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Metal oxides possess exceptional physicochemical properties which make them ideal materials for critical
photocatalytic applications. However, of major interest, their photocatalytic applications are hampered by
several drawbacks, consisting of prompt charge recombination of charge carriers, low surface area, inactive
under visible light, and inefficient as well as expensive post-treatment recovery. The immobilization of metal
oxide semiconductors on materials possessing high binding strength eliminates the impractical and costly
recovery of spent catalysts in large-scale operations. Notably, the synthesis of green material (ash, clay,
foundry sand, and pumice)-based metal oxides could provide a synergistic effect of the superior
adsorption capacity of supporting materials and the photocatalytic activity of metal oxides. This
phenomenon significantly improves the overall degradation efficiency of emerging pollutants. Inspired by
the novel concept of “treating waste with waste”, this contribution highlights recent advances in the
utilization of natural material (clay mineral and pumice)- and waste material (ash and foundry sand)-
based metal oxide nanocomposites for photodegradation of various pollutants. First, principles,
mechanism, challenges towards using metal oxide as photocatalysts, and immobilization techniques are

systematically summarized. Then, sources, classifications, properties, and chemical composition of green
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1. Introduction

Water pollution has become one of the most serious concerns
that Earth will face during the 21°° century."? It poses a great
threat to human health, the aquatic ecosystem, and economic
growth through unknown long-term impacts caused by the
presence of emerging pollutants, e.g., personal care products,
industrial/household chemicals, pharmaceuticals, and pesti-
cides in water bodies.** In a report carried out by WHO (World
Health Organization) in 2015, approximately 1.7 million people
lost their lives because of consumption of contaminated water
and nearly 4 billion cases of serious health problems caused by
water-related diseases annually.® It was also estimated that half
of the world's population will sustain their livings in water-
stressed areas by 2025.>° Thus, the driving forces for sustain-
able development must be associated with advanced water
treatment techniques. Effective removal of emerging pollutants
from wastewater before the eventual discharge into streams is
a must to drive water pollution prevention. Traditional methods
have been employed to solve this issue, such as biodegradation,
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development of green materials-derived photocatalysts, we underlined the current gaps that are worthy

ozonation, adsorption/filtration, or coagulation and floccula-
tion.*'® However, several big challenges hindering the broad
application and scale-up of conventional techniques are
composed of the formation of toxic by-products, the high
operational and maintenance costs, and inefficiency towards
complicated compounds.’***

In that context, Advanced Oxidation Processes (AOPs)
demonstrated to be a promising and powerful approach in the
complete decomposition of harmful pollutants. AOPs are highly
efficient techniques in the degradation of emerging pollutants
through reaction with hydroxyl radical ("OH)."*'* Among AOPs
methodologies, photocatalysis have recently received an
increasing attention (see Fig. 1). Several advantages of photo-
catalysis can be listed as follows: (i) complete mineralization of
recalcitrant pollutants into harmless constituents, (ii) no
secondary pollution, (iii) low cost, and (iv) easy operation.’** In
photocatalysis process, metal oxide semiconductors are the
frontliners in photodegradation of organic compounds thanks
to their exceptional physicochemical properties.**>* From the
perspective of practical applications, the stability and reus-
ability of photocatalysts is a key factor affecting the scale-up of
the whole process. In this regard, the recovery of metal oxide
nanoparticles after the reaction is extremely difficult and
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Fig. 1 Advanced oxidation technologies (AOPs) methodologies.

inefficient, thereby hindering their applications on an industrial
scale. More importantly, the presence of metal oxide particles in
the final treated effluent possibly causes cytotoxicity and geno-
toxicity to human beings and aquatic.>** In an effort towards
overcoming this matter, recent reports proved the feasibility and
efficiency towards using the immobilization technique during
photoreactions. Despite a few reports on employing glass
substrates, graphite, activated carbon, and zeolites®*' as sup-
porting materials for photocatalysts; however, there is a lack of
focused works on the use of waste materials or natural materials.
Undoubtedly, using sustainable supporting materials originated
from nature (clay and pumice) or industrial wastes (ash and
foundry sand) is always worthy of consideration and received
intensive interest from the science community.*>* The utilization
of these materials for fixing metal oxides represents an appealing
pathway to solve the serious issues faced in the disposal of waste
and minimize the costs e.g., costs of the raw materials and disposal
waste costs. Unfortunately, the study on the potential application
of natural material and waste material as supports for metal oxides
is still in the early-stage and rarely reported.

Inspired by this, this work for the first time provides
a comprehensive overview of recent advances in the utilization
of natural materials (clay mineral and pumice)- and waste
materials (ash and foundry sand)-based metal oxide photo-
catalysts for photodegradation of various pollutants. We also
offer potential routes for the progress of green material-based
metal oxide photocatalysts and current research gaps to fill
for improving photocatalytic performance. The specific objec-
tives of this work are as follows: (1) describe the fundamental
principles, mechanism of photocatalysis, and challenges
towards using metal oxide as semiconductors; (2) overview of
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techniques in photocatalyst powder immobilization; (3) intro-
duce the sources, classifications, the properties and chemical
composition of green materials, including: ash, clay mineral,
foundry sand, and pumice; (4) summarize on recent advances in
applications of green materials-based metal oxides composite
for the photodegradation of various pollutants.

2. Metal oxides as photocatalysts:
fundamental principles, mechanism,
and challenges

2.1. Principle and mechanism

In 1911, the “photocatalysis” term for the first time appeared in
the scientific literature.**** Researchers discovered the light
absorption capacity by uranyl ion and catalyst, a material that
speeds up the rate of chemical reactions without any changes.*
Since then, several advances achieved had been reported,
regarding the employment of metal oxides, such as TiO, and
ZnO, to bleach dyes and Prussian blue.*”*®* However, the “pho-
tocatalysis” keyword was still not getting noticeable among the
scientific community at that time. In the early 1970s, due to the
oil crisis and serious environmental deterioration that origi-
nated from industrial operations, the demand for seeking
alternative energy sources became much more urgent.*>*
During this period, the pioneering works on photocatalysis had
been attracted wide attention from the scientific community. In
1968, Boddy et al.** discovered the evolution of oxygen (O,) on
TiO,'s surface in an electrolytic cell when irradiating ultraviolet
(UV) light. In 1972, Fujishima and Honda** reported the
phenomenon of photoelectrochemical splitting of water (H,O)
into O, on a TiO, electrode and H, on a platinum black elec-
trode under UV light. Seven years later, Fujishima's group
continued to employ successfully various types of semi-
conductors for photocatalytic CO, reduction.*® These pioneer-
ing studies truly mark a new era of photocatalysis. Fig. 2
illustrates the progress of historical studies on photocatalysis
from the early 1960s to now.

Photocatalysis is the combination of photochemistry and
catalysis. The “photocatalysis” term composed of two parts
“photo” and “catalysis”. Herein, “photo” means light, whereas
“catalysis” refers alteration of the chemical transformation rate
in the presence of catalyst. Importantly, catalyst neither expe-
riences any changes nor is depleted throughout the process.
Thus, photocatalysis is defined as “acceleration of light-induced
reaction-derived electron in the existence of catalyst”, in which
both factors, light and catalysts, are concurrently utilized to
accelerate a chemical reaction. Photocatalytic reaction does not
rely on the utilization of any substances (chemicals or gases)
that possibly enhance the environmental risks via secondary
pollution formation. The whole process primarily depends on
light source (photon energy) and the catalyst (or semiconductor)
(see Fig. 3).

The mechanism of photocatalytic degradation is illustrated
as following steps:***”

(1) When the surface of a catalyst is illuminated with
a proper light source, electrons from the valence band are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The progress of historical studies on photocatalysis from the earl
permission from Elsevier, copyright 2020.
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Fig. 3 Diagram illustration of photocatalytic reactions (hvr = Eg).
Oxidation—reduction reactions of electron donors/acceptors
occurred in CB (i) and VB (ii). This figure has been reproduced from ref.
45 with permission from Elsevier, copyright 2018.

activated and migrated to the conduction band of the semi-
conductor, as illustrated in eqn (1). “A proper light source”
means its energy must be at least equivalent or higher than the
band-gap energy of the semiconductor. In addition, the water
molecules would undergo ionization (eqn (2)).

