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Abstract: Organic pollutants such as dyes, antibiotics, analgesics, herbicides, pesticides, and stimulants
become major sources of water pollution. Several treatments such as absorptions, coagulation, filtration,
and oxidations were introduced and experimentally carried out to overcome these problems. Nowadays,
an advanced technique by photocatalytic degradation attracts the attention of most researchers due to its
interesting and promising mechanism that allows spontaneous and non-spontaneous reactions as they
utilized light energy to initiate the reaction. However, only a few numbers of photocatalysts reported
were able to completely degrade organic pollutants. In the past decade, the number of preparation
techniques of photocatalyst such as doping, morphology manipulation, metal loading, and coupling
heterojunction were studied and tested. Thus, in this paper, we reviewed details on the fundamentals,
common photocatalyst preparation for coupling heterojunction, morphological effect, and photocatalyst’s
characterization techniques. The important variables such as catalyst dosage, pH, and initial concentration
of sample pollution, irradiation time by light, temperature system, durability, and stability of the catalyst
that potentially affect the efficiency of the process were also discussed. Overall, this paper offers an
in-depth perspective of photocatalytic degradation of sample pollutions and its future direction.

Keywords: photocatalysis; organic wastewater; preparation method; degradation; characterizations;
hybridization
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1. Introduction

Nowadays, about 300 to 400 million tons of untreated organic pollutants are produced annually,
which leads to water pollution problems, especially near industrial areas [1]. To overcome this issue,
the majority of countries introduced strict regulations to control environmental pollution. Moreover, it
attracts scientists’ attention to intensively study the best technology in this scope of research with the
hope to control environmental pollution and improve the wellbeing of the environment.

One of the attractive solutions to degrade organic pollutants is by using photocatalysts. This is
because of its promising, effective, and efficient degradation activity of pollutants, which occur
by allowing both spontaneous and non-spontaneous reactions to optimize the whole process.
Photocatalysis was introduced in 1972 by Fujishima and Honda in their research on the electrochemical
photolysis of water at a semiconductor electrode and published in Nature [2]. The process is defined as
a chronological succession of advanced oxidation processes (AOPs), which improve their drawbacks
such as high cost, incomplete mineralization, and require high hydroxyl radical [3]. The photocatalysis
process requires light energy to activate the photocatalyst, hence this shows interest because the
reaction can be controlled using the light or photon sources.

Currently, the most studied photocatalysts are titanium dioxide (TiO2) [4–6] and zinc oxide
(ZnO) [7–9]. However, they suffer from the recombination of the electrons (e−) and holes (h+), which
are considered as the major drawback to these materials. Improving the efficiency and stability of
photocatalyst become the target goal among researchers.

In this review, we focused on the hybridization type, preparation technique, effect of parameters,
and current challenges of photocatalysis sciences in organic wastewater treatment. As has been
mentioned before, the recombination of the electrons (e−) and holes (h+) are common problems for the
photocatalyst. Hence, the hybridization technique was proposed by several researchers to overcome
this problem. Examples of such techniques are doping, coupling heterojunction, and supporting
materials. Further mechanisms and explanations on the effect of hybridization type on the performance
of catalysts are discussed in this review.

Several techniques were also proposed by researchers to synthesize photocatalyst, however,
there is no single study that reviewed the performance of each method and quality of produced
photocatalyst. In this paper, there are two types of green and simple techniques identified that could
affectively affect the performance of the photocatalyst such as physical- and chemical-based techniques.
Moreover, this paper also discussed extensively the effect of operating parameters involved during the
photocatalysis process. For example, the effect of catalyst amount, pH of pollutant, irradiation intensity,
the temperature of pollutant, initial concentration, and effect of size and shape of photocatalyst toward
the rate of degradation of organic pollutants.

2. Photocatalysis

Catalysis is the study involving synthesis, modification, and mechanism of a substance that can
increase or accelerate the rate of a chemical reaction due to the participation of a substance called a
catalyst, which remains unchanged at the end of the reaction. The reaction will occur faster with the
catalyst because they require less activation energy than that of a normal reaction. The activation
energy (Ea) is threshold energy, which must be overcome for a reaction to occur as illustrated in Figure 1.
Despite the normal reaction pathway, the presence of the catalyst opens up an alternative approach
with lower activation energy, thus, the rate of reaction will increase. Nevertheless, the result and the
overall thermodynamics are the same [10].

Nowadays, photocatalysis shows high potential in reclaiming the environmental practice and
green technology. It drives researchers to enhance this technology by looking forward to the best type
of photocatalyst and the reactors. Currently, it has been applied in many applications such as coating
technology [11,12], environmental pollution [13,14], and air pollution treatment [15,16].
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Figure 1. Effect of catalyst on energy diagram profile.

Theoretically, photocatalysis requires light to activate the photocatalyst to initiate the reaction.
According to Ohtani [17], the difference between photocatalytic and catalytic reaction depends on the
preferential crystal facets of the photocatalyst. Therefore, the intensity of irradiated light will affect the
kinetics of the reaction, to produce electron–hole pairs, which makes the reaction happens, whereas the
catalytic reaction depends on the active sites for the reaction to occur [18–20]. In catalysis, the density
of active sites concurrent with the reaction kinetic [21,22] as illustrated in Figure 2. Generally, the
catalytic reaction is limited to spontaneous reaction only, in which the Gibbs free energy is more than
zero. However, photocatalyst allows both spontaneous and non-spontaneous reactions, which relied
on the photo-absorption ability of the material that can provide energy source and turn it into chemical
energy [17].

Figure 2. The illustration of catalytic and photocatalytic reaction processes.
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As illustrated in Figure 3, the activity of photocatalyst (i.e., semiconductor) depends on the ability
to create e− and h+ pairs to generate free radicals, which are needed to initiate the reaction. An electron
from the valence band (VB) will be excited to the conductive band (CB) by absorption of the light
energy equally or more than its band gap, which is an energy difference between VB and CB in
the semiconductor.

Figure 3. The basic mechanism of photocatalysis [23].

Theoretically, the reaction starts when enough photons (hv) from the light source hit the e− on
VB. The e− excites the CB, leaving the h+ on VB. Both e− and h+ will migrate to the surface of the
photocatalyst. Simultaneously on the surface, h+ will oxidize the water to form hydroxyl radicals (OH·)
that initiate the chain reaction to oxidize the organic pollutants. While e− will donate to the electron
acceptor such as oxygen (O2) extending the formation of superoxide or metal ion that is reduced to its
lower valence state and deposited on the photocatalyst surface [23]. Both oxidation and reduction
processes produce a degraded product of organic pollutant that is more environmentally friendly.

