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Abstract: Recently, nanotechnology has been utilized in more or less all fields, such as physics, chemistry, materials
science, biology, medicine, etc. In this relation, nanotechnology is also applied in the removal of various impurities/
pollutants including pathogenic bacteria and virus from water and other water bodies. Among the various methods
used for wastewater treatment, adsorption is found to be one of the better methods because of its low-cost and
simplicity of operation. Recently, nanoadsorbents have been explored for the removal of various pollutants from
waste water. In this paper, the utilization of nanomaterials, as an effective adsorbent for the removal of heavy
metals, organic compounds, pesticides, pharmaceuticals and other pollutants, is reviewed and discussed. It is to be
mentioned that adsorption capacities of the adsorbents vary depending on the characteristics of the adsorbents, the
extent of chemical modification and the concentration of adsorbates. There are also few issues and drawbacks on
the utilization of nanoadsorbents that have been addressed. To find out the practical utilization of nanomaterials
as low-cost adsorbents on the commercial scale, more research should be conducted in this direction. This review
article demonstrated that nanomaterials may be effectively utilized for the treatment of wastewater and may be

the future novel and promising adsorbents/materials for water treatment.
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Introduction

Water is the most vital component on the globe for
the various activities of human being. Therefore, clean
hygienic water is the primary necessity of the human
being for their good health. Water pollution is growing
worldwide because of rapid growth of industry, large
human population, and domestic and agricultural
activities (Schwarzenbach et al., 2010). Nanotechnology
has a wide range of applications in various fields
of science and technology. Recently, researchers
worldwide utilized this technology for the treatment
of waste water and other water bodies. Nanomaterials
have emerged as a lucrative, efficient and environmental
friendly alternative in relation to that of existing water
treatment facilities for the removal of various water
pollutants (Khajeh et al., 2013; Ali, 2012; Thatai et al.,

2014). These nanomaterials represent a promising novel
process for the wastewater treatment. This is because
of their high removal efficiency and cost—effectiveness.
Attempts have been made to describe several aspects
of water treatment using nanomaterials because of the
immense importance of water quality.

Various nanomaterials, such as nanometallic-oxide,
magnetic nanomaterials, etc. are utilized for the
treatment of wastewater and other water bodies (Das et
al., 2012; Dave et al., 2014; Pradeep and Anshup, 2009).
Polymer-based nanomaterials and carbon nanotubes may
also be the potential future adsorbents for the removal
of various pollutants, including virus and fungi from
the drinking and other water bodies. Because of their
useful properties, such as excellent thermal stability,
higher adsorption ability, broad range of pH, etc. carbon
nanotubes have been utilized for the removal of various
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contaminants. The application of various nanomaterials
has been reviewed and discussed below.

Metal-oxide Nanomaterials

It is known that nanoscale metal-oxides possess
different chemical, physical, morphological and other
properties than that of their corresponding microscale
parts. Generally, Al,O,, ZnO and TiO, nanoscale oxides
are widely used in the water and wastewater treatment.
Because of high surface area, catalytic properties,
high surface to volume ratio, and other favourable
properties, these metal-oxide nanomaterials showed
strong adsorption capacity towards various pollutants
present in water. The adsorption capacity also depends
on the disparity in metal ion radius, interaction energy
and oxidation states of the heavy metal ions (Tiemann
et al., 2000).

Various impurities, such as organic, inorganic,
and other harmful impurities can be easily removed
from the water bodies using adsorption process
(Ahmaruzzaman, 2008, 2010, 2011). In this respect,
metal-oxide nanomaterials may be excellent adsorbents
for the removal of heavy metals and other organic
pollutants from aqueous phase (Khoshhesa, 2015). The
most frequently used metal-oxide nanomaterials for the
elimination of organic, inorganic and other pollutants
are magnesium oxides, titanium oxides, ferric oxides,
manganese oxides, aluminum oxides, cerium oxides,
etc. (Pacheco, 2006; Jegadeesan, 2010; Binlin, 2011).
Low-cost metal-oxide nanoparticles are utilized for
the removal of various metal ions, such as arsenic,
cadmium, mercury, iron, chromium, lead, cobalt,
copper, selenium, etc. from wastewater (Hristovski,
2007; Lagashetty, 2004; Kumar, 2013). Fakhri (2015)
investigated the adsorption of Hg(II) onto copper oxide
nanoparticles from aqueous solution.

