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1. Introduction

Water is a vital resource for living beings including human, animals and plants. Anthropogenic activities such as
domestic sewage disposal, industrial effluents, landfill leachates and release of different toxic and hazardous chemical
substances (contaminants) into the natural water ecosystems including river, ocean and ground water are of serious
concern in the world (Mahabeer and Tekere, 2021; Jakobczyk-Karpierz and Slosarczyk, 2022). Water contaminants may
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Fig. 1. Photocatalytic mechanism for decontamination/detoxification of organic/inorganic pollutants in water.

be inorganic, organic or organometallic substances. Heavy metal ions (e.g., mercury, lead)/metalloids (arsenic) (Chen
et al., 2023a; Lucero Rincon et al., 2023) and anions (e.g., nitrate, sulphate) (Lenz et al., 2019; Karjalainen et al,,
2021) are being inorganic water contaminants, whereas dyes (e.g., Remazol Gelb-GR, Eriochrome Black T), antibiotics
(e.g., amoxicillin, oxytetracycline), and personal care products are some types of organic contaminants (De et al., 2022;
Koktiirk, 2022; Krishnan et al,, 2021; Li et al., 2023a). Heavy metal complexes and organometallic compounds are also
showing high environmental toxicity (Cuprys et al., 2018; Henriques et al., 2013). For the past decade, much attention
was provided for the treatment of contaminated water resources (Ly et al, 2023). Physical (filtration, adsorption),
chemical (neutralization, precipitation, reduction and advanced oxidation process) and biological (phytoremediation,
aerobic/anaerobic degradation) water treatments were developed (Saleh et al., 2020; Okpara et al., 2023). Some treatments
have advantages including portable, reliable, and cheaper, while there are downsides including need of high energy, toxic
reagents, inadequate pollutant’ removal efficiency and high operative expenditure. Among others, advanced oxidation
processes are versatile wastewater purification techniques which can produce active species including hydroxyl (*OH),
superoxide anion (0O,°"), and sulphate (SO4*~) radicals upon irradiation of ultrasound wave, ultraviolet (UV) or visible
light, electricity, and reagents (Saravanan et al.,, 2022). Active species hit organic and organometallic contaminants and
degrade them in water.

Photocatalysis, an advanced oxidation process, has wide interest among the researchers, owing to its favourable
merits such as possibility for mineralization of pollutants, utilization of solar light, and operation under mild conditions
(Lu et al., 2022a; Saian et al., 2022). Photocatalysis is a catalytic process which occurs by absorption of light energy
(UV-visible-near infrared) by the semiconductors or plasmonic photocatalysts (Kumar et al., 2022). Appropriate light
energy excites the electrons from the valence band to the conduction band of semiconductor. The electrons and holes
react with oxygen and water molecules and produce O,°~ (reduction) and *OH radicals (oxidation) respectively. Organic
pollutants can be oxidatively degraded or mineralized by *OH radicals, while the toxicity of inorganic pollutants can be
minimized via photoreduction (Fig. 1). But, the life span of photogenerated charges is not high and thus photocatalysis
exhibits low or inadequate degradation efficiency. Insufficient utilization of solar energy, and stability are also major
drawbacks of photocatalytic water treatment. To avoid these demerits, different improvement tactics were reported
(Fig. 1). Doping of metal/non-metal ions into the semiconductor photocatalysts is studying well due to its electron trapping
capacity, reduction of band gap and surface defects. Importantly, optimum level of doping can lead better photocatalytic
performance (Vaya and Surolia, 2020). Alternatively, nanocomposite-based photocatalysts were extensively developed
for remediation of water pollution. But pollutant degradation efficiency is still not sufficient (Liu et al., 2022a, 2023) and
thus an integration of the photocatalysis with other water purification techniques has been proposed. The integrated
photocatalysis might eliminate the drawbacks of the component techniques.

In the review, the application of nanocomposites in integrated photocatalysis were discussed. Particularly, a discussion
on various integrated photocatalytic technologies such as adsorptive photocatalysis, photo-Fenton, photo-sonocatalysis,
photo-electrocatalysis, photo-ozonation, photo-piezocatalysis was provided. In addition, evaluation on their respective
disclosed notable synergistic effects that can improve the performance of nanocomposite-based photocatalysts were
evaluated. To ease readers understanding, a section consisted of researcher opinions and arising challenges on these
integrated photocatalytic technologies were also provided.
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2. Nanocomposites in photocatalytic water treatment

A single photocatalytic semiconductor (n- or p-type) could not accomplish the required performance in the wastewater
treatment (Bayan et al., 2021). But heterostructures or nanocomposite (composed of two or more number of photocatalytic
materials) will act as a good photocatalyst, owing to their charge separation capacity, resistance against photo-corrosion,
and visible light harvesting tendency. The choice of photocatalytic components is depending on their valence/conduction
band potentials, and band gap energy. Based on the semiconducting type, binary (p-n, p-p and n-n) and tertiary (n-p-n
and p-n-p) nanocomposites, fabricated for water treatment are discussed below.

(a) n-n type

The n-n nanocomposite is constructed by coupling two n-type semiconductors. For example, Sabzehmeidani et al.
(2020) have fabricated CeO,/CdS n-n nanocomposite by using electrospinning technology. It possess good photocatalytic
property towards degradation of rose Bengal under blue LED irradiation. A NH,-UiO-66 (Zr)/perylene diimide n-n
nanocomposite with 99.5% Cr(VI) reduction efficiency (irradiation time = 120 min) has also been reported (Ren et al.,
2022). Recently, BiOIO3/BiOBr n-n nanocomposite was developed for photocatalytic decomposition of tetracycline (Kuang
et al., 2023). Within 80 min of visible light illumination, 74.91% tetracycline degradation efficiency was achieved for
BiOIO;/BiOBr.

(b) p-p type

The p-p type-nanocomposite is a prepared by integrating two p-type semiconductors. Recently, p-p type-nanocomposite
was synthesized by coupling BiOBr and Bi;,047Br, nanoparticles which showed 99% sulfamethoxazole (20 ml, 20 mg I~ 1)
degradation efficiency (Wang et al., 2022a).