Table 1 shows recent publications on the catalytic study of the photocatalyst in the degradation
of (i) dyes like methyl orange and methylene blue, (ii) antibiotics such as doxycycline, levofloxacin,
tetracycline hydrochloride, and tetracycline, (iii) analgesics such as acetaminophen, (iv) herbicides
such as atrazine, (v) pesticides such as naphthalene, and (vi) stimulants such as caffeine—all of which
could benefit from further research and applications. According to Gogate and Pandit [24] and Low et
al. [25], organic contaminants from industries were found to be the major source of water pollution.
Globally, around 15 g pharmaceutical products were consumed per capita and 3 to 10 times higher in
developed countries [26]. The remaining untreated refractory organic contaminants could stimulate
microbial growth, leading to oxygen depletion and disturb the entire water bodies’ ecosystem [27].
Numerous research reported in this area is scientifically important. For example, Cheshme et al. [28]
and Vaiano et al. [4] in their research, succeeded in completely degrading the methyl orange within
50 min and paracetamol sample in 120 min using Cu doped ZnO/Al2O3 and TiO2-graphite composite
photocatalyst, respectively.
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Table 1. Research on photocatalysis; parameter condition and results reported from 2016 to 2018.

Type of Organic Pollutant Treat Photocatalyst Light Source Band Gap Degradation Rate
(%) Ref.

Analgesics

Acetaminophen CdS
sub-microspheres 50 W LED visible light λ = 455 nm 2.16 eV

Acetaminophen: 85%
Levofloxacin: 70%

in 240 min
[29]

Paracetamol TiO2-graphite composites UV lamp 8 W
λ = 365 nm 3.24 eV

UV: 100%
in 120 min
TOC: 88%
in 180 min

[30]

Antibiotics

Doxycycline BiOBr/FeWO4 300 W Xenon lamp with a 400-nm cutoff filter 2.46 eV 90.4% in
60 min [31]

Levofloxacin CdS
sub-microspheres 50 W LED visible light λ = 455 nm 2.16 eV Levofloxacin: 70%

in 240 min [29]

Tetracycline
hydrochloride CdTe/TiO2

400 W halogen lamp equipped with a cutoff filter
(λ > 400 nm) 1.39 eV 78%

in 30 min [32]

tetracycline Fe-based metal–organic
frameworks

300 W Xenon lamp visible lamp
λ > 420 nm 1.88 eV 96.6%

in 3 h [33]

Tetracycline
hydrochloride

ZnFe2O4
porous hollow cube

300 W Xe
Lamp equipped with 350 nm–780 nm reflection

filter and 420 nm cutoff filter (irradiation
wavelength of 420 nm–780 nm)

1.5 eV 84.08%
in 60 min [34]

Tetracycline ZnWO4−x nanorods
UV lamp mercury 300 W

Xenon
lamp 300 W

3.1 eV 91%
in 80 min [35]

Nitrofurantoin Nd2Mo3O9
300 W tungsten incandescent lamp

lamp intensity is 150 mW/cm2 2.82 eV 99%
in 45 min [36]

Dyes

Rhodamine B polycaprolactone/TiO2
nanofibrous 25 W of 254 nm UV light - 100% in

300 min [37]

Methyl orange Cu-doped ZnO/Al2O3

Visible light
400 W high-pressure mercury-vapor lamp

λ = 546.8 nm
2.18 eV 100%

in 50 min [28]

Orange G Sepiolite-TiO2
nanocomposites 300 W Xe lamp - 98.8%

in 150 min [38]

Nitroblue tetrazolium
Methylene blue Ternary g-C3N4/Al2O3/ZnO Visible light

300 W xenon lamp with λ > 420 nm cut-off filter

ZnO 3.20 eV
Al2O3 4.86 eV

g-C3N4 2.76 eV

85%
in 50 min [39]

Methyl orange Tungsten doped Al2O3/ZnO
coating aluminum Simulate solar irradiation 300 W - 95%

in 10 h [40]

Herbicide atrazine Cu-BiOCl Mercury UV lamp
Λ = 254 nm 3.0 eV 35%

in 30 min [41]

Pesticide naphthalene ZnO 254 nm irradiation under 50 W mercury lamp 2.98 eV 70%
in 2 h [42]

Stimulant Caffeine Mg doped ZnO-Al2O3 UV mercury lamp 400 W - 89.18%
in 70 min [43]
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3. Types of Hybridization Photocatalyst

The single semiconductor was used as a photocatalyst, facing the problem of recombination of
e− and h+ due to limited diffusion length and large band gap [44]. In the past decade, researchers
put effort into hybridizing the photocatalyst to enhance the light absorption in the range of visible
sunlight. Therefore, several types of hybridization of photocatalysts such as doping, metal loading,
and coupling heterojunction have been explored to solve the problem.

3.1. Metal-Doped Photocatalyst

Doping is a method used to add other substance that has energy levels almost the same as the
valence band or conducting band edge of the main semiconductor, that enables it to enhance the
concentration of charge carriers either by donating or accepting electrons. However, the opposite
effect has been observed, which could promote e− and h+ recombination [45]. Thus, morphology
manipulation is important to produce nano-sized photocatalyst to reduce travel distance from the e− to
the surface hence creating h+ in the bulk phase [46]. Nevertheless, it also has a side effect, which leads
to an increase in the bandgap due to the particle-in-box model [46]. According to Ge et al. [47], metal
loading requires a balanced amount of loading to favor the effective reaction to occur effectively. When
an excess of metal is loaded, it will cover the active site on the surface, yet it decreases the separation
capacity: it may also act as the center of recombination.

Theoretically, the introduction of metal dopant on photocatalyst could improve both adsorption
and photocatalytic degradation efficiencies. As been reported by Cao et al. [48] in Table 2, the addition
of 1 wt.% to 8 wt.% of Co Zr6O4(OH4)BDC12 in photocatalyst improved the adsorption and degradation
process from 9.9% to 78.5%. This is because of the photocatalyst’s crystallinity level, which improves
the light adsorption and increases the efficiency of charge separation. Fundamentally, the introduced
dopant or metal on photocatalyst has introduced a sub-energy level below the conductive band.
Moreover, it acts as a trapping site for excitation and delay of the recombination of the excited electron
as shown in Figure 4.

Table 2. Effect of different loading of dopant on the adsorption and photocatalytic degradation.

Catalysts Quantity of Dopant Morphological Characterization

Adsorption
Capacity

(wt.% Dopant:
% Adsorption)

Photocatalytic
Degradation

(wt.% Dopant: %
Degradation)

Ref.

