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A B S T R A C T

Persistent organic pollutants (POPs) are carbon-based chemical substances that are resistant to environmental
degradation and may not be completely removed through treatment processes. Their persistence can contribute
to adverse health impacts on wild-life and human beings. Thus, the solar photocatalysis process has received
increasing attention due to its great potential as a green and eco-friendly process for the elimination of POPs to
increase the security of clean water. In this context, ZnO nanostructures have been shown to be prominent
photocatalyst candidates to be used in photodegradation owing to the facts that they are low-cost, non-toxic and
more efficient in the absorption across a large fraction of the solar spectrum compared to TiO2. There are several
aspects, however, need to be taken into consideration for further development. The purpose of this paper is to
review the photo-degradation mechanisms of POPs and the recent progress in ZnO nanostructured fabrication
methods including doping, heterojunction and modification techniques as well as improvements of ZnO as a
photocatalyst. The second objective of this review is to evaluate the immobilization of photocatalyst and
suspension systems while looking into their future challenges and prospects.

1. Introduction

In recent years, implementation of water reclamation and reuse is
gaining attention rapidly world-wide due to the water scarcity occurred
as a result of climate change and poor water resource management (i.e.
limited access to clean water resources and water demands exceed the
available resources). Access to clean water is becoming an ever
increasing problem in an expanding global economy and population
countries [1]. One of the attractive solutions in response to water issues
is implementation of wastewater reclamation and reuse projects to
ensure a sustainable water development and management. However,
concerns still arise from the fact that persistent organic pollutants
(POPs) could still be present in treated water.

POPs are carbon-based chemical substances that are resistant to
environment degradation and have been continuously released into the
environment. POPs can cause severe harm to human beings and
wildlife because of their poor biodegradability and carcinogenic
characteristics in nature. Advanced treatment technologies are crucial

to ensure that the reclaimed water is free of POPs. Various water
treatment techniques have been employed to remove POPs from water
streams including adsorption, membrane separation and coagulation
[2]; however these processes only concentrate or change the recalci-
trant organic pollutants from the water to solid phase. Additional cost
and treatments are thus needed to treat the secondary pollutants and
regenerate the adsorbents [3]. For this reason, advanced oxidation
processes (AOPs) have been proposed for the elimination of recalci-
trant organic pollutants, especially for those with low biodegradability.
According to Capelo et al. [4], AOP is a process that involves in situ
generation of highly potent chemical oxidants with the assistance of
ozone (O3), hydrogen peroxide (H2O2), Fenton's reagent, UV light or a
catalyst. The generated hydroxyl radicals (∙OH) are strong oxidants
that are able to oxidize recalcitrant organic compounds. AOPs offer
several advantages such as: (i) rapid degradation rate, (ii) mineraliza-
tion of organic compounds to green products, (iii) ability to operate
under ambient temperature and pressure, and (iv) reduction of the
toxicity of organic compounds.
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AOP mechanisms can be classified as homogeneous or heteroge-
neous photocatalysis. Homogeneous photocatalysis employs Fenton's
reagent, which is a mixture of hydrogen peroxide and an Fe2+ salt to
produce hydroxyl radicals under UV irradiation at wavelengths above
300 nm [5]. In contrast, heterogeneous photocatalysis employs semi-
conductor oxides as a photocatalyst [6]. Among semiconductors,
titanium dioxide (TiO2) has been the most studied compound in past
decades. Owing to its low production cost and good chemical stability,
it has been widely employed in photo-degradation of organic com-
pounds, such as those with a high loading of nitrogen-containing
organic compounds [7], saturated hydrocarbons (alkanes) [8], aro-
matic hydrocarbons [9]，non-biodegradable azo dyes [10], volatile
organic compounds [11] and pesticides [12] with a UV light source. As
reported by Wang et al. [13], the application of TiO2 using solar energy
is highly restricted by its large band gap (3.2 eV) and low quantum
efficiency. Considerable attempts such as doping [14], formation of
nanocomposites [15], surface modification, dye sensitization [16],
noble metal [17] and non-noble metal deposition [18] have been made
toward extending photoresponse and photoactivity of TiO2 in visible
light region. Comparable to TiO2, ZnO is an n-type semiconductor
oxide but has not been well investigated in previous studies. ZnO has
been proposed as an alternative photocatalyst to TiO2 as it possess
same band gap energy but exhibits higher absorption efficiency across a
large fraction of the solar spectrum when compared to TiO2 [19,20]. In
order to evaluate the photosensitization of ZnO and TiO2, Fenoll et al.
[21] compared the photo-degradation of fungicides in leaching water
using the ZnO and TiO2 under solar irradiation and found non-
stoichiometric of ZnO rendering it a better photocatalyst compared to
TiO2 under solar irradiation.

Although AOPs have been shown to be effective in batement of
recalcitrant organic matter, there is still much room for improvement.
Firstly, the cost related to AOPs is a notable criterium in determining
the applicability of the process in water treatment plants. Expensive
chemicals and electricity consumption may lead to high operational
costs and limit the applicability of AOPs in water treatment plants.
Secondly, the rate of the degradation/oxidation reaction is dependent
on the production of hydroxyl radicals and regeneration of ions [22].
Without sufficient formation of hydroxyl radicals, the effectiveness of
AOPs in batement of recalcitrant organic pollutants is diminished.
Many attempts have been made in the past decade to enhance the
generation rate of hydroxyl radicals to improve AOP treatments [23].
Thirdly, there is a great need for understanding the toxicity of the
intermediates and mineralization products generated from AOP. In a
work by Rodriguez et al. [24], nicotine removal by employing Fenton's
Reagent was used to study the mineralization and toxicity of inter-
mediates generated in AOPs. They found that there was incomplete
mineralization even though 100% of the nicotine was removed and the
toxicity of the intermediates generated (especially those at initial stage
of the oxidation process) was 15 times more greater than the initial
solution.

Due to the advances in using photocatalysis in the degradation of
recalcitrant organic pollutants, this technique has been developed for
photocatalytic membrane reactors in large scale applications.
Semiconductor oxides to be used in heterogenous photocatalysis are
typically either – suspended in the effluent to be treated or immobilized
on a support. The inconvenience of slurry-type reactors, in which the
semiconductor oxides are suspended in the effluent, is the requirement
of an additional step to recover the photocatalyst; such a process is not
required using an immobilized-type reactor. Integration of photocata-
lysis into a membrane process is an approach that promises a
continuous operation in addition to a good photocatalyst recovery [25].

