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Abstract: Increasing water pollution has urged the need to elucidate more potent techniques for
removing contaminants from wastewater 1 and groundwater. Numerous techniques or processes have
been explored and designed for water purification. Amongst all other water/wastewater remediation
techniques, nanotechnology has gained wider attention in water remediation via numerous mechanisms,
such as the adsorption of heavy metals and the removal of pathogens. Nanoadsorbent materials have
emerged as a promising solution for solving this crucial environmental issue. Their unique chemical
and physical properties, such as higher ranking, quality, and status, promote their application compared
to traditional adsorbents. Recent research studies have reported their promising potential in water
treatment, including polymeric, carbon, tubezeolites, and metal nanosorbents. Hence, this review
mainly aims to provide summarized data presenting all the beneficial aspects of nanosorbents in
wastewater/water remediation.
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1. Introduction

Water is one of the major constituents of life and a plentiful major resource on Earth;
the very first life form originated in the sea. About 3/4™ part of the Earth is water, of which
approximately 70% of fresh water is being utilized in agriculture, displaying the central role of
water in the world economy. A continued supply of clean and fresh water is of utmost
importance for human civilization [1]. Water pollution has become a universal problem.
Wastewater comprises different pollutants, including heavy metals, nitrates, fluorides, dyes,
ammonia, and many other emerging pollutants, which are ultimately toxic to living beings.
Accumulating pesticides in the aquatic environment and sedimentation of these pesticides in
the soil pose health risks to humans [2]. Non-biodegradable organic dyes impart ecological
toxicity and have been a major threat to humankind. One of the best ways to resolve the issue
of water scarcity is to reuse wastewater after treatment [3].

Nanotechnology is a boon to mitigate the problems raised due to water pollution. It
allows the development of nanomaterials like nanoadsorbents, nano clay, nanocomposites,
catalysts, reagents, and many more, which are the most efficient tools discovered till now.
Wastewater remediation can be taken to its highest efficiency using these high tech-materials.
Nanomaterials are very useful for removing any emerging pollutants like pharmaceuticals,
trace elements, and particulate matter in the range of 0.1-651mg/g in wastewater [4]. The clay
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nanocomposites have shown great efficiency in removing ammonia, nitrate, and bacteria from
the wastewater. The adsorption of pharmaceutical compounds using nano adsorbents has
gained much popularity owing to their low-cost, high surface area, and effectiveness. ZnO-NPs
(zinc oxide nanoparticles) are synthesized with the coating of CTAB surfactant and BMTF
(ionic liquid molecules) and are effectively used in the removal of EBT (Eriochrome Black T)
from aqueous media [5]. The applications of adsorptive membranes such as polymeric
membranes (PMs), polymer-ceramic membranes (PCMs), electro-spinning nanofiber
membranes (ENMSs), and nano-enhanced membranes (NEMSs), have gained momentum in high
selectivity and adsorption capacity for heavy metal ions. Adsorptive membranes (AMSs) have
also demonstrated high effectiveness in heavy metal removal from wastewater owing to their
exclusive structural properties [6].

2. Water and its Contaminants

The origin of life is believed to have been associated with the aqueous solutions of
oceans. Living organisms have been dependent on various forms of aqueous solutions for their
essential biological processes, including blood and digestive juices. Water is also the major
constituent of Earth’s hydrosphere and is essential for all existing forms of life, even though it
provides no calories or organic nutrients [7]. Water can be contaminated in different ways,
usually due to human activities known as wastewater. It is produced by household/domestic,
industrial activities, etc. Major causes for groundwater contamination include animal feces
intrusion or wastewater due to heavy rain, whereas surface water contamination comprises
wastewater discharge into natural water sources with increased turbidity and color change [8].
Wastewater consists of 99.9% water, and the remaining 0.1% contains organic matter,
microorganisms, and inorganic compounds to be removed. Wastewater also includes storm
runoff, as harmful substances wash off roads, parking lots, and rooftops which hold
contaminants like oil, fuels, insecticides, herbicides, and residual sediments. Domestic
wastewater comprises grease, scum detergents, vegetable materials, and sediments. Industrial
wastewater comprises toxic chemicals, organic wastes, metals, increased sediment, radioactive
elements, acidic/basic, and high-temperature waste [9]. Figure 1 summarizes all possible water
and wastewater contaminants that must be treated before they are released into another body
of water so that it does not cause further pollution of water resources.
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Figure 1. List of water/wastewater contaminants, including biological, organic, and inorganic contaminants.
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Based on the radix and nature of wastewater and water contaminants, they have been
categorized into inorganic, biological, and organic pollutants. Heavy metals are recognized as
the most hazardous contaminants amongst all other water contaminants due to their toxicity
and stubborn nature in organisms and lead to food chain increase also, and they are non-
degradable like arsenic (As), lead (Pb), nickel (Ni), chromium (Cr), zinc (Zn), etc. They cause
damage to the cardiovascular and gastrointestinal tract and CNS, the endocrine glands, kidneys,
liver, lungs, and bones. Heavy metal refers to any metallic chemical element with a relatively
high density of 5g cm™ and atomic mass (higher than 23) or atomic number (more than 20).
These metals are required at the lower concentration for maintaining various physiological and
biological activities in living organisms but become toxic at higher levels. The efficient
removal of heavy metals is the demand of sustainable development as they may become
carcinogenic [10]. Hence, numerous strategies, including bioaccumulation, rhizofilteration,
biosorption, biotransformation, volatilization, and bioextraction are employed to remove heavy
metals by the biological species.

