here are a huge number of water pollutants; one of them is dyes. The method
of removing the carcinogenic dyes is based on the adsorption-desorption
equilibrium mechanism. Graphene oxide (GO) has pulled in the
multidisciplinary examination in the most recent decade credited to its
uncommon physicochemical properties. It is used for preparing five different

polymeric adsorbents. These adsorbents were characterized by using various techniques,

like Fourier transform infrared spectroscopy FTIR, Field emission scanning electron
microscopy FESEM, and X-ray diffraction spectroscopy XRD, as well as analysis of the
surface area, pore size, and specific pore volume by Brunauer Emmett Teller and Barrett
Joyner Halenda (BET & BJH Analysis). Batch experiments were performed for studying
tion systems of GO and its prepared composites towards Congo Red CR and
ismarck Brown BB toxic dyes, and they have appeared good response to adsorb from
their aqueous solutions. Adsorption isotherms were determined using the Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich models.
The kinetic models, namely Pseudo-First-Order, Pseudo-Second-Order, and Intra-Particle
Diffusion were employed to understand the mechanism of the adsorption process.
Thermodynamic parameters were calculated and used to interpret the results and revealed
that the adsorption systems were a spontaneous and endothermic process for GO and its
composites. A study of the desorption process was applying for using prepared adsorbents
several times while retaining its good adsorption capacity and observed that the desorption
efficiency (S%) of GO is higher than that of GO-modified adsorbents.

Dr. Hadi Salman Al-Lami

Hadi Salman Al-Lami is a Professor of Polymer and Ceramic
Chemistry, he is got his Ph.D. 1989 from School of Chemistry and
Molecular Sciences, University of Sussex, Brighton, UK. He is
currently working at the College of Science, University of Basrah.

Ali A. Abdulwahid is got his Ph.D. from the University of Basrah

in 2013 where he is currently working as an Analytical chemist
assistant professor at the College of Science.

Alaa Adil Mizhir Albaheli is currently working as a lecturer at the
University of Basrah, College of Marine Sciences. He is recently
awarded a Ph.D. degree in Analytical Chemistry, 2020.

PUBLISHING |35
www.generis-publishing.com E

72)
0]
>
el
=]
S
o
=
aa)
<
Q
Ll
o]
=
2
as)
el
=
]
o
0]
-
)
]
=
N
O
<=
R
2
2]
=
)
R
Q
]
i
0]
+-
=
p—
2]
b
[0}
g
2
)
i
he]
O
-~
&~
]
=
?
0]
=
&
O
[0}
j=
0]
=
Q.
]
=
)

Generis //

(GGeneris

PUBLISHING

Dr. Hadi Salman Al-Lami




Generis

PUBLISHING






Graphene Oxide-Grafted-Polymers Interactions
with Congo red and Bismarck Brown dyes

Alaa Adil Mizhir Albaheli



Copyright © 2021 Alaa Adil Mizhir Albaheli
Copyright © 2021 Generis Publishing

All rights reserved. This book or any portion thereof may not be reproduced
or used in any manner whatsoever without the written permission of the

publisher except for the use of brief quotations in a book review.

Title: Graphene Oxide-Grafted-Polymers Interactions with Congo red and
Bismarck Brown dyes

Author: Alaa Adil Mizhir Albaheli
ISBN:

Cover image: www.pixabay.com
Publisher: Generis Publishing

Online orders: www.generis-publishing.com
Contact email: info@generis-publishing.com



Dedication

To

My dear wife and children...

My family ...

And everyone who visited my heart to leave a mark of love and a heartbeat

Give them all this little effort ...




Acknowledgments

| would like to express my sincere gratitude to the many people who have
contributed to help complete this research project. First of all thanks to my
supervisors Prof. Dr. Hadi S. Al-Lami and Asst. Prof. Dr. Ali A. Abdul
Wahid for introducing me to the interesting field of science and for providing
me with the opportunity to carry out this study. I am extremely lucky to have
such supervisors whose feedbacks were indispensable. They have patiently
corrected me and my research would not have been possible without their
help.

| would like to convey my gratefulness and appreciation to the Head of
Chemistry Department, Asst. Prof. Dr. Ali A. A. AL-Riyahee. | wish to express
my sincere thanks to Asst. Prof. Dr. Bager A. Al-Mayyahi, Prof. Dr. Hassan
T. Abdul Sahib, Asst. Prof. D. Nuha H. Mzher (University of Thi-Qar), and
Dr. Bassam Ashoor Rasheed (Marine Science Centre) for providing me with
the necessary information and consideration and for their valuable feedback.

| am extremely grateful to my colleagues at the College of Marine
Sciences, especially the Dean of the College, Prof. Dr. Hamid T. Alsaad, the
Head of Applied Marine Sciences, Asst. Prof. Muayad H. M. Albehadili, and
Zainab Jaafar Oudha for their support.

Having taken my last steps, | find myself obliged to thank my wife,
children, and family for their continuous support. In addition, my gratitude
goes to all the graduate students, especially my colleagues Huda Salim and
Fadhil Neamah Abdulrida (Biology Department) and | ask Allah to bless them
all.

Alaa %



Abstract

There are a huge number of water pollutants; one of them is dyes. This
study is based on preparing some polymeric adsorbents for the removal of
carcinogenic dyes. Hummer’s method with some modifications was used for
preparing graphene oxide GO from graphite. Five composites were prepared
by grafting GO with; 3,3"- diaminobenzidine, DAB/ethylene diamine
tetraacetic acid, chitosan, CS/EDTA, and poly (n-butyl methacrylate-co-
methacrylic acid) to form GO/DAB, GO/DAB/EDTA, GOICS,
GO/CS/EDTA, and GO/pBCM composites respectively.

These adsorbents were characterized by using various techniques, like
Fourier transform infrared spectroscopy FTIR, Field emission scanning
electron microscopy FESEM, and X-ray diffraction spectroscopy XRD, as
well as analysis of the surface area, pore size, and specific pore volume by
Brunauer Emmett Teller and Barrett Joyner Halenda (BET & BJH Analysis).

Batch experiments were performed for studying adsorption systems of
GO and its prepared composites towards Congo Red CR and Bismarck Brown
BB toxic dyes, and they have appeared good response to adsorb from their
aqueous solutions. The optimization of adsorption systems started with
studying the effect of pH of the dye solutions. The results showed that the
optimum pH-values were varied depending on the type of the adsorbents and
the nature of the adsorbed dye. It was found that pH (3.0, 7.0, 5.0, 3.0, 5.0,
and 7.0) for adsorption of CR dye onto GO, GO/DAB, GO/DAB/EDTA,
GOICS, GO/CS/EDTA, and GO/pBCM respectively, and (3.0, 3.0, 5.0, 3.0,
5.0, and 3.0) for adsorption of BB dye for the same adsorbents sequence
above.

The second optimized factor was the time. The results showed that the
optimum times were (60, 30, 45, 45, 45, and 30 min.) for adsorption of CR
dye onto GO, GO/DAB, GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and
GO/pBCM adsorbents respectively and (45, 30, 30, 45, 45, and 15 min.) for
adsorption of BB dye for the same adsorbents series stated above. These
results imply that the five prepared GO-composites needed a few times to
reach the equilibrium compared with the reference (GO).

Adsorption isotherms were determined using the Langmuir, Freundlich,
Temkin, and Dubinin—Radushkevich models. The Langmuir model was found
to be more suitable for the experimental data than other adsorption models,

11



and this reflects the monolayer adsorption of CR and BB dyes onto the surface
of adsorbents and assumes there are restricted and homogenous adsorption
sites. The maximum adsorption values (Qmax) Were calculated using the
Langmuir isotherm results. They were found (1250, 1428.5, 1438.1, 2000,
1666.6, and 1304.9 mg/g) for adsorption of CR dye onto adsorbents GO,
GO/DAB, GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM
respectively and (833.3, 1734.7, 1111.1, 920.74, 863.8, and 1000 mg/qg) for
adsorption of BB dye for the same adsorbents order mentioned previously.
Again, these results proved that the preference for prepared GO-composites
over GO.

The kinetic models, namely Pseudo-First-Order, Pseudo-Second-Order,
and Intra-Particle Diffusion were employed to understand the mechanism of
the adsorption process, and it fitted very well the Pseudo-Second- Order
kinetic model for both CR and BB dyes onto GO and all prepared GO-
composite, which relies on the assumption that chemisorption may be the rate-
limiting step.

Thermodynamic parameters include enthalpy (AH®), entropy (AS°®), free
energy (AG®), and activation energy (E.) of the adsorption process were
calculated and used to interpret the results and revealed that the adsorption
systems were a spontaneous and endothermic process for GO and its
composites. Also, low activation energy values (E.<40 kJ/mol) were
characteristics of the physisorption mechanism and diffusion-controlled
process.

A study of the desorption process was applying for using prepared
adsorbents several times while retaining its good adsorption capacity and
observed that the desorption efficiency (S%) of GO is higher than that of GO-
modified adsorbents.
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Chapter One The introduction

1. Introduction

1.1. A Brief Introduction of Graphene Oxide GO

Nanoscience and nanotechnology fundamentally manage the
combination, portrayal, investigation, and misuse of nanomaterials. Carbon, a
standout amongst the most well-known molecules on Earth, happens normally
In numerous structures and as a part of innumerable substances which are
called allotropes of carbon. Graphene, a "wonder material" is the world’s
thinnest, strongest, and stiffest material, and additionally being a magnificent
channel of warmth and power. It is the fundamental building square of other
imperative allotropes. Graphene oxide (GO) is of awesome intrigue because
of its minimal effort, simple access, and across-the-board capacity to change
over to graphene. Adaptability is additionally a much-wanted element [1].

Graphene oxide (GO) is graphite that has been oxidized to sprinkle the
carbon layers with oxygen atoms and after that diminished, to isolate the
carbon layers totally into individual or few-layer graphene. Graphene oxide is
the successful result of this oxidation is when the oxidizing operators respond
with graphite, the interplanar separating between the layers of graphite is
expanded. The oxidized compound would then be able to be scattered in a base
arrangement, for example, water, and graphene oxide are then produced [2-4].
Many sorts of oxygen functionalities are known to exist in GO: epoxide (-O-
), hydroxyl (-OH), and carboxyl (-COOH). Epoxide and hydroxyl, situated on
the basal plane of GO, the real parts; carboxyl, distributed at the edges of GO,
are the minor ones [5].

Graphene oxide (GO) has pulled in the multidisciplinary examination in
the most recent decade credited to its uncommon physicochemical properties,
what's more, its applications in vitality discussion, supercapacitor,
photocatalysis, adsorbents, and so forth [6, 7]. Due to the one-of-a-kind
compound exercises, phenomenal scattering properties, high surface
territories, and huge measure of useful gatherings on its surfaces, GO has
demonstrated remarkable sorption exhibitions for various types of
environmental pollutants [8, 9].

The sp?/sp® ratios in GO can be tuned by varying the oxidation degree
using suitable chemical reactions. GO with a various ratio of sp?/sp® domains
may provide novel properties that can be useful for making several
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Improvements in the development of graphene-based research applications
such as biosensors, supercapacitors, and optoelectronic devices, etc., With the
motivation of altering the properties of GO by varying the oxidation levels,
we used a modified Hummers method employing various quantities of an
oxidizing agent. To date, three major methods of synthesizing GO have been
used; (i) the Brodie method [10], (ii) the Staudenmaier method [11], and (iii)
the Hummers method [12]. Over these methods, the Hummers method is
generally considered to be the best since it has the advantage of nontoxicity
compared to the former two which involve highly toxic reactions due to the
liberation of toxic gases and highly reactive species [13]. In a commonplace
GO, the quantity of carbon atoms bonded to oxygen exceeds the number of
intact sp2-hybridized carbon atoms. This makes GO differ from the parent
graphene. From one perspective, these oxygen functionalities can be
considered as deformities brought into the generally perfect graphene plane.
These deformities change over electrically conductive graphene into a cover.
Then again, the oxygen functionalities give GO numerous interesting
properties that the parent graphene does not have. One of these properties is
hydrophilicity, i.e. the capacity to be disintegrated and to shape stable colloid
arrangements in water and in some low-molecular-weight alcohols. Another
preferred standpoint is opening a tunable bandgap that is in charge of novel
optical and electronic properties [14].

