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Abstract

In this review, CNT-based adsorbents have been extensively used in the adsorption of inorganic and organic pollutants from
water and wastewater. The use of nanoadsorbents is an attractive and promising option in the water treatment process due
to its high specific surface area and unique physical and chemical properties. They demonstrate excellent adsorption prop-
erties due to their high specific surface area, exceptional porosities, hollow and layered structures, numerous internal and
external adsorption sites, T-conjugative structure, and ease of chemical activation and functionalization. A wide range of
mechanical, physical, and chemical approaches have been used for the modification or functionalization of CNTs to enhance
their adsorptive properties in general or to make them selective toward certain classes of pollutants. Depending on the
adsorption conditions and the functionalization involved, CNT-based adsorbents can interact with inorganic contaminants
through different mechanisms such as surface complexation, electrostatic interaction, ion exchange, physical adsorption, and
precipitation. In the case of organic pollutants, besides physical adsorption, n-x and electrostatic interactions play a major
role in adsorption. In some cases, chemical bonding between organics and carbon nanotubes has also been reported as a
mechanism of interaction. Properties, functionalization, and mechanisms are involved in CNT-based adsorption of pollutants
from aqueous media. An insightful overview of the critical parameters that should be considered while using CNT-based
adsorbents for water purification is also provided. In the end, some challenges associated with CNT-based adsorbents are
presented, along with the potential solutions.
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1 Introduction

Increasing industrial activities and increasing population
growth have led to the creation of large amounts of indus-
trial and agricultural effluents and pollutants, the improper
disposal of which imposes irreparable damage to human
health and the environment [1-4]. Therefore, water supply
required by human societies and improving water quality
are two important issues in the field of water and waste-
water treatment [4—7]. Because access to safe drinking
water is key to maintaining public health, safe water is
recognized as a basic need in communities. About one-
sixth or 1.2 billion people in developing countries still
do not have access to safe water. Also, about 2.6 billion
people are deprived of basic health facilities. So far, vari-
ous processes for water and wastewater treatment have
been introduced [7-11]. Among these methods, adsorp-
tion using nanoadsorbent is one of the most effective and
efficient methods to remove more contaminants in water.
Water treatment with nanosorbents is a flexible method
in terms of design and implementation; in most cases, it
completely eliminates contaminants and the treated water
in terms of color and odor is suitable for reuse [1, 10-13].
The use of nanotechnology in the treatment of pollut-
ants from the environment, especially water, has gradu-
ally changed the climate, and its impact on the lives of
humans and other living organisms can be clearly seen. It
is predicted that the use of nanoadsorbent will lead to the
development of new technologies and provide more effec-
tive tools to prevent, identify, and solve problems related
to water pollution such as wastewater [2—6]. Although a
research program on nanoadsorbent is underway in rela-
tion to contaminants in water, more research is still needed
to further develop nanomaterials for water treatment [7,
14, 15]. In order to synthesize suitable nanoadsorbent
to remove harmful compounds from leachate, chemical
analyses must be performed on the functional groups of
nanoadsorbent to obtain an optimal state of their molecu-
lar structure during synthesis. Leachate is a liquid that
passes through waste and leaks out of solid waste [16-20].
Under these conditions, nanoadsorbent can react optimally
in water and wastewater treatment reactors and do their job
well. Harmful and stubborn compounds commonly found
in leachates include alkaline compounds, phenols, chlo-
rine-containing aromatic compounds, heavy metals, and
so on. The functional groups that bind to these compounds
usually include esters, aldehydes, ketones, alcohols, and
carboxyl. In order to develop optimal nanoadsorbent for
water and wastewater treatment operations, sufficient and
in-depth information on the properties of nanoadsorbent as
well as the properties of water or wastewater under treat-
ment should be available [21-24]. The characteristics of

industrial effluents depend on the type of industry and the
processes carried out in it. For example, effluents from the
petrochemical industry contain organic pollutants that can
be removed by biological treatment and chemical oxida-
tion or nanoadsorbent [25-27]. The uncontrolled entry of
heavy metals and organic dyes into the environment has
become a major global problem. These pollutants enter
natural waters through industrial activities, domestic sew-
age, and effluents. Humans are the main cause of pollut-
ants entering water. Of course, natural factors such as soil
and rock erosion due to air and rainwater are also effective
in the entry of heavy metals into the water [28—32]. There-
fore, the presence of these factors causes toxic species to
enter the water and then the body of living organisms.
Using the adsorption process is one of the best ways to
remove these contaminants from the water [33—-35].

The adsorption has promising advantages of effective-
ness, simplicity of operation, low cost, selective capturing,
and reusability of the adsorbents [36—39]. The performance
of the adsorption process is highly dependent on the nature
of the adsorbent and target pollutants. Adsorbent surface
area, pore diameter, interior and exterior morphology, and
functional groups play an important role in the adsorption
process. Besides that, initial pH of the sample solution, pol-
lutant concentration, adsorbent dosage, contact time, tem-
perature, ionic strength, and presence of interfering ions/
pollutants are some critical parameters that may impact the
performance of the adsorption process to various extent.
Nanomaterials such as carbon nanotubes (CNTs), gra-
phene, layered double hydroxides, and (MOFs) have been
widely used as adsorbents because of their high surface area,
enhanced reactivity, and ease of synthesis and functionaliza-
tion [40—-44]. Among these, carbon nanotubes have shown
remarkable potential as an adsorbent material for capturing
inorganic and organic pollutants from the aqueous media
due to their hollow structures, numerous internal and exter-
nal active sites, and high affinity toward target pollutants.
carbon nanotube-based membranes have also been in water
purification [45-48].