(c) p-n type

Compared to p-p and n-n, p-n nanocomposites have much attention in wastewater treatment. The p-n nanocomposite
is prepared by coupling one n-type and p-type semiconductors. For instance, n-type CeO,/p-type BiOl flower-like
nanocomposite with higher Rhodamine B and methyl orange photocatalytic efficiency were reported (Song et al., 2018).
Wang et al. (2019a) have reported Ag;P0O4/NaTaO5; p-n nanocomposite for the decomposition of rhodamine B in presence
of visible light illumination.

(d) n-p-n type

The n-p-n type composite is constructed by using two n-type and one p-type semiconductors. For example,
Bi, 051, /Bi; 0,C03/Bi0Cl g glp » n-p-n nanocomposite photocatalyst with 99% of rhodamine B degradation efficiency (time =
60 min, light = 500 W Xe lamp) was reported (Sun et al., 2021). A visible-light active CeO,/PPy/Zn0O n-p-n nanocomposite
with better photocatalytic capability towards decomposition of chlorophenol (efficiency = 92%; irradiation time =
180 min) was also demonstrated (Rajendran et al., 2022). Cu,0/Zn0/Ag3P0O, p-n-n heterojunction, synthesized by co-
precipitation approach was applied in the photocatalytic decomposition of (81.1%) methyl orange (Taddesse et al., 2020).
A solvothermal synthesis method was reported for the preparation of CusP/ZnSn03/g-CsN4 p-n-n heterojunction which
showed good tetracycline (98.45%) and ciprofloxacin (87.57%) photocatalytic decomposition efficiency (Guo et al., 2021).

(e) p-n-p type

The p-n-p type-nanocomposite is synthesized by coupling two p-type and one n-type semiconductors. For instance,
Ag,C03/Bi0OI/CoFe,04 p-n-p heterojunction was reported for the removal of elemental mercury under fluorescent light
(Wang et al,, 2019b). Both BiOI and CoFe,0, has p-type property, while Ag,CO3; possess n-type property. Recently,
CoFe,04/CoFe;S4/MgBi,0¢ p-n-p heterojunction with 82.7% cefotaxime sodium degradation efficiency (irradiation time
= 60 min) was also reported (Wang et al., 2022b).

It should be mention that nanocomposites with different photocatalytic mechanisms were determined. Particularly,
type-1, type-IlI, Z-scheme and S-scheme mechanisms were discussed below (Rani et al., 2023).

(a) Type-I

Type-I nanocomposite is composed by which the conduction band and valence band potential of one semiconductor is
more positive and negative than those of another semiconductor. Wang et al. (2022c) have prepared ZnO/Co30,4 composite
which showed type-I photocatalytic mechanism. However, type-l nanocomposite shows not enough charge separation
efficiency since photoexcited holes and electrons are migrated in one direction that leads facile charge recombination.

(b) Type-II

In type-II nanocomposite, photoexcited electrons from conduction band and holes from valence band are migrated in
the opposite direction between two semiconductors. It considerably avoids the charge recombination and thus generally
exhibit good photocatalytic property.

(c) Z-scheme

In Z-scheme nanocomposite, the light induced electrons and holes in different semiconductor will reacts with electron
acceptor and donor respectively. The retained electron present in the lower conduction band of semiconductor will be
neutralized with the holes present in valence band of another semiconductor. Consequently, an effective charge separation
efficiency is obtained. For example, Chen et al. (2023b) have reported g-C3N4/Ag3P0O,4 Z-scheme nanocomposite for the
degradation of ofloxacin (efficiency = 71.9%; time = 10 min). Another Z-Scheme La,Ti,0;/Ag3P0, nanocomposite has
also been reported for the degradation of rhodamine B, chloroquine phosphate, tetracycline, and phenol under sunlight
irradiation (Chen et al., 2023c).
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(d) S-scheme

S-scheme Tig7Sng 30,/g-CsN4 nanocomposite was prepared by coupling Tig;Sng30, and g-C3N4 semiconducting
materials (Guo et al,, 2022). This nanocomposite shows 98.5% Rhodamine B (irradiation time = 20 min) and 88.3%
tetracycline (irradiation time = 40 min) degradation efficiency. Tetracycline hydrochloride was also decomposed by
CoFe,04/NiFe,04 S-scheme nanocomposite photocatalyst (Song et al., 2023). About 76.1% removal efficiency was reported
within 60 min of irradiation.

It is important to mention that the application of nanocomposites in photocatalytic water treatment is extensive.
Consequently, critical reviews have also been published in recent years. For examples, cellulose based nanocomposites
with photocatalytic activities have been reviewed by Sudhaik et al. (2023). The photocatalytic properties of zinc derived
nanocomposites including metals or non-metals or polymers/Zn-derived nanocomposites have been reviewed by Rani
et al. (2023). A review on TiO;/carbon materials (graphene and its derivatives, g-C3N4, activated carbon etc.,)-based
composite photocatalysts with their water pollutants degradation tendency were published (Thambiliyagodage, 2022).
Also, adsorption coupled photocatalytic performances of g-C3N4-based composites were elaborately discussed in another
review (Yu and Huang, 2023). Masekela et al. (2023) have concentrated on piezo-photocatalytic elimination of organic con-
taminants (organic dyes and pharmaceuticals) and bacteria from water by using BaTiOs;-based nanomaterials. However,
reviews on application of nanocomposites in integrated photocatalytic technologies for removal of water contaminants is
quite rare. Hence, this review has written with main focus on different integrated photocatalytic techniques with special
attention to nanocomposite-based catalysts.

3. Integrated photocatalytic techniques

Fig. 2 illustrates the different integrated photocatalytic techniques such as adsorptive photocatalysis, photo-Fenton
technique, photo-sonocatalysis, photo-electrocatalysis, photo-ozonation and photo-piezocatalysis.

3.1. Adsorptive photocatalysis

Adsorption is a versatile technique which can remove multiple types of pollutants including organics, heavy metal
ions, metalloids from water. The drawback of adsorption technique is that it cannot degrade and/or mineralize the
organic pollutants. Further, the regeneration process is essential for reuse of adsorbents and this additional process will
be costlier. Whereas photocatalysis integrated with adsorption (adsorptive photocatalysis) is an effective technique since
it can instantaneously adsorb and degrade pollutants. In photocatalysis, the pollutant molecules which contact with the
surface of the photocatalyst can only undergo degradation. Thus, photocatalysts with huge adsorption ability could show
best degradation efficiency. For an effective adsorptive photocatalysis, photocatalyst is combined with adsorbent materials.
The adsorbent with huge surface area is employed as a support matrix to evenly disperse the photocatalyst. Selection of
adsorptive component is important, since a usual adsorbent does not exhibit photocatalytic activity, and therefore the
performance of photocatalyst-adsorbent system will be comparatively low. On the other hand, the adsorptive components
such as graphene could decrease the recombination rate of photo-charges, produced by semiconductor photocatalysts.

