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Abstract

Water is crucial for the existence of life. The world, however, is facing a global water crisis. There are variety of microorgan-
isms, gases and other toxins responsible for water contamination. Various types of nanomaterials exist that have enormous
potential to treat contaminated water (water containing metal toxins or specific organic or inorganic impurities) due to their
unique properties such as a high surface area and their ability to work effectively even at low concentrations. In recent years,
scientists have been giving considerable attention to the application of nanocomposites for water purification, wastewater
treatment, microorganism elimination, chemical contaminants, heavy metals removal and so forth. The incorporation of
different nanofillers such as carbon nanotubes, graphene oxide, 2D materials, zinc oxide, titanium dioxide, copper and silver
nanoparticles into polymeric materials has facilitated important advances, such as suppressing the accumulation of pollutants
and foulants, improving the hydrophilicity, increasing the efficiency and improving the mechanical properties. This review
discusses leading advances in the development of nanocomposites for antimicrobial and wastewater treatment with the aim
of providing an improved understanding of nanocomposites and their applications in antimicrobial and wastewater treat-
ment. Nanocomposites incorporating nanoparticles and graphene or its derivatives are frequently used in the treatment of
wastewater and antimicrobial activities. Nanocomposites loaded with silver (Ag) nanoparticles are highly effective for waste-
water treatment and have powerful antimicrobial activities. Nanostructured catalytic membranes and nano-photocatalysts
are efficient and eco-friendly tools for the removal of contaminants from wastewater and antimicrobial activities, but they
require more research and investment.

Keywords Adsorption - Antibacterial activity - Nanocomposite - Photocatalytic degradation - Wastewater treatment -
Nanoparticles

Introduction

Water is a basic requirement for human life. However, we
are far from meeting global requirements for clean water,
and this issue will continue to grow over the time (Hillie
and Hlophe 2007; Elwakeel et al. 2020b). The demand of
clean drinking water is rising as a result of the deteriora-
tion of water quality, global climate change and population
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growth (Tchobanoglous et al. 1991; Elwakeel et al. 2020d).
Emissions of organic dyes and heavy metal ions from the
paper, leather and textile industries are a serious problem,
as they are potentially mutagenic and carcinogenic. To meet
environmental requirements, wastewater contaminated with
these organic and inorganic species need to be treated before
being discharged (Santhosh et al. 2016; Elwakeel et al.
2021). Heavy metals are widely used in various industries
for many purposes, including mining and pigment produc-
tion. Synthetic dyes are also an important type of pollut-
ant, and their sources for water contamination include the
textile, pulp and paper, tinting, printing, painting and tan-
ning industries. The removal of dye from such wastewater
is a challenging task, as pigments and synthetic dyes are
biodegradation-resistant and remain in the environment for
along time. The destruction and handling of organic dyes is
therefore an important issue, and a cost-effective method for
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removing dye substances from wastewater has been devel-
oped (Santhosh et al. 2016; Elwakeel et al. 2018).

Water impurities can be biological, organic or inorganic.
Some contaminants are harmful, carcinogenic and toxic to
humans and ecosystems, and some heavy metals have very
toxic impurities (El-Liethy et al. 2018). Since ancient times,
arsenic has been known to be a fatal element. Chromium, cad-
mium, copper, mercury, zinc, lead, nickel and others are also
highly toxic heavy metals that can have serious toxic effects
(Elwakeel et al. 2020a). Furthermore, the following nitrates
have a high-level hazardous effect: fluorides, phosphates, sele-
nides, chlorides and chromates. Toxicity is also associated
with organic pollutants such as detergents, fertilizers, phenols,
hydrocarbons, pesticides, biphenyls, oils and fats. Pharma-
ceuticals and personal care products (PPCPs) are generally
resistant to natural biodegradation. The PPCP concentration in
water varies from mg/L to pg/L. Conventional water treatment
results have been largely unsatisfactory, as treatment plants
are not prepared to remove persistent low-sulphur impurities.

Efficient and environmentally friendly methods of elimi-
nating such pollutants are important (de Mendonga et al.
2019; Elwakeel et al. 2020c). For wastewater treatment,
various strategies are used such as solvent extraction, evap-
oration, ultrafiltration and reverse osmosis. However, these
methods extract water impurities without creating harmful
end products (Anjaneyulu et al. 2018). To reduce the effects
of contaminants, the goal of each oxidative process is to pro-
duce and use a hydroxyl free radical (HO) as a powerful oxi-
dant. After activation, hydrogen peroxide may be used as an
oxidant such as UV radiation (Slokar and Marechal 1998),
as a metal ion or a Fenton’s reagent. Different approaches
for removing metal ions and dyes including photocatalysis,
adsorption, electrochemical precipitation and reverse osmo-
sis are discussed in the literature (Fan et al. 2016; Santhosh
et al. 2016; Ezzatahmadi et al. 2017). However, among these
methods, only adsorption is inexpensive, fast and commonly
applied. Photocatalytic degradation processes are also an
attractive option, as they use radiant energy to promote the

Fig. 1 Nanocomposites for
water purification
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desired degradation. Some examples of photocatalytic deg-
radation processes are peptide dye breakdown (Robinson
et al. 2001; Petica et al. 2017) and self-cleaning (Anandan
et al. 2013) applications.

In recent years, environmental cleanup applications have
become an active area of heterogeneous photocatalysis. To
reduce the organic pollutants in water, harmless semicon-
ductor materials are mainly used. Zinc oxide and titanium
oxide have been used for the photocatalytic degradation of
textile coating wastewater under ultraviolet radiation. When
titanium dioxide was used at 303 K, the maximum color
removal rate reached 96% after 2.5 h of irradiation, whereas
when zinc oxide was used at the same temperature and time,
an 82% color reduction was observed (Attia et al. 2007).
Pairs et al. used the artificial photocatalytic degradation of
lysine fast yellow dye using a zinc oxide suspension (Pare
et al. 2009). Azo dye orange II has been tested for photo-
catalytic decoloration in water in an external UV-irradiated
suspension of zinc oxide (ZnO) (Nishio et al. 2006).

Due to nanocomposites’ special properties, such as high
strength, high rigidity, high durability, low density, high
resistance, corrosion resistance, gas barrier and heat resist-
ance, they provide many advantages over other materials.
Nanocomposites are multi-phase materials in which a mini-
mum of one of the phases displays sizes in the range of
10-100 nm (Sharma et al. 2019). Nanocomposites are widely
used in various areas including life sciences, the distribution
of pharmaceuticals and the treatment of wastewater. In nano-
composites, nanoparticles are fused into a range of usable
materials such as a CNT multi-wall, activated carbon, low-
cost graphene oxide and polymeric media. Nanocomposites
are used in a variety of fields such as food packaging, pro-
tection against anticorrosion, biomedical applications and
coating (Veprek and Veprek-Heijman 2008; Azeredo 2009;
Rhim et al. 2013; Sharma et al. 2019).

This paper presents a detailed review of nanocomposites
and their wastewater treatment. Figure 1 shows the block
diagram of the nanocomposites that are discussed in detail
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in this paper. To the best of the authors’ knowledge, in the
literature, no review paper exists that discusses nanocom-
posites in detail for water purification.

Wastewater in area of focus

Wastewater is a type of waste liquid product produced by
industrial, agricultural and municipal activities. This waste
liquid contains pollutants such as organic materials, micro-
organisms, toxic heavy metals and soluble inorganic com-
pounds. These pollutants modify the biological, chemical
and physical characteristics of clean water (Abou El-Nour
et al. 2010). They can be classified according to the waste
sources into municipal and industrial wastewater. Munici-
pal waste sources are from homes and commercial activi-
ties, and this wastewater often contains faeces and urine.
Sources of industrial wastewater are the industrial and
agricultural activities, and this wastewater, in addition to
domestic compositions, also contains organic and inorganic
chemicals (Adams et al. 2006). Wastewater contains high
micro-organism concentrations, including protozoa, bacte-
ria, viruses and toxic chemicals such as heavy metals, trace
elements and radionuclides.

Therefore, wastewater is one of the most important
sources of waterborne diseases, some of which are fatal
such as typhoid and cholera. In 2004, polluted water caused
the deaths of nearly 1.6 million children under five years
old (AL-Thabaiti et al. 2008; Baek and An 2011). Figure 2
shows different types of pollutants that can be found in
water. To protect the environment from pollution, waste-
water treatment must be considered as an area of personal
and governmental-level investigation. Physical, chemical
and biological processes may be involved in cleaning up
water from different contaminants (Borgohain and Maha-
muni 2002; Bitton 2005).
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Fig. 2 Different possible pollutants in water

Wastewater characteristics

Wastewater characteristics can be classified into biological,
chemical and physical characteristics.

Physical characteristics

Wastewater possesses numerous physical characteristics,
such as total solids, dyes and others (volatile, fixed, sus-
pended and dissolved) (Borgohain and Mahamuni 2002).
The total dissolved solids (TDS) are, however, dissolved
matters in wastewater and may include inorganic salts and
metals such as magnesium, chlorides, bicarbonates, cal-
cium, sodium and potassium, including small amounts of
organic materials. The sizes of these particles range from
0.01 to 1.00 pm for dissolved solids (Cheremisinoff 2002;
Chowdhury et al. 2011). According to the United States
Environmental Protection Agency, the maximum contami-
nant level (MCL) of TDS in drinking water must be less than
500 ppm, because high levels of TDS can cause many effects
such as dry skin and a poor taste (Chowdhury et al. 2011).
Total suspended solids (TSS) are the suspended inorganic
and organic materials in wastewater. TSS were retained in a
1.2-um-pore-size filter when wastewater was filtered, while
dissolved solids passed through the same filter (Cioffi et al.
2005).