The advantages of this method are the lack of need for
large amounts of energy, the lack of need for additional
chemicals, the breadth and variety of the method, and the
ability to remove various contaminants. In the following,
various aspects of common nanoadsorbent in the water treat-
ment industry are discussed.

2 Absorption Isotherm Models
on Nanoadsorbent

In order to achieve new and efficient attractions, it is nec-

essary to create a suitable relationship to attract equilib-
rium. This can lead to the production of an ideal adsorption
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system, which is necessary to reliably predict the adsorp-
tion parameters and to provide a statistical and quantitative
comparison of different adsorption systems [49-52]. In
simpler terms, the adsorption isotherm is a mathematical
relation that shows the equilibrium value of a physically or
chemically adsorbed substance on the surface of a solid by
changes in pressure at a constant temperature [53—-55]. The
provision of adsorption isotherms is essential for optimizing
the pathways of the adsorption mechanism [56-59]. In fact,
adsorption isotherms, due to the description of how pollut-
ants interact with adsorbents, express the surface properties
and capacity of adsorbents and contribute to the design of
adsorption systems [60-63]. The adsorption isotherm curve
represents the phenomenon by which adsorbents at a con-
stant temperature and pH move, or remain constant, through
a porous aqueous medium or aqueous medium to a solid
phase. These curves or graphs are very valuable and play an
important role in understanding and analyzing the proposed
models. The equilibrium isotherm curve of methylene blue
adsorption on carrageenan/silica hybrid nanoadsorbent sur-
faces is shown in Fig. 1.

An equilibrium is created when the concentration of
the solution remains unchanged due to (1) lack of adsorp-
tion by the solution or (2) lack of desorption from the
adsorbent. Therefore, the relationship between the equi-
librium concentration of the adsorbed substance in the lig-
uid and solid phases at constant temperature is expressed
by the equilibrium adsorption isotherm. Isotherm states
are linear, irreversible, desirable, undesirable, and highly

desirable. Understanding the mechanism, surface proper-
ties, and degree of tendency of nanoadsorbent depends
on physical, chemical, and thermodynamic parameters
[64-66]. The three basic approaches in equilibrium iso-
therm models are kinetic considerations, thermodynamic
considerations, and potential theory. The amount of pol-
lutant adsorption in equilibrium (in milligrams per gram)
is calculated using the mass balance equation as follows:

(Cop—-CoHV

- M

Qe =
where Q,, C, C,, V, and m, respectively, indicate the amount
of pollutants absorbed at equilibrium, the initial concentra-
tion of pollutants, the equilibrium concentration of pollut-
ants, the adsorbent volume, and the adsorbent mass.

3 Kinetic Models of Adsorption
on Nanoadsorbent

Kinetic studies are of particular importance for predict-
ing optimal conditions in adsorption processes. The
kinetic model provides information about the adsorption
mechanism and the steps that may play a role in con-
trolling the rate of the adsorption process. These steps
involve mass transfer processes or chemical reactions. So
far, several kinetic models have been proposed, such as
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quasi-first-order, quasi-second-order kinetics, intra-parti-
cle diffusion, and Elovich, Boyd, and Bangham. The most
common proposed kinetic models are quasi-first-order and
quasi-second-order kinetic models [37-41].

4 Classification of Nanoadsorbent

The most important factor determining the properties of
nanoparticles is their size. Other factors include surface
chemistry including functional groups and surface charge,
agglomeration or agglomeration, shape and dimensions of
crystals, chemical composition and crystal structure, and
solubility [67-71]. The nanoadsorbent used in water treat-
ment are classified according to their role in the adsorption
process and also depending on the intrinsic properties of
the surface and the addition of surface chemical agents.
The first category includes metal nanoparticles such as
gold nanoparticles, metal oxide nanoparticles such as
titanium dioxide, nanostructures containing a combina-
tion of oxides such as iron—titanium oxides, and magnetic
nanoparticles such as dioxide and iron trioxide [72-75].
The second category is carbon nanomaterials and includes
carbon nanotubes, carbon nanoparticles, and carbon
nanosheets. Other categories include silicon nanomaterials
such as silicon nanotubes, silicon nanoparticles, and sili-
con nanosheets. Other nanomaterials used for the adsorp-
tion process include nanofibers, nanofibers, polymer-based
nanomaterials, and aerogels (Fig. 2) [11].

5 Properties and Mechanisms Governing
Nanoadsorbent

The application of nanoadsorbent strongly depends on
changing their surface properties by reducing their dimen-
sions to the nanometer scale and also adding external factors
to improve the sensitivity and selectivity of their surface.
Therefore, a clear definition of these two factors must be
provided [12, 13].

