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Preface

The potential offered by carbon nanomaterials and its innovative applications is
attracting increasing interest from various sectors, both academic and industrial,
especially application as nanoadsorbent. Carbon nanomaterials can play an impor-
tant role in this context, and therefore, an emerging research area is the development
of new nanomaterials with promisingly high affinity, capacity, and selectivity for
adsorption. The removal of obstacles to the use of carbon nanomaterials, enabling
products based on nanostructured materials to be available soon to society, will take
place as advances occur in the interaction between industry, research centers, and the
development of human resources. Therefore, it is essential to exchange information
and experiences in these areas. This book “Carbon Nanomaterials as Adsorbents for
Environmental and Biological Applications” shall consider this context.

This book presents a development of the current knowledge available regarding
the application of this broad and versatile family for water treatment, drug delivery
systems, and nanosensors. The first chapter elucidates aspects of the adsorption
process. Afterward, we present the characteristics and properties of fascinating
carbon nanomaterials for adsorption application. The subsequent chapter of this
book presents the kinetic and equilibrium models of adsorption, processing of
experimental data, and adsorption process peculiarities. Environmental and biolog-
ical applications of carbon nanomaterials are discussed in the last chapter.

The clear language and the application-oriented perspective from which this
book is written make it suitable for both students and researchers that wish to dis-
cover more captivating applications of carbon nanomaterials as nanoadsorbents.

Porto Alegre, Brazil, May 2015 Carlos P. Bergmann
Pelotas, Brazil Fernando Machado Machado
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Chapter 1
Introduction

Carlos P. Bergmann, Fernando Machado Machado
and Eder Claudio Lima

Abstract Nanoscience and Nanotechnology have the ability to produce materi-
als with unusual functions and properties that are revolutionizing all segments of
industrial. Among the different classes of nanomaterials, carbon nanomaterials
such as fullerene, carbon nanotubes, and graphene stand out. These nanomateri-
als have several practical applications, especially those involving adsorption pro-
cesses. Carbon nanomaterials show fascinating structures potentially interesting
for the development of highly sensitive, selective, and efficient adsorbent devices
for the removal of inorganic, organic and biological contaminants from water solu-
tions, as well as for applications as nanosensors and drug delivery systems. In this
chapter we demonstrated the number of articles reported in the literature in recent
years involving carbon nanomaterials as adsorbents. In addition, this chapter
addresses the fundamental aspects of adsorption, such as the distinction between
physical adsorption and chemical adsorption.

Keywords Carbon Nanomaterials + Nanoadsorbents + Fullerene - Carbon
nanotubes + Graphene - Adsorption
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Abbreviations

CN  Carbon nanomaterials
CNT Carbon nanotubes

AG° Gibb’s free energy change
AH° Enthalpy change

AS°  Entropy change

Nanotechnology is one of the twenty-first century’s most attractive and prom-
ising fields of technological development, with opportunities for research and
innovation provided by the unusual properties of matter organised as structures
of nanometre dimensions. We can standardise fields of nanotechnology (accord-
ing to ISO/TC 229 Nanotechnologies) as technologies that include: (i) the
understanding and control of matter and processes which are, typically, but not
exclusively, below 100 nm in one or more dimensions and where the onset of
size-dependent phenomena usually enables novel applications; (ii) utilising the
properties of nanoscale materials that differ from those of individual atoms, mol-
ecules and bulk matter, to create improved materials, devices and systems that
exploit these new properties.

Nanotechnology has aroused considerable interest, not only because of the
expectation of the impact nanomaterials may have on improving our quality of
life, but also for their potential role in environmental preservation, particularly
with respect to water treatment. In recent years, nanotechnology has provided a
variety of materials that are currently being evaluated as possible nanoadsorbents
for environmental and biological applications. Among the different classes of
nanomaterial, carbon nanomaterials (CN) stand out, including fullerene [1], car-
bon nanotubes (CNT) [2—4] and the graphene-family [5] (see Fig. 1.1).

Recent studies indicate that many of today’s water quality problems could be
solved via the use of CN. Several research groups are currently focusing on the
treatment-purification of wastewater using CN as nanoadsorbents. The goal of most
of the activities developed by these groups is to demonstrate the efficiency of CN
in comparison to that of traditional adsorbents, especially activated carbon. One
method with which to fully appreciate the importance that has been/is given to CN
for this purpose is to conduct a review of articles published on the subject. Analysis
of Fig. 1.2, which presents the results of such a survey, reveals significant annual
increases in paper numbers. For example, in 2014, more than 2200 papers were
available in the literature regarding the use of CN for water treatment, approxi-
mately 38 % more than the year before and over twenty times more than in 2004. It
is noteworthy that in 2015 there are already 1144 publications on this topic.

Among the three classes of nanomaterials that will be evaluated in this book
as potential carbon nanoadsorbents, CNT have been most extensively exam-
ined for adsorption applications. Several studies have reported that CNT pos-
sess a good adsorption capacity for many of the organic and inorganic pollutants
present in aqueous phases [6, 7]. Although members of the graphene—family
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Fig. 1.1 CN structures with potential for adsorption applications: a graphene, b fullerene and ¢
carbon nanotube

(such as graphene oxide and reduced graphene oxide) have not yet been studied
as extensively as CNT, several authors have demonstrated the capacity of these
materials to successfully remove various contaminants, including antibiotics [8],
heavy metals [9] and synthetic dyes [8, 10], from aqueous solutions. The adsorp-
tive activity of fullerenes for organic pollutant [6, 10] compounds in water has
also been investigated, but at a lower intensity compared to that for the other two
carbon allotropes.

In terms of biological applications, there has been a significant amount of
research conducted regarding new ways of detecting and treating diseases using
CN for drug delivery, as well as for biosensor monitoring. Considerable effort is
currently focused on finding the ideal materials with which to ensure the optimal
characteristics of nanostructured sensors [11-13] and drug delivery systems [14,
15]. CN have great potential for such applications, as evidenced by the growing
number of publications in this area. Figures 1.3 and 1.4 show, respectively, a his-
torical survey of articles published regarding the use of CN in drug delivery sys-
tems and biosensors for the period between 2004 and 2015.

An understanding of the phenomena involved in the adsorption process is of
vital importance for the development of drug delivery systems and more efficient
Nnanosensors.
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Fig. 1.2 Articles published since 2004 regarding the application of CN as adsorbents for water
treatment (www.sciencedirect.com, last accessed 25th February 2015)
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Fig. 1.3 Articles published since 2004 regarding the application of CN in drug delivery systems
(www.sciencedirect.com, last accessed 25th February 2015)
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Fig. 1.4 Articles published since 2004 regarding the development of CN-based biosensors
(www.sciencedirect.com, last accessed 25th February 2015)

1.1 What Is Adsorption?

A focus of study since the beginning of the last century [16], adsorption phenom-
ena occurring at different interfaces are seen in a number of processes in everyday
life, with their practical application in industry, environmental protection and bio-
logical media extremely important.

Innumerable chemical, physical and biological processes occur at the bound-
ary between two phases. Adsorption is effectively the change in concentration of
a given substance at the interface with respect to that of neighbouring phases [16].
Depending on the type of phases in contact, we can consider this process in the
following systems: liquid-gas, liquid-liquid, solid-solid, solid-liquid and solid-gas.
For the purposes of this book, we will consider only the solid-liquid system.

Adsorption is essentially a surface phenomenon involving two components: (i)
the compound that is attached to the solid surface, i.e. the material in the adsorbed
state, defined as the ‘adsorbate’, and (ii) the compound on which adsorption
occurs, known as the ‘adsorbent’. It is worth pointing out that the penetration by
the adsorbate molecules into the bulk solid phase is typically defined as ‘absorp-
tion’; the terms ‘sorption’, ‘sorbent’, “sorbate” and “sorptive”, are also used to
denote both adsorption and absorption, when both occur simultaneously or cannot
be distinguished [16].
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Table 1.1 The general features of physisorption and chemisorption

Features Physisorption Chemisorption

Origin of interactions Van der Waals bonds Chemical bonds (common
(no common electronic orbitals) | electronic orbitals)

Specificity Non specific Specific

Heat of adsorption Low heat of adsorption High heat of adsorption (>2 or 3
(<2 or 3 times latent heat times latent heat of evaporation)
of evaporation)

Number of adsorbed Monolayer or multilayer Monolayer

layers

Dissociation No dissociation of adsorbent May involve dissociation
species

Electrons transfer No electrons transfer although Electron transfer leading to bond
polarization of sorbate may formation between sorbate and
occur surface

When discussing the fundamentals of adsorption it is useful to make a distinc-
tion between physical adsorption (physisorption), which involves only relatively
weak intermolecular forces, and chemical adsorption (chemisorption), which
involves, essentially, the formation of a chemical bond between the sorbate mol-
ecule and the surface of the adsorbent [17]. The general features which distinguish
physisorption and chemisorption are presented in Table 1.1.

Although this distinction (Table 1.1) is conceptually useful, there are many
intermediate cases and it is not always possible to categorise a particular sys-
tem unequivocally. In some situations, the thermodynamic parameters related to
the adsorption process, i.e. Gibb’s free energy change (AG®, kJ mol~!), enthalpy
change (AH°, kJ mol~!) and entropy change (AS°, J mol~! K~1), can be used to
define the magnitude of the adsorption process. These parameters are determined
via the following equations:

AGY = AH? — TAS° (1.1)
AG® = —RT In (K) (1.2)
Equation 1.3 is obtained from Egs. 1.1 and 1.2;
ASY  AHO 1
nK)=— — — . = 1.3
nk)=— R T (1.3)

where R is the universal gas constant (8.314 J K—! mol~!), T is the absolute tem-
perature (Kelvin) and K represents the equilibrium adsorption constants of the iso-
therm fits [7].

A variety of different adsorption equilibrium constants (K) have been obtained
from different isotherm models [18, 19]. The values of AH° and AS° can be cal-
culated from the slope and intercept of the linear plot of In (K) versus 1/7, with
the type of interaction taking place classified, to a certain extent, by the magni-
tude of enthalpy change [20]. Instances of physisorption, such as van der Waals’
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interactions, are usually lower than 20 kJ mol~! [21]. Electrostatic interaction
ranges from 20 to 80 kJ mol~! and is frequently classified as physisorption [20,
22]. Chemisorption bond strengths can range at around 80-450 kJ mol~! [23].

Besides the magnitude of the adsorption, the thermodynamic parameters
obtained from Egs. 1.1, 1.2 and 1.3 enable the acquisition of other information
regarding the adsorption process. Positive values of AH® indicate an endothermic
process that occurs with the absorption of energy [22]. Conversely, negative values
of AH® denote an exothermic process, translated as energy release [24]. Negative
values of AG® are indicative of a process that is spontaneous and thermodynami-
cally favourable, with the adsorbate having a high affinity with the adsorbent [24].
In addition, the more negative the value of AG° the greater the driving force of the
adsorption process, resulting in a higher adsorption capacity [25]. Positive values
of AS° demonstrate a high preference of adsorbate molecules on the surface of the
adsorbent, and also suggest the possibility of some structural changes or readjust-
ments in the adsorbate—adsorbent adsorption complex [22].

From a theoretical point of view, knowledge of the magnitude of enthalpy
alone, which may be associated with the binding energy, is not sufficient to iden-
tify a process as physical or chemical adsorption. To determine an interaction as
physical or chemical, we must also take into consideration other parameters such
as charge transfer and bond distance, as well as conduct a detailed analysis of the
electronic energy bands of the systems involved [20, 26-28].

1.2 Why Use Carbon Nanomaterials as Adsorbents
for Environmental and Biological Applications?

CN have been analysed extensively for adsorption applications due to their good
chemical stability, structural diversity, low density and suitability for large-scale
production. Their textural properties, such as average pore diameter, total pore vol-
ume and infinitely high surface-to-volume ratio, have stimulated a large number
of investigations into the use of CN as potential adsorbents for water purification
and for biological applications [7, 20, 22]. The chemical nature of CN allows their
surfaces to be easily modified via chemical and physical treatments, thus enabling
the directed improvement of their properties [29]. Additionally, the possibility of
performing biofunctionalisations suggests a large number of potential applications
for use in biological systems [30]. These characteristics make CN a fascinating
target subject for the development of highly sensitive, selective and efficient adsor-
bent devices for the removal of inorganic, organic and biological contaminants
from water solutions, as well as for the development of drug delivery systems and
Nnanosensors.

Acknowledgments The authors acknowledge funding from Brazilian agencies CNPq, CAPES,
FAPERGS and INCT Nanomateriais de Carbono.
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Chapter 2
Carbon Nanoadsorbents

Fernando Machado Machado, Solange Binotto Fagan,
Ivana Zanella da Silva and Monica Jung de Andrade

Abstract Nanoscience and Nanotechnology suggest that many of the current
problems involving water quality can be solved or greatly ameliorated using the
nanoscale adsorbents, called nanoadsorbents. Innovations in the development of
novel carbon nanomaterials like fullerenes, carbon nanotubes, and graphene are
among the most exciting and promising materials for water treatment—purifi-
cation. This chapter gives detailed description of the structure, morphology, and
adsorption properties of carbon nanoadsorbents. The textural properties of fuller-
ene, carbon nanotubes, and graphene family are highlighted. A brief description of
the effects of the electronic properties in the adsorption capability was inferred as
well as how the adsorption of molecules may affect photoelectronic properties of
carbon nanotubes.

Keywords Textural properties * Adsorption property * Fullerene + Carbon
nanotubes + Graphene

F.M. Machado (I)

Centro de Desenvolvimento Tecnoldgico, Universidade Federal de Pelotas, Pelotas,
RS 96010610, Brazil

e-mail: fernando.machado @hotmail.com.br

S.B. Fagan - I.Z. da Silva

Area de Ciéncias Tecnolégicas, Centro Universitdrio Franciscano, Santa Maria,
RS 97010032, Brazil

e-mail: solange.fagan @ gmail.com

1.Z. da Silva
e-mail: ivanazanella@gmail.com

M.J. de Andrade
Nanotech Institute, University of Texas at Dallas, Richardson, TX 75080, USA
e-mail: mja0612 @gmail.com

© Springer International Publishing Switzerland 2015 11
C.P. Bergmann and .M. Machado (eds.), Carbon Nanomaterials as Adsorbents

for Environmental and Biological Applications, Carbon Nanostructures,

DOI 10.1007/978-3-319-18875-1_2



12 F.M. Machado et al.

Abbreviations

0D Zero-dimensional

1D One-dimensional

2D Two-dimensional

3D Bulk

2D Two-dimensional

3D Bulk

CNT Carbon Nanotube

CVD Chemical Vapor Deposition
DOS Density of States

FLG Few-Layer Graphene

GO Graphene Oxide

MWCNT  Multiwall Carbon Nanotube
rGO Reduced Graphene Oxide

SWCNT  Single-walled Carbon Nanotubes

2.1 Introduction

The nanomaterials, particularly carbon nanostructures, are promising systems for
several applications, in particular for molecule adsorption due to their intrinsic
dimensionality, textural, and electronic properties.

The carbon allotropes differ in the coordination number of the carbon atoms
or in the packaging sequence of the layers in the crystal lattice environment.
Different degrees of sp’? hybridization result in carbonaceous nanomaterials
with distinct atomic bounds and arrangements. For example, a 2D carbon allo-
tropic form, such as graphene [1], is a hypothetical infinite aromatic surface with
sp” hybridization and a carbon atom thickness. The structure of single-walled
(SWCNT) [2, 3] and multiwalled carbon nanotubes (MWCNT) [4], both 1D sys-
tems, can be simplified as the result of one or more graphene sheets rolled up in a
concentric form, respectively. On the other hand, a OD system such as fullerene,
Ceo, consists of 60 carbon atoms with sp’-like hybridization with 20 hexagonal
and 12 pentagonal rings, which are responsible for its curvature [5]. These topo-
logical changes provide different interactions between carbon-based nanoadsor-
bents and the adsorbate molecule [6, 7]. Apart from fullerene, carbon nanotubes,
and graphene family in isolated form, it should be also taken into account those
materials when available in 3D arrangements (bulk) [8]. Figure 2.1 presents some
examples for OD, 1D, 2D, and 3D carbon nanostructures. The union of several iso-
lated carbon structures can change the behavior of adsorption process [9] because
when they are in clusters form they present new unit adsorption sites [9-13].
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Fullerene Carbon Nanotube Graphene Graphite

Fig. 2.1 Examples for OD, 1D, 2D, and 3D carbon nanostructures

2.2 Structure, Morphology, and Adsorption Properties
of Carbon Nanoadsorbents

The textural properties such as surface area, pore volume, and average pore diam-
eter (for a better understanding of the different types of pores of the carbon nano-
structures, see Sect. 4.2) of the carbon nanostructures are the main factors that
determine the adsorption capacity [7, 14].

Further, the adsorption surface sites or dangling bonds of the structures can also
play an important role in the adsorption process because, in general, are highly reactive
[7]. The carbonaceous nanomaterials surface can also be considered amphoteric, where
they can be protonated (positively charged) or deprotonated (negatively charged) [14]
(this feature will be detailed in Sect. 4.4). Furthermore, other functional groups can be
added with oxygen, which can provide new sites for chemical adsorption [14].

In this context, this section aims to provide information on the adsorption prop-
erties of graphene, carbon nanotubes, fullerene, and its related materials.

2.2.1 Adsorption Properties of Fullerene

The fullerenes are carbon-based zero-dimensional (0OD) materials, with spz-like
hybridization due to the curvature effect. The Cqo molecule has approximately 7 A
of diameter and is composed of 12 pentagons and 20 hexagons of carbon atoms [5].
The number of carbon atoms on a fullerene can range from 20, 60, 70, 82, 100, 180
to 960 (always an even number) [15]. As the number of hexagons is greater than
20 (in case of Cgp), the stability of the molecule decreases as pentagons occupy
increasingly tensioned position and therefore more susceptible to chemical attack.

The fullerenes can be synthesized by laser ablation [5], through the carbon vapori-
zation or from the graphite rod heated at high temperatures and by arc discharge
between graphite electrodes [16]. Other routes of production can also be used via syn-
thesis in combustion [17], hybrid plasma [18], and thermal plasma [19], among others.

The thermal and chemical properties of fullerene, including their possibility to
be an electron acceptor, attract commercial and scientific interest for environmen-
tal applications [20].
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Table 2.1 Surface area of some samples of fullerenes reported in the literature

Fullerene type BET surface area (m” g~ ) Reference
Fullerene 85.05 [22]
Fullerene 1.10 [23]
Fullerene 85.00 [24]
Fullerene 42.00 [25]
Fullerene soot 176.00 [21]
Fullerene soot CO; (850 °C, 5 h) treated 345.00 [21]
Fullerene soot argon (850 °C, 5 h) treated 346.00 [21]

The specific surface area (by Brunauer, Emmett, Teller—-BET method) of fullerene
obtained experimentally vary from approximately 1.1-176 m? g~! [21-25]. This dis-
crepancy can be attributed to the different methods of syntheses. Table 2.1 shows that
physical and chemical treatments [21] on fullerene surface can change the resulting
properties of the systems. The heat treatment with CO,, for example, leads to the cor-
rosion of carbon and the result of this reaction is carbon monoxide production and the
elimination of -OH and —CHj3 surface groups. Results of BET (Table 2.1) show that
these phenomena lead to an increase of the surface area of fullerene. Besides the chemi-
cal modifications, the heat treatment may also lead to an opening of small pores located
inside the carbon particles which results in an increase of the total surface area [21].

The characteristics of fullerenes structures, as the inner and outer surface
covered with homogeneous m electrons, allow a strong interaction with organic
molecules such as endocrine disrupting chemicals through t—m stacking [20]. In
fullerene clusters there are distinct adsorption sites that can contribute significantly
to the overall adsorption. As seen in Fig. 2.2, adsorption on fullerene aggregates
can occur at three different sites [20]: adsorption areas of surface (A), groove
(B) formed at the contact between adjacent fullerene, and interstitial spaces (C)
between the fullerenes in aggregates.

The adsorptive activity of fullerenes for organic pollutants such as organic and
organometallic compounds [26], polycyclic aromatic hydrocarbon [27] and naph-
thalene and 1,2-dichlorobenzene [28] in aqueous solutions have been investigated.
In addition, organochlorine compounds adsorption in aqueous solutions was inves-
tigated and compared with activated carbon and mixed with and without fullerenes
[29]. The adsorption behavior of fullerene was found to be higher to that of acti-
vated carbon. It has been concluded that adsorption on fullerenes proceeds mainly
by physical adsorption through dispersive interaction forces [27]. Some examples
of pollutants adsorption on fullerenes will be discussed in Chaps. 5 and 6.

2.2.2 Adsorption Properties of Carbon Nanotubes

Similar to fullerenes, carbon nanotubes (CNT) are carbon allotropes with an aro-
matic surface when the carbon atoms are in a sp>-like hybridization rolled up in a
tubular structure (1D system) [8]. This carbon allotrope is a unique nanostructure
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Fig. 2.2 Schematic model for the possible adsorption sites of fullerene aggregates: surface area
(a), groove at interstitial spaces (b), and between aggregates (c)

with remarkable electronic and mechanical properties that depend directly to their
chirality and diameter [30]. These exceptional properties combined with unusual
morphology, become extremely attractive for many practical applications, such as,
the development of devices for energy storage [10] and adsorption, with high sen-
sitivity, selectivity, and efficiency [7, 13].

The main techniques to obtain CNT can be basically divided into high tem-
perature methods which include arc discharge and laser ablation synthesis; and
methods at moderate temperatures, which correspond mainly to chemical vapor
deposition (CVD) [30].

With regard to the adsorption properties of CNT it is pertinent to consider their
outer and inner surfaces. In particular, the rolling up of the graphene sheet to form
the tube causes a rehybridization of carbon orbital (nonplanar sp? configuration),
changing the charge surface compared with the original graphene sheet [9]. This
curvature can result in unlikely thermodynamical properties for the adsorption
process with the CNT compared with the flat carbon sheet [9].

Several studies highlight the porous nature of the CNT [31-34]. In MWCNTs
the nature of the porous can be classified as inner hollow cavities of small diame-
ter (ranging from 3 to 6 nm in a narrow distribution of sizes) and aggregated pores
(widely distributed, 20-40 nm), formed by interaction between the CNTs [34].
The aggregated pores are formed by entanglement of several MWCNTs, which are
adhered to each other as a result of van der Waals forces [35].
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Many methods of characterization have shown the microporous preferable
nature of SWCNTs and the mesoporous preferable nature of MWCNT (for a bet-
ter understanding of the pore size denomination, see Sect. 4.2) [9]. Consequently,
the first one (SWCNT) often exhibits a specific surface area higher than the oth-
ers. Experimentally (see Table 2.2), it is reported that the surface area of as-grown
SWCNT ranges between 370 [44] to 1587 m? g~! [10] (micropore volume of 0.15—
0.3 cm? g~ 1), less than the theoretically expected specific surface area for an isolated
SWCNT (2600 m? g~1) [36]. The as-grown MWCNT has a surface area between
180.9 and 507 m? g~ (mesopore volume of 0.5-2 cm? g~1) (see Table 2.2).

Due to the van der Waals interactions, the SWCNT adhere to each other and
form bundles as shown in Fig. 2.3. For SWCNT, the diameter of the tubes and
the number of tubes in the bundle will affect mainly the textural properties values,
since in bundle the adsorption sites are different to those expected for an individ-
ual nanotube [11, 13]. As seen in Fig. 2.3, the adsorption on SWCNT bundle can
occur at four different sites: (i) the grooves formed at the contact between adjacent
tubes; (ii) outside of the bundles; (iii) the interstitial channels between the tubes in
bundles; and (iv) inside of the nanotubes (pores) with open ends [9, 13].

The interstitial channels formed between the SWCNTSs in bundles have good
potential for the small molecules adsorption, such as gases [10]. In contrast to
the SWCNT, the MWCNTs are not in the bundles form and their adsorption sites
consist of pores aggregated in the inner MWCNT surface with open ends and on
the outer walls, as shown in Fig. 2.4 [34, 37]. In this last case, also the presence
of defects should be considered as reactive sites for adsorption. Particularly, the
aggregated pores play a significant role in the adsorption of large biological con-
taminants such as bacteria and viruses [35].

The structural properties of CNT allow a strong interaction with organic mol-
ecules through noncovalent forces such as hydrogen bonding, m—m stacking,
electrostatic forces, van der Waals forces, and hydrophobic interactions [38].
Furthermore, the CNT structure permits the incorporation of one or more chemi-
cal functional groups, which may increase the selectivity and the stability of the
resulting system [39-41]. The chemical functional groups may be anchored to
the CNT surface through functionalization or purification processes [39—41].
Chemical purification methods can alter significantly the specific CNT surface
area, as well as its micropores and mesopores volume and the pore diameter aver-
age. The chemical purification, also named oxidative purification, can be carried
out, for example, by acid solutions (such as HCI, HNO3, and H,SO4), basic com-
pounds (such as KOH and NH3), and gaseous compounds (such as Oy, CO», and
0O3) [30]. Thermal purification processes may also modify the textural proper-
ties of the CNT. Table 2.2 shows the textural properties, i.e., surface area (BET),
total pore volume, and pore diameter average (by Barret, Joyner, and Halenda
method—BJH) of various samples of CNT reported in the literature, as well as the
influence of some purification—functionalization processes.