The merits of photocatalysts suspended in the aqueous solutions
are: low pressure drop across the reactor, good mass transfer of
pollutants from the bulk liquid phase onto active surface sites of
photocatalysts, and provision of a better platform for pollutants
adsorption and desorption process throughout the reaction [26]. To

compensate for the cost limitation of recovering the photocatalyst,
heterogeneous photocatalysis which utilizes solar irradiation has been
proposed as a more cost-effective process that can be conducted
without the need for an artificial, and often costly, irradiation source.

Recently, more and more papers on fabrication and implementa-
tion of photocatalyst have been published due to the advantages of
photocatalysis process. Hence, a review about the selection of appro-
priate photocatalyst fabrication methods to obtain desired dimension
of ZnO nanostructures based on specific application and suitability of
solar photocatalytic system should be carried out to ease the imple-
mentation of this technology in a bigger scale. The main objectives of
the current review is to evaluate the employment of ZnO nanoparticles
as solar photocatalysts, application of ZnO nanoparticles in water
treatment, solar-photodegradation mechanisms of zinc oxide photo-
catalysis, synthesis methods of ZnO nanoparticles, comparisons be-
tween photocatalytic membrane reactor and the suspended system, as
well as future challenges and prospects of using ZnO nanoparticles in
these processes. Advantages through understanding the properties and
characteristics of the ZnO photocatalyst in this paper, produced under
various fabrication and modification methods, can provide researchers
with different perceptions towards photocatalysis results that can
possibly be obtained when the ZnO photocatalysts are integrated into
different treatment systems.

2. Fundamental and mechanism of zinc oxide photocatalysis

ZnO is a type of semiconductor having a broad direct band gap
width (3.37 eV), large excitation binding energy (60 meV) and deep
violet/borderline ultraviolet (UV) absorption at room temperature
[27]. It is an excellent semiconductor oxide that possesses favorable
excellent electrical, mechanical and optical properties [28], similar to
TiO2. In addition, ZnO not only has antifouling and antibacterial
properties, but also good photocatalytic activity [29]. Furthermore, as
reported by Liang et al. [30], the production cost of ZnO is up to 75%
lower than that of TiO2 and Al2O3 nanoparticles. Due to the advantages
of ZnO over TiO2, ZnO has been suggested to be used in heterogeneous
photocatalysis. According to Herrmann et al. [31], the heterogeneous
photocatalytic oxidation steps can be explained as shown in Fig. 1.

1. Organic pollutants diffuse from the liquid phase to the surface of
ZnO.

2. Adsorption of the organic pollutants on the surface of ZnO.
3. Oxidation and reduction reactions in the adsorbed phase.
4. Desorption of the products.
5. Removal of the products from the interface region.

When ZnO is photo-induced by solar light with photonic energy
(hv) equal to or greater than the excitation energy (Eg), e

− from the
filled valence band (VB) are promoted to an empty conduction band
(CB). This photo-induced process produces electron-hole (e−/h+) pairs
as shown in (Eq. (1)). The electron-hole pairs can migrate to the ZnO
surface and be involved in redox reactions as shown in (Eqs. (2)–(4)),
wherein the H+ reacts with water and hydroxide ions to produce
hydroxyl radicals while e− reacts with oxygen to produce superoxide

Fig. 1. Heterogeneous photocatalytic oxidation steps.
Adapted with permission from [31].
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radical anions then hydrogen peroxide (Eq. (5)). Hydrogen peroxide
will then react with superoxide radicals to form hydroxyl radicals (Eqs.
(7)–(9)). Then, the resulting hydroxyl radicals, which are powerful
oxidizing agents, will attack the pollutants adsorbed on the surface of
ZnO to rapidly produce intermediate compounds. Intermediates will
eventually be converted to green compounds such as CO2, H2O and
mineral acids as shown in (Eq. (11)). Fig. 2 illustrates the redox
reaction occurring during photocatalysis. Hence, the mechanism of
photodegradation of organic compounds in the presence of solar
radiation via redox reaction can be summarized as follows [32,33]:

ZnO → ZnO(e ) + (h )
hυ

(CB)
−

(VB)
+

(1)

ZnO(h+(VB)) + H2O → ZnO + H+ + OH• (2)

ZnO(h+(VB)) + OH− → ZnO + OH• (3)

ZnO(e−(CB)) + O2 → ZnO + O2•
− (4)

O2•
− + H+ → HO2• (5)

HO2• + HO2• → H2O2 + O2 (6)

ZnO(e−(CB)) + H2O2 → OH• + OH− (7)

H2O2 + O2•
− → OH• + OH− + O2 (8)

H2O2 + hv → 2OH• (9)

Organic pollutants + OH• → Intermediates (10)

Intermediates → CO2 + H2O (11)

As mentioned earlier, ZnO has been shown that to exhibit higher
absorption efficiency across a larger fraction of solar spectrum com-
pared to TiO2. The photoactivity of a catalyst is governed by its ability
to create photogenerated electron-hole pairs. The major constraint of
ZnO as a photocatalyst, however, is the rapid recombination rate of
photogenerated electron-hole pairs, which perturbs the photodegrada-
tion reaction. Additionally, it has also been noted that the solar energy
conversion performance of ZnO is affected by its optical absorption
ability, which has been associated with its large band gap energy.
Therefore, intense efforts have been made to improve the optical
properties of ZnO by minimizing the band gap energy and inhibiting
the recombination of photogenerated electron-hole pairs. In the forth-
coming discussion, ZnO synthesis methods and the effect of various
modification methods (such as tuning the microstructure, doping and
coupling two semiconductors) to improve the performance of ZnO in
photocatalysis will be discussed in detail.

3. ZnO nanostructure material

3.1. Classification of ZnO

Nanostructures of ZnO are very important for photocatalytic
reaction because it will determine their applications in various fields.
A suitable nanostructure of ZnO will enable higher efficiency of process
and enhance the recovery of photocatalyst during post-treatment stage.
Various previous studies have been aimed at the production of ZnO
with different nanostructures [34–36]. Nanostructures of ZnO can be

Fig. 2. Degradation of organic pollutants by ZnO in the presence of solar light. Adapted
with permission from [32,33].