Recent research has also reported the presence of SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2) in wastewater and water. Face masks and stools of
COVID-19 patients were reported as the primary route of coronavirus transmission into water
and wastewater. The majority of coronavirus (SARS-CoV-2) often gets rapidly inactivated in
water, i.e., human coronavirus 229E survival in water for 7 days at 23 °C and was dependent
on water properties, temperature, property of water, organic matter, suspended solids, pH, and
disinfectant doses [11]. Other contaminants include endocrine disrupting chemicals such as
personal care products, pharmaceuticals, heavy metals and organic pollutants, resulting in
environmental pollution. Chronic exposure to endocrine disrupting chemicals can pose
numerous adverse effects on the environment and human health, including issues related to
thyroid, reproductive system, cancer and Alzheimer and obesity [12].

3. TechniquesUsed in Wastewater and Water Remediation

Several studies have reported numerous chemical and physical wastewater and water
purification methods, including chemical precipitation, coagulation/flocculation,
ultrafiltration, ion exchange, electrolysis, reverse osmosis, and adsorption. The usage
frequency of techniques to be employed depends on various factors, including the amount of
sorbent molecules and supportive materials and cost [13]. Further sections comprise the
techniques used in the remediation process (Table 1).

Table 1. Table summarizing various water/wastewater remediation techniques with their advantages and
limitations.

Techniques used in | Method

water/wastewater

remediation

Advantages Disadvantages

Chemical Precipitation

Metal ions are precipitated by
adding coagulants which are
organic polymers like lime, alum,
etc.

Cost-effective
Can Remove most metals
Easy to operate

Sludge formation
Additional cost for sludge
disposal

lon Exchange

The exchange of metal ions with
the ions held by electrostatic
forces takes place in this process.

Faster removal
Highly effective
Materials are regenerated

Quite expensive
Some ions are not
completely removed

Reverse Osmosis
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The dissolved solids cause the
separation of metal ions at a
pressure greater than the internal
osmotic pressure

Environment friendly
Good quality water

Removal of minerals
Time-consuming
High cost
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Techniques used in
water/wastewater
remediation

Method

Advantages

Disadvantages

Electrodialysis

The cells of concentrated and
dilute salts are formed by the
separation of cations and anions
through an electrical potential
between two electrodes.

High recovery rate
Limited pretreatment is
required

Membrane fouling occurs
High operational cost
Energy consumption

Coagulation/
flocculation

Colloidal material is joined into
small aggregates called “flocs” by
adding a coagulant to the water.

High efficiency
Require limited investment

High operational cost
Not effective against COD
Formation of sludge

Ultrafiltration

Fluid is passed through a
semipermeable membrane while
the suspended solids retain on the
other side of the membrane

Removes a wide range of
pollutants

Can be regenerated

The highest quality water is
produced

Ineffective
inorganic
pollutants

against

Adsorption

A Gas or liquid solute is
accumulated on the adsorbent
surface, forming a molecular or
atomic film.

Removes most pollutants
High efficiency, cost-
effective

Easy operation

Requires regeneration

difficult to remove
adsorbents from treated
water

3.1. Chemical precipitation technique used in the water remediation process.

Chemical precipitation is the chemical method of water purification and is one of the
most widely used techniques used in water treatment. This technique has been utilized in heavy
metal impurities removal from industrial wastewater globally due to its easy process and low
cost. Recently, it is also a suitable method for important heavy metals like Ni and Cu [14].
Chemical precipitation involves a chemical reaction between precipitating agents like
hydroxides, carbonates, sulfides, and dissolved metal ions in wastewater to form insoluble
particles. The chemical precipitation process is followed by physical processes of wastewater
treatments such as filtration, coagulation, or sedimentation [15]. The elimination of heavy
metals by chemical precipitation techniques includes numerous basic steps as firstly, chemicals
such as magnesium hydroxides and soda ash are added to wastewater, followed by physical
treatments. In this step, heavy metal ions precipitate as carbonates and hydroxides. Then the
precipitated heavy metals get eliminated via several other methods such as gravity separation,
magnetic separation, dissolved air flotation, or vortex separation, depending on the water
sample and scale of precipitated heavy metals [16]. After that, remaining heavy metals left after
previous steps are again precipitated by the addition of some other chemicals such as inorganic
or organic sulfides and salt for effective precipitation of even very low concentrations of heavy
metals.