As seen in Table 2.2, the purification or functionalization process can alter sig-
nificantly the textural properties of CNTs. They increase or decrease the specific
surface area (BET), total volume pore, or even resulting in the modification of the
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External nanotube walls

3 Grooves

Interstitial channels

Fig. 2.3 Schematic model for the possible adsorption sites of SWCNT bundle (left) and TEM
image of SWCNT bundle (right)

External nanotube walls

Pores Aggregated pores

Fig. 2.4 Schematic model for the pores aggregated of MWCNT (left) and TEM image of aggre-
gated MWCNTs (right)

chemical surface of these nanostructures. The range of the values for the surface
area, total volume pore, and pore diameter average can be attributed to the changes
not only in morphology of the samples, but also on the type of purification—func-
tionalization used. The oxygen content (OH, COOH, C=0) on CNTs influences
the maximum adsorption capacity and can depend on the synthesis and purifica-
tion steps or intentionally generated by oxidation with acids, plasma, ozone or
removed by thermal treatment [50]. Moderate oxidation of CNTSs increases their
capability to adsorb aromatic compounds through m—m interactions, however,
strong oxidations lead to amorphous carbon formation, which is deleterious for
availability of sites for m— interactions [51]. It was also observed that once oxy-
gen concentration on MWCNTSs reach 18 %, effects like electron polarizability,
solution pH, and solute pKa become negligible. However, even though CNTs with
lower surface oxidation are more sensitive to environmental conditions than those



2 Carbon Nanoadsorbents 19

that were functionalized (these are more selective than pristine ones), CNTs with
more oxygen content can lead to different mechanisms: yield lower adsorption
capacity due to decrease of surface area and less accessible area for adsorption
[50, 517 or by contrast lead to hydrogen bonding, dispersive and electrostatic inter-
actions [50, 51]. In some cases, the presence of impurities on the CNT such as cat-
alyst particles and amorphous carbon can facilitate the surface coating of SWCNT
bundle and influence directly the adsorption on the outer surface [10].

2.2.3 Adsorption Properties of Graphene Family

The graphene family, such as, graphene, graphene oxide (GO), and reduced gra-
phene oxide (rGO) have been exhaustively studied since their discovery due to
their unique physical-chemical properties [1, 8], which refer to the various practi-
cal applications. With the growing demand for potable water, the feasibility, and
the suitability of using this vast family of nanomaterials, primarily consisting of
carbon atoms, as potential alternative for the prevention, control and reduction of
water pollution adsorbents is being considered. Graphene, GO, and rGO have dis-
tinct morphological and chemical characteristics as shown in Fig. 2.5. These dif-
ferences derive mainly from the different methods of synthesis [52], inferring in
diverse properties and applications.

Graphene (Fig. 2.5a) can be obtained either by top-down or by bottom-up
methodology. Top-down approaches usually refer to the mechanical exfoliation of
graphite to obtain a single or few-layer graphene (FLG). The oxidation and exfo-
liation of the graphite can also be obtained by the application of strong oxidizing
agents to give the GO, followed by chemical reduction or thermal exfoliation to
produce graphene. Several top-down techniques are described in the literature for
obtaining graphene, ranging from electrochemical exfoliation [53] to liquid-phase
exfoliation [54]. Top-down approaches offer the opportunity to inexpensively pro-
duce large quantities of graphene, however, is difficult to achieve graphene sheets
with high quality due to the introduction of defects during exfoliation. On the
other hand, the bottom-up approach can produce defect-free graphene sheets with
exceptional physical properties, but this involves high production costs. Examples
of this approach are techniques such as CVD [55] and epitaxial growth [58],
involving the direct synthesis of graphene from organic precursors.

As to textural properties of graphene, many authors emphasize the high sur-
face area (by BET method) as that obtained experimentally, which may vary from
approximately 295.6-1205.8 m? g~ ! (see Table 2.3) [57, 58]. It is significant that the
surface area is much smaller than the theoretical value of a single layer of graphene,
of 2630 m? g~! [59]. This difference can be attributed to incomplete exfoliation of
graphene oxide during synthesis, agglomerations of layers during the reduction pro-
cess, and to overlapping of nanolayers due van der Waals interactions between the
graphene sheets [6, 60]. Defects as wrinkling and folding of graphene sheets, as well
as the presence of curled sheets also contribute to the decreased surface area [57].
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Fig. 2.5 Schematic illustrating the chemical structure of a single sheet of a graphene, b GO, and
¢ rGO

With regard to pore size, is highlighted the presence of slit pore between
the parallel layers of graphene [57, 61] (this characteristic will be elucidated in
Sect. 4.2). The distribution of porosity (BJH) in graphene as synthesized reveals
the presence of a large amount of micro and mesopores, which explains the
large surface area of this nanomaterial [57]. However, the value of the average
pore diameter (BJH) indicates that graphene is a mesoporous material [60-62].
Table 2.3 has the textural properties of some graphene samples found in the litera-
ture and their production methods.

The different values of textural properties presented in Table 2.3 can be
assigned to the different routes for obtaining graphene. In fact, the textural prop-
erties, especially the surface area, depend on the number of graphene nanolayers
sample. The agglomeration and the stacking of graphene layers result in a num-
ber of areas inaccessible on surface, which explains the lower surface area [68,
69]. Production methods are capable of synthesizing samples with fewer layers of
material to produce larger surface area [57, 60].
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The incorporation of nanoparticles and functional groups on the surface of gra-
phene can increase their selectivity, sensitivity, and detection limit, which opens
up new opportunities to further explore their potential application as nanoadsor-
bents to remove organic pollutants from water resources and to treat industrial
wastewater containing synthetic dyes [6, 60]. Besides the textural and adjustable
chemical properties, the large number of m electrons delocalized make the gra-
phene extremely attractive for environmental decontamination applications [6].

As it is still difficult to obtain pure and individually isolated graphene sheets for
large-scale applications, much attention has been diverted to their oxidized forms
such as the GO and rGO [70].

The GO, which is composed of high-oxidized stacked graphene sheets, has
also drawn the attention due to its unique properties [70]. This important material
which can be used as a promising precursor graphene [71] can be obtained by var-
ious techniques such as top-down methods proposed by Brodie [72], Staudenmaier
[73], and Hummer [74], and also by variations of these methods [71]. Such meth-
ods utilize graphite as precursor material and produce graphite oxide, which is
exfoliated for the production of GO [52]. These techniques use graphite, which
is oxidized with the aid of strong oxidizing acids as precursor material [71]. The
oxidation of graphite breaks up the m-conjugation of the stacked graphene sheets
into nanoscale graphitic sp> domains surrounded by highly disordered oxidized
domains (sp3 C-C) as well as defects of carbon vacancies [75].

The Brodie and Staudenmaier methods use hydrochloric acid, which releases
chlorine dioxide, a highly toxic gas during the reaction. In addition, both meth-
ods require more than 24 h reactions. Moreover, a smaller quantity of gas can
be released during the reaction suggested by Hummer, which uses sulfuric acid.
Furthermore, this reaction terminates within so short a time as 2 h [71]. Taking
into account the productivity and also the safety, Hummer method is considered
the most suitable for the production of graphite oxide [71].

The GO has irregular edges, rough surface, and lots of crumpling resulted from
the scrolling of GO sheets. On the surface of GO (see Fig. 2.5b), there is a large
amount of functional oxygen-containing groups such as carboxyl groups (-COOH)
and carbonyl (-C=0), located at the edges of the sheet, and epoxy groups (C-O-C),
and hydroxyl (-OH), preferentially located in the basal plane [76]. As graphene, GO
has also attracted considerable attention for applications such as nanoadsorbent due
to their textural properties (Table 2.4), high water solubility, and functional groups
containing oxygen. These functional groups are also responsible for the forma-
tion of stable aqueous colloid that is obtained through sonication [77]. In addition,
these functional groups provide the GO high negative charge density and can pro-
vide reactive sites for the adsorption of a variety of adsorbates, especially those with
a positive charge, for example, heavy metal ions [14, 78] and synthetic dyes [79],
mainly cationic dyes [77]. Furthermore, because of its aromatic structure similar to
the graphene, the GO can easily adsorb organic compounds such as antibiotics [80]
and endocrine disrupting [81] on its surface due to interactions of the w—m stacking.

The smaller surface area of GO samples (Table 2.4) in comparison to gra-
phene (Table 2.3) can be assigned to: (i) clusters of layers during the drying steps
because of the inevitable attractions through van der Waals between each single
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Table 2.4 Synthesis methods and textural properties of graphene oxide

Samples Synthesis Surface area | Pore volume | Average Reference
method (m? g*') (cm? gfl) pore size (nm)

GO Modified 23.00 - - [82]
hummers

GO Modified 32.00 0.11 17.3 [83]
hummers

GO Modified 8.80 - - [70]
staudenmaier

GO nanosheets | Modified 26.76 0.03 4.97 [84]
hummers

GO nanosheets | Modified 39.5 - - [85]
hummers

sheet of GO and (ii) defects, such as vacancy and folded sheets [85]. Like gra-
phene, the average pore diameter of GO (Table 2.4) indicates that this is a
mesoporous material [82]. It is noteworthy that the method of production of GO
can also affect the properties of textures obtained [83, 85].

The adsorption properties of the rGO also have recently been studied, and evalu-
ated for environmental applications [77, 86, 87]. In fact, this nanomaterial has revealed
an effective and low-cost alternative for water purification—treatment [77, 86, 87].

The rGO can be synthesized through top-down approaches such as chemical and
thermal reduction of GO to reduce its oxygen content [52]. The chemical reduction
method is based on preparation of a stable colloidal dispersion of GO sheet exfoliated
followed by reduction with a variety of chemical means. The GO can be chemically
reduced with the aid of hydrazine [88, 89], sodium borohydride [90, 91], hydroquinone
[92], and dimethylhydrazine [76], among others. On the other hand, the thermal reduc-
tion of GO consists of heating it to high temperature under an inert gas atmosphere.
Thermal treatment of GO at temperatures ranging from 300 to 1100 °C for a period
as short as 30 s up to 2 h promotes the reduction and exfoliation of the oxide, produc-
ing graphene sheets thermally reduced [84, 93]. The microwave, photothermal, photo-
chemical, and microbial/bacterial methods can also be used to reduce the GO [52].

The processes of reduction of GO result in the partial deoxygenation and also,
the gradual decrease of the hydrophilic character of rGO, often leading to irrevers-
ible agglomeration [93, 94]. The rGO sample may also be prepared by hydrother-
mal process [95]. In this process, the pH value of the reaction solution influences
directly the material properties, since the number of layers tends to decrease with
increasing pH of the reaction solution [95]. Furthermore, the samples prepared at
acidic pH tend to agglomerate [95].

With respect to the morphology and textural properties, tGO possess many
defects, a high wrinkling degree, and some remaining functional groups contain-
ing oxygen (Fig. 2.4c) due to the reduction process [93, 94]. Such remaining func-
tional groups can improve the dispersion of rGO in various organic solvents [71].
The surface functional groups of rGO also can be modified by well-known chemi-
cal reactions into other groups for further applications [96, 97].

The rGO has a wide surface area and also high amounts of micro and
mesopores as shown in Table 2.5. These characteristics make the rGO a promising
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adsorbent for treatment of effluents containing radionuclides [87], oil and organic
solvent [98], metallic ions [99, 100], and synthetic dyes [77, 86]. The n—mn stack-
ing between sp? regions of rGO and aromatic structure of dyes, as well as the
electrostatic interactions between charged dye and the surface oxygen-containing
groups of rGO may also assist in the adsorption of dyes [101]. When compared
to its precursor GO, the rGO does not have as high negative surface charge which
candidate this material to be an interesting adsorbent for anionic dyes [77]. In
addition, rGO can have their adsorption properties easily regenerated [86].

2.3 Electronic and Optical Properties of Carbon
Nanoadsorbents

Carbon Nanoadsorbents capability are greatly influenced by their potential to form
n—7t interactions and other charge-transfer induced mechanisms. In its turn, the
m—7t interactions and other charge transfer-induced mechanisms are affected by
environmental conditions (pH and ionic strength), oxygen content, or doping of
the carbon nanostructure, as well as the adsorbate specie nature (charge, presence
of aromatic rings, etc.).

2.3.1 Effect of Electronic Properties in the Adsorption
Capability

Fullerene, CNT, and graphene are known to exhibit charge-transfer interaction
with diverse molecules. Raman spectroscopy is widely used to access informa-
tion about characteristics of carbon nanomaterials, including molecular charge
transfer in graphene or CNTs. The energy of the excitation light can be scanned to
obtain Raman maps that can infer information about the adsorption of species onto
carbon nanoadsorbents or its potential for it. Accordingly to the type of charge
transfer between a given molecule and the CNTs or graphene (electron donor or
acceptor induced mechanism), there would be a shift on G or 2D band frequencies
between before and after contact with the specific molecule [102]. When electron
donors species are adsorbed a shift of Raman G band position to lower frequency
positions is observed, while once electron acceptors are adsorbed, it shifts to high
frequency position [103]. The occurrence of charge transfer gives rise to mid-gap
molecular levels with tuning of band gap region near Dirac point. Organic mol-
ecules containing aromatic rings can also modify the electronic structure of gra-
phene through m—m interactions. Electron donor molecules interact selectively
with semiconducting SWCNTSs, while electron acceptor with metallic ones, giving
rise to possible metal-semiconductor transitions.

For instance, m— interactions (depend on number of aromatic rings, as well
as size and shape of aromatic system and substitution units of molecules) were
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reported as cause of enhance of sorption affinity of phenolic compounds on
MWCNTs with the increase of number of aromatic rings [51]. Species and mag-
nitude of interaction affects adsorption and they can be related to the polarity and
charge distribution for example. Free electrons in CNTs make them possible to
form strong chemical bonds with other radionuclides.

Environmental conditions such as pH and ionic strength can also affect the
electronic states and thus interactions between given molecule or ion and the car-
bon nanospecie. At high pH (pH > pKa) the negative surface charge provides elec-
trostatic interaction favorable for adsorbing cations, while the decrease of pH leads
to neutralization of surface charge [13].

Metal/nonmetal doping also can affect CNT adsorption properties [13]. For
instance, B- and N-doped decrease hydrogen molecular adsorption energy on
CNTs. B-doped form an electron deficient structure and a coordination-like B-H
bond would be formed with H adsorption. N-doped form an electron rich structure
and decrease H atomic adsorption energy. It was reported that both N-doped and
B-doped CNTs increased the Pt adsorption, but through different mechanisms. In
the N-doped the increase of Pt adsorption was attributed to activation of nitrogen
neighbor carbon atoms, while at the B-doped case, the enhancement was related to
strong hybridization between Pt d orbital and boron p orbital.

2.3.2 Effect of Adsorption in the Optoelectronic Properties

The adsorption of atoms on SWCNTs can distort the structure of SWCNT causing
also changes on its electronic states and metal to semiconductor or semiconductor
to a semiconductor with different band gaps can be achieved [104]. As it can be
expected, tube—molecule distance can significantly affect partial charge of C atom
and its gap energy [105]. Significant changes in the density of states (DOS) near
Fermi level can render potential candidates for sensor applications, for instance.
While low binding energies (<0.5 eV) suggest that the type of interaction is most
likely physisorption, high binding energies can cause significant changes of elec-
tronic states around Fermi energy for both zigzag and armchair of the SWCNT
after interaction with a given specie [106]. For instance, semiconducting Zigzag
SWCNTs transform into metals upon adsorption of Ti. In general, the d orbitals of
the transition metal atoms are responsible for relatively higher binding energies,
which cause a change of the number of filled d states [107].

However, sometimes even strong adsorption (chemisorption) of some mol-
ecules is unable to render dramatic changes in the density of states near the Fermi
level [108].

Photoluminescence imaging was already used to image exciton quenching in
semiconducting SWCNT [109]. Additionally, depending on changes of Fermi
level and DOS near the Fermi level, adsorption of a given molecule can affect the
field emission current from CNT tips [110]. If the adsorption of a given molecule
causes the Fermi level shifts toward the conduction band, one can expect that the
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field emission current would increase if DOS becomes available near the Fermi
level, but this not occurs if there is no available state near the Fermi level.

Photocurrent measurements can also be used to probe the adsorbed gas mol-
ecules in carbon nanoadsorbents [111]. If molecules are adsorbed on CNTs, opti-
cally excited carriers interact with the molecules and affect the decay time of the
persistent current. For instance, CNT DOS is sensitive to the adsorption of NO»,
with a peak close to the CNT valence band maximum, leading to a p-type conduc-
tivity that can be detected by an increase of electrical response of the CNT film
upon NO; exposure [112].

2.4 Concluding Remarks

As shown in this chapter, carbon nanomaterials can play an important role in
water treatment—purification. These nanomaterials, such as fullerene, CNT, and
graphene family have extremely interesting structure, morphology and adsorption
properties, which make them promising for industrial use as nanoadsorbents, with
elevated affinity, capacity, and selectivity.
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Chapter 3
Kinetic and Equilibrium Models
of Adsorption

Eder Cliudio Lima, Matthew Ayorinde Adebayo
and Fernando Machado Machado

Abstract In adsorption study, isotherms and kinetics of adsorption process provide
pieces of information underlying the mechanisms and dynamics of the process. Several
equilibrium and kinetic models are usually employed for performing the experimental
design of an adsorption system. In this chapter, the Langmuir, Freundlich, Sips, Liu,
Redlich—Peterson nonlinear equations, as well as other unusual isotherm models (Hill,
Khan, Radke—Prausnitz, Toth) are discussed. For the kinetics of adsorption, the pseudo-
first-order, pseudo-second-order, general-order, Avrami fractionary order, and Elovich
chemisorption models are explained. The importance of statistical parameters such as
coefficient of determination (R2), adjusted coefficient of determination (Ridj), and stand-
ard deviation (root of mean square error) are highlighted. The usage of linearized and
nonlinearized equations are illustrated and explained. Some common mistakes com-
monly committed in the literature using linearized equilibrium and kinetic adsorption
models as well as other polemic points in adsorption research are pointed out. Analytical
techniques together with thermodynamical data of enthalpy and entropy changes are
needed to ascertain if an adsorption process is a chemical or a physical process.
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Keywords Nonlinear equilibrium and kinetic adsorption models + Thermodynamic
calculation of enthalpy and entropy changes - Distribution constant + Equilibrium
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Abbreviations

DB-53 Direct Blue 53

DOF Degree of freedom

FTIR Fourier transform infrared

MWCNT Multi-walled carbon nanotube

SWCNT  Single-walled carbon nanotube

RB-4 Reactive Blue 4

RO-16 Reactive Orange-16

R Correlation coefficient

R? Coefficient of determination

Rﬁdj Adjusted coefficient of determination

SD Standard deviation (root of mean square error)

TGA Thermogravimetric analysis

qe Adsorption capacity at the equilibrium (mg g~!) or amount adsorbed
by the adsorbent at the equilibrium

q: Amount adsorbed by the adsorbent at any time (mg g~ ')

Ce Concentration of the adsorbate at the equilibrium (mg L)

Co Initial adsorbate concentration (mg L

Omax Maximum amount adsorbed (mg g_l)

K1 Langmuir equilibrium constant (L mg~1)

K The Freundlich equilibrium constant (mg g~ '(mg L~1)~1/m)

ng The Freundlich exponent (dimensionless)

Ks The Sips equilibrium constant (mg L~")~1/s

ns The Sips exponent (dimensionless)

K, The Liu equilibrium constant (L mg~")

ny Dimensionless exponent of the Liu equation

Krp Redlich—Peterson constants (L g_l)

arp Redlich—Peterson constant (mg L-H—¢

g The Redlich—Peterson exponent (dimensionless)

K The Hill equilibrium isotherm constant [(mg L~ 1)"H]

ny The Hill exponent (dimensionless)

Kx The Khan equilibrium isotherm constant (L mg~!)

nK The Khan exponent (dimensionless)

Krap The Radke—Prausnitz equilibrium isotherm constant (L mg_l)

NRP The Radke—Prausnitz exponent (dimensionless)

Kt The Toth equilibrium isotherm constant (L mg™")

nr The Toth exponent (dimensionless)

dg

Differential of q (adsorption capacity)
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dr Differential of time

ke The pseudo-first-order rate constant (min—1)

t Contact time (min)

ks The pseudo-second-order rate constant (g mg~! min—1)

ho Initial sorption rate (mg g~ ! min~1)

ky The rate constant for the order N

n The order of adsorption with respect to the effective concentration of
the adsorption active sites present on the surface of adsorbent

6, Number of the active sites available on the surface of adsorbent for
adsorption

o The initial adsorption rate (mg g~! min—!)

B Related to the extent of surface coverage and the activation energy
involved in chemisorption (g mg~1!)

kav The Avrami kinetic constant (min~})

nAv Is a fractional adsorption order

ki The intraparticle diffusion rate constant (mg g~! min=0-)

C A constant related to the thickness of boundary layer (mg g~ 1)

A The Arrhenius constant

E, Is the activation energy (kJ mol~!)

R The universal gas constant (8.314 J K~! mol~1)

T The absolute temperature (K)

Kp The distribution equilibrium constant (dimensionless)

3.1 Introduction

At a constant temperature, an adsorption isotherm describes the relation-
ship between the amount of adsorbate adsorbed by the adsorbent (g.) and the
adsorbate concentration remaining in solution after equilibrium is reached
(Ce). The parameters from the adsorption equilibrium models provide useful
pieces of information on the surface properties, adsorption mechanism and
interaction between the adsorbent and adsorbate. There are numerous equa-
tions for describing the adsorption equilibrium of an adsorbate on an adsor-
bent. The most employed and discussed in the literature is the Langmuir
equation [1]. Other isotherm models such as Freundlich isotherm [2], Sips iso-
therm [3], Liu isotherm [4], Redlich—Peterson isotherm [5] are also well dis-
cussed in the literature.

Adsorption kinetic studies are important in treatment of aqueous effluents
because they provide valuable information on the mechanism of the adsorption
process. Many kinetic models were developed in order to find intrinsic kinetic
adsorption constants. In this chapter we will discuss the adsorption kinetic models
based on the chemical reaction (pseudo-first order equation [6], pseudo-second-
order equation [7], general-order equation [8]), and the empiric models (Avrami
fractionary model [9], and Elovich chemisorption model [9]).
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3.2 Equilibrium Isotherm Models
3.2.1 Langmuir Isotherm Model

The Langmuir [1] isotherm is based on the following assumptions:

e adsorbates are chemically adsorbed at a fixed number of well-defined sites;

e a monolayer of the adsorbate is formed over the surface of the adsorbent when
it gets saturated;

e cach site can hold only one adsorbate species;

e all sites are energetically equivalent;

e interactions between the adsorbate species do not exist.

The Langmuir isotherm equation is depicted by Eq. 3.1:

_ Omax KL - Ce
=15k G

where g is the amount of adsorbate adsorbed at the equilibrium (mg g~ '), Ce is
the supernatant adsorbate concentration at the equilibrium (mg L~!), Ky is the
Langmuir equilibrium constant (L mg~!), and Qmay is the maximum adsorption
capacity of the adsorbent (mg g~!) assuming a monolayer of adsorbate uptake by
the adsorbent.

It is pertinent to use an example to describe the Langmuir model. Figure 3.1
presents the data of adsorption of Direct Blue 53 (DB-53) onto multi-walled car-
bon nanotubes (MWCNT) adsorbent [10]. In this section of the chapter, only non-
linear equations will be considered. An explanation for this will be given at the
subsequent sections in the chapter, which will show the main problems that occur
with the linearization of equilibrium and kinetic models of adsorption. Figure 3.1,

(3.1)
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Fig. 3.1 Langmuir adsorption equilibrium isotherm of DB-53 dye using MWCNT at 50 °C and
pH 2.0
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therefore, shows the nonlinearized Langmuir isotherm plot for the adsorption of
DB-53 dye using MWCNT as adsorbent [10].

The R2 adi for nonlinear Langmuir isotherm was 0.9608, the QOmax Wwas
332.4 mg g_1 and the Langmuir equilibrium constant was 3.980 L mg~!. The total
standard deviation (SD-root of mean square error) of the fitting was 17.89 mg g~ 1.

3.2.2 Freundlich Isotherm Model

Freundlich [2] isotherm model is an exponential equation, and assumes that the
concentration of adsorbate on the adsorbent surface increases as the adsorbate
concentration increases. Theoretically, using this expression, an infinite amount of
adsorption will occur. Similarly, the model assumes that the adsorption could occur
via multiple layers instead of a single layer. The equation has a wide application in
heterogeneous systems. Equation 3.2 shows the Freundlich isotherm model;

ge = Kg - CY/™ (3.2)

where KF is the Freundlich equilibrium constant (mg g~'(mg L=")~"") and ng
is the Freundlich exponent (dimensionless). Figure 3.2 shows the nonlinearized
Freundlich isotherm plot for the adsorption of DB-53 dye using MWCNT as
adsorbent [10].

The de for nonlinear Freundlich isotherm was 0.9946 while the Freundlich
equlhbrlum constant was 249.1 (mg g~ ' (mg L~1)~1/7F). The total SD of the fit-
ting was 13.21 mg g~!. When compared with Langmuir isotherm, the Freundlich
isotherm model with R 1s closer to unity and a lower SD presented a better fit.
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Fig. 3.2 Freundlich adsorption equilibrium isotherm of DB-53 dye using MWCNT at 50 °C and
pH 2.0
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3.2.3 Sips Isotherm Model

Sip model, an empirical model, consists of the combination of the Langmuir and
Freundlich isotherm models. The Sips [3] model takes the following form:

1
_ Omax - Ks - o/

q =
T 14K Clrs

where 0 < 1/ng < 1 (3.3)

In Eq. 3.3, K5 is the Sips equilibrium constant (mg L~1)~2 Q... is the Sips max-
imum adsorption capacity (mg g~!), and ng is the exponent. It is assumed that the
1/ng should be <1 for integration purpose [3].