Photocatalyst + Av(photon) "= hyg" +ecp” (1
H,O - OH™ + H" (2)

(2) Positive holes, which were left in the valence band of the
semiconductor, react with water molecules to generate hydroxyl
radicals (see eqn (3)). Due to the strong oxidizing power, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydroxyl radicals degrade organic matter molecules into inter-
mediates, or even carbon dioxide and water in some cases (eqn

(4))-

HzO + hVB+ — 'OH + H+ (3)

4

(3) Excited electrons in the valence band react with dissolved
oxygen species to generate superoxide radicals, as shown in eqn
(5). These free radicals will effectively decompose any species
adsorbed on the surface of the semiconductor into intermediate
products (eqn (6)).

‘OH + pollutant — intermediates + H,O + CO,

O, +tecg” — 'O (5)
(6)

In some cases, superoxide radicals can undergo a series of
reactions to produce hydroxyl radicals, as illustrated in eqn. (7).*®

7)

‘0, + pollutant — intermediates + H,O + CO,

-0, " HO, > H,0, % -OH

2.2. Semiconductor metal oxides: current challenges

In recent years, metal oxides play an increasingly important role
in many fields such as material science, biomedical science,
chemistry and physics.*>** Metal oxides possess the exceptional
physicochemical properties which make them ideal materials
for critical applications such as removal of heavy metals, pho-
tocatalytic degradation of organic contaminants, and biomed-
ical applications.* In terms of photocatalysis, metal oxides are
the frontliners in photodegradation of organic compounds.
Several common metal oxide photocatalysts can be listed such
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as TiO,, ZnO, Fe,03, SnO, V,05, Ni,O;. Aside from characteris-
tics like non-toxicity and high chemical stability, the metal
oxide-based photocatalysts possess a well-controlled structural
with high degree of crystalline, high resistance against photo-
chemical corrosion, and high activity. Recent literature has
been demonstrated the promising photocatalytic abilities of
metal oxide-based photocatalysts in the degradation of pollut-
ants under UV and visible region.>**

However, of the major interest, the photocatalytic applica-
tions are hindered by some limitations of metal oxides-based
photocatalysts. For example, TiO,, known as the most widely
studied metal oxide nanostructured photocatalyst for decades,
possess low quantum yield as the prompt charge recombination
of charge carriers, low surface area, and poor sensitivity under
solar irradiation. As seen from Fig. 4, the wide bandgap energies
of metal oxide such as SnO, (~3.5 eV), as similar as TiO, (3.2 €V)
and ZnO (3.37 eV), resulting in they only efficiently work under
ultraviolet (UV) light, which makes up for a tiny fraction, with
approximately 4% in comparison to the visible light.>¢

Their activities were restricted seriously under visible light,
hindering their potential applications for practical usage. Apart
from wide band-gap energy, ZnO also owns a low adsorption
capacity derived from its non-porous structure, which hinders
its photocatalytic performance. Otherwise, several drawbacks of
ZnO that can be listed such as unstable in acidic or alkaline
medium and low reusable lifespan. Generally, the full-scale
applications of metal oxides as photocatalysts are seriously
hampered due to the inefficient recovery of most semi-
conducting photocatalysts after the reaction. Catalysts are in
either powder form or particle, and therefore separation process
is a must for their recovery from the system. In addition, when
using a high content of catalysts for photoreactions, suspended
catalysts particles tend to aggregate together and cause light
scattering, thereby retarding the photodegradation rate of
pollutants.”® To overcome the aforementioned drawbacks,
a huge research effort has been devoted to improve the photo-
catalytic activity of the catalyst via immobilization, doping, co-
catalyst interaction, coupling of metal oxides, and sensitiza-
tion.>®*** Among these strategies, immobilization technique
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using waste materials (ash and foundry sand) or natural mate-
rials (clay minerals and pumice) have been received extensive
interest in recent years.®**” The benefits of this technique are
that it can: (i) easily recover and reuse catalysts from the treated
effluent stream, (ii) support continuous operation for multiple
cycles of photoreactors, and (iii) enhance the photodegradation
efficiency of organic compounds from the aqueous solution.*>**
More importantly, the use of natural or waste materials for
fixing metal oxides have received increasing attention. This
novel approach it is considered an environmental-friendlier
approach solving the serious issues faced in the disposal of
waste and reducing the costs of the raw materials. From recent
literature, several advances achieved till now have studied the
huge potential of green materials: ash, clay, foundry sand, and
pumice as the immobilized materials. These green materials
possess buoyant carriers to accelerate photocatalytic activity by
enhancing the exposure of the catalyst particles towards photon
energy from light and safely/quickly to be recovered from the
water after the treatment process.

3. Overview of immobilization
techniques

The immobilization of catalysts on the supporting materials
could be carried out by various techniques, consisting of sol-
gel,  hydrothermal, solvothermal, precipitation, co-
precipitation, pyrolysis, hydrolysis precipitation, dip-coating,
electrospinning, layer-by-layer assembly, chemical
synthesis, modified metal-organic decomposition, etc.**”® The
selection of a suitable immobilization technique mainly
depends on the type of used photocatalyst, supporting mate-
rials, and target pollutants. Herein, several common deposition
techniques for metal oxide-based catalysts on ash, foundry

wet

sand, clay, and pumice are summarized.

3.1. Sol-gel immobilization

Sol-gel immobilization method is the most common technique
for the preparation of metal oxide nanoparticles from solution-
state precursors. The sol-gel process is an integration of low-
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Fig. 4 Band-gap energies (eV) and energy levels of conduction band (Ecg) and valence band (Eyg) of semiconductors. This figure has been

reproduced from ref. 57 with permission from Springer, copyright 2018.

30808 | RSC Adv, 2021, 11, 30805-30826

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05647f

Open Access Article. Published on 17 2021. Downloaded on 04.12.2025 11:01:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

temperature and the wet-chemical single process that involves
two distinct phases: solution and gelation.*® Fig. 5 shows the
diagram illustrating the sol-gel method. Sol is a colloidal
suspension of solid particles which was formed during hydro-
lysis, whereas gel is an integrated 3D network with irreversible
metal-oxo-metal bridges which was produced during the
condensation step. The last step is drying where the porous
network of obtained gel will be destroyed derived from the
evaporation of the solvent.** Both sophisticated equipment and
extreme conditions (temperatures or pressure) are not required
during the sol-gel process. Instead, this preparation approach
possesses several advantages, comprising low-cost,
temperature operation and high yield.** The sol-gel method
has been widely adopted for preparing ash- and clay minerals-
based metal oxide composites.***® For example, TiO, loaded
fly ash (FA) catalysts were obtained by adding titanium tetrai-
sopropoxide to acetic acid under continuous stirring for
120 min at 50 °C, and then mixing with an aqueous suspension
of the FA before drying process and calcination at 500 °C.*
Similarly, Zn-doped TiO,/C@SiO, nanoporous with rice husk
(RH) as a template was prepared by the addition of Zn-RHA to
titania sols and impregnation for 24 h, followed by drying in at
100 °C for another 24 h.*

low-

3.2. Hydrothermal and solvothermal

Hydrothermal and solvothermal preparation methods are
generally adopted techniques for the fabrication of metal oxides
with different morphologies and a higher crystallinity degree
without further heat treatment.®** “Solvothermal” term refers to
a chemical reaction occurring in a solvent at a temperature that
is higher than the boiling temperature of the solvent. In case the
water is used as the solvent, then it is called hydrothermal

Solution of precursors Ceramic material

Hydrolysis t
& Heat treatment
Polycondensation Sol Xerogel
Chain growth l 1 Evaporation of the solvent
Wet Gel
&2 =
4 S5 Q“
Gelation
—_—

Fig. 5 Diagram illustration the sol—gel process. This figure has been
reproduced from ref. 82 with permission from MDPI, copyright 2019.
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process, while if organic solvents were used, then the whole
process is called solvothermal. Additionally, the whole process
occurs in a sealed and heated Teflon-line autoclave where
nucleation and grain growth reactions occur for crystallinity
growth. Teflon-line autoclaves are made up of steel or any other
strong alloy and they contain a Teflon liner as an inert chemical
substance for the reaction aiming to protects the autoclave from
corrosion. Owing to this sturdy structure, Teflon-line autoclaves
possess great stability in the high pH medium and become
resistant to hydrofluoric acid. Also, they are able to perform
reactions under extreme conditions such as high temperature
and pressure.** This method provides precise control over
surface morphology, structure, and properties of the synthe-
sized products by adjusting the conditions such as reaction
time, temperature, pressure, pH, and solvent type.** It has been
broadly applied for the synthesis of ash- and natural clay
minerals-based metal oxide composites.”>** A recent report by
Slewa et al® utilized the hydrothermal and solvothermal
procedures to successfully synthesize V,0s nanorods and 3D
(micro/nano) V,0s spheres on macro porous silicon (PSi)
substrate (see Fig. 6).

