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ABSTRACT

Nanomaterial adsorbents due to their size and high surface area to volume ratio exhibit unique prop-
erties in comparison with conventional ones and have gained significant attention from the scientific
community in the last few decades. The large surface area makes nanomaterial adsorbents an effective
tool for water and wastewater treatment. In this review, an attempt to the applicability of different
types of nanomaterials, such as metals and metal oxides, carbon nanotubes and graphene, and vari-
ous polymeric nanocomposites as adsorbents for removal of various heavy metals and organics from
water environment is made. Functionalization by chemical modification often changes the character
of nanoadsorbents surface and significantly improves adsorption abilities. In this paper, the metal/
organics-nanomaterial interactions, mechanisms and capacities of nanomaterials based adsorption at
a wide range of experimental conditions are analyzed and discussed.
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1. Introduction

Water is one of the most precious and opulent natural
resources and it is essential for life on earth. Even though
only less than 1% of water is directly available for humans
for drinking purposes [1]. In 21* century the reliable access
to clean and cheap water is a crucial global challenge.
Currently, common availability of water is limited and
according to Water Health Organization, almost 780 mln of
people around the world still suffer from water stress [2].
This water poverty is mainly observed in developing coun-
tries, in which water and sanitary infrastructure are under-
developed. In both, industrialized and developing countries,
water scarcity mainly results from population growth, living
standards improvement, climate changes as well as envi-
ronmental pollution, including aquatic resources, caused
mainly by anthropogenic industrial activities. In practice

* Corresponding author.

all-natural water reservoirs, such as surface and groundwa-
ter, lakes, rivers, channels and fall water are contaminated
with various toxic substances and pathogens [3]. The main
reason for the contamination is the discharge of industrial
wastewater, which contains a variety of harmful chemical
compounds such as dyes, toxic metals’ ions, pesticides, aro-
matic hydrocarbons or chlorinated hydrocarbons deriva-
tives. The increasing amount of contaminants, generated by
various industry sectors, has resulted in the development of
more advanced water treatment and distribution methods
as well as in sharpening of water quality standards, espe-
cially in developed countries. Moreover, water pollution
causes ca. 90% of all diseases notified in developing coun-
tries. There are more than 4 billion registered cases of dis-
eases caused by the consumption of contaminated water.
According to WHO almost 12 min of people die every year
because of diseases related to use and consumption of poor

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



2 M. Bodzek et al. / Desalination and Water Treatment 185 (2020) 1-26

quality water [2]. Due to this fact, the municipal and indus-
trial water and wastewater treatment plants need to apply
more efficient, economically justified and environmentally
friendly water and wastewater treatment methods, which
allow for sustainable management of aqueous streams.
Moreover, current water issues force the use of alternative
water sources, such as sea or brackish water, rainwater or
water reclaimed from wastewater, especially in regions of
scarce water resources.

The main contaminants in water (including surface
water, groundwater, and wastewater) are inorganic pollut-
ants such as heavy metals (i.e. metals with atomic numbers
greater than 20), chromium and arsenic anions, organic
pollutants such as detergents, pesticides, pharmaceuticals,
dyes, and others. Heavy metals usually appear in cationic
form such as Pb*, Hg*, Cr*, Cd*, As*, Co*, Cu*, Ni*, Zn*,
Ag" and others. Moreover, As and Cr may also be found as
anions (i.e. arsenate AsOY, arsenite AsO};, hydrogen chro-
mate HCrO,, chromate CrO?- and dichromate Cr,07 ions).
The pollution of water caused by heavy metals and their
toxic ions has become a severe environmental and public
health problem because the accumulation of non-biode-
gradable heavy metals in the human body leads to serious
diseases. Another pollution, which requires careful atten-
tion, is caused by disinfection by-products, a residue of phar-
maceuticals and endocrine-disrupting compounds. Among
endocrine disruptors, special attention is given to polycyclic
aromatic hydrocarbons and surface-active substances, chlo-
rinated pesticides, phthalates, alkylphenols, polychlorinated
biphenyls, hormones, synthetic pharmaceuticals, and other
substances disposed to the environment [4,5]. Water may be
also contaminated with biologically active components, that
is, viruses, bacteria, and protozoa as well as other microor-
ganisms (fungi, algae, snails, worms and crustaceans) [6].
If such the water is to be dedicated to potable purposes, it
may seriously harm human health. This hazard is also valid
to treated and untreated wastewater discharged to natural
water collectors and sewage systems. Among microorgan-
isms, which appear in water, the proper removal of viruses
requires the most attention due to the possibility of infection
at low chlorine doses, long lifespan and poor removal effi-
ciency during conventional water or wastewater treatment.
It is commonly known, that raw municipal wastewater con-
tains many pathogenic and opportunistic microorganisms,
including ones, which are resistant to antibiotics, mainly of
fecal origin. The presence of pathogenic microorganisms
in wastewater is dangerous, as they may lead to epidemic
effects, allergic reactions, toxic or immunotoxic health
interactions to humans, animals, and other environmental
species. Despite a very high reduction of bacteria in waste-
water during its treatment, reaching 99%, wastewater treat-
ment plant effluents may still contain from 10° to 107/mL
of indicating fecal coliform [6]. Moreover, by-products of
disinfection (DBPs) and oxidation are undesired groups of
substances formed during the reaction of disinfecting agents
or other strong oxidizers with admixtures and contaminants
present in water. The group of DBPs mostly comprises of
organic compounds, but some of inorganic substances are
also included (bromates, chlorites, and chlorates) [6]. To
deal with different contaminants, which appear in aque-
ous streams, chemical, physical and biological strategies

have been applied to remedy the problem of toxic elements,
organic contaminants and bioactive materials from water
and wastewater.

The conventional techniques used for the removal of
inorganic and organic admixtures and impurities from
water environment include chemical precipitation, adsorp-
tion, ion exchange, membrane processes, coagulation and
flocculation, flotation and extraction, irradiation, electro-
chemical treatment techniques, advanced oxidation, and
biosorption processes [4,5]. Among them, one may find tech-
niques, which comprise a range of processes dedicated to the
removal of different types of pollutants. For example, mem-
brane processes [5] include first of all reverse osmosis, which
retains monovalent ions and the majority of low-molecular
compounds, next nanofiltration, which separates bivalent
ions and low-molecular organic/inorganic compounds, and
finally ultrafiltration and microfiltration, which are able to
directly remove colloids, suspended substances and micro-
organisms. Nevertheless, despite the fact that conventional
techniques are found to be very efficient, the majority of
them require the use of either expensive chemicals or expen-
sive devices. Hence, in most cases, two or more methods are
combined to work synergistically and assure efficient reme-
diation. The choice of the technological system for water or
wastewater treatment depends on the raw stream type and
properties. Groundwater may be simply purified before its
distribution to the water system, while surface water and
wastewater treatment are more complex due to the pres-
ence of a wider range of various types and often harmful
contaminants. In addition to the classical application in
drinking water treatment, other application fields are found
interesting, such as groundwater remediation, treatment of
landfill leachate, etc. One of the solutions to the problem of
water contamination is the development of new technolo-
gies, which needs to be followed by their introduction to the
practice [4].

The progress observed in the development of nanotech-
nology is a promising alternative for the improvement of
water and wastewater treatment efficiency. Nanomaterials
(NMs) (of common size range: 1-100 nm) characterize with
unique physical and chemical features such as large surface
area, surface activity and affinity to various chemical com-
pounds. Hence, NMs are applied in detection and removal of
heavy metals and other organic and inorganic contaminants
from water. The intensive development of nanotechnology
and NMs offers a significant improvement in water treat-
ment and environmental protection methods, including the
establishment of economically attractive systems for sustain-
able water supply. Multifunctional properties of NMs enable
economically justified production of high-quality water and
construction of advanced wastewater treatment systems,
which, moreover, do not need to be arranged in large waste-
water treatment infrastructure [3,7-11]. It is supposed that
nanotechnology-based water and wastewater treatment will
allow for economically balanced use of alternative water
sources and will increase the possibility of production of not
only potable water but also one dedicated to agriculture and
industrial purposes.

Recent researches on the use of nanotechnology in water
and wastewater treatment are focused on four main applica-
tion areas: (a) filtration through membranes, (b) adsorptive
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elimination of contaminants, (c) disinfection and (d) catalytic
degradation [3,7-11]. These applications are based on nano-
material features, that is, size, a large surface area related
to fast dissolution, high reactivity, and strong sorption as
well as superparamagnetism. The use of nanotechnology in
wastewater treatment and water reclamation has not yet been
introduced to industrial scale, however, laboratory and pilot
researches have shown very promising results for the large
scale implementation [6]. Additionally, even though adsorp-
tion processes have been playing a central role in water
treatment for many years, their importance rises due to the
identification and detection of new micropollutants in water
(e.g. pharmaceuticals).

2. Adsorption

Adsorption is the unit operation commonly used to
remove organic and inorganic contaminants from water and
wastewater. The efficiency of conventional adsorbents is usu-
ally limited due to the small specific surface area and/or alow
number of active sites, the lack of selectivity and slow rate as
well as short adsorption and regeneration cycles, which sig-
nificantly affects the economy of the process. Two types of
interactions are distinguished in adsorption processes, that
is, physical and chemical ones. Physical sorption is based on
weak van der Waals forces between particles, dipole-dipole
attraction and hydrogen bonding [11]. Chemisorption, that
is, chemical adsorption, relies on the formation of strong
chemical bonds between an adsorbent and an adsorbate.
Chemisorption is single-layer adsorption, which means that
on an adsorbent surface only one layer (monolayer) of an
adsorbate can be adsorbed.

Nanomaterials based adsorbents, that is, nanometals
and metal oxides, carbon nanotubes (CNTs), graphene and
nanocomposites possess large specific surface area and cor-
responding, a high number of active sites suitable for sorp-
tion, high reactivity, short diffusion path inside particles, fast
kinetic and specific affinity to various contaminants. Their
adsorption efficiency toward some compounds is several
times higher than in case of conventional adsorbents [11-14].

2.1. Carbon based nanoadsorbents

Carbon-based nanoadsorbents include CNT, graphene
and nanoparticles of activated carbon. These materials char-
acterize with large specific surface area, high thermal stabil-
ity and ability to adsorb inorganic and organic contaminants
[15]. Their usability to remove contaminants from water
usually requires proper surface modification due to rela-
tively poor interaction of ions (metals) and other substances
with an adsorbent surface.

2.1.1. Adsorption onto activated carbon nanoparticles

Among all carbon-based nanomaterials, activated car-
bon nanoparticles (ACNPs) have distinct physical and
chemical properties, surface morphology, uniform particle
size, biocompatibility and large surface area [16]. ACNPs
characterize with high heterogeneous surface functional-
ity and appear as black crystalline to amorphous materials
with meso, micro, and macro pore size. As conventional

activated carbon (AC), ACNPs can be applied in removal of
toxic pollutants like heavy metals, phenols, and its deriva-
tive, which are regarded as an essential group of refractory
compounds present in industrial wastewater [16-20]. AC
is also well recognized and effective in removing organic
chemicals from wastewater. Moreover, ACNDPs have inter-
esting antimicrobial properties [17-21]. Table 1 gives infor-
mation about the classification of ACNPs based on their
pore types [16].