3.2. lon exchange technique used in the water remediation process.

lon exchange is an ancient technique that was used earlier for the softening of water
being used for large-scale industries. Now the ion-exchange technique is an integral part of
new industrial and technical processes used for water treatments. lon-exchange materials of
wide varieties are available in the market, including organic and synthesized exchangers [17].
It can be defined as a reversible chemical reaction process in which an ion (from an aqueous
solution) gets replaced by a similarly charged ion attached with an exchange site on insoluble
and immobile solid materials such as chemically synthesized resins, zeolites, or clay. The most
common matrix used for ion exchange is synthetic organic resins, inorganic three-dimensional
matrix, and new-generation hybrid materials [18]. lon exchange resins, especially cation
exchange resins procedures, have been reported to be highly effective and efficient for
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eliminating a large number of heavy metal cations from water and wastewater. However, the
elimination of some heavy metals like Pb is a little challenging due to its competitivity against
resin’s active ion-exchange sites occurring naturally in cation exchange resin, such as
aluminosilicate colloids [19]. Hence, the ion exchange method is not completely suitable for
eliminating all types of heavy metals present in water and wastewater.

3.3. Reverse osmosis technique used in the water remediation process.

The reverse osmosis technique of water and wastewater remediation is basically a
membrane-based filtration method utilized in large industries to eliminate dissolved heavy
metal ions and salts in water feedstock [20]. In the reverse osmosis (RO) technique diffusion-
controlled process occurs in which the mass transfer of permeates occurs through a dense
membrane under a controlled solution diffusion mechanism [21]. The mass transfer due to
solvent mobility maintains the solute concentration on both sides of the membrane and leads
to the development of a pressure gradient (or osmotic gradient). External pressure is used to
reverse the flow of perspicuous solvent and, therefore, is recognized as a reverse 0sSmosis
process. It is an extremely efficient method for eliminating all types of dissolved ions and
organic impurities from water and wastewater. A remarkable benefit of this technique includes
the cost-effective recovery of metals in retentate (concentrated solution of by-product) [22].
The versatility of this technique relies on the reduced concentration of ionic pollutants and
organic compounds in water and wastewater, which further makes it stand out from other
traditional techniques for heavy metal removal at both large and small-scale water purification
[23]. However, the membranes used in reverse osmosis are expensive both to operate and
procure; also, the high-pressure demand of this method leads to its high cost of operation and
high sensitivity to operating conditions.

3.4. Electrolysis and Flocculation/Coagulation techniques used in the water remediation
process.

The electrolysis technique is an electrochemical reaction-dependent technique in which
a direct electric current is passed through an ionic material that has been dissolved in a suitable
solvent. This further results in a chemical reaction at the electrode, leading to the separation of
heavy metal ions from wastewater and water. In this process (electrolytic metal deposition),
the metal ions are reduced electrochemically, producing high-purity metals. This process is not
only limited to metal separation from wastewater but also the large-scale production of metals,
including zinc or copper. A wide range of electrodes can be employed, including graphite,
metallic, and semiconductor materials. The appropriate selection of electrodes helps balance
the chemical reactivity between the electrolyte and electrode production cost [24].

Coagulation and flocculation are well-known processes used in wastewater or water
remediation due to their better turbidity removal efficiency [25]. It is a two-phase process that
removes stable colloids in water via forming larger aggregates, followed by a sedimentation
process. The first phase is the coagulation process, where coagulant addition in water reduces
the repulsive forces between the colloids [26]. The flocculation process is the second phase,
which involves bonding destabilized particles leading to floc formation through Van der
Waals's force of attraction. Other factors on which the efficiency of the coagulation-
flocculation process depends include mixing speed, dosage and type of coagulant, pH and
temperature of wastewater, floc settling time, and pollutant concentration in wastewater [27].
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Recently, the development of a wider range of nano-flocculants has been reported to be highly
efficient in treating water polluted with dyes, heavy metals, and microorganisms (such as
bacteria) as they possess a large surface area to volume ratio, which further enhances their
adsorption potential and chemical activity towards target contaminants as compared to non-
nanomaterial [28]. The toxicity and health hazard possessed by inorganic coagulants is one of
the major issues related to the coagulation-flocculation process. In addition, the coagulation-
flocculation process involving natural coagulants is not effective in removing chemical oxygen
demand (COD) due to their organic properties.