The author studied the influence of adsorbent dose,
pH and temperature on the mercury removal unto
copper oxide nanoparticles and reported the optimum
pH, adsorbent dose and temperature were 9.0, 0.05 g
and 278 K, respectively. The removal of As(Ill) and
As(V) species on nanosized amorphous and crystalline
TiO, was reported by Jegadeesan et al. (2010). The
authors reported that binuclear bidentate inner sphere
complexation of As(IIl) and As(V) on amorphous TiO,
at a neutral pH is responsible for the adsorption. Pacheco
et al. (20006) utilized alumina silica nanoparticles for the
adsorption of cadmium from wastewater and reported
96.4% removal of cadmium on Si-Al particles. The

presence of hydroxyl, alkoxy and oxy groups in the
reported nanoparticles are responsible for the adsorption
of cadmium and cationic exchange may be mechanism
for their removal. Hristovski et al. (2007) discussed
As(V) removal on sixteen (16) nanomaterials of metal
oxides, and most vital were TiO,, Fe,0,, ZrO, and
NiO. The adsorption capacity was around 98% for all
the studied nanoparticles except for ZrO,.

Recently, adsorption of reactive black 8 (RB8) from
their aqueous solutions was reported using zinc oxide
nanoparticles (Khoshhesa, 2015). The various affecting
parameters such as solution pH, contact time, initial
dye concentration, and sorbent dosage on the removal
efficiency were reported. The equilibrium adsorption
data of RB8 on ZnO nanoparticles surface were
analyzed by Langmuir and Freundlich isotherms. The
adsorption process correlated with Langmuir model
better than Freundlich isotherm and the maximum
adsorption capacity was reported to be 27.6 mg g '. The
authors found that the adsorption process followed the
pseudo-second-order kinetic equation and could best
describe the sorption kinetics.

Several modifications and functionalization of the
metal-oxide nanomaterials may enhance their adsorption
capacity (Neyaz et al., 2013). Surface coated metal-
oxide nanomaterials with various materials, such as,
carbon, EDTA, rice husk, saw-dust etc. probably gives
higher adsorption capacity than pure metal-oxide
nanoadsorbent. Recently, various researchers reported
the adsorption of inorganic pollutants from wastewater
using surface modified nano metal-oxides (Neyaz et
al., 2013; Bhandari et al., 2016; Khare et al., 2018).
It is evident from the above findings that nano metal
oxide may be effective adsorbents for the removal of
heavy metals and dyes from water and wastewater. It is
also evident that very few studies were reported for the
removal of pesticides, pharmaceutical and other organic
compounds from water. Therefore, more research
should be directed towards the utilization and surface
modification of nano metal oxide for the removal of
PPCPs, pesticides and other emerging pollutants from
wastewater.

Metal Nanoparticles

Metal nanoparticles, such as Ag, Au, Sn, Cu, etc.
are another group of inorganic materials and may be
used for the removal of dyes, heavy metals, organic
pollutants, pesticides, pathogenic and other harmful
bacteria, fungi, etc. from water and wastewater. Metal
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nanoparticles with controlled size and shape are of
immense interest because of their diverse applications
and morphology-dependent properties. They have
attracted substantial attention to the scientists and
researchers throughout the world due to their potential
application and novel properties (Du et al., 2008). The
binding capacity of various dyes with noble metal
nanoparticles may be higher compared to that of other
nanoparticles. The composition, size, morphology and
stability are the various factors affecting the adsorption
of dyes on nanoparticles. The removal of congo red
(CR) dye by adsorption on silver and gold nanoparticles
coated activated carbon (AC) has been discussed and
reported (Pal and Deb, 2014).