Carbon nanoparticles can be easily synthesized from
carbon-based materials like coconut shells, cooking oil, rice
bran, wood, etc. by thermal combustion, chemical vapor
deposition, electric arc discharge, biological methods, etc.
[16]. Synthesized carbon nanoparticles are further pro-
cessed by chemical, physiochemical or physical activation
methods to obtain ACNPs [17]. These activation processes
predominantly increase the surface area and pore size,
improve thermal stability and mechanical strength creat-
ing potential applications of these materials as adsorbents
[16]. The synthesis of ACNPs from bio-waste materials has
recently been gaining much attention due to the increasing
availability of precursor materials of eco-friendly nature and
low production costs.

2.1.2. Carbon nanotubes

CNTs are one of the most important materials, which
has promoted research and development in nanotechnology.
There are three types of CNTs: single-walled carbon nano-
tubes (SWCNTs), multi-walled carbon nanotubes (MWCNT)
and composite carbon nanotubes (CCNTs, including func-
tionalized FCNTs) [22,23] (Fig. 1). Due to one dimensional
structure, CNTs possess unique physical features, includ-
ing mechanical, thermal and electrical ones. Parameters
like diameter, length and chirality also play an important
role in the characterization and functionalization of CNT.

The high adsorption efficiency of CNTs results mainly
from large specific surface areas and interactions with con-
taminants. The CNTs surface available for adsorption is the
external surface [23]. In comparison with conventional gran-
ular or powdered activated carbon, CNTs possess controlled
pore size distribution and high active surface to volume ratio,
which results in unique sorption efficiency. In CNTs, sorp-
tion occurs mainly due to physical interactions with non-po-
lar compounds and chemical bonding of polar substances.
The ability of sorption of CNTs mainly depends on the type
of adsorbate and the type of functional groups on the adsor-
bent surface, such as carboxylic, hydroxyl, phenolic and
amine functional groups [24,25]. The improvement of CNTs’
surface with the use of functionalization methods based on
oxidation, halogenation and cycloaddition methods, namely

Table 1
Pore size distribution of activated carbon

Pore type Pore size
Micropore <2nm
Mesopore 2-50 nm
Macropore >5 nm
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Fig. 1. Structures of multi-walled (a), single-walled (b), and functionalized (c) carbon nanotubes [https://commons.wikimedia.org/

wiki/File:Carbon_nanotube_zigzag_povray.png,
https://en.wikipedia.org/wiki/Carbon_nanotube].

the covalent ones, has been developed. In another approach,
the modification through weak interactions such as m—n
and transferring charge called the non-covalent method
has been proposed and both methods reportedly have their
advantages. However, in some cases, modified surfaces
show some disadvantages that limit the effectiveness of
potential applications [26-28]. Different functional groups
have been used to enhance CNTs properties, such as thiol
(-SH), silane (-SiH,), phenol (-OH), carboxyl (-COOH),
poly(styrene-co-acrylonitrile) and amine (-NH,) groups
[29-33]. Also, inorganic nanoparticles have also been used
in CNTs modification, for example, Fe,O, and Culn(S, Se),
[34,35]. For -NH, functionalization, various methods have
been reported including ring-opening polymerization, gam-
ma-ray irradiation, NH, plasma treatment, and the rapid
microwave-assisted process [29,36-39]. On the other hand,
the sorption ability is also observed for non-functionalized
CNTs. The sorption effect of CNTs is the highest at pH range
from 7 to 10, while outside this pH range, ionic substances
disturb the sorption ability of CNTs [11,12].

In aqueous phase, CNTs form loose aggregates due to
hydrophobicity of their surface, which decreases their spe-
cific surface. On the other hand, CNTs’ aggregates contain
spaces and interlayer channels, which reveal high adsorp-
tion ability toward organic compounds [40]. Despite the
fact that conventional activated carbon characterizes with
the specific surface comparable to the CNTs’ one, it con-
tains a number of micropores, which are unavailable for
large organic compounds such as antibiotics and other
pharmaceuticals [41]. Thus, CNTs reveal much higher sorp-
tion capacity to a certain group of large molecular weight
organic compounds due to larger pores and more available
sorption sites.

The strong sorption of many polar organic compounds
results from various interactions of CNTs with contaminants,
including hydrophobic effect, m—rn interactions, hydrogen,
and covalent bonding and electrostatic interactions [24].
CNTs’ surface is —m—electrons rich, which allows for n—r
bonds formation with organic compounds containing C=C
bonds or benzene rings, such as in case of polyaromatic
hydrocarbons (PAHs) and polar aromatic compounds [42].

https://www.cheaptubes.com/product-category/multi-walled-carbon-nanotubes/,

Organic compounds, which possess functional groups like
—COOH, -OH, -NH, may form hydrogen bonds with graph-
ite CNTs surface, which becomes an electron donor [43].
The electrostatic attraction enables adsorption of organic
compounds, which at suitable pH are positively charged,
for example, some antibiotics [41].

CNTs have been investigated in regard to the removal of
dyes from water and wastewater. Organic dyes are highly
toxic already at very low concentrations in water due to
their potential carcinogenic effect. For example, researches,
in which multi-walled CNTs impregnated with chitosan
hydrogel have been used to remove Congo red from aqueous
solutions [44], have been carried out. The impregnation with
chitosan hydrogel has increased porosity and thickness of
the modified adsorbent. The maximum adsorption of Congo
red (423.1 mg/g) has been obtained at pH 4.0. Adsorption
results have shown that the Langmuir model better cor-
relates with experimental data, while kinetics’ research has
revealed that the adsorption can be described with pseu-
do-second-order equation. SWCNTs have also been used
to remove reactive Red 120 dye from textile wastewater
in dependence on pH. The optimal parameter value has
been established at 5.0, while below or above it the adsorp-
tion efficiency has been lower. At initial dye concentration
50 mg/L and pH = 5.0, SWCNTs possess adsorption capacity
equal to 426.5 mg/g and removal efficiency reaching 85.3%. It
has been found that the dye adsorption efficiency increases
with the adsorbent dose increase and reaches 882.84 mg/g
at equilibrium contact time 180 min [45]. The adsorption
capacity of Procion MX-5B red dye during the treatment of
different types of industrial wastewater with multi-walled
CNTs has been investigated by Wu et al. [46]. The obtained
results have shown that adsorption efficiency increases with
temperature increase as mobility of dye particles increases,
which confirms, that adsorption process is endothermic. At
pH 6.5, the maximum adsorption equal to 20.93, 22.87, 27.20
and 30.53 mg/g has been reached during 3 h process carried
out at temperatures 281, 291, 301 and 321 K, respectively.
It has also been found, that Langmuir isotherm and pseudo-
second-order kinetic model are suitable to describe this dye
adsorption.
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Promising results have been obtained in removal of
natural organic matter (NOM) from aqueous solutions
using multi-walled CNTs due to their hydrophobicity [47].
NOM undergoes ionization in surface and groundwater at
pH range 3.0-9.0 and strong adsorption (2.5-50 mg C/L)
on CNTs’ surface is observed. The research has shown that
Langmuir and Freundlich isotherms correspond to experi-
mental results.

The adsorption of trihalomethanes, that is, chloroform,
dichlorobromomethane, dibromochloromethane, and bro-
moform has also been investigated in different water types
using multi-walled CNTs [48]. It has been found that chlo-
roform adsorption equilibrium is reached faster than ones
of dichlorobromomethane, dibromochloromethane, and
bromoform due to smaller particle size and easier perme-
ation of pores interior. Additionally, it has been shown that
the increase of temperature from 5°C to 35°C decreases the
adsorption efficiency. At 5°C maximum adsorption capac-
ity of chloroform, dichlorobromomethane, dibromochloro-
methane, and bromoform has reached 3,158; 2,016; 2,008 and
1,976 mg/g, respectively.

Functionalized CNTs reveal high adsorption capacity
toward metal ions. Surface functional groups of CNTs (car-
boxylic, hydroxyl and phenolic ones) are main adsorption
sites for metal ions, mainly due to electrostatic attraction
and chemical bonding [49]. Resulting surface oxidation may
significantly increase the adsorption ability of CNTs. A num-
ber of researches show that CNTs are much better adsorbent
than activated carbons in regard to heavy metals (Cu*, Pb*,
Cd*, and Zn?) [11,34,49-55] (Table 2), and kinetics is higher
for CNTs due to easily accessible adsorption sites and short
diffusion path to particle interior.

Gupta et al. [55] have investigated the removal of chro-
mium(IIl) using multi-walled CNTs, including ones contain-
ing ferric oxide nanoparticles, functionalized with carbonyl
and hydroxyl group. The available, additional active sites
formed by oxygen atoms from iron (III) oxide nanoparticles
have been involved in chromium (III) adsorption. The nano-
composite has been found efficient in removal of chromium
(III) at pH range of 3.0-7.0 due to formation of Cr(OH)* ions.

Regeneration potential is a very important feature, which
determines the usability of any adsorbent. The adsorp-
tion of metal ions on CNTs is a reversible process enabled
by solution’s pH decrease. The recovery rate of a metal is
usually above 90%, while at pH < 2 it often reaches 100%
[56]. Additionally, the sorption capacity is stable, even after
regeneration. For example, adsorption capacity of Zn* ions
indicated by SWCNTs and MWCNTs has decreased by 25%
after 10 regeneration cycles and reuse of adsorbents, while
in the case of conventional activated carbon species, it has
decreased by 50% already after first regeneration cycle [57].
Statistical analysis based on Zn*" adsorption capacity regres-
sion and number of regeneration and reuse cycle suggests,
that CNT nanoadsorbents can be regenerated and reused
up to several hundred times in case of Zn*" removal at
reasonable adsorption capacity maintenance [57].

The discussed examples indicate that CNTs can be poten-
tial adsorbents for removal of dyes, toxic metals, organic
matter and trihalomethanes from aqueous solutions, which
makes them applicable to industrial wastewater treatment.
However, their practical use is currently limited due to

economic reasons. Moreover, the toxicity of functionalized
CNTs is not sufficiently described in the literature.

2.1.3. Adsorption onto graphene

Graphene is a layer of tightly packed carbon atoms,
which are bonded together in a honeycomb shape matrix
(Fig. 2a), while as it is of a single atom thickness of ca.
0.3 nm, its spatial structure is simplified to 2D [58,59]. It is
an allotrope of carbon, built of planar atoms bonded with
strong sigma bonds of sp? hybridization and of very short
length (0.142 nm) [58]. Graphene characterizes with a large
specific surface, unique flexibility, relatively high conductiv-
ity (above 10? S/m) [59] and significant mechanical strength
(100-300 higher than steel, tensile strength — 130 GPa and
Young modulus — 1 TPa) [60], and it is also a great mobile
charge carrier [61].