3.5. Ultrafiltration and adsorption techniques used in the water remediation process.

This is a filtration process that can separate dissolved tiny suspended particles and
macromolecules (having size in the colloidal range) from a fluid or liquid feed by using a
selectively permeable membrane with a range of pore size (between 1 and 100 nm) [29]. It can
be defined as pressure-driven membrane transport process where the molecules with higher
molecular weights (macrosolutes) are concentrated on one side of the membrane, whereas
small-sized molecules (such as microsolutes or solvents) move freely through the selected
membrane. An ultrafiltration membrane technique is also used to retain larger solutes using
lower operating pressure of up to 10 bars compared to the RO (reverse osmosis) membrane
process [30]. It removes turbidity, colloidal particles, DOM (dissolved organic matter), toxic
substances, and microorganisms from pure drinking water. The usage of various nanoparticles
such as CNTSs (carbon nanotubes), clays, graphene, zeolites, carbon molecular sieve, or metallic
oxide has remarkably enhanced the performance of the ultrafiltration technique [31]. However,
the applications of membrane technologies can be affected by several types of fouling, such as
inorganic fouling, colloidal and particulate fouling, biofouling, and organic fouling. Another
important issue is oily wastewater, which can harm sea life and cause a major environmental
catastrophe. Recently, research proved that ultrafiltration with enhanced morphology and
mechanical strength is the most effective technology for oily wastewater treatment [32].

Another method used for the treatment of water and wastewater is adsorption. It is a
surface phenomenon commonly used in the removal of inorganic and organic contaminants
that is mainly dependent on the interaction between a porous solid adsorbent and an adsorbable
solute formed by the physical bonds (van der Waals) or chemical bonds (covalent bond) [33].
The solute molecules get concentrated on the surface of the adsorbent by the attractive forces
between them. In this process, a large specific surface area is preferable for providing large
adsorption capacity. Adsorption is preferred over other wastewater treatment technologies
because of its cost-effectiveness, better efficacy, versatility, simple operation, and ability to
remove all types of contaminants [34]. Activated charcoal is commonly used for removing
pollutants from wastewater and adsorbing contaminants from drinking water sources, such as
groundwater, rivers, lakes, and reservoirs; however, it is quite expensive [35]. Recently,
research was done on adsorbents based on nanoparticles i.e., nanoadsorbents, and it was found
that they have considerably higher adsorption rate due to their large surface area and are eco-
friendly, reusable, high adsorbing, cost-effective, and even removed dye from the solution.
Their higher ranking, status, and quality enhanced their application in different fields compared
to other adsorbents [36]. Also, the adsorption of contaminants using nanomaterials proved one
of the best approaches for advanced sewage treatment procedures. Altogether, all the
summarized techniques are highly effective in water purification and pollutant elimination with
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a limitation of usage of expensive equipment and time-consuming. Also, they require chemical
inputs, some of which are hazardous and toxic. However, associated negative consequences
with these techniques have resulted in several studies to elucidate more efficient, cost-effective,
and eco-friendly techniques for wastewater remediation. Adsorption can be further classified
into two categories depending on the concentration and nature of force between adsorbent and
adsorbate molecules. Positive adsorption can be defined as adsorption in which adsorbate
concentration is more on the surface of the adsorbent than its concentration in the bulk phase
via van der force of attraction. Hence, it is also known as Vander Waal’s adsorption, and these
forces are easiest to be separated [37]. It can be easily reversed by heating or decreasing the
pressure. In negative adsorption, adsorbate concentration is less than its concentration in bulk.
Chemisorption (or chemical Adsorption) involves chemical bond formation between adsorbent
and adsorbate. This type of adsorption is also called Langmuir adsorption. It is much stronger
than physisorption and cannot be easily reversed. It may further be categorized as activated
adsorption (needs catalytically active adsorbent) or exchange adsorption (charge attraction
between adsorbent and adsorbate) [38].

4. Nanoadsorbents Used in the Wastewater/water Remediation Process

The main interaction force controlling adsorption is the affinity between the adsorbent
and the adsorbate. The process of adsorption increases with the increase in adsorbent surface
area. The adsorbent is an important factor in determining the adsorption method's versatility,
efficiency, and economics [39]. Although commercial activated carbons, zeolites, commercial
activated alumina, silica gels, ion-exchange resins, and other adsorbents are highly successful
in removing heavy metal ions and other types of pollutants, they do have some limitations.
Some of them are quite expensive, some require pretreatment and another problem is their
disposal and regeneration. In recent years, adsorbents such as magnetic adsorbents, Saudi
natural clay, and nanoadsorbents have been used to eliminate contaminants as they have
overcome these limitations [40].

Nanomaterials are materials with nanoscale dimensions (ranging from 1-100 nm)
exhibit the potential to be used in removing a variety of toxic metals, especially heavy metals.
Nanoparticles are preferred over other adsorbents due to their multiple sorption sites, high
specific surface area, low-temperature modification, porosity, surface functionalities, short
intraparticle diffusion distance, and ion binding capabilities [41]. Along with these, other
physicochemical properties, such as shape, size, chemical composition, crystal structure,
physicochemical stability, surface energy, surface area, and surface roughness, also affect the
properties and efficiency of nanosorbent materials. It was found that nanomaterials can be
made more reactive on decreasing size, thereby increasing the surface area relative to volume.
Also, surface charge greatly influences the toxicity of nanoparticles as it regulates numerous
aspects of nanomaterials, including colloidal behavior, selective adsorption of nanoparticles,
blood-brain barrier integrity, plasma protein binding, and transmembrane permeability.
Crystalline structure and composition also play a vital role in the toxicity of nanoparticles,
along with surface coating and surface roughness [42].