3.3. Dip-coating

“Dip-coating” term refers to a popular way of creating a uniform
and thin coating of metal oxide nanoparticles onto particularly
supporting materials such as pebble beads, clay, or foundry
sand.”® First, the natural materials are immersed in a slurry
containing coating metal oxides at a constant speed. After
a designated time, the supporting materials as substrate with
a uniform layer of metal oxide nanoparticles will be pulled out.
Later, excess liquid is drained from the substrate, and the solvent
starts to evaporate right on the surface of the substrate to form
a thin layer.”” The thickness and properties of the coating can be
varied, and the influencing parameters can be listed as the number
of dipping cycles, deposition time, withdrawal speed, and the
viscosity of the solution. Fig. 7 shows the principle of dip-coating
method and correlation between the thickness of film and speed
of dip coating. Basically, both sophisticated equipment and
expensive raw materials are not required during this method, and
all steps are also easy to do. Therefore, the dip-coating method is
more facile and convenient than the other approaches. However,
the major drawbacks of this method have been still remained,
consisting of (i) the poor quality and non-uniformity of the coating
thickness; and (ii) the high temperature required at the evapora-
tion step, which can negatively affect the mechanical properties of
metal oxide composites.””*®

3.4. Coprecipitation

Coprecipitation is a novel technique for the precipitation of
metal in the form of hydroxide from a salt precursor with the
presence of amounts of the base in a solvent.* Accordingly, the
first stage is the precipitation of inorganic salts caused by the
introduction of base or acids, followed by the irreversible
conversion into final products, metal oxide nanoparticles,
resulted from the calcination of the precursors.** The growth
kinetics of nucleation and particle depends on the generated

RSC Adv, 2021, 11, 30805-30826 | 30809
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Fig. 6 Synthetic routes of the hydrothermal and solvothermal process for fabrication of V,Os nanorods and 3D (micro/nano) V,Os spheres. This

figure has been reproduced from ref. 95 with permission from Springe

anions and cations, which is the driving force of monodispersed
nanoparticle formation. Even though this method is able to
produce particles with the size range from submicron to tens of
microns; however, the monitor of particle size and chemical
homogeneity remains a challenge in the precipitation of mixed
oxide. In addition, some disadvantages of this approach can be
pointed out as follows: (i) time-consuming process, (ii) the
precipitation of trace impurities during the first stage, (iii)
negative effects of reactants possessing distinct precipitation
rates, and (iv) reproducibility issues.'® Typically, Ashik et al.***
successfully fabricated NiO, FeO, and CoO nanoparticles with
silicate incorporation (Stober method) via coprecipitation by
treating the respective metal nitrate solution with ammonia
(Fig. 8). Herein, TEOS and C18TMS were also used to develop
silicate support to guard the active metal phase. Similarly, n-
NiO/SiO, nanoparticles was fabricated through coprecipitation

Critical parameters

r, copyright 2019.

from the respective nitrate precursor (Ni(NOj3),-6H,0).'** In this
study, Ni(NO;),-6H,O precursor was converted to Ni(OH),
under the precipitation form by dropwise addition of ammonia
solution (30% NHj;) under sonication for 1 h. The nanosized
Ni(OH), was collected by centrifugation and washed twice with
distilled water and ethanol. The formation of silicate support
was achieved through the hydrolysis of tetraethylorthosilicate
(TEOS) and octadecyl trimethoxy silane (C18TMS) with
ammonia solution in the suspension of nanometal hydroxide
under sonication for 1 h. Finally, n-Ni(OH),/SiO, precipitate was
dried at 100 °C for 15 h and then calcined at 450 °C for 3 h to
form n-NiO/SiO, nanocatalysts.

3.5. Spray pyrolysis

Spray pyrolysis is a low-cost coating technique that involve
a precursor solution and a heated support material and

Driving forces
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Fig. 7 Correlation between the thickness of film and speed of dip coating: (a)-dip-coating method and critical parameters; (b) correlation
between the speed of coating and film thickness versus the dilution and temperature. (c) Correlation between the thickness of film and
evaporation rate. This figure has been reproduced from ref. 99 with permission from RSC, copyright 2011.
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atomizer.'” In this process, the precursor solution undergoes
atomization in fine drops and these droplets are migrated to the
surface of heated support material due to gas. After evaporation,
the precipitate continues to undergo thermolysis at a high
temperature, followed by the formation of the desired solid
particles and thin films.'** The mechanism of spray pyrolysis is
illustrated in Fig. 9. This technique owns several advantages,
consisting of low cost, the simplicity of apparatus, high effi-
ciency, and produced thin films possessing a large surface area
of substrate coverage. However, the poor quality of thin films
remains an obstacle towards the application potential of this
method. Furthermore, their controlled thermal decomposition
and the preparation of fine and uniform droplets of reactants are

big challenges.'® This technique is applied in the preparation of
natural material-based metal oxide composite. For example,
a report by Zhang et al.’* described the modified pyrolysis process
(the calcination temperature at 450 °C for 1 h) to synthesize the
catalyst of fly ash cenospheres (FACs)-supported CeO, (CeO,/
FACs). By applying the same technique, a cow bone char (BC) ash
decorated with MgO-FeNO; was successfully fabricated through
the calcination at 500 °C for 2 h.”®

3.6. Electrospinning

Electrospinning or “electrostatic spinning” is a voltage-driven
advanced technique for producing ultrathin fibers with
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Fig. 9 Diagram illustration of the pyrolysis process's mechanism. This figure has been reproduced from ref. 103 with permission from Elsevier,

copyright 2020.
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diameters in the range of ten nanometers to micrometers.'” In
the production of nanofibers, by applying a specific voltage
from a high voltage power source, the polymer drop of an
electrospinning solution becomes charged. Electrostatic repul-
sion starts to resist the surface tension of the liquid. As a results,
the polymer drop is stretched at a critical point of liquid stream
eruption and completely converted into a fine liquid jet.'*®
Compared to other methods, the main advantage of electro-
spinning is its versatility and easy production to produce fibers
with multiple morphological structures from a wide variety of
materials.'® Fig. 10 illustrates the development of electro-
spinning process. In 2015, the electrospinning process was used
by Saud et al.**® to fabricate the FA/TiO, composite nanofibers.
First, a certain amount of titanium tetraisopropoxide was dis-
solved in acetic acid, followed by the addition of PVP, ethyl
alcohol, and FA into the solution under magnetic stirring for
6 h. Subsequently, the obtained mixture was electrospun at 15
kv, and then dried at 60 °C for 12 h before calcination at 600 °C
for 3 h. Aside from TiO,, fly ash incorporated ZnO nanofibers
were also successfully synthesized via the same technique.”
First, the mixture of fly ash and zinc acetate solution underwent
a sonication for 1 h, and then the solution was mixed with the
poly(vinyl alcohol) solution. Subsequently, the obtained mixture
was electrospun at the applied voltage of 20 kV, followed by
drying 30 °C for 6 h before calcination at 550 °C for 2 h to finally
achieve the FA/ZnO nanofibers.