4
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Fig. 3. Experimental procedure for an adsorptive photocatalysis: (A) Adsorption in dark followed photocatalysis and (B) simultaneous adsorption
and photocatalysis.

Adsorptive photocatalytic experiments are performed by adsorption followed by photocatalytic process or instan-
taneous adsorption-photocatalytic process (Fig. 3). Generally, an adsorption experiment is initially performed in dark
(contact time = 30 min) and then the reaction mixture is exposed to light irradiation with suitable wavelengths.
Alternatively, the aqueous dispersion consists of pollutant and the photocatalyst is irradiated by light sources (Yu et al.,
2022). No dark adsorption experiment is performed. Light irradiation time is varied according to the photocatalyst and
molecular structure of pollutants.

Table 1 evaluates the binary nanocomposites-based adsorptive photocatalysts and their performances in pollutant
removal. It should be clear that the adsorptive component will be carbon materials (GO, RGO), polymers (alginate) or even
other photocatalytic materials. The degradation efficiency of a particular pollutant is mainly dependent on the components
of a nanocomposite.

Binary nanocomposites consisting of one modified photocatalyst have also been reported. For instance, Song et al.
(2022) have adopted a pyrolytic route to prepare phosphoric acid (H;PO4)-modified TiO,/biochar composite. First, porous
biochar with a specific surface area of 1747.8 m? g~! was synthesized from jute fibres (450 °C). H3PO4-modified
TiO,/biochar composite (optimized dosage = 0.6 g L~!) was initially utilized to capture Congo red or methylene blue
(100 mL,) and subsequently subjected to photocatalytic process (light source: 500 W Xe-lamp, intensity = 1500 mW
cm~2) for degradation of adsorbed dyes. The adsorption capacity of this composite is reported as 223.4 and 208.9 mg
g~ ! (temperature = 30 °C) for methylene blue and Congo red respectively. A complete degradation of adsorbed dyes was
reported. Importantly, the spent nanocomposite was regenerated and reused five times with good removal rates (88.1-
69.3%). Lignin-derived biochar consists of BiOBr nanoparticles with oxygen vacancies were prepared for elimination of
rhodamine B from water (Yang et al.,, 2023). Biochar induced oxygen vacancies in BiOBr nanoparticles and thus BiOBr
nanoparticles obtained improved visible-light absorption capacity (band gap = 2.56 eV), and effective separation of
photo-charges. Consequently, 99.2% of rhodamine B was removed by BiOBr/biochar in presence of visible-light irradiation
(60 min) which is greater (54.5%) than that of pure BiOBr nanoparticles. Based on the electron paramagnetic resonance
spectroscopy and radical trapping experiments, it was determined that the superoxide anion radical (0,°*™) are the active
species for degradation of dye molecules.

Ternary nanocomposites were also evaluated as adsorptive photocatalysts. As an example, Ags;P04/RGO/CoFe;04
nanocomposite was prepared by precipitation-deposition method and used for elimination of levofloxacin from aqueous
medium through adsorptive photocatalysis technique (Hu et al., 2021). This ternary composite displayed 90.7% lev-
ofloxacin removal efficiency which is higher than that of single components. RGO played as adsorbent and photocharge
trap centre that boosts the charge separation efficiency of this nanocomposite. Levofloxacin removal was achieved within
0.5 and 1.0 h for adsorption and photocatalysis respectively. The light source, catalyst dosage, and concentration of
levofloxacin was 30 W LED lamp, 0.1 g and 10 mg L~' (100 mL) respectively. Singlet oxygen has a significant role
in levofloxacin degradation by the Ag;PO4/rGO/CoFe,04/visible light system. Singlet oxygen was formed by reaction

5
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Table 1
Pollutant removal performance of some recently reported binary nanocomposites via adsorptive photocatalysis.
Adsorptive Pollutants Concentration Dosage Adsorp- Light Light Efficiency  Reference
photocatalyst of pollutant (mg) tion time  source illumina-  (adsorp-
(volume) (stirring tion time tive
in dark) (min) photo-
catalysis)
Molybdenum Methylene blue 25 mg L' (50 25 30 min 300 W 1h 100% Chandrabose
disulphide mL) lamp 100% et al. (2021)
(MoS;)/Titanium Crystal violet
dioxide (TiO,)
Bi,WOg/ 17 B-estradiol 3 mg L' (40 Mem- 3h 300 W 240 99.5% Qing et al.
protonated g- mL) brane Xe-lamp (2022)
C3Ny4/polyamide
membrane
Bi,Os1,/BiOl Malachite 120 mg L' 20 30 min 500 W 120 100% Ding et al.
green (50 mL) Xe-lamp (2023)
CdS/porous Methylene blue 20 mg L' 1:25 30 min 350 W 100 86.17% Ji et al.
geopolymer (solid- Xe-lamp (2022)
Crystal violet liquid
Rhodamine B ratio)
Methyl orange
CuO/ activated Amoxicillin 100 mg L™! 60 min Sunlight 90 98% Yahia et al.
carbon (2022)
Graphene oxide Doxorubicin 05 mM (3 mL) 1mg 9 WLED 420 99.8% Abbasi et al.
(GO)/ cerium mL~! lamp (2022)
oxide (CeO,)
Carbonized Cr(VI) As(III) 45 >98% Mao et al.
manganese- As(V) (2022)
crosslinked
sodium alginate
Reduced Chlorampheni- 1.0 gL' (40 01g 30 min 4 W UVP 40 91% Sodeinde
graphene oxide col mL) compact et al. (2022)
(RGO)/zinc lamp
Oxide (Zn0O) +
2 mL 30%
HzOz
Co304/WO03 Ethylparaben 10 mg L' 30 10 min 300 W 15 88% Ngigi et al.
Methylene blue sonica- Xe-lamp 100% (2019)
tion + 30
min
TiO,/Ag3P0, Rhodamine B 6 mg L' 05¢gL! 30 min 300 W 6 98% Nyankson
Methylene blue 8 mg L' Tungsten 4 99.1% et al. (2021)
(200 mL) halogen-
lamp
B-cyclodextrin/Cu, O Tetracycline 50 mg L='(100 25 - 1000 W 30 97% Wang et al.
Methylene mL) Xe-lamp 84% (2023)
orange 93%
Congo red
Polyvinyl Caffeine 50 mg L~'(100 30 60 min Visible 80 96.55% Dileep Ku-
alcohol/CuO mL) light mar et al.
(2023)
Bismuth Naphthalene 50 mg L7'(100 30 30 min 250 W 60 95% Maswan-
Molybdate mL) UV-vis ganyi et al.
(Bi;MoOg)/ light (2021)
Reduced
Graphene
Oxide
Bi,0,CO3/ Tetracycline 70 mg L' 60 30 min 300 W 60 min 84.7% Luo et al.
biochar (100 mL) Xe-lamp (2023)
Polyaniline/TiO, 2,4- 10 mg L™! 05 gL' 30 min 125 W 120 min 99.91% Moradeeya
dichlorophenoxyacetic Hg-lamp 90.72% et al. (2022)