Chemical characteristics

Wastewater chemical pollutants can be classified as organic,
inorganic and gaseous chemicals (Naseem and Durrani 2021).

Organic pollutants

Many organic impurities are present in wastewater. Gen-
erally, these are carbohydrates, proteins, oils and fats at
about 50%, 40% and 10%. The primary organic pollutants
of wastewater are impurities and surfactants (Adams et al.
2006). The chemical demand for oxygen (COD) and biologi-
cal demand for oxygen (BOD) are two functional measures
of organic water pollution quality. BOD is defined as the
dissolved oxygen in wastewater required for aerobic micro-
organisms that decompose organic contaminants and is
therefore used as a parameter for determining organic mat-
ter concentrations in wastewater. The most commonly used
test is BODS, which measures the BOD of effluent for five
days at 20 °C (Adams et al. 2006).
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Inorganic pollutants

Wastewater contains several inorganic pollutants such as
heavy metals, trace elements of phosphorus, nitrogen com-
pounds and other inorganic ingredients. Toxic inorganic
metals such as lead (Pb), barium (Ba), arsenic (As), cad-
mium (Cd), mercury (Hg) and others may exist in drinking
water in limited quantities, depending on their health effects.

The presence of cadmium should be less than 1 pg/L in
food or water; otherwise, it can have impacts on both the
health of humans and animals such as high blood pressure,
liver disease, painful osteomalacia and brain and kidney
damage (Mousa 2013). The main sources of lead in water
are manufacturers, mining, plumbing and the deposition
of gasoline exhaust (Mousa 2013). Levels of lead higher
than 0.015 mg/L in water cause some health effects such as
central and peripheral nervous system effects and kidney
damage (Ellis 2004). Mercury is used in many applications
such as in thermometers, antiseptics, batteries and dental
amalgams. It can be found in water in the form of orga-
nometallic compounds (such as alkylmercurials), inorganic
compounds (such as HgCl,) and elemental mercury. There
are many health effects of mercury such as kidney damage;
therefore, the MCL for Hg in drinking water is very low at
about 0.002 mg/L (Evangelou 1998).

Water quality can be affected by other inorganic pollut-
ants such as pH, free and total chlorine, sulphate, phospho-
rus, sodium and nitrogen. However, the optimum pH for
drinking water should be less than 8. Also, to maintain the
drinking water’s quality, the concentrations of sodium and
sulphate should be less than 200 and 250 mg/L, respectively.
However, the presence of sulphate at high concentrations can
cause noticeable taste and laxative effects, while concentra-
tions of chlorine higher than 5 mg/L can cause a bad taste
or smell in water (Chang and Zeng 2004).

Biological characteristics

Biological characteristics are present in addition to the
chemical and physical characteristics of wastewater, and
the biological contaminants in wastewater are living patho-
gens. Bacteria, viruses and protozoa that can lead to acute
and chronic health effects are the main wastewater micro-
organisms. Bacteria are prokaryotic with different shapes
such as spheres, rods and spirals for Streptococcus aureus,
Bacillus subtilis and Vibrio cholera, respectively (Fu et al.
2005). The size of bacteria can vary according to their type
and shape, but in general their size ranges from 0.1 to 2 um
(Fuqua 2010). Various types of bacteria may be responsible
for various diseases in the water supply, such as cholera,
typhoid and shigella. However, in wastewater with less seri-
ous manifestations, many types of bacteria may exist such as
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Enterobacter, Escherichia coli, Streptococcus faecalis and
Klebsiella pneumonae.

Nanotechnology in water purification

Various treatment technologies exist for removing wastewater
pollutants such as coagulation, membrane processes, elec-
trochemical oxidation/degradation, photocatalytic oxidation/
degradation, photo-Fenton treatment, adsorption, sedimenta-
tion, biological oxidation, AOPs, flocculation, oxidation with
chemical oxidants and combined methods. Figure 3 shows
the different methods used for the purification of water.

For wastewater treatment, nanotechnology offers innova-
tive solutions for adsorption, catalysis, sensors and optical
electronics with a high reactivity and adjustable pore volume;
high aspect ratio; and electrostatic, hydrophobic and hydro-
philic interactions (Daus et al. 2004). Nanotechnology-based
processes offer versatile, high performance and cheap water
and wastewater solutions. Nanotechnology-based materials
represent a major challenge to existing materials and hence
could be economically expanded to restore and clean unu-
sual water sources.

Industrial waste treatment with nanomaterials/nanocom-
posites is also important and extensively used. Figure 4 shows
applications of nanocomposites in wastewater treatment. In
wastewater treatment, nanotechnology is beneficial because
it removes impurities and helps obtain purified water, which
leads to a reduction in labour, time and cost (Qu et al. 2013).

Nanomaterials are typically less than 100 nm and contain
materials with new biological, physical and chemical proper-
ties that are significantly altered (Theron et al. 2010). The
properties of nanomaterials, such as high surface adsorption
and high photocatalytic reactivity, offer good disinfectant and
biofouling antimicrobial properties. The key drawbacks of tra-
ditional water purification methods are illustrated in Table 1.

Nano-adsorption

Adsorption usually occurs through physical forces, but
sometimes it occurs due to poor chemical bonds (Faust and
Aly 1983). Due to its surface area and a lack of selectivity,
the effectiveness of conventional adsorbents can be limited
(Qu et al. 2013). Nano-adsorbents are typically used for
water and wastewater inorganic and organic impurities. They
are ideal adsorbents because of their exceptional properties
such as their catalytic potential, small size, high surface area,
high reactivity, easy separation or the active locations of
many different contaminants (Ali 2012).
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Table 1 Limitations of conventional water purification methods

Conventional method

Limitations

Distillation

Chemical transformation
Coagulation and flocculation
Biological treatment
Ultraviolet treatment
Reverse osmosis
Nanofiltration

Ultrafiltration
Microfiltration

Carbon filter

The majority of pollutants are left behind, and a lot of energy and water are required. Contaminants that have a
boiling point> 10 °C are difficult to remove

Excess reagent is necessary for chemical transformation. The substance can be a mixture of low quality and can-
not be released into the environment and cannot be used in certain difficult conditions. This approach is not very
accurate

This method is complex and inefficient, requiring alkaline additives for an optimal pH

Micro-organisms are environmentally sensitive and difficult to control. Microbial cells can be destroyed by inter-
mediates. This is a time-consuming and expensive method

This is a costly method that can be disrupted due to water turbidity. This method is not efficient for the removal of
heavy metals and other biological components

The water used in this process is acidic. No volatile organic compounds, chemicals, chlorine, chloramines or
drugs are removed using this method

Pre-treatment and high-water purification are required for this procedure. There is limited retention of salt and
univalent ions

This procedure requires large amounts of energy and does not remove dissolved inorganic substances

Metal, fluorite, sodium, nitrates, organic volatility and dyes are not removed in this process. This process requires
regular cleaning and membrane fouling

Fluoride, nitrates, sodium, metals, etc., cannot be removed through this procedure. This can be moulded, and it is

blocked by un-dissolved solids

Microbial agent

The membrane and cell wall are the main protective barriers
to external bacterial resistance. The bacterial cell wall plays
an essential role for preserving the bacteria’s natural shape.
There are different nanocomposite and gram-positive and
gram-negative bacteria adsorbent cell membrane components.
Lipopolysaccharides (LPS), a distinctive part of the gram-
negative cell wall, provides a highly loaded area with nano-
composite characteristics. Teichoic acid, on the other hand, is
reflected only in the cell wall of gram-positive bacteria so that
nanocomposites are spread along the molecular chain of phos-
phates, stopping their aggregation. Many studies indicate that
nanocomposites are more active than gram-negative bacteria
against gram-positive bacteria because LPS, lipoprotein and
phospholipids, are the gram-negative cell wall bacteria that
build a binding barrier that enables only macromolecules to
join. By comparison, a thin layer of peptidoglycan, as well as
teichoic acid and abundant pores, is present in the cell wall of
the gram-positive bacteria to allow the entry of foreign mol-
ecules that cause cell membrane damage and cell death. In
fact, unlike gram-negative bacteria, gram-positive fungi have
increased adversity to nanocomposite-containing cell surfaces.
Depending on the part and components of the bacterial cell,
nanocomposites cause bacterial mortality.

Nanotechnology was reported by Pelgrift and Friedman as
offering therapeutic assistance with drug-resistant microbes
(Pelgrift and Friedman 2013). Several nanoparticles in the
medical community, agriculture, water resources and the
environment are widely utilized as an antibacterial agent.
Nanocomposites based on metal nanoparticles, metal oxide
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nanoparticles and green nanoparticles can overcome the limi-
tations of conventional antibiotic drugs, such as difficulties in
penetration and excretion from system after therapy. Nano-
composites that consider biofilm elimination inhibit growth
by providing good adhesion to cells, acid production, quorum
sensing and tolerance. Mechanisms involved in the bactericidal
activity of nanoparticle-based nanocomposites include the gen-
eration of reactive oxygen species, the release of ions and the
impact of the bacterial cell membrane. Iron oxide (I & III),
zinc oxide, titanium dioxide, copper oxide, magnesium oxide,
nickel oxide and calcium oxide exhibited promising results
in antibacterial activity. Physicochemical properties of nano-
composites’ shape, size, crystallinity, chemical composition,
orientation, solubility and surface area play an important role
in antibacterial activity (Ghorbi et al. 2019). In this paper, the
antimicrobial activity results of nanocomposites are discussed
in detail. These findings have shown that nanocomposites are
a good antimicrobial agent compared to individual nanoparti-
cles, possibly due to physical and chemical alterations.