Graphene surface may be simply modified, as sp?
hybridization of carbon in graphene may reveal various
interactions with polymeric matrices such as electrostatic,
covalent, noncovalent (e.g. n—r interactions) interactions and
it easily mixes with polymers [11]. Graphene oxide (GO) is
a single-layer oxidized graphene with oxygen-containing
functional groups, mainly hydroxyl, carboxyl, carbonyl and
epoxy ones (Fig. 2b) [59]. Reduced graphene oxide (RGO) pos-
sesses more defects and smaller conductivity than graphene,
but its modification with various functional groups is eas-
ier [59]. Thus, it characterizes with excellent hydrophilicity
and better reactivity with a number of contaminants [62].

The characteristic feature of GO, due to the presence of
oxygen atoms in functional groups, are easy electrostatic
interactions with organic and inorganic contaminants. The
adsorption on graphene-based nanomaterials may also run
due to hydrophobic interactions and n—m, hydrogen or cova-
lent bonds formation [11]. A number of papers dedicated to
graphene oxide-based adsorbents and their use to removal
of inorganic contaminants from aqueous solutions [62], espe-
cially metal ions from wastewater [63], have been published.

Graphene and its modified forms (GO/RGO) have been
widely used to remove such heavy metals like Pb(II), Zn(II),
Cu(Il), Cd(II), Hg(Il) and As(III/V). Wang et al. [64] have
investigated the impact of pH, GO dose, presence of other
ions and contact time on the efficiency of Zn(II) adsorption.
The results have shown that optimum pH for Zn(II) removal
equals 7.0 at relatively fast reached equilibrium. The maxi-
mum adsorption capacity of Zn(II) has reached 246 mg/g.

Madadrang et al. [65] have been found, that GO modi-
fication with EDTA allows for efficient adsorption of Pb(II)
due to its chelating properties. It has been shown, that
adsorption capacity can obtain ca. 480 mg/g at pH 6.8, while
the equilibrium is reached within 20 min. Huang et al. [66]
have also discussed Pb(II) adsorption using oxidized and
pure graphene sheets. In the design of composite adsorption
materials, graphene and graphene oxides nanosheets can be
combined with metal oxides to form adsorbents suitable
to remove various contaminants from wastewater. Kumar
et al. [67] have used magnetic nanocomposite of GO with
Fe(II) manganite to efficiently remove Pb(II) and As(III/V)
from contaminated water. The maximum sorption capac-
ity has been established at 673 mg/g for Pb(II), 146 mg/g
for As(Ill) and 207 mg/g for As(V). The advantage of the
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Adsorption of heavy metal ions at different types of carbon nanotubes (CNT)

Metal ion Nanoadsorbent Adsorption efficiency and process conditions Reference
Pb(II) CNTs (HNO,) 49.95 mg/g at pH = 7.0; and room temperature [50]
CNTs 11.2 mg/g at pH =5.1; C; = 10 mg/L; and room temperature [51]
CNTs 1.41 mmol/g [52]
CNTs-OH 2.07 mmol/g [52]
CNTs-CONH, 1.907 mmol/g [52]
CNTs-COO™ 4 mmol/g [52]
MWCNTs (HNO,) 49.95 mg/g at pH =7.0; C, = 2-14 mg/L; and room temperature [49]
Cd(In) CNTs (HNO,) 10.86 mg/g at pH =7.0; and room temperature [50]
CNTs-COO™ 3.325 mmol/g [52]
CNTs-OH 1.513 mmol/g [52]
CNTs-CONH, 1.563 mmol/g [52]
CNTs 1.29 mmol/g [52]
CNTs 1.1 mg/g at pH =5.5; C,=9.5 mg/L; and T =25°C [49]
CNTs (H,0,) 2.6 mg/g at pH =5.5; C;=9.5mg/L; and T =25°C [49]
CNTs (KMnO,) 11.0 mg/g at pH =5.5; C;=9.5 mg/L; and T =25°C [49]
CNTs (HNO,) 5.1 mg/g at pH =5.5; C,=9.5 mg/L; and T =25°C [49]
Ni(II) MWCNTs 7.53 mg/g at pH="7.0 [52]
SWCNTs 9.22 mg/gatpH=7.0 [53]
MWCNTs (HNO,) 9.80 mg/g at pH = 6.55; C, = 6-20 mg/L; and T = 60°C [49]
SWCNTs 9.22 mg/g at pH="7.0 and T =25°C [49]
SWCNTs (NaOCl) 47.85 mg/g at pH=7.0 and T =25°C [49]
MWCNTs 7.53 mg/g at pH="7.0 and T = 25°C [49]
MWCNTs (NaOCl) 38.5 mg/g at pH="7.0 and T =25°C [49]
MWCNTs (HNO,) 17.86 mg/g at pH = 6.5; C,=10-30 mg/L; and T = 25°C [11]
Zn(II) SWCNTs 11.23 mg/g at pH =7.0; C, = 10-80 mg/L; and T = 25°C [49]
SWCNTs (NaOCl) 43.66 mg/g at pH =7.0; C,=10-80 mg/L; and T = 25°C [49,54]
MWCNTs 10.21 mg/g at pH =7.0; C,=10-80 mg/L; and T = 25°C [49]
MWCNTs (NaOCl) 32.68 mg/g at pH =7.0; C,=10-80 mg/L; and T = 25°C [49,54]
Cu(II) CNTs (HNO,) 10.86 mg/g at pH = 7.0 and room temperature [50]
CNTs 1.219 mmol/g [52]
CNTs-OH 1.342 mmol/g [52]
CNTs-CONH, 1.755 mmol/g [52]
CNTs-COO- 3.565 mmol/g [52]
Hg(II) CNTs/MnO, 58.8 mg/g at pH = 6.05; C, = 1-50 mg/L; and T = 25°C [11]
CNTs/Fe,O, 238.78 mg/g pH =4; C,=10-50 mg/L; and T = 25°C [34]
Cr(VI) CNTs/nZVI 3.1-3.3 mg/g at pH =7.0; C, = 1-10 mg/L; and T = 25°C [11]
CNTs/FeZO3 90% removal at pH =3-7; C0 =20 mg/L; and T =25°C [55]
Se CNTs/nZVI 1.1-3.7 mg/g at pH="7.0; C,=1-10 mg/L; and T = 25°C [11]
Co CNTs/nZVI 1.7-4.8 mg/g at pH="7.0; C,=1-10 mg/L; and T = 25°C [11]
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GOOH

Fig. 2. (a) Two-dimensional model of graphene structure and (b) graphene oxide (GO) model [https://en.wikipedia.org/wiki/Graphene,

https://en.wikipedia.org/wiki/Graphite_oxide].

adsorbent, except for its high capacity, is its simple sepa-
ration in magnetic field. Another example is the removal of
toxic metals ions like lead(Il), zinc(I) and cadmium(II) from
aquatic environment by means of adsorption with compos-
ite material composed of graphene oxide/titanium dioxide
[68]. The efficiencies of adsorption of lead(Il), zinc(Il) and
cadmium(II) have reached 65.6, 88.9, and 72.8 mg/g, respec-
tively, at pH 5.6. The adsorption capacity of the composite
material has been higher than one of graphene oxide or tita-
nium dioxide themselves. The results of the removal effi-
ciency of various metals using GO-based adsorbents are
presented in Table 3.

Except for metal ions removal, graphene-based adsor-
bents have also been investigated in regard to adsorption
of anionic contaminants. Li et al. [76] have stated, that
graphene is a good adsorbent for fluorides and possess
adsorption capacity equal to 36.5 mg/g at pH 7.02 and 25°C.
The mechanism of adsorption relies on the exchange of flu-
orides present in solution to hydroxyl ions present in adsor-
bent structure. Vasudevan and Lakshmi [77] have performed
systematic research on phosphates adsorption on graphene.
The experimental results have shown that graphene adsorp-
tion capacity reaches 89.37 mg/g. Zhang et al. [78] have
developed a hybrid composite of graphene-polypyrrole
(Ppy) to remove perchlorates (ClO;). The composite has
characterized by higher perchlorates sorption capacity than
single Ppy films, while the adsorption mechanism has relied
on ion exchange.

Hartono et al. [79] have investigated humic acids (HA)
adsorption using GO. The maximum adsorption capacity
has reached 190 mg/g, which is, much higher than the one
of activated carbon. The adsorption of antibiotics like tet-
racycline, oxytetracycline, and doxycycline [80] and dyes
[81,82] on GO has also been checked. It has also been found
that the mechanism of ionic dyes adsorption relies mainly
on electrostatic interactions and covalent bonding. Due to
this fact, GO reveals high adsorption efficiency in regard
to cationic dyes, while its affinity to anionic dyes is limited
due to strong electrostatic repulsions. On the other hand,

graphene and graphene composites may be good adsor-
bents for anionic dyes if ion exchange or covalent bonding
are involved in adsorption mechanism [81]. The results of the
research on antibiotics and dyes removal from wastewater
using grapheme-based adsorbents are shown in Table 4.

In many cases, modification and hybridization of a sor-
bent surface area are effective methods of improvement of
adsorbents usability and they increase the efficiency of con-
taminants removal on grapheme-based materials. However,
their high costs limit the common application. There are also
some other issues, which need to be solved, including multi-
ple reuse, environmental safety and compatibility with other
processes.