5.1 Intrinsic Properties of the Surface

Determining the nature and distribution of active sites on
the surface of nanostructures is a major challenge. Intrin-
sic factors affecting the performance of nanoparticles as
nanoadsorbent in solution or substrate include high fraction
of surface atoms, larger surface area, high chemical activ-
ity, high adsorption capacity, lack of internal resistance to
penetration, and high surface adhesion energy [76—80]. Each
of these factors affects the atoms or molecules present on
the surface and the common season, increasing the surface
energy, accessibility, and affinity for contact with the sur-
face and its enrichment. Of course, in some cases, even with
advanced surface study tools, the true nature of the nano-
particle surface cannot be identified. Therefore, a thorough
study and in-depth understanding of the surface properties
of nanoparticles is a major challenge in using nanoparticles
as adsorbents in various applications, especially water treat-
ment [81-84].
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Fig.2 Classification of nanoadsorbent [11]
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5.2 Foreign Causes

It is possible to make many changes in the surface properties
of nanomaterials using different functional groups. In other
words, the use of various methods of external actuation of
different nanomaterials results in excellent adsorption prop-
erties. with continuing the process of functionalizing the sur-
face of nanoparticles, their accumulation and agglomeration
are prevented and the selectivity of nanoadsorbent increases
[76, 85-88]. Factor groups improve various properties of
nanoadsorbent such as high adsorption and fast desorption.
In general, factor groups are used to improve parameters
such as selectivity, surface contact tendency, and adsorption
capacity. The reason for this is the entry of organic atoms
into the surface of nanomaterials and thus the improvement
of hydrophilic and polar interactions with the desired anal-
yses. Analytic is a substance or chemical compound that
is considered in analytical methods [89-92]. Experiments
always seek to measure analyses, but analyses cannot meas-
ure themselves. Oxygen and amine groups have the ability
to coordinate transition metals using electrostatic interac-
tions. For example, research has been done on the function-
alization of multi-walled carbon nanotubes with ethylene
diamine by forming an amide bond with carboxyl groups
on the surface of oxidized carbon nanotubes. The results
show that this process removes dual-capacity cadmium from
water. Also, coating nanoparticles with suitable coatings has
a significant effect on their various properties [93-97]. A
diagram of how carbon nanotubes are treated with ethylene
diamine is shown in Fig. 3. Factorization of nanoparticles
has a positive effect on the efficiency of nanoadsorbent and
causes the isolation of isoelectric point (IEP) of nanopar-
ticles according to the pH of the solution [12, 20-23]. The
point at which the zeta potential equals zero is called the
isoelectric point. The zeta potential is used to measure the
surface charge of colloids and nanoparticles dispersed in a
liquid. For example, when the pH of the solution is higher

than the isoelectric point of the nanoadsorbent, the negative
charge of the nanoadsorbent surface creates an electrostatic
attraction and improves the absorption of cations. Oxida-
tion is another way to activate the surface of nanoadsorbent.
Common processes used for oxidation include nitric acid
reflux and the use of oxidizing agents such as hydrogen per-
oxide or permanganate [98—102]. These processes increase
the surface area by removing defects. Also, during these pro-
cesses, defects that are able to enter the oxygen-containing
functional groups are introduced. For example, the oxidation
of carbon nanotube adsorbents causes hydroxyl, carboxyl,
and carbonyl groups to enter these nanotubes. These groups
have the ability to hold different metals at PHS above the
isoelectric point [103—-106].

6 Challenges in the Use of Nanoadsorbent

In general, there are three main challenges in the use of
nanoadsorbent in the water treatment process, which include
the following [5]:

Supporting materials
Separation of nanomaterials
Regeneration of nanoadsorbents

6.1 Supporting Materials

Many nanomaterials are synthesized from aqueous suspen-
sions in the form of very fine powders. Therefore, the use
of these fine powders in adsorbent columns is not desirable
due to their poor hydraulic conductivity. Also, due to the
small particle size of the nanoadsorbent, they are not usu-
ally used in fixed bed columns, except in cases where the
nanoadsorbent are either granular, or mounted (carried by
them) on larger porous materials such as polymers, sand,
activated carbon, etc. Of course, choosing the right carrier

Fig.3 Schematic of how carbon
nanotubes are treated with
ethylene diamine [12]
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is very important [113-115, 110-112]. For example, spheri-
cal substrates cannot be used for metal oxide nanoparticles.
Researchers typically use materials such as fiberglass and
glass substrates to reduce the rapid flow of nanoparticles in
adsorbent columns. Of course, the use of these materials is
only effective at some point in time and they are not able to
reduce the rapid flow of nanoparticles permanently. Another
suitable carrier is composite gels. These materials have good
mechanical stability [116—-121]. Also, composite gels have a
unique structure consisting of large cavities and their resist-
ance to flow is low. Nanoadsorbent transported by composite
gels are used to remove highly concentrated trivalent arsenic.
A list of suitable carriers for different nanoadsorbent is given
in Table 1 [1, 13].

6.2 Separation of Nanomaterials

The separation of nanoparticles from aqueous solution
depends on their nature. In general, several methods for
separating nanoparticles after reaching equilibrium dur-
ing the adsorption process have been proposed, including
magnetic separation, filtration, and centrifugation methods.
Magnetic separation method is used to separate magnetic
nanoparticles using a column magnetic separator that has
a stainless-steel column [122-125]. Magnetic nanopar-
ticles contain particles such as iron, nickel, and cobalt.
This method is mostly used to separate iron nanoparticles,
because iron has a very good magnetic property [126—130].
On the other hand, the filtration process according to the size
and type of membranes is used to separate carbon nanotubes,
magnetite nanoparticles, iron oxide nanoparticles, aragonite-
surfactant hybrid nanostructures. An effective method for
separating nonmagnetic particles is centrifugal separation
[131-133]. The advantages of this method include high effi-
ciency, usability to separate large amounts of nanoparticles

and prevent the accumulation of nanoparticles. It is possible
to separate nanoparticles from water using a centrifuge pro-
cess at a speed of 50,000-200,000 rpm. External magnetic
field separation and filtration methods are used to separate
nanoparticles from aqueous solutions [134-138].