Nanocomposites

Nanocomposites are solid multi-phase materials typically
consisting of two or more physically distinct components
and with one or more dimensions less than 100 nm with
a noticeable interface between them. This description may
be restricted to materials in a reinforcing stage for struc-
tural applications, including fibres or parts supported by a
binder or matrix phase. Such materials have a wide range
of applications, as they can combine various characteristics
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according to particular requirements. As alternatives to
conventionally filled polymers, nanocomposites constitute
a new material class. This newly formed class of materi-
als contains nanosized of inorganic fillers (in at least one
dimension). Owing to their high surface area, high fraction
of the surface atoms and various binding effects, the polymer
characteristics are substantially improved compared to the
equivalents in bulk sizes. That has contributed to new and
enhanced qualities, such as high chemical resistance, heat
resistance and tensile strength (Chou et al. 2010) as well as
viscoelastic properties, thermal degradation and glass transi-
tion temperature (Christian et al. 2008). Some composites
have shown themselves to be up to 1000 times stronger than
their corresponding material components (Chou et al. 2010).

In the last 10 years, a number of polymer composite
forms have become the prevalent class of multifunctional
polymer systems, and these material classes have received
widespread attention in research, marketing and production
worldwide. Composites in such diverse fields as manufac-
turing, transportation, electronics and consumer goods are
already commonly used and have shown an exceptional com-
bination of weight, strength and stiffness, which are difficult
to achieve separately in the individual components (Gian-
nelis 1996). Nanocomposites exhibit considerably improved
properties as opposed to pure polymers and classical com-
posites because of their nanometre dispersion.

Types of nanocomposites

There are three main types of nanocomposites, as shown
in Fig. 5.

Ceramic matrix nanocomposites

Composites in the ceramic matrix (CMCs) are ceramic fibres
embedded in ceramic matrices. All ceramic materials consist
of a matrix and fibres, including carbon fibres. Ceramics,
which occupy most of the volume, often come from a group
of oxides, such as borides, nitrides or silicates, while metal
is often used as the second component. To generate other
magnetic, optical and electrical properties, corrosion, tri-
bological, resistance and other protective properties of both
components must be finely dispersed (Zhang et al. 2003).

Metal matrix nanocomposites

Nanocomposites of the metal matrix may also be known as
composites of a reinforced metal matrix. Such composite forms
may be categorized as non-continuous and continuous materi-
als. The carbon nanotube-metal matrix composite (CNT-MMC)
is one of the most common nanocomposites. CNT-MMC is
an emerging new material that is being developed to benefit
from electrical conductivity and high carbon nanotube tensile

Fig.5 Main types of nanocomposites

strength (Janas and Liszka 2018). The commercially successful
production of synthetic technologies will guarantee that nano-
tubes in a metal matrix are distributed homogenously. This
results in good interfacial adherence between the metal matrix
and the carbon nanotubes, which is necessary for a CNT-MMC
with optimum characteristics in those areas.

Polymer matrix nanocomposites

If nanoparticles are to be applied to a polymer matrix prop-
erly, their efficiency will also be dramatically improved by
simply capitalizing on the nature and properties of a nanoscale
filler (Manias 2007). This strategy is particularly successful in
producing high-performance composites if the filler disper-
sion is achieved uniformly and the nanoscale filler has sub-
stantially varying or better characteristics than the matrix. The
uniformity of the distribution is balanced by thermodynami-
cally guided separation of the phase in all nanocomposites.

Synthesis modes for nanocomposites

Different methods are available to synthesize nanocomposites,
and the choice of the synthesis method depends both on the
nanoparticle and on the polymer used. All these methods can
be divided into three different approaches. One approach is an
in-situ metal polymer matrix by decreasing the metal salts in
the matrix or by heating metals at the surface of the polymer.
The polymerization of the matrix around the nanoparticles is
another approach. The third approach is to combine pre-made
NPs with pre-made polymer and enable complete synthetic
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control of the matrix and nanoparticles. The addition to the
polymer matrix of stabilized NPs is sensitive to both capped
NP and the polymer matrix’s relative molecular weight. The
solubility of the polymer in water also depends on this. Many
studies on the integration of water-soluble Ag NP into water-
soluble matrices, including polyvinyl and acrylic acid, have
been published (Penlidis; Akyildiz and Michielsen 2013; Ni
et al. 2014; Fahmy et al. 2016). Moreover, the use of silver
nanoparticles in hydrophobic polymers is much less studied.
This is because the functional groups have no favourable
interaction with silver nanoparticles, and therefore, melting
techniques for nanocomposite formation with capped NPs
are required. This is true for ester-functional polymers like
polymethyl methacrylate.

Graphene oxide-based composites
as a disinfectant

Due to the unique 2D assembly and associated band structure,
graphene and graph-based composites have many advanced
possible applications. Graphene has attracted the attention of
many scientific innovations, as it has high electrical conduc-
tivity at room temperature (Zhu et al. 2019) (106 s cm™"), an
exceptionally large surface area (2630 m?g™") (Stoller et al.
2008), good optical transmittance (~97.7%), excellent mobility
as charge carriers (Bolotin et al. 2008) (~20 m> Vs, good
fracture strength (Lee et al. 2008) (125 GPa), good mechani-
cal properties (Lee et al. 2008) (~ 1.1 TPa), a high breaking
strength (Balandin et al. 2008) (42 N m™), superior thermal
conductivity (~5000 W m K~!) (Zhu et al. 2011; Song et al.
2019) specific magnetism, chemical stability and high carrier
density (~1012 cm_z) (Basu and Bhattacharyya 2012). Pure
graphene is hydrophobic in nature and cannot be spread out in
aqueous solutions, which limits its use for the purification of
water (Li et al. 2008). Graphene and its composites are used in
many different applications such as transistors, sensors, pho-
tonics, electronics, biotechnology, composite materials, storage
and energy production. The large surface of graphene and its
flexible functionality enable the adsorption of different impuri-
ties from aqueous matrices (Gurunathan et al. 2013; Kim et al.
2015); however, graphene’s hydrophobicity and limited dispers-
ibility decreases its potential for adsorbent purposes (Dubey
et al. 2015). Various reports are available in the literature on
improving the dispersibility of functional graphene through
covalent or non-covalent attachments (Konkena and Vasudevan
2012; Dubey et al. 2015). The functionalization of graphene
with metals and metal oxides further improved the water con-
tent and capacity for adsorption (Dubey et al. 2015).

Owing to the large hydrophilic groups (carboxylic, epoxy-
dic and hydroxy groups) on their surface, GO is easily dis-
persed in water. GO has a strong hydrophilic group and a
wide surface area and is considered a good adsorbent. GO’s
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rapid dispersion into solutions and the adsorption of pollutants
into stable complexes lead to problems with the separation
and recovery of GO (Yu et al. 2015). An alternative approach
is the magnetic functionalization of GO that is used to solve
these separation problems (Zhu et al. 2011). Due to its specific
characteristics, such as chemical stability, magnetic separation
and the creation of stable complexes with pollutants, they are
commonly used to remove pollutants of different types. Some
researchers have successfully produced composites of mag-
netic graphic oxide for water treatment, energy storage and
drug delivery (Singh et al. 2011; Gandhi et al. 2019).

Nevertheless, the use of graphene as an adsorbent is limited
due to difficulties in filtration and reproduction. The use of
magnetic water treatment materials can solve these problems,
including filtering and regenerating adsorbents, and lead to
the development and use of magnetic water purification mate-
rials (Reddy and Lee 2013). Because of the magnetic and
chemical stability of the magnetic reverse spinel as well as its
high-surface porous nature, it is widely used for water purifi-
cation (Dhand et al. 2013; Song et al. 2019). The nano-metal
ferrites are therefore poorly stable (Karim et al. 2008). Many
researchers have used magnetic-carbon functional composites
to recover and extract valuable metals (Muravyov et al. 2012)
and magnetic organic composites (Zhao et al. 2013). GO can
improve the adsorption of heavy metals due to its carboxylic,
epoxy and hydroxyl functions (Li et al. 2009). In addition,
composites made of MGO have demonstrated higher water
treatment efficiencies (Koo et al. 2011).