Although several works in the literature using Sips isotherm really do not take
into account this consideration. The nonlinearized Sips isotherm curve for the
adsorption of DB-53 dye using MWCNT as adsorbent is shown in Fig. 3.3 [10].

At low adsorbate concentrations, Sips equation relatively reduces to the
Freundlich isotherm, but it predicts a monolayer adsorption capacity characteristic
of the Langmuir isotherm at high adsorbate concentrations.

It was observed that the Sips exponent was restricted to 1 [3], in this manner,
this isotherm model has the same parameters as the Langmuir isotherm, however,
the Ridj and the SD of the Sips isotherm were worse than those of the Langmuir
isotherm. In that case, when ng = 1, the Langmuir expression is preferred because
the Sips isotherm has three parameters while Langmuir isotherm has just two.
This parametric difference worsens the values of Rgd and SD of the Sips isotherm.
More details of the statistical analysis (reduced chi-squared; SD; coefficient of
determination—R? and Adjusted coefficient of determination—Ridj) will be pro-
vided later in this chapter after the kinetic models.
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Fig. 3.3 Sips adsorption equilibrium isotherm of DB-53 dye using MWCNT at 50 °C and
pH 2.0
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3.2.4 Liu Isotherm Model

The Liu isotherm model [4] is a combination of the Langmuir and Freundlich iso-
therm models, but the monolayer assumption of Langmuir model and the infinite
adsorption assumption that originates from the Freundlich model are discarded.
The Liu model predicts that the active sites of the adsorbent cannot possess the
same energy.

Therefore, the adsorbent may present active sites preferred by the adsorbate
molecules for occupation [4], however, saturation of the active sites should occur
unlike in the Freundlich isotherm model. Equation 3.4 defines the Liu isotherm
model.

_ Omax - (K- Ce)™
1+ (K C)™

3.4)

where Ky is the Liu equilibrium constant (L mg~1); np_is dimensionless exponent
of the Liu equation, and Qnax is the maximum adsorption capacity of the adsor-
bent (mg g~!). Contrary to the Sips isotherm, ny could assume any positive value.

Figure 3.4 shows the nonlinearized Liu isotherm plot for the adsorption of
DB-53 dye using MWCNT as adsorbent [10].

From the fit, the de obtained was 0.9998, which is very good for a nonlinear
isotherm. Similarly, the SD for Liu isotherm model was only 1.143 mg g~!. This
value was 15.65, 11.56, and 16.29 times lower than the SD values of Langmuir,
Freundlich, and Sips isotherms models, respectively, indicating that this isotherm
model was a better fit to the experimental equilibrium data [10]. The advantages of
Liu isotherm model (a 3-parameter isotherm) over the Sips isotherm model is that
the exponent of Liu isotherm could admit any positive value unlike the exponent
of Sips that is limited to 1/n < 1.
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Fig. 3.4 Liu adsorption equilibrium isotherm of DB-53 dye using MWCNT at 50 °C and pH 2.0
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Fig. 3.5 Redlich—Peterson adsorption equilibrium isotherm of DB-53 dye using MWCNT at
50 °C and pH 2.0

3.2.5 Redlich—Peterson Isotherm Model

This is an empirical equation that describes an equilibrium isotherm as shown in
Eq. 3.5 [5].

Krp - Ce

= ———— where 0<g<1
1 +arp - CS§ &= (3-5)

qe
where Krp and arp are Redlich—Peterson constants with the respective units of
L g~ ! and (mg L~1)7¢, and g is the Redlich-Peterson exponent (dimensionless)
whose value should be <1. This equation becomes linear at a low surface coverage
(g = 0) and reduces to a Langmuir isotherm when g = 1. Figure 3.5 presents the
nonlinearized Redlich—Peterson isotherm curve for the adsorption of DB-53 dye
using MWCNT as adsorbent [10].

The Rgdj and the SD obtained with the Redlich—Peterson model were better
than those of Langmuir, Freundlich, and Sips isotherm models, being just a little
bit worse than the Liu isotherm model. This model has three parameters, and the
exponent is limited to <1.

3.2.6 Other Unusual Isotherm Models

Apart from equilibrium models commonly described in the literature, there are
other models that can be used to describe how an adsorbate is adsorbed onto an
adsorbent [11, 12]. Mathematical expressions of some of these adsorption equilib-
rium models are given in Table 3.1 [11, 12].
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Table 3.1 Unusual equilibrium adsorption isotherms

Isotherm Equation Parameters

Hill go = QIr(nlﬁ(ingi — Omax is the maximum sorption capacity (mg g~ 1)
e — Ky is the Hill equilibrium isotherm constant

[(mg L~hH"H]

— ny is the Hill exponent (dimensionless)

Khan ge = QmaxKKﬁe — Qmax is the maximum sorption capacity (mg g~ ")
(+Kk-Ce) — K is the Khan equilibrium isotherm constant
(L mg™")

— nk is the Khan exponent (dimensionless)

9max Krar-Ce — Oumax is the maximum sorption capacity (mg g~ 1)
(1+Krap-Ce)'/"RP — Krap is the Radke—Prausnitz equilibrium
isotherm constant (L mg*l)

— nrp is the Radke—Prausnitz exponent

Radke—Prausnitz q
€

(dimensionless)
Toth ge = 9max Kt-Ce — Omax 1s the maximum sorption capacity (mg gfl)
T UHKr-CorTpT | e
Kr is the Toth equilibrium isotherm constant
(Lmg™h

— n is the Toth exponent (dimensionless)
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Fig. 3.6 Hill adsorption equilibrium isotherm of DB-53 dye using MWCNT at 50 °C and pH 2.0

Figures 3.6, 3.7, 3.8, and 3.9 shows the nonlinearized isotherms of Hill, Khan,
Radke—Prausnitz, and Toth, respectively, for the adsorption of DB-53 dye using
MWCNT as adsorbent [10].
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3.2.7 General Comments About the Isotherm Models

Examining all the set of isotherm parameters, the Rgd as well as the SD, it is observed
that Liu and Hill isotherm models are identical, except for their equilibrium constants
(KL, = Ku). The Liu isotherm is actually derived from Hill isotherm model [4]. The
Ridj’ SD and the isotherm parameters for Khan isotherm model and Radke—Prausnitz
are also similar. Therefore, there is no significant difference in the Khan and Radke—
Prausnitz isotherm models. The only difference between these two equations (see
Table 3.1) is the exponent (ng = 1/nrp). This observation confirms that several iso-
therms that are reported in the literature are exactly the same isotherm model with
slightly differences. The Toth isotherm model has the lowest value of SD of all the
nine models described in this chapter (Langmuir, Freudlich, Sips, Liu, Redlich—
Peterson, Hill, Khan, Radke—Prausnitz, and Toth). Mathematically, Toth is the best
fit isotherm model. On the other hand, the value of the equilibrium constant and the
value of maximum amount adsorbed may not correspond to the correct values. An
examination of just one temperature value may not provide a realistic conclusion. It
is necessary to use different isotherm models with different temperature values. The
model with the best values of Razdj and the lowest values of SD for the majorities of
temperature values should be taken as the best isotherm model to describe the adsorp-
tion behavior of an adsorbate on a given adsorbent. The Khan and Radke—Prausnitz
isotherm models are three-parameter isotherm models, whose parameter values are
completely different from other isotherm models; however, they exhibited good values
of Ridj and SD. Therefore, according to the authors’ experience, the statistical analy-
sis is to guide the adsorption researcher to employ a good isotherm model; however,
it is necessary to check if the obtained parameters have physical meaning, and also
verify the behavior of each isotherm model at different temperature values. Based on
the nine values of the parameters, and the experience of the authors, the best results
are the Liu and the Hill isotherm values, where the maximum sorption capacity of the
adsorbent was 409.4 mg g~! for adsorption of DB-53 dye onto MWCNT [10]. The
complete analysis of different isotherms for the same adsorbent and adsorbate [10]
intends to attract the attention of the reader to use different isotherm models (Liu, Sips,
Redlich—Peterson, besides Langmuir and Freundlich) for explaining the equilibrium
data obtained in the laboratory during adsorption experiment. Another critical issue is
that some isotherm models present equilibrium constant values and maximum sorption
capacities that do not sometimes correspond to the actual values of these parameters.

3.3 Kinetic Adsorption Models

3.3.1 Kinetic Models Based on the Order of Reaction

The study of adsorption kinetic is important in the treatment of aqueous effluents
using nanomaterials because it provides valuable pieces of information on the
reaction pathways and the mechanism of adsorption reactions.
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Many kinetic models were developed to evaluate the intrinsic kinetic adsorp-
tion constants. Traditionally, the kinetics of adsorption of an adsorbate is described
using the expressions originally given by Lagergren [6]. A simple kinetic analysis
of adsorption is the pseudo-first-order equation in the form of Eq. 3.6:

dg

a =ki- (qe — q1) (3.6)

where ¢; is the amount of adsorbate adsorbed at time # (mg g~ '), g. is the equi-
librium adsorption capacity (mg g~'), k¢ is the pseudo-first-order rate constant
(min~'), and 7 is the contact time (min). The integration of Eq. 3.6 with initial con-
ditions, ¢; = 0 att = 0, and g; = g, at t = t leads to Eq. 3.7:

In(ge — q1) = In(ge) — k¢ - 3.7

A nonlinear rearrangement of Eq. 3.7 gives Eq. 3.8:

qr = qe - [1 — exp (=k¢ - 1) (3.8)

Equation 3.8 is known as pseudo-first-order kinetic adsorption model.
In addition, a pseudo-second-order equation [7] based on equilibrium adsorp-
tion capacity is shown in Eq. 3.9:

day
dr

where, kg is the pseudo-second-order rate constant (g mg~!' min~!). The integration
of Eq. 3.9 with initial conditions, g; = 0 att = 0, and g; = ¢, at t = ¢ leads to Eq. 3.10:

=ks - (qe — q1)* (3.9)

ks‘qg't

==t 3.10
14+ qge-ks-t ( )

q:

Equation 3.10 is known as pseudo-second-order kinetic adsorption model.
The initial sorption rate (4, expressed in mg g~! min~!) can be obtained when
t approaches zero [13] as shown in Eq. 3.11:

o =ks-q? 3.11)

The pseudo-first-order and pseudo-second-order are the most commonly employed
kinetic models for describing adsorption process based on chemical reactions
kinetic. Another approach to this theme is described below.

The exponents of rate laws of chemical reactions are usually independent of the
coefficients of chemical equations, but are sometimes related. This assertion implies
that the order of a chemical reaction depends solely on the experimental data.
Adsorption process, which is considered to be the rate determining step, helps in
establishing the general rate law equation of adsorption process [12, 14]. Attention
is now focused on the change in the effective number of active sites at the surface of
adsorbent during adsorption instead of concentration of adsorbate in the bulk solu-
tion. Applying reaction rate law to Eq. 3.12 gives adsorption rate expression.
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d{ — k- (ge — q0)" (3.12)

where ky is the rate constant, g. is the amount of adsorbate adsorbed by adsor-
bent at equilibrium, ¢, is the amount of adsorbate adsorbed by adsorbent at a given
time, ¢, and n is the order of adsorption with respect to the effective concentration
of the adsorption active sites present on the surface of adsorbent [8]. Application
of universal rate law to adsorption process led to Eq. 3.12, which can be used
without assumptions. Theoretically, the exponent n in Eq. 3.12 can be an integer or
noninteger rational number [8, 12, 14].

Equation 3.13 describes the number of the active sites (6;) available on the sur-
face of adsorbent for adsorption [12, 14].

qe
=1——=—
t P (3.13)

Equation 3.14 describes the relationship between the variable (6;) and rates of
adsorption.

do
d—t‘ = —ko;" (3.14)

where k = kN(qe)”’l.Gt =1 if an adsorbent has not adsorbed. The value of 6;
decreases during adsorption process. 9; approaches a fixed value when adsorption
process reaches equilibrium. 6; = 0 for a saturated adsorbent [8]. Equation 3.14
gives Eq. 3.15 after integration:

t

6
/‘;— /dt (3.15)
1

Equation 3.15 also gives Eq. 3.16:
1

1—n

: [9,1—" - 1] —_— (3.16)
Rearrangement of Eq. 3.16 gives Eq. 3.17.

6, =[1—k(1 —n) -/t (3.17)
Substituting Eq. 3.13 into Eq. 3.17, and put k = kn(ge)" ™! yields Eq. 3.18.

qe

qr = 4e — _
t lkn(ge)™ ot (n—1) +1]717" (3.18)

Equation 3.18 is regarded as the general-order kinetic equation of adsorption pro-
cess, which is valid for n = 1 [8]. A special case of Eq. 3.14 is the pseudo-first-
order kinetic model (n = 1) [12, 14].

dé,

5 = —k6]! (3.19)
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Integration of Eq. 3.19 gives Eq. 3.20.

0 =exp(—k-1) (3.20)

Substitution of Eq. 3.13 into Eq. 3.20, and put k = k; gives pseudo-first-order
kinetic model as shown in Eq. 3.21.

qr = qe[1 — exp (—ky - 1)] (3.21)

Pseudo-first-order kinetic equation is a special case of general kinetic model of
adsorption. It must be noted that Eq. 3.21 is the same as Eq. 3.8 using the adsorp-
tion rate expression. When n = 2, the pseudo-second-order kinetic model is a spe-
cial case of Eq. 3.18 [8].

qe
9t =9e — 7 . 17
T kg 1] (322)
Equation 3.22 on rearrangement gives Eq. 3.23.
2k2t
Ie (3.23)

Q=1 .17

" k(g 1+ 1]
Equation 3.23 is the pseudo-second-order kinetic adsorption model, which is
exactly the same as Eq. 3.10. Therefore, the general-order adsorption Eq. 3.18
could give rise to pseudo-second-order when n = 2, while the pseudo-first order is
obtained from Eq. 3.12 (adsorption rate expression).

3.3.2 Empiric Models

The Elovich equation is generally applied to chemisorption kinetics [9]. The equa-
tion has been used satisfactorily for some chemisorption processes [15] and has
been found to cover a wide range of slow adsorption rates. The same equation
is often valid for systems in which the adsorbing surface is heterogeneous. The
Elovich equation is given in Eq. 3.24.

dgq

& = aexp(—Bq;) (3.24)

Integrating Eq. 3.24 using boundary conditions; ¢; =0 att=0and ¢, =g, att =1t
gives Eq. 3.25:

1 1
qr = E In (7 +1) — E In (1) (3.25)
where « is the initial adsorption rate (mg g~! min~') and $ is related to the extent
of surface coverage and the activation energy involved in chemisorption (g mg~1)
and 7, = 1/ap.
If ¢ is much larger than ¢, the kinetic equation can be simplified as Eq. 3.26.
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= %ln @ B+ %ln o) (3.26)

Equation 3.26 is known as Elovich—chemisorption kinetic adsorption model.

The determination of some kinetic parameters, possible changes of the adsorp-
tion rates as function of the initial concentration and the adsorption time as well as
the determination of fractional kinetic orders, still lacks in the kinetic adsorption
models [16]. In this way, an alternative Avrami kinetic equation to find a correla-
tion between good experimental and calculated data was early proposed [16]. The
adsorption should now be visualized using Avrami’s exponential function, which
is an adaptation of kinetic thermal decomposition modeling [16].

a=1—exp[(—kay -]V (3.27)

where a is adsorption fraction (g,/qe) at time f, kay is the Avrami kinetic constant
(min_l), and nay is a fractional adsorption order, which is related to the adsorption
mechanism [16]. By inputting a in Eq. 3.27, the Avrami kinetic equation could be
written as Eq. 3.28.

qr = qe - {1 —exp[—(kav - D]"} (3.28)

After describing the pseudo-first order, pseudo-second-order, general-order,
Elovich chemisorption, and Avrami fractionary order equations, we will illustrate
these models using nonlinear fit of the data. Figure 3.10 shows the pseudo-first-
order kinetic curve of the Reactive Blue 4 dye (RB-4) using SWCNT as adsorbent
at pH 2.0 and 25 °C [17].

Figure 3.11 presents the pseudo-second-order kinetic plot of the RB-4 dye
using SWCNT as adsorbent at pH 2.0 and 25 °C [17].

The general-order kinetic curve of the RB-4 dye using SWCNT as adsorbent at
pH 2.0 and 25 °C is presented in Fig. 3.12 [17].

Figure 3.13 presents the Elovich Chemisorption kinetic plot of the RB-4 dye
using SWCNT as adsorbent at pH 2.0 and 25 °C [17].
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Fig. 3.11 Pseudo-second-
order kinetic adsorption
model of RB-4 dye using
SWCNT. Initial pH, 2.0;
temperature, 25 °C; initial
concentration of the
adsorbate, 800.0 mg L!

Fig. 3.12 General-order
kinetic adsorption model of
RB-4 dye using SWCNT.
Initial pH, 2.0; temperature,
25 °C; initial concentration of
the adsorbate, 800.0 mg L~!

Fig. 3.13 Elovich
chemisorption kinetic
adsorption model of RB-4
dye using SWCNT. Initial
pH, 2.0; temperature, 25 °C;
initial concentration of the
adsorbate, 800.0 mg L!

E.C. Lima et al.
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Fig. 3.14 Avrami fractionary 350
kinetic adsorption model of 1
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Figure 3.14 shows the Avrami-fractional kinetic plot of the RB-4 dye using
SWCNT as adsorbent at pH 2.0 and 25 °C [17].

Figures 3.10, 3.11, 3.12, 3.13, and 3.14 present kinetic curves of the adsorp-
tion of RB-4 dye onto SWCNT adsorbent [17] for pseudo-first-order, pseudo-sec-
ond-order, general-order, Elovich chemisorption, and Avrami fractionary models,
respectively. The best fit model is the one with the lowest value of SD and the one
in which the value of Rad is closer to unity. Equations 3.29-3.32 depict the expres-
sions of reduced chi-square, SD, R%, and R2 ,respectlvely

n 2
Reduced Chi-squared = Z (ql’eXp ql’m()del) (3.29)
n

p—PD

i

1 n
SD = < ) : Z (‘Ii,exp - Cli,model)z (3.30)

I’lp—p ;

- 2 2
R — Z?p (Qi,exp - ‘Iexp) - Z?P (Qi,exp - q:‘,model) ‘| (3.31)
_ 2 .
Z? (Qi,exp - ‘Iexp)
np, — 1
—1- (1 —R2) (e
ad] (np —p—1 (3.32)

where g;, model is each value of g predicted by the fitted model, g;, exp is each
value of ¢ measured experimentally, gexp is the average of g experimentally meas-
ured, np, is the number of experiments performed, and p is the number of param-
eters of the fitted model.
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The reduced chi-square is the residual sum of squares divided by the degree
of freedom (DOF) (np-p) (Eq. 3.29). The SD is the square root of reduced chi
squared (Eq. 3.30). Both Egs. 3.29 and 3.30 are very useful for evaluation of
point to point of a given kinetic or equilibrium adsorption model, this is because
for each experimental point there is a point in the model that corresponds exactly
to the point on the curve (model). The lower the reduced chi-square and the SD,
the lower the difference between the values of experimental q and theoretical g;
therefore, the best fit is expected. However, it should be taken into account that it
is not possible to compare the values of reduced chi-squared and SD among sev-
eral kinetic and equilibrium isotherms that present other different concentrations
or other conditions since the values of SD and chi-square tend to increase as the
concentration increases. On the contrary, for the same set of experimental data, the
values of reduced chi-square and SD are useful to ascertain the best model since
R? and Rid are of low sensitivity (their values are limited to unity) [18].

The R2 and R2d in Egs. 3.31 and 3.32, respectively, are very useful parame-
ters to evaluate kmetlc and equilibrium adsorption fits. Limitedly, their values are
between 0 and 1. Values of R? and Rﬁdj that are closer to 1 means that the model
has a better fit. It is important to note that gexp of Eq. 3.31 is the average of all
experimental data (g). If the range of ¢ values is too large, gjexp could distort the
interpretation of the fit. If there is equidistant values of g;exp from the average
value, the values of R? tend to 1. Therefore, the analysis of a kinetic and equi-
librium isotherm could not only be based on the values of R? [18]. In the same
way, comparison of two-parameter models (pseudo-first order, pseudo-second-
order, Elovich chemisorption) with three-parameter models (general order, Avrami
fractionary order) is not possible because the equations with higher number of
parameters have the tendency to exhibit R? values closer to 1. In these cases, it is
recommended to use Ridj [18]. This statistical parameter is used to penalize the
models with more parameters in order to really know if the best fitting (R i) is due
to the advantage of presenting more terms in the equation (mathematlcal advan-
tage), or alternatively, the equation is physically closer to the reality of the system.
Ridj is, therefore, a very good parameter for evaluating a given kinetic and equilib-
rium of adsorption [18].

Based on the explanation above, we really recommend evaluation of SD and
Ridj to decide the best fitting model. In addition, it should be stressed that it is
necessary to interpret the values of the obtained parameters to really know if the
model is a suitably fitting model, as it was done in the adsorption equilibrium
studies described above. For the graphs depicted in Figs. 3.10, 3.11, 3.12, 3.13,
and 3.14, the general-order kinetic adsorption model (the best fitting model)
showed the lowest values of SD, and the highest values of Rgdj. Sequentially,
Avrami fractionary kinetic model was the second best kinetic model followed by
pseudo-first order (third best fitting model), pseudo-second-order (4th), and then
the Elovich chemisorption model (5th). Taking into consideration that the general-
order kinetic of adsorption model was the best fitting model, its parameters can
now be discussed. The capacity of adsorption at equilibrium (g.) is 317.5 mg g~ !,
which is closer to the values of saturation attained in the Fig. 3.13. The kinetic
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adsorption rate constant is 8.087.1073 (min—!(g mg="?3%7) and the order of
kinetic model () is 1.337. What could be the reason for n not being 1 (pseudo-first
order) or 2 (pseudo-second-order)? The order should be determined experimen-
tally and not as previously stipulated as described above. The fractional num-
ber could be a change in the order of kinetic adsorption that took place during
the adsorption process. Similarly, it was observed that pseudo-first-order kinetic
model gave a better fit than pseudo-second-order. This phenomenon could be ana-
lyzed in the following way: 1.337 is closer to 1 (0.337) than 2 (0.663). Therefore,
an n value of 1.337 could also be attributed to a change in the kinetics of adsorp-
tion, changing from pseudo-first-order to pseudo-second-order during the contact
of the adsorbate with the adsorbent. Therefore, the general-order kinetic model
represents a more detailed mechanism of adsorption between the adsorbent and
adsorbate, when a change in the order of kinetic process is possible to occur dur-
ing the adsorption process. This assertion explains why fractional numbers are
obtained as the orders of adsorption processes.

3.3.3 Diffusive Mechanisms

The process of sorption falls into four basic stages: (1) transport of the adsorbate
from the bulk solution to the film of solvent around the particles of the adsorbent,
usually this stage is too fast for agitated systems, (2) diffusive mass transfer of the
adsorbate through the film, (3) intraparticle diffusion of the adsorbate through the
pores of the adsorbent, (4) binding of the adsorbate to the active sites in the pores
of the adsorbent [19], this stage is usually faster than the diffusion of the adsorbate
by the film and intraparticle diffusion; therefore, it is assumed that this stage does
not limit mass transfer.

The possibility of intraparticle diffusion resistance affecting adsorption process
could be explored using the intraparticle diffusion model as given in Eq. 3.33 [20]:

g =kia -1+ C (3.33)

where ¢; is the amount of adsorbate adsorbed by adsorbent at a given time, ¢ (min),
kg is the intraparticle diffusion rate constant (mg g~! min~), and C is a con-
stant related to the thickness of boundary layer (mg g~!) [20]. In order to illustrate
the intraparticle diffusion, Fig. 3.15 presents the Weber-Morris intraparticle kinetic
plot of the RB-4 dye using SWCNT as adsorbent at pH 2.0 and 25 °C [17].

The intraparticle diffusion constant, kg (mg g~! min=0), can be obtained from
the slope of the plot of g, versus the square root of time. Figure 3.15 shows the plot
of g; versus 12, with multilinearity for RB-4 dye using SWCNT adsorbent. These
results imply that the adsorption process involves more than a single kinetic stage
(or adsorption rate) [17]. The adsorption process showed three zones which could
be attributed to each linear portion as shown in Fig. 3.15. The first linear portion
(1st zone) was assigned to the diffusional process of the dye on the adsorbent sur-
face [17]; hence, it was the fastest sorption stage. The second portion (2nd zone)



52 E.C. Lima et al.

Fig. 3.15 Weber-Morris 350
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was ascribed to intraparticle diffusion, a delayed process [17]. The third stage (3rd
zone) could be regarded as the diffusion through smaller pores, which is followed
by the establishment of equilibrium [17]. From the slope of the linear portion of the
second zone it was possible to determine kiq which is 9.583 mg g~ min—97.