6.3 Regeneration of Nanoadsorbents

To reduce costs when using nanoadsorbents in water treat-
ment, recovery of adsorbents is of particular importance.
Nanoadsorbents become contaminated after absorbing con-
taminants. In order to reuse nanosorbents and dispose of
adsorbed contaminants such as arsenic, the recovery and
regeneration process is essential. The first goal of nanoad-
sorbents recovery is to maintain the ability to adsorbents
contaminated nanoadsorbents. The pH factor plays a very
important role in the recovery of nanoadsorbents [139—-143].
From the pH point of view, the reduction of cations in acidic
environment as well as the reduction of anions in alkaline
environment is very small. Therefore, the desorption pro-
cess can be easily performed by adjusting the pH. After the
reduction process, nanoadsorbents can be reused. For exam-
ple, hydrochloric acid is used to reduce quartz coated with
iron nano-oxide. Studies on the reduction of nanoadsorbents
used to remove arsenic from water show that after the reduc-
tion of iron-copper double oxide nanoadsorbents, only about
6% of its adsorption capacity is reduced [144-148].

7 Carbon-Based Nanoadsorbents

In general, carbon-based nanoadsorbents used in water treat-
ment processes include reduced carbon nanotubes, graphene,
graphene oxide, and graphene oxide [15].

Table 1 List of suitable carriers
for different nanoadsorbent [1,

Carrier material

Nanoadsorbent

13] Silica porosity medium
Activated alumina
Carbon nanotubes
Polyethylene terephthalate
Polypropylene centrifuge tubes
Activated carbon
Ascorbic acid coating
Zeolite
Polymer
Zeolite
Polymer

Polymer
Polypropylene bottles

Nanoscale aluminum oxides

Iron hydroxide

Series nanoparticles

Nanocrystalline titanium

Copper oxide nanoparticles

Zero-capacity iron nanoscale

Magnetite nanoparticles

Zeolite coated with magnetic nanoparticles
Aluminum nanoparticles

Dual oxides loaded on zeolite

Iron nanoparticles introduced into mesoporous
polymer composites

Manganese copper ferrite replaced with aluminum
Bipolar oxide magnetic nanoparticles
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7.1 Carbon Nanotubes

Carbon nanotubes have been noted for their unique physical
and chemical properties. Large carbon nanotubes are cylin-
drical molecules with a hexagonal crystal structure of carbon
atoms (similar to graphite atomic plates). Carbon nanotubes
are divided into single-walled and multi-walled. Extremely
high tensile strength, high Young modulus, good chemical
and thermal stability, and good thermal and electrical con-
ductivity are the salient features of carbon nanotubes. In the
field of environmental engineering, carbon nanotubes are
able to strongly interact with organic and inorganic pollut-
ants due to their highly porous hollow structure, high spe-
cific surface area, low density, surfactant groups, and hydro-
phobic surfaces [149—-153]. They are known to be toxic. In
general, there are four locations for absorbing various con-
taminants on carbon nanotube coils [16-18, 154-159]:

A. Internal areas: These areas are within the hollow struc-
ture of individual pipes. Access to these locations is only
possible by removing the cap (vertices) of the nanotubes and
the open end of the tubes.

B. Channels created between the gaps: These places are
located inside the tubes between individual nanotubes and
easily come into contact with contaminants.

C. External grooves: The grooves are usually located
around the coil of carbon nanotubes and the outer surface
of the outer nanotubes, where the parallel tubes meet.

D. Outer surface: Contaminants can adhere to the curved
surfaces of individual tubes outside the nanotube packages.

The different regions of adsorption on a homogeneous
coil of single-walled carbon nanotubes with semi-closed
ends are shown in Fig. 4.

Adsorption on closed-ended carbon nanotubes first occurs
in the grooves between the adjacent coil tubes. Then, adsorp-
tion is done on the outer convex walls. Also, in an open
carbon nanotube coil, adsorption occurs primarily by the
walls inside the open nanotubes. Under these conditions,
one-dimensional chains are formed in the grooves on the
outer surface of the coils. The second step involves occu-
pying the remaining axial areas inside the nanotubes and
completing the quasi-hexagonal components on the outer
surfaces of the coils. The adsorption process in external
places such as grooves and external surfaces is much faster
than in internal places such as channels created in pipes and
inside pipes and reaches a state of equilibrium [160-163].
The efficiency of carbon nanotubes in the adsorption pro-
cess depends on several different factors such as the number
of open and closed nanotubes. The open carbon nanotube
coil has a higher adsorption capacity than the closed carbon
nanotube coil. In open carbon nanotube coils, the adsorption
kinetics are accelerated and the saturation is increased. Also,
carbon nanotubes are usually mixed with impurities such as
catalyst particles with carbon coating, soot, and other forms