The equilibrium time is reported to be independent of
the initial CR concentration and the percentage removal
of CR increased with increase in contact time. Kinetic
studies showed that the adsorption of CR followed
pseudo-first-order kinetics. AgNPs and AuNPs-coated
AC is found to be suitable adsorbent for the adsorption
of CR. CR was effectively removed 88.0 £ 0.8 %
from aqueous solution using AuNPs beads as the
adsorption process. Desorption studies were made to
elucidate recovery of the adsorbate and adsorbent for
the economic competitiveness of the removal system.
The PVP-supported AgNPs and AuNPs-coated AC were
successfully recycled for ten successive adsorption—
desorption cycles indicating its high reusability.

The same research group (Pal et al., 2013) utilized
silver nanoparticles (AgNPs) coated activated carbon
(AC) for the removal of methyl orange (MO) dye.
Using AgNPs-coated AC, 72.5% of MO was removed,
whereas only 50.0% when using AC after reacting for
16 h with an initial MO concentration of 2 mg/L (pH
= 7). The authors reported that the adsorption of MO
followed pseudo-second-order kinetics and AgNPs-
coated AC is found to be suitable adsorbent for the
adsorption of MO. Recently, silver nanoparticles has
also been utilized for the removal of atrazine from
aqueous solution (Pal et al., 2015). It was reported that
the percent removal of atrazine decreases on increasing
the initial atrazine concentrations. A contact time of 14 h
was found to be sufficient for maximum removal of
atrazine. The authors concluded that silver nanoparticles
beads can be an effective adsorbent for the removal of
atrazine from aqueous solution.

Silver nanoparticle loaded on activated carbon were
synthesized and used for the removal of methyl orange
(MO) from aqueous solutions (Karimi et al., 2012).
The influence of variables such as initial solution pH,

amount of adsorbent, initial MO concentration and
adsorption time on its removal percentage was studied.
The equilibrium adsorption isotherms have been
analyzed by Langmuir, Freundlich and Tempkin models.
It was found that Langmuir model has the highest
correlation coefficients. The fitting experimental data to
different conventional kinetic models such as pseudo-
first and pseudo-second-order, Elovich and intraparticle
diffusion kinetic models show that adsorption follow
the second-order equation in addition to intraparticle
diffusion as the rate-limiting factor. Femila et al. (2014)
synthesised the AgNPs using aqueous leaf extract of
Aegle marmelos and utilized as nanoadsorbent for
the removal of Malachite Green dyes from aqueous
solution.

Nano zerovalent iron (ZVI) loaded with activated
carbon was also utilized for the removal of arsenic from
aqueous phase and adsorption capacity was reported
as 1.997 mg/g (Zhang, 2003). These nano ZVI and
starch stabilized ZVI was also used for the adsorption
of chromium from water and reported that modified
nano-adsorbents was better than its unmodified form
(Ponder et al., 2000; Niu et al., 2005). Nano ZVI and
its bimetallic form may be utilized as efficient redox
adsorbent for the removal of various pollutants from
water sources. These nanomaterials possess higher
surface area and reactivity than that of bulk ZVI
particles (Schrick, 2002). They are also used for the
conversion of Cr(VI) to less toxic, Cr(Ill) ions. Li et al.
(2006) used (NZVI) as a bactericidal for the removal
of Escherichia coli from groundwater. Immobilized
nanomaterials have emerged as a potential adsorbent
for the treatment of wastewater because of its high
adsorption capacity and antimicrobial activity. Ag
nanomaterials and its embedded form with various
materials were found to be very effective against both
Gram-positive and Gram-negative bacteria.

Even though, Ag nanoparticles were effectively used
for the removal of pathogenic bacteria and viruses,
precautions have to be taken for their long-term
utilization because of their toxicity into the environment
and human being. Modification of Ag nanoparticles
with metal oxide and other materials may improve their
pollutants removal capacity and might be used for the
removal of dyes, heavy metals, organic compounds and
pesticides from water bodies.