Chandra et al. (2010) used the chemical reaction of super-
paramagnetic rMGO composites, which produced an average
size of 10 nm. In both the elimination of As (II) and As (V),
the composite displayed an adsorption efficiency of 99.9%.
For the excellent adsorption of water-based arsenate, Zhang
et al. used a ferric hydroxide-GO-composite (Zhang et al.
2010). The large adsorption of arsenate was found in this case
in a spectrum of pHs (4-9) and reduced arsenate in polluted
water from (20-0.5) ppm. The adsorption capacity declined
as the pH increased to> 8; however, the leakage of treated
water of < 1.0 ppm iron was observed. A copper-catalysed
azide-alkyne cycloaddition was made from a water-soluble
MGO nanocomposite and was used for the adsorption of Cd
(II), Pb (II) and Cu (IT) from the water system (Zhang et al.
2013). The findings revealed that the structure of the nanocom-
posite, its superparamagnetic properties and its outstanding
complex potential are superior to the usual ability to extract
heavy metals. The rGO-MnO, nanocomposites demonstrated
an outstanding ability to remove mercury compared with its
basic form. This approach also includes the inherent removal
of RGO without external interventions, which leads to an easy
and environmentally sustainable solution (Sreeprasad et al.
2011). The Fe;0,—rGO-MnO nanocomposite was designed
for the adsorption of As (III) and As (V) (Luo et al. 2012).
The findings of these studies indicated that the composite was
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able to boost adsorption, which can be enhanced by reducing
the MnO, and Fe;0, aggregations. In their research, Liu et al.
succeeded in removing Co (II) by MGO and found that the
adsorption of Co (II) on MGO was rate limiting, resulting in
surface complexation in the internal sphere (Liu et al. 2011).
In the meantime, precipitation and interior surface complexa-
tion was found to be consistent with the removal of Co (II) at a
higher pH. MGOs sorbed with Co (II) can easily be separated
from an aqueous solution by using an external magnetic field
(Liu et al. 2011). It has also been suggested that 3-aminopro-
pyltrimethoxysilane can be effectively self-assembled with GO
by electro-static interactions (Liu et al. 2013). The tests further
revealed that the prepared MGO has a higher adsorption capac-
ity than GO or Fe;0, alone. In addition, the prepared MGO
not only prevented the agglomeration of magnetic particles
but also strengthened the composite structure, allowing the
scattering of GO and Fe;0, microspheres on the other side.
A novel magnetic composite that consists of Fe;O,, rGO and
polypyrrole (Ppy) nanoparticles (Ppy—Fe;0,/rGO) was syn-
thesized for the adsorption of Cr (VI) (Wang et al. 2015). A
higher maximum adsorption capacity for Cr(VI) was observed
on Ppy—Fe;0,/rGO than Fe;0,/rGO.

Zhao et al. employed layered GO-based nano-sheets for U
(VI) adsorption with a maximum adsorption capacity (qy,,,) of
97.5 mg/g (Zhao et al. 2012). Nevertheless, due to the aggre-
gation of GO nano-sheets in the atmosphere, the adsorption
efficiency of prepared nano-sheets was considerably reduced.
The functionality of GO nano-sheets reduced and overcame
the above constraint. Considering this, the functionalization
of GO by magnetic materials can be regarded as a simple and
efficient method for overcoming GO aggregation. Magnetic
nanocomposites typically demonstrated high adsorption when
radionuclides were selectively removed.

Many industries are currently using pigments and dyes for
colouring their goods, including paper, fabrics, painting, plas-
tics and leather. The presence of dyes in aquatic environments
influences not only the appearance of aesthetics, but also
inhibits the penetration of sunlight, thus reducing the photo-
synthesis of aquatic plants (Mokhtari et al. 2016). Therefore,
before the discharge of effluent, these dyes must be effectively
eliminated. Many researchers and scientists have developed
strategies and corrective methods for eliminating this major
concern. Methylene orange, methylene blue, malachite green,
BR-1 2, Congo red, Orange Acid 8, Azo Acid Red 14, Yel-
low Acid 99, Persian orange, amido black 10B and orange
Reactive 12 are among the common dyes found in wastewater
and effluent. Many physicochemical methods for extracting
these dyes from effluent water and wastewater have already
been established such as photocatalytic degradation (He et al.
2017), separation by membrane (Bouazizi et al. 2017), the
coagulation process (Li et al. 2016), electrolysis (Zou and
Wang 2017), liquid-liquid extraction (Bukman et al. 2017)
and adsorption (El Essawy et al. 2017). The aquatic ecosystem

is also polluted by the agricultural discharge from fruits, rice,
maize and vegetables. The use of excessive insecticides/pes-
ticides results in contaminants from these discharges. Insec-
ticides based on neonicotinoids are effective alternatives to
the carbamates and organophosphates used in most countries
to kill insects. Acetamiprid, thiacloprid, clothianidin, nitenp-
yram, dinotefuran, imidacloprid and thiamethoxam are popu-
lar neonicotinoid insecticides (Tian et al. 2016). The residue
of these insecticides can contaminate soil, plants, vegetables
and water in the environment, posing potential threats to
human health and habitats due to long-term accumulation and
widespread usage (Klarich et al. 2017). A macro-composite
metal organ magnetic framework (MMOF) was used for a
magnetic core and enabling the adsorption and removal of
insecticide neonicotinoid pollutants using a Fe,O;—graphene
oxide (GO)-B- cyclodextrin nanocomposite (B-CD) (Liu et al.
2017). The adsorption capacities for 100 mg/L were found to
be 1.77, 2.56, 2.88, 2.88, 23.86 and 3.11 mg/g for clothiani-
din, nitenpyram, thiacloprid, thiamethoxam, acetamiprid and
imidacloprid, respectively. The results confirmed that neo-
nicotinoid insecticides from agricultural wastewater are an
excellent adsorbent of MMOF.

GO/rGO-based nanocomposites are found to be effective
for antibacterial activities. Jaworski et al. (2018) synthesized
an AgNPs-GO nanocomposite of NP size =80 nm. The anti-
microbial activity was performed on E. coli, S. epidermidis,
S. aureus and C. albicans. It was observed that the inhibi-
tion % of E. coli was highest compared with the other three
microbials. Ganguly et al. (2017) synthesized an AgNPs-GO
nanocomposite of NP size =60 nm. The antibacterial activity
was performed on E. coli and S. aureus. Using a concentra-
tion of 10 (ug/mL), inhibition (%) of 100 was achieved for
both E. coli and S. aureus. Hussain et al. (2014) synthesized
an Au-rGO nanocomposite of NP size 50 =nm. The anti-
microbial activity was performed on S. aureus/B. subtilis
and E. coli/P. aeruginosa. It was observed that S. aureus/B.
subtilis had a higher inhibition (%) than E. coli/P. aerugi-
nosa. A detailed survey of GO/rGO-based nanocomposites’
antibacterial properties is presented in Table 2.

Zinc oxide nanocomposites as disinfectant

ZnO is a semiconductor with a wide band gap energy of
3.37 eV at room temperature and is extensively used in elec-
trical, catalytic, photochemical and optoelectronic applica-
tions. The composite of ZnO showed enhanced applications
on the nanoscale. Esmailzadeh et al. (Esmailzadeh et al. 2016)
synthesized nanocomposites by mixing ZnO with low-density
polyethylene and performed antimicrobial activity on Bacil-
lus subtilis, a common food spoiler bacterium, and Entero-
bacter aerogenes (food and water) produced on pathogens.
Antibacterial effects were found to be more pronounced on
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Table 2 GO/rGO-based nanocomposites’ antimicrobial properties

S. No GO-based nanocomposite Bacteria model(s)

Findings

References

1 AgNPs-GO

2 AgNPs-GO
3 AgNPs-GO
4 AgNPs-GO
5 AgNPs-rGO
6 AgNPs-rGO

7 Au-rGO

8 Cu,ONPs-rGO

E. coli, S. epider-
midis, S. aureus, C.
albicans

E. colilS. aureus

E. coli

E. colilS. aureus

E. coli

E. coli

S. aureus/B. subtilis
E. coli/P. aeruginosa

E. coli, S. aureus

NP size =80 nm, concentration =200 (ug/mL),
Inhibition (%), E. coli=89, S. epidermidis =76, S.
aureus=381, C. albicans="78

NP size =60 nm, concentration (ug/mL)= 10, Inhi-
bition (%) =100

NP size =40 nm, concentration (ug/mL)=6.4, Inhi-
bition (%) =100

NP size=98 nm, concentration (ug/mL)= 6.4, Inhi-
bition (%) =100

NP size=57 nm, concentration (ug/mL) =40, Inhi-
bition (%) =100

NP size= 12 nm, concentration (ug/mL) =20, Inhi-
bition (%) =100

NP size=50 nm, concentration (ug/mL) =250,
Inhibition (%), S. aureus/B. subtilis=94, E. coli/P.
aeruginosa=>50

NP size=30 nm, concentration (ug/mL)=40, Inhi-

Jaworski et al. (2018)

Ganguly et al. (2017)
Zhu et al. (2013)

Bao et al. (2011)

Moghayedi et al. (2017)

Zhou et al. (2013)

Hussain et al. (2014)

Yang et al. (2018)

bition (%), E. coli=T70, E. S. aureus =65

NP size=30 nm, concentration (ug/mL)= 180,
NP size=75 nm, concentration (ug/mL) =500,
NP size=225 nm, concentration (ug/mL)=100,

NP size=66 nm, concentration (ug/mL) =300,

Chang et al. (2015)
Nourmohammadi et al. (2014)
Santhosh et al. (2014)

Deng et al. (2014)

9 TiO,-GO E. coli

Inhibition (%) =100
10 Zn0O-GO E. coli

Inhibition (%)= 100
11 Fe,05-GO E. coli

Inhibition (%)=97
12 Fe;0,-GO E. coli

Inhibition (%) =91
13 Mn Fe,0,-GO E. coli

NP size= 170 nm, concentration (ug/mL)=100,

Chella et al. (2015)

Inhibition (%)=282

gram-positive bacteria. Motshekga et al. synthesized ZnO and
bentonite-supported silver nanocomposites (Motshekga et al.
2015). Faecalis bacteria were used for performing the antibac-
terial activity. The synthesized nanocomposites showed good
antibacterial activity. For the nanocomposites of ZnO, how-
ever, the best antibacterial activity showed at least 78 percent
removal performance. Hazem et al. prepared a chitosan/silica/
zinc oxide nanocomposite that was used to remove methyl-
ene blue (MB) from wastewater (Hassan et al. 2019). The
adsorption process at pH 7 was demonstrated to be effective.
The Langmuir model was found feasible for the adsorption
process. On the other hand, Abdullah et al. prepared a zeolite/
zinc oxide nanocomposite using a co-precipitation method
(Alswata et al. 2017). The adsorption of arsenic As (V) and
lead Pb (IT) was performed under room pressure and tempera-
ture. The maximum removal of the toxic metals was found to
be 89% and 93% for As (V) and Pb (1), respectively. Accord-
ing to the obtained results, a pseudo-second-order kinetic
model and Langmuir isotherm were found to be best fitted
to the experimental data. This technique was economic and
effective for the removal of heavy toxic metals.

