermal method and they used them to evaluate
the photocatalytic degradation of the drugs, acetaminophen and levofloxacin, under
irradiation of visible light. Both drugs were degraded to more than 95% after 4 h of
visible light irradiation. Stability was also evaluated by reusing the sample, after four
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cycles, indicating the high stability of the synthesized sample. Thus, CdS beads are
useful, reusable, materials for the photocatalytic degradation of pharmaceuticals.

Ibuprofen is one of the most harmful drugs found in wastewater effluents [145].
In this study, its degradation was evaluated using TiO2 nanoparticles with different
ratios of the anatase/brookite phases. As for the degradation, 100%was achievedwith
a mixture containing TiO2 61.8% of anatase and 38.2% of brookite. For the authors,
this high oxidation rate is due to the mixture’s synergistic effect, high surface area,
and mesoporous structure. The photocatalyst, prepared under specific conditions,
was considered very stable after eight cycles of reuse, without presenting significant
losses to its photocatalytic performance [145].

7 Final Considerations

Due to the growing concern about the presence of these organic contaminants in
the environment and their possible effects, researchers are increasingly investigating
ways to minimize the disposal of these pollutants, because despite the numerous
technologies for their remediation, there is still a deficit about their real effects and
affinities in the environment and in the lives of all human beings. In addition, an
assessment of the possibility of reducing, minimizing or treating at a lower cost
is essential, thus ensuring the required acceptance by environmental standards and
requirements. Another persistent approach is the complexity of effluents from which
the treatment is discarded in isolation, i.e., if there are no standardized treatment pro-
cedures, it is feasible to handle it in isolation or in combinationwhenpossible. Tests of
treatability, identification, ecotoxicity, antibacterials and others are extremely impor-
tant in monitoring removal efficiency. Therefore, to know the impacts, establishing
concentration standards and acceptable limits for the dismissal of unemployment
insurance actions upon payment and maintenance of their health, well-being, health
and quality of life for future.
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140. Mackuľak, T., Černanský, S., Fehér, M., Birošová, L., Gál, M.: Pharmaceuticals, drugs and
resistant microorganisms – environmental impact on population health. Curr. Opin. Environ.
Sci., Heal (2019)

141. Stumpf, M., Ternes, T.A., Wilken, R.-D., Rodrigues, Silvana Vianna, Baumann, W.: Polar
drug residues in sewage and natural waters in the state of Rio de Janeiro, Brazil. Sci. Total
Environ. 225, 135–141 (1999)

142. Ankley, G.T., Brooks, B.W., Huggett, D.B., Sumpter, J.P.: Repeating history: pharmaceuticals
in the environment. Environ. Sci. Technol. 41, 8211–8217 (2007)

143. López-Serna, R., Pérez, S., Ginebreda, A., Petrović, M., Barceló, D.: Fully automated
determination of 74 pharmaceuticals in environmental and waste waters by online solid
phase extraction-liquid chromatography-electrospray-tandem mass spectrometry. Talanta 83,
410–424 (2010)

144. Al Balushi, A.S.M., Al Marzouqi, F., Al Wahaibi, B., Kuvarega, A.T., Al Kindy, S.M.Z.,
Kim, Y.: Hydrothermal synthesis of CdS sub-microspheres for photocatalytic degradation of
pharmaceuticals. Appl. Surf. Sci. 457, 559–565 (2018)

145. Khedr, T.M., El-Sheikh, S.M., Ismail, A.A., Bahnemann, D.W.: Highly efficient solar light-
assisted TiO2 nanocrystalline for photodegradation of ibuprofen drug. Opt. Mater. (Amst) 88,
117–127 (2019)


	Nanostructured Materials for the Photocatalytic Degradation of Organic Pollutants in Water
	1 Introduction
	2 Nanosemiconductors Applied to Heterogeneous Photocatalysis
	3 Understanding the Role of Scavengers in Photocatalysis Using Nano-semiconductors
	4 Nanosemiconductors Supported on Clays
	5 Operational Devices and Influence on the Degradation Effectiveness
	5.1 Effect of the Initial Concentration of the Organic Pollutant
	5.2 Effect of the Amount of Catalyst
	5.3 Effect of pH
	5.4 Intensity and Source of Irradiation

	6 Photocatalytic Degradation of Organic Contaminants for Environmental Treatment
	7 Final Considerations
	References