Silver nanoparticles loaded on activated carbon were
utilized for the removal of dyes, such as malachite green
and methyl orange from aqueous phase (Mortazavi
et al., 2016; Ghaedi et al., 2018; AbdEI-Salam et al.,
2017).
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Magnetic Nanomaterials

Another group of nanomaterials which needs much
attention is the magnetic nanomaterials and possesses
special advantages in the water and wastewater
treatment. The unique size, shape, morphology and other
properties of the magnetic nanomaterials need attention
for their fruitful application. The changes of these
properties may control their magnetic properties which
influence the removal of various pollutants, specially the
heavy metals from wastewater and other water bodies.
A large number of inorganic and organic pollutants may
be removed through the modification of the surface of
engineered magnetic nanoparticles. The performance
of the magnetic nanoparticle-based adsorption process
requires the analyses and development of various
parameters, such as regeneration and management of the
exhausted adsorbent and solution, magnetic recovery,
etc.

Iron oxide nanoparticles are highly dispersible in
solutions. These nanoparticles possess a high surface
area and superparamagnetic properties. Therefore, iron
oxide nanoparticles will be a very useful and potent
adsorbent in novel separation process. In particular,
unmodified maghemite (y-Fe,0,) was reported to be
better adsorbent for the removal of Cr(VI) (Hu et al.,
2005). The adsorption of As(IIl) and As(V) was also
reported with magnetite (Fe,O,) nanoparticles modified
with an oleic acid ligand (Yavuz et al., 2006). The
removal of these metals was explained by the strong
reactivity between iron oxide nanoparticles and heavy
metals. Modification of y-Fe,O, nanoparticles with
undecanoic acid (Hai et al., 2005) and chitosan on
Fe,O, nanoparticles with chitosan (Chang and Chen,
2005) make them excellent magnetic adsorbents for the
removal of Cd and Cu, respectively. Recently, surface
engineered and functionalized iron oxide magnetic
nanoparticles with humic acid, amino group, chitosan,
a-ketoglutaric acid polyethylenimine, carboxymethyl-
B-cyclodextrin have been reported for the removal of
heavy metals from water (Wang et al., 2010; Liu et al.,
2008; An et al., 2011; Zhou et al., 2009; Goon et al.,
2010; Singh et al., 2011; Badruddoza et al., 2011; Souad
et al., 2017; Moradinasab and Mahdi, 2016; Song et al.,
2011). They provide easy separation after the adsorption
of various pollutants from wastewater. In addition, these
magnetic nanomaterials are not always target specific
and not appropriate for complex systems.

Physical and chemical modification of the magnetic
nanomaterials surface with various chelating agents may
overcome these problems. Therefore, the modification

of these magnetic nanomaterials with appropriate agents
may be effective for their application in the removal of
various heavy metals, organic pollutants, pharmaceutical
and other pollutants from aqueous phase. The iron-oxide
magnetic nanoparticles have also been functionalized
with various materials and utilized for the removal of
heavy metals (Laurent et al., 2008; Jiang et al., 2004).
These magnetic nanoparticles are capable to treat large
volume of water and also no by-products are formed,
and easy separation by magnet makes its potential
application in water and wastewater treatment. The
small size of iron oxide nanosorbents (2 to 20 nm)
is favourable for the diffusion of metal ions from
solution onto the active sites (functional groups like
-COOH, -NH,, -OH, -SH etc.) of adsorbent surface. It is
evident from the literature that preparation method and
surface modification play a vital role for shape and size
distribution, surface chemistry and morphology of the
iron-oxide nanoparticles (Ciesla et al., 1994; Chin et al.,
2007; Sun et al., 2009). The size and shape of iron-oxide
nanoparticles are very significant for the adsorptive
removal of heavy metals from water and wastewater.
Further research work will be very much required for
making these magnetic nanomaterials very effective for
the fruitful treatment of water and wastewater.

The removal of As(V) and Cu(ll) from the
contaminants in municipal water supply was carried
out using magnetite (Fe,O,) nanoparticles (Sai et al.,
2013). The magnetic nanoparticles is synthesised by co-
precipitation method obtained by aging stoichiometric
mixture of ferrous and ferric salts in aqueous medium.
At optimized pH the obtained Fe O, nanoparticles
are coated with coating agents which develop surface
functionalized groups. The sorption of As(V) and Cu(Il)
take place on these aggregates which are removed
with the help of external magnetic field leaving the
supernatant free from copper and arsenic.