Based on these physicochemical properties, numerous types of nanomaterials have
been synthesized in recent times. Some of them are carbon nanotubes, metal nanoparticles,
nanowires, polymeric nanoparticles, and many more. Some factors, including intrinsic
compositions, innate surface properties, external nanosorbent materials functionalization, and
sizes, may also affect these physicochemical properties. Properties and behavior of nanosorbent
https://nanobioletters.com/ 7 of 17
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materials, including large surface area, high absorptive capacity, high chemical activity, and
high surface binding energy, were explained by the distribution and nature of active sites on
the surface of these materials [43]. Recently, surface modification of these materials was
carried out to enhance their properties like adsorption capacity, efficiency, and stability to
eliminate a wide variety of heavy metal pollutants. They successfully improved the
performance of nano adsorbents by modifying their surface using various methods.

4.1. Synthesis of nanosorbents materials.

Either the bottom-up approach or the top-down approach generally synthesizes
nanosorbent materials. The type of approach employed depends on the advantages it has over
the other; the top-down approach is a conventional process in which the size of bulk material
is reduced to the nanoscale through erosion of particle size by mechanical alloying,
micromechanical, electrochemical, sonochemical exfoliation, acidic dilution(oxidation), high
energy ball milling and reactive milling, while in bottom-up approach the nonabsorbent
materials are synthesized by atomic layer deposition atom on the atom, the molecule on a
molecule by arch discharge method, unzipping of carbon nanotubes, reduction of graphene
oxide, sol-gel method, chemical and physical vapor deposition [44]. The bottom-up approach
to nanosorbent material synthesis is the most modern approach, but it has two major drawbacks:
one is that chemical purification is required during the nanofabrication process, and the other
is that large-scale production is not cost-effective or feasible. Nonetheless, it is the most
popular method used in this age. Similarly, the top-down approach also has its limitations, such
as damage to the surface and crystallographic structures during particle size reduction.
However, the top-down approach still plays a significant role in the synthesis of nanoparticles
[45]. Apart from chemical and physical methods, the nanoparticles can be synthesized by the
green approach, including biological methods using plant extracts, microorganisms (such as
actinomycetes, bacteria, fungi, and algae), enzymes, biomolecules, and bioreduction [46].

4.2. Classification of nanosorbent materials and their applications.

A wider range of nanomaterials are synthesized and applied in various fields and
treatments in modern times, such as nanowires, nanotubes, nanobots, nanoparticles, quantum
dots, etc. nanomaterials are being used in water, and wastewater treatment for effective removal
of heavy metals and other harmful pollutants due to their unique properties major of which is
high absorption [47]. In recent years, CNMs (carbon nanomaterials) such as carbon nanotubes,
graphene, and derivatives, fullerenes, carbon nanofibers, nanodiamonds, nanoporous carbon,
graphitic carbon nitride have been extensively utilized as adsorbents because of their easy
modification, high chemical stability, extraordinary surface properties, large specific surface
area, controlled structural varieties, ease of regeneration, porosity and low density. A recent
study shows that when modified, several nano adsorbent materials showed improved adequacy
and adsorption capacity for eradicating pollutants from water and wastewater such as silica-
shell coating onto FesO4 particles [48]. A study shows that iron oxide magnetic nanomaterials
have displayed significant efficacy in wastewater treatment at a larger scale and have therefore
emerged as one of the most promising materials for heavy metal treatment from water and
wastewater. Numerous experiments have also shown significant pollutant removal efficiency
of iron oxide nanomaterials in water and wastewater. For example, FezO4 hollow nanospheres
were shown to be highly effective sorbents for red dye [49]. The nanosorbent material should
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be non-toxic or at least toxic and should be highly sensitive to eradicate very low concentrations
of contaminant. It should also have a very high sorption capacity. The nanosorbent material
should possess a surface that can be very easily reactivated whenever needed. Various
modification techniques for nanomaterials make them useful for water and wastewater
treatment [50]. The further section has summarized several generally used and recently
discovered nanomaterials in wastewater treatments, such as CNTs (carbon-based
nanoadsorbents or carbon nanotubes), metal-based nanoadsorbents, polymeric nanoadsorbants,
and zeolites (Figure 2).

Nano-
Adsorbents

Water and

wastewater Adsorption
remediation Technology
technology

Cellulose
Membrane

Figure 2. List of water/wastewater remediation technologies.
4.2.1.CNTs (carbon-based nanoadsorbents or carbon nanotubes).