Fig. 3. FESEM and SEM images for (a) 0D, (b) 1D, (c) 2D, (d) 3D zinc oxides. Adapted with permission from [39–42].
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divided into zero-dimensional (0D), one-dimensional (1D), two-dimen-
sional (2D) and three-dimensional (3D). Each of these nanostructures
can be subdivided into quantum dots arrays, elongated arrays, planar
arrays and ordered structures respectively. Fig. 3 shows the morphol-
ogies of zinc oxides having different dimensions. 1D ZnO arrays include
nanorods, nanofibres, nanowires, nanotubes and nanoneedles.
Examples of ZnO nanostructures in 2D and 3D arrays are nanosheets
and nanoflowers, respectively. ZnO-based nanomaterials have been
employed in a number of emerging applications, especially in photo-
voltaics, electronic and photocatalytic processes owing to their high
stability, good mechanical strength and high bulk of electron mobility.
It has been reported that nanosized ZnO quantum dots can be
incorporated into a fluorescent probe as a sensing receptor for the
detection of copper (II) ions in water owing to their outstanding
characteristics such as high quantum yield and stability [37]. 1D ZnO
has widespread potential application in electronics, optoelectronics and
gas sensing. Desai et al. [38] conducted mechanical strength tests on
ZnO nanowires and discovered that the nanowires possess outstanding
fracture strain, making nanowire good candidate for nanoscale sensors
and actuators.

As mentioned earlier, the photoactivity of a photocatalyst is affected
by its specific surface area. The large specific surface area and polar faces
possessed by 2D ZnO [43] make ZnO nanosheets superior candidates for
photocatalysis. The large specific surface area of ZnO enables more
contaminants to be adsorbed onto its active surface and thus lead to
more pollutants being attacked by hydroxyl radicals. The chain reaction
that occurs at the surface enhances the degradation rate of the
contaminants to produce non-toxic products. Another study by Luo
et al. [44] reported that 3D nanoflowers showed a higher sensitivity in
gas ethanol sensing compared to 1D and 2D nanostructures due to fact
that nanoflowers have larger surface-to-volume ratios compared to
nanostructures of other dimensionalities. This finding indicates that
the capabilities of gas sensors are highly dependent on the morphology of
materials. Additionally, ZnO nanoflowers also possesses better light
scattering properties when compared to nanorods [45]. In another study,
Xie et al. [46] fabricated nanoflower arrays of ZnO by incorporating ZnO
nanowires on polystryrene spheres that attached together with a ZnO
seed layer. This approach combined the advantages of 1D and 3D ZnO
materials and contributed to a higher specific surface area. This advanced
approach has made 3D nanoflowers become a promising material in
solar applications such as fabrication of dye-sensitized solar cells. Table 1
shows the advantages and disadvantages of different ZnO nanostructures
in photocatalytic applications. High surface areas offered by nanoparti-
cles make it a popular choice in solar photocatalysis, as more pollutants
could be easily adsorbed and a higher rate of degradation can be
achieved. It has also been reported that the lower crystallinity and more
defects in nanowires is an advantage in photocatalytic applications. This
could be due to the hydroxyl groups bound on the defects (i.e. oxygen
and surface defects) promoting the trapping of photoinduced electron-
hole pairs and thus enhancing their separation [47].

3.2. Synthesis of ZnO nanostructure

There are various approaches for the synthesis of ZnO nanostruc-
tures. These synthesis methods can be divided into solution-based and
vapor phase approaches. Band-gap energies and charge carrier separa-
tion of semiconductor oxides are size, crystal phase and crystallinity
dependent. Researchers [49] have predicted that the bandgap energy is
inversely proportional to the size of semiconductor compounds based
on an established model. This implies that good control of preparation
conditions determines the efficiency of photocatalysis.

Among ZnO nanomaterial synthesis methods, the solution-based
approach is the simplest and least energy consuming. Through this
synthesis route, the morphology of the nanostructures can be easily
controlled by manipulating the experimental factors such as type of
solvents, starting materials and reaction conditions [50]. This simple
approach also offers better control of the sizes of nanostructures.
Solution-based approaches to synthesize ZnO nanostructures including
hydrothermal, sol-gel, precipitation, microemulsion, solvothermal, electro-
chemical deposition process, microwave, polyol, wet chemical method, flux
methods and electrospinning [51–61]. Among these methods, the sol-gel
technique is the most attractive method for ZnO nanostructure synthesis
because of its low production cost, high reliability, good repeatability,
simplicity of process, low process temperature, ease of control of physical
characteristics and morphology of nanoparticles, good compositional
homogeneity and optical properties [62,63]. In this context, ongoing
research has modified the existing sol-gel technique by using only water
as solvent [64]. For instance, Ciciliati et al. [65] fabricated Fe-doped ZnO
nanoparticles by using a modified sol-gel method. The obtained Fe-doped
ZnO nanoparticles by using this modified sol-gel method were found to be
comparable with a previous study [66] that used ethanol as a solvent
implying that the modified sol-gel method managed to produce a good
quality of nanostructure materials but at a lower production cost.

On the other hand, vapor phase approaches have also been used to
produce nanostructured materials; these processed include thermal
evaporation [67], pulsed laser deposition [68], physical vapor deposi-
tion [69], chemical vapor deposition [70], metal-organic chemical
vapor deposition (MOCVD) [71], plasma enhanced chemical vapor
deposition (PECVD) [72] and molecular beam epitaxy (MBE) [73].
Among them, some methods utilize metal catalysts to control the
growth of nanostructures; however, Tang et al. [74], managed to
fabricate ZnO nanorods with good crystallinity and optical quality
without the addition of any metal catalysts. They controlled the growth
mechanism of ZnO by manipulating the initial growth temperature of
samples, leading to the formation of different nucleation layers for Zn
adsorption. Selection of ZnO synthesis method mainly depends on the
dimension of nanostructures desired. For example, sol-gel method and
PECVD have been utilized in the fabrication of 2D nanostructures. The
PECVD method has proved that lower temperatures are sufficient to
create the films-compared to sol-gel method [75]. Table 2 shows the
effect of different fabrication methods on zinc oxide characteristics.

Table 1
Advantages and disadvantages of different ZnO nanostructures used in photocatalytic applications.
Source: Adapted with permission from [48].