Cu-doped ZnO/Al2O3

Minimum dopant loading Undoped ZnO/Al2O3 observed as
spherical morphology -

0.0 wt.%: 6.4%
2.5 wt.%: 39.5%

5.0 wt.%: ~93.0%

[28]

Optimum dopant loading

After doping, the surface became
lamellar morphology and XRD peaks

relative intensity showed slightly
decreased

- 7.5 wt.%: 100%

Maximum dopant loading - - 10.0 wt.%: ~93.0%

Mg-doped ZnO-Al2O3

Minimum dopant loading Crystallite size 21 nm;
Observable porosity on surface 0.0 wt.%: 7.0% 0.0 wt.%: 89.2%

[43]Optimum dopant loading Crystallite size 8 nm;
The surface increase in grain size 1.0 wt.%: 11.1% 1.0 wt.%: 98.9%

Maximum dopant loading Crystallite size ≤ 35 nm 3.0 wt.%: 6.7%
5.0 wt.%: 1.2%

3.0 wt.%: <98.9%
5.0 wt.%: <98.9%

Co-doped
Zr6O4(OH4)BDC12

Minimum dopant loading
Agglomerated cubic morphology

with diameter of 230 nm; surface area
was 584 m2g−1

0.0 wt.%: 9.9% 0.0 wt.%: <78.5%

[48]
Optimum dopant loading

Dispersive and uniform cubic with
diameter of 170 nm; increase surface

area to 815 m2g−1
1.0 wt.%: 68.1% 1.0 wt.%: 78.5%

Maximum dopant loading The higher amount of Co doped, the
higher surface area observed

2.0 wt.%: 61.3%
4.0 wt.%: 58.6%
8.0 wt.%: 55.4%

2.0 wt.%: <78.5%
4.0 wt.%: <78.5%
8.0 wt.%: <78.5%

Ag-doped ZnS

Minimum dopant loading Average diameter was 3.0–5.0 nm;
surface area was 78 m2g−1 - No dopant: 79.7%

[49]
Optimum dopant loading Average diameter was 3.0–5.3 nm;

increase surface area to 89 m2g−1 - With dopant: 92.8%

Maximum dopant loading - - -
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Figure 4. Example of doping as an electron trapping site of photocatalyst [50].

Furthermore, the synergy between dopant and photocatalyst is also an important criterion that
must be observed. Based on the reported studies presented in Table 2, where Mg-doped ZnO-Al2O3

without or with minimum metal dopant showing low photocatalytic degradation. Further addition of
dopant to the optimum level (1 wt.%) improves the photocatalysis degradation up to 98.9%. However,
the addition of dopant (3–5 wt.%) exceeded the optimum level causes the decrease of the photocatalysis
degradation lower than 98.9%. The decrease of the photocatalytic degradation might be due to several
factors: (1) the addition of excess dopant, increases the crystallinity of catalyst, which hinder their
active site on the surface [43] and (2) the excess of dopant tends to act as the center of recombination,
which accelerates the recombination between e− and h+ [28].

3.2. Coupling Heterojunction Photocatalyst

A coupling heterojunction is a combination of semiconductor to other semiconductor(s). It creates
variation towards interfacial interactions between the semiconductors, which resulted in a new unique
photocatalyst. Based on the band alignment, the heterojunctions are categorized into three types as
shown in Figure 5a.

In semiconductor/semiconductor heterojunction, the e− and h+ flow towards less negative potential
and less positive potential, respectively. Type I shows the CB in the first semiconductor (SC-1), which
is more negative than the second semiconductor (SC-2) while VB is more positive. Therefore, both
e− and h+ are accumulated in SC-2 and make them potentially recombine and reduce photocatalytic
degradation. Subsequently, the type II band alignment is the most preferred because e− in CB of SC-1
will flow to SC-2, while h+ in SC-2 will flow to SC-1 and both will transfer to the surface to undergo
redox reaction. On the other hand, type III shows no heterojunction because SC-1 and SC-2 will work
as a single semiconductor. In each semiconductor, the e− tends to recombine to its own h+ [51].

Meanwhile, Figure 5b–d show the binary, ternary, and quaternary coupling heterojunctions.
The same concept was applied as in Figure 5a, which depends on the level of band gaps for the coupled
metals which determine the types of band alignment.
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Figure 5. Illustrated (a) type of band alignment between two semiconductors in a heterojunction [51],
(b) binary [52], (c) ternary [53], and (d) quaternary coupling heterojunctions [54].
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3.3. Supported Material Photocatalyst

Currently, the trend in the development of active catalyst’s support has attracted much attention
due to its ability to disperse the active site on the catalyst surface. The support could also enhance the
process due to its responsibility to provide a high surface area for depositing the primary photocatalyst
test solutions [55,56]. The support’s material can be inert or active during the photocatalytic process,
which could act as a co-catalyst or secondary catalyst [57]. It is a requisite to overcome the difficulty
in separating the catalyst usually in the form of powder, microcrystalline, and nanocrystalline after
mixing with an aqueous sample and make it a milky dispersion [58]. To minimize the inconvenient,
researchers discovered that the support material such as polymer membrane [59,60], silica [61,62],
metal oxide [63,64], graphene [65,66], zeolite [67], carbon nanotube (CNT) [68], ceramics [69] and
aluminum oxide [70] play key roles in maximizing the efficiency of the catalyst.

Several reported research papers studied the efficiency of metal oxides like the catalyst’s support.
For example, titanium dioxide [71,72], zinc oxide [73,74], silicon dioxide [75,76], and aluminum
oxide [77,78]. However, most of the introduced supports suffer from having a low surface area and
a lack of physical and chemical stabilities. Besides, some of these oxides offer good support; these
include aluminum oxide, which offers very high surface area, high thermal conductivity, as well as
promising chemical and physical stabilities based on the previous research by Shi et al. [78], Larimi
and Khorasheh [77], and Sun et al. [79].

The chemical illustration of support materials of graphene, carbon nanotube, and aluminum
oxide are presented in Figure 6. From this Figure, it is observed that the support material is one of the
most important materials used to increase the absorption of the sample molecules, which allow the
dispersion of photocatalyst on their exposed surface. Hence, it is potentially increasing the performance
of the degradation process.

Figure 6. Cont.
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Figure 6. Example of recent studies on supported material photocatalyst such as (a) graphene [65],
(b) carbon nanotube [68], and (c) aluminum oxide [70].

4. Preparation Techniques of Photocatalyst

In the past few years, various approaches of catalyst preparation techniques such as hydrothermal,
electrospinning, impregnation, co-precipitation, solid-state, sonication, microemulsion, thermal
evaporation, and sol-gel have been introduced, as shown in Table 3. These methods can be divided
into solid-based and solution-based methods.

Table 3. Published preparation methods for photocatalysts.

Type of Method Method Photocatalyst Reference

Solid-based method

Sonication
Cu-doped ZnO/Al2O3 [28]

Ce(MoO4)2 [80]
SnO/g-C3N4 [81]

Solid-state
Mg doped ZnO-Al2O3 [43]

ZnO [82]
CuO/Al2O3/TiO2 [83]

Thermal evaporation
SnO2 [84]
ZnO [85]
ZnO [86]

Solution-based method

Hydrothermal
Sepiolite-TiO2 [38]

CdS [29]
CdTe/TiO2 [32]

Electrospinning
ZnO [42]

polycaprolactone/TiO2 [37]
Ag/LaFeO3 [87]

Impregnation
Mg-ZnO/Al2O3 [43]

Cu-BiOCl [41]
Se-ZnS [88]

Precipitation
TiO2-graphite [30]

γ-Al2O3 [89]
ZnWO4 [90]

Co-precipitation

g-C3N4/Al2O3/ZnO [39]
Mg doped ZnO-Al2O3 [43]

ZnFe2O4 [34]
Cu-doped ZnO/Al2O3 [28]

ZnO [91]

Microemulsion
Fe2O3 [92]
ZnO [93]

Si doped TiO2 [94]

Sol-gel
Nd2Mo3O9 [36]

TiO2 [94]
Bi2Mo3O12 [95]
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4.1. Preparation of Photocatalyst by Physical Techniques

The preparation of photocatalyst using the physical technique is commonly based on the machine,
force, energy, and pressure to mix or to modify the structure of the materials such as the sonication [28],
solid-state [43], and thermal evaporation [85]. These methods offer several benefits such as simple
technical aspects and a high yield of purity compared to chemical-based techniques. However, the
composition, shape, and size of the catalyst are difficult to control [96].