Usually, GO is thermally unstable. Upon heating even below 100°C, GO
solely decomposes possibly due to the release of the absorbed water. The
major mass loss occurs at ~200°C presumably because of decompositions of
oxygen-containing groups [15, 16]. However, the removal of functional
groups greatly increases the thermal stability of the RGO. When the GO is
heated up to 800°C, no significant mass loss is detected [16]. Tentatively
accessible GOs are amorphous materials with huge sizes. Their stoichiometry
and structures vary depending upon the techniques used for their syntheses
[19]. Microscopic images [17] and Raman spectroscopy [18] have appeared
that oxygen functionalities form islands and lines on the basal plane of GO,
dividing the GO sheet into small in-plane aromatic domains (Figure 1.1). In
this manner, the surface structures of GO are sheets of fragmental graphene
with oxygen functionalizes modification [19].



Chapter One The introduction

oxidized
domain

oxidized %
domain

aromatic domain: surface area of sp‘e-{:arbnns
oxidized domain: surface area of 5p3-carbun5. vacancies, etc.

Figure 1.1. Schematic illustration of oxygen-containing groups in GO:
A, epoxide located at the interior of an aromatic domain of GO; A’,
epoxide located at the edge of an aromatic domain; B, hydroxyl located
at the interior of an aromatic domain; B’, hydroxyl at the edge of an
aromatic domain; C, carboxyl at the edge of an aromatic domain; and D,

carboxyl at the edge of an aromatic domain [18]
1.2. Schemes Proposed of (GO) synthesis

1.2.1. Brodie and Staudenmaier Methods

Brodie prepared the first batch of GO when he was investigating the
chemistry of graphite in 1859 [20]. When he added KCIO; into a slurry of
graphite in fuming HNO3, he obtained a new batch of a compound that later
determined to contain carbon, oxygen, and hydrogen. Nonetheless, his
observations and conclusions were limited by theories and characterization
techniques available at that time, leaving a huge space for work and
improvement until today.

One of the improvements in Brodie’s work was carried out by L.
Staudenmaier [21, 22]. Two major changes were introduced:

I. Concentrated sulfuric acid is added to improve the acidity of the
mixture.
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Multiple aliquots of potassium chlorate solution are added into the
reaction mixture throughout the reaction.

These changes have led to a highly oxidized GO product (composition
the same as the final product that Brodie got) in a single reaction vessel, thus
largely simplified the process. However, the Staudenmaier method was both
times consuming and hazardous: the addition of potassium chlorate typically
lasted over 1 week, and the chlorine dioxide evolved needed to be removed by
an inert gas, while the explosion was a constant hazard. Therefore, further
modification or development of this oxidation process was still worth
investigation.

1.2.2. Hummers Method and Its Modifications

Very nearly, 60 years after the presentation of Staudenmaier's technique,
physicists Hummers and Hoffman in Mellon Institution of Industrial Research
built up a distinctive formula for making GO. A without water blend of
concentrated sulfuric corrosive, sodium nitrate, and potassium permanganate
was arranged and kept up beneath 45°C for graphite oxidation. As per their
depiction, the entire oxidation process completed inside 2h, prompting the last
item with a higher level of oxidation than Staudenmaier's item [23]. In any
case, it was discovered that Hummers' item ordinarily has a deficiently
oxidized graphite center with GO shells, and a pre-expansion procedure is
useful to accomplish a higher level of oxidation. First presented by
Kovtyukhova in 1999 [24]. Other reported modifications also include an
Increase in the amount of potassium permanganate, etc. [25]. These days, the
change in Hummer's strategy is the most widely recognized formula utilized
for GO planning as depicted in Scheme (1.1). The oxidation degree and yield
of GO have been widely enhanced when contrasted and the simple first item
Is recognized by Brodie. Nevertheless, the division and cleansing procedures
in the altered Hummers technique are still very convoluted and tedious.

1.2.3. The Improved Method to Synthesize GO

As the gold rush of graphene research started in 2004, GO jumped into
the center of carbon nanomaterial research, and lots of publications have
emerged talking about its structure, reduction, and applications. In 2010, a new
recipe was introduced by Tour’s group at Rice University, which avoided the
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use of sodium nitrate and increased the amount of potassium permanganate
and also introduced a new acid into the reaction vessel: phosphoric acid [26].

Concentrated
H,S0,, K,S,0, and KMnO,/H,SO,for
Graphite |P205 for dispersion| Pre-expanded | oxidation,2hrs | Graphite oxide
powder |r— graphite —— dispersion

30% H,0,, DI water, 10% HCI acid,
centrifugation and dialysis for
separation and purification

Reduction Purified graphite
17 oxide
RGO
di i
GO dispersion in Reduced-GO Sparsion

DI water dispersion

Scheme 1.1. The recipe of the most commonly used modified Hummers
method for GO preparation [28]
Lower left: photographic images of the final product GO in deionized
water (left) and the dispersion after hydrazine reduction with ammonia
(right).

They reported a GO product with a higher degree of oxidation made by
reacting graphite with six equivalents of KMnO,4 in a (9:1) mixture of
H,SO4/H3PO,4. One of the greatest focal points of this convention is the
absence of NaNOs, thus avoiding the generation of toxic gases such as NO»,
N,Og, or CIO; in the reaction and making it more environmentally friendly.
Furthermore, phosphoric acid is believed to offer more intact graphitic basal
planes and the final yield is much higher than that in the Hummers method. A
comparison among these protocols is shown in Scheme (1.2)
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Scheme 1.2. A comparison of procedures and yields among different GO

preparation recipe [16]
1.3. Functionalization of Graphene Oxide (GO)

It is well established that the densely functionalized surface of GO has
provided unique opportunities for chemical modification via classic organic
transformations to finely tune the material’s chemical and physical properties.
The methods used to derivatize GO are highly dependent on the desired
application and properties such as electrical and thermal conductivity,
hydrophilicity, and mechanical reinforcement. Oftentimes, functionalized
derivatives of GO exhibit physical properties not found in as-synthesized GO
[27]. In the broadest sense, the functionalization of GO can be divided into
two categories: peripheral functionalization and basal plane functionalization.
Modifications of the periphery of GO typically utilize the reactivity of the
carboxylic acid groups whereas basal plane modification has traditionally
harnessed the reactivity of the resident hydroxyl and epoxide groups [27].

Among different functional moieties, carboxylic acid might be the most
active one, since it is mostly located on the peripheries of GO sheets. The
activation of the COOH is usually led by treatment with SOCI,, followed by
various nucleophilic attacks with different nucleophiles (Scheme 1.3) [23, 27-
29]. 1-Ethyl-3-(3-dimethylamino propyl)-carbodiimide (EDC) [30], N,N'-
dicyclohexylcarbodiimide (DCC) [31], or 2-(7-aza-1-H-benzotriazole-I-yl)-
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1,1,3,3,-tetramethyluronium hexafluorophosphate (HATU) [32] can also
activate -COOH, and attacks by nucleophiles such as amines or hydroxyl
groups are usually followed to form covalent attachments [23].

1) SOCl,

2) R'OH or R'NH,
—.-.
or
R'OH or R'NH,
DCC or EDC, DMAP

R =-0OR' or -NHR'

Scheme 1.3. Activation of GO’s peripheral carboxylic acid groups with
either SOCI; or a carbodiimide, and subsequent condensation with an

alcohol or an amine [23]

For example, GO was activated with EDC and then functionalized with
chitosan (M,=3kDa). The resulting water-dispersible Chitosan—Graphene
Oxide composites were then used as a system to deliver a water-insoluble drug
(camptothecin) [33, 34]. Similar to GO’s carboxylic acid groups, the hydroxyl
groups may be functionalized using carbodiimide coupling chemistry. In this
case, a surface-bound hydroxyl group on GO serves as the nucleophile and
condenses with an exogenous carboxylic acid [27].

Another route to derivatize the basal carbon surface of GO is through the
ring-opening of the epoxide groups. The nucleophile of choice is typically an
amine, including aliphatic, aromatic, and polymeric variants. Generally, the
amine is heated in the presence of exfoliated GO in a polar solvent and
purification/isolation involves either filtration or centrifugation. Beyond
heteroatom nucleophiles, carbanions have also been used in the same manner
to open the epoxide groups [35].

The functionalization of GO via the aforementioned routes has led to
complex architectures with diverse properties such as increased hydrophilicity
or hydrophobicity as well as enhanced thermal stability and mechanical
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robustness. As such, functionalize derivatives of GO have found applications
in polymer composites, drug delivery systems, analyte sensing, and
electrochemical devices [36].

1.4. Graphene Oxide-Based Polymer Composites

Polymer composites represent another area that frequently capitalizes on
GO’s reactivity and ability to modify the carbon material’s functional groups.
Graphene Oxide-based polymer composites are attractive materials in that
they often possess enhanced thermal and/or mechanical stability when
compared to the filler-free polymer [37].

Commonly, the dispersion of fillers within the host polymer matrices is
one of the most crucial parameters in determining the effectiveness of the
added fillers as well as the final characteristics achieved [38]. Graphene oxide,
which is best known for its oxygen-rich functional groups (hydroxyl,
carboxyl, and epoxy groups) located on the basal plane and edges, can be
dispersed into individual sheets in water. Therefore, a molecular level
dispersion can be achieved, providing that a common solvent is used for both
GO and the polymer matrix. In contrast, the overall performance of graphene-
based composites depends heavily on the interfacial adhesion between
graphene oxide and polymer matrix. While the most common interactions of
graphene or graphene oxide with the polymers rely mainly on the physical
bindings as the strongest possible interactions, various studies utilized the
oxygen functional groups which are responsible for hydrogen bonding
formation to react with polymeric molecules [39].

Recently, single-layered two-dimensional graphene, which is recognized
as one of the strongest materials in the world, has attracted much attention due
to its excellent properties and potentially low cost in mass production [40, 41].

To harnessing the fantastic properties, graphene has been considered to
incorporate into polymers, to prepare graphene or graphene oxide filled (nano-
) composites, which may be offered novel and interesting structured materials
for various applications [42]. However, in mass cases, graphene is not
compatible with polymers. Functionalization of graphene is necessary for the
improvement of the compatibility with polymers [43].

For instance, the poor distribution of graphene layers within the polymer
matrix, caused by the strong force between graphene sheets and the high
viscosity of polymers, is overcome by functionalizing graphene sheets with
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oxygen and hydroxyl functionalities to encourage better interactions between
the components [44].

Graphene/polymer (nano-) composites are commonly synthesized using
in-situ polymerization. The monomer and graphene precursors are initially
dissolved in a common solvent and ultra-sonicated to achieve uniform
dispersion. An initiator is then added to the mixture to form the polymer. This
specific technique can be expanded or varied to form a very wide range of
categories and classifications, depending on the type of desired end product,
as well as the selected synthesis routes. For instance, a free-radical initiator
and reducing agent can be added simultaneously to induce polymerization and
at the same time reduce GO to graphene, or achieve ordered layer structure of
the desired composites [45-47].

1.5. Water Pollution

Water is considered polluted if some substances or condition is present
to such a degree that the water cannot be used for a specific purpose. Olaniran
defined water pollution to be the presence of excessive amounts of hazardous
pollutants in water in such a way that it is no longer suitable for drinking,
bathing, cooking, or other uses [48]. Humans generally induce water pollution.
It results from actions of humans carried on to better self. These could be
treated under the various activities that man engages in, which lead to
pollution. The growth of the human population, industrial and agricultural
practices are the major causes of pollution [49].

Heavy metal pollution has a serious threat to the survival of living biota
and the physicochemical nature of the environment. Water is the natural and
preferred sink for contamination and its pollution becomes an important
concern for human health. Heavy metal compounds are widely used in
electroplating, cement, metal processing, wood preservatives, paint and
pigments, and steel fabricating industries. These industries produce large
quantities of toxic wastewaters [50].