Advantages Disadvantages

Nanoparticles Can be easily suspended in a solution Easily form agglomerates in solution, which contributes to reduced effective surface area
Outstanding performance owing to their large surface areas Post-treatment for catalyst removal is required

Complete recovery of catalyst is difficult

Nanowires Growth could be easily carried out on most substrates Growth conditions are highly restricted
Consists of large effective surface area compared to nano-thin films Lower surface area compared to nanoparticles
Post-treatment to remove catalyst is not required
Lower crystallinity and more defects

Nano-thin film Can be coated on certain substrates Performance is restricted by small surface area
Post-treatment to remove catalyst is not required
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4. Improvement of ZnO as photocatalyst

4.1. Metal/non-metal doping

ZnO has a tetrahedral bonding configuration and it possesses large
ionicity at the borderline between that of covalent and ionic semiconduc-
tors. As a result, ZnO possesses a large bandgap energy. ZnO can form a
crystal in three different forms: hexagonal wurtzite, cubic zincblende and
rocksalt [83]. ZnO hexagonal wurtzite is thermodynamically the most stable
at ambient conditions. Cubic zincblende, however, can be stabilized by
growing ZnO on cubic substrates. ZnO will exist in the rocksalt structure
only at relatively high pressures [84]. Fig. 4 shows the crystalline structure
of ZnO. ZnO is generally an intrinsically n-type semiconductor with the
presence of intrinsic defects such as oxygen vacancies (VO), zinc interstitials

(Zni), and zinc vacancies (VZn), which will affect its optical properties and
electrical behavior [85]. It has been noted that a greater VO can provide
more electron charge carriers. In Zhang et al. [86] studied the intrinsic
doping asymmetry of ZnO via microscopic equilibrium mechanism and
revealed that n-type ZnO can be easily obtained via intrinsic or extrinsic
dopants. The major challenges of ZnO semiconductor fabrication are the
difficulties in obtaining a stable and reproducible p-type ZnO. Limitations
of asymmetric doping are due to the facts that:

(i) ZnO is n-type at Zn-rich conditions;
(ii) ZnO cannot be used to dope p-type via native defect such as zinc

vacancy and oxygen interstitials; and
(iii) Electron-hole radiative recombination at the VO acted as the

source of the green luminescence were found.

Table 2
The effect of fabrication methods on zinc oxide characteristics.

Fabrication Starting materials Morphology Particle size, nm Ref.

Microwave-assisted
hydrothermal

Zinc nitrate-6-hydrate, zinc acetate dehydrate, hydrazine hydrate and
ammonia

Low microwave power: needle
shape

50–150 [60]

High microwave power:
flower-shape

Electrochemical Zn electrode, oxalic acid dihydrate purified, potassium chloride, sodium
hydroxide and nitric acid.

Combination of spherical and
cylindrical particles

Lcylindrical: 150–200 [76]
Dspherical: 50–100

Solvothermal Zinc acetylacetonate monohydrate,Triethanolamine, absolute ethanol and
1-octanol

Ethanol with TEA: Spherical
shape

Dsphere ~ 20 [77]

Ethanol without TEA: Rod shape Lrod ~ 100

Sonochemical Zinc nitrate hexahydrate, potassium hydroxide and
cetyltrimethylammonium bromide

Flakes shape 200–400 wide and a few
nm thick

[78]

Chemical vapor deposition Zinc acetate di-hydrate, ethanol Nanorod shape Average diameter (90) and
length (564)

[79]

Co-precipitation Tetrahydrated zinc nitrate, ammonium hydroxide Crystal shape 20–40 [80]

Wet chemical Zinc chloride, sodium hydroxide Nanodisc 300–500 [81]

Microemulsion Ethyl benzene acid sodium salt (EBS), dodecyl benzene sulfonic acid
sodium salt (DBS), zinc acetate dihydrate, xylene, hydrazine and ethanol

Nanorod DEBS: 80 [54]
DDBS:300

Sol-gel Zinc acetate dihydrate, oxalic acid dihydrate, ammonia, hydrochloric acid
and absolute ethanol

Spherical shape 20 [82]

Fig. 4. Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt (B1), (b) cubic zincblende (B3) and (c) hexagonal wurtzite (B4).
Adapted with permission from [84].
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When ZnO is under Zn-rich conditions, a self-compensation effect
can easily occur. The native donor defects that are readily available
from VO, Zni, or ZnO will compensate for native acceptor defects (Oi or
VZn), thus, promoting the formation of n-type rather than p-type ZnO
[87].

The high quality of p-type ZnO is optimal for various applications
due to its high radiative stability. In Duan et al. [88] succeed in
fabricating high quality Ag-N dual-doped p-type ZnO by using the sol-
gel method. Among the fabricating methods (i.e. mono-doping, co-
doping and dual-doping), the dual-doping method appeared to be vital
for synthesize p-type ZnO. Apart from this, co-doping has started to
gain extensive attention due to the different nature of dopants capable
of tuning the optical properties of photocatalysts [89].

As mentioned before, photocatalytic reactions are mainly governed
by bandgap energy and hydroxyl radicals. The main drawback for ZnO
semiconductors as photocatalysts is their low-charge separation effi-
ciency. Doping has thus been adopted to modify the physical and
chemical properties of ZnO by incorporating impurities such as metals
or non-metals, to shift the valence band energy of ZnO upward and
narrowing the bandgap energy to the ultraviolet-visible region [90].
Recent studies have demonstrated that non-metal dopants such as
nitrogen, carbon, sulfur and fluorine can shift the bandgap of ZnO by
substituting VO, thus introducing greater oxygen vacancy defects on the
surface of nanoparticles. More specifically, C, F, O and N can diffuse
through the lattice interstices and bind to the atoms via oxidation
process owing to their extremely small sizes [91]. Carbon is a
prominent candidate for a non-metal dopant for in semiconductors
owing its high mechanical strength, good chemical resistance and
special electronic properties [92]. In addition, doping also can con-
tribute to a greater production of OH• radicals, thus, lead to a higher
degradation efficiency of organic pollutants [93]. This was explained by
the facts that the dopants can act as electron scavengers and prevent
the recombination of electron-hole pairs, thus, free the positive hole
(H+) of photocatalyst (which is significant for the formation of OH•
radicals) [94,95].