A Sonication bath is one of the instruments that can be used to synthesize the photocatalyst using
sound energy. The ultrasonic probe delivers the ultrasonic waves that come from different power
capacities, pressure, and structural form as shown in Figure 7. According to Warner et al. [97] and
Taylor [98], different products will be obtained with different frequency, amplitude, power supply, and
processing time. It was also reported that this product has a high potential to produce a pure product
with high yield and minimal waste from the process.

Figure 7. Illustration of sonication effect on the shape and size of the catalyst [99].

According to Sobhani-Nasab et al. [80], the nanosheet of Ce(MoO4)2 photocatalyst as shown
in Figure 8a has been successfully synthesized by the initial reactant of Ce(NO3)3·6H2O and
(NH4)6Mo7O24·4H2O solution with the addition of glucose as surfactant using sonication. The surfactant
played a key role in modeling the photocatalyst into a nanosheet. The research reported that the
product was of high purity based on the X-ray diffraction (XRD) and energy dispersive spectrometer
(EDS) analysis results. However, it was found that the increase of ultrasonic power could increase the
nanosheet size of the catalyst. Therefore, the power needs to be analyzed so that to be maintained on
the nano size scale. Similarly, Liang et al. [81], reported that ultrasonic power was used in the bonding
of g-C3N4 and SnO. At a lower amount of g-C3N4, the observed morphology was in the form of a
nanosheet as shown in Figure 8b; however, at a higher amount of g-C3N4, the morphology became
irregular due to excess g-C3N4, which inhibited the formation of nanosheet and reduced the specific
surface area of the photocatalysts.
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Figure 8. SEM images of (a) nanosheet Ce(MoO4)2 [80] and (b) g-C3N4/SnO photocatalyst [81].

Meanwhile, the solid-state is a facile additive-free method that is promising in synthesizing
the product in a large quantity [100]. This simple technique is normally employed for commercial
production in the industry. The temperature is usually applied until the unwanted substances
decompose and produce the product [82]. Without contact with any additive, the product produces a
high yield with high purity. Despite that, the promising benefit of this method is that it is a simple
and easy technique to operate. Figure 9 shows the illustration of the solid-state technique for the
preparation of the photocatalyst.

Figure 9. The solid-state technique for the preparation of ZnO.

Elhalil et al. [43] in their report, found that the solid-state method produced an Mg doped
ZnO-Al2O3 photocatalyst when the calcination process was able to remove the carbonate group based
on their FTIR result, thus, coupling the semiconductors. Their findings also showed that there are



Catalysts 2020, 10, 1260 13 of 29

no impurities involved during the process, which was confirmed by the Joint Committee on Powder
Diffraction Standards (JCPDS) data of XRD analysis. The porosity of the photocatalyst is presented
in Figure 10a. Similarly, according to Rokesh et al. [82], the ZnO produced using the solid-state
method was found to be of high purity as well as high crystallinity as proved by XRD data and energy
dispersive x-ray (EDX) spectrum. The calcination process made the structure of microcrystal folding as
shown in Figure 10b, thereby producing the rough surface and large quantity of surface defect. It also
indicated the high surface area of the ZnO. Consequently, this method is strongly convinced to be good
considering it is simplicity and ability to produce products with high purity and crystallinity.
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4.2. Preparation of Photocatalyst by Chemical Techiques

The solution-based method is the most common technique used for the preparation of
photocatalysts because it offers numerous advantages such as being environmentally friendly, having
affordable reagents, and requires incredibly low energy input. From the previous study, the efficiency of
the produced photocatalyst can be controlled by manipulating the operating parameters. The variables
involved during the process design could result in different compositions, shapes, and sizes, which
potentially affects the performance of photocatalyst. Therefore, this method is preferable compared to
a solid-based method. The common examples of these methods are sol-gel [36], co-precipitation [34],
electrospinning [37], and hydrothermal [29], see Table 3.

4.2.1. Electrospinning Technique

Electrospinning is the process that requires the precursors in the form of solution or suspension,
in order to be transferred into the syringe pump, so that the spinning tip will eject the sample drop
by drop. The droplets are aided by the electrical field, which will be charged. The surface tension
will subsequently be overtaken by electrostatic repulsion. The droplet repulse and elongate until it is
deposited on a collector plate or drum [51]. The synthesized product by this technique is usually in
nanofibers form. Figure 11 shows an illustration of the electrospinning technique.
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Figure 11. Visual of the formation of nanofibers by high voltage and spinneret injection of the
solution [101].

According to Sekar et al. [102], the product obtained was smooth and has a uniform surface of
nanofibers as shown in Figure 12a. Therefore, additional calcination was compulsorily needed to
increase the surface area and its porosity. Meanwhile, Li et al. [87] reported that the electrospinning
method creates a lack of uniformity of product diameter due to the interference of the inner needle.
Hence, the best viscosity of precursor is necessary to avoid wrinkled nanofibers as shown in Figure 12b.

Figure 12. SEM images of (a) Fe-ZnO/PVA nanofibers [102]; (b) the wrinkled Ag/LaFeO3 nanofibers [87].

4.2.2. Sol-Gel Technique

There are few steps involved in the sol-gel technique, which include hydrolysis, condensation, and
the drying process [8]. Generally, a metal precursor undergoes a rapid hydrolysis process to form the
metal hydroxide. Rapid condensation is then applied to produce the gel followed by a drying process
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to solidify the gel [103]. Figure 13 shows the illustrations of the sol-gel technique in the preparation
ZnO [104].

Figure 13. Illustration of ZnO photocatalyst preparation using a sol-gel technique.

Research conducted by Li et al. [95] reported that high purity of Bi2Mo3O12 photocatalyst was
produced in the Nano foam shaped using a sol-gel technique. Figure 14a presents the uniform and
compacted size nanoparticles. The nanoparticles provide a large surface area in the catalyst, which is
beneficial for catalytic activity. Meanwhile, Vinoth et al. [36] claimed that they obtained high purity
crystal of Nd2Mo3O9 without any redundant impurities. In addition, the flower-like photocatalyst
shown in Figure 14b below contains a fairly uniform distribution of Nd, Mo, and O elements. Thus,
the sol-gel method is believed to produce high purity and uniformly size photocatalyst. Moreover, the
steps involved are quite simple and support sustainable green technology.

Figure 14. SEM images of (a) Bi2Mo3O12 photocatalyst [95] (b) uniformly size and shape of Nd2Mo3O9 [36].
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4.2.3. Co-Precipitation Technique

The co-precipitation method is used to design different morphologies of photocatalysts based on
the operating parameters. Both anionic and cationic solutions are mixed and stirred together to form a
uniform mixture. The nucleation occurs in the formed mixture when one ion is replaced by another ion,
forming the crystal lattice. The growing process will continue until the precipitation agent is added
to agglomerate and formed the stable colloid suspension or precipitant. The obtained product from
this method can be control either by solution concentration, pH, washing medium, and calcination
temperature [96]. Figure 15 shows the illustration of the co-precipitation technique of Fe3O4 [105].