3.4 Problems with the Linearization of Equilibrium
and Kinetic Equations Usually Employed
in the Adsorption Studies

The misuse of linearization is probably the most common error in data analysis
of adsorption studies. It was largely used some decades ago when computers and
statistical software were not available. Presently, linearization in data analysis is
on the increase because the authors usually employ the simplest tool to analyze
their experimental data. One of the reasons for using linear equations is the pos-
sibility of performing less experimental points to define a line (that is the major
problem of using nonlinear equations, which require more experimental points to
define a curve) or alternatively, discard some points to increase the R? values. The
main problem is that some points are discarded to increase the R? values, and the
authors are not concerned about the values of the parameters of the equilibrium
and kinetic of adsorption models.

There are problems associated with linearizing an inherently nonlinear equa-
tion using various transformations. The main concern when transforming data
to obtain a linearized equation is the knowledge of the error structure of the data
and how this structure is affected by the mathematical manipulation of the data
[21]. Linearization is based on the fact that the variance of all g values (Y vari-
able of the graph; dependent variable; amount of adsorbate adsorbed by the adsor-
bent) is equal for all range of the data. By assuming homoscedasticity of the data
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(assuming equal variance for all ¢ values throughout the range of the data) when
it is actually heteroscedastic (the variance of all g values are not equal in the full
range of the data), may result in overestimating the goodness of fit as measured by
the correlation coefficient (R), which translates into error in the coefficient of deter-
mination (R%) and also in the adjusted coefficient of determination [21]. Therefore,
higher R? values do not necessarily mean better fit of the experimental data.

In practice, authors have to delete some points from their curves to justify
the linearization procedure. This adjustment decreases the DOF of the fitting
model, which consequently decreases the number of independent ways by which
a dynamic system can move without violating any constraint imposed on it. The
DOF can be defined as the minimum number of independent coordinates that can
specify the position of a system completely. In order to make it clear to the read-
ers, some case studies will be discussed below.

3.4.1 Equilibrium Isotherms

We start with the equilibrium isotherms. Taking into account that the majority of
the published articles used the Langmuir model, this equilibrium model will be
given extensive study in this chapter.

Let us consider the adsorption of RB-4 dye on SWCNT at 308 K [17].
According to Kumar 2007 [22], there are four linearized equations of the Langmuir
as presented in Table 3.2.

Let us also consider the following experimental data [17] as depicted on
Table 3.3.

It should be noted that in manipulating the parameters the parametric units
changed, and this change is not considered by many authors. The nonlinear iso-
therm directly uses experimental data: concentrations of the RB-4 left in the super-
natant after adsorption process (abscissa axis) and the amount adsorbed (ordinate
axis), which were calculated according to Eq. 3.34:

(Co - Cf) .

m

g= 1% (3.34)

Table 3.2 Langmuir equilibrium isotherms

Isotherm model Linear form Plot
_ 9max KL-Ce Ce _ 1 1 Ce
e = Ttk Ce ge — KL-Omax + Omax Ce go VOrsus Ce
Langmuir Langmuir-1
L__L 4 (71 )iLan muir-2 o versus &
¢c — Omax Ki-Omax / Ce g e Ce
1 Ge
ge = Omax — (ﬁ) %Z qe VETSUS ¢
Langmuir-3
% = K- Omax — KL - e 2 versus ge
Langmuir-4
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Table 3.3 Experimental data of the adsorption of RB-4 on SWCNT at 308 K [17]

Experimental values Manipulated values
Ce (mg L_l) ge (mg g_l) Celge (g L_l) lge (g mg_l) 1/Ce (L mg_l) (Ie/ge (L
g
0.0000 0.0000 - - - -
1.4533 316.6852 0.004589 0.003158 0.688089 217.9077
1.7050 330.2201 0.005163 0.003028 0.586510 193.6775
2.1329 350.6311 0.006083 0.002852 0.468845 164.3917
3.6110 392.1553 0.009208 0.002550 0.276932 108.6002
9.3290 449.3022 0.020763 0.002226 0.107193 48.16188
13.3310 467.5717 0.028511 0.002139 0.075013 35.07402
29.2659 494.3358 0.059202 0.002023 0.034169 16.89119
45.7345 510.2976 0.089623 0.001960 0.021865 11.15783
69.1810 509.7880 0.135705 0.001962 0.014455 7.368902
94.9172 506.9212 0.187243 0.001973 0.010535 5.340667
120.4673 522.7081 0.230468 0.001913 0.008301 4.339004
154.6583 519.8411 0.297511 0.001924 0.006466 3.361223
188.6690 520.4519 0.36251 0.001921 0.005300 2.758545

where ¢ is the amount of adsorbate adsorbed by the adsorbent (mg g~ 1), C, is the
initial adsorbate concentration in contact with the adsorbent (mg L1, Cyis the
final adsorbate concentration after adsorption process (mg L™1), m is the mass of
adsorbent (g), and V is the volume of adsorbate solution (L).

The nonlinear, Langmuir-1, Langmuir-2, Langmuir-3, and Langmuir-4 line-
arized isotherms are presented in Fig. 3.16.

Table 3.4 presents the statistical analysis of all isotherms presented in Fig. 3.16.
As can be observed, Langmuir-1 linearized equation was the only model that
showed the best values of R? and Rgdj, smaller SD, and reduced Chi-square and
residual sum of squares, and with this model, it was not necessary to delete any
manipulated point. However, for linearized Langmuir-2, linearized Langmuir-3,
and linearized Langmuir-4, it was necessary to delete some data points to improve
the statistical analysis. Usually, the authors are only worried about the value of R?
but not concerned about the other statistical parameters. When the points on an
isotherm are deleted, the slope and intercept of the plot will be modified, which
will invariably affect the values of Qmax, and Ky, apart from decreasing the values
of DOF. It should also be stressed that reduced Chi-square and SD altered the units
of dependent variable (Y-axis). Only linearized Langmuir-3 equation presents
the same units for the statistical parameters compared with nonlinear Langmuir
equation. Therefore, it is not possible to infer that linearized Langmuir-1 equa-
tion provides more accurate results than nonlinear equation since all the statisti-
cal parameters (Chi-squared, SD, residual sum of squares) presented in Table 3.3
reflect different situations (Y-axis of each graph) for nonlinear and linearized
Langmuir-1 equations. Considering the fact that the nonlinear fit is the best fitting
method of equilibrium isotherm, the values of Qmax and K, obtained by nonlinear
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Fig. 3.16 a Nonlinearized Langmuir equation; b linearized Langmuir-1 equation; ¢ linearized
Langmuir-2 equation; d linearized Langmuir-2 equation after deleting some points; e linearized
Langmuir-3 equation; f linearized Langmuir-3 equation after deleting some points; g linearized
Langmuir-4 equation; h linearized Langmuir-4 equation after deleting some points. Arrows indi-
cate the set of point that need to be deleted to improve the values of R?
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Table 3.4 Statistical analysis of data presented in Fig. 3.16

E.C. Lima et al.

Parameter Value Parameter Value
Nonlinear Figure 3.16a Langmuir-1 Figure 3.16b
Omax (mg g~ 1) 515.8 Omax (mg g~ h 523.7

K (Lmg~") 0.9966 Ky (Lmg™") 0.7252
Number of points 14 Number of points 13

Degrees of freedom 12 Degrees of freedom 11

Reduced Chi-Sqr (mg g=!) | 84.13 Reduced Chi-Sqr (g L™ 1.818 x 107°
Res. sum of squ. (mg g~ ')? 1009 Res. sum of squ. (g L™1)? 1.999 x 1073
R (COC) 0.9981 R (COC) 0.9999

R? (COD) 0.9962 R? (COD) 0.9999

Rz i 0.9959 Ri i 0.9999

SD (mg g~ ") 9.172 SD (g L7 1.348 x 1073
Langmuir-2 Figure 3.16¢ Langmuir-2 Figure 3.16d
Omax (mg g_l) 512.5 Omax (mg g_l) 499.6

K (Lmg™") 1.055 K (L mg™") 1.143
Number of points 13 Number of points 8

Degrees of freedom 11 Degrees of freedom 6

Reduced Chi-Sqr (gmg™!)  |2.601 x 10~ | Reduced Chi-Sqr (g mg™") | 2.060 x 1077
Res. sum of squ. (g mg~')? 2.861 x 1078 | Res. sum of squ. (g mg~")? | 1.236 x 10~8
R (COC) 0.9943 R (COC) 0.9960

R? (COD) 0.9886 R? (COD) 0.9920

Rz i 0.9876 Rﬁ i 0.9907

SD (g mg™") 5.100 x 107> |SD (gmg~") 4.538 x 1073
Langmuir-3 Figure 3.16e Langmuir-3 Figure 3.16f
Omax (mg g~ ") 514.2 Omax (mg g™ 489.7

Ky (Lmg™") 1.032 K (Lmg™") 1.216
Number of points 13 Number of points 6

Degrees of freedom 11 Degrees of freedom 4

Reduced Chi-Sqr (mg g~ 1) 125.9 Reduced Chi-Sqr (mg g=!) 1 41.72

Res. sum of squ. (mg g~ 1)? 1385 Res. sum of squ. (mg g~")? | 166.9

R (COC) 0.9905 R (COC) 0.9958

R? (COD) 0.9810 R? (COD) 0.9916

Rg " 0.9793 Rgdi 0.9895

SD (mg g~ ) 11.22 SD (mg g~ 1) 6.459
Langmuir-4 Figure 3.16g Langmuir-4 Figure 3.16h
Omax (mg g_l) 5154 Omax (mg g_l) 490.6

Kp (L mg™!) 1.012 Ki (L mg™") 1.206
Number of points 13 Number of points 6

Degrees of freedom 11 Degrees of freedom 4

Reduced Chi-Sqr (L g~ 1) 131.5 Reduced Chi-Sqr (L g~ 1) 61.17

(continued)
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Table 3.4 (continued)
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Langmuir-4 Figure 3.16g Langmuir-4 Figure 3.16h
Residual sum of squ. 1446 Residual sum of squ. 244.7

(Lg 'y (Lg)?

R (COC) 0.9905 R (COC) 0.9958

R? (COD) 0.9810 R? (COD) 0.9916

Rg " 0.9793 Rgdi 0.9895
SD(Lg™") 11.47 SD (Lg™") 7.821

and linearized Langmuir-1, Langmuir-2, Langmuir-3, and Langmuir-4 were com-
pared. Table 3.5 presents the relative differences of the parameters of the isotherm
plots depicted on Fig. 3.16. As observed, the Langmuir-1 linearized equation pro-
duced the worst values of K1, when compared with nonlinear Langmuir equation.
Another important observation is that in all cases when points of isotherms were
deleted, although the R? values improved in all cases for linearized Langmuir-2,
Langmuir-3, and Langmuir-4 equations, but the relative values of Qpax and K
became worse compared with the nonlinear reference values. The analyses of plots
in Fig. 3.16 as shown in Tables 3.4 and 3.5 clearly indicate that R” values close to
unity did not indicate that the model was properly fitted, and, in addition, did not
prove that the obtained values of Omax and K1, reflect the reality of the system.

Table 3.5 Relative differences of Omax and K, isotherm parameters of linearized Langmuir-1,

Langmuir-2, Langmuir-3 and Langmuir-4 in relation to nonlinear Langmuir equation

Isotherm % difterence

Langmuir-1

Omax —1.532

Ki 27.23
Figure 3.16b

Isotherm % difterence Isotherm % difterence

Langmuir-2 Langmuir-2

Omax 0.6398 Omax 3.141

KL —5.860 K1 —14.69
Figure 3.16¢ Figure 3.16d

Isotherm % difterence Isotherm % difterence

Langmuir-3 Langmuir-3

Qmax 0.3102 Qmax 5.060

KL —3.552 K1 —22.01
Figure 3.16e Figure 3.16f

Isotherm % difterence Isotherm % difterence

Langmuir-4 Langmuir-4

Omax 0.07755 Omax 4.894

K1 —1.545 Ky, —20.99
Figure 3.16g Figure 3.16h

The values are expressed as percentage
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Considering that K1, values are very important equilibrium parameters for esti-
mating equilibrium constants (determination of thermodynamic parameters) [10,
23-26], the use of Langmuir-1 linearized isotherms could lead to erroneous esti-
mation of Gibb’s free energy change (AG°), enthalpy change (AH®), and entropy
change (AS°) of adsorption.

3.4.2 Kinetics of Adsorption

The mostly employed pseudo-first-order and pseudo-second-order kinetic equa-
tions are given in Table 3.6 in nonlinear and linearized forms [26, 27]. Let us con-
sider the kinetics of adsorption of DB-53 dye on MWCNT [10]. The experimental
kinetic data of adsorption of DB-53 on MWCNT are presented in Table 3.7. The
nonlinear pseudo-first-order and linearized pseudo-first-order plots are shown in
Fig. 3.17, while nonlinear pseudo-second-order, and linearized pseudo-second-
order-1, pseudo-second-order-2, pseudo-second-order-3 and pseudo-second-
order-4 plots are presented in Fig. 3.18. It is observed from Table 3.7 that the
manipulation of the data alters the units of the variables. The analysis of pseudo-
first-order kinetics necessitated deletion of five experimental points to achieve a
good value of R?; however, the DOF decreases from 18 to 13.

The analysis of pseudo-second-order linearized models indicates that the lin-
earized pseudo-second-order-1 equation apparently provides the best values of R?
for the four linearized models. However, it is necessary to highlight that this analy-
sis did not put into consideration the units of SD and reduced Chi-square, which are
not the same for nonlinearized model. Therefore, different incidents are being com-
pared; however, some authors use the value of R? to infer that a model is a good fit.

Only linearized pseudo-second-order-3 presents the same units as nonlinearized
kinetic equation (Table 3.7), however, the statistical analysis of this equation (SD
and reduced Chi squared) is worse than the nonlinearized equation, even after
deleting 10 experimental points.

Table 3.6 Kinetics of adsorption

Kinetic model Linear form Plot

4 = ge[1 — exp(—k; - 1)] In(ge — g1) = In(ge) — kt In(ge — q¢) versust

Pseudo-first order

2ot Lo 1 1 L versust

qr = [kzghi)?t-o—l] 4 kxq? + qet qr

Pseudo second-order Pseudo-second-1
1 1 1 1 1 _ 1
Ezﬁ_'_(@)X? o = versus
Pseudo-second-2

@
1 G = qo — <k»1qe)% gy versus 4

Pseudo-second-3

=k gz —k-qe-q versus g,

Pseudo-second-4
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Table 3.7 Experimental data of the adsorption of DB-53 onto MWCNT at 298 K [10]

Experimental data Manipulated data
t(min) | g; Ln(ge — q1) | tlq: /g, 1/t qit
(mgg™") (mingmg™") |(gmg™) (min~!) |(mgg~'min7")
0.0000 4.7643 - - - —
5 25.5363 4.5186 0.1958 0.0392 0.2000 |5.1073
10 45.1580 4.2779 0.2214 0.0221 0.1000 |4.5158
15 60.4185 4.0400 0.2483 0.0166 0.0667 |4.0279
20 72.2459 3.8066 0.2768 0.0138 0.0500 |3.6123
25 80.5830 3.6017 0.3102 0.0124 0.0400 |3.2233
30 87.5292 3.3917 0.3427 0.0114 0.0333  |2.9176
45 101.1273 2.7799 0.4450 0.0099 0.0222  |2.2473
60 108.7337 2.1413 0.5518 0.0092 0.0167 |1.8122
90 113.8832 1.2124 0.7903 0.0088 0.0111 | 1.2654
120 116.1828 0.0600 1.0329 0.0086 0.0083 |0.9682
150 117.0870 | —1.8477 1.2811 0.0085 0.0067 |0.7806
180 117.0279 | —1.5292 1.5381 0.0085 0.0056 |0.6502
210 116.4573 | —0.2391 1.8032 0.0086 0.0048 |0.5546
240 115.8487 0.3335 2.0717 0.0086 0.0042 |0.4827
270 116.8314 | —0.8838 2.3110 0.0086 0.0037 |0.4327
300 117.2445 | —9.2103 2.5588 0.0085 0.0033  0.3908
360 116.3430 | —0.1036 3.0943 0.0086 0.0028 |0.3232
(a) (b) (c)
6 6
120 4 4
2 2
< 80 . -~ 0 _ 0
g 4 — noninar pesuda frst-onder E’i -2 v -2
E z £ 4
-;. 40 / S 5 |
-8 -8
ok -10 * -10 *
0 60 120 180 240 300 360 0 60 120 180 240 300 350 0 60 120 180 240 300 360
Time {min) t (min) t {min)

Fig. 3.17 a Nonlinearized pseudo-first-order equation; b linearized pseudo-first order with all
experimental points; ¢ linearized pseudo-first-order equation after deleting some points. Arrows
indicate the region of points that were deleted just to improve the values of R?

Considering that the kinetics of adsorption is nonlinear equation, the param-
eter values (ge and ki or k) of this model were taken as a reference for comput-
ing the relative differences of the linearized models in relation to the nonlinearized
equations; these values are depicted in Table 3.9. It is observed that the strategy
of deleting some points to improve the values of R? causes a serious error in the
values of g. and k; or ky. The activation energy is calculated based on the values of
kinetic rate constants of the Arrhenius equation (Eq. 3.35), [23]:
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<« Fig. 3.18 a Nonlinearized pseudo-second-order equation; b linearized pseudo-second order-1;
¢ linearized pseudo-second order-2; d linearized pseudo-second-order-2 after deleting some
experimental points; e linearized pseudo-second-order-3; f linearized pseudo-second-order-3
after deleting some experimental points; g linearized pseudo-second-order-4; h linearized
pseudo-second-order-4 after deleting some experimental points. The arrows indicate region of
experimental points that were deleted just to improve the values of R?

E,
In kgipetic = InA — ﬁ (3.35)

where kginetic 1S the kinetic rate constant of adsorption, A is the Arrhenius con-
stant, E, is the activation energy (kJ mol™1), R is the universal gas constant
(8.314] K~ mol™!), and T is the absolute temperature (K). If the values of kkinetic
are biased, the values of calculated activation energy will also be compromised.
We have demonstrated using the given examples (Figs. 3.16, 3.17, and 3.18;
Tables 3.4, 3.5 3.8, and 3.9) the existing problems in using linear equations
for Langmuir isotherm, pseudo-first-order, and pseudo-second-order kinetics
of adsorption. Remarkably, although linearized Langmuir-1 and linearized

Table 3.8 Statistical analysis of data presented in Fig. 3.17

Parameter Value Parameter Value

Nonlinear pseudo-first order Figure 3.17a Pseudo-first order-1 Figure 3.17b

ki (min~ 1 0.04766 ki (min~ 1 0.02329

ge (mg g™ 116.4 ge (mg g~ ") 50.83

Number of points 18 Number of points 18

Degrees of freedom 16 Degrees of freedom 16

Reduced Chi-Sqr (mg g~ 1) 0.7032 Reduced Chi-Sqr 4.621
(min g mg~")

Residual sum of squ. (mg g~ ) 11.25 Resid. sum of sq. 73.94
min g mg~")?

R value 0.9997 R value 0.7907

R-square (COD) 0.9995 R-square (COD) 0.6252

Adj. R-square 0.9995 Adj. R-square 0.6018

SD (mg g ") 0.8386 SD (min g mg~1) 2.150

Linear pseudo-first order-2 Figure 3.17¢

ki (min~ 1) 0.04549

ge (mgg™") 1283

Number of points 13

Degrees of freedom 11

Reduced Chi-Sqr (min g mg™") 0.08455

Residual sum of squ. (min g mg~!)? |0.9301

R value 0.9974

R-square (COD) 0.9947

Adj. R-square 0.9942

SD (min g mg~") 0.2908
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Table 3.9 Statistical analysis of data presented in Fig. 3.18

E.C. Lima et al.

Parameter Value Parameter Value
Nonlinear pseudo-second order | Figure 3.18a | Linear pseudo-second order-1 | Figure 3.18b
ky (min g mg™ 1) 5.306 x 107* | ko (min g mg~") 6.899 x 1074
ge (mgg™") 126.7 ge (mgg™") 1222
Number of points 18 Number of points 17

Degrees of freedom 16 Degrees of freedom 15

Reduced Chi-Sqr (mg g~ ") 18.02 Red. Chi-Sqr (min g mg~") 0.001193

Res Sum of squ. (mg g~ !)? 288.2 Res. sum of squ (min g mg=")? 0.01789

R value (COC) 0.9935 R value (COC) 0.9994
R-square (COD) 0.9871 R-square (COD) 0.9987

Adj. R-square 0.9862 Adj. R-square 0.9987

SD (mg g~ 1) 4.244 SD (min g mg™") 0.03454
Linear pseudo-second order-2 | Figure 3.18c | Linear pseudo-second order-2 | Figure 3.18d
ky (min g mg™ 1) 3.408 x 107* | ky (min g mg™") 2.508E-04

ge (mgg™") 138.2 ge (mgg™") 1573
Number of points 17 Number of points 10

Degrees of freedom 15 Degrees of freedom 8

Reduced Chi-Sqr (g mg~") 6.490 x 1077 | Reduced Chi-Sqr (g mg™") 3.203 x 1077
Res. I sum of squ. (g mg™"2  |9.735 x 107° | Res. sum of squ. (g mg~")’ 2.562 x 1070
R value (COC) 0.9950 R value (COC) 0.9984
R-square (COD) 0.9900 R-square (COD) 0.9968

Adj. R-square 0.9894 Adj. R-square 0.9964

SD (g mg~!) 8.056 x 107 | SD (g mg™") 5.659 x 107*
Linear pseudo-second order-3 | Figure 3.18e | Linear pseudo-second order-3 | Figure 3.18f
ky (min g mg™h) 4.437 x 10~* | kp (min g mg~") 4.334 x 10~
ge (mgg™") 129.8 ge (mgg™h) 136.1
Number of points 17 Number of points 7

Degrees of freedom 15 Degrees of freedom 5

Reduced Chi-Sqr (mg g~ ") 57.27 Reduced Chi-Sqr (mg g~ 1) 8.453
Residual sum of squ. (mg g~1)? | 859.1 Residual sum of squ. (mg g~ 1)? | 42.27

R value 0.9679 R value 0.9881
R-square (COD) 0.9368 R-square (COD) 0.9762

Adj. R-square 0.9326 Adj. R-square 0.9715

SD (mg g~ 1) 7.568 SD (mg g~ 1) 2.907

Linear pseudo-second order-4 | Figure 3.18g | Linear pseudo-second order-4 | Figure 3.18h
ky (min g mg™ 1) 4.084 x 10~* | kp (min g mg~") 2769 x 1074
ge (mg g™ 132.1 ge (mgg™") 154.2
Number of points 17 Number of points 7

Degrees of freedom 15 Degrees of freedom 5

Reduced Chi-Sqr. 0.1780 Reduced Chi-Sqr. 0.01228

(mg g~ min~") (mg g~ min~1)

(continued)
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Table 3.9 (continued)

Parameter Value Parameter Value
Res. sum of squ. 2.669 Resid. sum of squ. 0.06140
(mg g~ ' min~")> (mg g~ min~")>

R value 0.9679 R value 0.9944
R-square (COD) 0.9368 R-square (COD) 0.9888
Adj. R-square 0.9326 Adj. R-square 0.9866
SD (mg g~! min~") 0.4218 SD. (mg g~ ! min~1) 0.1108

pseudo-second-order-1 equations provide values of R? close to unity, an assump-
tion of a good fit of any model but the values of the parameters (equilibrium
and kinetics) differ from those of the nonlinear equations. Similarly, it should
be stressed that with the manipulation of data to convert a nonlinear equation to
linear formats, the units of the ¥ and X axes changed remarkably. Therefore, the
reduced Chi-square and SD should be taken into consideration while evaluating
the fit of a model. Only the linearized model that presents the same Y-axis (g and
q; for equilibrium and kinetic equations, respectively) could be directly compared
with the nonlinear equations. The linearized equations exhibited different units,
although those values could be glancingly better when compared with nonlinear
equations, but the numerical values do not correspond to the values of reduced
Chi-square and SD of nonlinear equations, and therefore, they are incomparable.
We do hope that the perusal of the figures and tables presented in this section will
make it clearer to the readers that the nonlinear usage of equilibrium and kinet-
ics of adsorption models give values that are reliable and statistical relevant to the
modeling of an isotherm and kinetic of adsorption curve. We do not recommend
the usage of linearized equilibrium and kinetics of adsorption models, even in the
cases of linearized Langmuir-1 and linearized pseudo-second-order-1 equations.

Table 3.10 shows the relative difference on the kinetic parameters of pseudo-first
order and pseudo-second order. In some cases, where experimental data points were
deleted to increase the values of R? (see Table 3.10), the relative difference of the kinetic
parameters became worse compared to parameters before experimental data points
were deleted. Therefore, we reiterated that linearization of equilibrium and kinetic of
adsorption models could make the parameter values of the models meaningless.