2.2. Metal/metal oxide based nanomaterials

Due to the unique sorption properties of metal and metal
oxides nanoparticles (NPM, NPMO) they are widely used to
remove contaminants from wastewater [11]. The most pop-
ular NPMs and NPMOs are zero-valent iron [12,13], silver
[99] and gold [100] as well as magnetic iron oxides [101],
manganese oxides [102], titanium oxide [103], magnesium
oxide [104], copper oxide [105], cerium oxide [106], alumi-
num oxide, etc. [107]. Many researches confirm that met-
als nanoparticles (NPM) and NPMO reveal highly efficient
and selective sorption of contaminants like arsenic [108],
cadmium [109], chromium [110] and other metal ions [109]
as well as typical anionic contaminants, for example, phos-
phates [111] and organic contaminants [112]. Due to large
specific surface, these nanosorbents possess short internal
diffusion pathways and do not undergo significant com-
pression, which would lead to the surface decrease. Table 5
summarizes the most important properties, applications, and
innovative approaches involving nano-metals and nano-
metal oxides [113]. Still, the applicability of nanometals and
nanometal oxides in water and wastewater treatment sector
strongly depends on the efficiency (nano-TiO,) and stability
of the metals (magnetic nanoparticles, nano-zero-valent iron,
nano-silver).
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Metal Graphene nanocomposite Adsorption efficiency (mg/g) Reference
Experiment conditions
Cu(II) GO 75 at pH =5.0; T=30°C [69]
Graphene oxide (GO)/Fe,O, 18.3 at pH=5.3; T=20°C [70]
GO/FeSO4/sulfanilic acid 50.7-56.8 at pH =3-5 [71]
Graphene/MWCNT 33.8 at room temperature [69]
GO/Mn-doped Fe(Ill)oxide 130-144 at pH =5.1; T = 25°C-30°C [72]
PVP-RGO 1,689 at pH = 3.103 [8]
GO/CdS 1,347.2 at pH =6.0; T =25°C [69]
Graphene/d-MnO, 103 at pH =6.0; T=25°C [69]
Pb(II) Graphene nanosheet 4,605 at pH =5.5; T =20°C [69]
GO 328 at pH=6.1;, T=25°C [69]
GO/Fe,O, 38.5at pH=5.5; T=20°C [71]
GOysilica/Fe,O, 333.3 at pH="7.8; T=25°C [73]
GO-MnFe,O, 673 at pH =>5.0; T=25°C [67]
GO/CoFe,0O, 299.4 at pH =5.3; T =25°C [71]
TiO,/GO 65.6 at pH =5.6; T =25°C [68]
GO-EDTA 479 at pH = 6.8 and room temperature [65]
SiO,-Graphene 113.6 at pH =6.0; T =25°C [74]
cddrn GO/silica/Fe,O, 166.7 at pH = 6.1; T = 25°C [73]
GO/Mn-doped Fe(Ill)oxide 88-127 at pH =5.1; T =25°C-30°C [72]
TiO,/GO 72.8 at pH=5.6; T=25°C [68]
GO/Fe,0, 4.4 at pH=55; T=20°C [71]
Zn(II) GO 246 at pH=6.0 [64]
TiO,/GO 88.9 at pH=5.6; T =25°C [68]
Hg(II) GO 35.25 at pH = 6.0 and room temperature [69]
Graphene/MWCNT 75.6 at room temperature [69]
CoFe O,/RGO 158 at pH = 4.6; T=25°C [69]
Polypyrrole/RGO 979.5 at pH=3.5; T=20°C [69]
As(III) GO-ZrO 60-81 at pH =7.0; C,=2-80 mg/L; and T = 25°C [11]
Fe,0,/SiO,/GO 7.51 at pH =4; T=25°C [69]
GO-MnFe,0O, 146 at pH = 6.5; T =25°C [69]
GO/Fe,0O,/TiO, 77.7 at pH=6-7; T=30°C [69]
As(V) GO-ZrO 55-83 at pH =7.0; C,=2-80 mg/L; and T =25°C [11]
Fe,0,/SiO,/GO 11.5 at pH=4; T=25°C [69]
GO-MnFe,O, 207 at pH=4; T =25°C [69]
GO/Fe,0,/TiO, 99.5 at pH=6-7; T=30°C [69]
Cr(II) GO 27.16 at room temperature [69]
GO 92.65 at pH="5; T=23°C [69]
Poly(amidoamine)/GO 55.82 at room temperature [69
Cr(VI) GO 65.23 at pH=7 [69]
Nano-Fe/graphene 162.6 at pH =4.25; T=20°C [69]
Fe,0,/GO 32.33 at pH =4.5; T =23°C [69,11]
GOGO/Fe,0O,/polypyrrole 348 at pH =2.0; T=25°C [8]
PEI-GO 539.5 at pH =3.5; T =35°C
Ni(II) Graphene/d-MnO, 46.5-66 at pH ="7.0; C,=1-100 mg/L; and T = 25°C [11]
Fe(III) GO aerogel 133.33 [75]
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Table 4
Adsorption of organic contaminants using graphene based materials
Contaminant Graphene-based nanocomposite ~ Sorption capacity (mg/g) Reference
Methylene blue Polyethersulphone/GO 62.50 at pH=7and T =30°C [83]
Fe,0,/GO 167.2 [84]
Sponge 397 atpH=7and T =25°C [81]
RGO/CdS 94% at 5% RGO in solution [15,85]
RGO-MnFe O, 100% at C0 =5mg/L, 0.6 g/L RGO and T =20°C [86]
GO 351 [87]
GNs 154-204 at C; =5 mg/L, 0.6 g/L RGO and T =20°C [86]
CNTs 35.4 atpH=7and T=0°C [88]
CNTs 46.2 at pH="7 and T=25°C [88]
CNTs 64.7 at pH=7 and T = 60°C [88]
Graphene-CNTs 65.8 at pH="7and T=10°C [88]
Rhodamine B RGO-MnFe O, 872 atpH=7; C,=60 mg/L; and T =25°C [89]
Methylene violet GO sponge 467 at pH=7 and T =25°C [81]
Malachite green MWCNTs 142.85 at pH =7 and T =25°C [88]
MWCNTs 55.25 at pH=8 and T =25°C [88]
MWCNTs 41.15 at pH=8 and T =45°C [88]
MWCNTs-COOH 11.63 at pH =98 and T = 55°C [88]
MWCNTs-SH 166.7 at pH =6 and T =25°C [88]
SWCNTs 4.9825 at pH="7 and T =27°C [88]
SWCNTs-NH, 6.134 at pH="7 and T =27°C [88]
SWCNTs-COOH 19.84 at pH =7 and T =27°C [88]
Basic red SWCNTs 38.35at pH =9 and T=25°C [88]
SWCNTs-COOH 49.45 at pH =9 and T =25°C [88]
Congo red MWCNTs 148 at pH =7 and T =25°C [88]
MWCNTs 232 at pH=11and T =25°C [88]
CNTs/Mg(A)O 1,250 at pH = 6.5 and T = 25°C [88]
MWCNTs/ZnO 249.5 at T=55°C [90]
Reactive blue 4 MWCNTs 502.5 at pH=2 and T =25°C [88]
SWCNTs 568 at pH =2 and T =25°C [88]
BisphenolA GO/B-cyclodextrin 373.4 atpH=9; C;=100 mg/L; and T = 25°C [91]
Ciprofloxacin Graphene hydrogel 235.6 at pH = 6-8; C, =100 mg/L; and T = 25°C [92]
KOH-graphene 194.6 [93]
Single layer GO 379 at pH=5and T =25°C [94]
Tetracycline TiO,-graphene sponge 1,805 [95]
GO 323 at pH = 6-7 and T =25°C [96]
F-GO and MNPs 39.1 at pH =8-9; C, = 0-100 mg/L and room temperature  [97]
GO 313.48 at pH =3.6 and T =25°C [80]
SWCNTs 340 [80]
MWCNTs 100 [80]
Doxycycline F-GO and MNPs 35.5 at pH =8-9; C, = 0-100 mg/L and room temperature  [97]
GO 398.40 at pH =3.6 and T = 25°C [80]
Oxytetracycline GO 212.31 at pH=3.6 and T =25°C [80]
F-GO and MNPs 45.0 at pH = 8-9; C, = 0-100 mg/L; and room temperature [97]
Chlortetracycline F-GO and MNPs 42.6 at pH = 8-9; C; = 0-100 mg/L; and room temperature [97]
Microorganism E. coli MWCNTs-Ag 99.98% inactivation at pH =9 and T =25°C [98]
MWCNTs-ZnO 100% inactivation at room temperature [98]
SWCNTs-Ag-Fe,O, 100% inactivation at 25°C [98]
Bacillus megaterium SWCNTs-Ag-Fe,O, 100% inactivation at 25°C [98]
Microorganism MWCNTs 62.5% inactivation at pH =7.2-7.6 and 21°C [98]

Proteobacteria
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Table 5

Properties, applications, and innovative approaches for nanometals and nanometal oxide

Nano-metals and Properties

Applications Novel approaches

nano-metal oxides

Positive Negative

Nano-silver and Bactericidal, low Nano-silver, limited Point-of-use water disinfection, TiO, modification
nano-TiO, human toxicity durability, Nano-TiO,, antibiofouling surfaces, for activation
Nano-TiO,: high requires ultraviolet decontamination of organic by visible light
chemical stability, activation compounds, remote areas TiO, nanotubes
very long life time
Magnetic Simple recovery by Stabilization is required Groundwater remediation Forward osmosis
nanoparticles magnetic field
Nano zero-valent Highly reactive Stabilization is required Groundwater remediation Entrapment in

iron

(surface modification)

Some NPMOs (e.g. nanomaghemite or nanomagnetite)
possess paramagnetic properties, what favors their sepa-
ration and recovery in low-gradient magnetic field [113].
Magnetic NPMOs are composed of a magnetic core and a
coating/shell [113] and a core can be made of cobalt, iron,
nickel and their oxides or alloys of ferromagnetic or super-
paramagnetic properties, whereas coatings can be formed
from inorganic components like silica [114] and aluminum
oxide [115] or from organic components like polymers
[116] or surface active agents (Fig. 3). In regard to stabil-
ity and recycling of NPMs and NPMOs coats play a very
important role [117], especially in the case of small organic
particles, organic polymers (polystyrene, polyaniline or bio-
polymers like cellulose or chitosan) or inorganic supports.
Additionally, NPMs can be used as adsorptive filters and
in suspended bed reactors [6,118].

2.2.1. Nanometals

Recently, information on the use of various metals nano-
particles, mainly iron, silver, gold, nickel, aluminum and
zinc, in wastewater treatment [6] can be found in literature.
In Table 6, standard reduction potentials of different metals
are presented [6].

2.2.1.1. Zero-valent iron

Zero-valent iron (ZVI) is efficient material to water
treatment, especially when it appears as zero-valent nano-
iron (nZVI). nZVI characterizes with high reactivity with
a wide range of contaminants due to large specific surface
and number of active sites as well as small particle size
[119] in comparison with regular ZVI. Some researches have
shown, that by the decrease of size of ZVI from microscale
to nanoscale, the rate of removal of As(V) can be three times
increased [107]. Additionally, nZVI surface can be easily
modified, reveals excellent magnetic properties and high
biocompatibility [120]. nZVI nanoparticles possess core-coat
structure with an external layer of iron oxides and internal
Fe® core (Fig. 3). Iron oxide layer around Fe® core has been
recognized as a strong adsorbent. Fe’ core can be oxidized

(chlorinated hydrocarbon, polymeric
perchlorates) matrices for

stabilization
Shell

Fig. 3. Exemplary scheme of a magnetic nanoparticle composed
of a magnetic core and a coat.

Table 6
Standard reduction potentials of different metals

Metal Standard reduction potential (E/V)
Nickel -0.236
Zinc -0.762
Iron —-0.440
Aluminium -1.677

to iron oxides in reaction with water, and next it can be
transformed to a number of corrosion products, including
goethite (a-FeOOH), akaganeite (B-FeOOH), lepidocrocite
(yv-FeOOH), magnetite (Fe,O,), maghemite (y-Fe,O,) or green
siderite (FeCO,). These corrosion products also reveal signif-
icant adsorption affinity to large amounts of contaminants
[121]. Fig. 4 shows the mechanisms of removal of metal ions
and some organics from the water environment.

nZVI are widely used as adsorbents in contaminants
removal from water/wastewater. Hua et al. [107] have shown
complete removal of As(V) using nZVI adsorbent doses
equal to 0.1, 0.2 and 0.4 g/L introduced to three different
types of real wastewater. The research has also shown that
As(V) adsorption occurs due to complexation at the internal
nZVIlayer [107]. It has also been found that many metals like
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Me"

Oxidation
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Fig. 4. Core-shell structure of nZVI depicting various mecha-
nisms for the removal of metals and chlorinated compounds.

cadmium [109], chromium [110], etc. are also adsorbed by
nZVI due to formation of complexes with internal compo-
nents of nZVI.