Figure 15. Illustration of the preparation of Fe3O4 by the co-precipitation technique.

As reported by Pan et al. [91], the ZnO photocatalyst obtained has a flower-like shape as shown in
Figure 16a. They control the morphology of the catalyst by manipulating the concentration of Zn2+

and OH−. Therefore, the concentration of aqueous ZnCl2 and NaOH is increased to obtain a high
reactant concentration. In line with Cao et al. [34], the porous hollow cube shape of ZnFe2O4 shown in
Figure 16b was controlled by the synthesis of Prussian Blue precursor. During nucleation and growth,
polyvinylpyrrolidone (PVP) was added as a capping agent, to produce the cube shape. In this process,
calcination is needed to decompose PVP and cyanide ligands, while gas was also diffused to produce
the small voids.
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Figure 16. SEM images of (a) flower-like ZnO [91] (b) the cubic shaped of porous hollow ZnFe2O4 [34].

5. Degradation of Various Source of Pollutants

Generally, the sources of organic pollutants in water originally comes from domestic sewage,
municipal sewage, and industrial wastewater, which commonly contained organic and inorganic
types of pollutants that partially biodegrade. Moreover, even at low concentrations, it tends to poison
aquatic organisms [106]. Therefore, chemical degradation process such as photocatalysis is required to
remove the organic pollutant into more environmentally friendly substances. The pollutants that were
reportedly studied were dye-based, antibiotic-based, and other-based pollutants such as herbicides
and toxic substances.

Truong et al. [5], reported having used graphene@Fe-Ti binary oxide composites under the
exposure of 350 W Xenon sunlight simulated lamp to degrade 10 mg/L methylene blue dye solution.
About 6 mg photocatalyst was used and successfully degraded by about 100% for 20 min. According
to Cheshme et al. [28], the Cu doped ZnO/Al2O3 under visible light of 400 W and a high-pressure
mercury-vapor lamp with a wavelength of 546.8 nm, could degrade 100% of methyl orange (15 ppm)
within 50 min with 0.6 g/L photocatalyst.

Based on Cao et al. [34], in their work, they successfully degraded about 84.08% of 500 ppm
tetracycline hydrochloride using ZnFe2O4 photocatalyst within 50 min. 300 W Xenon lamp was used
to supply the light to 100 mL solution with a 40 mg/L photocatalyst dosage. In keeping with Osotsi et
al. [35], ZnWO4−x photocatalyst was used to degrade 20 ppm of tetracycline solution. About 2 g/L
photocatalyst dosage was used under the exposure of 300 W of a ultra violet (UV) lamp. Therefore,
91% of degradation was achieved within 80 min.

As reported by Sekar et al. [102], 40 ppm of naphthalene was successfully degraded under a 16 W
UV lamp using Fe-ZnO/PVA photocatalyst. About 96% of naphthalene solution was also degraded in
4 h with 0.06 g/L of Fe-ZnO/PVA. Moreover, Moyet et al. [41], used 0.1 g/L of Cu-BiOCl photocatalyst
under the exposure of mercury UV lamp with 254 nm wavelength, degrading 10 ppm of atrazine
solution in 30 min. Other examples are shown in Table 4.
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Table 4. Example of a current study of the photocatalyst in degradation from a different source of organic pollutants.

Photocatalyst Type of Light Used Source of Pollution
Condition Set

Degradation Ref.
Catalyst Loading Initial Concentration Reaction Time pH

BiVO4/CHCOO(BiO)
Visible light using 300 W

Xenon lamp

Sulfamethoxazole 1 g/L 10 mg/L 5 h 6 85%

[107]Bisphenol A 1 g/L 10 mg/L 5 h 6 99%
4-aminoantipyrine 1 g/L 10 mg/L 5 h 6 46%

Ibuprofen 1 g/L 10 mg/L 5 h 6 65%

CuO/ZnO 500 W visible lamp Methylene blue 1 g/L 10 mg/L 25 min - 96.57% [108]

BiVO4/carbon 350 W Xenon lamp with 400
nm cut off filter

Methylene blue 1.0 g/L 0.0001 mol/L 180 min - 95%
[109]Rhodamine B 1.0 g/L 1 × 10−5 mol/L 180 min - 80%

Phenol 1.0 g/L 5 mg/L 5 h - 50.13%

CdS-reduced graphene
oxide

300 W Xenon lamp with UV
cut off filter

Rhodamine B 0.4 g/L 20 mg/L 60 min - 97.2% [110]
Acid chrome blue K 0.4 g/L 20 mg/L 60 min - 65.7%

BiVO4/Bi4V2O10
300 W Xenon lamp with 400

nm cut off filter

Rhodamine B 1 g/L 20 mg/L 15 min - 100%
[111]Methylene blue 250 g/L 20 mg/L 60 min - 75%

Phenol 1 g/L 30 mg/L 60 min - 95%

H3PW12O40/Ag3PO4 300 W Xe lamp λ > 420 nm 4-fluorophenol 3 g/L 10 mg/L 720 s 7 100% [112]
Methyl orange 3 g/L 10 mg/L 720 s 7 100%

ZnS:Mn/MWCNT Low-pressure mercury lamp AR18 dye 0.1 g/L 20 mg/L 180 min - 70% [68]

CdS/TiO2
300 W xenon lamp with 420

nm cut off filter

Hexavalent chromium 2 g/L 10 mg/L 5 h 3.5 100%
[113]Phenol 1 g/L 10 mg/L 3 h - 78%

Rhodamine B 1 g/L 10 mg/L 60 min - 83%

Zr/TiO2
300 W Xenon lamp with 320

nm cut off filter

Chloridazon 0.1 g/L 0.005 mM 4 h 5 100%
[114]Phenol 0.1 g/L 0.001 mM 4 h 5.45 90%

4-chlorophenol 0.1 g/L 0.001 mM 4 h 5.53 95%

WO3
400 W metal halide lamp.
Light intensity ≈ 86,800 lx Rhodamine B 1 g/L 20 mg/L 3 h - 95% [115]

RP-MoS2/rGO 300 W Xenon lamp 420 nm
cut off filter

Rhodamine B 0.4 g/L 20 mg/L 30 min - 99.3% [116]
Hexavalent chromium 0.4 g/L 40 mg/L 30 min - 98%
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6. Effect of Parameters on the Efficiency of Photocatalytic Degradation Process

Several variables can affect the performance of the photocatalysis process. The variables include
catalyst dosage, pH, irradiation time, temperature, and initial concentration. These variables might be
affecting the photodegradation of pollutants. Therefore, an analysis with a series of experiments is
needed to get the optimum operational parameters for the process.