Particularly, colored organic compounds generally represent a minor
fraction of the organic components of wastewaters but their color renders them
esthetically unacceptable. The color of waste effluents is due to the presence
of phenolic compounds such as tannins or lignins (2—3%), organic colorants
(3—4%), and especially dyes and dye intermediates [51].
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Organic dyes are considered as chemical contaminants for industrial
wastewater. About 30% of the dyes used in industrial processes go to
industrial wastewater [52]. Dyeing industries such as paper, rubber, plastic,
food, leather, or textile are the main sources of industrial wastewater. The
wastewater generated by these industries, with main characteristics of high
salinity, high chemical oxygen demand (COD) concentrations, high
temperature, high fluctuation in pH (2-12), and strong coloration is one of the
most important environmental concerns [53], where many of them are toxic
and carcinogenic [54].

Some of the used dyes in these industries directly or during the dyeing
process are released to effluents. In the dyeing process, due to the low level of
dye fiber fixation, about 10-15% of the used dyes are lost in wastewater.
Eventually, generated highly colored wastewater gets its way to the
environment, which is problematic because of the high visibility, resistance,
and toxic impact of the dyes that exist in the wastewater [55, 56]. The presence
of dyes in the water, even at low concentrations, reduces the penetration of
oxygen and light, which resulted in endanger of the environment by the effect
on biological cycles and photosynthetic activities. Also, they lead to toxic
effects on human health such as jaundice, skin irritation, allergies, heart
defects, and mutations [57]. According to the synthetic origin and complex
aromatic structures of dyes, they are resistant to biological degradation.
Therefore, organic dyes can remain stable under different conditions and
biological processes are not able to eliminate the dyes easily and completely
[58]. They may be accumulated in living tissues, causing various diseases and
disorders; therefore they must be removed from wastewater before it is
released into the environment before discharge [59]. Also, textile effluents
constitute a major part of industrial wastewater. The release of dyes to the
environment by untreated wastewater poses a serious threat to freshwater
sources, aquatic life, and human beings [60].

The traditional techniques for the elimination of pollutants include;
precipitation, membrane filtration, adsorption, and ion exchange, etc. [61].
Furthermore, various methods have been applied for dye removal from
contaminated waters and industrial effluents, which are generally classified as
chemical, physical, and biological [62].

Nevertheless, these methods show some limitations such as low
efficiency, high operating costs, needing special equipment, and high sludge
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production. All these limitations lead to the inadequacy of these methods for
dye wastewater treatment in small-scale industries [63].

Among these methods, the adsorption technique has been used widely
because it is a simple, economical, and cost-effective process for the
elimination of dyes from wastewater. The adsorption process is preferred by
many researchers over other methods and is widely used in wastewater
treatment. Some adsorbents such as; clay minerals, oxides, and carbon
materials (Graphene and Graphene Oxide) have been studied extensively to
remove most pollutants like dyes and metal ions from aqueous solutions [64,
65].

1.6. Adsorption Process Principles

Adsorption is a process in which a substance (adsorbate), in the gas or
liquid phase, accumulates on a solid surface. It is based on the capability of
porous materials with large surfaces to selectively retain compounds on the
surface of the solid (adsorbent)[66].

Adsorption is used to remove many organic pollutants, toxic compounds,
dyes, and other substances of various types of water that cannot be removed
by conventional methods. These components can be removed largely by
adsorption on the surfaces of many porous natural materials such as activated
carbon, cellulite, and other substances [67]

Desorption

O Adsorbate
Liquid phase
O /
o O

Adsorbed phase -[ . . Adso

Solid phase

<— Surface

——Adsorbent

Figure 1.2. Schematic description for Basic terms of adsorption [68]

Figure (1.2) shows an adsorption example of an adsorbate contained in
the liquid phase and a solid adsorbent with a highly porous surface or
functional group modified surface, adsorbate from the solution will be
deposited at the surface of the adsorbent due to liquid-solid intermolecular
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forces of attraction. The process is reversible so that the deposited molecules
will desorb from (leave) the adsorbent surface if some parameters are changed
conveniently. thus, the adsorbate can be separated from the solution by
adsorption and desorption [68].

Thus, absorption includes the whole matter whereas adsorption is only
effective on surfaces. But both the terms are included in a single term called
“Sorption”, and the reverse of sorption is called “Desorption” [69].

1.6.1. Mechanism of Adsorption Process

Among the operations, the adsorption process occupies an important
position in environmental remediation, since it is an efficient and
economically feasible process for the treatment of wastewater containing
dissolved organic pollutants [70]. In the adsorption, molecules extracted from
one phase (liquid phase, adsorbate solution) and concentrated at the surface of
a second phase (solid phase, adsorbent) which occurs due to an attractive force
existing between the adsorbent surfaces and the adsorbate molecules.

Therefore, adsorption is a removal process where certain molecules are
bound to a particle surface by either chemical or physical attraction. The
process consists of three sequential steps [71]:

« Substances adsorb to the exterior of the adsorbent.

* Substances move into the adsorbent pores.

* Substances adsorb to the interior walls of the adsorbent.

While adsorption is the phenomenon of accumulation of a large number
of molecular species at the surface of a solid or liquid phase in comparison to
the bulk. These phenomena can be classified into two types depending on the
nature of the bonding between the molecules of the adsorbate and the surface
of the adsorbent, namely chemisorption and physisorption.

Both types take place when the molecules in the liquid phase become
attached to the surface of the solid phase as a result of the attractive forces at
the adsorbent surface overcoming the kinetic energy of the adsorbate
molecules [72].

1.6.2. Categories of Adsorption

Adsorption is classified into two types depending on the nature of the
bond between the adsorbent surface and the adsorbate substance [72, 73]:
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(1) Physisorption; or physical adsorption occurs when, because of energy
difference and/or electrical attractive forces (weak Van der Waals forces),
adsorbate molecules become physically fastened to the adsorbent surface.
Physisorption takes place with the formation of single or multiple layers of
adsorbate on the adsorbent surface and is characterized by the low activation
energy of adsorption.

(2) Chemisorption; or chemical adsorption occurs when a chemical
reaction occurs between the adsorbed molecules and the adsorbent.
Chemisorption takes place with the formation of a single layer of adsorbate
attached to the adsorbent surface by chemical bonds. This type of interaction
Is strong with a covalent bond between adsorbate and the surface of the
adsorbent is characterized by a high enthalpy of adsorption.

Adsorbates

- 000000000000 000
000000000000000

Functional group —

Adsorbent —

Figure 1.3. Chemical adsorption onto an adsorbent with a functional

group [68]
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Table 1.1. Comparison between Physical and Chemical adsorption [68]

Physical adsorption

Chemical adsorption

Low heat of The high heat of
adsorption (20-40 adsorption (40-400
kJ/mol) kJ/mol)

Van der Waal's Chemical bond
forces

Low temperature High temperature
favored favored

Does not require any
activation energy

Requires activation
energy

Reversible

Irreversible

1.7. Applications of Graphene Derivatives in the Adsorption Process

Numerous challenges remain for developing the fundamental
understanding of graphene and graphene oxide and their composites, these
materials have already been explored for a range of applications [74].

However, these materials sometimes suffer from either low adsorption
capacities or efficiencies. Modified graphene or graphene oxide compounds
have gradually developed important roles to resolve this problem because of
enhanced active sites and abundant functional groups on the surfaces. So far,
a variety of materials such as graphene compounds [75-77] have been studied
during the adsorption process for removing different organic and inorganic
pollutants from large volumes of aqueous solutions (aquatic environments),
and the results indicated that these materials have high adsorption capacity.

Pollutant removal from the water via adsorption process on graphene-
based materials has been widely used in a water purification technology
because of its high efficiency and low cost [78]. For those, some inorganic and
organic pollutants that strongly threaten the human body, animal, and plants,
GO-based materials display strong adsorption affinity to remove them from
wastewater [79, 80].
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Unlike the carbon nanotubes CNTSs, which require a special oxidation
process to introduce hydrophilic groups for the pollutants removal, the
production process of graphene oxide from graphite inherently introduces the
functional groups of -COOH, —O—, and —OH on to the surface, which are
favorable chemical functionalities for an ideal sorbent [81, 82]. Considering
the oxygen-containing functional groups on the graphene oxide surfaces, the
graphene oxide compounds should have a high sorption capacity for the
adsorption of many pollutants from large volumes of aqueous solutions [83].

Studies have reported that many dyes, such as Congo red, rhodamine B,
and methyl blue may have carcinogenic and mutagenic effects on animals and
humans [84]. Various materials have been used to adsorb organic dyes, such
as clays, mesoporous gels, organic-inorganic hybrids, magnetic particles,
activated carbon, and graphene oxide, and as a new promising material GO is
one of the most preferred adsorbents because of the unique layered structure,
large surface area, and high adsorption capabilities of this material [85].

Gemini surfactant/GO composites have been successfully prepared using
three Gemini surfactants with different tail chain lengths [86], and these
composites were applied to the adsorption of Congo red dye, and from the
experimental data, optimum adsorption conditions, adsorption kinetics, and
isotherms were obtained. The removal process was favorable at acidic pH and
reached equilibrium in ~60 min. The results showed that the pseudo-second-
order model and the Langmuir adsorption isotherm were a good fit for the
adsorption of Congo red onto Gemini surfactant/GO composites as adsorbents
for the removal of some organic dyes in wastewater treatment (As shown in
Scheme 1.4).
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Scheme 1.4. Proposed mechanisms for adsorption of Congo red on

Gemini surfactant/GO composites [86]

Recently, it was demonstrated that the silylation of GO is another
efficient method to introduce efficient groups onto the surface of GO for the
application of pollutants removal from water (As shown in Figure 1.4) [87].

O - Pb2+, Cu2+’ NiZl-. Cd2+, H82+

Qrooc Qooc

Figure 1.4. Chemical structure of EDTA-GO (left) and its interaction
with pollutants (right) [87]
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Important kind of harmful and toxic water pollutants are organic dyes,
which has been widely used in various industrial fields, such as coating,
papermaking, and textiles. One effective way to remove them is direct
adsorption [88].

Until now, the adsorptive removal of toxic dyes from wastewater using
several adsorbents. Therefore, GO and GO-based compounds have attracted
substantial interest as highly effective adsorbents for pollutants such as
organic dyes in water. Because of the surface functional groups of GO, such
as oxygen-containing groups (epoxides, hydroxylic, and carboxylic groups)
that was regulate the availability of the adsorption sites [89].

Recently GO and GO-based compounds have made great progress in the
removal of the dye [90-92]. The adsorption characteristics of the prepared
composite poly (methyl methacrylate) (PMMA)—graphene oxide (GO) were
investigated for removing the study of crystal violet (CV) dye. The adsorption
results revealed that the best adsorption capacity of CV dye by PMMA-GO
nanocomposites occurred at pH 12. The thermodynamic parameters for CV
adsorption onto the PMMA-GO composites, including the Gibbs free energy
AG°®, entropy AS°, and enthalpy AH® were calculated of CV dye adsorption
via thermodynamic examination. Also, the adsorption process was interpreted
well by the pseudo-second-order kinetic model [93].

A three-dimensional porous graphene oxide/polyacrylic acid (GO/PAA)
aerogel with double network skeleton was assembled by in situ solution
polymerization toward the removing of multi dyes from wastewater, such as
methylene blue MB, crystal violet CV, methyl orange MO, and rhodamine B
RhB, in which the adsorption capacities for CV and MB were 851.31 and
771.14 mg/g, respectively. This composite showed outstanding adsorption
capacity due to the structure of the 3D double network skeleton, large specific
surface area, and remarkable carboxyl group content. Langmuir isotherm and
D-R models described the adsorption isotherms, and the adsorption kinetic
was fitted by the pseudo-second-order kinetic model [94].