In short, amongst the aforementioned immobilization
methods, sol-gel immobilization is considered the most
common and simple technique in preparing metal oxide-based
photocatalysts due to its simplicity which does not require any
either sophisticated equipment or extreme conditions
(temperatures or pressure). Furthermore, the tunable surface
morphology of the metal oxide nanoparticles fabricated by this
method is also a plus point. Comparatively, hydrothermal and

30812 | RSC Adv, 2021, 11, 30805-30826

solvothermal possess advantages, consisting of a one-step
synthesis process and precise control over the physicochem-
ical properties of the synthesized products. However, this
technique requires high operating temperatures and therefore
the morphology of the product could be easily influenced. Also,
the need for consumed energy and expensive Teflon autoclave
poses safety precautions as well as additional costs. The dip-
coating method is more facile and convenient than hydro-
thermal and solvothermal. However, the poor quality and non-
uniformity of the coating thickness and effects of the high
temperature at the evaporation step on the mechanical prop-
erties of metal oxide are the major drawbacks of this approach.
Similarly, spray pyrolysis is able to produce thin films possess-
ing a large surface area of substrate coverage; however, the poor
quality of thin films remains an obstacle to the application
potential of this method. Coprecipitation is able to produce
particles with the size range from submicron to tens of microns;
however, the monitor of particle size and chemical homogeneity
remains a challenge. Last, compared to other techniques, the
advantage of electrospinning is its versatility and facile
production to synthesize fibers with multiple morphological
structures from various materials.

4. Green materials-based metal
oxides nanocomposites: properties,
mechanism and performance

This section highlights the potential applications of natural
material (clay mineral and pumice) and waste material (ash and
foundry sand) as “green” materials for fixing metal oxide-based
in photocatalytic degradation of various contaminants. Appli-
cations of “green” materials supported photocatalysts for
contaminants degradation with reaction conditions are
summarized in Table 1.
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Table 1 Applications of ash, clay, foundry sand, and pumice based-metal oxide semiconductors for photodegradation of pollutants®

Operating conditions

Degradation Pollutant Catalyst Reaction time

Photocatalyst Pollutant efficiency (%) concentration (ppm) dosage (mg) (min) Light source  Ref.
TiO, supported VA Methylene blue 100 20 2400 30 uv 93

Fe,0;-TiO,/FACs Methylene blue  86.81 2 100 60 Visible 112
ZnO/FA Methylene blue 100 10 15 180 uv 113
Fe/TiO,-FACs Methyl blue 50 20 1800 — Visible 84

Zn/TiO,~RHA Rhodamine B 95 0.47 25 100 Visible 90

TiO,-FA Reactive red 45 90 30 100 90 uv 114
TiO, pillared montmorillonite ~ Methylene blue 98 30 50 90 uv 115
Cu(m)-grafted TiO,-imogolite Acetaldehyde 100 200 50 1500 Visible 116
Halloysite:palygorskite-TiO, NO, gas 98 1 40 — uv 117
ZnO/clay 2-Chlorophenol 88 20 200 60 Solar light 118
ZnO/kaolinite 2-Chlorophenol 100 20 200 60 Solar light 119
TiO,/kaolinite Acid red G ~98 50 150 60 uv 120
TiO,/kaolinite 4-Nitrophenol 90 10 100 240 uv 120
Fe-TiO,/FA-FS Pentoxifylline 88 50 — 120 Solar light 121
TiO,/FE-FS Metronidazole 85 25 — 45 Solar light 122
FS/FA/TiO, Cephalexin 89 50 — 240 uv 123
FS/FA/TiO, Cephalexin 94 50 — 210 Solar light 123
N-Ag-TiO,/FS-FA Cephalexin 77 50 — 60 Solar light 124
TiO,/FS Phenazone 96 50 — 240 Solar light 125
TiO,-pumice Methylene blue 100 0.355 1600 2880 uv 126
Fe3;0,4/ZnO@pumice Methylene blue  85.5 10 50 60 LED light 127
ZnO/pumice Dye 90.17 3.01 600 45.04 Solar light 128
PDMS-SiO,-TiO,-pumice Methylene blue 59 5 — 1800 Visible 129

% VA: volcanic ashes, FA: fly ash, FACs: fly ash cenospheres, RHA: rice husk ash, FS: foundry sand, FE: fuller's earth, PDMS: polydimethylsiloxane.

4.1. Ash-based metal oxides

In the field of environmental remediation, ash is recently
utilized as the efficient support material in advanced photo-
catalysis systems. Owing to superior properties comprising
spherical particles with a unique porosity structure, lightweight
property, safety, and high strength make ash green materials for
critical applications in environmental remediation.****** From
recent literature, several common types of ash used as natural
photocatalysis supports consist of fly ash, rice husk ash, and
volcanic ash. Fly ash (FA) is a solid particulate material
produced from the combustion of coal and biomass that has
a negative effect on the environment and human beings. It is
reported that thousands of hectares of land will be required for
the disposal of generated FA."*> When it comes to fly ash-based
photocatalysts, coal fly ash released from the burning of
pulverized coal in coal-based thermal power plants (at 1200-
1700 °C) is the most popular type used as the natural adsorptive
precursor.'* Coal fly ash is a heterogeneous material containing
components of silica, calcium oxide, alumina, ferrous oxide,
and carbon. The ratio of these components mainly depends on
the mineralogical composition of used coal precursors and the
parameters of the combustion process.’ Volcanic ash (VA) is
a mixture of fine rock and mineral particles expelled from an
explosive volcanic eruption.’ Rice husk ash (RHA) is an agri-
cultural waste produced from the complete burning of rice
hulls. It is estimated that rice production in developing coun-
tries annually creates roughly 100 million tons of rice husk as

© 2021 The Author(s). Published by the Royal Society of Chemistry

low-value agricultural by-product.”*® RHA mainly contains SiO,
(80-90 wt%) in the crystalline form, carbon (10-20 wt%), and
negligible amounts of metallic elements.*’

In 2010, Esparza et al®® presented nanostructured TiO,
supported over volcanic ashes (TVA) obtained by a hydro-
thermal method. Synthesized TVA displayed excellent photo-
catalyst behavior in the decomposition of MB with a high
removal efficiency of 100% after 60 min. Additionally, this
powder composite exhibited great reusability and stability after
eight consecutive cycles of photodegradation of MB. Saud
et al.™*® successfully prepared FA incorporated TiO, nanofibers
via electrospinning technique followed by calcination at 600 °C
for 3 h in air. During calcination, both the evaporation process
of solvent and decomposition of polymer took place, resulting
in a decrease in the diameter of fibers. FA particles are
embedded homogeneously on the surface of TiO, nanofiber. A
necklace-like structure was observed in the sample of FA/TiO,,
which showed how FA particles distributed throughout the
nanofibers during the process of calcination (see Fig. 11a). The
PL results pointed out that the addition of FA into the TiO,
structure effectively hindered the recombination of charge
carriers. Undoubtedly, this is a plus point in the case of using
the materials as efficient catalysts in the photoreactions. The
incorporation of FA promotes the antibacterial capacity of bare
TiO, under mild UV radiation through the generation of active
oxygen radicals, which are capable of reacting with cell
membranes, DNA, and cellular proteins, resulting in cell death

RSC Adv, 2021, 11, 30805-30826 | 30813
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Fig.11 TEM photos of FA/TiO, composite and inset showing the necklace-like structure (a); antibacterial efficiency of various catalysts on E. coli
bacteria under UV radiation (b). This figure has been reproduced (adapted) from ref. 110 with permission from Elsevier, copyright 2014. The SEM
photos of FAC (c), TiO,/FAC (d), Fe,O3—TiO,/FAC (e), the local enlargement of Fe,O3—-TiO,/FAC (f); mechanism of visible-light-driven photo-
degradation using Fe,O3—TiO,/FAC (g). This figure has been reproduced from ref. 112 with permission from Springer, copyright 2015.