Recently, compounds like transition metals, rare earth metals,
noble metals and other metals have shown advantages in tuning the
morphology of ZnO in photocatalytic applications as well as other
specific applications. Metal doping of ZnO can improve the photo-
activity of catalysts by increasing the trapping site of the photo-induced
charge carriers and thus decrease the recombination rate of photo-
induced electron-hole pairs [96]. In order to decrease the bandgap
energy of photocatalysts, metal dopants such as Ce, Nd, Cu and Al have
been used in applications in dye degradation and gas sensing [97–100].
Yun et al. [101] have shown that higher loads of organic compounds
could be adsorbed on Al-doped ZnO compared to pure ZnO based on
the high light harvesting efficiency. On the other hand, it has been
reported that Sn could be used to enhance the electrical conductivity of
ZnO by substituting the Zn2+ ions without causing any large lattice
distortion [102]. Another study by Zhu et al. [103] has reported that
the incorporation of metal ions such as Fe3+, can contribute to more
oxygen defects on ZnO along with an increase in the charge density of
ZnO, which subsequently can induce higher performance of the
nanostructure. Fig. 5 displays the distribution of O, Zn and Fe in the
Fe-doped ZnO nano-arrays. Similar work by Wang et al. [104] has
endeavored to demonstrate that Ag-doped ZnO has a greater specific
surface area of nanoparticles and greater lattice deficiency. Metal-
doped ZnO, prepared using Mn and Co through co-precipitation
method, was previously used in treating methyl orange via photocata-
lytic experiments [105]. Degradation and adsorption of methyl orange
onto the heterogenous catalysts were shown to be greatly affected by
the solution pH. According to that work, 12 at% was the optimal
dopant concentration to be used in which the best degradation
efficiency was recorded by Mn-doped ZnO catalyst at pH 4 or acidic
condition. Table 3 shows various types of dopants and fabrication
methods that were previously employed to synthesize ZnO nanostruc-

tures as well as their photocatalytic applications. Although metal
dopants offer many advantages, non-metal dopants offer lower cost
compared to metal dopant. Further studies may be needed to explore
the trends, performance and characteristics of ZnO doping in detail.

As previously discussed, non-metal/metal doping have been widely
deployed to improve the charge separation of photocatalyst. However, a
recent paper reviewed that over-doping could attribute to the reduction
of ZnO photodegradation efficiency [106]. This is probably due to the
excess dopants that act as trapping sites for both electrons and holes
and thus inhibits the generation of hydroxyl radicals which are
important for the degradation of recalcitrant organic pollutants.

4.2. ZnO coupling with other semiconductors

Coupling of two semiconductors is an approach that involves
coupled semiconductor metal oxides such as MxOy/MezOt (where M
and Me represent the metal type and x, y, z, and t are the oxidation
states in these metal oxides) [107]. Nanocomposites are preferable in
several applications, especially for photocatalysis, because of their
higher light absorption, better suppression of photoinduced electron-
hole pair recombination and increased charge separation. Lin and
Chiang [108] have shown that the increased charge separation was due
to an extended lifetime of charge carriers by inter-particle electron
transfer between the conduction bands of nanocomposites leading to a
larger number of electrons involved in a photo-degradation reaction.
These superior properties are ascribed to a stepwise energy-level
structure in the composite [109]. Another similar study by Nur et al.
[110] has also shown that highly active photocatalysts can be obtained
by coupling two semiconductors having different band gaps. Based on
their proposed mechanism, relatively efficient charge separation may
be achieved due to photoinduced electrons that are transferred away
from the photocatalyst. Therefore, the heterostructure of nanocompo-
sites serve as an attractive alternative for enhancing the photoactivity
of photocatalysts. For ZnO coupled with other semiconductors, TiO2/
ZnO, SnO2/ZnO, SnO2/ZnO/TiO2 and Co3O4/ZnO are the most
investigated materials for photocatalytic processes [111–118]. Fig. 6
shows the photogenerated charge separation enhancement mechanism
of a ZnO/TiO2xNy nanocomposite. The electron from ZnO was trans-
ferred into valence band of TiO2xNy whereas the photogenerated hole
of TiO2xNy was transferred to ZnO. The occurrence of such phenomena
has suppressed the recombination of e−/h+ pairs by prolonging the life
time of charge carriers.

Nanosized coupled ZnO/SnO2 photocatalyst were previously stu-
died for the degradation of methyl orange [120]. According to the work,
photodegradation of methyl orange by nanosized coupled ZnO/SnO2

photocatalyst reached their maximum when the Sn content was about
33.3 mol%. This has been explained by their heterojunctions in coupled
ZnO/SnO2 photocatalyst.

Fig. 5. Ball-and-stick model of crystal structure of Fe-doped ZnO.
Adapted with permission from [103].
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4.3. Coupling of nanocarbon component to ZnO

Heterojunction photocatalysts are also effective at enhancing the
properties of ZnO photocatalyst. It has been reported by Chang et al.
[121] that the heterostructure of photocatalysts, combined with the
merits of different compounds including light absorption, charge
separation, and charge transfer between differents kind of semicon-
ductors can cause rapid photogenerated charge separation. Carbon
nanostructures play pivotal roles in the development of nanocompo-
sites. In the last decade, it has been reported that the heterojunction of
ZnO with carbon nanotubes can enhance the performance of nano-
composites by acting as electron scavenging agents [122].

Graphene (from the carbon family), has been of considerable

Table 3
Application of doped ZnO as photocatalysts.

Type of dopants Dopants Fabrication method Photocatalytic application Targeted pollutants Ref.

Transition metals Mn Microwave assisted hydrothermal Dye degradation MB [152]
Sol-gel Dye degradation Direct Yellow 27 & Acid Blue 129 [153]
Wet chemical Dye degradation MB [154]
Co-precipitation Dye degradation MB [155]

Mo Sol-gel Dye degradation Direct Yellow 27 and Acid Blue
129

[153]

Cu Sol-gel Dye degradation MB, MO [156,157]
Co-precipitation Dye degradation DB 71 dye, CV [158,159]
Vapor transport Dye degradation Rz [160]

Co Co-precipitation Dye degradation RhB [161]
Fe Sol-gel Aromatic organic compound

degradation
2-chlorophenol [66]

Ag Spray pyrolysis Dye degradation AO7 [162]
Laser-induction Dye degradation MB [163]
Photo reduction, chemical reduction or polyacrylamide-
gel methods

Phenolic compounds 4-nitrophenol [164]

Pd Sol-gel Dye degradation MO [165]
Incipient wetness impregnation Disinfection E. coli [166]

Y Microwave irradiation Dye degradation MB [167]
Hf Sol-gel Dye degradation MB [168]

Alkaline earth Mg Auto combustion Dye degradation MO [169]
Co-precipitation Endocrine disrupting chemicals 4-chlorophenol [170]
Solid state reaction Pharmaceutical compounds Alprazolam [171]

Other metals Sn Solid-state synthesis Dye degradation MO [172]
Ni Sol-gel Dye degradation MG [173]
Bi Parallel flaw precipitation Dye degradation MO [174]
Al Plasma spraying Dye degradation MB [175]

Rare earth metal Ce Sonochemical Dye degradation MB [97]
Reflux method Dye degradation MB [96]
Hydrothermal Dye degradation MB [176]
Sonochemical wet impregnation Pesticide degradation Cyanide [177]