@ Springer

Fig.4 Different adsorption regions on a homogeneous coil of a sin-
gle-walled carbon nanotubes with b semi-closed ends, ¢ including
internal areas, d channels created between cracks, external grooves,
and external surfaces of nanotubes [13]

of carbon. The presence of these impurities significantly
reduces their adsorption efficiency. Various methods such as
acid treatment, heat treatment, etc. are used to remove these
impurities. It is possible to increase the adsorption properties
of carbon nanotubes by acting on their surface. The func-
tional groups present on the surface of nanotubes include
the hydroxyl (OH-), carbonyl (CO-) and carboxyl (COOH-)
functional groups, which are formed during the synthesis
and purification process or by spontaneous oxidation of
various acids, ozone, or plasma [124, 155, 164—166]. These
functional groups modify the wettability of carbon nanotube
surfaces and change their hydrophobic levels to hydrophilic
surfaces. Under these conditions, carbon nanotubes will be
able to absorb polar compounds and relatively low molecular
weight materials [16]. Also, by forming functional groups on
the surface of carbon nanotubes, their resistance to penetra-
tion increases and their active surface area decreases. These
factors reduce the tendency of the surface of carbon nano-
tubes to interact and absorb some organic chemicals. In addi-
tion, the presence of functional groups leads to loss of access
to the interior of the carbon nanotubes. In order to eliminate
chemical functional groups, heat treatment in a vacuum
environment is used to involve the interior of the nanotubes
in the adsorption process. Overall, the use of carbon nano-
tubes for water treatment has yielded promising results [125,
167, 168]. These nanoadsorbents have the ability to remove
about 99-80% of mineral contaminants in water, with metal
concentrations in the range of —0.60 mg/L. After using
these nanoadsorbents, it is possible to recover and reuse
them without reducing the efficiency by performing sodium
hydroxide (NaOH) reduction operations. with using recov-
ery operations, the costs of water and wastewater treatment
operations by adsorbing carbon nanotubes are drastically
reduced [133, 134, 142, 169]. Despite the many benefits of
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using carbon nanotubes as nanoadsorbents, the use of these
nanotubes in the water treatment process worldwide is still
limited. The main limitation is the very high cost of produc-
ing carbon nanotubes. Despite the lower cost of producing
multi-walled carbon nanotubes than single-walled carbon
nanotubes, the production of multi-walled carbon nano-
tubes is an expensive process. The cost of producing carbon
nanotubes is about 1000 times higher than that of granular
activated carbon. Therefore, the use of carbon nanotubes on
an industrial scale is not economically viable. However, the
ability of carbon nanotubes to remove contaminants in water,
such as microsystems, is much greater than that of granular
activated carbon, and the recovery of nanotubes reduces the
cost of using them in the water treatment process. It should
be noted that many efforts have been made to produce and
develop inexpensive multi-walled carbon nanotubes [141,
144, 146, 152, 170]. For example, for the production of cost-
effective carbon nanotubes, the synthesis of graphite carbon
nanostructures using pyrolysis of polypropylene nanotubes
has been used, which in addition to being economical, its
synthesis is also environmentally safe. As mentioned, carbon
nanotubes are a promising option for removing heavy metals
and toxic elements from water [171-175]. Thermodynamic,
kinetic, and performance conditions of a number of studies
on the removal of various dyes from water using a variety
of carbon nanotubes are given in Table 2.

7.2 Application of Graphene in Color Removal

Graphene was used to remove methylene blue from aque-
ous solution [76, 82—-85]. With increasing temperature
from 293 to 330 K, the efficiency of pollutant absorption
increases [86-95]. Also, under ideal operating conditions,
it is possible to remove about 99.68% of the methylene blue
in water using graphene nanoadsorbents [95-101]. It has
been observed that the amount of methylene blue absorbed
strongly depends on its initial concentration and the amount
of equilibrium achievable after one hour of the process
[102-106, 107-110]. Thermodynamic, kinetic, and perfor-
mance conditions of a number of studies on the removal of
various colors from water using graphene oxide are shown
in Table 3.

8 Critical Factors in Adsorption Process

In some cases, the adsorption capacity of some metal ions
increased with an increase in pH of the solution from acidic
to nearly neutral conditions (pH = 2 to 6) (Table 4). The lower
adsorption at lower pH was mainly attributed to competitive
adsorption of hydrogen ion and metal ions. Hydrogen ions
occupied sites hinder the adsorption of metal ions and electro-
static repulsion also comes into play in such cases. However,

Table 2 Thermodynamic, kinetic, and performance conditions of a number of researches performed in the field of removal of different colors

from water using different types of carbon nanotubes [1-7, 10, 14]

Thermodynam-  Kinetic model ~ Adsorbents Target color Concen- pH Tem- Contact Absorption Isotherm
ics tration perature time (h) capacity
(mg/L) (K) (mg/g)
Endothermic Quasi-quadratic Carbon nano- Methylene blue  5-40 7 273 1.5 354 Langmuir
tube 298 46.2
333 64.7
- Quasi-quadratic  Single-walled Red acid 18 25-100 3 298 6 166.66 Langmuir
carbon nano-
tubes
Exothermic Quasi-quadratic  Single-walled Open red 46 50-200 9 298 3 38.38 Langmuir
carbon nano- 308 33.12
tubes 318 30.12
328 27.16
Endothermic Quasi-quadratic  Single-walled Straight yellow - - 288 4 35.8 Freundlich
carbon nano- 86 308 54.9
tubes 328 56.2
Endothermic Quasi-quadratic  Single-walled Straight yellow - - 288 4 47.25 Dobbinin-Radu-
carbon nano- 224 308 52.1 shkovich
tubes 328 61.3
Endothermic Quasi-quadratic  Single-walled Red procession 20 6.5 281 24 42.92 Langmuir, Fre-
carbon nano- MX-5B 291 44.64 undlich
tubes 301 39.84
321 35.71
- Quasi-quadratic  Single-walled Methylene blue - 6 298 2 59.7 Langmuir, Fre-
carbon nano- undlich
tubes
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Table 3 Thermodynamic, kinetic, and performance conditions of a number of researches performed in the field of removal of various colors

from water using graphene oxide [1-7, 10, 14]