acid Triclopyr acid

between photo-generated holes and 0,°~ radical. Liu et al. (2021) have reported the preparation of polyaniline/dicarboxyl
acid cellulose/GO composite for the degradation of reactive brilliant red K-2G. The morphology and dispersion of the
nanocomposite was influenced by dicarboxyl acid cellulose. Only 25 min was needed for completion of dye adsorption
(adsorption capacity = 447.0 mg g~!), whereas removal capacity increased as 729.0 mg g~! (efficiency = 97.5%) by
photocatalysis (180 min). The instantaneous adsorption-photocatalytic technique leads to the removal capacity of 733.3
mg g~' (efficiency = 97.9%). Li et al. (2022a) have synthesized visible light active TiO,/carbon nanosheets/SiO, for

6
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degradation of chlorpromazine via adsorptive photocatalysis. Single photocatalysis and adsorptive photocatalysis shows
91.1% and 94.2% chlorpromazine degradation efficiency respectively. The better activity of ternary composite is due
to increased chlorpromazine adsorption on carbon nanosheets/SiO, particles. The 0,°" radical is found to have a key
role in chlorpromazine degradation. Importantly, the treated water has negligible toxicity. Yu et al. (2022) found that
TiO,/Zr-doped SiO,/g-C3N4 composite possesses good degradation activity towards the targeted antibiotic under 300 W
Xe-lamp light (150 mW cm~2). The degradation efficiency for berberine hydrochloride, oxytetracycline and tetracycline
was obtained as 98.11, 84.84 and 80.76%, respectively. The adsorption capacity of Zr-doped SiO, and photocatalytic ability
of TiO,/g-C5Ny4 favours the antibiotic degradation performance. In another paper, ZnO/cobalt oxide (CoO y)/cerium oxide
(CeO,) nanocomposite with high degradation rate (98.8%) of Congo red via adsorptive photocatalysis was reported (Lu
et al,, 2022b). The optimized catalyst concentration, pH and contact time is 1 g L™!, 6-7 and 65 min respectively. The
nanocomposite exhibited better adsorption and photocatalytic performance than single components. Lin and Tseng (2022)
have prepared ferric oxide (Fe304)/silver (Ag)/TiO ,_xNy core-shell (core = Fe304/Ag; shell = TiO ,_xNy) nanocomposite
with good adsorptive photocatalysis towards methylene blue degradation. The nanocomposite heated at 400 °C (2 h under
nitrogen atmosphere) displays an adsorption and photocatalytic degradation efficiency of 54.8 and 25.1% respectively
towards methylene blue degradation.

3.2, Photo-Fenton technique

Fenton process involves the generation of hydroxyl (eOH) radicals by the reaction between Fe** ions and hydrogen
peroxide (H,0,) under low pH (acidic) conditions. It has merits such as a simple operation process, and cost effectiveness.
Iron compounds such as ferric oxide (Fe,;03), Fe304, copper ferrite (CuFe;0,), iron oxyhydroxide (FeOOH) were employed
in the heterogeneous Fenton process for wastewater purification purposes. Nevertheless, the Fe3* reduction is slow
which limits the catalytic process. It also needs high acidic conditions and generate sludge in huge quantity. These
problems are expected to solve by integrating Fenton process with photocatalysis. Photo-Fenton catalytic experiment
is conducted in a photoreactor. Appropriate concentration of the photo-Fenton catalyst should be added into reactor
containing aqueous solution of pollutants and the set-up is kept under magnetic stirring. The dispersion is stirred under
dark for certain time period (usually for 30 min). After that, certain amount of H,0; is added into the reaction mixture,
and then lamp is switched on. Samples were collected at regular time interval and analysed through UV-visible and/or
high-performance liquid chromatography. Many studies showed that the integration of Fenton process and photocatalysis
(binary nanocomposites) could enhance the charge separation efficiency and provide electrons for Fe>* reduction process
(Fe3*—Fe?*), therefore generating more active species for degradation of organic pollutants. Table 2 demonstrates the
degradation efficiency under different catalyst prior to Photo-Fenton catalytic activity of binary nanocomposite.

Particularly, the optimum concentration of H,0, is vital for the better photo-Fenton activity of the catalyst. For instance,
rhodamine B was completely removed within 20 min in presence of 100 L H,0,/Ag3P0,4/CuO/visible light system (Ma
et al,, 2017). But the activity of AgzPO,4/CuO/visible light systems is less in presence of 50 wL H,0,. The degradation
efficiency decreases and the time increases when the concentration of H,0; is greater than 150 pL. It is because of
formation of HO,* and O, by the reaction between excessive H,0, and *OH.