Nd Sonochemical Dye degradation MB [98]
Wet chemical Dye degradation RhB [178]
Hydrothermal Dye degradation MO [179]

Eu Precipitation Dye degradation MO [180]
Sm Chemical solution route Aromatic organic compound

degradation
2,4-dichlorophenol [181]

Solvothermal Aromatic organic compound
degradation

Phenol [182]

La Precipitation/mechanical milling Dye degradation MB [183]
Co-precipitation Pesticide degradation MCP [184]

Gd Sonochemical Dye degradation AO7 [185]

Non-metal C Hydrothermal Endocrine disrupting chemicals
degradation

Bisphenol A [92]

Dye degradation RhB [186]
S Mechanochemical synthesis/thermal decomposition Endocrine disrupting chemicals

degradation
Resorcinol [187]

N Calcined the mixture of commercial ZnO and NH4NO3 Organic compounds degradation Formaldehyde [188]
Sol-gel Dye degradation MB [189]

Aromatic organic compound
degradation

Phenol [189]

Solvothermal Dye degradation MO [190]
Modified non-basic solution/annealing in NH3 Dye degradation RhB [90]

Fig. 6. Photogenerated charge separation mechanism of ZnO coupled with TiO2xNy.
Adapted with permission from [119].
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interest in many applications such as photocatalysis, gas sensing,
photovoltaic devices, and fuel cells in the last few years due to its
excellent electrical conductivity, high surface area, high electron
mobility and chemical stability [123]. Graphene is a sp2 carbon-based
nanomaterial in a single atom thick sheet which is arranged in a
hexagonal honeycomb lattice distribution. Single-layer graphene ex-
hibits rather high specific surface area (2630 m2 g−1), Young's modulus
(1.0 terapascals), thermal conductivity (~ 5000 W m−1 g−1) and mobi-
lity charge carriers (200,000 cm2 V−1 s−1) [124–127]. These optimal
properties are mainly attributed to the presence of functional groups
such as hydroxyl, epoxide, carboxylic and carbonyl groups. As can be
seen in Fig. 7, the interplanar spacing between graphite is increased
through oxidation processes using Hummer's method. Oxidation into
graphene oxide (GO) perturbs the electrical conductivity, creating an
excellent electrical insulator [128]. GO can be reduced into reduced-
graphene oxide (rGO) by manipulating the pH of GO in solution and
followed by a thermal treatment. Recent works have revealed that the
heterostructure of ZnO/GO has greater carrier transport efficiency due
to the graphene encapsulation, specific surface area and electrical
transport properties [129,130]. A sol-gel method has been used by Fu
et al. [131] to prepare ZnO decorated graphene and they found that the
adsorption of dyes during the photocatalytic process was increased
along with higher loading of graphene implying that graphene can also
be used as adsorbent in water treatment. Enhancement in adsorption
of organic pollutants probably is due to π–π conjugation between
organic pollutants and the sp2 regions of rGO according to a report
work [132]. Further studies on graphene adsorption behavior under
different conditions are needed to achieve an optimum removal
efficiency. ZnO coupled with rGO should improve the photocatalytic
degradation of organic pollutants. However, rGO loading exceeding the
optimum dosage will lead to a lower degradation efficiency, which
could be explained by high photo-absorbing and scattering [133].

Cysteine capped ZnO/graphene oxide composite, which was pre-
viously prepared using co-precipitation method, showed improvement
in photodegradation of Rhodamine B [135]. Optimum addition of GO
in cysteine capped ZnO photocatalyst showed an increase in the
degradation efficiency at about 98.13% within 45 min.

4.4. Crystal growth and shape control

To improve the photoactivity, various methods have been used to
modify the morphology, size and growth of ZnO. It has been noted that
the photoactivity can be altered by varying the surface lattice plane and
surface area of photocatalysts [118]. For example, capping agents have
been successfully used to alter the morphology of ZnO nanoparticles. In
previous work [53], triethanolamine (TEA)-capped ZnO exhibited
triangular-like morphology, whereas tetraethylammonium bromide
(TEABr)-capped ZnO showed a free morphology. Likewise, the mor-
phology of ZnO can be altered by manipulating the molar ratios of
precursors [136], as suggested by Gupta et al. [137], who showed that
the shape and size of ZnO particles were correlated to the concentration
of OH− ions. Examples of chemical reactions for ZnO synthesis via the
chemical approach are as follows:

Zn2+ + 2OH− → Zn(OH)2 (12)

Zn(OH)2 → ZnO + H2O (13)

Zn(OH)2 + 2OH− → [Zn(OH)4]
2− (14)

[Zn(OH)4]
2− → ZnO + H2O + 2OH− (15)

Fig. 8 shows that low and high concentration of OH− result in ZnO
growth in uniform and anisotrophic directions, respectively. In con-
trast, intermediate concentrations of OH− has contributed to simulta-
neous uniform and anisotrophic growth, thus resulting in the forma-
tion of uniformity in the shape of nanoparticles and nanorod nanos-
tructures.

Another recent work have revealed that the speed of precursor
(sodium hydroxide) being added to the zinc acetate solution could
contribute to different growth mechanisms of ZnO nanostructures
[138]. According to that work, when a slow addition rate of OH− was
performed, the growth of ZnO nanostructures favored a uniform
direction. When both precursors (sodium hydroxide and zinc acetate)
solution were mixed at the same time, however, would cause the
reaction to perform faster. In this case, growth along the [0001]
direction is more favorable due to the excess of OH-, thus, lead to
nanosheet formation. The most interesting finding was when relatively
slow addition rate of OH- was performed, the growth along the [0001]
direction was restricted, which contributed to the formation of
hexagonal prism as shown in Fig. 9. Among those different shapes of
ZnO nanostructures, spherical ZnO nanostructures were reported to
exhibit the highest degradation rate of organic pollutants ascribed to
their large oxygen vacancies.

Effect of ZnO crystallite sizes towards the photocatalytic activity has
been well-linked to their band-gap energy. This has been proven in a
previous work [139], in which ZnO crystallite sizes of 4.8 and 31.4 nm
are having band-gap energy of 3.29 and 3.18 eV, respectively. On the
other hand, another recent paper has reported that a high dielectric
constant of the solvent used during fabrication could lead to a smaller
crystallite size of ZnO [139]. For instance, methanol that possesses
higher dielectric constant (32) than ethanol (25) and propanol (21)
produced smaller crystallite size of ZnO (4.8 nm) compared to propa-
nol (14.7 nm), but not for ethanol based solvent (4.1 nm). This is due
to the fact that dielectric constant of the solvent can alter the

Fig. 7. Synthesis of reduced graphene oxide (rGO): (A) oxidation of graphite to graphene oxide (B) reduction of graphene oxide to reduced-graphene oxide.
Adapted with permission from [134].

