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20The potential of nanomaterials as nanoadsorbents and theirmany advances are discussed in details in this review
21article. Adsorption is one of themost promising techniques applied for the decontamination ofwastewaters from
22dyes and heavymetals. Nanomaterials possess a series of unique physical and chemical properties. A very impor-
23tant one is that most of the atoms that have high chemical activity and adsorption capacity are on the surface of
24the nanomaterials. Various nanoadsorbents were elsewhere overviewed in treating contaminated water; their
25advantages and drawbacks in such applications were evaluated. The implications of nanoadsorbents to public
26health and their way forward for facilitating environmental sustainability were also discussed.
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47

48 1. Introduction

49 “Nano” is derived from the Greek word for dwarf. A nanometer is
50 one billionth of a meter (10−9) and might be represented by the length
51 of ten hydrogen atoms lined up in a row. In nature, nanotechnology first
52 emerged billions of years ago at the point where molecules began to

53arrange in complex forms and structures that launched life on earth.
54In the early 20th century, the first observations and size measurements
55of nanoparticles using an ultramicroscope were made possible in a
56study of gold sols and other nanomaterials with sizes down to 10 nm
57and less [1]. Zsigmondy was the first to characterize particle sizes
58using the term nanometer and he developed the first system of classifi-
59cation based on particle size in the nanometer range [1]. In 1980s, nano-
60technology and nanoscience got a boost with twomajor developments:
61the birth of cluster science and the invention of the scanning tunneling
62microscope (STM). Major current tools for nanotechnology measuring
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63 includemany devices such as STM, scanningprobemicroscopes (SPMs),
64 atomic forcemicroscopy (AFM) andmolecular beamepitaxy (MBE). Di-
65 agnosis of particles at the nanoscale level contributed extensively to the
66 production, modification and shaping of structures that were used in
67 different industrial, health and environmental applications.
68 At the nanoscale level, materials are characterized by different phys-
69 ical, chemical and biological properties than their normal size equiva-
70 lents. For instance, materials as metals, metal oxides, polymers and
71 ceramics, and carbon derivatives (carbon nanotubes and fullerenes)
72 have a higher ratio of surface area to particle size at the nanoscale
73 level. In other words, the surface area of particles increases with de-
74 creasing particle size and as such, nanoscale particles exhibit different
75 optical, electrical, and magnetic properties from the properties exhibit-
76 ed by macroscopic particles [2]. These remarkable characteristics of
77 particles at the nanoscale level possibly originated from the increase
78 in the number of surface atoms with the decreasing of particle size.
79 Nanotechnology can easily merge with other technologies and
80 modify, endorse or clarify any existing scientific concept, which is why
81 it is so called a “platform” technology. The use of nanotechnology in
82 the future is expected to expand into numerous industrial applications
83 and help decrease production costs by reducing energy consumption,
84 attenuate environmental pollution and increase the production efficien-
85 cies in developed countries. Moreover, nanotechnology may be a useful
86 tool to address different social problems of developing countries' such
87 as the need for clean water and the treatment of epidemic diseases
88 [3]. Nanoscience and nanotechnology may not provide all the solutions
89 for the ever increasing problems of this planet but could help the
90 sustainable development of many social communities.
91 Many potential benefits of nanotechnology have already been
92 identified by many researchers in the environmental and water sector,
93 medicine, and in several industry applications but the future nanotech-
94 nologymight bring innovations that can answermanyexisting scientific
95 questions [3]. Hence, nanotechnology is going to play an important role
96 in addressing fundamental issues such as health, energy and water.
97 Major potential environmental benefits of nanotechnology were re-
98 ported in the draft nanomaterial research strategy by Savage et al.
99 [4], including: (i) early environmental treatment and remediation;
100 (ii) stronger and lighter nanomaterials; and (iii) smaller, more accu-
101 rate and more sensitive sensing and monitoring devices.
102 The potential of nanomaterials as nanoadsorbents and their many
103 advances afforded in the separation and pre-concentration of a variety
104 of analytes have been also outlined [5].Q5 It is fact that numerous works
105 have been recently published with a primary goal of investigating the
106 removal of different pollutants (either in gas or liquid medium) using
107 adsorbent materials [6–22]. But nanoadsorbents (nanomaterials) pos-
108 sess a series of unique physical and chemical properties. A very impor-
109 tant one is that most of the atoms that have high chemical activity and
110 adsorption capacity are on the surface of the nanomaterials. Various
111 nanoadsorbents were elsewhere overviewed in treating contaminated
112 water; their advantages and drawbacks in such applications were
113 evaluated [23]. The implications of nanoadsorbents to public health
114 and their way forward for facilitating environmental sustainability
115 were also discussed.