Likewise iron ions, Cu ions in copper oxide particles can will also generate *OH radicals from H,0, as shown in the
Eq. (1) and Eq. (2) below (Ma et al., 2017):

=Cu(Il) + e~ —=Cu(l) (m)
=Cu(I) + 0,—=Cu(Il) (2)

Ternary nanocomposites were developed to utilize in photo-Fenton integrated process. For instance, Fe-doped g-
C3Ny/reduced graphene hydrogel/visible light/H,0, system was developed for the treatment of phenol and coking
wastewater (TOC = 25.3 mg L™!) (Hu et al., 2020b). Fe-doped g-C3Ny4/reduced graphene (10%) hydrogel showed highest
rate constant (k = 0.0948 min~!) and stability than pure g-C3N, or Fe-doped g-C3N, catalysts. This system also showed
good degradation efficiency towards coking wastewater (recyclability = 7). The photo-induced electrons accelerate
Fe3*|Fe** process and of H,0, decomposition. Graphene transfers the electrons and convert H,0, in to *OH radical.
Overall, a huge quantity of *OH radicals were generated, which greatly improve the degradation efficiency. CdS/CuS/g-
C3N4 nanocomposite has been applied as photo-Fenton catalyst for the degradation of methyl orange (Xu et al., 2023).
It exhibited increased light absorption tendency and the active centres. About 96% methyl orange degradation efficiency
was reported under visible light irradiation for 35 min illumination (k = 0.088 min~!). It retains 86% efficiency even after
fifth cycle. The improved activity is primarily attributed to the conversion and recycling of Cu?** and Cu*. RGO containing
Fe,03 and TiO, nanoparticles was prepared for the degradation of methyl orange (Zheng et al., 2022). In presence of
light from light-emitting diode lamp (A = 420 nm, 5 W) and H,0, (19.8 mmol L™!), this composite showed complete
degradation of methyl orange. The Fe,03 nanoparticles act as Fenton reagent and photocatalyst. In the composite, the Fe
leaching was controlled, thereby leading to the long lifetime of the composite. The performance of photo-Fenton process
depends on the solution pH. It was reported that the phenol removal efficiency (at 30 min) of photo-Fenton process is
24.0, 83.5, and 93.9% at pH value of 11, 7, and 3, respectively (Hu et al., 2020b). Acidic pH is found to be suitable for the
performance of photocatalysis-Fenton system. Alkaline pH is not favourable, since the surface adsorbed H,0 molecules
are replaced by OH™, which will not generate *OH radicals from H;0,.
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Table 2
Photo-Fenton catalytic activity of binary nanocomposite in the degradation of pollutants in water.

Catalyst Catalyst dosage  Pollutant Adsorption- Photo-Fenton Degrada-  Degrada-  Reference
desorption experiment tion tion time
equilibrium efficiency  (min)
(min)
Slice g-C3N4/CdS 02¢glL™! Rhodamine B, 10 30 500 W 16 Li et al.
mg L' (50 mL) Xe-lamp, 20 (2021a)
mg L~!
ferrous solution
Ag3P04/Cu0 001 ¢g Rhodamine B, 05 h 300 W 100% 20 Ma et al.
1 x 10~ mol Xe-lamp, (2017)
L~1(10 mL) [H20]
=100 pL
CeO,/Fe304 10gL! Congo red, 1000 120 [H20,] = 3.75 82% 120 Xiang et al.
mg L' mL L~! (2022)
Cu/CuFe;04- 10 mg Phenol, 100 mg 30 [H20,] = 40 92.72% 18 Wang et al.
oxygen L' (30 uL (2022d)
Vacancies mL)
Fe?*[Fe3+ 20 mg Tetracycline, 20 30 Xe-lamp, 30% 99.70% 60 Zhang et al.
co-doped mg L~! (100 mL) [H20,] = 100 (2023)
BiVO4/Ag3PO4 nL
Fe3;04/schwertmannite 50 mg Phenol, 100 mg 30 [30 wt% H,0,] 98% 10 Li et al.
L' (50 mL) =45 (2020a)
nL
Surface oxygen vacancies Phenol (30 mL) 30 350 W 100% 3h Hu et al.
enriched Xe-lamp, H,0, (2020a)
FeOOH/Bi;MoOg
Fe/a-Fe, 03 30 mg Rhodamine B, 10 60 300 W Xe-arc 96.5% 60 Feng et al.
mg L' (60 mL) lamp, [H,0;] = (2021)
0.7 mL
g-C3N,4/FeOCl 02¢glL™! Rhodamine B, 20 30 300 W 97% 9 Jiang et al.
mg L' (100 mL) Xe-lamp, H,0, (2022)
Reduced graphene 0.02gL! Basic red 46 30 150 W visible 88% 210 Mazarji
oxide/CoFe;04 Basic red 18, 20 light, [H,0,] =  90% et al. (2021)
mg L™, (500 mL) 0.04 mM
SrWO,4/MIL- 10 mg Methylene blue, 30 440 W metal 93.75% 4 Wei et al.
88A(Fe) (30 mL) halide-lamp, 30 (2023)
wt% H,0,
§-FeOOH/BiOBr 002 g Tetracycline, 50 300 W 93% 1h Li et al.
0s5los mg L', (80 mL) Xe-lamp, (2022b)
10 mM H,0,
Fe3;04/a-FeOOH 75 mg Tetracycline 30 300 W 100% 90 Huang et al.
Hydrochloride, 10 Xe-lamp, 0.1 (2021)
mg L1, mL of H,0,
(10 mM)
Graphene 50 mg Ciprofloxacin, 10 - 350WXe lamp, 93.73% 60 Pervez et al.
quantum dots/ mg L' (200 mL) 0.50 mM H,0, (2022)
«a-FeOOH
Bacterial Textile dye (direct 30 300 W 96.82% 180 Santana
cellulose/pyrite black 22, direct Incandescent et al. (2023)
(FeS,) red Lamp, 50 mg
23, direct red 227, L~! H,0,

reactive blue 21)
solution, 15 mg
L1, 200 mL

3.3. Photo-sonocatalysis

Photo-sonocatalysis is a catalytic reaction that occurs by using ultrasound waves passing through a water medium.
Ultrasound waves create active *H and *OH radical via homolytic cleavage of water molecules within the cavitation
bubbles. These radicals are non-selectively hit by organic contaminants and transform into by-products in water medium.
But it lacks complete mineralization of organic pollutants with less ultrasound irradiation times. On the one hand,
an integration of sonocatalysis with photocatalysis has found a good strategy to overcome the drawbacks of the sole
sonocatalysis. Table 3 shows a list of photo-sonocatalysts and their activity in pollutant’ degradation reactions.