Carbon nanotubes can be considered cylindrical nanostructures of carbon, and on the
basis of their synthesis, they can be further classified under two broad categories, including
single-walled CNTs and multi-walled CNTs. CNTs can be compared with rolled graphene
sheets and can be synthesized with laser ablation method, arc discharge method, pyrolysis
method, CVD method, etc. CNTs have hydrophobic properties, which can cause particle
accumulation in an aqueous solution, stabilizing it to obviate the reduction in surface activities
[51]. Besides this, carbon nanotubes have high adsorption sites, high surface area, and tunable
surface chemistry. CNTSs are unique since they possess various distinctive potentials such as
permeability, adsorption capability, morphology, and physicochemical properties. In CNTs the
EDA (electron donor-acceptor) interactions have been reported to be a major adsorption
mechanism. The surface affinity of CNTs can also be modulated to a wider range of
contaminants in wastewater/water remediation and surface fictionalization. The adsorption
capacity can be highly increased by fictionalizing CNTs with hydroxyl, carboxyl, and carbonyl
groups which are generally added by oxidation of CNTs using acids such as HNO3, H2SO4,
HCI, H202, KMnOs, and NaOCIl. CNTs also possess antimicrobial properties and cause
oxidative stress in bacteria, leading to cell wall removal [52]. Carbon nanotubes functionalized
with silver nanoparticles displayed a tremendous ability to inactivate microorganisms. CNTs
have numerous advantages over traditional adsorbents like activated carbon; however, their
usage in large-scale wastewater treatment is a very costlier process.

4.2.2. Metal and non-metal based nanoadsorbents.

Metal and non-metal nano oxides (more active adsorbents) can be considered n efficient
replacement for activated carbon used in eradicating heavy material and radioactive elements.
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Furthermore, nanometal oxides with high surface area comprise a small intraparticle diffusion
distance, which can be easily compressed without any change in surface area. In recent years,
membrane technology has utilized a wider range of metal nanoparticles in wastewater
treatment [53]. This subsection briefly describes some potential metal and non-metal oxide
nanoparticles with their applications in water/wastewater remediation, including nano-silver
and nano-titanium dioxide, zero valent nano-iron, and magnetic nanoparticles [54] (Table 2).

Table 2.Nanoadsorbents used in water/wastewater treatment processes.

Nanoadsorbents Alternative Advantages Disadvantages Applications
approach
Nano-TiOz and Activation through Long-lasting, high Demand ultraviolet Removal of organic
nano-silver modification of TiO2 | chemical stability activation pollutants
by visible light Nano-silver: less Nano-silver: limited | Antibiofouling
toxic, bactericidal durability surfaces, water
decontamination
Nano-zero valent Stabilized by High reactivity Requires Groundwater
iron entrapment in stabilization purification
polymeric matrices
Magnetic Improving 0smosis Easy restoration by a | Requires Groundwater
nanoparticles magnetic field stabilization purification

Silver nanoparticles (AgNPs) and their various nanocomposite materials have been
largely used as catalysts and disinfectants for water and wastewater treatment for a long time
[55]. A recent study showed the potential efficacy of adsorbent of silver and titanium oxides-
doped activated carbon in removing total phenols from pharmaceutical effluents, and a green
approach was used to synthesize this adsorbent using Shea butter leaves extracts. Further, the
adsorbent was bio-synthesized via reducing Ti (NOsz).4H.O and AgNO:z into their oxides and
their subsequent doping on activated carbon [56]. Moreover, metal nanoparticles having
antimicrobial activity are used to counteract biofouling due to their bactericidal properties
which silver is one of the most commonly preferred bactericides in fouling reduction.
Membranes infused with silver nanoparticles have been reported to be highly effective against
two bacterial strains viz. P. mendocina KR1 and E. coli K12 are generally present in wastewater
[57]. Additionally, silver nanocomposites have also displayed significant potential in removing
viral contamination from wastewater. Recent studies have projected the significant potential of
Al203 and ZrO, PES (polyethersulfone) in wastewater filtration. TiO2 nanoparticles have been
extensively utilized as photocatalysts due to their high stability, photocatalytic activity, and
low cost. It is also extensively being utilized as an antifogging agent due to its non-toxic nature
and photo-induced super-hydrophobicity, thereby performing a key role in environmental
decontamination [58]. Another type of nanopowder called titanate nanoflowers also displayed
significant potential in heavy metal ions removal, such as Cd?*, Zn?*, Ni%*, etc., and are
efficiently removed by titanate nanoflowers due to their specific and large surface area [59].

4.2.3.Zn0O and magnetic nanoparticles.