6.1. Photocatalyst Dosage

Catalyst dosage has a major impact on the photocatalysis process as described by many researchers.
According to Cheshme et al. [28], the dosage range of 0.005 to 0.04 g of Al2O3/ZnO:Cu photocatalyst was
used for the degradation of 15 mg/L of methyl orange. However, the increment in photodegradation of
methyl orange solution occurs with the addition of only 0.005 to 0.03 g of catalyst dosage. However,
the addition of 0.04 g of catalyst exceeded the optimum amount of the amount of catalyst used and
the abundance of catalysts will only reduce its performance. Therefore, the optimum photocatalyst
loading was found to be 0.03 g. According to Elhalil et al. [43], about 0.1 to 0.3 g/L showed an increment
in degradation efficiency of 20 mg/L caffeine from 69.42% to 98.9%. As the amount of photocatalyst
increased to more than 0.3 g/L, the photocatalytic degradation showed a slight decrease. This was due
to the excess amount of photocatalyst, which scattered the light and reduced its penetration into the
solution. Therefore, their optimum photocatalyst dosage was found to be 0.3 g with 98.9% caffeine
solution degradation.

6.2. pH of Wastewater Sample

The pH plays a major role in photocatalytic degradation. This is because it has an important role
to play on the surface charge of the material in the aqueous media, especially in adsorption studies.
If the surface charge of the material is opposing the adsorption due to the fact of having the same
charge as the adsorbate, which needs to be modified and find the pH conditions that show the best
adsorption. Therefore, there is a need to find out the pH at which the surface charge of the material is
zero in the aqueous media or the pHpzc (pH point of zero charge) of the adsorbent material [117,118].

Elhalil et al. [43], discovered the optimum pH value of 9.5 for Mg-ZnO-Al2O3 photocatalyst
to degrade 20 mg/L caffeine solution. The dramatically decreased was found with a pH of 3.5.
The researchers reported that the pH solution affects the surface charge and ionization of caffeine
molecules, as a result, it enhanced hydroxyl radical formation. Compared to a pH of 3.5, many factors
contribute simultaneously such as non-favorable adsorption, dissolution, and decomposition of the
photocatalyst. However, Subash et al. [119], reported that the optimum pH of 9 was recorded for the
higher adsorption efficiency for photodegradation of Acid Black 1 dye solution recording up to 90.1%
using ZnO photocatalyst. At acidic pH level, the removal efficiency was less due to the dissolution of
the photocatalyst. Therefore, the solution of pH must be tested as the photocatalyst surface charge is
inverse to the solution charge.

6.3. Irradiation Intensity

Irradiation of light intensity affects the photocatalysis process via the production of more
hydroxyl radicals as intensity increase [120]. Tekin and Saygi [121] reported that at a higher intensity
(132 W/m2), 25 mg/L of acid black 1 dye solution was degraded completely for 40 min reactions.
Compared to low intensity (44 W/m2), which has only an 80% degradation rate. Bhatia et al. [122]
also reported the degradation of atenolol solution (25 mg/L) with 1.5 g/L TiO2-graphene photocatalyst
under 1000 mW/cm2, the degradation almost completed in 60 min compared to under irradiation of
250 mW/cm2, the solution degraded to 20 mg/L only. An increase in the irradiation light intensity can
produce more photons to interact with a photocatalyst, thus, releasing more hydroxyl radicals and
superoxide ions. However, the effective cost should be calculated to determine the best light source
intensity and high efficiency of photodegradation of pollutants.
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6.4. Temperature of Wastewater Sample

Usually, the elevation of temperature will increase the photodegradation within a certain range.
It is agreeable to Tambat et al. [123] findings, which reported that at room temperature and high
temperature (60 ◦C), the methyl orange solutions were completely degraded using CeO2 photocatalyst.
In contrary to low temperature (20 ◦C), the solution was not degraded completely. Moreover, according
to Ateş et al. [124], the degradation of methyl orange solution using Al2O3-NP/SnO2 photocatalyst
increased from 60.90% to 93.95% as the temperature increased from 10 to 55 ◦C. However, beyond that,
the rate of reaction temperature could give a negative effect when electron–hole recombine and cause a
decrease in degradation reaction rate [121]. Thus, it is crucial to control the temperature in the range of
reaction temperature.

6.5. Initial Concentration of Wastewater Sample

It is important to specify the optimum initial concentration of solution in the photocatalytic
process due to the synergistic effect between photocatalyst, the formation of the oxidizing agent, and
the pollutant. Subash et al. [119] reported a decrease in removal efficiency when they increased the
Acid Black 1 dye concentration. The report claimed that the path length of the photons from the
light source decreases, thus, it did not fully penetrate the solution. On the contrary, Elhalil et al. [43]
increased the initial concentration of caffeine solution, which lead to an increase in the degradation rate.
This was due to the higher ability of collision between hydroxyl radicals and that of caffeine molecules.
Therefore, the initial concentration is one of the variables that can influence the photocatalysis.

6.6. Stability and Durability of Photocatalyst

The stability and durability of the photocatalyst are important to ensure the efficiency and the
quality of the synthesized catalyst. Based on the previous studies, the morphological characteristics
affect the stability and durability of the photocatalyst. The reduction of performance of the photocatalyst
is known as the deactivation process. This phenomenon is also depending on the type of reactions,
solvents, and the mechanical process. Most of the photocatalyst deactivation is discovered after several
cycles of the reaction process. Several factors lead to the deactivation of the photocatalyst. These include
(1) loss of photocatalyst mass especially during the washing/purification process, for example, the
research reported by Taddesse et al. [125], where the Rod-like ZnO stacking on Cu2O/Ag3PO4, which
has lost some quantity during filtration; (2) leaching of dopants is also a common phenomenon that
normally happens during the reaction due to photo-etching as experienced by Zhang et al. [126],
when the synthesized ZnO catalyst undergo photodecomposition after three cycles in degradation
of Rhodamine B; (3) residual pollutant and/or organic intermediates that adsorbed on the surface
of photocatalyst. This normally occurs for the nanosized-photocatalyst with high porosity surface.
For example, the nanocomposite of WO3-ZnO has uniform surface morphology with a concomitant
irregular distribution with an average thickness of 27 nm, which showed a gradual decrease in
degradation until the fifth cycle. The researchers discovered that the methylene blue of organic
intermediates adsorbed on the photocatalyst surface even on every cycle [127,128]. In summary, the
strength, durability, and stability of the catalyst towards a harsh environment need to be analyzed
and carefully studied. This is to ensure that the prepared catalyst has high reusability and recycle the
ability to minimize the cost of the process.

7. Future Direction

Currently, several photocatalysts were developed and introduced, especially for water treatment
technologies. This is due to their inexpensive cost, efficiency, and being environmentally friendly.
However, every technique introduced in the reported papers in past decades have their own advantages
and weaknesses in terms of catalyst stability, efficiency, cost production, structure, and performance of
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the catalyst. In this review, the recent reported common techniques used to prepare the catalyst to
provide a better understanding to the readers and researchers were analyzed.