Archana et al. prepared graphene oxide decorated zinc
oxide nanocomposites using a simple hydrothermal method

(]
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(Archana et al. 2018). The resultant GO-ZnO nanocompos-
ite showed an exceptional adsorption ability and the strong
adsorption for the removal of methyl orange (MO) and MB
from an aqueous solution. The pseudo-second-order kinetic
was found to be a feasible process for adsorption. Naseem
et al. prepared a reduced graphene oxide/zinc oxide (rGO/
Zn0) nanocomposite using a chemical method (Naseem
et al. 2020). The photocatalytic degradation of MB was
80% after 5 h. The 4-nitrophenol (4-NP) was reduced to
4-aminophenol (4-AP) in three minutes in the presence of
a reducing agent (NaBH,) and 10 min in the absence of
a reducing agent. Furthermore, they also successfully per-
formed antibacterial activity on three bacteria: Escherichia
coli, Pseudomonas aeruginosa and Staphylococcus aureus.

Ahmed et al. synthesized ZnO/graphene composites using
the single-step solvothermal method (Ahmad et al. 2013b).
The prepared nanocomposite attained almost 100% degra-
dation in just 90 min in under visible light irradiation. Sani
et al. prepared zinc oxide/clay mineral nanocomposites using
a simple green heating method (Sani et al. 2016). The per-
centage removal of ZnO/MMT was found to be 89.5% (Cu)
and 97.2% (Pb), which were much higher than 80.6% (Cu)
and 90.3% (Pb) for ZnO/talc. Table 3 provides a thorough
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analysis of the nanocomposites based on ZnO and their
wastewater treatment method.

Copper oxide nanocomposites

CuO-based nanocomposites, because of their high elec-
trochemical capabilities (Table 4), have different technical
applications such as in batteries and catalysis (Borgohain and
Mahamuni 2002). Li et al. proposed a biochar-supported cop-
per oxide (BC-CuO) nanocomposite for the treatment of highly
saline (100—400 mM) wastewater (Li et al. 2020). The rapid
removal of methylene blue (MB), ciprofloxacin, atrazine, acid
orange 7 and rhodamine B were observed within 30 min, with
high efficiencies of 78.27%, 99.68%, 100%, 100% and 100%,
respectively. Majdalawi et al. synthesized a nanocomposite
comprised of silica and copper oxide (SiO,/cuO) by the dis-
solution of SiO, in 6.0 M NaOH followed by the deposition of
dissolved SiO, on CuO (Majdalawi and Krishan 2019). The
synthesized SiO,/CuO showed an exceptionally fast rate of
adsorption for the CV and MB, where, within 1 min, 66%
and 77% of the initial amounts were removed, respectively.
Qu et al. synthesized Cu-AC (AC: activated carbon) and Cu/
Ce-AC nanocomposites using a one-pot sol-gel method (Jun-e
et al. 2017). The synthesized Cu/Ce-AC achieved over 97%
COD and 80% TOC removals in just 50 min. The high elec-
tric catalytic efficiency of the Cu/CE-AC material makes this
nanocomposite promising for the electrochemical treatment of
organic pollutants in an aqueous solution. A thorough analysis
of CuO-based nanocomposites and their use for wastewater
treatment is presented in Table 5.

Silver/silver oxide nanocomposites

To fulfil the diverse requirements of biomedicine, silver and its
nanocomposites have received increased attention (Tables 6,
7, 8). Silver nanoparticles are typically smaller than 100 nm in
silver-based nanocomposites and contain 20 to 15,000 silver
atoms. Silver nanoparticles are highly affected by their shape
and size due to their catalytic, thermal, and optical proper-
ties. Additionally, due to their broad-spectrum antimicrobial
ability, the most popular sterilizing materials used in food
storage and medical items are also silver nanoparticle-based
composites, for instance, personal care products, food stor-
age bags, textiles and refrigerator surfaces. The effects of dif-
ferent silver nanoparticle (AgNP) ratios on the systemic dose
of GO’s and nanocomposite antibacterial activity have been
investigated systematically. Our findings show that even at
very low concentrations (2.5 pg/ml), GO-Ag nanocomposites
with the best AgNP-GO ratio show a significant comparison
with simple AgNPs or AgNP mixtures. The antibacterial
activity was increased because of its unique physicochemical

characteristics. Modifications in morphology and bacterial cell
division were studied to examine the antibacterial mechanism
of GO-Ag nanocomposites. It is interesting that Escherichia
coli is more toxic to GO-Ag nanocomposites. Mauter et al.’s
research provided a detailed understanding of GO-Ag nano-
composites’ antimicrobial behaviour and emphasized their
potential as a powerful antimicrobial agent (Mauter and
Elimelech 2008). Graphene-Ag/Zn nanocomposite was made
by means of a non-hazardous solvothermal procedure for the
photodegradation of organic dyes. At the time of reaction, the
filling of silver doped zinc oxide nanoparticles on two-dimen-
sion graphene sheets was attained. This research provided a
new method for the in situ fabrication of the graphene Ag—ZnO
nanocomposite, and its photocatalytic performance is highly
efficient for the removal of dyes (Ahmad et al. 2013a).

The optical, structural and morphological properties of Agl
nanocomposites were studied when a graphene nanostructure
was supported on a silver iodide nanostructure. Under vis-
ible light, Agl nanocomposites are used for the elimination of
organic dyes such as rhodamine B. The result indicated that
silver iodide decorated with graphene showed greater photo-
catalytic activity than undecorated silver iodide. Therefore, the
maximum visible-light photodegradation efficiency marked
the silver iodide-reduced graphene oxide as an excellent mate-
rial for the elimination of organic dye from wastewater and is
capable of being used in near-UV white LEDs (Reddy et al.
2015). The synthesized Ag—Cu,O/rGO nanocomposites had a
high photocatalytic performance for the removal of dyes such
as MO, and its degradation rate was higher than the original
cuprous oxide and cuprous oxide/reduced graphene oxide nano-
composites. This research showed unprecedented photocatalytic
efficiency for the degradation of a phenol solution for the first
time by using silver-based cuprous oxide/rGO nanocomposites
and its higher photocatalytic activity (Sharma et al. 2018).

Silver titanium dioxide/rGO nanocomposite was syn-
thesized using a single-step method using titanium oxide
nanoparticles, AgNO;, and GO without any reducing agents.
This method provides the remarkable benefits of the one-
step method without using poisonous reagents or reducing
agents to produce the nanocomposite of Ag-TiO,/rGO. Due
to high photocatalytic reduction, antibacterial activity and an
easy method, the silver titanium dioxide/rGO nanocomposite
is an outstanding material for wastewater treatment. Silver
titanium dioxide/rGO nanocomposite showed higher pho-
tocatalytic degradation compared to any other synthesized
photocatalysts (Pant et al. 2016). Huang et al. synthesized
GO/Ag nanocomposite with different Ag loading using a
facile solution-phase method. In the synthesis, the direct
reduction of AgNO; on a GO matrix was carried out (Huang
et al. 2016). The synthesized nanoparticles showed better
antibacterial activity against Escherichia coli and Staphy-
lococcus aureus. Silver nanoparticles (AgNPs) functional-
ized with either graphene oxide (GO) or lactoferrin (LTF)

a
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Table 3 ZnO-based nanocomposites and their applications for wastewater treatment

S. no.

ZnO-based nanocomposite

Application

Findings

References

1

10

Chitosan/silica/zinc oxide

Zeolite/zinc oxide

Graphene oxide-zinc oxide (GO-
7Zn0)

Reduced graphene oxide/zinc oxide
(rGO/Zn0O)

Graphene oxide/zinc oxide

Chitosan-zinc oxide (CS/ZnO)

Polyaniline/ZnO

Silica/zinc oxide (ZnO/SiO,)

ZnO/graphene

Zinc oxide/natural-zeolite

Adsorption: dye removal (methylene
blue (MB))

Adsorption: lead Pb (II) and arsenic
As (V)

Photodegradation activity: methylene

blue (MB) and methyl orange (MO)

Photodegradation activity: methyl-
ene blue and 4-nitrophenole

Photodegradation activity: methyl-
ene blue (MB)

Photodegradation activity: dye
removal (methylene blue (MB))

Adsorption: Cr (VI)

Adsorption: hydrogen sulphide

Photodegradation activity: methyl-
ene blue (MB)