Studies have shown the potential of ZnO nanoparticles in removing total coliforms from
the municipal wastewater treatment plant. Aggregating ZnO nanoparticles in the cytoplasm and
cell membrane of bacteria inhibited bacterial growth. Basically, ZnO nanoparticles easily
penetrate the cytoplasm and cell membrane of bacteria, and H>O, secretion increases with
increasing penetration time, thereby increasing toxic effects on bacteria [60]. Magnetic
nanoparticles (MNPs) are widely employed for wastewater treatment processes, such as
flocculation, emulsification, adsorption, filtration, and photocatalytic activities, due to their

magnetic properties, which make treatment easy and unique. The major advantage of preferring
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magnetic nanoparticles is that these nanoparticles directly interact with contaminants and also,
and the loaded particles can be removed effectively using magnetic field [61]. In a study,
magnetite (Fez0a4) has also been used to eradicate groundwater contaminants viz. arsenic. Iron
oxide magnetic nanoparticles are prepared as an amino-functionalized magnetite nanoparticle
using the solvothermal reaction method and thereafter grafted on HPG (hyperbranched
polyglycerol). Obtained MNP-HPG is separated using a magnetic field and is characterized
before being used in adsorption experiments. Research findings clearly show that HPG-MNPs
displayed strong re-disperse properties and magnetic response, which strongly validated their
potential as an efficient adsorbent for removing heavy metals using a simple separation
procedure [62]. Synthesized nanoparticles get easily collected by utilizing an external magnetic
field from wastewater in a very short span of time and can further be easily reused after
regeneration. Figure 2 explains various surface functionalization methods, and table 2 shows
their characters and potential uses along with the synthesis method.

4.2.4.Zeolites and other nanosorbents.

Zeolites are microporous, aluminosilicate minerals made of silicon, aluminum, and
oxygen, which contain cavities and channels, also referred to as molecular sieves, where
cations, water and/or small molecules may reside. The common structure of zeolites is formed
by tetrahedrally linking the silica and aluminum atoms with each other through shared oxygen
atoms. Zeolites can be natural or synthetic materials. Natural zeolites have shown exceptional
ion exchange and sorption properties. Hence, they are more effective in removing metal cations
from wastewaters as compared to other commonly used cation exchange materials, such as
organic resins. Numerous studies have also confirmed the efficiency of high-silica zeolites in
removing organic micro-pollutants (OMPs) from water [63]. Normal-sized zeolite is on a
macro scale. Still, zeolites on the nanoscale with sizes ranging from 10-500 nm have shown
extraordinary performance in water/wastewater treatments due to their high surface area, cost-
effective production, stability in water, and, most importantly, their compatibility with the
natural environment [64]. Some studies also suggested that Z-NZVI (zeolite-supported
nanoscale zero-valent iron) synthesized from a simplified liquid phase reduction of iron salts
exhibited greater potential for treating impaired soil and water as it adsorbs As (1), Pb (I1),
and Cd (I1). Zeolites contain electrostatic pores where nanoparticles such as silver ions can be
incorporated and then exchanged with other cations. On studying the different materials
containing nano-silver, including zeolites, it was found that silver shows antimicrobial
properties as it inhibits the growth of microbes.

Moreover, ceramic water filters containing silver were also developed by potters for
water purification [65]. The presence of pathogenic bacteria in groundwater was a major
concern for those who depend on it. So, a cation resin-silver nanoparticle filter was developed
to disinfect groundwater. It is a cost-effective filter and was successful in removing the targeted
bacteria. However, Tiwari et al. stated that nano-zeolites, which he prepared by laser-induced
fragmentation on a microscale, can be used in sequencing batch reactors for both wastewater
and water treatment [66]. The only problem with zeolites was the reduction of the active surface
due to the immobilization of nano-silver particles. In addition, other nanoadsorbents like
nanometals and zeolites are cost-effective and show compatibility with the ongoing water
remediation techniques as they can be implemented in beads and pellets as fixed adsorbents.
Whereas nanometals and CNTSs are produced for numerous applications, polymeric adsorbents

have recently gained wider attention. They have shown extraordinary performance by
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eliminating both organic and inorganic compounds in just one step. They have also been used
for removing dyes from wastewater. The main disadvantage of using these nanoadsorbents is
their high production cost and the technical demand for improving the polymeric dendrimers.
In terms of ecotoxicity, nanoadsorbent materials like nonometals, CNTs, and zeolites are
classified as non-toxic on the basis of their origin and composition. However, the potential
toxicity, chemical stabilizers, and surface modifications can be affected by the size and shape
of these nanoadsorbents. An experiment was conducted in which nanoparticles from the treated
water were inserted in rats, and the results showed vital organ damage and DNA damage in
these experimental animals. Furthermore, with the new advancements in known nanomaterials,
the ecotoxicity has to be re-evaluated, so a general assessment could not be given regarding
their potential toxicity [67].