For example, the most common technique used was co-precipitation, which is easy to control
the morphology of the catalyst. However, this technique involves several problems such as being
easy to be contaminated and complex purification process. Tremendous attention has been put on the
improvement of the discussed techniques. The factors that need to focus to improve the techniques
such as (1) bandgap of the semi-conductors; (2) type of carrier transport; (3) crystallinity of the materials;
(4) surface area; (5) stability of photocatalyst, which could be controlled using the proper technique of
preparation. All these factors potentially affect the electron–hole recombination, synergic between
pollutant and photocatalyst, purities of the materials, availability of active sites, and reusability of the
photocatalyst, respectively. These factors are the clear paths of directions for the next researchers who
studied the sciences behind photocatalysis technology.

The hurdles, limitations, challenges, and research gap in this evolution of studies become an
opportunity for researchers to explore and find a clear direction for them. Figure 17 shows the key
factors of different types of hybridization of photocatalyst, which might be the main guide or reference
for other researchers to study the effect of phase structure towards the catalytic activity.

Figure 17. Different types of hybridization photocatalyst and the key factor to focus.

This review offers a comprehensive summary and novel insight into photocatalysis: These insights
include (i) hybridization of photocatalyst; (ii) preparation techniques; (iii) degradation of various
sources; (iv) effects of parameter towards photocatalysis reaction, thus aiming the future study to design
and develop improved photocatalysts that are functional and hence facilitating the photocatalysis
process for industrial scale. Figure 18 shows the importance of optimum reaction parameters during



Catalysts 2020, 10, 1260 22 of 29

photodegradation processes. This is crucial to ensure the maximum capacity and performance of the
catalyst–reactant relationship.

Figure 18. Important remarks: Parameter effects on photocatalytic degradation efficiency.

8. Summary

Photocatalyst shows promising techniques to degrade organic pollutants to environmentally
friendly substances by allowing both spontaneous and non-spontaneous reactions. From the previous
studies, the single semiconductor normally facing the recombination problem of electron–hole pairs.
The hybridization photocatalyst was proposed to overcome the problems. However, it has slight
weaknesses such as promoting the center of recombination, absence of interfacial interaction, and
imposing lower photocatalytic degradation. Consequently, the proper preparation and hybridization
techniques are important to ensure the maximum potential of the catalyst, which was discussed
in this review. Adequate methods were proposed by researchers to synthesize the photocatalyst,
however, to the best of our knowledge, no study compares the methods and quality of photocatalyst
production. Therefore, this manuscript provides detailed observation, comparison, and conclusion on
the previously reported papers working on photocatalysis, especially for organic wastewater treatment
in recent years. Moreover, clear direction to overcome the challenges to the researchers and society
from the basis of key factors and parameters were highlighted and discussed.
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of Al2O3/ZnO coatings formed by plasma electrolytic oxidation. Surf. Coat. Technol. 2015, 276, 573–579.
[CrossRef]

13. Bansal, P.; Verma, A.; Talwar, S. Detoxification of real pharmaceutical wastewater by integrating photocatalysis
and photo-Fenton in fixed-mode. Chem. Eng. J. 2018, 349, 838–848. [CrossRef]

14. Bharatvaj, J.; Preethi, V.; Kanmani, S. Hydrogen production from sulphide wastewater using Ce3+–TiO2

photocatalysis. Int. J. Hydrogen Energy 2018, 43, 3935–3945. [CrossRef]
15. Mera, A.C.; Martínez-de la Cruz, A.; Pérez-Tijerina, E.; Meléndrez, M.F.; Valdés, H. Nanostructured BiOI for

air pollution control: Microwave-assisted synthesis, characterization and photocatalytic activity toward NO
transformation under visible light irradiation. Mater. Sci. Semicond. Process. 2018, 88, 20–27. [CrossRef]

16. Faraldos, M.; Kropp, R.; Anderson, M.A.; Sobolev, K. Photocatalytic hydrophobic concrete coatings to combat
air pollution. Catal. Today 2016, 259, 228–236. [CrossRef]

17. Ohtani, B. Photocatalysis A to Z—What we know and what we do not know in a scientific sense. J. Photochem.
Photobiol. C Photochem. Rev. 2010, 11, 157–178. [CrossRef]

18. Ahmad, F.M.A.; Hassan, M.A.; Taufiq-Yap, Y.H.; Ibrahim, M.L.; Othman, M.R.; Ali, A.A.M.; Shirai, Y.
Production of methyl esters from waste cooking oil using a heterogeneous biomass-based catalyst.
Renew. Energy 2017, 114, 638–643. [CrossRef]

http://dx.doi.org/10.1038/238037a0
http://www.ncbi.nlm.nih.gov/pubmed/12635268
http://dx.doi.org/10.1016/j.rser.2017.08.020
http://dx.doi.org/10.1016/j.cattod.2018.02.002
http://dx.doi.org/10.1016/j.jwpe.2020.101474
http://dx.doi.org/10.1016/j.apcatb.2015.09.015
http://dx.doi.org/10.1016/j.jphotochem.2017.05.014
http://dx.doi.org/10.1016/j.proche.2016.03.095
http://dx.doi.org/10.1016/j.bjbas.2016.08.003
http://dx.doi.org/10.1016/j.surfcoat.2017.09.060
http://dx.doi.org/10.1016/j.surfcoat.2015.06.013
http://dx.doi.org/10.1016/j.cej.2018.05.140
http://dx.doi.org/10.1016/j.ijhydene.2017.12.069
http://dx.doi.org/10.1016/j.mssp.2018.04.045
http://dx.doi.org/10.1016/j.cattod.2015.07.025
http://dx.doi.org/10.1016/j.jphotochemrev.2011.02.001
http://dx.doi.org/10.1016/j.renene.2017.07.064


Catalysts 2020, 10, 1260 24 of 29

19. Ibrahim, M.L.; Nik, A.K.N.N.A.; Islam, A.; Rashid, U.; Ibrahim, S.F.; Mashuri, S.I.S.; Taufiq-Yap, Y.H.
Preparation of Na2O supported CNTs nanocatalyst for efficient biodiesel production from waste-oil. Energy
Convers. Manag. 2020, 205, 112445. [CrossRef]

20. Mansir, N.; Hwa, S.T.; Lokman, I.M.; Taufiq-Yap, Y.H. Synthesis and application of waste egg shell derived
CaO supported W-Mo mixed oxide catalysts for FAME production from waste cooking oil: Effect of
stoichiometry. Energy Convers. Manag. 2017, 151, 216–226. [CrossRef]

21. Ahmad, F.M.A.; Hassan, M.A.; Taufiq-Yap, Y.H.; Ibrahim, M.L.; Hasan, M.Y.; Ali, A.A.M.; Othman, M.R.;
Shirai, Y. Kinetic and thermodynamic of heterogeneously K3PO4/AC-catalysed transesterification via
pseudo-first order mechanism and Eyring-Polanyi equation. Fuel 2018, 232, 653–658. [CrossRef]

22. Ibrahim, S.F.; Asikin-Mijan, N.; Ibrahim, M.L.; Abdulkareem-Alsultan, G.; Izham, S.M.; Taufiq-Yap, Y.H.
Sulfonated functionalization of carbon derived corncob residue via hydrothermal synthesis route for
esterification of palm fatty acid distillate. Energy Convers. Manag. 2020, 210, 112698. [CrossRef]