The study reported developed a novel mesoporous SiO, - GO hybrid
material (SiO,NH,-GO) as a super adsorbent for organic dyes removing from
water, through the condensation reaction between the amine units exposed on
3-aminopropyl functionalized silica nanoparticles and the epoxy groups on the
surface of GO [95]. The maximum adsorption capacity of methylene blue,
rhodamine B, and methyl violet dyes at pH 10 reaching 300, 358, and 178
mg/g respectively.
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N-layer graphene oxide (nGO) was synthesized from graphite oxidation
via the modified Hummers method and then functionalized with
diethylenetriamine to obtain the novel n-layer amino-functionalized graphene
oxide [nGO-(NH)R]. This Nano sorbent was evaluated through the adsorption
of anionic Reactive Black 5 (RB5) and cationic methylene blue (MB) dyes as
shown in Figure 1.5 [96]. pH effect analysis showed that adsorption of anionic
RB5 was not influenced by pH changes; on the other hand, cationic MB
adsorption was higher at pH 12.0. Langmuir isotherm best fitted the adsorption
of both dyes onto nGO-(NH)R and showed maximum monolayer adsorption
capacity of 3036.43 and 335.86 mg/g for MB and RB5 respectively.
Adsorption Kinetics indicated that the system reached the equilibrium state
within 5 min for MB, and after 90 min for RB5. Additionally, the pseudo-
second-order model was better fitted to the experimental data for the
adsorption of both dyes in nGO-(NH)R. Thermodynamic parameters
exhibited the spontaneous adsorption of both dyes and chemisorption behavior
of RB5.
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Electrostatic Methylene Blue N\ 7 .
interactions N A ek {J
pH>szPc W /’ﬁ -.\‘""\.\ . ‘.’7‘-,',& Oy /\
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7 b : A\ ¥Sn v stacking
\ ¥ NH, & s interactions

Electrostatic
interactions

/ 0™ N
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e M /' _{ o0 I ] interactions

Figure 1.5. The adsorption of MB and RB5 dyes onto GO-(NH)R [96]

Intending to develop an improved adsorbent material for the treatment of
printing and dyeing wastewater, a novel thiosemicarbazide functionalized
graphene oxide (GO-TSC-GO) adsorbent was prepared by the condensation
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reaction of the thiosemicarbazide amino group with the graphene oxide
carboxyl group to apply adsorption study on printing and dyeing wastewater
containing methylene blue dye [97]. The adsorption behavior was consistent
with the pseudo-second-order adsorption kinetic model and Langmuir
isotherm model. Thermodynamic analysis indicated an exothermic chemical
adsorption reaction. The qmax 0f GO was 196.8 mg/g whereas GO-TSC-GO
was 596.642 mg/g, proving that this prepared composite has very important
applications for the treatment of dyeing wastewater.

The adsorption process of three cyanine dyes with different alkyl chain
lengths (Rs, R7, and R1p) onto graphene oxide GO nanosheets was achieved by
the preparation of graphene oxide (GO) nanosheets as adsorbent. The effect
of the alkyl chain length of dye molecules was investigated. It was noticed that
the adsorption efficiency increased proportionally with the increase in the
chain length. Ry has the highest gmax according to the Langmuir isotherm
model. The thermodynamic parameters showed that the adsorption was
spontaneous and endothermic. The adsorption process was attributed to the
electrostatic and n-m interactions between the dyes and GO surface as shown
in Scheme 1.5 [98].

@, " interaction — glectrostatic interaction

Scheme 1.5. The interaction between GO and cyanine dye [98]
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The addition of graphene oxide GO into mesoporous silica SBA-15 could
be successfully applied in the adsorption of the dye [99]. Their adsorption
capacity and removal efficiency were evaluated for the elimination of
methylene blue dye. The GO-MS compound showed the perfect capacity for
removal of MB dye compared with pure SBA-15. The maximum adsorption
capacity of the composite for MB dye was found to be 242 mg/g and the
removal efficiency reached 100%. The adsorption capacity and removal
efficiency of GO-MS were highly sensitive to the initial concentration of dye,
solution temperature, and dosage of adsorbent. The thermodynamic
parameters revealed that the adsorption was exothermic and spontaneous. The
adsorption kinetics followed the pseudo-second-order model and the data
were fitted well with the Langmuir isotherm model.

The adsorption of a methylene blue MB as a model dye pollutant, on
MGO and PAA/MGO, was investigated by Zhang et al. [100] in a batch
system. The functionalization of PAA to MGO significantly enhances the
maximum adsorption capacity of MB dye from 70 mg/g on MGO to 291 mg/g
(PAA/MGOQO). The PAA/MGO shows a high adsorption capacity of MB dye
with magnetic properties for easy separation and excellent recyclability, which
endows the nanocomposite with great potential for the removal of cationic
organic pollutants in wastewater treatment. The binding of carboxyl groups of
the PAA on GO leads to form acid anhydride groups (as illustrated in Scheme
1.6 d) may not be very stable in an aqueous solution, and the binding between
PAA and hydroxyl groups on GO would dominate the grafting interaction.

Reduced graphene oxide (rGO) materials have also been used for the
adsorption of many hazardous organic dyes. Nguyen et al. (2020) have
reported the removing study of methylene blue, rhodamine B, and methyl
orange dyes by the nanostructured TiO,/ZnO/rGO (TZR) composites [101].
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Scheme 1.6. Synthesis process for PAA/MGO composite [100]

Also, a facial synthesis of a reduced graphene oxide silver nanoparticle
hybrid nanocomposite (rGO-AgNP) was carried out from aqueous extracts of
Brassica nigra by the reduction of graphene oxide and silver ions
simultaneously [102]. The synthesized nanocomposite acts as an agent for the
removal of Direct blue-14 (DB-14) dye thereby finding its way into water
treatment. The rGO-AgNP composites are effective in adsorbing dye and have
a favourable effect on water treatment. The adsorption equilibrium data of
DB-14 dye onto nanocomposite were found to be well fitted and in good
agreement with isotherm models, confirm the efficiency of rGO-AgNP
composite as an effective adsorbent for removal of dye pollutants.

1.8. The Aims of the Study

The overall aim of this research is the chemical modifications of Graphene
Oxide to achieve a selective and improved adsorption process. GO-composites
have also been pointed as useful adsorbents. Anionic and cationic dyes of
Congo red and Bismarck Brown showed good response to adsorbs onto the
prepared composites from their aqueous solutions. The key objectives of this
research are shown as follows:
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1. Synthesis of Graphene Oxide (GO) from the Graphite using modified
Hummer’s Method.

2. Modifying GO and Preparing 3,3"—Diaminobenzidine-Graphene Oxide
(GO/DAB), GO/DAB-Ethylenediaminetetraacetic acid (GO/DAB/EDTA),
Graphene Oxide—Chitosan (GO/CS), GOCS—Ethylenediaminetetraacetic acid
(GO/CS/EDTA), and Graphene Oxide-based poly (n—butyl methacrylate—co—
methacrylic acid) (GO/pBCM).

3. Investigating the adsorption removal efficiency of CR and BB dyes onto
GO and GO-composites.

4. Evaluating the effects of initial concentration, pH, temperature, and
contact time on the adsorption efficiency.

5. Investigating the adsorption Langmuir, Freundlich, Temkin, and D-R
iIsotherm models of the adsorption process.

6. Investigating the adsorption Kkinetics; Pseudo-First-Order, Pseudo-
Second-Order, and Intra-Particle Diffusion the adsorption process.

7. Investigating the thermodynamic functions of AH®, AS®, and AG® of the
adsorption process, as well the activation energy E..

8. Desorption of dyes from the prepared adsorbents by applying several
cycles of adsorption/desorption experiments using the same adsorbents.

22



Chapter Two Experimental Work

2. The Experimental Work
2.1. Chemicals

The dyes used in this study were purchased from Sigma-Aldrich. Other
used chemicals were supplied from different sources as listed in the table (2.1)
for the liquid compounds, and table (2.2) for the solid compounds.

Table 2.1. The liquid chemical compounds with their purity and sources

Purity Compan
No. Chemical (%) pany

1 Acetic acid 100 VWR
2 Ethanol 99.9 VWR
3 Hydrochloric acid (36%) 36.0 BDH
4 Hydrogen peroxide (30%) 30.0 Fluka
Sigma

5 Methacrylic acid 99.0 Aldrich
6 Methanol 98.0 VWR

N,N-Dimethylformamide

7 (DMF) 99.0 BDH
Sigma

8 n-Butyl methacrylate 99.0 Aldrich
9 Phosphate Buffer Solution - Fluka
10 Sulfuric acid 98.0 VWR
11 Tetrahydrofuran (THF) 99.9 Fluka
12 Thionyl Chloride 97.0 BDH
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Table 2.2. The solid chemical compounds with their purity and sources

i Purity
No. Chemical (%) Company
1 1-ethyl-3-(3-dimethylaminopropyl)- 99.0 Sigma
carbodiimide hydrochloride (EDC) ' Aldrich
. - Sigma
2 3,3’-Diaminobenzidine (DAB) 99.0 Aldrich
: Sigma
>
3 Anhydrous Magnesium sulfate >99.5 Aldrich
4 Benzoyl Peroxide 99.0 Fluka
: : Sigma
5 Calcium hydride 99.9 Aldrich
5 Chitosan (80 meshes ; Degree of ] Sigma
deacetylation = 85%) Aldrich
7 | Ethylene diamine tetraacetic acid (EDTA) | >99.5 Sigma
4 =77 Aldrich
HOPKIN
. &
8 Graphite Powder 99.99 WILLIA
MS
- N Sigma
9 N,N’-dicyclohexylcarbodiimide (DCC) 99.0 Aldrich
: Sigma
10 Potassium Permanganate >99.0 Aldrich
. Sigma
11 Sodium Chloroacetate 98.0 Aldrich
i . Sigma
12 Sodium Hydroxide 99.99 Aldrich
: . Sigma
13 Sodium Nitrate >99.0 Aldrich
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2.2. Instruments and Equipment

The physical measurements were performed using the following
instruments:

1. UV-Vis spectra measurements were recorded over the range of 200-
800 nm on a PG Instruments Limited (Japan), model T80 (EMC-LAB), using
a cell of 0.5 cm in length.

2. FTIR spectra were recorded on Shimadzu, FTIR-8400S (Japan).

3. X-rays Diffraction XRD was performed by a Rigaku X-ray Powder
Diffraction diffractometer (Japan).

4. Field Emission Scanning Electron Microscope images FESEM were
recorded on FEI NOVA NanoSEM-450 (Netherlands).

5. BET Surface Area Analyzer, type Micro metrics Tri-Star's 11 Plus,
using N gas as analysis adsorptive (USA).

6. Hot plate magnetic stirrer, type VELP SCIENTIFICA-C20 (Europe).

7. Lab-Therm Lab-Shaker, Adolf Kikner Basel (Switzerland).

8. Drying Oven Vacuum, Lab TAC. Budenberg Company (Germany).

9. Centrifuge, Hettich (ZENTRIFUGEN). Type D-7200 Tuttlingen,
(Germany).

10. BASIC 20 pH-meter, type E-08328 ALELLA-Barcelona, with a
combined glass electrode, CRISON INSTRUMENTS, S. A. (EU).

[11] Accurate Balance Citizen Scale model CY 204, d=0.0001 g.

[12] Branson Ultrasonic™, type DHA-1000, Fisher Scientific (USA).

2.3. Drying of Organic Solvents

The organic solvents used in this study were dried by sodium wire for 24
h and then filtered and distilled. The dry solvents were obtained at their
defined boiling points. The temperature-controlled at 110°C to obtain dry
Tetrahydrofuran THF, and at 153°C for N,N-Dimethylformamide DMF, with
ignoring the first 10% and the last 10% of the solvent volume [103]. The
solvents ethanol and methanol were used as received without any further
treatments.
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2.4. Preparation of Adsorbents

2.4.1. Synthesis of Graphene Oxide (GO)

Modified Hummers method for synthesis Graphene Oxide GO was
carried out [104-106]. This included dissolving 2.0 g of graphite and 1.0 g of
NaNQOj3 in 46.0 ml of concentrated H,SO,4 under an ice bath. After about 15
min of stirring, 6.0 g of KMnO, was gradually added to the suspension with
stirring as slowly as possible to keep the reaction temperature below 20°C.
The suspension was stirred for two h and then maintained at 35°C for 30 min.
100.0 mL of deionized water was slowly poured into the suspension, resulted
in a quick increase in temperature, and the temperature should be kept below
98°C. After 15 min, the suspension was further diluted to approximately 280.0
mL with warm deionized water. 20.0 mL of 30% H,0, was added to remove
the residual KMnO,4 and MnO; to change the color into luminous yellow.
Then, the suspension was filtered and washed with a warm 5% aqueous HCI
aqueous solution and deionized water, respectively, until no sulfates were
detected, and the pH of the filtrate was adjusted to 7. The product, graphene
oxide, was dried under vacuum at 50°C to a constant weight. Scheme (2.1)
exhibits the chemical equation of the preparation method.