Other point that was not taken into account in this analysis is that for lineari-
zation, almost all manuscripts described that linearized pseudo-second-order-1
model is followed. Perusing through Table 3.9, this observation can be errone-
ously concluded. However, the linearized pseudo-first-order model is not always
a good fit. If one compares Rgdj and SD values for nonlinearized kinetic models,
in the example given in this chapter (Tables 3.8 and 3.9), one will observe that
the kinetic data fit better to nonlinear pseudo-first-order (Rgdj 0.9995; SD 0.8386)
than the nonlinear pseudo-second-order (Rgdj 0.9862; SD 4.244). It is important to
stress that the SD of nonlinearized pseudo-second order is 5.1 times higher than
the nonlinearized pseudo-first order. Therefore, it is evident that the kinetic should
follow pseudo-first order in preference. However, using the distorted linearized
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Table 3.10 Relative differences of g. and & or k3 kinetic parameters of linearized pseudo-first order,
linearized pseudo-second order-1, pseudo-second order-2, pseudo-second order-3, and pseudo-sec-
ond order-4 in relation to nonlinear pseudo-first order and nonlinear pseudo-second order equations

Pseudo-first order 1 % difference % difference
ki 4.55 ki 51.13
qe —10.22 qe 56.33
Figure 3.17b Figure 3.17¢
Pseudo-second order-1 % difterence
ko —30.02
qe 3.55
Figure 3.18b
Pseudo-second order-2 % difference % difference
ko 35.77 ko 52.73
qe —9.08 qe —24.15
Figure 3.18¢ Figure 3.18d
Pseudo-second order-3 % difterence % difference
k> 16.38 ko 18.32
qe —2.45 qe —7.42
Figure 3.18e Figure 3.18f
Pseudo-second order-4 % difference % difference
k> 23.03 k> 47.81
qe —4.26 qe —21.70
Figure 3.18¢g Figure 3.18h

Values are expressed in percentage

equations, the opposite is obtained. This should be one of the reasons majorities of
the papers reported in the literature used linearized equations, almost all, suggest
that the kinetic should follow pseudo-second order in disadvantage of pseudo-first
order. However, if the nonlinearized equations were employed, the opposite could
be obtained. This is one of the reasons that the authors of this chapter do not rec-
ommend the use of linearized equations for the equilibrium and kinetic of adsorp-
tion, and we also reiterate that there are so many errors committed in the published
literatures of adsorption research.

3.4.3 Other Common Mistakes in Adsorption Works

It is very common in the adsorption literature that the authors attribute that a mecha-
nism of adsorption is chemisorption based only on the fitting parameters of kinetic
data of the linearized pseudo-second-order-1 equation. As visibly seen in the above
example, this is the mathematical model that provides the best fitting result (higher
R, Rgdj, lower SD, among others). In this case the authors committed two errors:
first, using linearized equations; only linearized pseudo-second-order-1 equation
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fits with good values of RZ, even better than nonlinearized equation; however, the
authors did not take into account that the values of k» and g could be completely
compromised (see Table 3.10). Second, using nonlinearized equations; other kinetic
models could give better fits than the linearized pseudo-second-order-1 model (see
Tables 3.8 and 3.9). Given that the pseudo-second-order kinetic model is the best
fitting model (using nonlinear equations) does not mean that adsorption process is
a chemical adsorption. The early works of pseudo-second-order model [7, 28] used
the sorption of metallic ions with adsorbents that could form complexes with the
metallic ions. In this case, the sorption process should be the formation of cova-
lent bond between the adsorbate and the adsorbent. However, this specific case of
a pseudo-second-order kinetic model being followed does not imply that the sorp-
tion process is a chemisorption. To establish if an adsorption process is chemical or
physical, it is necessary to prove the formation of some chemical bonds using some
analytical techniques (FTIR, Raman spectroscopy, TGA, and so on) combined with
thermodynamical data of changes in enthalpy (AH) and changes in entropy (AS).
It is expected that large organic molecules would be adsorbed by physical interac-
tions and small inorganic ions could be complexed with nitrogen or oxygen atoms
of amine, amide, phenols, alcohols, and so on, being an interaction with adsorbent,
which is a chemical adsorption process. This chapter will not discuss the errors com-
mitted in the literature, where authors attribute adsorption process inadvertently to
chemical sorption based just on the kinetic data as explained above.

Another problem that is always commented in almost all adsorption researches
is the calculation of the thermodynamic parameters (Enthalpy and Entropy
changes) using the equilibrium data. Majority of authors use the following equa-
tions for the determination of the thermodynamic parameters:

(Co — Co)

Kp=-——%
D C. (3.36)
AGY = AH® — TAS° (3.37)

0 _

AG" = RT In(Kp) (3.38)

Equation 3.39 is obtained from Eqs. 3.37 and 3.38.

AS®  AHY 1

In(Kp) = — — — - = 3.39
n(Kp) R R T (3.39)

where R is the universal gas constant (8.314 J K—! mol~!); T is the absolute tem-
perature (Kelvin); and Kp is the distribution equilibrium constant (dimensionless).

By plotting a graph of In(Kp) versus 1/7, a straight line is obtained. From the
intercept and slope of the plot, it is possible to calculate the changes in Entropy AS°
and changes in enthalpy (AH°®), respectively. Until this point, everything seems to
be regular. However, some authors usually do not mention how initial concentra-
tions (C,) and equilibrium concentrations (C.) they had employed in the calculation
of Kp were arrived at. In addition, most authors did not report in their papers that
Kp decreases exponentially as Ce and C, increase, as shown in Fig. 3.19.
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Fig. 3.19 Distribution constant Kp as function of equilibrium concentrations Ce. a 298 K;
b 303 K; ¢ 308 K; d 313 K; e 318 K; f 323 K. These data were culled from the adsorption of
Reactive Orange-16 (RO-16) dye onto coffee wastes carbon composite [12]
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Fig. 3.20 In (Kp) versus 1/T

As seen in Fig. 3.19, Kp has no fixed value at a given temperature. The most
correct Kp value should therefore be calculated from infinite dilution (low values
of C,). By fitting the experimental data to an exponential decay equation, it is pos-
sible to evaluate the value of Kp for C, = 0 (the value of Kp at infinite dilution).
Using these considerations, it is possible to compute the values of Kp at each tem-
perature value; subsequently, it is possible to calculate the thermodynamic param-
eters by employing Eq. 3.39. Figure 3.20 shows this graph.
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By observing Fig. 3.20, it is remarkable that In(Kp) versus 1/7 is not a linear rela-
tion (Rgdj 0.2802). Therefore, if the authors calculate Kp at infinite dilution, it is quite
impossible to determine correctly the values of AH® and AS° of adsorption process.

On the contrary, instead of calculating the equilibrium constant (Kp), it is pos-
sible to calculate the value of adsorption equilibrium constant from the value of
the nonlinear isotherm equilibrium model that gives the best fit to the experimental
data. Therefore, K is the equilibrium adsorption constants of the isotherm fits (for
this specific case (K = Kg), K,—Liu equilibrium constant, which must be con-
verted to SI units using the molecular mass of the dye). Making a plot of In(K)
versus 1/7, a linear graph should be obtained. It is possible to evaluate AS° and
AH° from the respective intercept and slope of the plot [24].

From Fig. 3.21, it is observed that the equilibrium constants calculated from
the Liu isotherm (from 298 to 323 K) [12] showed a linear relationship with the
reciprocal of temperature. From this figure, AS°® (177.3 J K=! mol~!) and AH®
(30.4 kJ mol~!) were calculated [24]. These values of adsorption enthalpy are in
agreement with the electrostatic attraction of negatively charged dye reactive red
120 with the positively charged adsorbent at pH 2.0 as reported in the literature [24].

3.5 Concluding Remarks

In this chapter, the commonly employed and unpopular adsorption equilibrium
isotherm models such as Langmuir, Freundlich, Sips, Liu, Redlich—Peterson,
Hill, Khan, Radke—Prausnitz and Toth were discussed with suitable illustrations.
Adsorption kinetic models such as pseudo-first-order, pseudo-second-order, gen-
eral-order and empiric models (Avrami fractionary and Elovich chemisorption)
were adequately described. The usage of different isotherm models at different
temperature values was suggested in this chapter. The importance and considera-
tion of statistical parameters such as Rﬁdj and SD were emphasized. The statistical
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analysis is a guidance for adsorption researchers to select the best adsorption
isotherm and kinetic model for their work, which is coupled with obtainability of
useful constants or parameters that are meaningful. The model with the best value
of Rid- and the lowest value of SD should be considered as the best isotherm and
kinetic model to describe the adsorption process. Based on the detailed analysis of
linearized and nonlinearized models in this chapter, we do not recommend the use
of linearized equations for the analysis of adsorption equilibrium and kinetic data.
Analytical techniques together with thermodynamical data of enthalpy and entropy
changes are needed to affirm if an adsorption process is a chemical or a physi-
cal process. It is advisable to evaluate the value of adsorption equilibrium constant
(K) from the value of the best fit nonlinear isotherm equilibrium model instead of
using calculated equilibrium constant (Kp) from initial and equilibrium concen-
trations of an adsorbate. Overall, this chapter proffered solutions to the common
errors arising from usage of linearized equilibrium and kinetic adsorption models.
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Chapter 4
Experimental Adsorption

Eder Cliudio Lima, Matthew Ayorinde Adebayo
and Fernando Machado Machado

Abstract One of the major challenges of the technological driven society is the
lingering environmental pollution as a result of toxic species. Adsorption is one of
the versatile techniques employed for removal of toxic species from aqueous solu-
tions. Several factors have been identified to influence adsorptive systems. Thus, it
is pertinent to know the phenomena involved in the adsorption processes in order
to improve the conditions for the interaction between adsorbent and adsorbate. In
this context, we present in this chapter several factors and experimental conditions
that could have effect on the batch adsorption method. The role of the morphol-
ogy and textural properties of the adsorbents such as pore size, total pore vol-
ume and superficial area are developed in the text. Moreover, the effects of the
initial adsorbate concentration and dosage of adsorbent in the adsorption process
are explained. We also evaluate the importance of the major experimental condi-
tions in the adsorption process, these being the pH of adsorbate solution, agitation
speed, the temperature at which the adsorption process is carried out and the con-
tact time between the adsorbent and adsorbate.
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Abbreviations

IUPAC International Union of Pure and Applied Chemistry
MWCNT  Multi-walled carbon nanotubes

pHzpc Point of zero charge

PW Pore width

SWCNT  Single-walled carbon nanotubes

4.1 Introduction

Water, a polar and basic substance, is needed by a living system for transportation
of nutrients as well as waste products of metabolism. The water system is being
polluted every day. There is a connection between pollution and diseases. Large
amounts of pollutants are released to the hydric system annually due to industrial,
agro-industrial and domestic activities. The discharge of untreated effluents from
industries has direct or indirect adverse effects on aquatic organisms and human
beings. Therefore, an improvement of methods for increasing the efficiency of
effluent treatment is very important.

As a result of the strict regulations by the governmental organizations and
agencies over the releases of pollutants to the environment, several methods for
the treatment of effluents have been established. Out of the several methods for
effluent treatment, the adsorption technique is the most promising procedure for
effluent treatment because the method is easy, cheap and efficient for treatment
of effluent. Utilization of nanomaterials as adsorbents for wastewater or efflu-
ent treatment has lessen human exposure to environmental risks. The pollutant
is retained in a solid phase. This technique allows large amount of contaminated
effluents to be treated with a small amount of an adsorbent, which reduces the
quantity of the pollutant by a factor of between 100 and 1000 after treatment. One
of advantages of adsorption method is that the adsorbent could be regenerated and
stored for a reuse. It is germane to stress that the bioavailability of the pollutant
retained in a solid phase is lower than the one present in aqueous medium. The
treated water could be released into environment or reused in industrial processes
that require water of low purity [1].

In this way it is very important to know the phenomena involved in the adsorp-
tion processes so that the interactive conditions between the adsorbent and adsorb-
ate could be improved upon. There are several influential factors and experimental
conditions of adsorptive systems. The main factors that could have influence on
the adsorption processes are: morphology and textural properties of adsorbents,
initial concentrations of adsorbate, pH of the adsorbate, contact time, temperature,
adsorbent dosage and agitation speed.
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4.2 Morphology and Textural Properties of Adsorbents

For a success of wastewater treatment, the correct choice of the adsorbent is
a major determining factor. The sorption capacity of the chosen adsorbent, its
mechanical and chemical resistance in the applied medium should be taken into
consideration. Similarly, the ability to regenerate the loaded adsorbent should be
considered.

The textural properties of the adsorbents such as pore size, total pore volume
and superficial area are important factors that influence the adsorption process
because adsorption is a surface phenomenon [2]. Adsorption of pollutants utilizing
nanomaterials requires interaction between functional groups of an adsorbate and
the active sites of a nanomaterial (adsorbent), which is influenced by the textural
and structural properties of the adsorbent.

The adsorption efficiency depends on the pore size, since the adsorbate could
be retained on the surface of the adsorbent and could diffused in the internal pores
of the adsorbent (intra-particle diffusion). In the latter mechanism, the pore size
is directly related to the rate of diffusion of adsorbate in the internal pores of the
adsorbent and to the sorption capacity of the adsorbent [2, 3].

According to the International Union of Pure and Applied Chemistry (IUPAC),
the total porosity of a material can be classified based on the pore width [2—4], as
shown in Table 4.1.

The pore size is expressed in terms of the diameter of the aperture by presum-
ing cylindrical or slit width as shown in Fig. 4.1, for a case of a single-walled
carbon nanotube (SWCNT) (Fig. 4.1a) and two overlapping sheets of graphene
(Fig. 4.1b).

The sorption capacity of an adsorbent is directly related to the pore size ratio of
the adsorbent, which is a function of the dimension of the adsorbate specie. The
adsorption of gases occurs meanly at the micropores of an adsorbent [5, 6], on
the other hand, higher molecules such as synthetic dyes are mainly retained in the
mesopores of an adsorbent [7, 8]. It is well known that the surface area is higher
for microporous materials [9], therefore, higher surface area and higher pore vol-
ume of the adsorbent will yield adsorbents with high sorption capacity for small
species such as gases and inorganic ions [7-10]. For larger adsorbates, the resist-
ance to the diffusion is higher and part of the internal surface of the adsorbent is
unavailable for adsorption. The accessibility to the active sites of the adsorbent is
easier for adsorbents with wider pores and large particle sizes that would lead to

g‘able 4.1 Pore sized. Classification Pore width

enomination according -

to TUPAC Micropore PW <2 nm
Mesopore 2 nm < PW <50 nm
Macropore PW > 50 nm
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(b)

Fig. 4.1 Schematic diagram of representative pores in carbon nanomaterials: a cylindrical pore
and b slit pore

higher sorption capacity of the adsorbent for larger adsorbates [6]. The volume of
all breaks, cracks, holes and channels within the body of the adsorbent particles
corresponds to the total pore volume [10]. This characteristic is also very impor-
tant in the sorption capacity of an adsorbent. Adsorbent with higher total pore vol-
ume will have higher sorption capacity [10].

Besides the textural properties described above, the structural characteristic is
also important. The arrangement of atoms and electronic properties of the adsor-
bent also present an important role in the adsorption process, mainly with the car-
bon nanoadsorbents, such as graphene-family as well as nanotubes. The highly
hydrophobic property of these adsorbents is as a result of high 7 electron density
of sp? carbons, donor—acceptor interactions between the surface carbonyl groups
(electron donors) and the aromatic rings [11]. Furthermore, the nanosized struc-
tures of nanocarbon adsorbents also endow them some advantages such as rapid
equilibrium rates, high adsorption capacity, and effectiveness over a broad pH
range [12]. These characteristics were elucidated in Chap. 2.

4.3 The Initial Adsorbate Concentrations

The initial concentration (C,) is an important parameter that gives information
about the capacity of the adsorbent using a fixed amount of the adsorbent. Usually,
increasing the initial adsorbate concentration would lead to an increase in the
amount adsorbed, until the adsorbent gets saturated. Figure 4.2 shows an exam-
ple of an adsorbent present in a fix amount while the initial concentration of the
adsorbate was varied. The sorption capacity increases and then level-off when the
surface of adsorbent gets saturated.

It is reported in the literature that the sorption capacities of some adsorbents,
such as composite of multi-walled carbon nanotubes (MWCNT) increase with an
increase of the adsorbate concentration [10, 13]. This is attributed to the greater
driving force through a higher concentration gradient at high concentration levels
[10, 14]. Besides that, for adsorbate solutions with lower concentration, the ini-
tial sorption rate is faster and an increase in the initial concentration leads to an
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increase in the time necessary to attain the equilibrium [14]. This is one of the rea-
sons why authors use agitation time higher than the equilibrium time when investi-
gating isotherms with higher concentrations of the adsorbate [1, 7, 8, 10, 15].

4.4 pH of the Solution

One of the most influential factors in adsorption studies is the effect of pH of the
adsorbate solution. Different adsorbate have different suitable pH ranges, depend-
ing on the adsorbent used. The adsorption of contaminants molecules on carbon
nanostructures is affected by surface charge of adsorbent and speciation of pol-
lutant in solution, which in turn is influenced by solution pH [7, 8]. The pH of the
solution influences the adsorption capacity and overall adsorption process [7, 8].

It is possible to know if the surface of an adsorbent is positively or negatively
charged depending on pH. The point of zero charge (pHpzc) is the pH value
required for surface of adsorbent to have a net neutral charge. Figure 4.3 shows
the influence of the pHpzc of a natural adsorbent on the percentage of a reactive
dye removal as a function of the initial pH of the dye solution [8]. The pH = 5.45
for the natural adsorbent. For illustration, using the Reactive Red 120 dye with six
sulphonate groups as the adsorbate. These sulphonate groups are negative charged
even in highly acidic solutions because their pKa values are lower than zero [8].
For pH values lower than pHpzc the adsorbent presents a positive surface charge
(see Fig. 4.3a) [8]. The dissolved Reactive Red 120 dye is negatively charged in
aqueous solutions. The adsorption of the Reactive Red 120 dye takes place when
the adsorbent present a positive surface charge (pH < 5.45). However, the lower
the pH value from the pHpzc, the more positive the surface of the adsorbent [8].
This phenomenon explains the high sorption capacity of Reactive Red 120 dye at
pH = 2 using a natural adsorbent (see Fig. 4.3b).



76 E.C. Lima et al.

70
@] (b)
1,0 0
0,5 pH,, =545 50 4
0,04 ¥ * —= 40
I g
30
S 051 g
/e 20 4
1,0 4 =
10
1,5 4 0
2,0 T T T T T -10 T T T T T
2 4 6 8 10 2 4 [ 8 10
Initial pH Initial pH

Fig. 4.3 a The point of zero charge of a natural adsorbent. b The influence of pHpzc of a natural
adsorbent on the percentage of removal of Reactive Red 120 dye from aqueous solutions at dif-
ferent pH values of the adsorbate solution. The symbol + and — stands for positively and nega-
tively charged surface, respectively

This adsorbent can adsorb anions at pH < pHpzc and adsorb cations at
pH > pHpzc. The adsorption of cations from adsorbate solution with pH values
lower than the pHzpc is not favored because of the occurrence of the electrostatic
repulsion between the positively charged adsorbent surface and the cations, as well
as the competition between HT and cations. On the other hand, the adsorbent sur-
face will be negative charged when pH of the adsorbate solution is greater than the
pHzpc (alkaline pH), therefore, the functional groups on the adsorbent surface are
deprotonated to form the negative charged surface, thereby favors adsorption of
cations on the surface of the carbon adsorbent [15].

It is noteworthy that the pHpzc of carbonaceous materials depends on acidic
functional groups on their surface [16, 17]. The higher the concentration of acidic
functional groups on the surface, the lower the pHpzc value of carbonaceous mate-
rials [18].

4.5 Contact Time

During the kinetic adsorption studies it is possible to measure the minimum
time to attain the equilibrium. After this time, it is assumed that the system
attained the equilibrium. However, the adsorption user should take into account
that the initial adsorbate concentration influences the adsorption rate. Therefore,
after performing the kinetic experiments, and obtaining the minimum time
to attain the equilibrium, it is wise to increase the contact time for the proper
interaction between the adsorbent and adsorbate to guarantee proper equilib-
rium at higher concentration levels [1, 7, 8, 10, 15]. The effect of contact time
on the adsorption of Direct Blue 53 (DB-53) dye [10] onto MWCNT is pre-
sented in Fig. 4.4.
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Fig. 4.4 Effect of contact
time for the interaction
between DB-53 dye 1
and MWCNT. Initial 504
concentration 300.0 mg L1, 1
temperature 25 °C

604

40

304

% Removal

v T v T v 1 v 1 v 1 v 1
0 60 120 180 240 300 360
Time (h)

4.6 Temperature

The temperature at which the adsorption process is carried out will influence both
the rate of sorption and the degree in which sorption occurs. An increase in tem-
perature may lead to an increase in the kinetic energy and mobility of the mol-
ecules of the adsorbate and also increase the rate of intra-particle diffusion of the
adsorbate [19]. As the molecules increase beyond the mobility of the adsorbate,
the viscosity of the solution decreases with the increase in temperature, which in
turn aids diffusing of molecules into the pores surface [18].

It is reported in the literature that the adsorption capacity of metal ions, for
example, of Zn(Il) and Pb(Il) increases considerably with an increase in temper-
ature [20, 21]. Furthermore, the time required for the adsorption of about 50 %
of maximum sorption capacity to take place is lower at higher temperatures in
the case of Zn(II) [21]. Similar pattern is also observed for the adsorption of tex-
tile dyes [22, 23]. Therefore, changes in the temperature could alter the sorption
capacity. This prediction, however, is not easy to obtain. An increase in tempera-
ture could increase or keep practically constant or decrease the sorption capacity
of a given adsorbate on adsorbent.

In the adsorption process the effect of temperature on the system is reflected
in the rate constant of adsorption. If adsorption studies are performed at differ-
ent temperature values, one can obtain the value of the respective rate constants
that can be used to evaluate the activation energy (E,) of process using Eq. (4.1).
Equation (4.1) is known as Arrhenius equation [24].

E,
Ink=InA - — .
n n RT (4.1)

where k is the rate constant of the adsorption process; A is the Arrhenius con-
stant; and E, is the Arrhenius activation energy (kJ mol~!) of the adsorption
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process, T is the absolute temperature (Kelvin) and R is the universal gas constant
(8.314 T mol~! K~1). A plot of In k versus 1/T should show a linear relationship
with a slope —FE,/R, allowing the calculation of E, of the process. This parameter
is important because it describes the nature of the interactions between the adsorb-
ate molecule and the adsorbent [24, 25].

Other activation parameters such as the variation of the activation enthalpy
(AH") and the change in entropy of activation (AS™) can be obtained from Eyring

equation, Eq. (4.2).
I k ) kp n AS*  AH* 1
n{—=)=In — -
T h R R T 4.2)

where kg (1.381 x 1072 J mol~!) and h (6.626 x 10734 J s) are the Boltzmann
and Planck constants, respectively. The linear relationship of In (k/T) versus 1/T
gives AH/R as the slope from which the activation enthalpy can be calculated.
From the intercept the term In (kg/h) + AS™/R from which the entropy of acti-
vation can be obtained. Using the activation parameters AH" and AS”, the free

energy of activation AG™ can be calculated from the following relationship
(Eq. 4.3) [24]:

AG* = AH* — TAS* 4.3)

Another important change that occur when the temperature is increased is the
equilibrium constants obtained from different isotherm models. An increase
in temperature could decrease or increase the equilibrium constant of a pair of
adsorbate/adsorbent. This observation affects the thermodynamics parameters of
adsorption such as Gibb’s free energy, enthalpy change and entropy change. The
Gibb’s free energy change (AG®, kJ mol™!), enthalpy change (AH®, kJ] mol™!)
and entropy change (AS°, J mol~! K~!) can be evaluated with the aid of Eqs. 4.4—
4.6, respectively.

AGY = AH? — TAS° (4.4)
AG? = —RT In (K) (4.5)
Equation 4.6 is obtained from Egs. 4.4 and 4.5;
ASY  AHO 1
nEK)=— - — . = 4.6
n (K) R T (4.6)

where R is the universal gas constant (8.314 J K~! mol™!); T is the absolute
temperature (Kelvin); K represents the adsorption constants of the isotherm fits
(K—the equilibrium constant, which must be converted to SI units, by using the
molecular mass of the adsorbate) obtained from the isotherm plots. It is known
that different adsorption equilibrium constants (K) can be obtained from different
isotherm models [26-30]. Therefore, if an increase in temperature induce system-
atic increase in the equilibrium constant of an isotherm, the process of adsorption
is endothermic. On the other hand, if an increase in temperature of the adsorption
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experiments bring about a decrease in the equilibrium constant, the process is exo-
thermic. Authors sometimes confound this concept with the increase of sorption
capacity. An increase in sorption capacity (g.) as a result of an increase in tem-
perature does not means that the adsorption process is endothermic. It could be
exothermic. The nature of the process depends if the equilibrium constant obtained
from different isotherms (Langmuir, Sips, Liu, etc.) increases or decreases with
an increment in temperature. In Tables 4.2, 4.3 and 4.4, it could be noticed that an
increase in the temperature of adsorption induces an increment in the maximum
sorption capacity (Qmax) but decreases the Liu equilibrium constant (exothermic
process); an increase in temperature causes an increase in the Qpax and an increase
in the Sips equilibrium constant (endothermic process); similarly in the third case,
an increase in temperature led to a decrease in QOnmax and a decrease in the values

Table 4.2 Isotherm parameters for Reactive Violet-5 dye adsorption using Cocoa shell activated
carbon [31]

‘298K 303 K 308 K 313K 318 K 323 K
Liu isotherm
Omax (mg g~ 603.3 577.7 554.1 530.4 510.8 491.0
K, (L mg~") 0.3237 0.2756 0.2384 0.2049 0.1734 0.1471
nr 0.3873 0.4704 0.5738 0.7017 0.8259 0.9099
R? 0.9998 0.9998 0.9997 0.9996 0.9997 0.9997

Where Kj is the Liu equilibrium constant, ny, is dimensionless exponent of the Liu equation and
R? is the determination factor

Table 4.3 Isotherm parameters for Reactive Red 120 dye adsorption, using Pindn activated
carbon [32]

‘298K 303 K 308 K 313K 318K 323K
Sips isotherm
Omax (mg g~ 1) 292 306 312 317 323 328
Ks [(g L=~ lns) 0.173 0.195 0.221 0.251 0.283 0.318
ns 1.25 1.33 1.46 1.59 1.93 2.15
R? 1.000 1.000 1.000 1.000 1.000 1.000

Where Ks is the Sips equilibrium constant and ng is dimensionless exponent of the Sips equation

Table 4.4 Isotherm parameters for Reactive red 120 dye adsorption, using Spirulina platensis
microalgae adsorbent [30]

1298 K 1303 K 308 K 313K 318K 323K
Liu isotherm
Oumax (mg g~ 482.2 447.6 413.9 386.1 359.4 333.2
K, (L mg™") 0.1698 0.1539 0.1412 0.1257 0.1142  |0.1048
n 0.5235 0.5424 0.5658 0.5781 0.5890 | 0.5313
R, 0.9996 0.9997 0.9998 0.9996 0.9998 | 0.9996

Where R%

adi is the adjusted determination factor
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of K (exothermic process). Based on these values, it is not possible to predict if an
increase in temperature would lead to endothermic or exothermic adsorption pro-
cess, unless the isotherm equilibrium constants are evaluated.