Adsorption: penicillin

NP diameter =50 nm

Highest adsorption capac-
ity=293.3 mg/g

Maximum adsorption capacity at
pH7

Best fitted model(s) = Langmuir
isotherm

NP diameter =4.5 nm

Highest adsorption capacity, Pb
(I1)=93% and As (V)=89%

Maximum adsorption capacity at
pH4

Best fitted model(s) = Langmuir
isotherm and pseudo-second-order
kinetic

NP sizes =100-200 nm

Highest adsorption capac-
ity, MB =265.95 mg/g and
MO =714.28 mg/g

Maximum adsorption capacity at
pH74

Best fitted model(s) = Langmuir
isotherm

NP sizes =25-30 nm

Highest adsorption capacity,
MB =80% and 4-NP=100%

NP size=70 nm

Highest adsorption capacity,
MB=98.17%

Maximum adsorption capacity at
pH 8.2

Best fitted model(s) = pseudo-second-

order kinetic

NP size=259.6 nm

Highest adsorption capacity,
MB =18 mg/g

Maximum adsorption capacity at
pH 6.4

Best fitted model(s) = Langmuir
isotherm

NP size=31.2 nm

Highest adsorption capacity, Cr
(VI)=36 mg/g

Maximum adsorption capacity at
pH?2

Best fitted model(s) = Langmuir
isotherm and pseudo-second-order
kinetic

NP size=10.55 nm

Highest adsorption capacity = 100%

Maximum adsorption capacity at
pH 12

Best fitted model(s) =Freundlich
isotherm and pseudo-first-order
kinetic

NP size=16-22 nm

Highest adsorption capacity =97.2%

NP size=91 nm

Highest adsorption capacity = 100%

Best fitted model(s) = Freundlich

isotherm and intra-particle diffusion

kinetic

Hassan et al. (2019)

Alswata et al. (2017)

Archana et al. (2018)

Naseem et al. (2020)

Hosseini (2016)

Bagavathy et al. (2019)

Ahmad (2019)

Nemati et al. (2019)

Ahmad et al. (2013b)

Khosravian et al. (2017)
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Table 3 (continued)

S.no. ZnO-based nanocomposite Application Findings References
11 Zinc oxide/polypyrrole nanocom- Adsorption: brilliant green NP size=10 nm Zhang et al. (2019b)
posite Highest adsorption capac-
ity =140.8 mg/g
Best fitted model(s) = Langmuir
isotherm and pseudo-second-order
kinetic
12 Zinc oxide/clay minerals nanocom- Adsorption: Cu(II) and Ph(II) ions Highest adsorption capac- Abubakar (2020)
posite ity, Cu(II)=83.30 mg/g and

13 MgO-ZnO/carbon nanofiber nano-

composite CBZ from wastewater

14 Zinc oxide-coated nano porous
carbon sorbent

Adsorption: Pb (II)

15 Zinc oxide/talc nanocomposite Adsorption: Pb (II)

16 Chitosan-ZnO nanocomposite
reactive magenta HB

17 Al-doped ZnO

18 Cu-doped ZnO nanocatalyst Adsorption: amaranth dye

19 Zinc oxide-doped prussian blue

nanocomposite phenols

Extraction and preconcentration of

Adsorption: reactive black HN and

Adsorption: methylene orange (MO)

Photocatalytic degradation: toxic

Ph(II) =88.50

Maximum adsorption capacity at
pH 4

Best fitted model(s) = Langmuir
isotherm

NP size=36.3 nm (ZnO), 26.9 nm
(MgO) and 12.3 nm (CNFs)

Highest adsorption capacity =95.8%

Maximum adsorption capacity at
pH6.5

NP size=3.8 nm

Highest adsorption capac-
ity =522.8 mg/g, 97.25%

Maximum adsorption capacity at
pH6

Best fitted model(s) = pseudo-first-
order kinetic

Lekota et al. (2019)

Zolfaghari et al. (2013)

Highest adsorption capac-
ity =48.3 mg/g

Best fitted model(s) = pseudo-second-
order kinetic

Sani et al. (2016)

Highest adsorption capacity =99%

Maximum adsorption capacity at
pH6

NP size=20-30 nm

Highest adsorption capac-
ity =98.65 mg/g

Best fitted model(s) = pseudo-
second-order kinetic and Langmuir
isotherm

NP size=50 nm
Highest adsorption capacity =63%
Maximum adsorption capacity at
pH6
NP size =100 nm
Highest adsorption capacity =97.25%
Maximum adsorption capacity at
pH 6.5

Sabrin (2015)

Wu et al. (2016)

Pandian et al. (2018)

Rachna (2020)

were also reported (Suleman Ismail Abdalla et al. 2020). The
antimicrobial activity for both the synthesized nanocompos-
ites was performed against P. aeruginosa, Staphylococcus
aureus, Bacillus Sp. and Escherichia coli. It was found that
Ag-LFT showed much stronger antibacterial activity against
P. aeruginosa. Alsharaeh et al. synthesized silver nanopar-
ticles (AgNPs) and AgNPs/reduced graphene oxide (RGO)
nanocomposites using lemon juice under UV and microwave
irradiation (Alsharaeh et al. 2017). The antibacterial prop-
erties of AgNPs/RGOs have been studied in gram-negative
bacteria. Table 4 presents a detailed review of existing Ag/

AGO-based nanocomposites and their applications for the
treatment of wastewater.

Titanium oxide nanocomposites

In recent years, the usage of photocatalysts for the drug
degradation of TiO,/G and TiO,/GO nanocomposites has
increased. The use of TiO,/G nanocomposites developed by
the microwave hydrothermal method with UV-A light radia-
tion (Amalraj Appavoo et al. 2014) and TiO,/G aerogels

Y4
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Table 5 CuO-based nanocomposite methods and their use for wastewater treatment

S.No CuO-based nanocomposite

Application

Findings

References

1 BC-CuO

Adsorption: acid orange 7, meth-
ylene blue (MB), ciprofloxacin,
rhodamine B and atrazine

Average pore sizes=2-50 nm,
Maximum efficiency, meth-

Li et al. (2020)

2 Cu-AC (AC: activated carbon)

and Cu/Ce-AC phenol

3 Copper oxide nanowires decorated Adsorption: methylene blue (MB)

on activated carbon (AC@
CuO-NWs)

4 Zinc oxide/copper oxide (ZnO/
CuO)

5 Monoclinic CuO/RGO

red 80 azo dye
para nitrophenols (NP)
6 Kaolinite coated with copper

oxide

7 Copper oxide-graphene oxide

(CuO-GO) in water

8 CuO@Ag 4-NP reduction

Electrochemical degradation:

Photodegradation activity: direct

Photocatalytic activity: ortho and

Adsorption: lead (Pb**) ions

Hydrogenation of nitroaromatics

ylene blue (MB)=99.68%,
acid orange 7=100%, rho-
damine B=7=100%, atra-
zine=7=100% and ciprofloxa-
cin=78.27%

Average pore sizes=2.098 nm,
surface area=816.957 m2/g,
pore volume=0.392 cm/g

Maximum efficiency, phe-
nol=97%

Average crystalline
size=17.48 nm

Maximum removal capacity at
328 K of 141.73 mg/g

Best fitted model(s) = Langmuir
isotherm

Adsorption process nature = phys-
isorption and endothermic

Jun-e et al. (2017)

Lakkaboyana et al. (2019)

Maximum degradation 97.95 in SILVA et al. (2015)

60 min
Average crystalline size=19.3 nm Botsa and Basavaiah (2018)
Maximum degradation capacity
at 100%
Particle size(s) =0.600-20.01
(um)
Maximum adsorption at pH=6.05
surface area=47.01 (m% 2)

Egirani et al. (2019)

Average crystalline size=10 nm
Maximum removal capacity 100%
in 30 min

Zhang et al. (2019a)

Surface area 8.03 m? g‘l, NP

sizes =50 nm,
Concentration of 0.20 mg L™
gives the best results

Bouazizi et al. (2018)

with the use of the hydrothermal method was successful in
removing carbamazepine from water (Nawaz et al. 2017).
Photodegradation was used for the nanocomposites TiO,/G
and TiO,/Fe both through the application of visible and UV
light irradiation for three pharmaceuticals: carbamazepine,
antibacterial sulfamethoxazole and anti-inflammatory ibu-
profen. TiO,/G nanocomposites demonstrated higher UV
light photocatalytic activity due to a decreased recombina-
tion rate between electron-hole pairs. TiO,/Fe, however,
showed greater photodegradation under visible light radia-
tion as a result of the efficient reduction of the band gap
(Lin et al. 2017a). However, with the immobilization on the
optical fibre of TiO,/G nanocomposites, photocatalytic deg-
radation of the three aromatic drugs with aqueous solutions
improved (Lin et al. 2017b).

Two TiO membrane preparation procedures were com-
pared by Madaeni et al. (Madaeni et al. 2011). Firstly, PAA-
PVDF membranes were created by grafting polymerization

reaction during aqueous phases using the green chemistry
process. TiO-NPs (20 nm) were self-assembled on the sur-
face of the prepared PAA-PVDF by dipping the membranes
at 0.05 wt% of the TiO, colloidal suspension. Eventually,
for binding nanoparticles of TiO, on the surface of the
hydrophobic PVDF membrane, the membranes were radi-
ated by UV light (160 W). In the second procedure, the
acrylic acid monomer was added at 0.05 wt% of TiO fol-
lowed by the addition of an initiator and a liaison reagent.
This reactive solution was treated with PVDF membranes;
then, the same technique was applied as the first step (Amini
et al. 2016). Also, nanoparticles of metal oxides played an
important role in various oxidation reactions as a catalyst.
They showed high catalytic reactivity to pollutant mole-
cules and transformed these pollutants into environmentally
friendly products (Soppe et al. 2014). Some special char-
acteristics such as nano size, strong reactivity and a larger
surface area are found in these nanomaterials. In particular,
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Table 6 CuO-based nanocomposite’s antimicrobial properties