(Fig. 11b). This can be explained by the formation of the elec-
trostatic interaction between the negative zeta potential of TiO,
and the metal ions of FA which inhibited sudden discharge
from TiO, fibers.**® In another approach, Zhu et al.*** utilize coal
flying ash cenosphere (FAC), collected from the Huainan fossil-
fuel power station, to improve catalytic activity and photo-
stability of TiO, and Fe,O; under visible range. Accordingly,
TiO, film with Fe,O; doped onto FAC was loaded via sol-gel
technique, and the photocatalytic performance of Fe,0;-TiO,/
FAC was evaluated via the photodegradation of methylene blue
under visible light irradiation. The morphological features of
FAC, TiO,/FAC, and the composite of Fe,0;-TiO,/FAC appear in
Fig. 11c-f. SEM photos clearly illustrated spherical particles
with a diameter in the range of 100-150 pm, and this implies
that the structure of FAC underwent insignificant change
throughout the modified process. The loading of Fe,O; and
TiO, particles makes the bare FAC's surface to be unsmooth and
rougher (see Fig. 11e). The UV-vis DRS spectrum of Fe,03-TiO,/
FAC shifts from the ultraviolet to the visible region, 650-
700 nm, implying the absorption intensity of the composite
improved in the visible region. In addition, the BET surface area
of Fe,05;-TiO,/FAC (4.4806 m* g~ ') was much higher than that
of pure FAC (0.3815 m?® g '). These improvements show
a superior visible light-harvesting capacity of Fe,03-TiO,/FAC
composite. As a result, the Fe,0;-TiO,/FAC composites showed
more efficient photocatalytic performance than TiO,/FAC and

30814 | RSC Adv, 2021, 11, 30805-30826

Fe,03/FAC. Interestingly, the author assumed that a 3d electron
of an Fe** center may migrate to the conduction band of TiO,/
FAC, followed by an oxidation reaction to convert Fe*" into Fe*".
Then, Fe** reacts with OH™ to generate hydroxyl radicals, whilst
the free electrons reduce O, to release superoxide anion radicals
(see Fig. 11g).

Aside from TiO, and Fe,Os;, ash also utilized as support
material to improve the catalytic activity of other metal oxides
such as ZnO or Ni,O;. Shaban et al.”® used agricultural rice husk
derived from a local rice-producing factory in Egypt to prepare
MCM-48 mesoporous silica loaded by Ni,O; (MCM-48/Ni,O3)
via a conventional hydrothermal process. Effect of heating from
calcination at 550 °C for 8 h results in the formation of a porous
structure with the non-spherical and irregular particles in as-
synthesized MCM-48 sample. The nickel oxide crystalline
grains (2 mm to 5 mm) under euhedral forms distributed
homogeneously on the surface of MCM-48 (Fig. 12a and b). The
addition of MCM-48 derived from RHA promotes the textural
properties and reusability of pure Ni,O; (see Fig. 12c). The BET
surface area of MCM-48/Ni,O; (1126 m> g~ ') was much
improved compared to bare Ni,O; (76.4 m* g~ '), which provides
more active sites for adsorption and photoreactions. Interest-
ingly, the authors carried out a test with Congo red dye as
a model pollutant to determine the role of MCM-48 toward
improving the adsorption and photocatalytic activity of Ni,O3.
After 120 min, the degradation efficiency using Ni,O; achieves

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Materials Physics, copyright 2014.

only 15.4%, whereas MCM48/Ni,O; reaches an elimination
percentage of up to 45%. In another research, Kim et al.*™
fabricate clustered ZnO-doped fly ash particle composite
material (ZnO/FAPs) via a hydrothermal process. The FAPs are
irregular, spherical, and porous fine particles with diameters
ranging from 0.1 to 100 pm. ZnO consists of flower-shaped
particles (Fig. 12d). The unique morphological features of
ZnO/FAP composites showed irregular clusters of ZnO flowers

distributed homogeneously on the surfaces of FAPs (Fig. 12e).
FAPs played an irreplaceable role in the growth of ZnO particles
through strong interactions between ZnO and FAPs, leading to
an increase in the total surface area of ZnO/FAP composites
(from 6.08 to 30.89 m> g '). Compared to pure ZnO with
a removal percentage for MB of 5% after 180 min, the photo-
degradation efficiency of ZnO/FAP composites was remarkably
improved being up to 100% after only 2 h (see Fig. 12f).
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Fig. 13 Diagram illustration of the layer structure of: (a) halloysite nanotube. This figure has been reproduced from ref. 145 with permission from
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2012.
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4.2. Clay-based metal oxides

Natural clay minerals are potential support materials since they
exhibit excellent physicochemical properties such as large BET
surfaces areas, large pore volumes, high chemical and
mechanical stability and they are abundant in nature.** Clay
minerals are a diverse group of aluminosilicate layers, mainly
comprising 1:1-type which means each layer contains one
tetrahedral silica sheet and one octahedral alumina sheet (e.g.,
halloysite and kaolinite) and 2:1-type that implies one layer
consists of one octahedral sheet located between two tetrahe-
dral sheets (e.g., vermiculite, sepiolite, and montmorillonite).'*
Recent decades, 1:1 clay mineral-based nanocomposites have
been widely studied in environmental applications due to their
good physicochemical properties.’** Among that, halloysite,
a typical candidate of 1:1 type, possess a unique nanotubular
structure with excellent characteristics such as high mechan-
ical, thermal and chemical stability, high reusability, and high
surface/volume ratio, strong adsorption capacity (see
Fig. 13a).*> Therefore, halloysite is considered a potential low-
cost alternative to synthetic expensive and commercial carbon
nanotubes. Halloysite can act as a stabilizer to inhibit agglom-
eration of metal oxide nanoparticles as their unique tube
structure and large specific surface area. In the 2:1-type clay
minerals, the layers are connected by hydrogen and electrostatic
bonding forces. Furthermore, the excessive negative charge on

View Article Online

Review

the surface may interact with charge-balancing cations (e.g,
cations located in the interlayer space) via electrostatic forces
(see Fig. 13b)."** Thus, 2:1-type clay minerals possess superior
properties such as a large surface area, high adsorption
capacity, and good ion-exchange capacity, which make them
potential candidates for applications in adsorption and cata-
Iytic fields.*** Dispersing metal oxide nanoparticles onto the
surfaces of clay minerals is proved to efficiently enhance the
photocatalytic activity of metal oxide catalysts by generating
more active surface sites and reducing the agglomeration of
particles, thereby remarkably light-harvesting
capacity.

Chen et al.'*® obtained the delaminated TiO, pillared clays
from montmorillonite (Mt) clay and sol of titanium hydrate in
the presence of POP (polymeric surfactant poly(oxypropylene)-
amines) (see Fig. 14a). Clay mineral particles can isolate and
prevent the nanocrystalline anatase particles from agglomer-
ating together and further transforming into rutile. There is no
anatase-to-rutile phase transformation obtained in XRD
patterns of TiP-Mt samples under a temperature range of 0-
900 °C (Fig. 14b). POP can act as an expanding agent and the
fragments of clays and TiO, nanoparticles were distributed
homogeneously on the POP template via TEM image (Fig. 14c).
This demonstrates that POP promotes the formation of the
delaminated structure of Mt and enhances the porosity and
surface area of the composites. The specific surface area was the
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Fig. 14 Synthetic pathway of the TiO, pillared montmorillonites (a); XRD patterns of TiP2—Mt samples with different calcination temperatures (b);
TEM images of TiP2—Mt-500 (c). This figure has been reproduced (adapted) from ref. 115 with permission from Elsevier, copyright 2012. Structure
of a single-walled imogolite nanotube. Note: red-oxygen, white-hydrogen, blue-aluminum, and yellow-silicon (d). This figure has been
reproduced from ref. 147 with permission from MDPI, copyright 2018; SEM images of the TiO,—-imogolite composite (TiO, 0.5—-imo sample) (e);
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been reproduced (adapted) from ref. 116 with permission from Elsevier, copyright 2013.
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key factor leading to the expansion of the contact area between
the nanocomposite particles and the dye. This is the main
driving force behind the enhanced photocatalytic performance
of as-synthesized composites (up to 98% MB degradation within
90 min). Katsumata et al."** successfully fabricated Cu(u)-grafted
TiO,-imogolite composite. Imogolite, a typical candidate
belonging to aluminosilicate minerals, comprises a layer of
octahedral (aluminum hydroxide) on which isolated silicate
groups are bound upright to the octahedral vacancy through
covalent bonding between oxygen atoms (Fig. 14d)."*” Owing to
a unique nanotubular structure, imogolite possesses a large
specific surface area which makes it an ideal absorbent for
applications in the environment. A grain-like morphology with
polygonal grain shapes was found in TiO,-imogolite compos-
ites (Fig. 14e). Their morphology was nanotubular with 3-5 nm
outer diameter, and the specific surface area was 245 m> g~ .
The addition of imogolite results in a strong surface affinity for
water molecules. In addition, photodegradation of acetaldehyde
under UV and visible light using TiO,-imogolite composites
was much higher than that of pure TiO,, and this implies an
irreplaceable role of imogolite towards efficiently adsorbing the
acetaldehyde. Interestingly, the authors found that imogolite
adsorbs not only acetaldehyde but also the intermediates such
as CH3COOH during the decomposition of acetaldehyde and
these products are then degraded to CO, by the radical species
released on the catalyst surface (Fig. 14f).