Some contaminants like As(III/V), U(VI), Se(VI) can
decrease their oxidation state by adsorption on nZVI sur-
face. Crane et al. [122] have stated, that U(VI) can be
removed by nZVI adsorption to a concentration below
10 pg/L (>98% removal) within 2 h, and it can be partially
reduced to U(IV) at simultaneous oxidation of Fe. Li et al.
[123] have shown, that the average adsorption capacity of
Cu(Il) on nZVI equals 343 mg/g due to reduction to metal-
lic copper or cuprite (Cu,0). Ramos et al. [124] have found,
that As(V) or As(IIl) is partially reduced to As(0) after reac-
tion with nZVI. Additionally, As(III) forms As(0), As(III) and
As(V) on nZVI surface, what means that during the reac-
tion both, reduction and oxidation of As(III) occurs. Double
redox function of nZVI is possible due to core-coat struc-
ture, as the core is the metallic iron of strong reduction ten-
dency, while the external layer containing thin, amorphous
iron oxides/hydroxides promotes coordination and oxida-
tion. Despite above-mentioned ions, nZVI can also remove
phosphates [111], nitrates [125], dyes [112] and antibiotics
[126] due to physical adsorption, oxidation, reduction, and
co-precipitation mechanisms.

To sum up, nZVI is highly reactive, economically attrac-
tive and environmentally friendly adsorption material which
can be used in water and wastewater treatment.

2.2.1.2. Gold nanoparticles

Nanoparticles of gold have been used to remove heavy
metals” ions from water, mainly with the coat containing
4-aminothiophenol [127]. For removal of Hg* or Pb* ions
from aquatic solutions, a composite of nanogold and albumin
bovine (BSA) coated with gel agarose membrane (Au NPs@
BSA/AGM) have been developed [128], and additionally, to
Hg? ions adsorption, gold nanoparticles functionalized with
magnetic silica sphere (MSS) [127] have been made.

2.2.1.3. Silver nanoparticles

Nanosilver has been used in photodegradation processes
since the end of 1800, while in 1954 it was registered by EPA
as the biocide for pools and in 1970 for potable water filters
[129]. Moreover, nanosilver reveals strong and wide anti-
bacterial activity, while it is harmless to humans. It is also
used in point-of-use disinfection and anti-biofouling surfaces
materials [129].

Such the effect is obtained due to the release of Ag*ions
and generation of products containing reactive oxygen spe-
cies [130]. Antibacterial action of silver nanoparticles can
be controlled and in opposite to silver ions it is permanent.
The reaction of silver salt with a reducer on an adsorbent sur-
face results in uniform and irreversible coating of the surface
with Ag nanoparticles. The layer of nanoparticles formed at
the surface results in strong antibacterial properties.

It has been found that silver nanoparticles (NPs) are
highly toxic to microorganisms, thus they can destruct fungi
[130], bacteria [131] and viruses [132]. Due to this feature, Ag
NPs are widely used in water disinfection. Ag NPs sheets
reveal efficient antibacterial effects to Enterococcus faecalis,
Escherichia coli, and deactivate bacteria cells during filtration.
It has been found that Ag NPs interact with a bacteria cell’s
walls, next reach the cell interior and deform the cell’s wall
structure increasing its permeability [133]. During Ag NPs
interaction with a cell, free radicals can also be formed, thus
the cell wall is damaged and the microorganism dies [133].
Several theories on antibacterial Ag NPs action are available,
whereas the deactivation mechanism has not been yet com-
pletely recognized and it is still discussed.

Ag NPs have been efficiently applied to wastewater
treatment. The main disadvantage of this material is the for-
mation of clusters in water by non-modified Ag NPs, which
affects its antibacterial properties during long-term use [76].
On the other hand, systems integrating Ag NPs with mem-
branes or filters are used to water disinfection due to the
efficient antibacterial effect and low costs [134].

2.2.1.4. Zinc nanoparticles

Zinc nanoparticles are found to be an alternative solution
for Ag and Fe NPs [135]. With their highly negative standard
reduction potential (Table 4), Zn NPs are much stronger
reducing agents than Fe NPs. Hence, the ability of contam-
inants degradation by Zn NPs is faster and more efficient.
The use of Zn NPs is related to wastewater dechlorination,
degradation of carbon tetrachloride and octachlorodiben-
zo-p-dioxin [136]. The degradation of the latter in waste-
water has been investigated using nanoparticles of four
different metals, that is, nickel, aluminum, iron, and zinc.
At optimum reaction conditions, the highest efficiency of
octachlorodibenzo-p-dioxin degradation has been reached
with the use of zinc nanoparticles. Hence, Zn NPs are the
first nanomaterial registered to degradation of octachlorod-
ibenzo-p-dioxin [135]. It has been found that the effective-
ness of the process depends more on the physico-chemical
properties of contaminants than on their size or surface
morphology. There are, however, not too many researches
dedicated to the removal of other contaminants from water
or wastewater using Zn NPs [136].
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2.2.2. Metal oxides nanoparticles

Metal oxides, mainly iron oxide, titanium dioxide, alu-
minum oxide and other, are efficient and cheap adsorbents
for heavy metals and radionuclides removal from aqueous
streams. Sorption is mainly controlled by complexation
of dissolved metal ions with oxygen from metal oxides,
and it is a two-stage process. In the first stage, fast sorp-
tion on the external’s sorbent surface occurs, while next
slower diffusion to a particle interior along micropores wall
takes place [137]. Nanoscale metal oxides possess higher
adsorption ability and faster kinetics due to larger specific
surface, shorter diffusion pathway to particle interior and
higher number of active sites (i.e. corners, edges and other).
For example, when the size of nanomagnetite particle is
decreased from 300 to 11 nm, it is arsenic adsorption capac-
ity increases more than 100 times [138]. Moreover, when
particles’ size is decreased to below 20 nm, the specific
surface area increases and the ability of arsenic sorption
by nanomagnetite of 11 nm diameter increases three times.
This nanoscale effect is related to the change of magnetite
surface structure related with the formation of new active
adsorption sites [138].

Nanomaterials based on metal oxides are especially
useful to remove heavy metals like arsenic, lead, copper, cad-
mium, nickel and possess much higher application potential
in comparison with activated carbon [139]. Nanoparticles of
a metal (hydro)oxide may also be impregnated on activated
carbon or other porous materials to obtain simultaneous
removal of metals (e.g. arsenic) and organic compounds,
what favors their use in a point-of-use device [140].

Nanoadsorbents formed from metals oxides can be eas-
ily regenerated by a solution’s pH change [139]. In many
cases adsorption capacity of metal oxides, nanosorbents can
be recovered even after regeneration and reuse cycles [141].
Relatively low costs of production of metal oxides based
nanosorbents are also important. Hence, features like high
adsorption ability, low cost, easy separation, and regenera-
tion make metal oxide-based nanosorbents technologically
and economically advantageous.

2.2.2.1. Iron oxides nanoparticles

The increasing interest in the use of iron oxides nano-
particles in water and wastewater treatment, especially in
regarding toxic heavy metals removal, results from their
unique physico-chemical properties like large specific sur-
face, simple synthesis, and adsorption ability. The most
commonly used iron oxides based nanosorbents are: non-
magnetic goethite (a-FeOOH), hematite (a-Fe,O,), mag-
netic magnetite (Fe,O,) and maghemite (y-Fe,O,) as well as
hydrated iron oxides (HIO) [6-9,11,118]. Goethite and hema-
tite possess a range of geochemical and ecological, important
oxyanions and cations in their complex matrices, thus they
are found as effective and cheap sorbents to removal of var-
ious contaminants [113]. Due to small size, however, their
separation and recovery after wastewater treatment can be
problematic. On the other hand, iron oxide-based nanopar-
ticles like nano-maghemite (y-Fe,O,) and nano-magnetite,
despite their adsorption features possess also superpara-
magnetic properties. If the size of a magnetic particle is

smaller than the critical value (ca. 40 nm), its separation and
recovery in a low gradient magnetic field are easy [118].
Thus, iron oxide nanoparticles are efficient and promising
nano-adsorbents for removal of a wide range of toxic con-
taminants from wastewater [6-9,11,118].

Nano-goethite reveals high adsorption capacity towards
fluorides equal 59 mg/g and for the contaminant concentra-
tion decrease from 10.25 in raw stream to 0.5 mg/L in the
treated stream [142]. Kinetics and mechanism of Cu* ions
adsorption on nano-goethite indicate on the formation of
Cu?/goethite complexes on adsorbent surface [143]. In case
of hematite, which is also very reactive, maximum Cu®
adsorption capacity reaches 84.46 mg/g. This result, how-
ever, is lower than the adsorption efficiency of nano-goethite
(149.25 mg Cu(Il)/g), even though both oxides reveal sim-
ilar kinetics and adsorption mechanisms [144]. Adsorption
of other metal ions (Pb(II), Cd(Il), Cu(Il) and Zn(Il)) on
nano-hematite have been investigated in the function of sor-
bent concentration, pH and temperature [144]. The results
have shown complete removal of Pb, 94% removal of Cd,
89% removal of Cu and complete removal of Zn at sorbent
dose equal 0.5 g/L. The impact of temperature on sorption
has indicated on an endothermic reaction in case of Pb(II),
Cu(Il) and Cd(II), while in case of Zn(Il) it is exothermic.
Nano-goethite and nano-hematite are efficient and can
be used in environmental re-cultivation processes. Nano-
hematite has been found to be a good adsorbent for heavy
metal ions, including arsenic (V) and chromium (VI) [143].

There are numerous research on the use of nano-
maghemite and magnetite to heavy metals sorption, includ-
ing arsenic, chromium, selenium, lead and nickel from
synthetic (model) and natural aqueous systems [141].