S.no. CuO-based nanocomposite Bacteria model(s) Findings References
1 Chitosan/CuO nanocomposites  Staphylococcus aureus and NP size(s)=41.02 nm, Siriphannon and Iamphaojeen
Escherichia coli Highest inhibition zone (mm)=9  (2018)
on Escherichia coli and 9.5 on
Staphylococcus aureus
2 Copper-chitosan Nanocompos-  Shigella sonnei, Escherichia NP sizes =51-62 nm, Syame et al. (2017)
ites coli, Salmonella typhi, Pseu- Highest inhibition zone
domonas aeruginosa (mm)=8.5 on Escherichia coli
and 8 on Shigella sonnei and
Salmonella typhi and rest were
less than 8
3 CuO@Ag Staphylococcus aureus Surface area 8.03 m? g_lw NP Bouazizi et al. (2018)
size(s) =50 nm,
Concentrations (from 0.12 to
200 umol mL~")
4 CuO/C Escherichia coli, Pseudomonas NP size(s)=7-11 nm, Bhavyasree and Xavier (2020)
aeruginosa, Klebsiella pneu- Concentration (mg/ml)=0.25,
moniae and Staphylococcus 0.5 and 1.0,
aureus, Aspergillus Niger and ~ Maximum zone of inhibi-
Candida albicans tions at 1.0 mm, Escherichia
coli=11 mm, Pseudomonas
aeruginosa=12 mm,
Klebsiella pneumo-
niae =14 mm, Staphylococcus
aureus =11 mm, Aspergillus
Niger=13 mm, Candida albi-
cans=14 mm
5 CuO-NiO Antimicrobial activity: candian ~ Average crystallite Rahdar et al. (2017)

albicans

size=39.34 nm
MIC range =0.97-15.62

the removal of various impurities from surface water is a
crucial part of TiO, photocatalysis. Many researchers have
used photodegradation under many different conditions, e.g.
UV or visible light choices, doped or undoped nanoparti-
cles, metal/non-metal doping, etc., by different pollutant
types such as organic pesticides, organic dyes or pharma-
ceutical products.

Gayathri et al. synthesized a TiO,-graphene (TG) nano-
composite by uniformly distributing TiO, nanoparticles
on graphene (Gayathri et al. 2015). TG nanocomposite
demonstrated higher photocatalytic efficiency than bare
TiO, nanoparticles and other composites. Enhanced com-
posite behaviour is due to the reduction of the recom-
bination of charge and organic dyes’ interaction with
graphene. Karimi et al. synthesized a nanocomposite
of mesoporous titanium dioxide with MoS, nanosheets
(MoS,/Ti0O,) (Karimi 2017). The synthesized nanocom-
posite MoS,,TiO, exhibited outstanding photocatalytic
activity for direct green 6 azo dye degradation under
sunlight irradiation. The achieved photocatalytic perfor-
mance by MoS,/TiO, was about 2.2 times higher than
mesoporous TiO,. Table 9 presents a detailed review of
existing TiO,,Ti0, based nanocomposites and their appli-
cations for wastewater treatment (Table 10).
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Discussion

The global availability of pure water needs to be high to
fulfil all current and predictable water requirements. There
are many areas in which the drinking water available is
insufficient to meet basic, economic and domestic develop-
ment needs. For these regions, there are negative impacts
on human health and the health of other living things due
to inadequate freshwater to meet human needs and sanita-
tion requirements. Research institutes/scientific societies
must find ways to address these constraints. In addition,
the world is currently facing many environmental chal-
lenges, particularly in view of a fluctuating and uncertain
future climate, a rapidly growing population, urbanization
and globalization. It is unclear how these problems, which
include exploring all facets of water management, will be
overcome. The use of nanomaterials for the treatment of
water pollution in this modern era is increasing rapidly in
order to meet poor water conditions and the high demand
for freshwater worldwide. Innovative advanced water treat-
ment approaches to certify high-grade water for drinking,
eliminating micro-/macro-pollutants and enhancing indus-
trial production by flexibly modifying water treatment
methods are necessary. Nanotechnology has proven to be



International Journal of Environmental Science and Technology

Table 7 Ag/AGO-based nanocomposites and their various applications for wastewater treatment

S.no Ag/AGO-based nano- Application Findings References
composite
1 Ag/reduced graphene Adsorption: 4-Nitro Mean diameter of NP=8.6 nm Hsu and Chen (2014)

oxide nanocom- phenol Maximum removal capacity of 100% was
posite achieved in 12 min
Best fitted model(s) = pseudo-first-order kinetics
Activation energy =43.7 kJ/mol
2 Ag/ZnO Photodegradation Maximum removal capacity of 100% was Ziashahabi et al. (2019)
activity: methylene achieved in 20 min
blue (MB)
3 Ag—Cu,O nanocom-  Photodegradation Average diameter of NP =22 nm Sharma et al. (2018)
posite activity: methylene ~ Maximum removal capacity of 90% was achieved
orange (MO) in 60 min
4 AgO/MgO/FeO@ Adsorption of tetracy- Average crystallite size =2.85 nm Sharma et al. (2020)
Si;N, nanocom- cline (TC) Maximum adsorption capacity =172.41 mg/g
posite Maximum adsorption at pH=8
Best fitted model(s) = Freundlich isotherm,
pseudo-second-order kinetics
5 Fe,0,~Ag’ Nanocom- Adsorption of mercury Average diameter of NP=23-41 nm Inglezakis et al. (2020)
posites
6 Silver-Graphene Adsorption of anionic  Best fitted model(s) = Langmuir isotherm Jeyapragasam (2016)
Oxide nanocom- dye Physical adsorption
posite
7 Silver/quartz nano- Removal of mercury  Average pore size=5.78 nm El-Tawil et al. (2019)
composite (IT) ions Maximum removal at pH=6
Best fitted model(s) = Langmuir isotherm,
pseudo-second-order kinetics
The adsorption of composite was a feasible,
endothermic and spontaneous process
8 GO-Ag Photodegradation of ~ Average particle size=18 nm Kumari et al. (2020)
methylene blue dye =~ Maximum degradation capacity of 100% was
achieved in 30 min
9 Ag-TiO,/rGO nano-  Photodegradation of ~ Average particle Pant et al. (2016)
composite methylene blue, size=21 nm

reactive black 16, Surface

and reactive orange area=50+15m2 g~!

05 Maximum removal
capacity of 100% was
achieved in 45-90 min

highly successful in addressing water purification prob-
lems and progress will continue to be made in the future.

Approaches involving nanomaterials such as nano-sor-
bents and nanostructured catalytic membranes are highly
effective, time-intensive, energy-efficient, and eco-friendly,
but not all these methods are inexpensive. Also, they are not
yet being used for commercial purposes in large-scale waste-
water purification. It was also found that titanium was used
in a packed bed reactor as an adsorbent to extract arsenic
from water. Sand-coated iron oxide is used to extract arsenic
from drinking water in some developing countries. As they
display excellent physical, electrical, and chemical proper-
ties, various nanomaterials such as magnetic and carbon
nanotubes can be used as sensor components. These sen-
sors can allow water quality to be closely monitored. Nano-
material sensors are used to detect various pollutants since

they have optical properties that allow the sensors to detect
pollutants more selectively and sensitively. Environmental
pollution is caused by water pollutants, but the nanomateri-
als on polymer help protect the environment. Research has
shown that nano-clay incorporation could be accomplished
in the purification of water with polymer content. The reduc-
tion of hydrophobia helps to encourage the properties of
nanocomposites. The benefits from the nanomaterial inte-
gration of nano-clay particles are evident for applications
in humid environments. Owing to the special properties of
nanocomposites, researchers have compared different syn-
thesis methods to create novel nanocomposites. The synthe-
sis technique plays an important role in producing a broader
output and in regulating the nanocomposite quality. At the
same time, the methods for environmental protection should
be effective, affordable and safe.
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Table 8 Ag/AgO-based nanocomposite’s antimicrobial properties

S.no. Ag/AGO-based nanocomposite Bacteria model(s)

Findings References

1 Polymer/silver Nanoparticle Nano-  Escherichia coli and Staphylococ-
composite cus aureus

2 Chitosan—silver oxide nanocom- Escherichia coli, S. aureus, Bacil-
posite lus subtilis and Pseudomonas

aeruginosa

3 Ag NPs/GO nanocomposite
cus aureus

4 AgGO and Ag-LFT

chia coli

5 AgNPs/rGO nanocomposites Escherichia coli

6 Ag-GO Nanocomposite
aureus

7 Ag-TiO,/rGO nanocomposite Escherichia coli

Escherichia coli and Staphylococ-

P. aeruginosa, Staphylococcus
aureus, Bacillus sp. and Escheri-

Escherichia coli, P. aeruginosa, S.