23. Mahlambi, M.M.; Ngila, C.J.; Mamba, B.B. Recent developments in environmental photocatalytic degradation
of organic pollutants: The case of titanium dioxide nanoparticles-A review. J. Nanomater. 2015, 2015, 1–29.
[CrossRef]

24. Gogate, P.R.; Pandit, A.B. A review of imperative technologies for wastewater treatment I: Oxidation
technologies at ambient conditions. Adv. Environ. Res. 2004, 8, 501–551. [CrossRef]

25. Low, J.; Yu, J.; Ho, W. Graphene-based photocatalysts for CO2 reduction to solar fuel. J. Phys. Chem. Lett.
2015, 6, 4244–4251. [CrossRef] [PubMed]

26. Zhang, Y.; Geißen, S.U.; Gal, C. Carbamazepine and diclofenac: Removal in wastewater treatment plants
and occurrence in water bodies. Chemosphere 2008, 73, 1151–1161. [CrossRef] [PubMed]

27. Sirota, J.; Baiser, B.; Gotelli, N.J.; Ellison, A.M. Organic-matter loading determines regime shifts and alternative
states in an aquatic ecosystem. Proc. Natl. Acad. Sci.USA 2013, 110, 7742–7747. [CrossRef]

28. Cheshme, K.A.H.; Mahjoub, A.; Bayat, R.M. Low temperature one-pot synthesis of Cu-doped ZnO/Al2O3

composite by a facile rout for rapid methyl orange degradation. J. Photochem. Photobiol. B Biol. 2017, 175,
37–45. [CrossRef]

29. Nasr, M.; Viter, R.; Eid, C.; Habchi, R.; Miele, P.; Bechelany, M. Optical and structural properties of Al2O3

doped ZnO nanotubes prepared by ALD and their photocatalytic application. Surf. Coat. Technol. 2018, 343,
24–29. [CrossRef]

30. Gao, J.; Gao, Y.; Sui, Z.; Dong, Z.; Wang, S.; Zou, D. Hydrothermal synthesis of BiOBr/FeWO4 composite
photocatalysts and their photocatalytic degradation of doxycycline. J. Alloys Compd. 2018, 732, 43–51.
[CrossRef]

31. Al-Balushi, B.S.M.; Al-Marzouqi, F.; Al-Wahaibi, B.; Kuvarega, A.T.; Al-Kindy, S.M.Z.; Kim, Y.; Selvaraj, R.
Hydrothermal synthesis of CdS sub-microspheres for photocatalytic degradation of pharmaceuticals.
Appl. Surf. Sci. 2018, 457, 559–565. [CrossRef]

32. Gong, Y.; Wu, Y.; Xu, Y.; Li, L.; Li, C.; Liu, X.; Niu, L. All-solid-state Z-scheme CdTe/TiO2 heterostructure
photocatalysts with enhanced visible-light photocatalytic degradation of antibiotic wastewater. Chem. Eng. J.
2018, 350, 257–267. [CrossRef]

33. Wang, D.; Jia, F.; Wang, H.; Chen, F.; Fang, Y.; Dong, W.; Zeng, G.; Li, X.; Yang, Q.; Yuan, X. Simultaneously
efficient adsorption and photocatalytic degradation of tetracycline by Fe-based MOFs. J. Colloid Interface Sci.
2018, 519, 273–284. [CrossRef] [PubMed]

34. Cao, Y.; Lei, X.; Chen, Q.; Kang, C.; Li, W.; Liu, B. Enhanced photocatalytic degradation of tetracycline
hydrochloride by novel porous hollow cube ZnFe2O4. J. Photochem. Photobiol. A Chem. 2018, 364, 794–800.
[CrossRef]

35. Osotsi, M.I.; Macharia, D.K.; Zhu, B.; Wang, Z.; Shen, X.; Liu, Z.; Zhang, L.; Chen, Z. Synthesis of ZnWO4−x

nanorods with oxygen vacancy for efficient photocatalytic degradation of tetracycline. Prog. Nat. Sci. Mater.
Int. 2018, 28, 408–415. [CrossRef]

36. Vinoth, K.J.; Karthik, R.; Chen, S.M.; Chen, K.H.; Sakthinathan, S.; Muthuraj, V.; Chiu, T.W. Design of novel
3D flower-like neodymium molybdate: An efficient and challenging catalyst for sensing and destroying
pulmonary toxicity antibiotic drug nitrofurantoin. Chem. Eng. J. 2018, 346, 11–23. [CrossRef]

37. Tu, H.; Li, D.; Yi, Y.; Liu, R.; Wu, Y.; Dong, X.; Shi, X.; Deng, H. Incorporation of rectorite into porous
polycaprolactone/TiO2 nanofibrous mats for enhancing photocatalysis properties towards organic dye
pollution. Compos. Commun. 2019, 15, 58–63. [CrossRef]

http://dx.doi.org/10.1016/j.enconman.2019.112445
http://dx.doi.org/10.1016/j.enconman.2017.08.069
http://dx.doi.org/10.1016/j.fuel.2018.06.029
http://dx.doi.org/10.1016/j.enconman.2020.112698
http://dx.doi.org/10.1155/2015/790173
http://dx.doi.org/10.1016/S1093-0191(03)00032-7
http://dx.doi.org/10.1021/acs.jpclett.5b01610
http://www.ncbi.nlm.nih.gov/pubmed/26538039
http://dx.doi.org/10.1016/j.chemosphere.2008.07.086
http://www.ncbi.nlm.nih.gov/pubmed/18793791
http://dx.doi.org/10.1073/pnas.1221037110
http://dx.doi.org/10.1016/j.jphotobiol.2017.08.022
http://dx.doi.org/10.1016/j.surfcoat.2017.11.060
http://dx.doi.org/10.1016/j.jallcom.2017.10.092
http://dx.doi.org/10.1016/j.apsusc.2018.06.286
http://dx.doi.org/10.1016/j.cej.2018.05.186
http://dx.doi.org/10.1016/j.jcis.2018.02.067
http://www.ncbi.nlm.nih.gov/pubmed/29505989
http://dx.doi.org/10.1016/j.jphotochem.2018.07.023
http://dx.doi.org/10.1016/j.pnsc.2018.01.007
http://dx.doi.org/10.1016/j.cej.2018.03.183
http://dx.doi.org/10.1016/j.coco.2019.06.006


Catalysts 2020, 10, 1260 25 of 29

38. Zhou, F.; Yan, C.; Liang, T.; Sun, Q.; Wang, H. Photocatalytic degradation of Orange G using sepiolite-TiO2

nanocomposites: Optimization of physicochemical parameters and kinetics studies. Chem. Eng. Sci. 2018,
183, 231–239. [CrossRef]

39. Liu, S.J.; Li, F.T.; Li, Y.L.; Hao, Y.J.; Wang, X.J.; Li, B.; Liu, R.H. Fabrication of ternary g-C3N4/Al2O3/ZnO
heterojunctions based on cascade electron transfer toward molecular oxygen activation. Appl. Catal. B
Environ. 2017, 212, 115–128. [CrossRef]
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