Major inferences observed from the photo-sonocatalysts activities are highlighted out as per below:

(a) Photo-sonocatalysis is effective in the degradation of organic molecules.
(b) By changing light wavelength and power of ultrasonic waves, the degradation performance of the catalysts can be
altered.
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Table 3
Some examples of photo-sonocatalysts with their activity.
Catalyst Catalyst Pollutant Light Ultrasound Removal Degrada- Active Reference
dosage source efficiency tion time species
(%) (min)
FeV0,4/BiVO4 + 500 mg L~!  Levofloxacin Xe-lamp  Ultrasonic 98.91 60 eOH, and Fan et al.
20 mM H,0, (20 mg generator (40 0,*~ (2022)
L1, 100 kHz, 50 W) radicals
mL)
TiO,/Fe304/activated 04 ¢glL! Tetracycline 6 W Probe sonicator ~100.0 60 h*, *OH  Kakavandi
carbon UV-C radicals et al. (2019)
(20 kHz) and '0,
Zinc-chromium 06gL! Rifampicin (15 30 W Ultrasonic bath  98.0 40 oOH, h*, Rad et al.
layered double mg L71) LED lamp (150 W, 36 and 0,°~ (2022a)
hydrox- kHz) radicals
ide/biochar
ZnCr layered 15¢gL! Rifampicin (15 LED lamp Ultrasonic bath 87.3 60 oOH, h*, Rad et al.
double hydrox- mg L1, 100 (150 W) and 0,°~ (2022b)
ide/reduced mL) radicals
graphene oxide
NiCr layered 1gL! Rifadi (15 mg 50 W Ultrasonic bath  80.3 90 *OH Rad et al.
double L1 LED light (150 W) radical (2023)
hydroxide/
biochar
Er3*-CdS/MoS, 125 mg L=!  17B-estradiol 500 W Ultrasonic bath  95.29 180 *OH Du et al.
(1000 pg L1, Xe-lamp (40 kHz, 50 W) radical (2022)
100 mL)
N/Ti3+ 7.5 mg Methylene blue 500 W Ultrasonic 99.00 50 0, Sun et al.
co-doped (5mgL!, 15 Xe-lamp  cleaner (35 radical (2020)
T102/312W05 mL) kHz,
180 W)
N-doped 15 mg Rhodamine B 500 W Ultrasound 98.1 25 0,7, Ding et al.
TiO, [Ti3Cy (20 mg/L, 30 Xe-lamp irradiation *OH (2021)
mL) radicals
and ht.
N, Fe co-doped 07 gL™! Sulfathiazole 250 W Probe 100.0 90 0,7, Hayati et al.
TiO,/[SWCNT (40 mg L, LED lamp ultrasonicator and OH* (2020)
200 mL) (24 kHz) radicals
ZnO/graphene 005 g 4- 160 W Titanium probe 100.0 180 OH* Khairy et al.
oxide Nitrophenol (10 mg L=') Hg lamp, sonicator radicals  (2020)
Zn0O/carbon 5 ml (60 W, 20 kHz)
nanotube H,0,
Ti3CoTx/NixMgy_«S4 50 mg bisphenol A (10 250 W Ultrasonicator ~92 60 Holes, Vignesh-
mg L', 50 mL) LED lamp (970 kHz, OH*, and waran et al.
400 W) 0~ (2020)
radicals
TiO,-Pd/ 05gL! ciprofloxacin (20 mg 10-W Ultrasound 79.44% 120 *OH, Motlagh
pumice L', 50 mL) LED lamp bath (40 kHz, 0,°7, et al. (2021)
stone 300 W) and HO3
radicals
Pt/CeO, 02¢g Acid red 17 (50 250 W Sonicator 95% 30 °OH, and Khan et al.
mg/L, Hg-lamp (40 kHz) 0, (2022)
80 mL) radicals
g-C3N4/Ni-Ti 125 g L} Amoxicillin 500 W Ultrasound 99.5% 75 *OH Abazari
LDH (1.0 g L1, 100 Hg-lamp probe (20 kHz, radicals et al. (2019)
mL) 200 W)
Graphene/ 099 g L' Diazinon (10 Hg-lamp  Ultrasound 100.0 100 hole and Al-Musawi
cobalt ferrite mg L) bath oOH et al. (2022)
(CoFe;04) radicals

(c) Pollutant degradation time can be minimized.
(d) Active free radicals which are responsible for degradation reactions are dependent on the catalysts.

3.4. Photo-electrocatalysis

Numerous kinds of organic pollutants including dyes, pharmaceuticals were destroyed in water via electrocatalysis.
In an electrocatalytic cell, nanocomposite modified anode generates hydroxyl radicals which will oxidize the organic
pollutants. To improve the performance, photo-electrocatalytic technique was developed (Marinho et al,, 2022). A
schematic representation of a simple photo-electrocatalytic chamber is displayed as Fig. 4. It contains light source,

9
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Fig. 4. Schematic representation of photo-electrocatalytic cell.

cathode, anode, electrolytes, electrocatalysts and powder source. Under the light irradiation, the applied external voltage
will effectively separate the photogenerated electron-hole pairs (Li et al., 2023b).

Nanocomposite modified electrode for photo-electrocatalytic degradation processes were reported. For instance,
BiVO,4/ZnO/FTO electrode was fabricated and employed in the photo-electrocatalytic degradation of tetracycline in
(electrolyte = 0.1 M of Na,SO,4) water (Li et al., 2021b). The light source and bias voltage are 300 W Xe-lamp and 1.6
V respectively. About 84.5% tetracycline degradation efficiency was obtained. It has been found that the ZnO nanorods
effectively separated photoinduced charges, while ZnO/BiVO,4 nanostructures strongly absorbed the light and improved
the mass transfer rate. Active species involved in this photo-electrocatalytic degradation process are *O,~ and °*OH
radicals. Nitrogen-doped graphene quantum dots/reduced graphene oxide/carbon fabric displayed 93% methylene blue
degradation efficiency at 2 V (Riaz et al., 2019). Porous structure of this composite makes it efficient in the degradation
process. Ni-Mn layered double hydroxides/g-C3N, nanocomposites modified glassy carbon electrode showed >99%
rhodamine b degradation efficiency under visible light (Shakeel et al., 2019). Zn,Sn04/RGO/Ag/AgBr photo-electrocatalyst
was reported for degradation of methylene blue (Peng et al., 2023). The Z-scheme mechanism generates *OH and 0,°~
radicals which play a major role in methylene blue degradation. Carbon (graphene-like)/Sn0,/TiO, nanocomposite-based
anode was fabricated for degradation of five pharmaceutical contaminants (e.g. chloramphenicol, bupropion, venlafaxine,
carbamazepine and triclosan) (Kaur et al., 2021). This composite anode degraded 90% of the targeted pharmaceutical
contaminants within 60 min. This is because of its high photocharge separation efficiency and active species producing
capacity. Ju et al. (2021) have prepared fullerenes (Cgo)/AgCl/ZnAlTi layer double oxide nanocomposites coated platinum
as working electrode for decomposition of bisphenol A via photo-electrocatalytic process. Cgo/AgCl/ZnAlTi layer double
oxide intensively absorbs in the near ultraviolet region. The photoelectrocatalytic degradation efficiency is reported as
99% under 300 W Xe-lamp irradiation (—1.0 eV).