4.7 Adsorbent Dosages

The variation of adsorbent dosage for the removal of adsorbates from aqueous solu-
tion is usually carried out using adsorbent dosages ranging from 1.0 to 30.0 g L~!
of adsorbents [32, 33] at a fixed adsorbate concentration. Initially, an increase in
adsorbent dosage tends to cause an increase in the percentage of removal, until a
plateau is reached and the curve is leveled off (see Fig. 4.5). For adsorbent dosages
higher than the threshold value of adsorbent dosage, the percentage of adsorbate
removal remained almost constant. Increasing in the percentage of the adsorbate
removal as the adsorbent dosages increase up to threshold value of adsorbent dos-
age could be attributed to increases in the adsorbent surface areas, augmenting the
number of adsorption sites available for adsorption, as already reported in several
papers [32, 33]. On the other hand, an increase in the adsorbent doses leads to a
remarkable decrease in the amount of dye uptake per gram of adsorbent (g), (see
Fig. 4.6). The effect can be mathematically explained using Eq. 4.7 [32, 33].

. %Removal - C,

100 - X .

As observed from Eq. 4.7 the amount of adsorbate uptake (g) is inversely propor-
tional to the adsorbent dosages (X). An increase in the adsorbent dosage leads to
a decrease in ¢ values, since the volume (V) and initial adsorbate concentrations

110
100 4
g-g-p-f-g-g—8—8—n
90 1
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% Removal
n
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404 4
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Fig. 4.5 Effect of adsorbent dosage on the percentage of removal of an adsorbate using an
adsorbent
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Fig. 4.6 Effect of adsorbent dosage on the sorption capacity of an adsorbate using an adsorbent

(C,) are always fixed. These values clearly indicate that the adsorbent dosage must
be fixed at the threshold value, which is the adsorbent dosage that corresponds
to the minimum amount of adsorbent that leads to constant adsorbate removal
[33]. Moreover, the mathematical explanation about the decrease of q value with
an increase in adsorbent dosage can be explained using two factors. Firstly, an
increase in adsorbent mass at fixed adsorbate concentration and volume will lead
to unsaturation of adsorption sites through the adsorption process, and secondly,
the reduction in adsorbent capacity may be due to particle aggregation, resulting
from high adsorbent mass. Such aggregation would lead to a decrease in the total
surface area of the adsorbent and an increase in diffusional path length [33].

4.8 Agitation Speed

Another influential factor of adsorptive system is agitation speed. Agitation speed is
not always investigated, however, it influences adsorption process up to a remarkable
level. An adsorbent must interact properly with a given adsorbate before it can be
adsorbed from solutions. Therefore, an adsorptive system must be reasonably agi-
tated to bring adsorbate molecules closer to the active sites of adsorbents. Influence
of agitation speed on the removal of Malachite green (MG) by S. asper is shown in
Fig. 4.7. From this figure, 150 rpm (revolution per minute) was the optimal speed for
MG removal. Most of the researchers utilized between 100 and 200 rpm as optimal
adsorption agitation speed depending on the nature of the system under investigation.
Generally, pollutants uptake by nanostructured materials is proportional to the
agitation speed until a climax is reached after which an increase in speed tends to
decrease or keep constant the uptake of pollutants. At extremely low or high agi-
tation speed, adsorption process cannot be optimally achieved. Elevated agitation
speed could trigger desorption due to breaking down of adsorbate molecules [34].
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Fig. 4.7 Influence of agitation speed on Malachite Green removal by S. asper

Different pairs of adsorbate—adsorbent could have different optimum agitation
speed, which could influence the adsorption capacity. Agitation speed should be
considered and not assumed while investigating adsorptive systems.

4.9 Concluding Remarks

In this chapter, the main experimental factors and conditions that influence the
adsorption batch process were discussed and correlated with examples reported
in the literature. As elaborated, the textural properties of the adsorbents are very
important factors that influence the adsorption process. The adsorption of small
molecules occurs meanly at the micropores of an adsorbent, in contrast, higher
molecules are mainly retained in the mesopores of an adsorbent. The micropo-
rous materials are characterized for higher surface area. The total pore volume is
also important in the sorption capacity of an adsorbent, higher total pore volume
of an adsorbent will lead to adsorbents of higher sorption capacity. Regarding the
initial adsorbate concentration, this increase, usually, would lead to an increase
in the amount adsorbed, until the adsorbent get saturated. Already the adsorbent
dosage must be fixed at the threshold value, which is the adsorbent dosage that
corresponds to the minimum amount of adsorbent that leads to constant adsorb-
ate removal. The pH of the solution can influence the overall adsorption process
and the adsorption capacity because different species can have different opti-
mal pH ranges depending on the adsorbent used. Concerning the contact time,
it is advisable to increase the contact time of the interaction between adsorbent
and adsorbate beyond the equilibrium time to guarantee the proper equilibrium
at higher concentration levels. Apropos the temperature changes, it could change
the sorption capacity. An increase in temperature could increase, keep practically
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constant or decrease the sorption capacity of a given adsorbate on a given adsor-
bent. Similarly, agitation speed of an adsorptive system has been found to influ-
ence adsorption capacity.
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Chapter 5
Carbon Nanomaterials for Environmental
Applications

Fernando Machado Machado, Eder Claudio Lima, Iuri Medeiros Jauris
and Matthew Ayorinde Adebayo

Abstract The qualities of waters are constantly diminishing due to release of
toxic components into the environment. It is very important to treat wastewater
in order to remove pollutants and improve water quality. Generally, adsorption
technology has proven to be one of the most effective techniques in the separa-
tion and removal of a wide variety of organic and inorganic pollutants from waste-
water. Recently, carbon nanomaterials such as fullerene, carbon nanotubes (CNT)
and graphene-family have become promising adsorbents for water treatment.
This chapter compiles relevant knowledge about the experimental and theoretical
adsorption activities of fullerene, CNT and graphene-family as nanoadsorbents for
removal of organic and inorganic environmental pollutants.
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Abbreviations

AR-183 Acid Red 183

BPH A Bisphenol A

COD Chemical Oxygen Demand

CP Chlorpyrifos

CNT Carbon Nanotube

DB-53 Direct Blue 53 dye

DCL Sodium Diclofenac

DFT Density Functional Theory

DOX Doxorubicin

EDC Endocrine Disrupting Compounds

ES Endosulfan

GO Graphene Oxide

GNSs Graphene Nanosheets

MB Methyl Blue

ML Malathion

MO Methyl Orange

MWCNT Multi-Walled Carbon Nanotube

NAPH 2-Naphthol and Naphthalene

PAC Powdered Activated Carbon

RB-4 Reactive Blue 4

rGO Reduced Graphene Oxide

RRM Reactive Red M-2BE

SIESTA Spanish Initiative for Electronic Simulations with Thousands of
Atoms

SWCNT Single-Walled Carbon Nanotube

TCB 1,2,4-Trichlorobenzene

TCP 2,4,6-Trichlorophenol

5.1 Introduction

Adsorption technology is considered, by several researchers, as the most promis-
ing technique of water treatment and purification. It is an extremely robust tech-
nique with high-efficiency at low cost. However, for a successful wastewater
treatment, the correct choice of adsorbent is a major determining factor. Carbon-
based nanomaterials have been extensively explored for adsorption applications
because of their structural diversity, large specific surface area, small size, good
chemical stability, low density, possible regeneration and reusability [1].
Fullerenes, which possess structures characterized with a spherical, ellipsoid,
or cylindrical arrangement of dozens of carbon atoms [2] with high chemical
and thermal stability and excellent electron acceptor, have been investigated as
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potential adsorbents [1, 2]. The fullerenes have shown good sorption capacities for
removal of organic pollutants such as aliphatic, cyclic and aromatic compounds
from solutions [1, 3, 4].

Multi-walled (MWCNT) and single-walled carbon nanotubes (SWCNT) [5-7]
have been shown as effective adsorbents for removal of many adsorbates. They are
attractive and alternative adsorbents for removal of organic and inorganic contami-
nants from water due to high aspect ratio, high pore size and total pore volume,
and large surface area [1, 8, 9].

The graphene, a single atomic layer of graphite [10], has been used in a number
of investigations to study its applicability as a potential adsorbent for water purifi-
cation. Recently, members of the graphene-family nanomaterials such as graphene
oxide (GO), reduced graphene oxide (rGO) and graphene nanosheets have also
emerged as a promising group of adsorbents for the removal of various environ-
mental pollutants from aqueous effluents [1, 11, 12].

In this chapter, we present an overview of the current and available experimen-
tal and theoretical research on carbon nanomaterials such as fullerene, carbon
nanotubes (CNT) and graphene-family for removal of toxic species such as syn-
thetic dyes, drugs and pesticides, as well as metallic ions from aquatic systems. In
addition, we briefly discuss the physical, chemical and structural properties of the
interactions between the contaminants and the carbon nanomaterials to appraise
the use of these nanoadsorbents in environmental applications.

5.2 Removal of Metallic Ions

The contamination of hydric systems by metallic ions such as Cu(Il), Cd(Il),
Pb(I), Cr(II) and Cr(VI), Zn(I) and Ni(II) has steadily increased over the past
few decades due to uncontrolled discharge of waste effluents from industries such
as metal plating, mining, electroplating, smelting, tanneries, painting, printing and
petroleum refining, as well as runoff from agricultural lands, where fertilizer and
fungicidal spray are intensively used. These metallic ions tend to accumulate in
living organisms and have potentially damaging effects on human physiology and
other biological systems when the tolerance levels are exceeded [13, 14].

Numerous investigations have been undertaken to evaluate the removal capac-
ity of metallic ions by CNT from water systems. In the subsequent paragraphs,
recent advances in the adsorption of metallic ions from wastewaters by MWCNT
and SWCNT are presented.

For metallic ions, the parameters such as pH and temperature play a funda-
mental role in CNTs sorption [15-18]. The influence of pH on the adsorption
process was demonstrated in the adsorption of zinc from solutions by SWCNTSs
and MWCNTs purified with sodium hypochlorite solutions [15]. In the study the
CNTs were purified by sodium hypochlorite solutions, which made the nanotubes
become more hydrophilic and suitable for adsorption of Zn(II) from aqueous solu-
tions. The adsorption process was pH-dependent; it increased, with low variations,
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when the pH of the solution was increased from 1 to 8, it reached a plateau in the
pH range of 8-11 and thereafter decreased at pH 12. The contact time to reach
equilibrium is 60 min for SWCNTs and MWCNTs. The maximum adsorption
capacities of Zn(II) calculated by the Langmuir model are 43.66 and 32.68 mg g~
for SWCNTs and MWCNTs, respectively.

The operating temperature of adsorption process is an influential factor not only
to the sorption rate, but also to the degree in which sorption occurs. The adsorp-
tion capacity of the CNTs is a function of temperature. This effect is evident in the
adsorption of Zn(II) and Pb(Il) [15, 16], indicating that an increment in tempera-
ture increases the amount of metal ions adsorbed. Similarly, the time requires to
obtain 50 % of maximum sorption capacity (tj;2) of Zn(Il) was reached faster at
higher operating temperatures [15].

The oxidation of CNTs can considerably improve the sorption capacity of
metallic ions. In this regard, the sorption mechanism is attributable to chemical
interaction between the metallic ions and the surface functional groups [19, 20]. In
addition, adsorption of metallic ions on CNTs may involve other complex mecha-
nisms such as electrostatic attraction and precipitation [19]. However, it is believed
that the chemical interaction between metallic ions and functional groups at the
surface of CNT is the major mechanism of adsorption [21].

Functionalized MWCNTs were employed as sorbent for Pb(Il) from aqueous
solution [16]. The sorption of Pb(II) using HNO3-modified MWCNT was a fast
process, and the kinetic sorption followed a pseudo-second-order model. The posi-
tive value of the enthalpy indicates that an increase in the temperature increases
the amount of Pb(II) adsorbed by CNTs. The negative values of adsorption stand-
ard free energy changes and positive value of standard entropy changes indicate
that the adsorption process is spontaneous. Desorption studies reveal that Pb(II)
can be easily desorbed from MWCNTSs by varying the pH of the solution using
HCI and HNO3 solutions. CNTs oxidized using alternative methods were also uti-
lized for adsorption of Pb(Il) from aqueous solutions [22]. Apart from the con-
ventional ultrasonication method, the UV-radiation associated with HNOj3 was
also used to oxidized SWCNTs and MWCNTSs. The adsorption data were com-
pared using Langmuir isotherm model. For SWCNTSs, adsorption capacity value
of UV-radiation method is 511.99 mg g~! and that of ultrasonication method is
342.36 mg g~!. For MWCNTs, the adsorption capacity value of UV-radiation
method is 306.99 mg g~! and that of ultrasonication method is 279.99 mg g~'.
The UV-radiation increased the surface acidity of the CNT more than ultrasoni-
cation, thereby increased the adsorption capacity. The adsorption mechanisms
between the CNTs and Pb(II) ions were best described by pseudo second-order
kinetic model. It shows that, the adsorption materializes between the metallic ions
and surface functional groups of CNT. It is an ion-exchange reaction, and the rate-
limiting step is the electron exchange between the lead ions and adsorbent surface.

The NaClO-oxidized MWCNTs and SWCNTs were reported as adsorbents for
removal of Ni(Il) from aqueous solutions [21]. The surface properties of CNTs
were greatly changed after oxidation, including the rise in functional groups, total
acidic sites, and negatively charged carbons. These modifications made CNTs
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become more hydrophilic and led to more Ni(II) adsorption. The adsorption mech-
anisms are attributable to chemical interactions and electrostatic forces between
the Ni(II) and the surface functional groups of CNTs. The Ni(II) removal by CNTs
increased rapidly in the range pH 1-8, suffered a slight change and reached a
maximum in the range 8-11, and steeply decreased at pH 12. Furthermore, the
amount of Ni(II) sorbed onto oxidized CNTs increased when agitation speed was
increased at a specific initial Ni(Il) concentration, but decreased when mass of
CNTs and ionic strength of the adsorbate solution were increased.

Using a batch technique, MWCNTs and functionalized MWCNTs were
employed for the adsorption of Cu(Il) from aqueous solutions [23]. The results
revealed that modification increased the adsorption capacity because functional
groups appeared on the functionalized MWCNT surface. The appearance of these
groups not only increased the active area of adsorption sites of CNTs, but also
increased the proportion of available adsorption sites. The negatively charged sur-
face of functionalized MWCNTs electrostatically favors the adsorption of Cu(Il)
onto H,SO4/KMnOy4-modified MWCNTSs than that of HySO4-modified MWCNTSs.
Additionally, the adsorption capacity of Cu(Il) onto as-grown MWCNTs and
functionalized MWCNTs surface increased as temperature was increased. The
Langmuir isotherm gave the best fit of the experimental data and the maxi-
mum adsorption capacities of Cu(Il) calculated by this model at 320 K are 6.2,
18.3 and 42.7 mg g~! for as-grown MWCNTSs, H,SO4-modified MWCNTSs and
H>SO4/KMnOy4-modified MWCNTSs, respectively. The positive enthalpy values
demonstrated that the adsorption of Cu(Il) onto all MWCNTs is endothermic—a
result supported by the increase in the adsorption of Cu(Il) with temperature.

The Cd(I) removal from solution using MWCNTs oxidized with H;O»,
KMnO4 and HNO3 was reported [18]. The results of the influence of pH and
MWCNTs dosage on the Cd(II) adsorption show that the increase of Cd(II)
adsorption capacity for KMnO4 oxidized MWCNTs is greater than those of the
as-grown MWCNTs, HyO, and HNO3; oxidized MWCNTs. The Cd(II) adsorp-
tion capacity of the as-grown MWCNTs is only 1.1 mg g~!, while it reaches
2.6, 5.1 and 11.0 mg g_1 for the HyO,, HNO3 and KMnO4 oxidized MWCNTs,
respectively. Furthermore, the authors demonstrated that adsorption of Cd(II) by
MWCNTs was strongly pH-dependent and the increase of adsorption capacities
for HNO3 and KMnOy4 oxidized MWCNTSs are more obvious than those of as-
grown and H>O, oxidized MWCNTs at lower pH regions.

The removal of hexavalent chromium (Cr(VI)) from aqueous solutions, using
functionalized (oxidized) and non-functionalized MWCNTs, has also been studied
[24, 25]. The removal of Cr(VI) from aqueous solutions on oxidized MWCNTs
is favored at low pH values (maximum removal at pH < 2 [24]). The maximum
adsorption capacity of Cr(VI) calculated by the Langmuir model was 4.3 mg g~!
at pH = 2.05. The major mechanisms for removal Cr(IV) as identified are: intra-
particle diffusion, electrostatic interactions and redox reactions [24]. The lat-
ter appears as the main mechanism for adsorption of chromium by MWCNTs.
The redox reaction between the adsorption of Cr(VI) and the surface of oxi-
dized MWCNTs leads to the formation of Cr(IIl) and subsequently the sorption
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of Cr(II) on MWCNTs (On the MWCNT surface exists both Cr(VI) and Cr(III)
species). Removal of Cr(VI) is effective and without significant release of Cr(III)
to the environment. The non-functionalized MWCNTSs show a higher adsorption
capacity than the functionalized MWCNTSs [25]. This is because the functional-
ized MWCNTs contain electron rich atoms in their functional groups, which repel
the negatively charged dichromate ions that inhibit the adsorption process. Both
functionalized and non-functionalized MWCNTSs possess adsorption capacities
higher than that of activated carbon [25].

CNTs have been investigated for the adsorption of multi-metals ions from waste-
waters. MWCNTs have been used for simultaneous adsorption of Cd(II), Pb(Il),
Cu(Il) and Zn(Il) at 298 K [20]. The binding of these metal ions by MWCNT
was found to follow the following order: Cu(Il) > Pb(I) > Zn(I) > Cd(ID).
The kinetics of adsorption these metallic ions on MWCNTSs were analyzed using
different kinetic models, but the pseudo second-order model best described the
adsorption processes of the heavy metallic ions. The thermodynamics study showed
that the adsorption process is spontaneous in the experimental temperature range
and becomes more spontaneous by raising the temperature of the solution. The
positive values of enthalpy for the adsorption of Pb(II), Cd(I), Cu(Il), and Zn(II)
by MWCNTs from an aqueous solutions indicate the endothermic nature of the
metal ions adsorption. The changes in entropy have positive values, which indicate
an increase in randomness due to the physical adsorption of metallic ions from the
aqueous solutions to the CNT surface.

Coupled with high adsorption capacity of metallic ions, the regeneration of CNT
can be easily achieved by changing the pH of the solution, without a significant
decrease on the performance of the CNTs—indicating that CNTs are promising
adsorbents for the treatment of effluents contaminated with metallic ions [15, 16].

Due to textural properties of graphene, many investigations have been carried
out on graphene as an adsorbent to remove metallic ions from aqueous solutions
[12, 14]. The possibility of the removal of Sb(IIl) using graphene as adsorbent
from aqueous solutions has been explored [26]. Batch adsorption experiments
were performed to investigate the influence of operating parameters such as solu-
tion pH, initial Sb(IIT) concentration, temperature and contact time on the adsorp-
tion process. An increase in the efficiency of Sb(III) removal was observed at pH
higher than 3.8, and a maximum removal (about 99.5 %) was observed at pH > 11.
The adsorption capacity decreased with increasing Sb(III) concentrations, but
it increased with increasing temperature. The Freundlich isotherm fitted well the
experimental data and the maximum adsorption capacities of Sb(IIT). The adsorp-
tion kinetic data best fitted into the pseudo-second-order model and the model
suitably interpret the overall adsorption process, demonstrating that the rate deter-
mining step is chemisorption. The Sb(IIl) loaded graphene could be regenerated,
using 0.1 mol L~! ethylenediaminetetraacetic acid disodium salt as a desorbing
agent [26].

Graphene nanosheets obtained by vacuum-promoted low-temperature (500 and
700 °C) exfoliation were used to adsorb Pb(Il) from aqueous solutions [27]. The
adsorption process was pH-dependent; increases with the increase in pH in the pH
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range 2-8. It is hypothetical that the Lewis basicity of nanosheets is improved by
heat treatment under a high vacuum, in favor of simultaneous adsorption of Pb(II)
and protons onto GNSs. The maximum adsorption capacities of Pb(Il) calculated
by the Langmuir model was 35.46 mg g~! for heat-treatment GNS at 700 °C.

The adsorption of Cr(Ill) on GO from aqueous solutions [28] was strongly
dependent on solution pH, but feebly dependent on ionic strength. The adsorption
of Cr(IIl) increased between pH 1.0 and 6.0. At low pH, the low adsorption capac-
ity of adsorbent can be attributed partially to the competition between the excess
proton in solution and Cr(II) for the same binding sites on nanoadsorbate surface.
The pseudo-second-order model described well the adsorption kinetic data. The
equilibrium data were well fitted by Langmuir model and the maximum adsorp-
tion capacity at pH 5.0 and 296 K was 92.65 mg g~!. The calculated thermody-
namic parameters indicated that the adsorption of Cr(IIT) on GO was spontaneous,
endothermic and the magnitude of enthalpy was comparable with that of electro-
static interaction between a nanoadsorbent and an adsorbate.

The GO prepared using modified Hummer’s method was used as adsorbent for
removal of Cu(Il) from aqueous solution [29]. The oxygenous functional groups
on the surface of adsorbent were mainly responsible for the adsorption of ions.
The effects of the parameters such as pH value, adsorbate concentration, adsorbent
dosage and contact time on adsorption were examined. The best conditions for
Cu(IT) removal by GO were: solution pH = 5.3, adsorbent dosage of 1 mg mL™!
and an equilibrium contact time of 150 min. The equilibrium adsorption data fit-
ted well to the Freundlich isotherm model with maximum sorption capacity of
117.5 mg g~'. The adsorption of Cu(Il) on GO was mainly credited to surface
complexation, ion exchange, and electrostatic attraction. The Cu(Il) loaded GO
could be regenerated using HCI. The reusability of the carbon nanoadsorbent
could still maintain >90 % of its initial capability after ten adsorption—desorption
cycles [29].

The adsorptive properties of GO towards Cu(Il), Zn(IT), Cd(II) and Pb(I) from
aqueous solutions were investigated [30]. The GO was prepared through the oxi-
dation of graphite using potassium dichromate. The results of batch experiments
indicate that maximum adsorption can be achieved in broad pH ranges: 3—7 for
Cu(II), 5-8 for Zn(II), 4-8 for Cd(II) and 3-7 for Pb(II). The maximum adsorption
capacities of GO for Cu(Il), Zn(II), Cd(II) and Pb(II) at pH = 5, calculated by the
Langmuir model, were 294, 345, 530, 1119 mg g~ !, respectively. The competitive
adsorption experiments demonstrated the attraction in the order of Pb(Il) > Cu(II)
> Cd(II) > Zn(II). Adsorption kinetic and isotherms studies suggest that sorption
of the metallic ions on sheets is monolayer coverage and adsorption is controlled
by chemical adsorption involving the strong surface complexation of metal ions
with the oxygen-containing groups on the surface of nanoadsorbent [30].

The rGO prepared by the reduction GO using thiourea dioxide was used for
adsorption of Th(IV) from water [31]. The adsorption of Th(IV) on rGO as a
function of pH, adsorbent dosage, adsorbate initial concentration, temperature
and contact time was investigated through batch adsorption process. The removal
efficiency of Th(IV) increases as pH increases from 1.0 to 6.0. The adsorption
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efficiency of adsorbate was low at pH value below 3 due to the protonation of
residual oxygenous functional groups on rGO and the competition between H
and Th(IV) for the same adsorption site. The results showed that the adsorption
behavior of Th(IV) on rGO followed the Langmuir isotherm and the pseudo-sec-
ond order kinetic models. The maximum adsorption capacity was calculated to be
0.21 mmol Th g~! rGO at 298.15 K. The thermodynamic parameters indicated
that the adsorption process was endothermic, spontaneous and the magnitude of
enthalpy suggesting that the mechanism of the adsorption process was that of
physical adsorption of an adsorbate on a nanoadsorbent.