Fig. 8. Effect of OH− concentration towards the mechanisms of ZnO formation.
Adapted with permission from [137].
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interparticle forces and thus affects the growth and crystallite size of
ZnO. Similar finding was also reported in a recent work [140].

4.5. Surface modification of ZnO

Owing to the existence of Zn–O–Zn bonds in ZnO nanoparticles,
agglomeration occurs readily, thus strongly limiting ZnO nanoparticle
applications [141]. Surface modification may be the best approach for
ensuring better dispersion by preventing the agglomeration of ZnO. In
addition, surface modification has also been used to tune the ultraviolet
and visible light photoluminescence, as the chemical and physical
properties of ZnO nanoparticles can be modified via chemical surface
modification through chemical treatment [142], coating [141], grafting
polymerization [72], ligand exchange [143] and self-assembly techni-
ques [144]. Chemical treatment is an approach that utilizes coupling
agents (e.g. trimethoxyvinyl silane and oleic acid) to modify the surface
of nanoparticles. Modified ZnO fabricated by Hong et al. [145] through
grafting polymerization has shown better dispersion in organic matrix
compared to bare ZnO nanoparticles.

Ligand molecules (i.e. polymeric ligands and monomeric ligands)
are also common capping agents used in the coating method to prevent
the aggregation and control the growth of nanoparticles. The ligand
layer acts as an insulating barrier and blocks the charge transport
between neighboring nanoparticles before recombinations can occur
[146]. Recently, stabilization of ZnO nanoparticles through coating
method using polymeric ligands has proved to be better than mono-
meric ligands. This is due to the presence of steric and electrostatic
forces that were used to stabilize the ZnO in the polymeric ligands but
in the latter, only electrostatic repulsive forces can contribute to the
ZnO stabilization [147]. Coating method manages to improve the
dispersion of nanoparticles in the matrix, however, this method may
impede the photocatalysis at the same time [141]. In order to
simultaneously stabilize and enhance the performance of nanoparti-
cles, ligand exchange – (a method where the attached ligand molecules
on the surface of photocatalyst can be exchanged with other ligand
molecules) could be a more preferable approach. In this context, Kango
et al. [148] has reported that ligand molecules should be exchanged
with more suitable ligands in order to enhance the transfer of electrons
by lowering the separation effects.

In contrast, flower-like ZnO structures were successfully synthe-
sized by controlling the molar ratio of Zn2+ and OH− ions. Previous
research has revealed that excess OH− may lead to the formation of the
[Zn(OH)4]2− complex. Subsequent dehydration of the [Zn(OH)4]2−

complex favored formation of nanosheet array from particles. Flower-
like ZnO structures then form due to the tendency of nanosheets to
minimize their surface energy [149]. Poly(vinyl pyrrolidone) was
previously used as an intermediate to anchor ZnO on solvent exfoliated

graphene [150]. Poly(vinyl pyrrolidone) was reported to decrease the
surface free energy through its attachment on the ZnO surface thus
lead to slow growth of the facets and provided good dispersion of the
nanoparticles. Photocatalytic activity of produced photocatalyst in the
degradation of Reactive Black 5 was 97% at a rate constant of
0.0199 min−1. Fig. 10 shows a schematic drawing of surface modifica-
tion methods. It can be clearly seen in Fig. 10(a) that polymer grafting
can penetrate the organic matrix and separate the aggregated nano-
particles.

5. Comparison of photocatalyst immobilization and
suspension system

The hybrid photocatalytic-membrane process is a promising tech-
nology that does not require complicated recovery of photocatalysts
after water treatment. Photocatalytic reactions using this hybrid
technology utilize stationary nanostructured photocatalysts to enhance
the absorption of photons and reactants so that the catalyst does not
need to be suspended in solution [191]. The photocatalytic process is
gaining popularity owing to the fact that nanostructured photocatalysts
possess high efficiency in degrading persistent organic pollutants into
readily biodegradable compounds. Photocatalysis coupled to mem-
brane processes, such as ultrafiltration and nanofiltration, have been
deployed in many applications such as the removal of endocrine
compound (i.e. estrone) [192], pharmaceutically active compounds
(i.e. diclofenac) [193], fungicides in leaching water (i.e. cyprodinil and
fludioxonil) [21] and Congo red dye treatment [194]. To date, there is a
significant development in photocatalytic membrane reactors (PMR) in
which sunlight is utilized in the system instead of UV light. The
substitution in light source is more favorable owing to its lower
electricity cost and wider application in area with easy access to
sunlight.

While the hybrid photocatalytic-membrane process is a promising
technology in water treatment, there are some technical constraints
which need to be overcome before it can be implemented in full scale in
various fields. First, rather few studies have been carried out on the
stability of polymer membranes in PMR. Second, there are only few
studies that have related the kinetic models and mass transfer
limitations that affect the performance of the separation in PMR
systems. Third, studies on the performance of PMR systems should
be conducted using the real water samples instead of synthetic proxies
to investigate the real conditions of the system, including the effects of
colloidal particles towards the stability of photocatalytic performance.
The established advantages of PMR with a photocatalyst immobilized
on a membrane substrate are [195,196]:

• No extra photocatalyst recovery steps.

• Stable flux and low flux-decline rate.

• Contaminants could be decomposed, either in feed or in permeate.

• Mitigation of membrane fouling due to the decomposition of organic
contaminants and enhanced hydrophilicity of the modified mem-
brane.

Photocatalytic membranes are utilized in separation processes due
to their superior properties such as anti-fouling, anti-microbial, super-
hydrophilicity, concurrent photocatalytic oxidation and separation
compared to conventional membranes [197,198]. There are two
configurations of PMR with photocatalytic membranes:

(i) membrane with photoactive layer formed on a porous non-photo-
active support and

(ii) membrane with non-photoactive layer formed on a porous photo-
active support.