Thermodynamics Kinetic model  Adsorbents Target color Concentration pH Tem- Contact Absorption Isotherm
(mg/L) perature time capacity

X () (mg/g)

Endothermic Quasi-quadratic Graphene Red cationic 20-140 288 24 217.39 Langmuir
313 237.37
333 238.10

Endothermic Quasi-quadratic Graphene Methylene blue 20-120 293 - 153.85 Langmuir
313 185.19
333 204.08

- - Graphene Methylene blue 5 303 96 1520 -

- - Graphene sponge Methylene blue 2x 10™* mol/L 298 4 184 -

- - Graphene sponge Rhodamine B 2x 10™* mol/L 298 4 72.5 -

- - Graphene sponge Methyl orange 2% 10™* mol/L 298 24 11.5 -

- Quasi-quadratic Graphene oxide  Methylene blue 0.188 gr/L 298 1 714 Freundlich

Table 4 Adsorption data of different composite hydrogels containing graphene oxide (and derivatives) used for the removal of dyes from water

Composite hydrogel Content of graphene Adsorbent  Time necessary to Adsorption Potential of hydrogenisa Ref
oxide (and derivatives) dosage achieve the equilibrium  capacity scale used to specify the
(wt-%) in the composite  (g/L) condition (min) (mg/g) acidity or basicity of an
hydrogel aqueous solution
PMPTC/GO 0.3 - 150 13 - 201
PAAmM/GO 50 0.2 20 293 - 202
CMC/Aam/GO 10 4 720 185 6 203
Chitin/TA/GO 7 - 400 231 7 204
CTS/GO - - 4000 10 - 205
CTS/amino-functional- 20 - 5 78 7 206
ized-GO
PVP/Aac/GO 0.2 5 40 2300 8 207
Double ALG/GO network - 1 1200 1800 8 207
Single ALG/GO network - 1 1200 2300 8 207
ALG/GO - 5 60 122 53 208
CTA/PAAcC/GO 0.5 1 2250 297 7 209
CTS/GO 50 0.13 70 390 6.5 210
CTS/GO - - 50 35 - 211

when the pH is increased, the concentration of hydrogen
ions decreases and metal ions can easily bind active sites on
the adsorbent. A similar situation has been described for the
adsorption of copper(Il) and zinc(Il) ions onto AS-multi-
walled carbon nanotube and OX-multi-walled carbon nanotube
[77, 178, 179]. Table 5 summarizes selected applications of
carbon nanotube-based adsorbents for the removal of organic
molecules from aqueous media.

@ Springer

9 Application of Nanoadsorbents in Water
and Wastewater Systems

Water plays an important role in the development of
urban communities, but currently, access to quality water
resources is facing challenges. On the other hand, with
the amount of water demand for urban, agricultural and



BioNanoScience (2023) 13:1418-1436 1427

Table 5 Applications of carbon Adsorbent Contaminant pH Time (min) Adsorption Ref

nanotube-based a.dsorbents for capacity (mg/g)

removal of organic pollutants
Single-walled carbon nanotube AB 92 3 75 86.91 192,194
Carbon nanotube-FA-SA - 12 - 236.50 195
HGBNC MB 11 40 647 196
Carbon nanotube MgO/CuFe204 MYV and NB 8 50 >35 197
Multi-walled carbon nanotube IV 2R 120 76.92 198
Multi-walled carbon nanotube - - 30 - 199
M-carbon nanotubes - - 300 - 200

industrial uses, it is increasing, so it is important to pay
attention to the new technologies of water and wastewater
treatment, and one of these methods is the use of nanoma-
terials [180-187]. Nanotechnology has provided a clear
vision for the development of new generation water supply
systems that have high performance, proper water purifica-
tion and reduction of waste water pollutants [188—193]. In
recent years, the applications of nanotechnology in indus-
try as a catalyst, medicine and pharmaceuticals, gas meas-
urement, biology, environment and water and wastewater
treatment have made significant progress. The use of nano-
particles, due to their high specific surface area and high
adsorption and selectivity, has many advantages in water
and industrial wastewater treatment systems, and these
nanomaterials can effectively remove organic pollutants,
mineral anions, bacteria, and heavy metals from aqueous
solutions. The efficiency of water purification with nano-
particles directly depends on the efficiency of the nanopar-
ticle; therefore, by using the appropriate nanoparticle, an
efficient system can be designed. Pollutants are absorbed
on the active surfaces of nanoadsorbents, which is a sur-
face phenomenon and is carried out by physical forces,
sometimes weak chemical bonds in the absorption process,
which depends on several factors such as temperature,
pressure, characteristics of the adsorbent, and absorption.