Superparamagnetic iron oxide (Fe,O,) nanoparticles
with a surface functionalization of dimercaptosuccinic
acid (DMSA) are also reported to be an effective sorbent
material for the removal of toxic soft metals, such as
Hg, Ag, Pb, Cd, and TI, which effectively bind to the
DMSA ligands and for As, which binds to the iron oxide
lattices (Yantasee et al., 2007). The nanoparticles are
highly dispersible and stable in solutions, have a large
surface area (114 m%/g), and have a high functional
group content (1.8 mmol thiols/g). They are attracted
to a magnetic field and can be separated from solution
within a minute with a 1.2 T magnet. The chemical
affinity, capacity, kinetics, and stability of the magnetic
nanoparticles were compared to those of conventional
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resin-based sorbents (GT-73), activated carbon,
and nanoporous silica (SAMMS) of similar surface
chemistries in river water, groundwater, and seawater.
DMSA-Fe 0, had a capacity of 227 mg of Hg/g, a
30-fold larger value than GT-73. The authors reported
that the nanoparticles removed 99 wt. % of 1 mg/L Pb
within a minute, while it took over 10 and 120 min for
Chelex-100 and GT-73 to remove 96% of Pb.

Recently, Wang et al. (2014) investigated and
reported the competitive removal of Pb(Il) and Cr(III)
using magnetite nanoparticles synthesized by co-
precipitation methods. Removal of Pb(Il) significantly
decreased from 80.56 to 41.41% when Cr(III) was co-
presented, while decrease of Cr(III) was negligible when
Pb(Il) was present, falling from 42.37 to 38.48%. The
authors indicated that the removal mechanism occurred
through adsorption rather than chemical redox reaction.
A co-adsorption mechanism is based on Pb(II) involved
surface complexation, while Cr(IIT) was firstly adsorbed
onto magnetite, followed by a partially substitution of
Cr(IMI) for Fe(IIl) in Cr-Fe,O, through ion exchanges.

The magnetic iron oxide nanoparticles may be
effective adsorbent for the removal of dyes from
water and wastewater. Several studies were reported
for the adsorption of dyes using these magnetic
nanoparticles. The adsorption of various dyes on iron
oxide nanoparticles is discussed below.

The iron oxide nanoparticles, having an average size
of 2040 nm with a surface area of ~70 m°g "', have
been synthesized and used for selective adsorption
of various dyes (selectively containing hydroxyl
groups) from aqueous solutions (Saha et al., 2011).
The nanoparticles are ferromagnetic in nature at both
room and low temperature and can be separated by
an external magnetic field. The erichrome black-T,
bromophenol blue, bromocresol green, and fluorescein
dyes were adsorbed more on the iron oxide surface as
compared to methyl red, methylene blue, and methyl
orange dyes, which does not have any hydroxyl (—OH)
groups. The authors found that the adsorption process
was dependent on solution pH, initial dye, and iron
oxide concentration. Moreover, the adsorbed dyes could
be desorbed completely from nanoparticle surfaces at
higher pH and efficient for multicyclic use as reported
by the authors.

The applicability of magnetite (Fe,O,) nanoparticles
as an adsorbent for the removal of Acridine orange,
Comassie Brilliant Blue R-250 and Congo red from
their aqueous solution was investigated (Chaudhary et
al., 2013). The Fe,O, nanoparticles were synthesized
via simple chemical precipitation method using CTAB,

as surfactant. The authors reported that the adsorption
process follows pseudo-second-order kinetics for
the removal of all the three dyes. Shi et al. (2014)
reported a simple and environmentally friendly method
for the preparation of highly stable dispersions of
Fe,0, nanoparticles with controlled morphologies, and
utilized for the removal of dyes from aqueous phase and
investigated their potential for application in wastewater
treatment.