3.5. Photo-ozonation

Ozone (03) is a prevailing oxidant and it is commonly used for the water purification process. However, ozone is an
unstable molecule in an aqueous environment and it selectively degrades organic substances such as aromatic compounds
(acidic conditions). Ozone is not entirely mineralizing the targeted organic molecules.

These demerits can be rectified by integrating it with photocatalytic techniques (photocatalytic ozonation). For exam-
ple, g-CsN4/Fe-MCM-48 composite catalysts have been prepared and used in the photocatalytic ozonation of azithromycin
(Ling et al., 2023). In presence of solar light/O3 (flow rate = 1 L min~!), 0.2 g of g-C3N4/Fe-MCM-48 catalyst showed 100%
azithromycin (50 mg L™, 1 L) removal efficiency within 11 min (stable after fourth cycle). The pH (= 9) and Fe contents
have influence on the degradation of azithromycin. In another study, ibuprofen was degraded by photocatalytic ozonation
by using S'W0,4/ZnO composite (Alhumade et al., 2022). About 93% of 0.1 mg L~' (300 mL) ibuprofen (BOD removal
efficiency = 55%) was removed within 30 min by 0.35 g L™! SrW0,/(0.4%) ZnO composite under UV light illumination
with ozone supply (using lab scale ozone generator). Lashuk et al. (2022) have used photocatalytic ozonation method to
degrade per- and poly-fluoroalkyl substances in water by employing WO3/TiO, composite as catalyst. Particularly, 5 wt%
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Fig. 5. Schematic representation of photo-piezocatalysis.

WO;/TiO, showed the best photocatalytic property against methylene blue degradation. Also, degradation of per- and
poly-fluoroalkyl substances is greater under UVA than UVA-visible light regions after 4 h. The removal of per- and poly-
fluoroalkyl substances by this catalyst through photolysis and ozone photolysis is low, whereas photocatalytic ozonation
exhibited high removal efficiency.

In literature, ternary composites were reported as catalysts in photo-ozonation technique. MnO,-NH;/graphene
oxide/proton-functionalized g-CsN, ternary nanocomposite was prepared and used for photocatalytic ozonation of
cephalexin in water (Yang and Guan, 2022). Cephalexin degradation efficiency achieved via ozonation, catalytic ozonation
is 20.3 (2 min) and 60.3% respectively. This composite catalyst produced hydroxyl radicals which is greater than catalytic
ozonation and photocatalysis and thus cephalexin was removed within 2.5 min. The unique sandwich structure facilitates
the electron transfer between proton-functionalized g-C3N4 and MnO,-NH; via graphene oxide. It effectively hampers
photoelectron-hole recombination and accelerates redox processes on MnO, (Mn?*/Mn**t/Mn**). Liu et al. (2022b)
have prepared Ag,0/Zn0/g-CsN, composite through a precipitation-reflux approach and applied it as catalyst in the
photocatalytic ozonation of (degradation) oxalic acid. About 83.43% of oxalic acid degradation efficiency (k = 0.0311
min~') was obtained for Ag,0/Zn0/g-C3N,. It was due to the effective separation of photocharges, and the migration of
electrons.

3.6. photo-piezocatalysis

Materials which produce an electric field (positive and negative charges) under an applied mechanical force (like
vibration) are called piezoelectric materials. Piezoelectric materials transmute an electrical energy into mechanical
energy or vice versa. Such materials are applied to expedite the degradation (piezocatalysis) of organic contaminants in
polluted water. Piezo-materials such as hydroxyapatite (Ca;o(PO4)s(OH),), and sodium bismuth titanate (Nag5Big5TiO3)
has showed piezocatalytic properties (Shi et al., 2022a; Yin et al., 2023). Fig. 5 presented a schematic representation of
photo-piezocatalysis.

The combination of semiconductor photocatalysts with piezoelectric properties could be useful to improve charge
separation and migration and facilitate redox reactions. Photo-piezoelectric materials harvest light and mechanical energy
and clean the wastewater. Generally, photo-piezocatalytic experiments are conducted in a photocatalytic reactor. The
catalyst is dispersed in the aqueous solution of pollutants and stirred for a certain time period (usually 30 min) in the
dark to attain absorption-desorption equilibrium. Then, the suspension is irradiated with ultrasonic vibration along with
light (Shi et al., 2022a).

Nanocomposites with piezo behaviour have been applied as catalysts in photo-piezocatalytic degradation of pollutants.
Dursun et al. (2021) have prepared lead magnesium niobate-lead titanate (0.65Pb(Mg1,3Nb,,3)03-0.35PbTiOs)/tin dioxide
(Sn0;) heterostructure for the elimination of methylene blue under (250 W Metal halide lamp) visible light irradiation
and ultrasonic wave vibrations (200 W, 45 kHz). At pH = 10, the heterostructured catalyst displayed complete methylene
blue photodegradation within 120 min. Whereas, about 50 mg of the 1.75 wt% 0.65Pb(Mg,3Nb;,3)03-0.35PbTi03)/Sn0,
catalyst can eliminate 100% of 20 mg L~! (100 mL) methylene blue in water within 70 min. Wu et al. (2023) have
constructed a ternary composite using ZIF-67N (sintered under nitrogen atmosphere), BiFeO; and CdS nanoparticles and
used for degradation of bisphenol A under visible and near-infrared light (A > 700 nm) and ultrasonic vibration. This
ternary composite did not show significant degradation efficiency under ultrasound or light irradiation. But, under 40 kHz
ultrasound and visible-light irradiations, this catalyst degraded ~85% bisphenol A within 160 min. At 68 kHz/visible light
illumination, 91.2% of bisphenol A degradation efficiency was reported.