The nanoadsorbents other than those discussed above have shown high efficiency in
removing toxic dyes from impaired water. Presently, a versatile bi-functionalized iron oxide
nanoadsorbent has been synthesized for the extraction of toxic dyes present in wastewater. It
was successful in removing them as they combined iron oxide nanoparticles with
carboxymethyl-B-cyclodextrin polymer. Different techniques such as Fourier transform
infrared spectroscopy, X-ray diffraction, SEM (scanning electron microscopy), TEM
(transmission electron microscopy) were used to characterize the structure of these
nanoadsorbents. The catalytic activity of this nanoadsorbent was monitored by UV-Vis
spectroscopy in an aqueous environment [68]. Apart from these, nano-hydroxyapatite and
nano-clay minerals have great potential to eliminate organic and inorganic pollutants. The
advantages associated with these materials are their low cost, high surface area, and high
stability; hence it is considered an ideal nanosorbent. It can act as both hydrophilic and
hydrophobic material, which helps it to interact with organic and inorganic contaminants. Its
efficiency can be improved by using humic acid, which gets adsorbed on the surface of the
hydroxyapatite. Nano-hydroxyapatite-humic acid complex has shown better results as
compared to nano-hydroxyapatite in heavy metal removal from wastewater. The excessive use
of harmful drugs is a major concern as they are difficult to remove from water and pose a
serious threat to aquatic life [69]. In order to resolve this situation, sustainable green
nanoadsorbents were engineered, which were successful in removing these pharmaceutical
contaminants. Also, the discharge of industrial waste and other human activities can devastate
the entire biosphere. To prevent this, researchers synthesized iron-oxide-based nanosorbent,
which have the potential to remove organic and inorganic pollutants as well as biological
contaminants [70]. Similarly, magnesium and zinc oxide nanosorbents were found to be
effective in treating industrial wastewater. The nanoadsorbents gained attention as they are
cost-effective, environment friendly, and exhibit great potential in water remediation as
compared to traditional adsorbents. Their larger surface area leads to high adsorption capacity
and maximum removal of contaminants in less time [71]. The presence of another heavy metal,
lead, in water can cause long-term damage to humans, including kidney damage and increased
risk of high blood pressure. Researchers fabricated silicon dioxide/titanium dioxide
(Si02/Ti02) nanofibrous membranes capable of removing lead from wastewater [72]. Another
nanoadsorbent, silver/iron oxide nanocomposites, was synthesized to efficiently remove
radioiodine released in water due to nuclear power plant disasters. Sadak et al. prepared another
nanoadsorbent, namely ferric oxide (Fe30s) magnetic nanoparticles conjugated with
polyacrylic acid, which was highly efficient in removing toxic heavy metals at a certain pH
[73]. Likewise, calcium oxide/ferric oxide (CaO/Fe203) nanocomposites were used to remove
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chromium from wastewater. Another nanoadsorbent used for water and wastewater
remediation is magnetic Fe304/CeO, nanocomposite, which effectively removes the anionic
dye of Acid Black 210 by adsorbing it from an aqueous medium. Its efficiency improved after
modifying the nanocomposite with organic and inorganic molecules and organic polymers. It
means more active functional groups will be formed on the surface leading to its weak
coagulation and high stability; hence it is considered one of the best magnetic nanoadsorbents.
Moreover, it can be easily removed from water/wastewater by applying an external magnetic
field.

4.2.4. Limitations of nanoadsorbent materials.

Nanoadsorbents have shown excellent performance in the remediation of water and
wastewater. So far, numerous studies have indicated that they are best suited for the treatment
of water due to their unique physicochemical properties, but they have some disadvantages.
One of them is the ecotoxicity caused by the nanomaterials present in the treated water [74],
which can destroy aquatic life. Another restriction includes their high cost and maintenance,
e.g., CNTs, which are highly efficient nanoadsorbents but are quite expensive. The cost-
effectiveness of nanomaterials is an important factor and can be improved by the long-term use
of nanomaterials. For example, photocatalysis, another method applied in the purification of
water, has the ability to is another method applied in the purification of water that can maintain
its activity through the restoration of nano adsorbent materials [75]. Some studies have reported
the undesirable effects of nanomaterials due to the addition of substances in water for its
purification. The example includes chlorination, in which chlorine is added to water in order
to get rid of pathogens, but it was observed that it produced cancer-causing by-products [76].
Also, due to the small size of nanoparticles, they can enter the lymph and blood through
epithelial and endothelial barriers and then move further into our brain, heart, liver, and other
organs and tissues. Once these factors are removed, nanotechnology will provide the desired
outcomes like high-quality water and low-cost treatments.

5. Conclusion

There are numerous wastewater/water remediation techniques; however, adsorption has
emerged as the most potent and widely used technique/process. The adsorption technique can
efficiently reduce numerous classes of pollutants (both inorganic and organic) with limited or
no formation of poisonous by-products(s) or intermediates. Therefore, these materials are
applicable in removing pollutants from the water source. Recent studies have also projected
that nanoadsorbent materials have been gaining wider recognition in water remediation, having
unique potential in the adsorption process. In comparison, nanoadsorbent's properties increase
their application and have become more beneficial in numerous fields than traditional
adsorbents. Hence, nanoadsorbent materials can be considered next-generation adsorbents
useful in environmental purification and pollutant control in water/wastewater. Further studies
are needed to be done with these nanoadsorbent materials, including surface adaptations and
chemical stabilization for improving their application in water/wastewater.
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