5.3 Removal of Dye

Many industries such as textile, paper, feedstuffs, cosmetics, and leather, among
others utilize dyes to color their products, and consequently produce large
amounts of wastewaters containing this organic pollutant [32]. During manufactur-
ing processes, 10-60 % of dyes are lost—generating large quantities of colored
wastewaters [33]. The presence of dye-containing waters can adversely affect the
aquatic environment by obstructing light penetration and reducing photosynthetic
rate of aquatic flora [34]. Furthermore, most of these dyes can cause skin irrita-
tion, allergy, dermatitis, and can also induce cancer and cell mutation [35]. Dyes
are organic compounds characterized with complex aromatic molecular structures
that can provide bright and firm colour to other materials. Dyes are stable and dif-
ficult to biodegrade because of their structures [36]. In this regards, dye-containing
effluents require treatment before being released into the environment [8].

As discussed in the previous chapters, one of the unitary operations vastly
employed for the removal of synthetic dyes from aqueous effluents is the adsorp-
tion technique [8]. Different adsorbents have been used for the removal of syn-
thetic dyes from aqueous solutions [32, 34]. From this scenario, the usage of
carbon nanomaterials as nanoadsorbent have been successfully employed for the
removal of several dyes from aqueous effluents [1, 37].

Carbon nanotube, because of its characteristic structures highlighted in Chap. 2,
is one the adsorbents mostly employed for the successful removal of dyes from
aqueous effluents [38—40]. Carbon nanomaterials are attracting attention as nanoad-
sorbents for removal of these organic pollutants. CNTs interact strongly with
organic molecules via non-covalent forces such as hydrogen bonding, m— stacking,
electrostatic forces, van der Waals forces and hydrophobic interactions [1].

CNTs were efficient for removal of direct dyes such as Direct Yellow 86 and
Direct Red 224 [41] and cationic dyes such as Methylene Blue [42]. The analy-
sis indicated that the thermodynamics of adsorption of both direct dyes and the
cationic dye were endothermic and spontaneous [41, 42]. In addition, the adsorp-
tion of both dyes occurs through physisorption process [41, 42]. The adsorption
of reactive dyes such as Reactive Red 2 onto MWCNTSs has also been consid-
ered [43]. The results suggest that the adsorption of reactive dye on MWCNTs
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decreases as pH increases, but increases as temperature increases. As with direct
and reactive dyes, the adsorption of Reactive Red 2 occurred spontaneously
through physisorption process [43].

MWCNTs show better adsorption than powdered activated carbon (PAC) for
Reactive Red M-2BE dye (RRM) [8] and Direct Blue 53 dye (DB-53) [44] from
aqueous solutions, under optimum conditions of pH = 2.0 and temperature range
of 298 and 323 K. The contact time to obtain equilibrium isotherms at 298-323 K
was fixed at 3 and 1 h for DB-53 and RRM, respectively. For DB-53 dye, the equi-
librium data (298-323 K) were best fitted to the Sips isotherm model. However,
the equilibrium data of RMM dye were best fitted to the Liu isotherm model. For
adsorption of the dyes by MWCNTs, the maximum sorption capacities obtained at
323 K were 409.4 and 335.7 mg g~ ! for DB-53 and RRM, respectively. The gen-
eral order kinetic model and Avrami fractional-order kinetic model best described
the kinetic data of DB-53 and RMM, respectively. The faster kinetics of adsorp-
tion of dyes on MWCNT compared to PAC was attributed to the textural proper-
ties of the MWCNTSs, where the aggregated pores expanded when immersed in
aqueous solutions, increasing the volume of the aggregated pores [8]. For both
cases, the enthalpy of adsorption indicated that adsorption process was endother-
mic and the magnitudes of enthalpy were consistent with that of electrostatic inter-
action between the adsorbents and the adsorbates. Studies of adsorption/desorption
show that MWCNT can be regenerated from DB-53-loaded MWCNT and RMM-
loaded MWCNT using a 50 % acetone + 50 % of 3 mol L~ NaOH [44] and
Methanol + 4.0 mol L~! NaOH [8], respectively.

Adsorption of Methyl Orange dye (MO) on MWCNTs from aqueous solutions
was investigated [45]. The results showed that the adsorption capacity increased
with increasing temperature, agitation speed and dye concentration. MO dye
adsorption per gram of MWCNTs decreases with the rise in the MWCNTSs mass in
the solution. The pseudo-second-order kinetic model gave the best fit of the kinetic
experimental data.

MWCNTs and SWCNTs were used as nanoadsorbents for the removal of
Reactive Blue 4 (RB-4) textile dye from aqueous solutions [9]. In the acidic
region (pH = 2.0), the adsorption of RB-4 dye on both CNTs was a favorable pro-
cess. The contact time to obtain equilibrium isotherms at 298-323 K was fixed
at 4 h for both adsorbents. The general order kinetic model provided the best
fit to the experimental data for both CNTs. For RB-4 dye, the equilibrium data
(298-323 K) were best fitted to the Liu isotherm model. The maximum sorption
capacities for adsorption of the dye occurred at 323 K, attaining values of 502.5
and 567.7 mg g~ ! for MWCNT and SWCNT, respectively. The maximum amount
of RB-4 dye adsorbed on SWCNT was 13.0 % higher than the value obtained for
MWCNT. The textural characteristics CNTs justified this difference. Although
the MWCNTs present a higher average pore diameter compared to SWCNTSs, the
specific surface area and total pore volume of SWCNTs were 114.3 and 91.9 %,
respectively, higher than those of MWCNTs. The enthalpy of adsorption indi-
cated that adsorption was an endothermic process. The interaction of RB-4 dye
with (8,0) SWCNTs was investigated using first principles calculations based on
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Fig. 5.1 Band structure and local density of states to the RB-4 dye adsorbed on (8,0) SWCNT

Density Functional Theory (DFT) (Fig. 5.1). Results from ab initio calculations
indicated that RB-4 textile dye could be adsorbed on (8,0) SWCNT through an
electrostatic interaction (energy binding ~ 0.78 eV or 75.26 kJ mol~!). These
results are in agreement with the experimental predictions [9].

The adsorption of Acid Red 183 (AR-183) dye RB-4 dye on MWCNTs was
investigated in single and binary dye systems [46]. The MWCNTs presented
a higher adsorption of RB-4 than AR-183 in single and binary dye systems, due
to stronger adsorbate-adsorbent interactions. In a single dye system, RB-4 and
AR-183 adsorption followed pseudo second-order kinetics, and the isotherm was
fitted by the Langmuir isotherm. In this system, the adsorption capacities of the
MWCNTs for RB-4 and AR-183 at 298 K are 69 and 45 mg g~!, respectively.
Higher temperature lowered adsorption of both dyes on the MWCNTSs. In binary
dye systems, RB-4 and AR-183 showed competitive adsorption, resulting in RB-4
adsorption but desorption of AR-183 from the MWCNTs. The RB-4 adsorption
capacity in binary dye systems was also reduced to 56 mg g~ ! at 298 K. The inter-
action of the RB-4 and AR-183 dyes with MWCNTSs was dominated by electro-
static attraction [46].

Graphene-family has been widely explored as nanoadsorbents for successful
removal of dyes from aqueous effluents [12]. A relevant study in this area reported
the adsorption of acrylonitrile, p-toluenesulfonic acid, 1-naphthalenesulfonic acid
and Methyl Blue (MB) on graphene [47]. In this study, it was demonstrated that
organic chemicals with larger molecular size and more benzene rings possessed a
higher adsorption speed and a higher maximum adsorption capacity. Specifically
in the case of MB dye, the results showed an adsorption capacity of 1.52 g g~ !.
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Fig. 5.2 Results for the most stable system found for the adsorption of RB4-dye on graphene.
a Geometric structure of the interacting system. Electronic levels for isolated graphene (b) RB4-
dye (c); RB4-dye adsorbed on graphene (d). Electronic charge density plots for e valence levels
from —5.8 to —5.5 eV and f conduction levels from —4.7 to —4.4 eV. The horizontal dashed red
lines indicate the Fermi energy

The adsorption occurred through mt—m stacking interactions as inferred by fluores-
cence spectroscopy studies. Yet, the large amount of dye adsorbed was dependent
on the initial concentration of dye. The thermodynamic analysis showed sponta-
neous and endothermic nature of the adsorption process. The researchers also
investigated the possibility to regenerate and reuse graphene and observed no sig-
nificant changes in the efficiency of graphene at least during the first five cycles of
the adsorption—desorption process [47].

Nevertheless, even with a wide range of experimental studies available on lit-
erature, it is also required to develop a better understanding of the mechanism of
dye adsorption on graphene. To this purpose, we have performed ab initio simula-
tions based on the DFT to evaluate the interaction between graphene and GO and
the RB-4 dye (Fig. 5.2). Thereby, several configurations with RB-4 dye interact-
ing with graphene and graphene plus vacancy were performed. The results showed
that the most stable configurations to adsorption in graphene exhibit an average
binding energy of about 1.17 eV (or 112.89 kJ mol~'). When a vacancy was added
to graphene, the binding energy presented a small fluctuation 1.22 eV depending
on the configuration studied. This observation may indicate a predominance of
m—T7t interactions between the dye and the planar surface of graphene. However,
when a vacancy was added on basal plane of graphene there was a significant con-
tribution of electrostatic interactions between the reactive sites of RB-4 dye and
the incomplete sp> bonding in the vacancy. Nevertheless, as the vacancies are
becoming larger, one can notice a small decrease in energy, which may indicate a
decrease in —T interactions.
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5.4 Removal of Drugs and Emerging Contaminants

A large amount of drugs from different classes is consumed annually worldwide.
These pharmaceuticals include antipyretics, analgesics, lipid regulators, antibiot-
ics, antidepressants, chemotherapeutic agents, contraceptive drugs and others [48].
After use, these compounds are partially metabolized and excreted in urine and
feces and subsequently enter the sewage treatment plants, where the drugs rem-
nants are treated, together with other organic and inorganic components of efflu-
ent. However, it has been shown that some of these drugs are not completely
removed in the sewage treatment plants [49]. As a result, these compounds are
found in effluents of municipal sewerage systems as well as in surface and ground
waters. Similarly, some veterinary drugs have been found in aquatic environment.

SWCNTs, MWCNTs and oxidized MWCNTSs were evaluated as adsorbents
of ibuprofen and triclosan as representative types of pharmaceutical and personal
care products, respectively, under different chemical solution conditions [50]. The
sorption capacities of ibuprofen and triclosan on CNTs were pH-dependent and
decreased with increasing pH. A good fitting of sorption isotherms was obtained
using a Polanyi Manes model. The maximum sorption capacities of ibuprofen onto
MWCNTSs (81.6 and 186.5 g mg~! for pH 7 and 4, respectively) were approxi-
mately 3 times lesser than those of SWCNTs (231.5 and 496.1 g mg~! for pH
7 and 4, respectively). SWCNT has higher specific surface area and pore volume
than MWCNT. Maximum sorption capacities of triclosan are 1.3 times higher
for SWCNTs (558.2 and 133.0 jug mg~! at pH 7 and 4, respectively) than for
MWCNTS (434.7 and 103.5 ug mg~! for pH 7 and 4, respectively), but the nor-
malized maximum sorption capacity values for SWCNT (0.55 and 0.13 mg m? for
pH 7 and 4, respectively) are lesser than for MWCNTs (1.54 and 0.37 mg m? for
pH 7 and 4, respectively). The maximum sorption capacities of ibuprofen and tri-
closan for oxidized MWCNT were approximately four times lesser than those of
pristine MWCNT. This is because both triclosan and ibuprofen contain ionizable
phenolic or carboxylic acid groups, their adsorption varied more noticeably with
oxidation of the CNT [50].

The adsorption of two antibiotics, lincomycine and sulfamethoxazole on sin-
gle-walled and multi-walled CNT, was investigated using batch adsorption experi-
ments [51]. The adsorption data were compared with those of PAC. Adsorption
isotherms of the two antibiotics on carbon adsorbents were nonlinear and
described by Freundlich isotherm model. The adsorption generally followed the
order: SWCNT > PAC > MWCNT. The authors attribute the low adsorption capac-
ity of antibiotics onto MWCNT to the lower specific surface area of the MWCNT,
compared to other carbon materials [51]. Since the two studied pharmaceuticals
are very hydrophilic, the sorption mechanism was attributed to electrostatic inter-
actions and hydrogen bonds.

The adsorption and desorption of doxorubicin (DOX) on oxidized multi-
walled CNT under different conditions were systematically measured [52]. The
study shows that the oxidized MWCNTSs are appropriate carriers of DOX. The
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equilibrium data were best fitted to the Langmuir isotherm model. The maximum
sorption capacity for adsorption of the DOX was 1.03 x 10> mg g~ ! at 2 h incuba-
tion and the 10 days experiment was much higher (9.45 x 103 mg g~'). The slow
adsorption kinetics made the full loading of DOX on oxidized MWCNTs very dif-
ficult. The very slow adsorption kinetics of DOX onto oxidized MWCNTSs was
attributed to the formation of sludge-like stacking of DOX on MWCNT surfaces.
The data were fitted to the pseudo-second-order model. The desorption of DOX
from oxidized MWCNTs in buffer solution was very difficult at pH 7.4 and 5.5.
This could be significantly facilitated by the protein competition, lower pH value
and short adsorption time.

The removal of endocrine disrupting compounds (EDC) from water has
attracted considerable attention because of their interference with human repro-
ductive systems by blocking the activity of natural hormones [53-55].

Adsorption of EDC 17R-ethinyl estradiol and bisphenol A (BPH A) on fuller-
ene was investigated [3]. This study indicated that surface area is a major factor
for 17R-ethinyl estradiol and BPH A adsorption on fullerene. BPH A adsorption
capacity is higher than 17R-ethinyl estradiol on fullerene. The molecular con-
formation simulation indicated that BPH A has a unique ability to adsorb on the
curvature surface of fullerene because of its “butterfly” structure of two benzene
rings. The higher adsorption capacity of BPH A over 17R-ethinyl estradiol is well
explained by considering helical (diagonal) coverage of BPH A on the fullerene
surface and wedging of BPH A into the groove and interstitial region of fullerenes
bundles or aggregates.

The adsorption of EDC such as 7a-ethinyl estradiol and BPH A, from brack-
ish water, artificial seawater or the combination thereof using SWCNTs as adsor-
bent was evaluated [53]. Linearized Freundlich and Langmuir models were used
to fit the isothermal data of the adsorption of BPH A and 7a-ethinyl estradiol by
SWCNTs in the various types of water sources. The results show higher removal
efficiency for 17a-ethinyl estradiol (95-98 %) than for BPH A (75-80 %).
Changes in the water chemistry conditions of the water sources did not consid-
erably influence the overall adsorption of EDCs. However, changing the pH of
the water source from 3.5 to 11 showed a decrease in the adsorption of BPH A,
it did not affect the removal of 7a-ethinyl estradiol. The hydrophobic interactions
between the EDCs and the SWCNTs may be the dominant removal mechanism.
However, another possible mechanism for adsorption of EDCs, is perhaps m—m
electron donor-acceptor interactions [53].

As previously discussed, organic pollutants such as drugs and others emerging
contaminants, could be highly toxic and can induce genotoxicity, carcinogenicity,
mutagenicity, teratogenicity, immunotoxicity and physiological effects [56, 57].
Drugs and emerging contaminants have high chemical oxygen demand (COD) and
low biodegradability that are harmful to aquatic organisms even at a low concen-
tration [56, 58]. In the literature, one can find several studies related to the adsorp-
tion of this class of compounds on graphene-family [12].

Using a batch technique, graphene was used for adsorption and decontami-
nation of BPH A, from aqueous solution. In that case, the maximum adsorption
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capacity of graphene for BPH A from the linearized Langmuir model equation was
estimated to be 181.82 mg g~ ! at 302.15 K. The adsorption of BPH A on graphene
was essentially maintained by interactions such as hydrogen bonding and m—x
interactions. Moreover, the adsorption capacity of graphene for BPH A showed no
significant variation in a wide pH range of 2.0 and 7.0. However, at pH 8.0 and
9.0, respectively, BPH A suffered two successive deprotonations and graphene was
negatively charged over the whole pH scale. This fact contributes to a decrease in
the adsorption capacity of graphene for BPH A in the alkaline pH range, due to
strong electrostatic repulsion between the negatively charged graphene surface and
the bisphenolate anion. In addition, through thermodynamic studies, the adsorp-
tion process was spontaneous and exothermic. Finally, it was concluded that gra-
phene could be considered as a promising adsorbent for removal of BPH A.

The theoretically and experimentally studies of the adsorption character-
istics of 1,2,4-trichlorobenzene (TCB), 2.4,6-trichlorophenol (TCP), 2-naph-
thol and naphthalene (NAPH) on graphene and GO have been reported [59].
The results showed that graphene had nearly similar adsorption capacity for all
the four organic contaminants at pH 5.0 while the adsorption capacity are in the
order: naphthalene < 1,2,4-tricholorobenzene < 2.,4,6-trichlorophenol < 2-napthol
for GO. Besides, micro Fourier transform interferometer analysis revealed that
TCB, TCP and 2-naphthol were adsorbed on graphene mainly via T—m interac-
tion. In contrast, high adsorption of TCP and 2-naphthol on GO was attributed to
the formation of H-bonding between hydroxyl groups of TCP and 2-naphthol and
O-containing functional groups on GO. Moreover, the theoretical results was in
complete agreement with the experimental data [59].

In both cases above, it was concluded from the study that graphene or GO
could be potentially used as adsorbent for removal of pollutants. In addition, it was
inferred that the interactions between the pollutants and graphene or GO occurred
primarily through mt— interaction or H-bonding. These conclusions seem to agree
with several other studies reported in literature [12]. Nevertheless, some differ-
ences on the adsorption mechanism of several compounds have been noticed. For
instance, in some papers, it was reported that pH does not interfere with adsorp-
tion process, whereas in some other cases the assertion is not true. Furthermore,
some cases did not find significant differences for adsorption capacities of differ-
ent compounds on graphene or GO. To explain this observation, a better under-
standing of the adsorption mechanism is necessary.

To understand the mechanism required for adsorption of some drugs on gra-
phene, we have performed ab initio simulations based on the DFT theory to evalu-
ate the interaction between graphene and GO with Sodium Diclofenac (DCL)
(Fig. 5.3). We performed several configurations to interact this drug with gra-
phene, graphene plus vacancy, graphene plus functional groups—epoxy, hydroxyl,
carboxyl and carbonyl. The results showed that the most stable configuration to
DCL, adsorbed in a pristine graphene, exhibit an average binding energy ca
0.80 eV (or 77.2 kJ mol™1!), a characteristic of physical adsorption, which indi-
cates a predominance of m—m interactions. On the other hand, if a vacancy is
added to graphene, the binding energy shows an increase of about 0.20 eV. This



5 Carbon Nanomaterials for Environmental Applications 99

(c) (d) ®
o

1 N R

S

<+ e ‘;".’.
P 1

:)--{"'-q"rf‘- L5
PO

Fig. 5.3 Results for the most stable system found for the adsorption of DCL on graphene. a
Geometric structure of the interacting system. Electronic levels for isolated graphene (b)
Diclofenac (c); Diclofenac adsorbed on graphene (d). Electronic charge density plots for e
valence levels from —5.3 to —5.1 eV and f conduction levels from —4.3 to —4.1 eV. The hori-
zontal dashed red lines indicate the Fermi energy

is clearly a contribution of electrostatic interactions between the —COO- group
of DCL and the incomplete sp> bonding in the vacancy. The presence of these
electrostatic interactions is also corroborated when the DCL is adsorbed on func-
tionalized graphene. In this case, the adsorption of DCL on functionalized gra-
phene, with hydroxyl and epoxy groups, leads to a significant increase in binding
energy. Furthermore, a greater binding energy was found when the adsorption of
DCL occurred through carboxyl and carbonyl groups. This is an evidence of more
effective interaction such as hydrogen bonding, apart from electrostatic and m—mt
interactions between DCL and GO, The understanding of these mechanisms of
adsorption is quite important for future applications of graphene-family as nanoad-
sorbent materials.

Several chemical substances present different levels of toxicity, which can lead
to acute or chronic damage in living organisms and bring risks to environment.
Among these toxic substances are the pesticides, which are widely used to destroy
or control plagues that are of no interest to farmers [60, 61]. After pesticides are
applied to plants, they are commonly retained in fruits and grains. The first rain
or dew of the night, can carry these pesticides to the ground, and thus contami-
nate rivers, lakes, among others [60, 61]. In general, one can refer to pesticides
as agrochemical compounds such as herbicides, fertilizers and fungicides. These
agrochemical compounds are also included in a class of organic pollutants.

In several published papers, sorption on CNTs has been examined for differ-
ent compounds such as triazines, sulfonylureas, phenoxyalkanoic, organophospho-
rous pesticides, organochloride pesticides, and multi-class [62]. Removal of diuron
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from aqueous solutions using oxidized MWCNT and MWCNTs has been studied
[63], and the amount of diuron adsorbed was dependent on parameters such as
solution pH, temperature and ionic concentration.

Pesticides are of the major concern due to their indiscriminate use and wide-
spread presence in drinking water. The toxicity and health hazards posed by pesti-
cides, even at very low concentrations, have become major concern for developing
and developed countries [64]. The possibility of using GO as an alternative adsor-
bent for aniline removal from aqueous solution was reported [65]. The results
show that the pH medium, adsorbent dosage, temperature, contact time and initial
concentration are important parameters that can influence the maximum adsorp-
tion capacity. The study showed that GO could be used as an efficient adsorbent
material for the adsorption of aniline from aqueous solution.

The adsorption capacity of Chlorpyrifos (CP), Endosulfan (ES) and Malathion
(ML) pesticides by GO and rGO, from aqueous solution, was evaluated [64]. In
this study, the adsorption capacities of CP, ES and ML by carbon nanostructures
are as high as ~1200, 1100, and 800 mg g~ !, respectively. Adsorption process was
insensitive to pH or background ions, which is an uncommon observation. Another
important conclusion from this study is that since the adsorption on rGO was pH-
independent, the surface functional group (—-COO-) present on the rGO surface
must not be involved in the adsorption of pesticides. Moreover, they proved that
the adsorbent could be reused and potentially applied in the field of adsorption
under suitable modifications. Furthermore, through first-principle calculations
based on the DFT, the graphene materials—water—pesticide interactions showed
that the adsorption is mediated through water, while direct interactions between
graphene materials and the pesticides is rather weak or unlikely. Actually, the
authors found that the pesticide adsorption on graphene materials is thermodynam-
ically feasible only in the presence of water molecules [64].

With the aim of exploring the physical, chemical and structural properties of
the interaction between pesticides and graphene materials, we have performed
ab initio simulations based on the DFT to evaluate the interaction between gra-
phene and GO with the atrazine (ATR) and pentachlorophenol (PCP) molecules
(Figs. 5.4 and 5.5, respectively). Therefore, we performed several configurations
with the two molecules interacting with graphene, graphene plus vacancy, gra-
phene plus functional groups—epoxy, hydroxyl, carboxyl and carbonyl—(to simu-
late a GO), and graphene nanoribbons (to evaluate edge effects). It is important to
emphasize that in the simulation of GO, we took into consideration that the epoxy,
and hydroxyl groups are predominantly located on the basal plane of the graphene,
whereas the carboxyl and/or carbonyl are mostly located on the edges of the gra-
phene, in accordance with what has been reported [66]. The results showed that
the most stable configurations of adsorption in graphene exhibit an average bind-
ing energy of 0.74 eV (or 71.4 kJ mol~!")—a characteristic of physical adsorption.
Graphene with a vacancy has lower binding energy than graphene without vacancy
for adsorption of both molecules. This observation may indicate a predominance
of m—7 interactions between the molecules and the planar surface of graphene.
The observation occurs because the creation of a vacancy on graphene decreases
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Fig. 5.4 Results for the most stable system found for the adsorption of atrazine on graphene.
a Geometric structure of the interacting system. Electronic levels for isolated graphene (b) Atrazine
(¢); Atrazine adsorbed on graphene (d). Electronic charge density plots for e valence levels from
—6.4 to —6.3 eV and f conduction levels from —4.9 to —4.8 eV. The horizontal dashed red lines

indicate the Fermi energy
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Fig. 5.5 Results for the most stable system found for the adsorption of Pentachlorophenol on
graphene. a Geometric structure of the interacting system. Electronic levels for isolated graphene
(b) PCP (c); PCP adsorbed on graphene (d). Electronic charge density plots for e valence levels
from —6.3 to —6,2 eV and f conduction levels from —4.9 to —4.8 eV. The horizontal dashed red

lines indicate the Fermi energy
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the amount of sites for adsorption, therefore, reducing the binding energy between
graphene and the molecules. On the other hand, the binding energy of the func-
tionalized graphene with hydroxyl groups on the surface can be more effectively
increased than that of epoxy group, because of enabling higher charge transfer.
Furthermore, for adsorption on nanoribbons, all configurations showed an increase
in binding energy when compared to a pristine graphene, indicating a strong con-
tribution of electrostatic interactions in those cases. Furthermore, it was observed
that increasing the amount of functional groups on the surface of graphene makes
it more reactive. However, if there are excessive functional groups on the surface
of graphene, they can negatively contribute to the binding energy, weakening the
T—T interactions between graphene and the molecules.

