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advantages and drawbacks in such applications were evaluated. The implications of nanoadsorbents to public
health and their way forward for facilitating environmental sustainability were also discussed.
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1. Introduction

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

* Corresponding author at: Division of Chemical Technology, Department of Chemistry,
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E-mail address: georgekyzas@gmail.com (G.Z. Kyzas).
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arrange in complex forms and structures that launched life on earth.
In the early 20th century, the first observations and size measurements
of nanoparticles using an ultramicroscope were made possible in a
study of gold sols and other nanomaterials with sizes down to 10 nm
and less [1]. Zsigmondy was the first to characterize particle sizes
using the term nanometer and he developed the first system of classifi-
cation based on particle size in the nanometer range [1]. In 1980s, nano-
technology and nanoscience got a boost with two major developments:
the birth of cluster science and the invention of the scanning tunneling
microscope (STM). Major current tools for nanotechnology measuring
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include many devices such as STM, scanning probe microscopes (SPMs),
atomic force microscopy (AFM) and molecular beam epitaxy (MBE). Di-
agnosis of particles at the nanoscale level contributed extensively to the
production, modification and shaping of structures that were used in
different industrial, health and environmental applications.

At the nanoscale level, materials are characterized by different phys-
ical, chemical and biological properties than their normal size equiva-
lents. For instance, materials as metals, metal oxides, polymers and
ceramics, and carbon derivatives (carbon nanotubes and fullerenes)
have a higher ratio of surface area to particle size at the nanoscale
level. In other words, the surface area of particles increases with de-
creasing particle size and as such, nanoscale particles exhibit different
optical, electrical, and magnetic properties from the properties exhibit-
ed by macroscopic particles [2]. These remarkable characteristics of
particles at the nanoscale level possibly originated from the increase
in the number of surface atoms with the decreasing of particle size.

Nanotechnology can easily merge with other technologies and
modify, endorse or clarify any existing scientific concept, which is why
it is so called a “platform” technology. The use of nanotechnology in
the future is expected to expand into numerous industrial applications
and help decrease production costs by reducing energy consumption,
attenuate environmental pollution and increase the production efficien-
cies in developed countries. Moreover, nanotechnology may be a useful
tool to address different social problems of developing countries' such
as the need for clean water and the treatment of epidemic diseases
[3]. Nanoscience and nanotechnology may not provide all the solutions
for the ever increasing problems of this planet but could help the
sustainable development of many social communities.

Many potential benefits of nanotechnology have already been
identified by many researchers in the environmental and water sector,
medicine, and in several industry applications but the future nanotech-
nology might bring innovations that can answer many existing scientific
questions [3]. Hence, nanotechnology is going to play an important role
in addressing fundamental issues such as health, energy and water.
Major potential environmental benefits of nanotechnology were re-
ported in the draft nanomaterial research strategy by Savage et al.
[4], including: (i) early environmental treatment and remediation;
(ii) stronger and lighter nanomaterials; and (iii) smaller, more accu-
rate and more sensitive sensing and monitoring devices.

The potential of nanomaterials as nanoadsorbents and their many
advances afforded in the separation and pre-concentration of a variety
of analytes have been also outlined [5]. It is fact that numerous works
have been recently published with a primary goal of investigating the
removal of different pollutants (either in gas or liquid medium) using
adsorbent materials [6-22]. But nanoadsorbents (nanomaterials) pos-
sess a series of unique physical and chemical properties. A very impor-
tant one is that most of the atoms that have high chemical activity and
adsorption capacity are on the surface of the nanomaterials. Various
nanoadsorbents were elsewhere overviewed in treating contaminated
water; their advantages and drawbacks in such applications were
evaluated [23]. The implications of nanoadsorbents to public health
and their way forward for facilitating environmental sustainability
were also discussed.

2. Isotherm and kinetic equations

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

2.1. Isotherm models

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

access to an ideal adsorption system [24] which is vital for consistent
prediction of adsorption parameters and quantitative comparison of
adsorbent behavior for various adsorbent systems (or for varied exper-
imental conditions) [25,26]. Adsorption isotherms, which are a common
name of equilibrium relationships, are essential for optimization of the
adsorption mechanism pathways, expression of the surface properties
and capacities of adsorbents, and productive design of the adsorption
systems since they explain how pollutants interrelate with the adsor-
bent materials [27,28] (Table 1).

Explaining the phenomenon through which the preservation (or
release) or mobility of a substance from the aqueous porous media or
aquatic environments to a solid-phase at a persistent temperature and
pH takes places, in broad-spectrum, an adsorption isotherm is an invalu-
able curve [29,30]. The mathematical association which establishes a sig-
nificant role towards the modeling analysis, operational design and
applicable practice of the adsorption systems is normally represented by
plotting a graph between solid-phase and its residual concentration [31].

When the concentration of the solute remains unchanged as a result
of zero net transfer of solute adsorbed and desorbed from sorbent sur-
face, a condition of equilibrium is achieved. These associations between
the equilibrium concentration of the adsorbate in the solid and liquid
phase at a persistent temperature are defined by the equilibrium sorp-
tion isotherms. Linear, favorable, strongly favorable, irreversible and un-
favorable are some of the isotherm shapes that may form.

Understanding of the mechanism of adsorption, surface properties,
along with the extent of affinity of the adsorbents is delivered by the
physicochemical parameters accompanied by the fundamental thermo-
dynamic suppositions [32].

In terms of three basic approaches, an extensive diversity of equi-
librium isotherm models (Langmuir, Freundlich, Brunauer-Emmett-
Teller, Redlich-Peterson, Dubinin-Radushkevich, Temkin, Toth, Koble-
Corrigan, Sips, Khan, Hill, Flory-Huggins and Radke-Prausnitz iso-
therm) has been framed in the past [33]. The first approach to be men-
tioned is kinetic consideration, while thermodynamics being the second
one. A state of dynamic equilibrium with both adsorption and desorp-
tion rates in balance is an adsorption equilibrium and a framework of

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

Isotherm Non-linear form References
Langmuir Q.- QmKiCe [38]
€T 1+KCe
Freundlich Qe = Kg(Ce)'m [39]
Dubinin-Radushkevich Q. = (Qg)e kore’ [40]
Tempkin RT 41

P Q.= (E) In(ArCe) 41]

Flory-Huggins Ci =Ky (1-6)"™ [42]
0

Hill 0. - Qs C2 [43]
¢ Kp+C

Redlich-Peterson Q.- KpCe [44]
£ + aRC§

Sips N [(Scle”s [45]
¢ 1+ aSC‘g’S

Toth KrCe [46]

(ar+Co)"*
Koble-Corrigan AC? [47]
Qe = n
1+BC

Khan 0. - Q,bkCe [48]
© (14 bCe)™

Radke-Prausnitz _apprpCt [49]
¢ drp + l'RClgR71

BET Q.- Qs CperCe [50]
¢ (Co—Ce)[1 + (Coer—1)(Ce /Cs)]

FHH m(Ce) o @Y [51]

G RT \Q.d
MET [52]

KkCe ’
2 =0(free)
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