Using 1:1 type clay mineral, for example halloysite, with
tubular morphology was favorable to the dispersibility and
photocatalytic performance of metal oxides nanoparticles.
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Papoulis et al.'" obtained for the first-time nanophase TiO,
particles supported on a combination of two different nanoclay
minerals: palygorskite (fibrous morphology) and halloysite
(tubular morphology) via hydrothermal treatment at 180 °C.
The authors found that synthesize of two nanoclays led to
significantly reduced agglomeration of the clay mineral parti-
cles, which results in an expansion of more sites on their
surfaces for the metal oxides deposition (see Fig. 15a). TiO,
particles are distributed homogenously on the external surfaces
of palygorskite fibres and halloysite tubes, and their grain size
ranged from 3-10 nm (Fig. 15b). Importantly, the three phase
nanocomposites (two nanoclays) (Hal:Pal-TiO,) exhibited
a higher photocatalytic performance toward decomposition of
NO, gas and toluene vapor, as compared to that of single
nanoclay-TiO, (palygorskite- or halloysite-TiO,) under UV and
visible region. Recently, Zyoud et al.*** utilized kaolinite as an
efficient supporting material for ZnO (ZnO/KAOL) in the
decomposition of 2-chlorophenol under solar light. Kaolinite is
a non-expandable solid material and classified as 1:1 type layer
silicates (Fig. 15¢). It possesses a rigid structure, high chemical
stability, small BET surface areas, low expansion, and cation
exchange capacity. The SEM image illustrates agglomerations of
ZnO crystallite nanoparticles (~200 nm) on the kaolinite flakes
(~8 um). The addition of kaolin promotes the photocatalytic
activity of ZnO in the decomposition of 2-chlorophenol at
various mediums. The HPLC results indicates the complete
mineralization of reacted 2-chlorophenol molecules during
180 min. Notably, kaolinite plays an irreplaceable in enhancing
reusability of ZnO nanopowder catalyst. ZnO/KAOL can easily
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Fig. 15 Diagram illustrations of three-phase nanocomposites with two nanoclays via hydrothermal technique (a); TEM image of Hal20:Pal10-
TiO (b). This figure has been reproduced (adapted) from ref. 117 with permission from Elsevier, copyright 2013. Structure of kaolinite (c). This
figure has been reproduced from ref. 148 with permission from Springer, copyright 2020. Stability of the ZnO/KAOL composite on reuse for five
times (d). This figure has been reproduced from ref. 119 with permission from Springer, copyright 2019.
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be recovered by simple decantation or filtration, and especially
this composite exhibited excellent stability after five consecutive
cycles of photodegradation of 2-chlorophenol (Fig. 15d).

4.3. Foundry sand-based metal oxides

Foundry sands (FS) are by-products originated from the ferrous
and nonferrous metal casting industry, in which sand is utilized
as a molding material.**® During the casting process, used sand
particles gradually break down over time due to mechanical
abrasion and heat, and consequently, these sand grains will be
discarded from the system (known as FS). Instead, new sand
grains will be continuously added to the process to inhibit
casting defects.'*® The physicochemical properties of FS mainly
rely on the type of metal being cast, the type of used furnace
(e.g, electric arc, induction, and cupola), the process parame-
ters, and the selected finishing process (e.g., blast cleaning,
grinding, and coating). Based on the type of binder selected for
casting, FS can be classified into green sands and chemically
bonded sands. For casting purposes, green foundry sands are
preferable, and they mostly consist of 85-95% of silica sand, 4-
10% of the bentonite clay as a binder and, 2-10% of carbon
materials. Chemically bonded sands are preferably utilized in
mold making since this step requires high thermal resistance of
the molten metal. Chemically bonded sands are composed of
93-99% silica and 1-3% chemical binder (e.g., epoxy-resins,
phenolic-urethanes, sodium silicates, or furfuryl alcohol).*****>
Chemically bonded sands are generally lighter in color and in
texture than green sands (Fig. 16). It is estimated that millions
of tons of waste FS are generated annually, posing a tremendous
environmental challenge."**** Traditional solutions such as
disposal of foundry sand in landfills usually require high costs
and land resources.*** Therefore, how to use sustainably FS as
an economical and green solution remains a challenge till now.
Inspired from this, this section briefly summarizes the potential
of using FS as supports for the preparation of photocatalysts for
the degradation of various pollutants.

As early as 2020, Talwar et al.*** designed the fixed-bed in situ
continuous three reactors approaching plug flow (PFR) for the
decomposition of metronidazole (MTZ) under solar irradiation.
PFR has utilized the composite beads composed of fuller's earth
and FS. Interestingly, both components contain a certain
amount of iron, which makes them ideal materials for the in situ

Fig. 16 (a) Green sands and (b) chemically bonded sands. This figure
has been reproduced from ref. 152 with permission from Elsevier,
copyright 2020.
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dual effect of both photocatalysis and photo-Fenton (see
Fig. 17a). The dual effect leads to a significant decrease in the
treatment time of MTZ which lasts only 45 min with a removal
percentage of 84% using PFR at a flow rate of 8 L h™', while
individual processes (photo-photocatalysis and Fenton) took up
to 3.5 h for only 45% removal. Stability and reusability after
multiple times of the catalysts in the powder form remain
a huge challenge for many practical applications. The addition
of waste materials such as FS as supports into TiO, nano-
particles brings excellent reusability, which was proved through
80 repeated continuous cycles (see Fig. 17b). FS brings signifi-
cant binding strength to the composite. More importantly, no
changes were observed in the structure of catalyst after 80
cycles, and this implies the basic structure of TiO, was main-
tained after each use (Fig. 17c). Additionally, the calculated
band-gap energies for the initial and recycled composites were
2.8 eV and 2.77 eV, respectively, in comparison to P25-TiO,,
being 3.2 eV. This illustrates a visible light-harvesting efficient
capacity of the as-synthesized composite. In a report in 2017,
Bansal et al. utilized waste FS and FA as a support material and
alternative iron source along with TiO, for degradation of
pentoxifylline (PEN) under solar light.*** The addition of FS and
FA encompass properties of the in situ dual effect of both pho-
tocatalysis and photo-Fenton (Fig. 17e). Fig. 17d shows actual
photos of TiO, immobilized clay beads containing FS and FA.
The authors concluded that the addition of FS and FA results in
superior photocatalytic activity with reduced treatment time
(e.g, three times reduction in slurry mode) along with excellent
reusability of the composite after 45 recycles without any
changes in the structure of TiO,. In the same year, Bansal
et al." also successfully fabricated spherical bead-like support
materials from three natural raw materials: FS, FA, and clay to
fix TiO, (FS/FA/TiO, beads). The presence of FS and FA leads to
an in situ iron generation and then dual effect (photo-Fenton
and photocatalysis) in the same system, thus promoting to
synergistic effect for the decomposition of antibiotic cepha-
lexin. At optimized conditions, the hybrid of FS/FA/TiO, beads
exhibited the highest cephalexin removal percentage (89%)
among various catalysts and a corresponding reduction in COD
of 82%. Besides, owing to significant binding strength between
components, FS/FA/TiO, beads illustrated great stability after
35 repeated recycles without any changes in the structure of
TiO,. One year later, Bansal and Verma'** continued to prepare
F-N-Ag-TiO, composite beads, in which waste FS and FA act as
support material and also an alternative source of iron. The in
situ dual process using F-N-Ag-TiO, composite beads exhibited
a removal percentage towards cephalexin up to 77% after 1 h
under sunlight with an overall synergy of 24% over individual
processes. Recently, the same group pointed out two key roles of
FS, consisting of (i) natural supports material for TiO, during
photocatalysis reaction and (ii) a supplement for iron in case of
photo-Fenton reaction.” TiO, particles are immobilized on
a hollow circular composite disc and this unique combination
exhibited a removal percentage of phenazone up to 96% after
4 h under solar irradiation. The hollow circular composite disc
was synthesized by utilizing FS and clay in the ratio (1 : 1). Clay
acts as a binding material, while FS was employed as an iron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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source. This unique combination brings significant binding
strength to the composite disc. As a result, TiO, immobilized
composite disc possesses great stability even after repeated 10
cycles with roughly 20% depletion in the degradation efficiency.