5.5 Concluding Remarks

This chapter covered a wide range of experimental and theoretical adsorption of
carbon nanomaterials as nanoadsorbents, which have been employed so far for
removal of various organic and inorganic pollutants from the water and wastewa-
ter. The high efficiency, simplicity and ease in the scaling-up of adsorption pro-
cesses using carbon nanomaterials make the adsorption technique attractive for
removal and recovery of organic and inorganic compounds. Most of the studies
reported in the literature have focused on the production of carbon nanomaterials
from low cost resources compared with the performance of readily available com-
mercial activated carbons. As proved, nanotechnology can play an important role
in this context and, therefore, an emerging area of research is the development of
new nanomaterials with high affinity, capacity and selectivity for adsorption.
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Chapter 6
Molecules with Biological Interest Adsorbed
on Carbon Nanostructures

Mariana Zancan Tonel, Vivian Machado de Menezes, Ivana Zanella
and Solange Binotto Fagan

Abstract In the last decade, carbon nanostructures have been exhaustively studied
mainly associated with their application in biosensors and drug delivery systems.
In this context, the present chapter introduces several studies combining amino
acids and pharmaceutical drugs with carbon nanostructures such as graphene,
carbon nanotubes and fullerene. More specifically, the biomolecules under focus
are the amino acid cysteine and the pharmaceutical drugs nimesulide, meloxicam
and zidovudine. These molecules can be considered models for different chemical
interactions or adsorptions with carbon nanostructures. The adsorptions analysed
suggest possible applications such as biosensors or drug delivery depending on the
use of particular pristine or functionalised carbon nanomaterials.
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2D Two dimensional

AIDS Acquired immune deficiency syndrome
AZT Zidovudine or azidothydamine

BSSE Basis set superposition error

CN Carbon nanomaterials
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NSAID Nonsteroidal anti-inflammatory drugs
SIESTA  Spanish initiative for the electronic simulations of thousands of atoms
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6.1 Introduction

Nanoscience and nanotechnology have attracted great interest from the scientific
community due to the new technological possibilities offered by the properties of
nanomaterials. A wide variety of applications has been suggested, in fields rang-
ing from electronics [1] to materials science [2]. There has also been a significant
amount of research conducted with a biological focus, associated with the search
for new methods of disease detection and therapy [3, 4], as well as monitoring via
sensors [35, 6].

The most promising materials developed for use in nanotechnology are car-
bon nanomaterials (CNs). Among these, graphene, carbon nanotubes (CNTs) and
fullerenes are considered 2D, 1D and 0D materials, respectively, based on their
electronic confinement (Fig. 6.1a—c). These three nanomaterials have attracted
considerable interest due to their structural and electronic characteristics [7], in
particular those offering the possibility of performing biofunctionalisations [8] via
applications such as drug carriers and biological sensors.

The molecules of biological interest evaluated in the present chapter include
amino acids such as cysteine, and pharmaceutical drugs such as nimesulide, zido-
vudine (AZT) and meloxicam. These molecules can be considered models for
different chemical interactions or adsorptions with CNs based on their functional
groups, with possible applications including biosensors and drug delivery systems.

6.2 Biomolecule Adsorption on Carbon Nanostructures

Pharmaceutical drugs and amino acids adsorbed on CNs such as fullerenes [9],
CNTs [10] and graphene [11] can be used for applications including selective drug
delivery systems and the detection of biological constituents.
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Fig. 6.1 Carbon nanostructures: a graphene, b CNTs and c¢ fullerene, with their respective elec-
tronic levels. The horizontal dashed red lines correspond to the Fermi energy

Graphene was first isolated by Novoselov and collaborators via the mechani-
cal exfoliation of graphite [12]. This material is defined as one carbon layer with
the atoms arranged in a honeycomb lattice [12]. A 2D nanomaterial in which the
electrons are free to move in two directions and confined in one, graphene is the
thinnest material known (a thickness of one atom) and one of the strongest ever
measured. Graphene also exhibits interesting features that offer possibilities for
various applications, including as a charge carrier due to its high electronic mobil-
ity and zero effective mass [13]. Further promising applications in biomedicine
include drug delivery, cancer therapy, cancer cell detection and biological imaging
[14]. Recent research shows that graphene can be used as a substrate with which
to connect biomolecules and biological cells [15]. However, for the effective use
of carbon nanostructures (including graphene) in biological environments, their
solubility and selectivity with biomolecules must be improved. To this end, sev-
eral studies have focused on the modification and functionalisation of the surface
of carbon nanostructures in an attempt to improve their biocompatibility. Such
functionalisations can be carried out via topological defects, adsorption of func-
tional groups, or deoxyribonucleic acid (DNA) and protein attachment on the gra-
phene surface [16]. Figure 6.2 illustrates the exponential increase in the number
of publications associated with at least one of the subjects ‘graphene’, ‘biosensor’
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Fig. 6.2 Articles published since 2004 regarding the application of graphene in a biosensors and
b drug delivery systems (www.sciencedirect.com, last accessed 30th October 2014)

and ‘drug delivery’ that has taken place during the last decade (2004-2014), indi-
cating the relevance of the study of biomolecules interacting with this particular
nanomaterial.

A CNT was described for the first time in 1991 by lijima [17] and is defined,
theoretically, as a graphene sheet rolled up into a cylinder. Considered one of the
strongest, most durable and flexible materials studied for mechanical applica-
tions [18, 19], CNTs can exhibit a variety of different electronic properties, being
metallic and semiconducting, depending on their chirality and diameter. A CNT
is considered a 1D system because its length is larger than its diameter, creating a
quantum confinement in two directions. CNTs have similar dimensions to those of
biological molecules, a feature which has prompted their development for use in
biosensors, drug delivery and biomechanical devices [20, 21]. Although the CNT
was described ten years before graphene [12, 17], the increasing trend regarding
the number of scientific publications focussing on biological applications is the
same for the two materials, as can be seen in Fig. 6.3.

2000 2000
(a) [ Biosensors based on CNT ] (b) I CNT as drug delivery systems

Publications
Publications

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Year Year

Fig. 6.3 Articles published since 2004 regarding the application of CNTs in a biosensors and
b drug delivery systems (www.sciencedirect.com, last accessed 30th October 2014)
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Fig. 6.4 Articles published since 2004 regarding the application of fullerene in a biosensors and
b drug delivery systems (www.sciencedirect.com, last accessed 30th October 2014)

Fullerenes are a class of spherical molecules formed by only carbon atoms and
can be found in a range of sizes, including 20, 60, 70, 100, 180, 240 and 540 atoms
[22]. The Cgp molecule, which is considered the most abundant fullerene, con-
tains 60 carbon atoms in a OD structure, with electrons confined in all directions.
Several biological properties of these materials and their derivatives have been
studied in fields ranging from photodynamic therapy, neuroprotective-, antimicro-
bial- and antiviral activity, through to other interactions with multiple biological
targets [23]. Although fullerenes were discovered in 1985 and have a wide range of
potential biological applications, the number of scientific publications examining
such molecules is ten times smaller (Fig. 6.4) than that for graphene (Fig. 6.2) and
CNT (Fig. 6.3) in terms of their application in biosensors and drug delivery.

The following sections will discuss some of the issues involving CNs and the
adsorption of amino acids (Sect. 6.3) and pharmaceutical drugs (Sect. 6.4). The pre-
sented data were selected from both the literature and original experiments. For the
latter, ab initio simulations were performed via density functional theory (DFT) using
the SIESTA code (Spanish Initiative for the Electronic Simulations of Thousands of
Atoms) [24]. The methodology used in the simulations is in agreement with other
studies carried out by the present authors, such as Menezes and coworkers [25].

6.3 Amino Acids Adsorbed on Carbon Nanostructures

Among the various molecules of biological interest, it is essential to highlight
amino acids. These molecules are vital to the human body since they are constit-
uents of proteins, enzymes, transport molecules, cell membranes, peptides, hor-
mones and signalling molecules of the nervous system, among others [26-28].
Organic molecules containing amine (-NHj) and carboxyl (-COOH) groups,
amino acids are amphoteric substances, which means they can behave as either
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acid or base depending on the environment [26]. Amino acids are also classified as
essential or non-essential, with the human body unable to produce the latter.

Cysteine (HS—-CH,—CH-(NH,)-COOH) is an essential amino acid that con-
tains thiol (—SH), amine (-NHj;) and carboxyl (-COOH) chemical groups. This
molecule is present in proteins and plays a key role in molecular biology, bio-
chemistry and medicine, especially in the interaction of biomolecules with the
inorganic environment or in association with metallic ions. Although the cysteine
molecule has a number of derivative forms, here we will discuss only the most
abundant enantiomer: L-cysteine [26].

CNs can be associated with amino acids through the latter’s functional groups
acting as coupling agents. From an experimental point of view, several alternatives
have been evaluated aimed at connecting amino acids to CNs [27, 28].

Electrochemical sensors that are highly sensitive to L-cysteine have been devel-
oped using graphene—Au nanoparticles that combine the exceptional conductivity of
graphene and the strong catalytic property of the Au nanomaterial [29]. Graphene
oxide, a derivative of functionalised graphene [30], has also been analysed for use as
an alternative electrochemical sensor, via fluorescence resonance for the detection of
molecules including cysteine, DNA, proteins and metallic ions [31].

Similarly, Carneiro et al. [32] employed DFT to investigate the adsorption of
the amino acid alanine on pristine and functionalised (5,5) single-walled carbon
nanotubes (SWCNTs), showing that the interaction occurred via the amine group.
For the pristine SWCNTs, the strongest bond was observed where all C atoms
from the tubes exhibited sp>-like hybridisation and remained a metallic system. In
contrast, for functionalised SWCNTs with carboxyl groups, the properties of the
resulting systems were independent of the alanine adsorption site [32].

Ganji evaluated, also via DFT, the interaction of the amino acids glycine, his-
tidine, cysteine and phenylalanine with (10,0) SWCNTs, taking into account the
ionic/non-ionic environment and the molecule position on the surface, revealing
physical adsorption [33]. The same author also studied the influence of the inner
and outer surface of (13,0) SWCNTs on glycine, histidine, cysteine and phenylala-
nine adsorption, finding that these amino acids can be encapsulated inside the tube
and form a more stable complex than those adsorbed on the outer surface [34].
Additional work has shown that the thiol (-SH) group of cysteine can improve the
interaction of this particular amino acid with metallic systems due to its ability to
act as a chemical sensor for metallic ions, especially Au and Pt [35].

DFT simulations of cysteine adsorption onto pristine and Au-functionalised
graphene surfaces have indicated that both nanosystems have some chemosensor
capacity, although the Au-doped graphene improved sensor ability largely than
pristine graphene [36]. In the same way, DFT-based calculations of cysteine inter-
action with the surface of pristine and Pt-functionalised graphene have also dem-
onstrated that their metallic functionalised surfaces are good candidates for use in
the detection of biomolecules with a thiol group [37].

In order to contribute to the discussion surrounding cysteine interaction with
carbon nanostructures, we here present a systematic study of the adsorption of this
amino acid onto graphene (8,0) SWCNTs and fullerene. The interaction of the
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Table 6.1 Binding energies and electronic charge transfers found for the most stable configura-
tions of the interactions between cysteine and CNs

Configuration Binding energy (eV) Electronic charge transfer (e™)
Cys—SH-graphene —-0.24 —-0.02
Cys—COOH-graphene —0.18 —0.04
Cys—NH,—graphene —0.19 +0.09
Cys—SH-graphene—vacancy —0.29 +0.01
Cys—COOH-graphene—vacancy —0.09 —0.01
Cys—NH,—graphene—vacancy -0.23 +0.07
Cys—SH-SWCNT —0.22 +0.05
Cys—COOH-SWCNT -0.22 —0.03
Cys—-NH,-SWCNT —0.20 +0.06
Cys—SH—Cgo —0.12 —0.01
Cys—COOH-Cgo —0.11 —0.05
Cys—-NH>—Cgp —0.11 +0.05

Negative values for binding energy represent an exothermic interaction. Charge transfer positive:
from the CNs to the cysteine molecule

cysteine molecule on the CN surface was performed using the amine, carboxyl and
thiol groups in different atomic arrangements. The results for the most stable con-
figurations of these analyses are shown in Table 6.1, which displays the values of
the binding energies and electronic charge transfer.

Binding energies were calculated using the basis set superposition error (BSSE)
[38]. This method employs ‘ghost’ atoms in Eq. 6.1 as follows:

Binding energy = Er (CN +X)—Er (CN + Xghost) —Et (CNghost + X) (6. 1)

where X corresponds to the amino acid or pharmaceutical drug, and CN to the carbon
nanostructure. ET (CN + X) is the total energy of nanostructure interaction with the
adsorbed molecule. The ‘ghost” CN/X corresponds to the additional basis wave func-
tions centred at the position of the original CN/X, but without any atomic potential.

The association of the tested 2D, 1D and 0D nanomaterials with cysteine was
found to be weak, as can be seen in Table 6.1, with the binding energies for all the
interacting systems indicating physical adsorption (all values below —0.24 eV).
These interactions occurred without any changes to the amino acid molecular
structure, a phenomenon that is of great significance regarding the use of the nano-
materials as drug carriers. Additionally, depending on the desired application, the
weakness of the interaction (physisorption) is itself interesting, because in such
cases the system is not connected and can therefore be easily ‘turned off’, i.e. used
as a reversible biosensor.

Figure 6.5 displays the results for the most stable system of cysteine adsorp-
tion onto graphene. Analysing the electronic band structure of this adsorption
(Fig. 6.5d), one can observe that there are no significant changes in comparison to
that of pristine graphene (Fig. 6.5b). This result corroborates the weak interaction
found via the binding energy calculation (—0.24 eV), where the observed changes
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Fig. 6.5 Results for the most stable system found for the adsorption of cysteine on graphene.
a Geometric structure of the interacting system. Electronic levels for isolated graphene b and
cysteine ¢; cysteine adsorbed on graphene d. Electronic charge density plots for e valence levels
from —6.0 to —5.5 eV and f conduction levels from —3.10 to —3.09 eV. The horizontal dashed
red lines indicate the Fermi energy

in band structure are associated with the appearance of flat levels of cysteine elec-
tronic charge density. Examination of the electronic charge density plots reveals a
concentration of charge on the graphene surface in the conduction band (Fig. 6.51),
with the charge in the valence band concentrated on the —SH group of cysteine
(Fig. 6.5e), the most reactive chemical group in the molecule.

Comparing the recorded binding energy values for pristine and defective gra-
phene, it can be seen that the vacancy on the graphene surface increases the reactivity
of the system, changing the value of binding energy for the —SH group from —0.24
to —0.29 eV. In addition, a comparison of the three systems reveals that graphene has
the highest binding energy, followed by CNT and fullerene. Menezes et al. [25] also
found the same result, concluding that this particular pattern reflects the number of
CN atoms close to the adsorbed molecule; as graphene is the most planar structure it
has more atoms able to interact with the molecule, thus increasing adsorption.

Figure 6.6 displays the results for one of the most stable systems found regard-
ing the adsorption of cysteine on the tested SWCNTs, in this case via —SH group
interaction with the surface.

Analysing the electronic band structure of cysteine adsorbed on CNTs
(Fig. 6.6d), a similar result to that of the interaction with graphene is found, with
no significant changes in comparison to the pristine material (Fig. 6.6b). Since
only a weak interaction was observed in terms of the binding energy (—0.22 eV),
the appearance of non-interacting levels from the molecule when adsorbed on the
nanotube surface could be expected. Once more, the charge was concentrated on
the —SH group of cysteine, and in the valence band for the CNTs (Fig. 6.6e).

Finally, Fig. 6.7 displays the results for the most stable system found for
cysteine adsorption onto fullerene Cgp, again for the —SH group.
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Fig. 6.6 Results for the most stable system found regarding the adsorption of cysteine on SWC-
NTs. a Geometric structure of the interacting system. Electronic levels for isolated (8,0) SWCNT
b and cysteine ¢; cysteine adsorbed on the (8,0) SWCNT d. Electronic charge density plots for
e valence levels from —4.99 to —4.90 eV and f conduction levels from —4.50 to —4.30 eV. The
horizontal dashed red lines indicate the Fermi energy
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Fig. 6.7 Results for the most stable system found for the adsorption of cysteine on fullerene.
a Geometric structure of the interacting system. Electronic levels for isolated fullerene molecule
b and cysteine c; cysteine adsorbed on graphene d; electronic charge density plots for e HOMO
and f LUMO. The horizontal dashed red lines indicate the Fermi energy

Figure 6.7d displays the electronic levels for the adsorbed molecule plus the
fullerene, when both systems interact. The charge density plots illustrate the same
behaviour as that found for SWCNTSs, with a concentration of charge on the fuller-
ene surface for the conduction level, and in the fullerene and the —SH group for
the valence level. As discussed earlier, a number of studies have investigated the
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interaction of different amino acids with pristine and functionalised CNs, mainly
aimed at the development of biosensor applications [29, 31-37]. From a theoreti-
cal point of view, the binding energies and electronic properties of the three func-
tional groups of cysteine, when interacting with different pristine CNs (graphene,
CNTs and fullerene), reflect physical adsorption. Functionalisation is an effective
method with which to increase the interaction between the CN and the adsorbed
molecules, especially for biosensor applications [31-37].

6.4 Drugs Adsorbed on Carbon Nanostructures

Among the countless pharmaceutical compounds currently available, here we
choose to highlight non-steroidal anti-inflammatory drugs (NSAIDs), which have
the ability to both control inflammation and hyperthermia and reduce pain [39].
One such NSAID is nimesulide, which although has analgesic and antipyretic
properties, its use has been linked to side effects associated with gastrointestinal
toxicity [40, 41]. Nimesulide differs from other anti-inflammatory drugs [42] in
that its structure includes a sulfoanilide fraction with the acid group. Unlike other
classic NSAIDs, it also exhibits high gastrotolerability and acts as preferential
in the cyclooxygenase-2 (COX-2) path. One method developed with which to
increase the availability of nimesulide [43] has been its combination with other
agents, such as cyclodextrins [44] and CNs [45].

Meloxicam is an enolic acid derivative NSAID [46] developed for the treatment
of rheumatoid arthritis and osteoarthritis [47]. However, its administration has
been linked to dangerous diseases including organic and functional disorders of
the cardiovascular system and gastrointestinal tract [48]. Combining this drug with
nanovehicles can potentially reduce these side effects.

Zidovudine or azidothymidine (AZT) is used as an antiviral drug in the treat-
ment of Acquired Immune Deficiency Syndrome (AIDS) and infections involv-
ing Pneumocystis carinii. Indeed, AZT was one of the first drugs approved for
AIDS treatment [49]. The structural and electronic properties of the interaction of
AZT with SWCNTs and fullerenes were investigated, via ab initio calculations, by
Vendrame and co-workers [50]. These authors found that the AZT molecules inter-
act with the CN in a physisorption regime involving no changes to their electronic
and structural properties, a phenomenon now considered an essential characteristic of
successful drug delivery systems. The current section thus focuses on the interactions
of CNs, such as graphene, CNTs and fullerenes, with anti-inflammatories and phar-
maceutical compounds. Here we demonstrate that these nanostructures are sensitive
to the presence of some molecules, and thus can be employed for use as pharmaceu-
tical drug carriers. In this case the adsorbed molecules under study were nimesulide,
meloxicam and AZT. Table 6.2 displays the results for the most stable configurations.
Binding energy was calculated using the same equation as in Sect. 6.3 (Eq. 6.1).

As Table 6.2 reveals, the binding energy values associated with the adsorption
of nimesulide, meloxicam and AZT onto the tested 0D, 1D and 2D CNs were all
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Table 6.2 Binding energy and electronic charge transfer values found for the most stable
configurations of nimesulide, meloxicam and AZT interaction with CN

Configuration Binding energy (eV) Electronic charge transfer (e™)
Nimesulide—graphene —0.57 +0.06

Nimesulidle—SWCNT —0.32 +0.07

Nimesulide—Cg —0.32 +0.01

Meloxican—graphene —0.36 +0.08

Meloxicam—SWCNT —0.50 +0.07

Meloxicam—Cg —0.29 +0.018

AZT—graphene —0.62 +0.108

AZT—SWCNT —0.44 -+0.06

AZT—Ce¢o -0.32 —0.06

Negative values of binding energy represent an exothermic interaction. Charge transfer positive:
from the CN to the pharmaceutical drug
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Fig. 6.8 a Geometric structure of nimesulide interaction with graphene. Electronic levels for b
isolated graphene, ¢ isolated nimesulide and d nimesulide interaction with graphene. Electronic
charge density plots for e valence levels from —6.13 to —6.11 eV and f conduction levels from
—4.03 to —4.01 eV. The horizontal dashed red lines represent the Fermi energy

low, indicating physical adsorption. As the electronic properties of their interac-
tions with the CNs were similar, here we will discuss the obtained results for only
one of the three selected pharmaceutical drugs (nimesulide).

Figure 6.8 displays the data for nimesulide adsorption onto a graphene surface.
The electronic band structure of the nimesulide molecule (Fig. 6.8d) exhibits no
significant changes in comparison to that of pristine graphene (Fig. 6.8b). This
observation is due to the weak interaction of the adsorption (—0.57 eV), with flat
levels of molecule charge noted mainly close to the conduction band in Fig. 6.8d.
Analysis of the electronic charge density plots reveals a concentration of charge on
the graphene surface in the valence band (Fig. 6.8e); in contrast, charge in the con-
duction band is concentrated on both graphene and nimesulide (Fig. 6.8f).
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Fig. 6.9 a Geometric structure of nimesulide interaction with SWCNT. Electronic levels for
b isolated nanotube, ¢ isolated nimesulide and d nimesulide interaction with nanotube. Electronic
charge density plots for e valence levels from —5.02 to —5.00 eV and f conduction levels from
—4.60 to —4.40 eV

Figure 6.9 displays the obtained data for nimesulide adsorption onto a SWCNT
surface. Analysis of the electronic band structure of the interacting systems
(Fig. 6.9d) reveals a similar result to that found for the interaction with graphene, with
no significant changes in comparison to pristine SWCNT (Fig. 6.9b). Considering the
weak binding energy value shown in Table 6.2 (—0.32 eV), the appearance of flat lev-
els of molecule electronic charge density during its adsorption on the nanotube sur-
face was expected. This phenomenon can be observed in Fig. 6.9d.

In summary, no significant changes were observed in the band structures dur-
ing nimesulide molecule adsorption on the SWCNT, indicating a physical process.
Analysis of the electronic charge plots reveals that in both situations, i.e. for both
valence (Fig. 6.9¢) and conduction (Fig. 6.9f) bands, the charges are concentrated
on the SWCNT surface.

Figure 6.10d shows the electronic levels for the nimesulide molecule plus the
fullerene when the two systems interact, where these levels are a mix of those of
isolated fullerene (Fig. 6.10b) and isolated nimesulide (Fig. 6.10c). The charge
density plots reveal a concentration of charge in the nimesulide in the valence
level (Fig. 6.10e) and in the fullerene in the conduction level (Fig. 6.10f).

Several experimental studies have been performed aimed at the development of
graphene for use in biomedical applications [50-55]. These studies have revealed
graphene to be efficient for both drug delivery, due to the aromatic m—m bonds
found on its surface [51, 52], and photodynamic therapy, due to its high absorption
in the infrared spectral range. A number of in vivo experimental studies have also
proven the effectiveness of graphene for use in cancer treatment [53, 54].

More recently, graphene has been employed for the controlled delivery of
the drug doxorubicin (DOX) [55]. According to Zhang et al. [56], photothermal
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Fig. 6.10 a Geometric structure of nimesulide interaction with fullerene. Electronic levels for b)
isolated fullerene, ¢ isolated nimesulide and d nimesulide interaction with fullerene. Electronic
charge density plots for e HOMO and f LUMO

therapy carried out using this combination resulted in both the complete annihila-
tion of a tumour and a reduction in side effects.

Zanella and collaborators [45] evaluated the interaction of the nimesulide
molecule with pristine and Si-doped capped SWCNTSs, using first-principles cal-
culations. The obtained results suggest that nimesulide interaction with capped
nanotubes occurs in a physisorption regime and is much more intense when
capped with a Si atom [45].

Analysis of Table 6.2 reveals that the use of graphene resulted in the highest bind-
ing energies for most of the studied pharmaceutical drugs. Similar results were found
by Menezes et al. [25] regarding the interaction of carbon nanostructures (graphene,
SWCNTs and fullerene) with vitamins. This behaviour is likely due the planarity of
graphene, which increases the number of atoms near the nanostructure surface. In
contrast, fullerene’s greater curvature increases the distance between atoms, decreas-
ing binding energy values with respect to those of SWCNTSs. The results displayed
in Table 6.2 demonstrate that CNTs, which are characterised by an intermediate cur-
vature level, are generally associated with intermediate binding energies. The same
pattern can be seen in Table 6.1 for the interaction of CN and cysteine.

In summary, the adsorption of molecules of biological interest, such as amino
acids and pharmaceutical drugs, on pristine CNs is mediated through a physisorp-
tion regime. The presented results reveal only insignificant changes to the original
geometric structures of the molecules take place after interaction on the CN, with the
former thus retaining their initial chemical properties. The physisorption regimes of
the systems (CN+ molecules of biological interest) may be relevant for drug deliv-
ery purposes due to the possibility of detaching the molecules from the nanostruc-
ture surface. Experiments examining the development of CNs for biosensor system
applications have indicated the necessity of nanostructure functionalisation through
the use of defects, carboxylation, oxidation or metallic attachment [27, 37].
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