Maghemite nanoparticles (10 nm) of surface 178 m?/g
reveal selective adsorption on harmful ions and fast process
kinetics, while negligible effects of co-ions, for example, Na*,
Ca*, Mg*, Cu*, Ni*, NO;, and CI" is observed [141]. The
adsorption mechanism is related to electrostatic attraction
and ions exchange. Maghemite nanoparticles maintain ini-
tial adsorption capacity toward heavy metals removal even
after six adsorption/desorption cycles [141]. Nano-magnetite
is also used to remove contaminants like Cr(VI), Cu(II), Zn(II)
and As(IIl/V), Se(IV) [145], as well as methylene blue and
dichlorophenol [146] from aqueous solutions. Akhbarizadeh
et al. [147] have investigated maghemite (y-Fe,O,) nanopar-
ticles as an adsorbent for removal of Cu(Il), Ni(Il), Mn(II),
Cd(II) and Cr(VI) from water solutions. They have found that
pH of a solution plays very important role in adsorption of
Ni(IT) Mn(II) and Cd(II), for which alkaline conditions are
preferable (pH range of 8.5-10), while in case of Cu(Il) and
Cr(VI) acidic pH is required (pH 6.5 and 2.6). The process
mechanism corresponds to monolayer adsorption according
to Langmuir isotherm model with maximum capacity equal
2421, 24.44, 2347, 22.99 and 19.72 mg/g for Cr(VI), Cu(Il),
Mn(II), Ni(II) and Cd (II), respectively. Thus, the adsorption
efficiency can be arranged in the following series: Cu (II) > Cr
(VI) > Mn(II) > Ni(IT) > Cd(II). The authors have also found
that ionic radius and electronegativity play an important role
in adsorption of the process. The smaller ionic radius and
higher electronegativity of metal are, the higher adsorption
efficiency is obtained. Nano-maghemite and magnetite can
be produced in large amounts using relatively simple sol-gel
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method, while the separation of magnetic adsorbent from
treated water can be easily obtained by the simple applica-
tion of magnetic field [141].

In oversaturated solutions, iron compounds hydrolyze,
precipitate and aggregate as amorphous structures of high
porosity finally composed of so-called hydrated iron oxides
(HIO) [148], which reveal better ability of metal ions sorption
than crystalline oxides like goethite. HIO possess active sites
for sorption of various dissolved substances, which occur
mainly due to surface complexation and ligands exchange.
It has been found, that adsorption of Cu(Il) or Pb(II) ions
on amorphous HIO is independent of ionic strength, while
it increases with pH increase [148]. Nano-iron hydroxide
[a-FeO(OH)] is stable, mechanically resistant adsorbent
of large specific surface, which enables adsorption of arse-
nic from wastewater and drinking water [149]. ArsenXnp
(SolmeteX Inc., Philadelphia, PA, US), available on the mar-
ket, is a hybrid medium to ion exchange, it contains nanopar-
ticles of iron oxide and polymers and is very efficient in
arsenic removal [113].

The functionalization of iron oxide nanoparticles with
different ligands, like for example a-thio-cw(propionic acid),
hepta-(ethylene glycol), mercaptobutyric acid, ethylene
diamino-tetraacetic acid, L-glutathione, 2,3-dimercaptosuc-
cinic acid [150] and 3-amino-propyl-trimethoxysilane [151]
increases efficiency and selectivity of adsorption. It has been
observed that after iron oxide nanoparticles surface modifi-
cation, the adsorption of different metals from wastewater,
that is, As(III), Pb(II), Cu(Il), Co(Il), Cr(III), Ni(Il) and Cd(II)
significantly increases [152].

Polymeric coatings are used to prevent aggregation of
iron oxide nanoparticles and to improve their dispersion
[150]. Khaydarov et al. [153] have used elastic layers inte-
grated with various functional groups protecting iron oxide
nanoparticles from damage. For example, magnetic Fe,O,
inoculated with polyethyleneimine (PEI) very efficiently
adsorbs heavy metals like Cu®*, Zn?, Cd* [154], while the
use of polystyrene as a support for hydrated Fe,O, enables
adsorption of As(Ill) and As(V) ions [155]. Small organic
particles are also widely used to stabilize nanoparticles.
For example covalent immobilization of thiosalicylhydra-
zide on Fe O, NPs surface is efficient regarding the removal
of heavy metal ions (Pb*, Cd*, Cu*, Zn*, and Co*) from
industrial wastewaters [156]. Nano-Fe,O, modified with
basic Schiff’s 6G rhodamine has revealed high selectivity and
sensitivity toward AI*" over other metal co-ions in aqueous
solution [157]. To modify nano-Fe,O,, chemical compounds
like EDTA, hydroxyapatite (Ca, (PO,),(OH),), silica dioxide
(Fe,0,@Si0,-NH,), chitosan (chitosan/SiO,/Fe,O,) and other
can be used [11]. Such modified adsorbents have been tested
in the removal of heavy metal ions from water.

2.2.2.2. Aluminum nanoparticles

Aluminum oxide reveals highest adsorption efficiency,
when it appears in the form of y-Al,O,, while when it is in
a-AlLO, form, the efficiency is poorer. Nano-y-AlO, char-
acterizes with large specific surface, high adsorption ability
and satisfactory mechanical strength [158]. Nano-aluminum
oxide produced by sol-gel method has been used in removal

of Ni(Il) from solutions [158] and it has revealed maximum

efficiency equal to 96.6% at initial Ni(Il) concentration
25 mg/L. Zhang et al [158] have shown, that nano-ALQ, is
an efficient adsorbent of TI(IIT) ions, for which almost com-
plete removal has been obtained in an aqueous solution of
pH = 4.5. If nano-aluminum oxide reveals poor affinity to a
certain metal, chemical or physical modification of y-AlO,
nanoparticles surface based on the introduction of func-
tional groups containing oxygen and nitrogen is applied.
For example nano-aluminum oxide coated with 2,4-dinitro-
phenylhydrazine (DNPH) immobilized on sodium dodecyl
sulphate has been developed to remove cations like Cr(III),
Pb(Il) and Cd(II), and maximum adsorption capacity has
reached 100.0, 83.33 and 10.0 mg/g, respectively [159].

2.2.2.3. Manganese oxide nanoparticles

Manganese oxide nanoparticles reveal excellent adsorp-
tion ability due to polymorphous structure and large specific
surface area and are widely used to wastewater treatment to
remove arsenic [159], other heavy metals (zinc(Il), cadmium
(II) and lead(Il)) [6,160] and phosphates. The mechanism
of adsorption of bivalent metal ions comprises two stages,
that is, fast and reversible adsorption on an external surface,
including its micropores followed by slow diffusion along
the oxidized surface of walls of micropores. Mishra et al.
[161] have found that hydrated manganese oxide is efficient
in removal of Hg(II) ions from water solutions and maximum
adsorption effectiveness is obtained at the contaminant’s
concentration range 10%-102 M), at temperature 298-328 K
and pH 2.0-10.5.

2.2.2.4. Magnesium oxide nanoparticles

Magnesium oxide, in the form of nanospheres, is used to
eliminate different types of toxic heavy metals from waste-
water [6]. In order to improve adsorption ability of magne-
sium oxide, different methods of nanoparticle morphology
change resulting in formation of three-dimensional struc-
tures of nano-bricks, nano-bars, nanotubes or nanorods have
been used [6]. They have allowed for effective adsorption
of lead(Il) and cadmium(II) on magnesium oxide structures
with mesopores [6].

2.2.2.5. Titanium oxide nanoparticles

TiO, nanoparticles combine functions of physical sep-
aration and catalyst reactivity toward contaminant degra-
dation. A lot of effort has been given to develop inorganic
photocatalytic nanoparticles comprised of nano-catalysts
(nano-TiO, or modified nano-TiO,) [162]. They are usually
used to photochemical degradation of organic contaminants
and as the adsorbent for the removal of heavy metals from
water [163]. For example, nano-TiO, modified with thio-
glycolic acid and immobilized on silica gel as well as TiO,
nanotubes have been used as adsorbents to remove ions like
Ni*, Cd*, and Pb* from water [163], whereas TiO, nanopar-
ticles (Anatase) immobilized on activated carbon have been
applied to remove Cr(VI) [164]. Nanoparticles of sodium tita-
nate are also regarded as an adsorbent and have been used
to remove Cu® and Cd* from aqueous solution [164], while
after immobilization on granulated activated carbon they
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have been applied to remove Cu*, Cd*, Pb* and Zn* from
water [165]. The composite of lignosulphonate and titanate
has been used to adsorb Pb%*, Cu?* and Cd* ions [166,167].

TiO, is a photocatalytic semiconductor, which is the most
often used in water/wastewater treatment, due to its biolog-
ical and chemical neutrality and high oxidation potential.
Photocatalysis with TiO, results in formation of highly reac-
tive hydroxyl radicals (OH"), superoxide (O;) and peroxide
(Of) anions, which can decompose organic compounds at
UV, visible or sunlight radiation [8]. Morphological struc-
ture, crystalline phase, structure damage prevention, energy
gap and hydrophilicity can be adjusted by change of TiO,
type, chain length or introduction of surface-active agent to
production process [8]. Photo-activity of nano-TiO, can be
increased by optimization of size and shape of nanoparticles,
decrease of recombination of e7/h"by noble metal addition
and processing of surface aiming at contaminants adsorp-
tion increase. Among crystalline TiO, structures, rutile par-
ticles are the most stable at size range above 35 nm, while
for particles smaller than 11 nm anatase is preferable [168].
If the size of particles is reduced to several nanometers, sur-
face recombination is dominant and photocatalytic activity
is reduced. The addition of noble metals may decrease e7/h*
recombination, as electrons excited by radiation migrate to
a noble metal of lower Fermi level, while gaps maintain in
TiO, [168]. Another area of research is dedicated to widening
TiO, excitation spectrum by visible light. The general strat-
egy relies on introduction of metals, dyes or semiconductors
of narrow forbidden band or anions into nano-TiO,, which
results in formation of hybrid nano-particles or nano-com-
posites [169]. Among these methods, introduction of anions
(especially nitrogen-based ones) has been found to be the
most beneficial solution regarding industrial application
[169]. Photocatalysis with nano-TiO, is also more and more
often used at activation with sunlight [169].

Photocatalytic inactivation of microorganisms is a com-
plex process and its efficiency depends on type, concen-
tration and physiological condition of microorganisms
[170]. TiO, nanoparticles (Degussa P25, Essen, Germany)
have been used in successful deactivation of different bac-
teria like Escherichia coli, Pseudomonas aeruginosa, Salmonella
typhimurium and Enterobacter cloacae [169-171]. The use of
TiO, nanoparticles (Degussa P25) to inactivation of bac-
teria (E. coli, Pseudomonas aeruginosa), fungi (Candida albi-
cans, Fusarium solani), protozoa (stadium trophozoite stage
of Acanthamoeba), spores (Bacillus subtilis) and cysts at sun
radiation is also discussed in the literature [8].

Photocatalysis with nano-TiO, is also widely used in
wastewater treatment to decompose and mineralize various
contaminants and micropollutants like endocrine disrup-
tors, cyanotoxins, antibiotics, pesticides, dyes, polymers,
phenolic contaminants, aldrin, polychlorinated bisphenols
and other. Rahman et al [172] have investigated kinetics of
degradation of two pesticides, that is, dichlorvos and phos-
phamidon using Degussa 25 (commercially available TiO,
nanoparticles) and they have found that addition of accep-
tors like hydrogen peroxide (H,O,) increases contaminants
degradation rate. Solar photocatalysis has been also success-
fully applied to degradation of aldrin and its three deriva-
tives that is, dieldrin, chlordane and 1,2-hydroxydieldrin
[172]. Dichlorvos, which, due to its toxicity, is classified as

restricted use pesticide, is efficiently degraded by photo-
catalysts like TiO, and ZnO [172].