It depends on the solvent, the simultaneous presence of
other pollutants, and operational conditions such as pH,
concentration of pollutants, contact time, and particle size.
The nanomaterials used in the water and wastewater treat-
ment system include carbon-based nanoadsorbents such as
carbon nanotubes, metal-based nanoparticles, polymeric
nanoparticles, and zeolites which have a high absorption
potential due to their high active surface and the amount of
adsorbent compared to conventional attractors are reduced,
so it becomes possible to use smaller equipment in waste-
water treatment systems. Table 6 presents the advantages,
disadvantages and applications of these nanoparticles. In
order to improve water and wastewater treatment, suitable
solutions for the use of nanoadsorbents should be con-
sidered. Both carbon and metal nanotube absorbers are
used to absorb heavy metals such as arsenic, cadmium, and
mercury. In this context, metal nanoparticles and zeolites
have been developed economically and compatible with
water purification systems. In the use of nanoabsorbents,
there are limitations such as operational limitations, high
production costs, and the possibility of environmental and
human risk. In order to remove these obstacles, it is neces-
sary to industrialize the use of these nanoabsorbents with
the support of the government and research institutions.
Different methods are used in the industry to separate toxic

Table 6 Properties, applications, and innovative aspects of nanoadsorbents [172]

Nanoadsorbents

Advantages

Disadvantages

Applications

Innovative

Nanoabsorbent metal

Carbon nanotubes

Nanoabsorbents
polymer (dendrim-
ers)

Zeolites

High absorption level, selec-
tive reactivity

High absorption level, anti-
bacterial, reusable

Dual function (inner shell
absorbs organic com-
pounds, outer branches
absorb heavy metals),
reusable

Controlled release of
nanosilver, antibacterial

Possible health risk

High production cost, pos-
sibility of health risk

Several productions process,
a complex stage

Decrease in active level
because of immobility
nanosilver

Removal of organic materi-
als and metals heavy

Decomposable pollutants
(medicines, antibiotics)

Removal of organic materi-
als and metals heavy

Disinfection processes

Increasing the active level

Ultra long carbon nanotubes
with very high salt absorp-
tion

Biodegradable, biocompati-
ble, non-toxic bioabsorbent
(combination of chitosan
and dendrite)

Nanozeolites with fracture
laser induction
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compounds and heavy metals, and the surface absorption
process is considered for wastewater treatment due to its
ease and low cost. Nanoadsorbents are of interest due to
their high specific surface, high efficiency, and ease of
separation, and in recent years, with the development of
nanotechnology, the use of nanoadsorbents in water and
wastewater treatment has expanded. These applications
are in the field of water and wastewater treatment for the
separation of toxic compounds and pollutants, desalina-
tion, and separation of heavy metals. The results of the
review of sources and references in this field show that
the use of nanotechnology increases the efficiency of the
water and wastewater treatment system. Surface adsorp-
tion is considered as an effective and economic method for
removing heavy metals from industrial wastewater. In the
surface absorption method, the adsorbent is able to absorb
pollutants into its pores and separate them from water due
to its surface area and high porosity volume. Nanoadsor-
bents have high capacity, high selectivity, and low density,
which has led to the expansion of their use in water and
wastewater treatment. In recent years, carbon nanotubes
have been proposed to absorb toxic compounds such as
lead and cadmium, which have the possibility of absorb-
ing these harmful compounds from water. The physical
characteristics of carbon nanotubes, such as their mor-
phology and active surface, are effective on their absorp-
tion. The development of nanotechnology in the field of
removing heavy metals from water has led to the improve-
ment of water and wastewater treatment systems. In recent
years, the use of nanoparticles for the surface adsorption
of compounds has been expanded due to the high specific
surface area, selectivity of the reaction, and high adsorp-
tion efficiency. Nitrate removal using nanoadsorbents is
one of these industrial applications, which is proposed as
an alternative to conventional adsorbents. In research, the
possibility of using multi-walled carbon nanotubes modi-
fied with chitosan biopolymer to remove heavy metals has
been investigated, the results of which showed that carbon
nanotubes in optimal conditions have high efficiency for
absorbing lead, zinc, and cadmium. It should be noted that
nanotechnology and the use of nanoabsorbents in water
and wastewater treatment are among the solutions that
are expanding. Therefore, the selection of the absorbent
according to the process conditions should be done with
technical and economic issues in mind.

10 Future Challenges and Perspectives

In recent decade, various researches have been performed on
the application of nanoparticles in the water and wastewa-
ter industries. In generally, these nanoparticles are divided
to carbon nanotubes. Carbon nanotubes have a high active

@ Springer

specific surface, while easy reuse. Water purification sys-
tems should be designed according to population and envi-
ronmental conditions; therefore, attractants with selectivity
and high absorption ability can improve water quality while
improving the operational system of purification. Advances
in nanotechnology have made it possible to use these materi-
als in water and wastewater treatment processes. In recent
years, nanoadsorbents have been developed to absorb heavy
metals, toxic compounds, radionuclides, organic and mineral
salts, bacteria and viruses in water and wastewater treatment
systems. Progress in the field of synthesis of nanoadsorbents
and their use in water and wastewater treatment systems
improves the treatment performance and enables improve-
ment in process operations. Increasing the efficiency of the
system, reducing the space required for purification, as well
as stable operations in different conditions are the advan-
tages of using nano-absorbents in water and wastewater
treatment. Therefore, with nanoabsorbents, the possibility
of optimal use of water resources for expansion and sustain-
able development is provided. The combination of advanced
nanotechnology with conventional purification processes has
provided a suitable perspective for the development of water
and wastewater units. This has caused nanoabsorbents to
have a high potential for organic and inorganic pollutant
removal processes and disinfection in water and wastewa-
ter treatment systems. In addition to saving the amount of
absorbent materials, it enables the reduction of the dimen-
sions of water and waste water treatment process equipment.
Due to the specific surface of nanoabsorbents, they have
unique properties based on their size (fast dissolution, high
reactivity, strong absorption). These special properties of
nanomaterials provide the possibility of developing new
materials with high technology for water and wastewater
treatment processes.