2.4.2. Synthesis of 3,3’-Diaminobenzidine-Graphene Oxide Composite
(GO/DAB)

To synthesize 3,3 -Diaminobenzidine-Graphene Oxide composite [107],
0.5 g GO was ultrasonically dispersed in 10.0 mL distilled water for 5 min at
room temperature followed by adding a mixture of 2.5 g Sodium hydroxide
NaOH and 2.5 g Sodium chloroacetate CICH,COONa. The suspension was
slowly stirred and ultrasonically treated for 2 h at room temperature to convert
hydroxyl and epoxide functional groups in GO to carboxylic groups [106,
108]. The resulting product, carboxyl-functionalized graphene oxide
(GOCOOH), was neutralized with dilute hydrochloric acid and dried under
vacuum at 80°C for 24 h. A mixture of 5.0 mL thionyl chloride and 25.0 mL
DMF was added to 0.5 g of GOCOOH and refluxed for 24 h at 70°C. The
resulting product, acyl chloride- functioned graphene oxide (GOCOCI), was
centrifuged for 8 min at 5000 rpm and thoroughly washed with THF several
times, and dried in an oven at 80°C.
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2.0 g DAB was added to GOCOCI and ultrasonically treated in 50.0 mL
DMF for 2 h at room temperature. Afterward, the suspension was refluxed for
24 h at 110°C to carry out the reaction. GO/DAB was cooled and washed with
ethanol to remove any excess of DAB and finally dried in a vacuum for 24 h.
The preparation route can be represented by chemical equations shown in

scheme (2.2).

Hummer’s Modified Method
1- KMnOg4 / H2SO4 / NaNOs3
2- 30% H»0,

Graphene Oxide
(GO)

Scheme 2.1. The preparation method of Graphene Oxide GO
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2.4.3. Synthesis of GO/DAB-Ethylenediaminetetraacetic Acid
Composite (GO/DAB/EDTA)

For the preparation of GO/DAB/EDTA, 1.0 g GODAB was dispersed in
20.0 mL of 10% acetic acid to form GO/DAB dispersion, 6.0 g EDTA was
evenly dispersed in 100.0 mL of methanol to get EDTA dispersion. Then
GODAB and EDTA dispersion were mixed by mechanical rumbling and react
at room temperature for 24 h. The obtained product GO/DAB/EDTA was
filtered, washed twice with ultrapure water, dried at 50°C, and ground into a
fine powder [109]. The chemical equation can be represented by the scheme
(2.3).

2.4.4. Synthesis of Graphene Oxide-Chitosan Composite (GO/CYS)

The GO/CS was prepared according to the literature with some
modifications [110]. 0.5 g of GO was dispersed in 50.0 mL distilled water by
ultrasonication for 3 h. A solution of 0.05 M (0.0478 g) N,N’-
dicyclohexylcarbodiimide DCC was added to the GO dispersion and stirred
continuously for 2 h to activate the carboxyl groups of GO [111]. The pH was
adjusted to 7.0 by a 2% NaOH solution. Then, the activated GO solution with
5.0 g Chitosan CS was dispersed in 50.0 mL distilled water and 50 mL (10%)
HAC by ultrasonication for 20 min. After that, the mixed solutions were
stirred at 60 °C for an additional 3 h. The precipitate after filtration was
washed with 10% NaOH solution and deionized water in turn until pH was
about 7.0. The obtained product GO/CS was dried in a vacuum oven. Scheme
(2.4) illustrates the preparation route.
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CICH2COONa/NaOH

(GO

Sonicate

COOCH

1- SOCl2 / DMF
2- 24 hrs / 70°C

1-DAB/DMF
2-24 hrs/110°C

Ha
0.

HoN

Scheme 2.2. The preparation method of GO/DAB
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(GO/DAB)——

1- 10% Acetic acid
2- EDTA / CH30OH 0
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Scheme 2.3. The preparation method of GO/DAB/EDTA
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OH OH

(GO)

1-DCC, pH7.0
2-Chitosan CS

O = Chitosan

Scheme 2.4. The preparation method of GO/CS

2.4.5. Synthesis of GOCS-Ethylenediaminetetraacetic Acid Composite
(GO/CS/EDTA)

The functionalization of GO/CS by EDTA was achieved using a reported
method with some modifications [109]. 0.5 g GO/CS was dispersed in 20.0
mL of 10% acetic acid aqueous solution to form GO/CS dispersion, and 6.0 g
EDTA was evenly dispersed in 100.0 mL of methanol for 2 h to get EDTA
dispersion. The GO/CS and EDTA dispersions were mixed by mechanical
rumbling and left to react at room temperature for 24 h. The obtained product
GO/CS/EDTA was separated by filtration and washed twice with deionized
water, dried in the vacuum oven at 50°C, and ground into a fine powder. The
chemical equation can be represented by the scheme (2.5).
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(GO/CS)—

1-10% Acetic acid o o 0
2-EDTA/CH30H ° °T" o

O = Chitosan

Scheme 2.5. The preparation method of GO/CS/EDTA

2.4.6. Copolymerization of n-Butyl Methacrylate/Methacrylic Acid
(pPBCM)

Butyl methacrylate monomer BMA was washed twice with 5% NaOH to
remove inhibitor and twice with distilled water, then it was dried over
anhydrous MgSQO,, then with Calcium hydride, and freshly vacuum distilled
before copolymerization. Methacrylic acid MAA was distilled under reduced
pressure before use in the copolymerization using benzoyl peroxide as
initiator.

The copolymerization (as shown in scheme 2.6) was carried out in the
round bottom flask of equimolar amounts of freshly distilled n-butyl
methacrylate and methacrylic acid under dry N, gas in a water bath after
adding benzoyl peroxide (1x10* mole/L) at 70° [112, 113]. The copolymer
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was precipitated into methanol. It was filtered and washed several times with
methanol and vacuum dried at room temperature.

2.4.7. Polymerization of Graphene Oxide-Based Poly (n-butyl
methacrylate-co-methacrylic acid) (GO/pBCM)

The Polymerization was carried out with some necessary changes. 0.3 ¢
GO was dispersed in 7.5 mL of phosphate buffer solution pH 6 and ultra-
sonicated for 30 min. 0.3 g pBCM and 0.03 g of 1-ethyl-3-(3-dimethyl
aminopropyl)-carbodiimide hydrochloride EDC were added to the GO
dispersion, and the reaction mixture was sonicated for 30 min. The mixture
was stirred for an additional 24 h at room temperature. Finally, GO/pBCM
composite was obtained by filtered, washed with DI water over 3 times, and
dried for 24 h under vacuum as a dark grey powder [114]. The preparation
route can be shown in the scheme (2.7).

CHs CH iati CH CH
| {3 Polymerization 73 73
nCHy=C  *m CH,=C ~w{—CH —C—H—CH -C—]mv
" o o b0 9 “deom o
| |— o 7
OCy4Hg OH OC4Hyg OH
(BMA) (MAC) (PBCM)

Scheme 2.6. The preparation routes of pBCM
2.5. Analysis of the Synthesized Adsorbents

The prepared compounds in this study were characterized using FTIR,
XRD, FESEM, and BET techniques. The procedures were conducted as
follows.

2.5.1. Fourier Transform Infrared Spectroscopy FTIR

The FTIR spectra were analyzed to prepared compounds using an FTIR-
8101M Shimadzu spectrometer (Japan) with KBr pellet in the region (400-
4000 cm™) to investigate the functional groups and chemical structures. It is
available at the Department of Chemistry/College of Science/University of
Basrah.
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Scheme 2.7. The preparation routes of GO/pBCM

2.5.2. X-rays Diffraction Spectroscopy (XRD)

Patterns of X-ray diffraction XRD of the compounds were recorded by a
Rigaku X-ray Powder Diffraction diffractometer (Japan). With a generator
voltage of 20-45 kV and generator current of 2-50 mA, with scanning speed
of 2 min?t from 5° to 80° producing CuK, radiation with a wavelength of
1.5406 A. It is available at the Department of the Physics / University of
Tehran.

2.5.3. Field Emission Scanning Electron Microscopy (FESEM)

The structure and surface morphology of the materials were identified
using an FEI NOVA NanoSEM 450 Emission Scanning Electron Microscope
FESEM under vacuum at an operating voltage of 10 kV. It is available at the
Department of the Physics / University of Tehran.
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2.5.4. Analysis of the Surface Area and the Porosity of Surface BET &
BJH

Surface properties including surface area, pore size, and specific pore
volume diameter were studied for surfaces of all prepared materials, by
Adsorption-Desorption isotherm (Brunauer Emmett Teller BET) and pore size
distribution method (Barrett Joyner Halenda BJH), using BET Surface Area
Analyzer Type Micro metrics tri star Il Plus (USA) using N gas as analysis
adsorptive. It is available at the Department of the Physics/University of
Tehran.

2.6. Preparation of Dyes Solutions

Congo Red CR (FW=696.7) and Bismarck Brown BB (FW=419.31)
were used as purchased without any further treatment in this study, as models
of anionic and cationic azo dyes respectively, and their chemical structures are
shown in Fig. 2.1. A stock solution of both dyes 1000.0 mg/L was prepared
for the adsorption experiments and then the required concentrations were
provided with the dilution by using deionized water.

SO3Na SO3Na
H,N NH,
[b] @—N NQ
\\ //
NH, N‘©7N NH,
2HCI
Figure 2.1. Chemical structure of; Congo Red (a), and Bismarck Brown
(b) dyes [115].
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2.7. Absorption Spectra of Congo Red & Bismarck Brown Dyes

The maximum wavelength (A max) Of Congo Red CR and Bismarck
Brown BB dyes was determined using UV-Visible spectrometer scanning in
the range of 200-800 nm.

2.8. Optimization of Adsorption Experiments

2.8.1. The Initial Concentration of Dyes

To perform the optimal initial concentration of both Congo Red CR and
Bismarck Brown BB dyes, different concentrations were prepared; 100, 200,
300, 400, and 500 mg/L. Adsorption Experiments were examined for each
value of initial concentration by contacting a fixed 0.025 g of adsorbent with
0.1 L of dye solutions for 24 h at 27°C.

2.8.2. Acid Function pH
2.8.2.1. The effect of pH on the CR Dye

The effect of pH on the CR dye adsorption was studied at initial
concentration 300.0 mg/L of adsorbents GO, GO/DAB, GO/DAB/EDTA, and
GO/pBCM, and at 500.0 mg/L as initial concentration of adsorbents GO/CS
and GO/CS/EDTA. 0.025 g as a fixed weight of prepared adsorbents was used
with 0.1L of CR solutions for 24 h at 27°C. The pH adjusting of the CR dye
solution was accomplished by using 0.10 M of Hydrochloric acid or Sodium
Hydroxide solution. Adsorbents were then separated from the solution by
filtration and the equilibrium concentration of reaming CR dye determined
with a UV-Visible Spectrophotometer at Amax 494 nm.

2.8.2.2. The effect of pH on the BB Dye

The effect of pH on the BB dye adsorption was studied at 400.0 mg/L as
initial concentration of adsorbents GO, GO/DAB, GO/CS, GO/CS/EDTA, and
GO/pBCM respectively, and at 200.0 mg/L of adsorbent GO/DAB/EDTA. By
using 0.025 g as a fixed weight of prepared adsorbents with 0.1L of the BB
solutions were used for 24 h at 27°C. The pH adjusting of the BB dye solution
was accomplished by using 0.10 M of Hydrochloric acid or Sodium
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Hydroxide solution. Adsorbents were then separated from the solution by
filtration and the equilibrium concentration of reaming BB dye determined
with a UV-Visible Spectrophotometer at Amax 457 nm.