In another study, magnetic nanoparticles (MNPs)
modified with aminoguanidine (AG) were synthesized
and utilized for the adsorption of acid dyes by
the variation of pH, contact time and initial dye
concentration (Li et al., 2013). Maximum adsorption
capacity reached from pH 1.3 to 2.5 for different dyes.
The investigators reported that the adsorption process
can be better described by Langmuir isotherm and
pseudo-second-order kinetic model. The mean energy of
adsorption (E) confirmed the involvement of chemical
adsorption as claimed by the authors.

Magnetic nanoparticles (Fe,O,) coated with activated
maize cob were also investigated for the removal of
methylene blue (MB) from aqueous phase (Tan et al.,
2012). They showed that the adsorption of MB dye was
pH dependent and the higher efficiency of dye removal
was at pH 6.0 and followed the pseudo-second-order
kinetic model. The authors claimed that coating of
Fe,O, with activated maize cob powder significantly
enhanced the dye removal from aqueous phase.

Carbon Nanotubes

Carbon nanotubes (CNTs) offer a potential for the
water treatment and may be the future materials for
the elimination of various harmful toxic substances
from drinking and other wastewater, because of
their unique and well-defined structures. In addition,
CNTs may enter the environment during their wide
application (Lines et al., 2008; Shvedova et al., 2009).
CNTs are also regarded as an emerging contaminant
because of their significant toxic effects. It is a hollow
graphitic nanomaterial consisting of various grapheme
layers. These nanotubes furnish easy transfer of water
molecules and make them appropriate for the separation
of various pollutants. Carbon nanotubes have indicated
immense potential in the treatment of drinking and
other water bodies because of their distinctive and
adjustable characteristics. Numerous studies also
reported strong interactions between CNTs and heavy
metal ions or organic compounds because of CNT
surface functional groups and hydrophobic surfaces
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(Ren et al., 2011). Therefore, CNTs are considered to
be an effective adsorbent to control the environmental
behaviour of various contaminants. The understanding
of pollutant-CNT interaction mechanisms is expected
to offer important information on assessing risks
and potential applications of both CNTs and various
pollutants present in water. Carbon nanotubes can be
modified to improve its selectivity and removal of
metals or ions from aqueous streams (Bakajin et al.,
2009). Functionalization of carbon nanotubes may also
improve its properties for application in water treatment.
A wide range of organic compounds, pesticides,
pharmaceuticals, antibiotics and inorganic ions, such as
heavy metal ions, have been removed utilizing carbon
nanotubes (Brooks et al., 2012; Chen et al., 2011; Chen
et al., 2012; Cho et al., 2008; Cho et al., 2010; Yang et
al., 2007; Yang et al., 2008; Yao et al., 2011; Rahman
et al., 2017; Farghali et al., 2017; Salam, 2017; Wan et
al., 2017; Chavez-Guajardo et al., 2015; Nei et al., 2015;
Razzaz et al., 2015; Zhao et al., 2015a; 2015b). The
effects of various parameters, such as pH, pHzpc, initial
concentration, ionic strength, and presence of competing
ions was also discussed during their adsorption study.
Adsorption kinetics and mechanisms were explained
through these studies and reported that, n—m electron-
donor-acceptor (EDA) interaction, electrostatic
interaction, and hydrogen bonding are the driving
mechanisms and force for the adsorption process. The
morphology of the carbon nanotube may also play a
significant role on the adsorption of various organic
and inorganic pollutants. These nanoadsorbents may be
more efficient than activated carbons in terms of their
lesser equilibrium time, higher adsorption capacity and
selectivity, and easier regeneration. The development
of cost-effective, facile, green, and extremely effective
manufacturing methods for the production of carbon
nanotubes is highly recommended for its real/fruitful
application in water and wastewater treatment.
Recently, magnetic polymer multi-wall carbon
nanotube (MPMWCNT) nanocomposite was synthe-
sized, which was composed of multi-wall carbon
nanotubes, poly(1-glycidyl-3-methylimidazolium
chloride) (ionic liquid-based polyether) and ferroferric
oxide and utilized for the removal of orange II, sunset
yellow FCF and amaranth dyes from aqueous phase
(Gaoa et al., 2013). It was reported that a low pH
value favours the adsorption of these dyes and the
adsorption kinetics and isotherms were well fitted by
a pseudo-second-order model and Langmuir model,
respectively. The introduction of ionic liquid-based
polyether and ferroferric oxide moieties into the multi-

wall carbon nanotubes brings significant improvements
in the adsorption and separation performance. They also
reported that MPMWCNT effectively removes colour
from dye-containing wastewater and has high adsorption
capacity, fast adsorption rate and can easily be separated
from the water by external magnetic field.