4.4. Pumice-based metal oxides

Pumice refers to a type of extrusive volcanic rock originated
from volcanic eruptions. During eruption, lava containing
a high content of water and gases is continuously released from
volcanic, followed by the prompt evaporation of gases. Conse-
quently, the lava rapidly cools and becomes frothy, resulting in
the formation of a light and soft rock material with a porous
structure filled with small gas bubbles.’**** In fact, pumice
could be easily found everywhere in or nearby volcanic moun-
tains. Highly porosity (~90%) and amorphous nature of natural
pumice form its high specific surface area and skeleton struc-
ture consisting of many empty pores that can acts as channels to
transport substances like of water and ions.**” The porous and
very rough surface of pumice can be easily observed through
TEM images (see Fig. 18a—c). Basically, pumice mainly consists
of SiO,; however, the ratio of components of each specific
pumice varies and depends on different locations around the
world.**® Table 2 illustrates chemical compositions of pumice
originated from different locations around the world.

A high content of silica results in the negatively charge on the
surface of pumice surface, thereby it has excellent ability to
¢4 More importantly, many OH- groups
existed on pumice surface along with mono and polyvalent ions

absorb heavy metals.

© 2021 The Author(s). Published by the Royal Society of Chemistry

presented in its chemical structure create a considerable
surface chemical activity of pumice.” Pumice can be catego-
rized into acidic pumice and basaltic pumice. Acidic pumice
possesses a higher content of SiO, and a lower density than
basaltic pumice, which make it more appropriate for applica-
tions in environment."®'** Recent studies indicated pumice is
a potential support material for metal oxides by enhancing the
oxidation capacity or reducing the treatment time.>'26128166 A
unique skeleton structure containing numerous empty pores
with a large surface area and surface chemical activity of pumice
are the driving forces behind this enhancement.

Chuan et al.*® mounted anatase-type TiO, particles on the
surface of natural pumice particles under hydrothermal method
at a treatment temperature of 200 °C for15 h. Pumice possess
a porous and irregular structure containing a rough surface
with numerous non-uniform particles distributed (Fig. 18a and
b). After impregnation of TiO,, anatase particles dispersed
homogeneously along the substrate surface in most parts of the
pumice's surface and owned spherical morphology with their
diameter in the range of 20-30 nm (Fig. 18d and e). The authors
pointed out that the unique high crystalline structure with
many pores is the driving force promoting photocatalytic
activity of anatase-mounted pumice through a faster decom-
position rate of dyes under UV as compared to that of anatase.
In another approach, pumice stone pellets were fixed on a hard
surface followed by impregnation by TiO, suspension.®® To fix
pumice stone pellets, different supports material and methods
were applied such as (i) inorganic fibres, (ii) polyacrylonitrile

RSC Adv, 2021, 11, 30805-30826 | 30819
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Fig. 18 SEM images of pure pumice (a and b); SEM images of TiO,-mounted pumice (d and e). This figure has been reproduced (adapted) from
ref. 126 with permission from Elsevier, copyright 2004. Micrographs of a pellet of: bare pumice (c), and pumice stone impregnated with TiO,—
P25 (f). This figure has been reproduced (adapted) from ref. 65 with permission from Elsevier, copyright 2003.

sheet, (iii) glossy surface of Cuddapah stone; (iv) cement or
polycarbonate sheet; (v) organic fibres. Pumice stone pellets
possess very rough surfaces and porous structures (Fig. 18c).
Upon impregnation, the surface of the substrate is covered with

TiO, nanoparticles and becomes smooth with tiny cracks
(Fig. 18f). The authors concluded that photodegradation effi-
ciency towards all tested pollutants: 3-nitrobenzenesulfonic
acid, Acid Orange-7 were all highest when using cement or

Table 2 Chemical compositions of the natural pumice from different locations

Lipari, Sicily, Tikmeh Dash Reign, East Nevsehir, Kayseri, Isparta, Balikesir, Marmara, Tenerife Island,

Composition Italy'* Azerbaijan, Iran Turkey'®' Turkey'®"  Turkey'®"  Turkey'®? Spain'®®
Sio, 71.75 63.45 74.1 68.5 59.0 52.70 52.5
Al,O4 12.33 17.24 13.5 14.9 16.6 3.80 19.7

Fe, 03 1.98 2.86 1.4 3.1 4.8 0.07 3.7

FeO 0.02 — — — — — —

TiO, 0.11 0.37 0.07 0.2 0.6 — —

MgO 0.12 1.03 0.4 0.95 1.8 0.50 3.5

CaO — 1.2 2.9 4.6 28.50 2.1

K,O 4.47 2.16 4.1 2.8 5.4 0.90 10.2
Na,O 3.59 2.00 3.7 4.1 5.2 0.60 8.3
MnO 0.07 — — — — 0.06 —

SrO — 0.09 — — — — —
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polycarbonate as the substrate to fix pumice stone pellets, as
compared to that of other supports such as inorganic fibres,
organic fibres, and polyacrylonitrile.

Recently, Yusuff et al."*® successfully obtained ZnO-pumice
composite via an incipient impregnation method for degrada-
tion of organic pollutants in textile industry under sunlight
irradiation. ZnO-pumice composite exhibited a large specific
surface area of 122.81 (m” ¢~') and an improved photocatalytic
performance of 90.17%. In addition, several components was
found in ZnO-pumice, comprising SiO, (49.21%), ZnO
(32.85%), Al,O; (12.34%), Fe,O; (4.26%). The authors
concluded that the enhanced photocatalytic activity of ZnO
came from the present of other active metal oxides, such as SiO,
(49.21%), ZnO (32.85%), Al, 05 (12.34%), Fe,0; (4.26%). These
combinations promote adsorption process (SiO,) as well as
electrostatic interaction (Fe,O3 and Al,O3) with dye molecules.
Taheri-Ledari et al.'® proved the intrinsic magnetic along with
a unique pore structure of natural volcanic pumice laminates
can promotes photocatalytic activity and photo-stability of ZnO.
The authors investigated effects of the enhanced magnetic
property of Fe;O,-modified pumice laminates on the hybrid of
Fe;0,4/ZnO-modified natural pumice. Fe;O, nanoparticles and
ZnO nanorods were incorporated into the pore size structure of
pumice via an in situ co-deposition method followed by reflux
for 24 h. Pumice laminates possess a unique highly porous
structure with laminate shape (Fig. 19a and b). On the one
hand, these pores provide an uttermost internal space to