2.8.3. Contact Time of Experiments
2.8.3.1. Determination of contact time for CR Dye

To determine the equilibrium time of adsorption study, a 0.1L of 300.0
mg/L as CR initial concentration of adsorbents GO, GO/DAB,
GO/DAB/EDTA, and GO/pBCM, and at 500.0 mg/L of both adsorbents
GO/CS and GO/CS/EDTA, are added to a fixed 0.025 g as a known amount
of prepared adsorbents. All solutions were shaken at 200.0 rpm for 1, 3, 9, 12,
15, 30, 45, 60, 75, and 90 min at room temperature. Adsorbents then separated
from the solution by filtration and the equilibrium concentration of reaming
CR dye determined with a UV-Visible Spectrophotometer at Amax 494 nm, and
optimum pH 3.0 for GO and GO/CS; 5.0 for GO/DAB/EDTA and
GO/CS/EDTA,; 7.0 for GO/DAB and GO/pBCM.

2.8.3.2. Determination of contact time for BB Dye

To determine the equilibrium time of adsorption study, a 0.1L of 200.0
mg/L as BB initial concentration of GO/DAB/EDTA adsorbent and at 400.0
mg/L of GO, GO/DAB, GO/CS, GO/CS/EDTA, and GO/pBCM, were added
to a fixed 0.025 g as a known amount of prepared adsorbents. All solutions
were shaken at 200.0 rpm for 1, 3, 9, 12, 15, 30, 45, 60, 75, and 90 min at
room temperature. Adsorbents then separated from the solution by filtration
and the equilibrium concentration of reaming BB dye determined with a UV-
Visible Spectrophotometer at Amax 457 nm, and optimum pH 3.0 for GO,
GO/DAB, GO/CS, and GO/pBCM; 5.0 for GO/DAB/EDTA and
GO/CS/EDTA.

2.8.4. Temperature

Three temperature degrees; 27°, 40°, and 60°C were chosen to
investigate the effect of temperature on the adsorption process using a known
concentration for each dye in this study.
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2.9. Adsorption Isotherm

2.9.1. Adsorption Isotherm of CR Dye

The adsorption isotherms were performed for CR dye at a concentration
range of (300, 325, 350, 375, 400, and 450 mg/L) with GO, GO/DAB,
GO/DAB/EDTA, and GO/pBCM respectively, and at the range (500, 525,
550, 575, 600, and 650 mg/L) with both GO/CS and GO/CSEDTA. A0.1 L
of dye solution was transferred to a fixed 0.025 g of prepared adsorbent, and
shaking at 27°C within a speed of 200.0 rpm at pH 3.0 for GO and GO/CS;
5.0 for GO/DAB/EDTA and GO/CS/EDTA,; 7.0 for GO/DAB and GO/pBCM.
Thereafter, the solutions were filtrated and the equilibrium concentration was
determined by UV-Visible Spectrophotometer at Amax 494 nm.

2.9.2. Adsorption Isotherm of BB Dye

For BB, the concentration range of (200, 225, 250, 275, 300, and 350
mg/L) with GO/DAB/EDTA, and the concentration range of (400, 425, 450,
475, 500, and 550 mg/L) with GO, GO/DAB, GO/CS, GO/CS/EDTA, and
GO/pBCM respectively. Also, 0.1 L of dye solution at pH 3.0 for GO,
GO/DAB, GO/CS, and GO/pBCM; 5.0 for GO/DAB/EDTA and
GO/CS/EDTA was transferred to a fixed 0.025 g of prepared adsorbents and
shaking at 27°C within a speed of 200.0 rpm. Thereafter, the solutions were
filtrated and the equilibrium concentration was determined by UV- Visible
Spectrophotometer at Amax 457 nm.

2.10. Adsorption Kinetics

2.10.1. Adsorption Kinetics of CR Dye

Adsorption kinetic and calculating thermodynamic parameters such as
standard enthalpy change AH°, standard entropy change AS°, and standard
free energy change AG° of CR dye were studied. The experiments were
conducted at the chosen temperatures in this study 27°, 40°, and 60°C, with a
fixed 0.025 g of adsorbents in 0.1 L of CR dye solution with an initial
concentration of 300.0 mg/L for GO, GO/DAB, GO/DAB/EDTA, and
GO/pBCM, and 500.0 mg/L for GO/CS and GO/CS/EDTA, and the maximum
adsorption capacity were found at optimum pH; 3.0 for GO and GO/CS; 5.0
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for GO/DAB/EDTA and GO/CS/EDTA; 7.0 for GO/DAB and GO/pBCM,
with shaking of 200.0 rpm. Finally, the solution was filtrated and the
concentration was determined by UV-Visible Spectrophotometer at Amax 494
nm.

2.10.2. Adsorption Kinetics of BB Dye

The adsorption Kinetic experiments of BB dye were conducted at 27°,
40°, and 60°C as the chosen temperatures in the study, with a fixed 0.025 g of
each adsorbent in 0.1 L of BB dye solution with an initial concentration of
200.0 mg/L of GO/DAB/EDTA and 400.0 mg/L of GO, GO/DAB, GO/CS,
GO/CS/EDTA, and GO/pBCM, and the maximum adsorption capacity was
found at optimum pH 3.0 for GO, GO/DAB, GO/CS, and GO/pBCM; 5.0 for
GO/DAB/EDTA and GO/CS/EDTA, with shaking of 200.0 rpm. Finally, the
solution was filtrated and the concentration (C; mg/L) was determined by UV-
Visible Spectrophotometer at Amax 457 nm. Also, the thermodynamic
parameters of BB dye adsorption were studied at the same conditions, such as
standard enthalpy change AH®, standard entropy change AS°, and standard
free energy change AG®.

2.11. Desorption Study

Desorption of the CR and BB dyes from the prepared adsorbents was
carried out by applying several cycles of adsorption/desorption experiments
using the same adsorbents, maximum adsorption of the dyes conducted by
applying optimum agitation time, and pH-value for each adsorbent in this
study. The desorption experiments were done by immersing the dye-loaded
adsorbents into 100.0 mL of distilled water as eluent, and the mixture was
stirred continuously at the worst pH of each system at room temperature, then
the desorbed dyes were filtrated and its concentration determined by using a
UV-Visible Spectrophotometer at Amax OF each dye.
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3. Results and Discussion
3.1. Characterization of Adsorbents

This chapter deals will with the characterization of the prepared
composite adsorbents based on Graphene Oxide using Fourier Transform
Infrared Spectroscopy, Field Emission Scanning Electron Microscopy, X-rays
Diffraction Spectroscopy, Surface area, and the surface porosity analysis.

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrum can provide useful information to identify the presence
of certain functional groups or chemical bonds in a molecule of an interaction
system. Natural graphite, graphene oxide, and its different prepared
composites are characterized as KBr discs. Figures (3.1-3.7) represent the FT-
IR spectra of Graphite powder, GO, GO/BAB, GO/DAB/EDTA, GOI/CS,
GO/CS/EDTA, and GO/pBCM respectively.

The IR spectrum of natural graphite (Figure 3.1) is nearly featureless,
while that of GO exhibits prominent peaks at 3367 cm, which corresponds
to hydroxyl stretching vibration, very weak bands at 2920 cm™ are due to the
asymmetric stretching vibration of the C-H bond, and at 1728 cm
corresponding to the stretching vibration of the carbonyl group. While the
peak at 1619 cm~twas attributed to aromatic C=C stretching vibrations. Other
obvious peaks at 1371, 1165, and 1027 cm™ which correspond to O-H
deformation vibration, asymmetric and symmetric C-O stretching vibration in
the C—-O-C groups are also observed and assigned [116]. The IR spectra of
graphite (Figure 3.1) and GO (Figure 3.2) are significantly different, where a
high number of oxygen-containing functional groups are present on the basal
planes and edges of the graphene oxide sheet [117], and the differences were
generally proportionate to those reported previously in the literature [118],
indicating that we successfully prepared to GO. FTIR analysis of Roy
Chowdhury et al. [119], Bao et al. [120], and Galpaya et al. [121] are agreed
well with our results.

Surface chemical functionalization of GO was carried out by the
amidation reaction between DAB amine groups and carboxylic acid sites of
GO and characterized using Fourier transform infrared spectroscopy (Figure
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3.3). The nature of the interaction between GO and DAB amine is confirmed
by the appearance of the peaks at 1607, 1418, and 1062 cm™* could be assigned
to the symmetrical stretching vibration of C=0 and C-N in amides, and
stretching vibration of C-N in amines respectively, and intense peak at 1027
cm? of N-H stretching vibration of the amine group. This indicates a
successful reaction between graphene oxide and amine has occurred [122],
and the formation of amide linkages as well as the occurrence of nucleophilic
substitution reactions, as proposed in the reaction mechanism. The strong and
broadband at 3367 cm™ (of O-H stretching vibration in GO carboxylic
functional groups) became sharper and is shifted to 3417 cm™ after the
reaction with DAB due to removal of O-H in carboxylic groups and forming
amide groups [107].

The important absorbance peaks of GO/DAB/EDTA (Figure 3.4) at 1080
cm? are caused by the stretching vibration and bending vibration of the N-H
bond [123]. The broadband observed around 3423 cm* might ascribe to the
O-H stretching vibration from the adsorbed H,O on the surface of
GO/DAB/EDTA and GO components [124]. The intense band at 1635 cm*
was attributed to the vibrations of the C=0 bond originating from carboxyl
functional groups. Besides, C-OH vibration at 1410 cm™ and C—H aromatic
at 3017 cm™ are observed in GO/DAB/EDTA [125]. Furthermore, the C-O
stretching peak shifts from 1607 cm™ in GO/DAB to 1635 cm™ in
GO/DAB/EDTA, indicating interactions exist between GO/DAB and EDTA.
FTIR spectra confirmed that the prepared GO/DAB and GO/DAB/EDTA
contained plentiful oxygen and nitrogen functional groups, all the functional
groups could act as available adsorption sites and played an important role in
the adsorption process. A new peak at 1317 cm™ is due to the C-O stretching
vibration of new COO groups from EDTA [126].

The IR spectrum of GO/CS composite (Figure 3.5) shows a combination
of characteristic peaks of Chitosan CS and Graphene Oxide GO. So, the results
implied that interactions existed between them [127]. The stretching vibration
bands of the C-H at 2928, and 2852 ¢cm™ come from —CHj; of Chitosan
appeared, indicating that GO was successfully grafted on Chitosan. Moreover,
there are some characteristic absorbance bands at 3326, 1642, and 1577 cm™
which correspond to the N-H stretching vibration, C=0 stretching of —
NHCO-, and N—H bends of -NH; respectively [128]. A new peak at 1453 cm-
! that due to C-H bending, and the shift of the characteristic peak of O—H from
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around 3367 to 3326 cm™, may result from the interaction between GO and
CS [129, 130].

Examining the GO/CS/EDTA composite FTIR spectrum (Figure 3.6)
reveals some intense changes. The intensity of the absorption peak of N-H at
3326 cm* was dramatically weakened after grafting EDTA to GO/CS. The N-
H stretching vibrations above 3000 cm™* were weakened and the peak at 1577
cm™? of N-H bending vibrations was also disappeared after modification. A
new strong peak at 1317 cm™ is appeared due to the CO stretching vibration
of new COO groups from EDTA [126]. Furthermore, the C=0 stretching
vibration peak shifts from 1642cm=in GO/CS to 1694 cm™ in GO/CS/EDTA,
indicating interactions exist between GO/CS and EDTA.

Moreover, some important absorbance peaks in the FTIR spectrum of
GO/pBCM composite (Figure 3.7) are observed at 3176-3327 cm™ as new
peaks for OH stretching vibration, 1624, 1578, 1459, and 1311 cm®
combining those of GO and pBCM. Furthermore, the C-O stretching vibration
peak shifts from 1728 cm™ in GO to 1624 cm™ in GO/pBCM, and that
indicating interactions exist between GO and pBCM chains [131, 132]. Also,
the following new peaks can be identified, cm™; 2851-2928 of CH stretching
(CH; and CHj3 groups), 1400-1500 of CHj scissoring vibration, 1311 doublet
twisting bands for CH3 deformation, 1273-1000 of C—O—C vibration in ester
groups, around 900 of C—C stretching of the main chain, and around 850 of
CH out of plane deformation [133].
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Figure 3.1. FTIR spectrum of Graphite Powder.
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3.3. Field Emission Scanning Electron Microscopy (FSEM)

Field Emission Scanning Electron Microscopy (FESEM) was used to
analyze the morphological aspects, the size distribution, and the chemical
composition [134]. The grain size and surface morphology were investigated
for the adsorbents GO, GO/DAB, GO/DAB/EDTA, GO/CS, GO/CS/EDTA,
and GO/pBCM and were obtained at 25.000%x magnification and are
represented in figures (3.8-3.13) respectively.