Nanoadsorbents, including carbon nanotubes and nano-
composites, have been developed in water and wastewa-
ter treatment, which are used to remove heavy metals and
organic and biological pollutants from water. These nanoad-
sorbents have high efficiency in reducing pollutants and the
required amount of nanoadsorbent to absorb the compounds
of pollutants is very low. Therefore, with the development
of nanotechnology, the use of these nanoadsorbents as
new purification methods is proposed. Comparing the effi-
ciency of nanoadsorbents and evaluating their mechanism
of action in removing pollutants, it is possible to choose the
appropriate adsorbent. It should be noted that the various
applications of nanoadsorbents based on the high specific
active surface and selectivity for absorbing the compounds
of pollutants and toxins have led to their increasing use in
water and wastewater treatment systems in the world. It is
important to pay attention to the researches of nanoparti-
cles in the world and to study the practical and industrial
needs of the country in the direction of the production of
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nanoabsorbents and localization of purification methods.
Although significant progress has been made in the field of
using nanoparticles in water and wastewater treatment sys-
tems, there are limitations for nanoparticles in terms of water
applications in the form of laws and regulations, as well as
potential health risks. Therefore, researches on the develop-
ment of nanoparticles compatible with living organisms have
been proposed, and with targeted researches in the field of
industrial applications of these nanoparticles, it is possible to
preserve the environment and recover water resources while
promoting and improving the operations of the purification
system. Therefore, there is a need to investigate the methods
of commercializing the use of nanoadsorbents in industrial
treatment plants, and while reducing the production costs
of nanoadsorbents and increasing the ease of operation of
the treatment plant, environmental studies should be carried
out so that the practical use of nanoadsorbents in water and
sewage systems is possible.

11 Conclusion

1. In recent years, nanoparticles have been used as adsor-
bents due to their unique properties such as chemical
activity, smaller grain size and good adsorption capacity.
In this paper, nanoadsorbents are introduced and studied,
isotherm equations and kinetics of nanoadsorbents, types
of nanoadsorbents, properties and adsorption mecha-
nisms in nanoadsorbents as well as the challenges in using
nanoadsorbents. It has been said that adsorption using
nanoadsorbents is one of the most effective and efficient
ways to remove many contaminants in water. Providing
adsorption isotherms is essential for optimizing adsorp-
tion pathways. In fact, adsorption isotherms, due to the
description of how pollutants interact with adsorbents,
express the surface properties and capacity of adsorbents
and contribute significantly to the design of adsorption
systems. Understanding the mechanism, surface proper-
ties and degree of tendency of nanoadsorbents depends on
physical, chemical, and thermodynamic parameters. There
are three basic approaches to equilibrium isotherm mod-
els: kinetic considerations, thermodynamic considerations,
and potential theory. Kinetic models contain information
about the adsorption mechanism and the steps affecting
the control of the adsorption process. These steps involve
mass transfer processes or chemical reactions. Quasi-first-
order and quasi-second-order kinetic models are the most
commonly proposed kinetic models. Nanomaterials are
classified into different groups according to their role in
the adsorption process and also depending on the intrinsic
surface properties and external factors. The use of various
methods to actuate the surface of different nanomaterials
improves the adsorption process in them. By continuing

the process of surfacing, the accumulation and agglom-
eration of nanoparticles is prevented and the selectivity
of nanoadsorbents increases. Finally, the main challenges
of using nanoadsorbents in the water treatment process
include the use of carriers, separation of nanomaterials,
and reduction of nanoadsorbents.

2. Nanoadsorbents are an attractive and promising option
for use in the water treatment process due to their high spe-
cific surface area and unique physical and chemical prop-
erties. In this paper, carbon-based nanoadsorbents such as
carbon nanotubes, graphene, graphene oxide, and reduced
graphene oxide are introduced as common nanoadsorbents
in the water treatment process. Carbon nanotubes are known
as a new class of adsorbents for the treatment of toxic pol-
lutants due to their highly porous hollow structure, high
specific surface area, low density, surfactant groups, and
hydrophobic surfaces, and are capable of strong interac-
tions with organic pollutants. The adsorption regions on a
carbon nanotube coil include the inner regions, the chan-
nels created between the cracks, the outer grooves, and the
outer surface. The adsorption process in external places such
as grooves and external surfaces is done much faster than
internal places such as created channels and inside pipes
and reaches a state of equilibrium. Open coils of carbon
nanotubes have more adsorption capacity than closed nano-
tubes. Despite the advantages of using carbon nanotubes as
nanoadsorbents, their use in the water treatment process still
faces limitations, the most important of which is the very
high cost of production. By recycling carbon nanotubes, the
cost of water and wastewater treatment using these nanoad-
sorbents is greatly reduced. Carbon nanotubes are used to
absorb and remove organic dyes such as safranin, red acid,
methyl orange, methylene blue, rosin ink, Morin, etc. from
water. Graphene, due to its unique properties such as perfect
carbon nanostructure with sp® hybridization, large specific
surface area, and strong interactions with other atoms and
molecules, is an attractive and promising option for absorb-
ing and removing harmful contaminants from aqueous sys-
tems such as dyes, pollutants, and toxic elements.
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