Of late, the adsorption of ofloxacin (OFL) on
carbon nanotubes (CNTs) has been investigated using
the solubility, pH and co-solvent effects (Peng et al.,
2012). The solubilities of OFL and sorption of OFL on
three multi-walled CNTs at different pHs and different
methanol volume fractions (fc) of methanol/water
mixture solutions were systematically reported in this
study. The authors found that the highest sorption was
not observed at the pH with lowest OFL solubility,
indicating hydrophobic interaction was not the dominant
sorption mechanism. The sorption decreasing in pH
range of 5-8 was consistent with cationic OFL species
distribution, suggesting cation exchange may play an
important role. With the increased methanol fraction,
both OFL solubility and sorption decreased, which
was different from hydrophobic organic contaminants
(HOCs). They suggested that cosolvent—sorbent
(methanol-CNTs) interactions were much stronger
than solute—cosolvent (OFL—methanol) interactions and
evidenced by decreased sorption and increased linearity
of the isotherms in methanol than those in water. The
authors also suggested that solute-cosolvent interactions
should be performed in future studies.

Polymer-based Nanoadsorbents

Polymer-based nanoadsorbents also have the potential to
be used as adsorbents for the wastewater treatment. The
adsorption and other thermal and chemical properties
of the polymer may be improved by the incorporation
of nanomaterials into the polymer matrix. The most
advantages of these nanoadsorbents are their superior
adsorption properties and stability over a wide range of
pH. The surface of these polymer-based nanoparticles
may be customized through chemical and physical
process. The selective removal of various heavy metals
may be possible by using these nanoadsorbents. These
developed polymeric nanoadsorbents are reported to be
utilized for the removal of various heavy metals from
their aqueous phase (Zhang et al., 2008; Chen et al.,
2011; Wang et al., 2007). The adsorption of various dyes
from water phase is also reported by several authors.
The authors also reported the adsorption mechanism
and adsorption kinetics. The other factors affecting
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the adsorption are also discussed and reported in the
literature.

The prolonged contact of the nanoadsorbents may
lead to environmental problems and its recycling
is not so easy. Therefore, the discharge of these
nanoadsorbents should be quantified. The separation
of nanoadsorbents from water phase is usually difficult
along with its regeneration and reutilization. Petrik et
al. (2006) showed that nonporous carbonaceous and
nanostructured adsorbents may be regenerated by
mechanical, thermal and electromagnetic energy. The
nanoadsorbents loaded compound may also be smashed
by heating in furnace and microwave irradiation.

Discussions and Future Prospects of
Nanomaterials

There are some issues that should be addressed for the
safety of the drinking water and other water bodies
using nanomaterials as adsorbents. The utilization of
nanomaterials in water treatment may be a serious
concern in the coming years. There is a chance that
nanoparticles may enter into the human body. However,
the exact ways by which these nanoparticles can
enter into the human body is still a matter of in-depth
research. Therefore, more research work should be
required for the fruitful utilization of nanoparticles
into environmental research, especially drinking water
and wastewater treatment systems. There is a greater
need to develop safe and sustainable technologies for
the disposal of nanomaterials after suitable treatment.
Recently, greener methodologies are adopted worldwide
for the preparation of nanomaterials and its utilization
in various fields. The conversion of various organic and
inorganic pollutants into the more lethal products is also
an important concern in the water treatment process.
The cytotoxicity and genotoxicity test of the
nanomaterials are also urgently required for their
utilization at large scale. Therefore, the future of the
nanoparticles in the water treatment depends on various
factors which should be looked into and further research
work is highly needed for their fruitful application.
Generally, low-cost adsorbents were utilized for
the removal of various impurities from wastewater
and other water bodies. However, the development
of nanotechnology slowly replaced the utilization
of low-cost available materials/adsorbents for the
same. Therefore, a comparison of nanomaterials with
the low-cost available adsorbents was required for
the assessment of nanoparticles with their potential
future applications in the water treatment systems.