According to figure (3.8), GO adsorbent is seen as a flat sheet with some
pucker on the surface which is due to deformation of graphite upon the
exfoliation processes by using a strong oxidizing agent KMnQy,, and has well
defined and interlinked three-dimensional graphene sheets, forming a porous
network that resembles a loose sponge.

Figure (3.9) shows the FESEM image of GO/DAB, that appearance as
quite different compared to GO adsorbent, and reveals that it is a porous
structure with a large number of adsorption sites, and also observed that the
surface of GO sheets is smooth and tightly packed owing to the interaction of
oxygen-containing functional groups [135]. It indicates and confirms the
combination of graphene oxide and 3,3"-Diaminobenzidine compound
(DAB).
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Furthermore, as seen in figure (3.10), the cross-section morphology of
GO/DAB/EDTA adsorbent shows a surface morphology that is quite different
from that of GO and GO/DAB. While there are obvious wrinkles on the
surface of GO/DAB/EDTA, the surface is much smoother than either GO or
GO/DAB adsorbents.

On the other hand, the illustrating figures (3.11 and 3.12) shows the
adsorbents GO/CS and GO/CS/EDTA respectively, where a quite different
compared to GO, it has some apparent folds and fluffy structures, assigned
wrinkles, and curved surface in adsorbent GO/CS [136], and the roughness
increased in adsorbent GO/DAB/EDTA images and revealed the attachment
of EDTA groups [137]. This image indicates and confirms the combination of
graphene oxide and chitosan as well EDTA.

Furthermore, as seen in figure (3.13), the cross-section morphology of
GO/pBCM showed that the surface was also very compact, indicating that GO
sheets were dispersed homogeneously in the polymer matrix, which also
indicates the development of strong hydrogen bond interactions between
graphene oxide and copolymer [138].

Figure 3.8. FESEM images at magnification 25000 of GO adsorbent.
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Figure 3.9. FESEM images at magnification 25000 of GO/DAB

adsorbent.

Figure 3.10. FESEM images at magnification 25000 of GO/DAB/EDTA
adsorbent.
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Figure 3.11. FESEM images at magnification 25000 of GO/CS

adsorbent.

Figure 3.12. FESEM images at magnification 25000 of GO/CS/EDTA

adsorbent.
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Figure 3.13. FESEM images at magnification 25000 of GO/pBCM

adsorbent.
3.4. X-rays Diffraction Spectroscopy (XRD)

X-rays diffraction (XRD) is a commonly used technique to determine the
structural arrangement of atoms or molecules in a crystalline material. Powder
XRD has been routinely used to investigate the crystalline structure of graphite
and related carbon materials. Also; XRD is a fast, non-destructive technique,
and can often provide an unambiguous sample determination [139]. When it's
combined with calculations of interplanar spacing, the number of coherent
graphene layers may be estimated, and therefore indicate the degree of
exfoliation.

The XRD patterns of prepared adsorbents GO, GO/DAB,
GO/DABEDTA, GO/CS, GO/CS/EDTA, and GO/pBCM are shown in
Figures (3.14-3.19) respectively.

The XRD pattern of natural graphite has a sharp diffraction peak at 20
(26.25°), corresponding to an interlayer distance of (0.34 nm), which is
following the reported value [140]. As for the GO powder sheet, Figure (3.14)
shows a sharp peak at the 20 position (~9.55°), which corresponds to an
interlayer distance of (0.924 nm). The enlarged interlayer distance is attributed
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to the presence of oxygen-containing functional groups on the GO sheet and
suggests the successful oxidation of natural graphite using concentrated acids
and KMnQO, [141].

After functionalization of GO with DAB, many new peaks have appeared
(Figure 3.15), the most important of those peaks are centered at 20 (17.3°,
31.6°,37.8°, and around 45.0°). In the GO-functioned with DAB, we observed
weak peaks appearing nearly at 20 (7.7° and 9.0°), which is lower than that of
graphene oxide (9.55°). This could imply that the interplanar spacing of GO
functioned with DAB was broadened due to possible intercalation of DAB,
and that GO was fully exfoliated by treatment with DAB. Therefore, the XRD
pattern also confirms the formation of DAB grafting on the surfaces of
graphene oxide [142].

On the other hand, the GO peak disappears as shown in the XRD pattern
of GO/DAB/EDTA (Figure 3.16), and other new characteristic peaks can be
seen, these new bands corresponding to the chemically converted of the
functioned graphene oxide into GO/DAB/EDTA, and at the same time
indicating that GO sheet is uniformly an interaction with EDTA without
agglomeration.

Meanwhile, after modifying GO with chitosan CS many broad peaks
were appearing at 20 between (~10.57°) and (~21.63°) as shown in figure
(3.17) confirming the suitable attachment of CS to GO surface and indicating
that there are mainly physical interaction but scarcely chemical reaction
between CS and GO [143]. Due to the peak overlapping, no peak related to
GO in XRD patterns of GO/CS. The peak at 26 (9.44°) of GO/CS matched
with that of pure GO, results from the remaining stacked GO sheets in the
GOI/CS [127].

The wide-angle XRD pattern was presented to investigate the prepared
adsorbent GO/CS/EDTA (Figure 3.18). The diffraction peaks at 26 = 22.21,
24.69, 32.25, and 37.21 represented as new peaks, also the diffraction peak
around 17.87 might belong to the EDTA [109]. These characteristic
diffraction peaks confirmed the formation of GO/CS/EDTA.

The peak characteristic of GO disappears in the XRD pattern of
GO/pBCM composite (Figure 3.19), indicating that the graphene oxide GO
sheet is uniformly dispersed in the pPBCM matrix without agglomeration
[117]. On the other hand, some new characteristic peaks at 20 31.69°, 37.89°,
and 45.47° are also observed in the XRD pattern of the GO/pBCM composite
(Figure 3.19).
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Figure 3.14. X-rays Diffraction pattern of adsorbent GO.
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Figure 3.15. X-rays Diffraction pattern of adsorbent GO/DAB.

52



Chapter Three Characterization Of Compounds

4000 -
3200 -
=
S 2400 4
2
i7)
=
g 1600 -
=
800 -
0_

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2 Theta ( degree)

Figure 3.16. X-rays Diffraction pattern of adsorbent GO/DAB/EDTA.
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Figure 3.17. X-rays Diffraction pattern of adsorbent GO/CS.
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Figure 3.18. X-rays Diffraction pattern of adsorbent GO/CS/EDTA.

1125 -
900
_
=
& 675 1
2
3
=
S 450
=
225
0 depmttn

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2 Theta (degree)

Figure 3.19. X-rays Diffraction pattern of adsorbent GO/pBCM.

3.5. Analysis of the Surface Area and the Porosity of Surface (BET &
BJH)

Brunauer Emmett Teller BET analysis provides precise specific surface
area evaluation of compounds by N, multilayer adsorption measured as a
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function of relative pressure using a fully automated Analyzer [144]. This
technique includes evaluations of the external area and pore area to determine
the total surface area in m?/g and profitable significant data for the adsorption
processes.

Barrett Joyner Halenda BJH analysis can also be employed to determine
pore size and specific pore volume using adsorption and desorption
techniques. This technique characterizes pore size distribution independent of
the external area due to the particle size of the compounds [145]. Figures
(3.20-3.25) illustrate BET isotherms of the adsorbents; GO, GO/DAB,
GO/DAB/EDTA, GOI/CS, GO/CS/EDTA, and GO/pBCM respectively. All
the obtained data that belongs to the BET and BJH techniques of the
absorbents in our study are arranged in Table (3.1).

From BET isotherms of the prepared adsorbents (according to the
classification of the International Union of Pure and Applied Chemistry
IUPAC) are IV type, which indicates that the process is multilayer adsorption
of these adsorbents [146]. It was found from BET & BJH as shown in table
3.1, the adsorbent GO has a surface area of 10.4477 m? g2, total pore volume
0.000866 cm?® g and average pore width (4V/A by BJH) 9.8143 nm. And
through the value of the pore diameter, it is noted that the adsorbent GO was
classified within Mesoporous (containing pores 2-50 nm in width) materials
[147]. The particle size of these materials can affect its adsorption of adsorbate
besides the influence of pore volume and surface area.

Table 3.1. Surface area analysis for prepared adsorbents

Propert GO GO/D | GO/DA | GO/C | GO/CS | GO/pB

perty AB | BIE S IE CM
Surface

10.447

area 07 3.2782 | 3.4764 | 45763 | 2.6176 | 2.6848
(m?/g)*

Pore

volurme 0.0008 | 0.0011 | 0.00147 | 0.0015 | 0.00095 | 0.00117
(cm¥g)** 66 84 7 08 2 6
Pore
diameter | 9.8143 18'313 13.6247 16'7740 10.2146 | 10.0968
(nm)**
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Isotherm
type
Typeof | Meso | Meso | Meso | Meso | Meso Meso
pore pOrous | porous | porous | porous | porous | porous
*Determined by the BET method, **Determined by BJH method

v v v v vV v

Furthermore, the textural properties of the other prepared adsorbents
GO/DAB, GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM were
also characterized by the BET method as shown in Figures (3.21-3.25)
respectively also the corresponding pore size distribution of obtained by BJH
method. As a note in the mentioned figures, all these adsorbents show similar
behavior to those of type IV, which also indicates the presence of mesoporous
materials [147]. The particle size of these adsorbents can also play its role in
the adsorption of the dye besides the influence of pore volume and surface
area.

Moreover, Table (3.1) presents the specific surface area, pore volume,
and pore size (diameter) of other prepared adsorbents. It observes that GO
adsorbents had higher surface area compared to other adsorbents, also the pore
size and pore volume of GO adsorbents were smaller than those other
adsorbents. Although the smallest surface area of the other prepared
adsorbents, its adsorption capacities were larger than of GO adsorbent (we will
refer to an explanation of this in detail later in chapter four), maybe because
of the larger pore size and pore volume of these adsorbents. Thus, it could be
inferred that the interactions between functional groups of GO adsorbent and
dyes molecules occurred on the surface of GO. On the other hand, the active
sites inside of the pore for the other adsorbents were well accessible to the CR
and BB dyes molecules, and this gave good results for adsorption capacities.

In general, the adsorption behavior in mesoporous materials is
determined by the adsorbent-adsorptive interactions and by the interactions
between the molecules in the condensed state. In this case, the initial
monolayer-multilayer adsorption on the mesoporous walls.
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Figure 3.25. The N2 adsorption-desorption isotherms of GO/pBCM.
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4.  Adsorption Experiment Study
4.1. Batch Adsorption Experiments

The adsorption experiments were carried out using a 0.1L of dyes
solution with chosen initial concentration to each adsorbent by contacting an
0.025 g as a fixed weight of adsorbents for each value of initial concentration,
and the solutions were shaken at 200.0 rpm for 24 hrs at 27°C, the resulting
suspensions were filtration. The equilibrium concentration was determined for
each dye using a UV-Visible Spectrophotometer at Amax 494 nm for CR dye
and Amax 457 nm for BB dye.

The amount of the CR and BB dyes on the prepared adsorbents were
calculated from the difference in dye concentration in the aqueous phase
before and after adsorption, using the equation 4.1 [148]:

(Co B Ce) \

Qe = — - (4.1)

Where Cy and C, (mg/L) are the initial and equilibrium concentrations of
dyes in the solution, V (L) is the volume of dyes solution, m (g) is the mass of
the used adsorbents in the experiment, and ge (mg/qg) is the amount of adsorbed
dyes per gram of adsorbents (adsorption capacity).