Composites containing plasmonic nanomaterials could show enhanced degradation activities. For instance, Shi et al.
(2022b) have reported that the Nag 5Big 5TiO3/Ag nanocomposite exhibits good rhodamine B degradation activity under
piezo-photocatalytic experimental conditions (300 W Xe lamp illumination, ultrasound: 300 W, 40 kHz). About 98.8%
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rhodamine B (5 mg L™!, 20 mL) with the corresponding rate constant of k = 0.146 min~!was eliminated within 30 min
(highly stable after fifth cycle). Both Schottky junction surface plasmon resonance effects of Ag nanoparticles are the
key reasons for great photocatalytic activity of NagsBigsTiO3/Ag composite. Li et al. (2022c) have prepared Au/AgNbO3
nanocomposite (catalyst dosage = 50 mg) with significant rhodamine B (10 mg L™, 100 mL) degradation efficiency
(k = 0.054 min~') under light (Xe lamp) irradiation and ultrasonic vibration (110 W, 40 kHz). The optimized catalyst
(3 mL of HAuCl,e3H,0 aqueous solution + 0.4 g AgNbO3) showed complete removal of rhodamine B within 1 h. High
photocatalytic performance of Au/AgNbOs; is attributed to the surface plasmon resonance and piezotronics effect.

4. Photocatalysis integrated with multiple techniques

In spite of two integrated techniques, research has also been performed on integration of three techniques for
effective removal of pollutants from water. Few recent studies are discussed below. Adsorption integrated photo-Fenton
technique was developed for removal of fluoroquinolones (Gao et al., 2022). A poly(vinyl formal) sponge consisting
of MoS,/Bi,S3/BiVQ,/lignosulfonate was used in this integrated technique. The surface area and density of composite
modified sponge is 9.025 m? g~! and 0.134 g cm~> respectively. About 92.8% norfloxacin removal efficiency was
observed when contact time and pH is 60 min and 6.0 respectively. Adsorption efficiency of sponge and Mo(IV)/(VI)
and Bi(III)/(V) redox couples promoted the degradation efficiency of the sponge catalyst. Polyvinyl alcohol (PVA) coated
TiO,/reduced graphene oxide/polyvinylidene fluoride (PVDF) photocatalytic membrane was used for treatment of Batik
(textile industrial) wastewater through adsorption-ozonation-photocatalytic technique (Kusworo et al., 2022). TiO,/rGO
nanocomposite exhibits high visible light absorption (band gap = 2.9 eV), whereas PVA improved hydrophilicity of
the modified membrane (pore radius = 2.77 4+ 0.30 nm). This integrated adsorption-ozonation-photocatalytic filtration
technology showed enhanced stability, and pollutant removal efficiency. Barium titanate (BaTiO3)/TiO, composite was
applied as a piezo-photoelectric catalyst in the degradation of indigo carmine (Liu et al., 2022c). BaTiO3/TiO, (band gap =
2.89 eV) displays indigo carmine (10 mg L™, 100 mL) degradation rate constant of 0.109 min~'. The 300 W Xenon lamp
and 200 W ultrasonicator were used as light and mechanical strain sources, respectively. Both light illumination and
ultrasonication generated electron-hole pairs which produce active free radicals for an effective degradation of indigo
carmine in water. An integrated photocatalysis-ozonation-electrocatalytic technique was constructed for degradation of
perfluorooctanoic acid (Li et al., 2020b). RGO/BiOCI nanocomposites were employed as catalysts. Perfluorooctanoic acid
removal efficiency and degradation time was 95.4% and 3 h respectively. Only photocatalytic ozonation and photoelectro-
peroxone processes showed removal efficiency of 80.5 and 56.1%, respectively. Both photoinduced hole (photocatalysis)
and hydroxyl radical (electrocatalysis) played a role in the degradation of perfluorooctanoic acid.

5. Present challenges and future perspectives

Integrated photocatalytic technologies, utilizing nanocomposites are a rising research field. Nevertheless, these tech-
nologies have certain limitations which are highlighted below.
(a) Design and preparation of nanocomposites are essential to have high performances in integrated photocatalytic
technologies.
(b) The environmental negative consequences of nanocomposites must be studied.
(c) Cost effective and eco-friendly nanocomposite photocatalysts should be explored. Scalable, cost effective and efficient
catalysts need to be tested in integrated techniques.
(d) Theoretical simulations for prediction of catalytic ability of nanocomposites which are applying in integrated
photocatalytic technologies are needed.
(e) There are limited studies in piezophotocatalytic technology.
(f) Solar-driven catalysts should be checked in integrated photocatalytic technologies.
(g) Nanocomposites containing toxic heavy metals should be avoided.
(h) Cost analysis and energy consumption of the integrated photocatalytic technologies need to be done.

6. Concluding remark and prospective views

The development of photocatalytic technology for degradation of chemical pollutants in water is significant. Different
nanocomposite photocatalysts were fabricated for decomposition of specific water pollutants. For further improvement,
photocatalysis was integrated with other water treatment methods. The synergistic effect between photocatalysis and
adsorption, Fenton process, sonocatalysis, electrocatalysis, ozonation, piezocatalysis favours the efficient generation of free
radicals (due to improved charge separation) which increased the pollutant removal performance of the nanocomposites.
Nanocomposites composed of metal compounds, metals, carbon materials and polymers were extensively studied as
catalysts in integrated photocatalytic techniques. The production of active species is dependent on the nanocomposite
and the integrated system. Hydroxyl radicals, holes and superoxide anion radicals played a vital role in the degradation
process. In adsorptive photocatalysis, the adsorbent component improves the adsorption as well as separation of charge
carriers (like graphene). In photocatalytic ozonation, ozone produces active species via integrating with photocatalysis.
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Both light and ultrasound waves (sonophotocatalysis) produce a huge number of active species through the nanocom-
posite catalysts. Iron-based nanocomposites generate huge concentrations of hydroxyl radicals by photo-Fenton process.
External bias voltage effectively separates photo-generated charges, thereby achieving enhanced degradation efficiency.
The degradation performance of nanocomposites depends on initial pH, dosage, initial concentration of pollutants and
molecular structure of the pollutants. This review emphasized the development of integrated photocatalytic technology for
wastewater treatment application. Besides the development, integrated photocatalytic techniques required more studies
using various pollutants and new catalysts.
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