Average particle size=35-50 nm Domenech et al. (2013)
Ag-NP (M)/PVB average inhibition
zones, Escherichia coli=1.93,

Staphylococcus aureus=1.59

Inhibition zones (mm), Escheri-
chia coli=16, B. subtilis, =20,
Pseudomonas aeruginosa=24, S.
aureus =23

Tripathi et al. (2011)

Average particle size=5-20 nm

Highest diameter of inhibition
zone (DIZ) was observed for
GO-Ag =28 mL for both Escheri-
chia coli and Staphylococcus
aureus

Huang et al. (2016)

Suleman Ismail
Abdalla et al. (2020)

Average particle sizes,
AgNP=121.5 nm,
AgGO=354.0 nm and Ag-
LFT=130.8 nm

Highest diameter of inhibi-
tion zones of Ag-LFT are, S.
aureus=13.5, Bacillus=11.9,
P. aeruginosa=12.9 and E.
coli=14.0

Average diameter =3-8 nm

AgNPs and AgNPs/RGO nano-
composites showed an inhibition
zone of the 5 wt% AgNPs/RGO
nanocomposites that are similar to
neat AgNPs

Average particle size=41-60 nm
Diameter of inhibition zone (DIZ)
(mm) of Escherichia coli=18,

P. aeruginosa=18 and S.
aureus =20,

Minimum inhibitory concentration
(MIC) (ug/mL) of Escherichia
coli=25, P. aeruginosa=15 and
S. aureus=10

Alsharaeh et al. (2017)

Khorrami et al. (2019)

Average particle size=21 nm Pant et al. (2016)
Surface area=50+15m2 g~
Nanocomposite showed good anti-

bacterial activity on E. Coli

This review paper is focused on the utilization of various
nanocomposites for the removal of different forms of impuri-
ties from water and for antimicrobial properties. The differ-
ences in the concentrations of nanomaterials, synthesis pro-
cesses, methods for antibacterial analysis, photodegradation
or adsorption process methods and other differences make it
difficult to compare nanocomposites for their effectiveness
in antimicrobial and wastewater treatment. In the literature,
most of the nanocomposites were formed with graphene
oxide and metal oxide nanoparticles. The graphene oxide
nanocomposites were found to be more effective for anti-
microbial activities and showed better metal removal capa-
bilities. Silver nanoparticle-based nanocomposites are more
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effective than other nanocomposites for both antimicrobial
and wastewater treatment. Photocatalytic nanoparticles (like
ZnO0 and TiO,)-based nanocomposites are also effective for
removing heavy metals and have shown better antimicro-
bial effects than Ag-based nanocomposites. In addition, a
mixture of different NPs and metal oxide NPs have been
produced in many multi-component materials, resulting
in greater anti-microbial activity and better adsorption or
photodegradation than individual components because of a
synergetic effect.

The antimicrobial properties of nanocomposites were
mostly tested with Staphylococcus Aureus and Escherichia
coli as microorganisms. Ongoing research needs to focus
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Table 9 TiO,-based nanocomposites and their applications for wastewater treatment

S.no.  TiO,-based nanocomposite Application Findings References
1 MoS,/TiO, Photodegradation activity: direct ~ Pore diameter =20 nm Karimi (2017)
green 6 azo dye Surface area=176.4 m%/g
The photodegradation by nano-
composite was 2.2 times higher
than mesoporous TiO,
2 Titanium dioxide/polyethylene Adsorption: **Cs and ®Co Average pore size =20 nm Sh and Zahra (2020)
glycol (TiO,/PEG PNC)-nano- Maximum removal at pH=28
composite Best fitted model(s) = pseudo-
second-order kinetics
The adsorption of composite was
favourable and endothermic
3 Smectite-titanium oxide nano- Adsorption: As(III) and As(V) Average pore size =8.5-9.4 nm Ebina et al. (2015)
composite Maximum removal at pH="7
4 Kaolinite/TiO,/cobalt(Il) tetra- Photodegradation activity: photo- Maximum removal at pH=12 da Silva et al. (2019)
carboxymetallophthalocyanine catalysts for decomposition of =~ Maximum degradation capac-
nanocomposites organic pollutants trimethoprim, ity =90%
caffeine and prometryn
6 TiO,-graphene oxide (Ti0,-GO)  Photodegradation activity: photo- Average pore size=32-52 nm Stengl et al. (2013)
nanocomposite catalytic degradation of butane  Best fitted model(s) = pseudo-
first-order kinetics
7 ZnS-TiO,/RGO ternary com- Photodegradation activity: meth- ~Maximum degradation capac- Qin et al. (2019)
posites ylene blue ity=90% in 60 min
8 Zinc oxide and titanium oxide Photodegradation activity: methyl Average diameter =20-40 nm Gunti (2017)
nanostructures orange (MO) Maximum degradation capac-
ity =90%
9 Zeolite-titanium dioxide nano- Adsorption: P(V) Mean crystallites size=4 nm Kravchenko et al. (2016)
composites Maximum degradation capac-
ity =99.48%
10 Titanium-tin oxide nanocom- Adsorption: lead ions (Pb**) Average diameter =34 nm Mahfooz-Ur-Rehman et al.
posite Maximum adsorption capac- (2019)
ity=70.07 mgg™"
Best fitted model(s) =Langmuir
isothermal
11 TiO,/G and TiO,/GO Photodegradation activity: meth- ~ Average pore size =1-10 nm Tayel et al. (2018)
ylene blue, fulvic acid, bromate Maximum degradation capac-
ity =90% in 45 min
12 TiO2-reduced graphene oxide Photodegradation activity: Average particle size=21 nm Lin et al. (2017b)
nanocomposites carbamazepine, ibuprofen, and ~ Maximum degradation capac-
sulfamethoxazole ity =92% in 180 min
13 rGO/TiO, nanocomposites Photodegradation activity: CBZ  Average particle size=25 nm Nawaz et al. (2017)

Surface area=50 m?/g
Maximum degradation capac-
ity =99% in 90 min

more on other bacteria such as Salmonella enteritidis, Staph-
ylococcus epidermidis, Salmonella typhimurium, Enterococ-
cus faecalis, Pseudomonas aeruginosa and Bacillus subtilis
to provide a better perspective on the general antimicrobial
ability of nanocomposites. This will reflect the growing
resistance of antibiotics to various bacteria, which is becom-
ing a serious challenge to public health worldwide.

Many factors are associated with nanomaterials’ influ-
ence on anti-microbial properties and wastewater treatment,
including their shape, size, functional groups, defects and
orientation. Aggregated nanomaterials are found to be less

effective than well-dispersed nanomaterials for both anti-
microbial and wastewater treatments. Furthermore, small-
sized nanoparticle-based nanocomposites are more effective
for antimicrobial activities since they possess a large surface
area in contact with the bacteria.

A wide variety of adsorbents have been studied to
improve the adsorption performance. The three principles
dye-removing mechanisms discussed are electrostatic inter-
actions, hydrogen bonding and ion-exchange effects. The
analysis shows that either modified or composite adsorbents
with a high area are associated with a larger adsorption
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Table 10 TiO,-based nanocomposite’s antimicrobial properties

S.no.  TiO,-based nanocomposite Bacteria model(s) Findings References
1 Titanium dioxide-decorated Bacillus subtilis Average crystal size=36 nm Raie et al. (2018)
multi-walled carbon nanotubes
nanocomposite
2 Titanium-tin oxide nanocom- S. aureus, P. aeruginosa, C. albi- Average diameter =34 nm Mahfooz-Ur-Rehman et al.
posite can and Trichophytons Inhibition zones, S. aureus =23, (2019)
P. aeruginosa=21, C. albi-
can=20 and Trichophytons =20
3 Ti0,/Zn0O nanocomposites Staphylococcus aureus, Pseu- Average crystal size=50 nm Azizi-Lalabadi et al. (2019)
domonas fluorescens, Listeria Highest inhibition zone, Escheri-
monocytogenes and Escherichia  chia coli=10.73
coli
4 Silver-titanium dioxide nanocom-  Escherichia coli Average particle size=4.9 nm Yang et al. (2014)
posite BET surface area= 151 m%/g
90% E. Coli kill in 240-min
5 Graphene oxide/TiO, nanocom-  Staphylococcus aureus and Ente- ~ Average particle size =150 nm Stan et al. (2018)
posites rococcus faecalis

capacity. Furthermore, constraints such as initial dye con-
centration, temperature, the dose of adsorbent and pH are
critical factors that show significant effects on dye adsorp-
tion. In this review, frequently used isotherms, kinetic
models and thermodynamic models are also examined to
describe the adsorption process. A pseudo-second-order
model and Langmuir isotherm were found to be best fitted
in the experimental data in the majority of cases. From ther-
modynamic studies, it is revealed that the process of adsorp-
tion is spontaneous and endothermic in nature. Most of the
studies in the literature focused on color removal only. Dif-
ferent constituents from dye effluents should be focused on
in future studies rather than focusing only on color removal.
The area of interest that can be investigated is synthesizing
various adsorbents through eco-friendly routes.

Although the adsorption process is well-established and
has been widely used for many decades, further exciting
prospects for developing innovative and renewable green
materials with higher selectivity and stability at a lower cost
need attention. In the next few years, it will be important
to face the challenges emerging from the translation of lab
adsorption research into pilot and industrial processes, such
as economic constraints, comprehensive regeneration and
the over-utilization of chemical agents.

Conclusion

This paper explores the existing nanocomposites used to
extract heavy metal ions and dyes from wastewater as effec-
tive adsorbents. This article addressed recent developments
in nanomaterials as economical and environmentally sus-
tainable water purification adsorbents. This review high-
lights five commonly used nanomaterials/nanoparticles
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that are used in most existing nanocomposites. In this
review, we concluded that TiO,-based nanocomposites
have been used for photodegradation activity by most of
the researchers in the literature. Silver-based nanocompos-
ites are mostly used for antimicrobial activity. Silver and
GO-based nanocomposites were used for the removal of
green dye, anionic dye and Cu(II). Copper-based nano-
composites are mostly used for adsorption and photodeg-
radation activity. Zinc oxide nanocomposites are used for
adsorption, antimicrobial and photodegradation activity.
Finally, we concluded that GO also greatly contributes to
the improvement of other materials’ efficiency. Further,
much needs to be done to control the two-dimensional GO
sheets for advanced technologies in the future. There are
many challenges and obstacles associated with handling
wastewater, and many precautions are required to prevent
environmental and health problems. Therefore, new mod-
ern wastewater treatment equipment should be versatile,
low-cost and commercially effective.
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