116 2. Isotherm and kinetic equations

117 In this study, the examples taken from literature regarding the use of
118 nanoadsorbents were explained and analyzed based on some theoreti-
119 cal equations (models). According to those, some crucial adsorption
120 parameters such as the adsorption capacity and kinetic rate were
121 evaluated.

122 2.1. Isotherm models

123 It is necessary to form the most appropriate adsorption equilibrium
124 correlation in the attempt to discover innovative adsorbents toQ6 gain

125access to an ideal adsorption system [24] which is vital for consistent
126prediction of adsorption parameters and quantitative comparison of
127adsorbent behavior for various adsorbent systems (or for varied exper-
128imental conditions) [25,26]. Adsorption isotherms,which are a common
129name of equilibrium relationships, are essential for optimization of the
130adsorption mechanism pathways, expression of the surface properties
131and capacities of adsorbents, and productive design of the adsorption
132systems since they explain how pollutants interrelate with the adsor-
133bent materials [27,28] ( Q7Table 1).
134Explaining the phenomenon through which the preservation (or
135release) or mobility of a substance from the aqueous porous media or
136aquatic environments to a solid-phase at a persistent temperature and
137pH takes places, in broad-spectrum, an adsorption isotherm is an invalu-
138able curve [29,30]. The mathematical association which establishes a sig-
139nificant role towards the modeling analysis, operational design and
140applicable practice of the adsorption systems is normally represented by
141plotting a graph between solid-phase and its residual concentration [31].
142When the concentration of the solute remains unchanged as a result
143of zero net transfer of solute adsorbed and desorbed from sorbent sur-
144face, a condition of equilibrium is achieved. These associations between
145the equilibrium concentration of the adsorbate in the solid and liquid
146phase at a persistent temperature are defined by the equilibrium sorp-
147tion isotherms. Linear, favorable, strongly favorable, irreversible and un-
148favorable are some of the isotherm shapes that may form.
149Understanding of the mechanism of adsorption, surface properties,
150along with the extent of affinity of the adsorbents is delivered by the
151physicochemical parameters accompanied by the fundamental thermo-
152dynamic suppositions [32].
153In terms of three basic approaches, an extensive diversity of equi-
154librium isothermmodels (Langmuir, Freundlich, Brunauer–Emmett–
155Teller, Redlich–Peterson, Dubinin–Radushkevich, Temkin, Toth, Koble–
156Corrigan, Sips, Khan, Hill, Flory–Huggins and Radke–Prausnitz iso-
157therm) has been framed in the past [33]. The first approach to be men-
158tioned is kinetic consideration,while thermodynamics being the second
159one. A state of dynamic equilibrium with both adsorption and desorp-
160tion rates in balance is an adsorption equilibrium and a framework of

t1:1Table 1
t1:2Lists of adsorption isotherms (non-linear forms).

t1:3Isotherm Non-linear form References

t1:4Langmuir
Q e ¼ QmKLCe

1þ KLCe

[38]

t1:5Freundlich Q e = KF(Ce)1/n [39]
t1:6Dubinin–Radushkevich Q e ¼ Qsð Þe−kDRε2 [40]

t1:7Tempkin
Q e ¼ RT

bT

� �
ln ATCeð Þ [41]

t1:8Flory–Huggins θ
C0

¼ KFH 1−θð Þn FH [42]

t1:9Hill
Q e ¼ QSHC

nH
e

KD þ CnH
e

[43]

t1:10Redlich–Peterson
Q e ¼ KRCe

1þ aRC
g
e

[44]

t1:11Sips
Q e ¼ KSC

βS
e

1þ aSC
βS
e

[45]

t1:12Toth
Q e ¼ KTCe

aT þ Ceð Þ1=t
[46]

t1:13Koble–Corrigan
Q e ¼ ACn

e

1þ BCn
e

[47]

t1:14Khan
Q e ¼ QsbKCe

1þ bKCeð ÞaK
[48]

t1:15Radke–Prausnitz
Q e ¼ aRPrRC

βR
e

aRP þ rRC
βR−1
e

[49]

t1:16BET
Q e ¼ QsCBETCe

Cs−Ceð Þ 1þ CBET−1ð Þ Ce=Csð Þ½ �
[50]

t1:17FHH
ln

Ce

Cs

� �
¼ − α

RT
Qs

Qed

� �r [51]

t1:18MET
Q e ¼ Qs

kCe

ln Cs−Ceð Þ
� �1=3 [52]
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