View Article Online
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capture great amount of dye molecules. On the other hand,
these porous laminates also provide an ideal substrate for the
deposition of Fe;O, and ZnO nanoparticles. The spherical
nanoparticles of Fe;O, and ZnO nanorods were uniformly
distributed on the surface of pumice particles, as illustrated in
Fig. 19c. The FTIR spectrum of ZnO/Fe;O0,@pumice nano-
composite showed the formation of peaks at ~580 cm " and
~920 cm™ ', which is related to the stretching vibrations of Fe-O
and Zn-O bond, respectively, and this implies that Fe;O,
particles and ZnO nanorods were well incorporated into
pumice. In fact, ZnO is non-magnetic oxide, and the addition of
natural pumice micro-plates and iron(v) oxide particles
promotes the magnetic property of the composite (see Fig. 19d).
Additionally, the magnetic behavior of the natural pumice was
also enhanced with the deposition of iron(iv) oxide nano-
particles. After ZnO incorporation, a slight decrease in the
magnetic behavior of the composite was observed, which is due
to effect came from coating with non-magnetic layers. The
magnetic property enhancement leads to excellent recyclability
of ZnO/Fe;0,@pumice composite. Negligible decrease was
observed after 8 repeated continuous cycles for photo-
degradation of MB. Herein, "OH radicals and ‘O, radicals were
found to be the main powerful oxidants that attack dye mole-
cules in photodegradation reactions (Fig. 19e). A recent report
by Shao et al."*® pointed out the combination between pumice
stone with the hybrid of PSCT (PDMS-SiO,-Cs@TiO,) create
a composite with high hydrophobicity. Although natural
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Fig. 19 FE-SEM images of: natural pumice powder (a and b), and ZnO/FezO4@pumice composite (c); room temperature magnetic—hysteresis
(M—H) curves of the natural pumice, FesOs@pumice, and ZnO/FezO4@pumice composite (d); schematic of synergistic photocatalytic process,
executed by ZnO/FezO @pumice composite and green light irradiation (e). This figure has been reproduced (adapted) from ref. 127 with

permission from Elsevier, copyright 2020.
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pumice possesses high hydrophilic; however, the formation of
long-chain CH;-Si on the surface of as-synthesized composite
remarkably improved its water-holding capacity. An enhanced
hydrophobicity was observed through a calculated static contact
angle (SCA) of pumice-PSCT up to 101.8° + 1.3°. The addition of
pumice into PSCT brings excellent recycling photocatalytic
stability. The authors underlined the role of PDMS toward the
increased stability between pumice and PSCT through the
formation of hydroxylation or hydrogen bonds when Cs@TiO,
nanoparticles encompassing the pumice's surface with the OH-
groups.

5. Future prospective

With a novel concept of treating waste by waste, the utilization
of green materials and the evolution of green materials-based
metal oxides in the field of photocatalysis offer innovative and
powerful technologies, resulting in sustainable water pollution
control. However, several current research gaps that may be
worthy of deeper research in the future are recommended as
follows:

Firstly, most of the current relevant works are lab-scale
studies. Therefore, further investigations need to extend the
large-scale applications, thus gradually bridging the gap
between lab and industry. In addition, it is imperative to start
investigating the economic feasibility. These will give a basis for
this technique to be scaled up for industrial applications
purposes.

Secondly, it is imperative to enhance the photocatalytic
activities of metal oxide-based photocatalysts. So far, great
efforts have been spent on using FA, FS, clay, and pumice as
efficient supporting materials for fixing metal oxides. In fact,
these materials can also become the main photocatalysts as
their components contain a certain amount of metal oxides
such as Al,O3, Fe, 03, TiO,, and ZnO. These components can act
as semiconductor photocatalysts under light irradiation. Thus,
more studies are needed to explore the potential of green
materials as main photocatalysts.

Importantly, more research is also needed to combine single
materials together to promote overall efficiency. Each material
has distinct outstanding properties and therefore combining
these single materials together is wise cooperation to enhance
the overall photocatalytic efficiency. For example, the presence
of FA or FS provides an ideal in situ iron source for Fenton
oxidation. Thus, any combination with FA or FS can lead to dual
effects (photocatalysis and Fenton oxidation).

Another point is that there is no report for photodegradation
of contaminants in actual drinking water using green materials-
based metal oxides. Most relevant reports aim to organic
compounds removal in wastewater. In that context, the photo-
catalytic activities of green materials-based metal oxides should
be further tested for the on-site treatment of real wastewater
(e.g., industrial and household effluents). It would be of great
value for large-scale applications.

In addition, the effects of initial compositions and properties
of natural/waste materials on the as-synthesized catalysts are
required to discover in further works. Notably, the use of
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materials that contain harmful substances (e.g., heavy metals)
may leads to environmental risks.

Last, according to current results, the photodegradation
efficiency of various pollutants using green materials-based
metal oxides is rarely 100%. It is recommended to explore the
intermediates during the degradation pathway of pollutants.
Several intermediates are toxic and therefore it is a must to
remove completely these products. Further studies need to be
improved to study the complete degradation of pollutants.

6. Conclusion

Photocatalysis offers an alternative advanced approach to
conventional wastewater treatment methods that can
completely mineralize and degrade recalcitrant pollutants into
harmless constituents. In the photocatalysis process, nano-
structured metal oxides are the frontliners in the decomposi-
tion of organic compounds. Metal oxide-based materials
possess exceptional physicochemical properties which make
them promising candidates for the removal of a variety of
pollutants such as dyes, pharmaceuticals, bacteria, and volatile
organic compounds. However, inefficient recovery and reuse of
most metal oxides in particles or powder are the foremost
hindrances that need to be tackled to make this material viable
for scale-up on industrial applications. In an effort towards
overcoming this matter, scientists have started to incorporate
metal oxide-based semiconductors on support materials, aim-
ing to provide continuous operation for multiple cycles.
Inspired by this, green materials comprising natural materials
(clay mineral and pumice) and waste materials (ash and foundry
sand) have been investigated as eco-friendlier alternatives in the
realm of immobilized photocatalysts for environmental reme-
diation. In this contribution, fundamental principles, mecha-
nism of photocatalysis, and current challenges towards using
metal oxide as semiconductors have been described. In addi-
tion, common immobilization techniques adopted are
summarized in detail. Sources, classifications, the properties,
and chemical composition of ash, clay mineral, foundry sand,
and pumice are systematically introduced. Last, we highlighted
recent advances in applications of green materials-based metal
oxides composite for the photodegradation of various
pollutants.

Conclusively, in terms of environmental aspects, the reuse of
FA and FS for degradation of contaminants possess more
environmental benefits as these two materials are wastes from
coal-based thermal power plants and the ferrous and nonfer-
rous metal casting industry, respectively. Clay and pumice are
present in unlimited quantity in nature, especially areas around
volcanic (pumice) and the ground where rivers or streams once
flowed (clay). Hence, the collection of clay and pumice is easier
and more convenient. However, when considering the feasi-
bility for industrial scale-up, the reuse of FA and FS is more
feasible due to the concentration and continuity of the raw
material source (or industrial wastes). In terms of economic
feasibility, the use of the aforementioned materials is consid-
ered an ideal approach to reduce the relevant costs, such as the
cost of the raw materials and waste disposal costs. In terms of
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efficiency in heterogeneous photocatalytic reactions, all mate-
rials exhibited their potential applications as efficient support-
ing materials through our analysis and assessment based on
relevant reports (Section 3). Amongst the four types of materials,
FA possesses a very high surface area and pore volume, thus
enhancing remarkably its adsorption capacity. In this way, FA
can serve as a low-cost adsorbent that attracts pollutant mole-
cules, followed by photocatalytic reactions carried out by metal
oxides. Similarly, highly porosity (~90%) and the amorphous
nature are unique properties of pumice, which contribute to the
formation of its high specific surface area and skeleton struc-
ture consisting of many empty pores that can act as channels to
transport substances like water and ions. The high content of
silica results in a negative charge on the surface of pumice and
therefore it has an excellent ability to absorb pollutant mole-
cules. The most unique property of clay is its high mechanical
strength, and this indirectly improved the reusability and
durability of photocatalyst systems. Owing to small particles
and unique crystal structures, clay mostly acts as a durable
binding material that efficiently supports metal oxide nano-
particles. Last, the binding properties of FS make it promising
support materials for metal oxides in heterogeneous photo-
catalysis reactions. Notably, FS and FA are constituted by
a considerable amount of iron oxides and therefore they can
play a dual role. This means they can serve as an in situ iron
source for Fenton oxidation and also efficient support materials
for photocatalytic reactions. This interesting combination
promotes to synergistic effect for the decomposition of pollut-
ants from an aqueous solution. Generally, among the afore-
mentioned materials, different materials possess distinct
advantages. Thus, recent efforts have been made to combine
single materials together to promote overall efficiency. For
example, FA, FS, and clay are used to fabricate unique
composites, in which clay acts as a binding material, while FS
and FA can serve as an in situ iron source, as discussed in
Section 4.3.
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