Fig. 9. Effect of precursor adding rate towards the mechanisms of ZnO formation.
Adapted with permission from [138].
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In the former, the irradiation source is placed on the feed side and
in the latter, the irradiation source is placed on the permeate side, as
depicted in Fig. 11. The main advantages of the membrane configura-
tion with the photoactive layer formed on a porous non-photoactive
support are fouling mitigation and increase flux of permeate due to the
fact that the organic compounds can be decomposed before being
transported through the membrane. Membranes with a non-photo-
active layer formed on a porous photoactive support are less popular in
comparison to the configuration on a non-photoactive support. In the
case of the photoactive support, photodegradation is carried out on the
permeate side and thus causes a reduction in permeate water quality
[25]. Immobilization of photocatalyst particles on membranes faces

some technical challenges. Song et al. [199] has reported that a
photocatalytic membrane can undergo damage after a long irradiation
period. Thus, through investigations of durability, and ultraviolet light
and hydroxyl radical resistance of polymer membranes must be
conducted in order to overcome the damage of polymer membranes.

In contrast to immobilized systems, suspended reactor systems can
be defined as a degradation process in which nanoparticles are
suspended in water/wastewater. Therefore, catalyst separation and
recovery is an essential step for catalyst recycling. Hu et al. [200]
compared the decoloring methyl orange (MO) under sunlight using a
ZnO photocatalyst immobilization and suspension system. They found
that 98% of the decoloration of MO was attained within 40 min of

Fig. 10. Schematic drawing of (a) (i) agglomerated nanoparticles, (ii) grafted nanoparticles dispersed in polymer matrix, (b) coating, (c) ligand exchange, (d) chemical treatment and (e)
self-assembly. Adapted with permission from [141–143,149,151].
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sunlight irradiation in a slurry type reactor, whereas only 74% of
decoloration was achieved after 6 h of irradiation using the ZnO
immobilized on a polymeric membrane because the slurry type reactor
offers a large surface area of photocatalyst when compared to photo-
catalyst immobilized on a membrane. Table 4 shows the comparison
between the suspended and immobilized system in the photocatalytic
degradation process. It can be concluded that both systems possess their
own merits and disadvantages; therefore, the selection of an appropriate
system should be based on the requirements of a specific application.

6. Future challenges and prospects

The implementation of solar-driven photocatalysis is believed to
be able to perform better than conventional methods in the
degradation of recalcitrant organic pollutants. In order to enhance
the feasibility of this technology in the future, extensive efforts are
needed to further overcome some challenges. First, photocatalytic
degradation studies must be performed using the organic pollutant
of interest rather than a proxy. In the literature, there are plenty of
studies using dye as model organic pollutant for photocatalytic
degradation. However, dyes can be easily removed and their
removal can be easily attained compared to other organic pollu-
tants such as pesticides and endocrine distrupting compounds. A
deeper understanding of the degradation mechanisms and the
interaction between the photocatalysts and other organic pollu-
tants is still required. Second, more improvements may still be
made in the development of nanostructures. In most cases, the
efficiency of photocatalytic reactions is governed by the photocata-
lysts. Even though current techniques are able to fabricate good
photocatalysts (in terms of high surface area, small particle size,
longer lifespan of charge carrier and so forth), further work is
needed in this area. Thirdly, researchers need to further investigate
the quality and performance of photocatalytic membranes if PMR is
chosen. There are several practical problems arising from the

fabrication of photocatalytic membranes, such as the durability of
polymer membrane, leaching of photocatalysts from supports and
production cost. Besides, there are also operating problems need to
be overcoming such as loss and recovery of photocatalyst during
post-treatment as well as photoactivity of recycled photocatalyst.
Furthermore, more extensive work is needed to develop and verify
the mathematical models for photocatalytic operations/systems for
water/wastewater treatment in order to predict their quantum
yield, kinetics and optimum condition of the process.

7. Conclusions

ZnO nanostructures have been shown to be a potential candi-
date as photocatalyst for solar-driven photodegradation process of
persistent organic pollutants. This is attributed to its low produc-
tion cost (75% lower in comparison to TiO2 and Al2O3), non-toxic
and ability to absorb larger fraction of solar spectrum compared to
TiO2. From the examples of fabrication methods presented in
previous sections, it can seen that zinc oxide characteristics such
as dimension (0D, 1D, 2D and 3D), morphology and particle size
are affected by its fabrication methods. Among the fabrication
methods, solution-based approaches are favorable due to its ability
to provide a good platform to control growth mechanisms of ZnO
nanostructures, which has been demonstrated experimentally
through a well-controlled molar ratios of percursors. There are
various methods that have been attempted to enhance photore-
sponse of ZnO nanostructures. Bandgap energy is reported to play
important factor in determining the photoactivity of ZnO in
application. It can be concluded that techniques such as metal/
non-metal doping, ZnO coupling with other semiconductors, cou-
pling of nanocarbon can improved ZnO as a photocatalyst in
photodegradation application. These techniques will enhance their
performance by shifting the bandgap energy, suppressing the
recombination rate of electron-hole pairs, increasing charge se-
paration efficiency, improving production rate of hydroxyl radicals,
producing smaller particle size with high specific surface area, and
allowing better dispersion in medium. It was experimentally
proved that ZnO nanoparticle with the highest specific surface area
showed the highest removal ratio towards the degradation of
Rhodamine B (84%, 78% and 75% when using spherical, nanosheet
and hexagonal prismatic ZnO nanoparticles, respectively). From
the examples of PMR system presented above, it was proven that
high efficiency of photocatalytic reaction could be achieved with the
appropriate selection of desired nanostructures in terms of synth-
esis method as well as proper photocatalytic system. In order to
provide more stable and better performance in degradation of
recalcitrant organic pollutants in larger scale of application, future
research should look into overcoming the weak points of ZnO and
the practical issues that are still existing.

Fig. 11. Configurations of PMR with photocatalytic membranes (a) membrane with
photoactive layer formed on a porous non-photoactive support and (b) membrane with
non-photoactive layer formed on a porous photoactive support.
Adapted with permission from [195].

Table 4
Comparison between suspended and immobilized system in photocatalytic degradation process.

Suspended system Immobilized system Ref.

Post-separation of catalysts Extra recovery step is needed No extra recovery step required [195]
Active surface area Large active surface area for adsorption and degradation Limited active surface area available for adsorption and

degradation
[201]

Quantum yield High quantum yield Half the quantum yield of suspended system [202]
Stability of performance Not consistent for repeatable reaction owing to the loss of

nanoparticles
More stable for repeatable reaction [200,203]

Electric energy per order (EE/
O)

Requires lower electric energy compared to immobilized
system to achieve same degradation

Require higher electric energy compared to suspended system to
achieve same degradation

[204]

Aeration No significant effect on degradation Synergistic effect on the efficiency of system owing to oxygen
increased the mass transfer of the system

[205]
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