Ahmaruzzaman and his research group (Ahmaruzzaman,
2008, 2009, 2010, 2011, Ahmaruzzaman and Gupta,
2011; Ahmaruzzaman and Sharma, 2005) investigated
and reviewed the potential of low-cost adsorbents
for the removal of phenolic and heavy metals from
wastewater. They also discussed the role of coal fly ash,
rice husk and its ash as low-cost adsorbents in water
and wastewater treatment. The authors discussed various
factors such as, pH, ionic strength, initial concentration
of adsorbate, presence of other substances, adsorption
isotherm, kinetics and adsorption capacity of the
pollutants/adsorbate. However, the accurate evaluation/
comparison is not achievable between low-cost and
nanoadsorbents, because of the various experimental
conditions utilized for nanoparticle and other low-
cost adsorbents for the elimination of the identical
organic and inorganic pollutants. Efforts were made to
compare the performance of nanomaterials with low-
cost adsorbents.

The large scale application of nanoparticles as well as
low-cost adsorbents for the treatment of wastewater and
drinking water is still reported in scanty cases. Although
low-cost adsorbents are utilized for the removal of
all type of impurities/pollutants, nanomaterials may
be the better alternative for the effective treatment
of water bodies (Khajeh et al., 2013; Ali, 2012). The
faster adsorption capacity, lesser contact time and anti-
bacterial properties, ease of separation, etc. may be
the encouraging factors for their application in water
treatment compared to that of low-cost adsorbents.
The quantity of various pollutants, especially the heavy
metals, such as arsenic, iron, lead, mercury, fluoride
etc. in the drinking water are very less (ug/L) and,
therefore, nanomaterials may be the good alternative for
bringing down the level of impurities to the standard
level required for drinking water. Nanoadsorbents may
be effective not only in an exceptionally small range
of pollutant concentration but also in an extremely
high concentration range, where other processes are
unsuccessful, time-consuming and expensive (Nassar,
2010). Further research should be carried out to develop,
optimize novel nanomaterials and make them cost
effective for their large scale application at various
levels.

A potential and outstanding adsorbent must have
low-cost, higher adsorption capacity, higher surface
area, higher regeneration ability and lesser equilibrium
time, and other important properties for the removal
of various types of pollutant in very less time. In
addition to that it must not generate any objectionable
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odour and least amount of wastes/sludge. The future of
nanotechnology for water treatment depends on their
toxicity, public health concern, awareness, fate, impact,
etc. on the human health and environment. It is also
reported that nanomaterials may undergo remarkable/
considerable alternations/changes in the liquid/aqueous
phase (Pradeep and Anshup, 2009).

Conclusion

This article showed that nanomaterials have the
potential to be used as adsorbents for the treatment
of wastewater. During the last decades, potential of
nanomaterials in various fields have been the primary
focus of research. The nanomaterials have been utilized
for the removal of various heavy metals, dyes, etc. from
wastewater. However, very few studies were reported
on the removal of pesticides, phenols, pharmaceuticals,
antibiotics, pathogenic bacteria and viruses and other
emerging contaminants from wastewater. The future
of nanomaterials in the water treatment requires
better control of their composition, size, shape, and
other important properties. The world, especially
third world countries, is facing huge challenges in the
drinking water requirement because of the shortage of
fresh water. Because of the various advantages of the
nanomaterials over the conventional adsorbents, they
may be utilized as novel and promising adsorbents for
the future water treatment. In my opinion and recent
advances in this field, the nanoparticles in their various
forms will be the significant components/parts in the
drinking and other wastewater treatment systems.
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