2.2.2.6. Zinc oxide nanoparticles

Zinc oxide (ZnO) has been most often used as an adsor-
bent for H,S elimination [173]. Porous nano-ZnO plates of
pores diameter 5-20 nm and large specific surface (147 m?/g)
have also revealed strong and selective adsorption of cations
of toxic metals [174], including Cu(Il) with efficiency above
1,600 mg/g. Such the high adsorption capacity results from
the high number of polar active sites of nano-plates able to
bond hydrated Cu(lIl) ions by formation of Cu—O-Cu bonds
on pores’ walls [174]. Nano-ZnO can also effectively remove
Cd(II) and Hg(Il) ions with maximum capacity equal to
387 and 714 mg/g, respectively [174]. Hydroxyl groups on
nano-ZnQO surface have been found to play an important role
in adsorption of various heavy metals.

Zinc oxide (ZnO) nanoparticles, next to TiO,, have also
been recognized as an efficient and promising photocatalyst
to wastewater treatment because they can be activated by
visible light (<450 nm) [165]. Photocatalytic features of nano-
ZnO are comparable to ones of TiO, due to the fact, that their
energy bands are practically identical, while nano-ZnO is
cheaper and adsorbs wider spectrum of sunlight in compari-
son with other metals oxide semiconductors [175]. The main
disadvantages of nano-ZnO are large difference in energy
band and photocorrosion resulting from fast regrouping of
photo-generated charges, which decreases photocatalytic
properties [175]. The introduction of other metals to nano-
ZnO structure is one of the methods used for the improve-
ment of the material photocatalytic ability. Cationic and
anionic injections of rare earth metals have been investigated
regarding improvement of nano-ZnO photocatalytic ability
[176,177]. Moreover, some research suggests, that modi-
fication of nano-ZnO with semiconductive materials like
graphene oxide [178], tin(IV) oxide [179], cadmium oxide
[180], titanium dioxide [181] and cerium(IV) oxide [177] is
practical method of zinc oxide nanoparticles photo-degrada-
tion ability increase.

Table 7 summarizes the results of the research on vari-
ous metal ions removal from wastewater using inorganic
nanomaterials.

2.3. Nanocomposite materials

Nanoparticles of large specific surface areas used in water
and wastewater treatment possess some limitations, which
include aggregation, release to environment and poten-
tially harmful effect on ecosystems and human bodies [6,8].
These issues can be solved or minimized by formation of
nanocomposite materials. Nanocomposites are multiphase
materials, in which a minimum one phase has dimensions
in the range of 10-100 nm. Their classification can be made
either according to matrix material (inorganic or polymeric)
or according to dispersed phase-type (CNT, graphene,
metals, metal oxides) [6,8]. Nanocomposite materials inte-
grate functional features of nanoparticles and matrices and
reveal huge potential for industrial-scale applications. The
examples of nanocomposites have been discussed in detail
in chapters 2.1 and 2.2.
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Among various nanocomposites, polymeric nanocom-
posites (PNCs) have become a subject of some research and
development actions due to many advantageous features
such as film formation, dimensional changeability, and
activation by functionalization [198]. PNCs are prospec-
tive materials for water and wastewater treatment, as they
possess properties of nanoparticles and polymeric matrices
[6,8,199]. They can be obtained by using one among two
main methods, that is, direct mixing or in-situ synthesis
[199,200]. The first method relies on the direct introduction
of functional nanoparticles or their injection to a polymer,
while the second method is based on initial saturation of
polymer pores with nanoparticles precursors followed by
in-situ synthesis by precipitation and nucleation with ded-
icated initiators. Another method of in-situ synthesis is the
addition of functional nanoparticles during polymerization
of monomers (Fig. 5).

Among commonly used polymeric matrices one can
find alginate [201], macroparticles (e.g. polypyrrole) [202],
polyaniline [203], porous resins and ion exchangers [204].
One of the most often used polymeric support is cross-
linked polystyrene-based ion exchanger. Its surface is suit-
able to be modified with positively or negatively charged
functional groups (-SO;* and -CH,N*(CH,),), and it allows
for easy permeation and dispersion of nanoparticles pre-
cursors (such as Zr* or FeCl)) to its pores interior [205].
These mentioned nanocomposites possess a large removal
potential of contaminants present in water and wastewater.
Moreover, the stability of the immobilized nanoparticles
is much higher in comparison with non-immobilized ones.

Other types of polymeric matrices are biopolymers like
chitosan and cellulose, which appear commonly in nature
and are relatively eco-friendly [206]. Cellulose characterizes
with good chemical and mechanical stability and hydrophilic-
ity due to tightly packed, ordered and hydrogen-bonded
particles, which guarantees resistance to swelling [206].
Nanoparticles of cellulose (NCs) also reveal adsorption and
ion exchange properties and are very similar to polymeric
nanocomposites [206]. Another natural composite support is
chitosan [207], which characterizes with high reactivity, excel-
lent chelating properties and chemical stability [207]. Amine
and other functional groups of chitosan act as active sites for
adsorption of contaminants from water [207]. Cross-linked

chitosan is insoluble even at low pH, thus it can be used in a
wide pH range [207]. The high adsorption efficiency of chi-
tosan-based nanoparticles regarding different contaminants
present in water and wastewater has been widely discussed
in the literature [207].

Inorganic nanocomposites” supports cover mainly acti-
vated carbon, CNT as well as natural minerals like zeolite,
biochar, and clays.

Activated carbon (AC) is a conventional adsorbent com-
monly used to water and wastewater treatment and it can
be used as an excellent support for nanoparticles [208]. As
examples, AC composites with immobilized nanoparticles
of oxy-hydroxy iron (As (V) adsorption) [209], nano-ZnO
(Pb(I) adsorption) [210] or magnetite (Fe,O,) (aromatic
contaminants adsorption) [211] can be mentioned.

CNTs nanocomposites (CNTs-NCs) cover materials,
in which CNTs are the basic component [212]. Poly-1,8-
diaminonaphthalene/MWCNT-COOH hybrid material can
be an adsorbent for separation of trace amounts of Cd(II)
and Pb(II) (adsorption capacity of Cd(I) and Pb(II) - 101.2
and 175.2 mg/g, respectively) [213]. Konicki et al. [214] have
used M-MWCNTs-Fe,C (M-MWCNTs-ICN) to remove Red
23 from an aqueous solution with maximum capacity of
85.5 mg/g. Other examples of CNTs based nanocomposites
are discussed in chapter 2.1.1.

Zeolites are widely used as an adsorbent, ion exchange
material and catalyst due to low costs and unique internal
structure, which possesses many active sites. Mthombo et al.
[215] have investigated adsorption of Cu(II), Pb(Il) and Co(II)
on vinyl-ethylene-clynoptylolyte acetate nanocomposite,
Khatamian and Alaji [216] have prepared nanocomposite
of zeolite and ZnO for adsorption of 4-nitrophenol (4-NPh),
while Chong et al. [217] have synthesized nanocomposite
of TiO,-zeolite to industrial dyes removal.

Biochar is commonly available and cheap material
produced by biomass pyrolysis in anaerobic conditions.
Nanocomposites containing biochar are usually obtained
from biomass initially enriched with nanoparticles pre-
cursors or by direct impregnation of nanoparticles after
pyrolysis [218]. As examples of such materials, one should
mention y-Fe O,/biochar nanocomposites, which reveal good
adsorption of As(V) ions [219]. CNT-biochar nanocompos-
ites of large specific surface area (359 m?/g) have been used
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Fig. 5. Methods of production of polymeric nanocomposites.
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to dyes adsorption [220], while biochar/MgO adsorbents
have revealed very high adsorption capacity of phosphates
(835 mg/g) [221].

Polymeric nanocomposites based on clays (CPNs) are
mixtures of polymers and inorganic clay materials, in which
inorganic, as well as organic nanoparticles, are present.
CPNs reveal good mechanical and chemical stability, thermal
resistant, large specific surface, and limited gas permeabil-
ity. Various CPNs are widely used to remove organic and
inorganic micropollutants like Co(II), Zn(II), Se(IC) and atra-
zine [222]. CPNs of Cu/polyethylene/montmorillonite type
shows strong antibacterial effect toward E. coli [223].

In recent years, nanocomposites have appeared as a real-
istic alternative for activated carbon to water and wastewa-
ter treatment. Large specific surface, excellent mechanical
stability, surface modification possibility and pore size dis-
tribution make this material preferable in reference to many
other adsorbents [11].

3. Mechanism of adsorption

In order to understand an adsorption mechanism, a
combination of experimental studies and theoretical calcu-
lations is needed. The characterization of the adsorbent by
Brunauer-Emmett-Teller surface area, Fourier-transform
infrared spectroscopy (FTIR), transmission electron micros-
copy, scanning electron microscopy with energy-dispersive
X-ray spectroscopy and X-ray photoelectron spectros-
copy can provide some explanations on the adsorption
pathways [11]. The prediction of ions and organic con-
taminants adsorption on nano-adsorbents is not simple,
and different possible interactions between them have
been proposed. Hydrophobic interactions, van der Waals
forces, m—n stacking, hydrogen bonding, complexation,
and electrostatic interactions might act simultaneously or
individually [88].

The process of solute adsorption is normally consid-
ered to be a physical process, in which van der Waals forces
are usually dominant [88]. Physical adsorption is a kind of
adsorption, which attaches the target substance to an adsor-
bent as a result of hydrogen bonding, van der Waals forces,
electrostatic forces, and hydrophobic interactions. Physical
adsorption can also be referred to as physisorption. Unlike in
physical adsorption, if the molecular forces during the pro-
cess of adsorption result in an electron exchange reaction, it
means that a chemical adsorption occurs between the contam-
inant molecules and the solid surface of the nano-adsorbents
[88]. Chemical adsorption, also known as chemisorption,
involves a chemical reaction between the adsorbent surface
and the adsorbate.

Kinetic models can give information related to adsorp-
tion pathways and probable mechanisms involved [11].
Adsorption kinetic also controls the rate of adsorption,
which determines the time required for reaching equilibrium
of the adsorption process; this is one of the most valuable
information for adsorption system design. In liquid-phase
adsorption, the rate can be determined by the following
steps [224,225]:

* adsorbate transport from the bulk of the solution to the
liquid film surrounding the solid adsorbent,

e of adsorbate across the liquid film surrounding of the
solid adsorbent to the solid surface,

e of adsorbate from the liquid film into the pores of the
solid adsorbent via intraparticle diffusion,

e adsorption of the adsorbate on the adsorbent surface
either by chemical reaction or by physical processes,

e desorption of the adsorbate from the solid adsorbent sur-
face (in case of reversible adsorption).

Generally, the overall rate of the adsorption is controlled
by the slowest step. Many researchers have observed that
most of the adsorption processes of heavy metals on nano-
materials follow pseudo-second-order kinetics rather than
first-order kinetics [11].

Experimental and adsorption isotherm models and the
instrumental methods can also give valuable information
to determine adsorption mechanisms. The equilibrium dis-
tribution of adsorbate in the solid surface of adsorbent is
normally measured as the amount of a substance adsorbed
per unit mass of an adsorbent at equilibrium and the adsor-
bate concentration in the liquid phase at equilibrium. Data
obtained from an adsorption isotherm model can give valu-
able information regarding adsorption phenomenon and
is crucial for designing an economically viable commercial
treatment system [226]. In the literature, many different types
of isotherm models have been used over the years, among
which some have been based on theoretical background,
while others have been determined empirically [227]. The
isotherm models used to describe the adsorption equilibrium
are Langmuir, Freundlich, Dubinin—-Radushkevich (D-R),
Temkin, Elovich, and Redlich-Peterson (R-P) models [88].
Additionally, D-R isotherm model allows determining the
mean energy of adsorption (E). If E is <8 kJ/mol, then phy-
sisorption is the dominant adsorption mechanism, while if E
is in the range 8-16 kJ/mol, then adsorption is most probably
follows chemisorption mechanism [228]. Researches dedi-
cated to the application of various isotherm models are still
inadequate, especially regarding adsorption on nanomateri-
als. The published references prefer two-parameter models,
especially the Langmuir and Freundlich models because they
can be simply linearized [69].

The thermodynamic parameters of adsorption, that is, the
standard Gibbs free energy change (AG), the enthalpy change
(AH), and the entropy change (AS) can be computed accord-
ing to thermodynamic laws through the adequate equations.
Each thermodynamic parameter has its physical sense in
the adsorption system. AG can be regarded as the minimum
isothermal work required to load a certain amount of adsor-
bate on the adsorbent surface. AH shows the heat effect of
the adsorption system, while AS reflects the packing manner
of adsorbate molecules on the surface of adsorbent [69,229].
The negative value of AG reveals that the adsorption process
is feasible and spontaneous. The negative value of AH infers
that the adsorption reaction is exothermic in nature and ener-
getically stable, whereas the positive value suggests that the
adsorption is endothermic and is supported by the increas-
ing adsorption of metal ions with increasing temperature.
The positive AS value indicates the increased randomness at
the solid/solution interface during the adsorption process.

The electrostatic interaction between metal ions and the
negatively charged surface of the adsorbate accompanied by
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complexation and ion exchange are the primary mechanisms
for adsorption of metals [69,147,229,230]. Electrostatic inter-
actions occur between metal cations and negative surface
charge and/or p electrons of the adsorbent [74,231]. The elec-
tron donor-acceptor complexes are formed by a coordination
bond between the unshared electron pair of the adsorbent
and an electron-deficient atom of a metal ion [74]. Functional
groups of nanomaterials’ surface for complexation and ion
exchange are found to be hydroxyl, carboxylic, lactonic,
phenolic, imine, amine and sulfonated groups [232-237].

For example, during examining adsorption of Cr(VI)
on chitosan-magnetite adsorbent, authors have stated that
Cr(VI) exists in aqueous solution in various anionic forms,
and thus they can easily electrostatically interact with the
protonated amine, hydroxyl, and carboxylates groups of
chitosan [231]. Then Cr(VI) replaces H"ions by ion exchange
process on the Fe O, surface. Similar explanation for adsorp-
tion of Cu(II), Ni(Il), Mn(II), Cd(Il), and Cr(VI) on maghemite
nanoparticles (y-Fe,O,) and CuFe,O, has been reported by
Akhbarizadeh et al. [147], Babaei et al. [184] and Tu et al.
[197]. Moreover, Ashour et al. [238] have stated that electro-
static attraction is a primary mechanism for adsorption of
La(III), Nd(III), Gd(IIT), and Y (III) ions on composite nanoad-
sorbent Cys-Fe,O,. Complexation, due to electrostatic inter-
action, is also a mechanism for adsorption of metals ions (e.g.
Pb(Il)) on amino-functionalized magnetic nanoadsorbent
(MNPs-NH,) [239]. Metal ions form stable complexes with
EDTA functionalized magnetite nanoparticles due to electro-
static interaction [185].

Electrostatic interaction followed by ion-exchange mech-
anism are also the only pathways for adsorption of Cr(VI),
Co(II), Ni(Il), Cd(II), Pb(Il), Zn(II) and Cu(Il) ions on non-
iron adsorbents (nano-y-AlL,O,, nano-MnO,, nano-ZnO) from
water [160,175,240]. Electrostatic attraction along with sur-
face complexation is also responsible for adsorption of metals
on nano-AlLO, [189].

Electrostatic interaction is also responsible for adsorption
of metal ions on graphene, single- and multi-walled CNTs
[11]. This is due to the increase in the amount of oxygen-
containing functional groups, like -COOH, -OH, and -C=0,
on the surface of the carbon nanomaterials. The modification
process increases the surface negativity of such a nanoad-
sorbent, and oxygen atoms in the functional groups can
easily interact with metal ions causing their surface adsorp-
tion [241]. The presence of -C=0, C-O-C= and/or O-C=0
groups at carbon edge sites, pyridinic nitrogen, and sp?
nitrogen atoms bonded to C atoms plays a significant role
in higher metal adsorption by electrostatic interaction [242].
The functional groups or molecules can be grafted onto the
nano-adsorbents surface through techniques such as carbox-
ylation, sulfonation, oxidation, phosphorylation, esterifica-
tion, etherification and amidation. These materials include
organic molecules (e.g., ethylenediaminetetraacetic acid
and cyanobacterium metallothionein), polymers or copoly-
mers (e.g., polyaniline, polypyrrole, chitosan, etc.), inorganic
materials (e.g., Fe,O,, MnO,, CdS, and Ag), and acids (i.e.,
sulfuric acid and phosphate) [69].

The adsorption of Ni(Il) on graphene nanosheet/d-MnO,
has also been reported to follow electrostatic mechanism
[243]. Pb(II) has shown preference for -N= groups rather than
-NH in the poly(o-phenylenediamine)/reduced graphene

oxide composite (PoPD/RGO) for electrostatic interaction
[244]. This shows that the functional groups present on the
surface of nanoadsorbents play an important role in the
adsorption of heavy metals from water.

Electrostatic interaction and complexation are also
responsible for the adsorption of metals on the nanocompos-
ite adsorbents. For example, the TiO,-acrylamide nanocom-
posite adsorption mechanism of Cd has been described as a
chemical interaction between R-NH,Cd* and Cd-O on the
nanocomposite [245]. The functional groups like -COOH,
-OH, or -C=0 present on the surface of nanosized carbon
immobilized Ca-alginate beads (NCBs) can electrostatically
interact with the Co(II) and Ni(Il) [246]. The functional
groups present in nanocellulose are responsible for provid-
ing the binding sites for Cu(Il) and Ni(II) through electro-
static interaction [247]. Khan et al. [248] have also reported
that functional groups, such as -C=0, C-H, O-H, and C-O
and along with Zr-O bond on nanohybrid cellulose/ZrO,
adsorbent form the complex with Ni(Il). On the other hand,
ion-exchange, complexation, as well as electrostatic attrac-
tion is the key factor for the adsorption of Cr(VI) on hydroxy-
apatite-based chitin (n-HApC) and chitosan (n-HApCs)
hybrid composites [249]. El-kafrawy et al. [250], through
FTIR and XPS analysis, have noted that the oxygen atoms on
the polymeric composite are the main binding sites for metal
to form surface complexes by electrostatic interaction.

Adsorption studies at different pH can also provide addi-
tional information on electrostatic or covalent interactions
between an adsorbate and an adsorbent. This is because at
different pH, the metal may appear at different ionic forms
and the zeta potential data of the adsorbent provide infor-
mation regarding the surface charge of the adsorbent in dif-
ferent pH. Therefore, by observing the adsorption trend, the
nature of bond formation between absorbent and adsorbate
can be predicted [251].

Fig. 6 presents mechanisms and pathways of the removal of
various species by the adsorption [9,11,13,113,117 and 118].

Fig. 6. Schematic illustration of various mechanisms of adsorp-
tion of metal ions by nanoparticles.
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Therefore, it can be seen that the indication of the adsorp-
tion mechanism is not an easy task and researcher need to
obtain various information, both experimentally and with
the help of theoretical calculations before they can propose
any plausible mechanism for a given adsorption process.

4. Conclusion

Many researches on the use of nanomaterials to adsorp-
tion of metal ions and other contaminants have been per-
formed. The most investigated and preferable materials are
nanosorbents made from metal oxides, especially iron-based
ones, and CNTs. Chemical modification often changes char-
acter of nanosorbents surface, which significantly improves
adsorption abilities. Recently, an increasing interest in
removal of metal ions from aquatic environment through
composite nanoadsorbents has been observed, due to their
potential use in the industrial scale. Properties of nano-
composites surface can be modified regarding specific
requirements, what assures their proper selectivity.

Despite intensive research, there are no reports on
commercial use of nanomaterials to water and wastewater
treatment. As the reason, one should mention difficulties in
regeneration of saturated nanoparticles and their potential
toxicity to living organisms. It limits the replacement of low-
cost conventional adsorbents with nanoadsorbents in water
and wastewater treatment, especially because conventional
adsorbents can be used to remove almost all contaminants,
which usually appear in aqueous streams. On the other
hand, the comparison of adsorption properties of conven-
tional adsorbents and nanoadsorbents regarding contami-
nants removal indicates on benefits of nanomaterials due to
higher efficiency, shorter contact time, faster kinetics, lower
doses, usability in wide pH range and removal of trace
amounts of toxic heavy metals. Hence, despite some limita-
tions, nanoadsorbents seem to be a good solution for water
and wastewater treatment. However, some issues like prepa-
ration of nanoparticles from biodegradable materials, their
efficient handling without environmental hazards and opti-
mization of treatment techniques in the pilot and commer-
cial scale need to be solved. The evaluation of economy and
energy consumption for the use of some nanoadsorbents in
wastewater treatment has been discussed in many papers,
which shows that nanoadsorbents offer more efficient water
treatment technology than other adsorbents [109]. The haz-
ardous effect of nanoparticles regarding the environment,
but also to human health, known as nanotoxicity, is also an
open topic. Some information on the toxicity of metal oxides
nanoparticles (aluminum oxide, titanium oxide, zinc oxide)
and CNTs [10] in regard to living organisms can be found
in the literature. The high chemical reactivity of nanopar-
ticles results from the generation of free radicals, thus their
presence in living organisms can cause oxidative stress and
inflammation. Hence, efficient and safe methods of nano-
particles utilization need to be urgently developed.

Based on results of many adsorption research discussed
in this paper it can be stated, that nanoparticles can be poten-
tial, stabile and effective substitute of conventional sorbents,
especially in the removal of heavy metals from water and
wastewater.
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