4.2. Optimization of Adsorption Experiments of Dyes

4.2.1. Initial Concentration of CR & BB Dyes

To perform the optimal initial concentration of CR and BB dyes,
different concentrations are prepared; 100, 200, 300, 400, 500, and 600 mg/L.
The 300.0 mg/L as an optimum initial concentration of CR dye is used for GO,
GO/DAB, GO/DAB/EDTA, and GO/pBCM, and 500.0 mg/L for GO/CS and
GO/CS/EDTA adsorbents. Likewise, BB dye is recorded 200.0 mg/L as the
optimum initial concentration for GO/DAB/EDTA, and for the rest of
adsorbents; i.e. GO, GO/DAB, GO/CS, GO/CS/EDTA, and GO/pBCM, is
recorded 400.0 mg/L as an optimum initial concentration.

4.2.2. The Effect of pH on the CR & BB Dyes

The pH is an important factor that influences the solution chemistry of
dyes, complexation by organic or inorganic ligands, precipitation, and
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hydrolysis. pH also influences the speciation and availability of dyes for
adsorption [149]. The effect of pH on the adsorption capacities of prepared
adsorbents was studied at an optimum initial concentration of both CR & BB
dyes, Figures (4.1 and 4.2) illustrates pH which adjusted at the range (3.0—
12.0) influence of the adsorption capacities for CR and BB dyes onto GO,
GO/DAB, GO/DAB/EDTA, GOI/CS, GO/CS/EDTA, and GO/pBCM at 27°C.

Figure (4.1) shows a sharp decrease in the adsorption of CR dye with
increasing pH from 3.0 to 7.0. A lower gmax is found, for both adsorbents GO
and GO/CS at the pH ranging from 9.0 to 12.0. However, the optimum pH for
adsorption depends on the types of adsorbate and adsorbent. The free electron
pair of nitrogen on amine groups is responsible for the adsorption of
adsorbates on chitosan adsorbents. Acidic media results in the protonation of
amine groups and enhances the cationic potential of chitosan, thereby,
improving the adsorption process [150]. Therefore, the pH is kept at 3.0 for
the next optimization experiment for GO and GO/CS.

Figure (4.1); also revealed that the best working pH value is found to be
7.0 for the better adsorption of CR dye by GO/DAB and GO/pBCM. For both
adsorbents, a sharp increase of CR adsorption is observed when the pH
increases from 3.0 to 7.0, while, lower adsorption capacity is found in the pH
range from 9.0 to 12.0 for the same adsorbents. Thus, in the further followed
experiments, the pH was kept at 7.0, and similar results have been reported for
the removal of CR dye by sorption onto aniline propyl silica aerogel [151].

Similar behavior is observed for CR dye adsorption onto adsorbents
GO/DAB/EDTA and GO/CS/EDTA. Where the adsorption depends on the
extent of protonation of the carboxylic groups in the graphene oxide and
carboxyl and carbonyl groups of the EDTA [152]. Figure (4.1) shows that the
adsorption efficiency is lower in acidic media (pH 3.0) for both adsorbents
GO/DAB/EDTA and GO/CS/EDTA, and an increase of CR dye adsorption
when pH value increased from 3.0 to 5.0 for both adsorbents. Therefore, pH
5.0 is optimized for adsorption CR dye by these adsorbents. After that, the
lower adsorption capacity is found at a pH range from 7.0 to 12.0 also for the
adsorbents GO/DAB/EDTA and GO/CS/EDTA.

The adsorption process is dependent on the pH of the solution since it
affects the adsorbent surface charge and the degree of protonation of the
functional groups [153]. With the increasing pH values, the adsorption of CR
dye on GO and GOCS tends to decrease, due to the rising electrostatic
repulsion between the anionic dye adsorbate species and negatively charged
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adsorbent surfaces. Also, lower adsorption at alkaline pH due to the presence
of excess OH™ ions destabilizing anionic dye and competing with the dye
anions for the adsorption sites. Low pH leads to an increase in H' ion
concentration in the system, the surface of adsorbents acquires a positive
charge by absorbing H ions, and hence more amount of anionic dye
adsorption takes place. Similar behavior was observed for CR dye adsorption
on agricultural stable waste-based activated carbon [154].

Figure (4.2) illustrates the pH influence of the adsorption capacities at
different pH values ranging from 3.0 to 12.0 for BB dye adsorption by the
prepared adsorbents. As shown in this figure, the adsorption capacity of BB
dye increases with increasing the pH from 3.0 to 5.0 and decreases slightly
when solution pH is above 5.0. The maximum adsorption capacities were
600.9 and 668.17 mg/g at pH 5.0 for adsorbents GO/DAB/EDTA and
GO/CS/EDTA respectively. So, the best pH value for the adsorption of BB
dye by these adsorbents is pH 5.0. A decrease in adsorption was observed with
an increase in pH values after that, where the adsorption capacity decreased
from 600.9 mg/g at pH 5.0 to 160.60 and 39.36 mg/g at pH 9.0 and 12.0
respectively for adsorbent GO/DAB/EDTA at 200.0 mg/L optimum initial
concertation’s.

The influence of pH on the solution concentrations of the BB dye tested
after adsorption onto GO, GO/DAB, GO/CS, and GO/pBCM is presented in
Figure 4.2. The results obtained indicate that the optimum pH value for the
adsorption process was dependent on the type of adsorbate employed. Thus,
for mention adsorbents, adsorption capacity appeared to be most effective at
pH 3.0. Irrespective of nature, where the gmax recorded in 708.5, 1322.0, 702.0,
and 741.2 mg/g for GO, GO/DAB, GO/CS, and GO/pBCM respectively.
Therefore, a decrease in adsorption capacity occurred with increasing pH
values, and consequently, pH 3.0 was chosen for further analysis of adsorption
experiments.

Notably, the surface of all adsorbents contains different functional
groups such as carboxylic and amine groups, so that, the change in pH values
of dye solution will affect the ionization of these functional groups in
adsorbent compounds [155, 156].

Because of that, the conclusion that the electrostatic attraction between
the adsorbents and CR and BB dyes is not the sole adsorption mechanism in
our study. Instead, the interaction between adsorbate and the basic functional
group (which were added to the surface of adsorbent during the chemical
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modification of Graphene Oxide) on the surface of the prepared adsorbents
may play a more prominent role.
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Figure 4.1. Effect of pH on the adsorption of Congo Red CR onto
Adsorbents at 27°C
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Figure 4.2. Effect of pH on the adsorption of Bismarck Brown BB onto
Adsorbents at 27°C
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Table (4.1) summarized the optimization pH for adsorption of CR and
BB dyes onto prepared adsorbents.

Table 4.1. Optimization pH for adsorption of CR and BB dyes onto

prepared adsorbents.

Dye Optimized pH- values
‘ G | GO/DA | GO/DAB/ED | GO/C | GO/CS/EDT | GO/pBC
O B TA S A M
CR | 3.0 7.0 5.0 3.0 5.0 7.0
BB | 3.0 3.0 5.0 3.0 5.0 3.0

4.2.3. The effect of Contact Time and Temperatures on CR & BB Dyes

The duration time before the adsorption experiment study reaches
equilibrium is called agitation time [157]. Therefore, the contact time between
adsorbate and adsorbent plays an important role in the adsorption process, and
the time needed to attain equilibrium is very important to predict the
performance and feasibility of an adsorbent for a process [158].

The effect of agitation time on the adsorption of CR and BB dyes onto
the prepared adsorbents GO, GO/DAB, GO/DAB/EDTA, GOI/CS,
GO/CS/EDTA, and GO/pBCM are shown in Figures (4.3-4.8) and Figures
(4.9-4.14) respectively, at the initial concertation of each adsorbent and
optimum pH in three different temperatures 27, 40, and 60°C.

Figure (4.3) reveals that the adsorption of CR has rapidly increased from
(1-60 min.), then the equilibrium is attained within (60-90 min.) for GO
adsorbent. While Figures (4.4 and 4.8) show a rapid increase for GO/DAB and
GO/pBCM receptively from (1-30 min.), then the equilibrium is reached
within (30-60 min.). In addition, the behavior of CR dye adsorption by
adsorbents GO/DAB/EDTA, GO/CS, and GO/CS/EDTA are shown in Figures
(4.5-4.7) respectively has rapidly increased from (1-45 min.), and then the
equilibrium is achieved within (45-75 min.).

The adsorption capacity for adsorbents GO, GO/DAB, GO/DAB/EDTA,
GO/CS/EDTA, and GO/pBCM are increased as temperature rising from 27 to
60°C, except the adsorption capacity for GO/CS adsorbent that decreased with
increasing temperature from 27 to 60°C. Thus, the optimum agitation times
for all the followed experiments were chosen as 60 min. for adsorption of CR
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dye by GO, 30 min. for GO/DAB and GO/pBCM, and 45 min. for adsorption
of CR dye onto GO/DAB/EDTA, GO/CS, and GO/CS/EDTA adsorbents.
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Figure 4.3. Agitation time effect of the CR dye adsorption onto GO at

different temperatures
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Figure 4.4. Agitation time effect of the CR dye adsorption onto GO/DAB
at different temperatures
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GO/DAB/EDTA at different temperatures
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On the other hand, the effect of agitation time on the adsorption of BB
dye onto all prepared adsorbents is shown in Figures (4.9-4.14). They illustrate
a rapid increase from (1-45 min.), and then the equilibrium is reached within
contact time (45-75 min.) for GO, GO/CS, and GO/CS/EDTA, while
GO/DAB and GO/DAB/EDTA adsorbents (Figures 4.10 and 4.11 receptively)
showed a rapid increase from (1-30 min), and then the equilibrium is attained
within the next (30-60 min).

In addition, the behavior of BB dye adsorption by GO/pBCM as shown
in Figure (4.14) has rapidly increased from (1-15 min.), and then the
equilibrium was achieved within (15-45 min.).

The adsorption capacity for all adsorbents GO, GO/DAB,
GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM were increased as
temperature rising from 27 to 60°C and this tendency for adsorption capacities
are expected. Thus, the optimum agitation times for all further experiments
were chosen as 15 min. for adsorption of BB dye by GO/pBCM, 30 min. for
adsorbents GO/DAB and GO/DAB/EDTA, and 45 min. for adsorption of BB
dye onto GO, GO/CS, and GO/CS/EDTA adsorbents.

Table 4.2. The optimization contact time for adsorption of CR and BB

Dyes onto prepared adsorbents.

Dye Optimized Contact time
. G | GO/DA | GO/DAB/ED | GO/C | GO/CS/EDT | GO/pBC
O B TA S A M
CR | 60 30 45 45 45 30
BB | 45 30 30 45 45 15

From the time optimization experiments for CR and BB dyes onto
synthesized adsorbents, it is observed that the required time to reach
equilibrium for GO is more than the time for other prepared modified GO (i.e.
GO/DAB, GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM). In
addition, it can be seen that the reducing of required time for equilibrium was
combined with the increasing of (gmax-value) for all modified GO with a
comparison of GO only, thus leading to the importance of the modifications.
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Figure 4.13. Agitation time effect of the BB dye adsorption onto
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4.2.4. Adsorption Isotherm of CR & BB Dyes

The adsorption isotherm shows the distribution of molecules between
solid and liquid phases at an equilibrium state. The analysis of isotherm data
by fitting them to different isotherm models is an essential important step in
finding the most suitable model that can be used to describe the adsorption
process [159]. To analyze the experimental adsorption results, there are
several isotherm models to describe the isotherm data. In this study, Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich models are employed.

4.2.4.1. Langmuir Isotherm

The Langmuir model depends upon the maximum adsorption that
coincides with the saturated monolayer of adsorbate (liquid molecules) on the
adsorbent (solid surface). The linearized form of the Langmuir model is given
as follows [160].

& _ 1 N Ce
Je (qmax- kL) Omax

Where Ce (mg/L) the dye equilibrium concentration; gmax (mg/g) the
adsorption capacity required to complete monolayer on the adsorbent surface;
ge (Mg/g) the amount of adsorbate per unit mass of adsorbent at equilibrium
(mg/qg); k. (L/mg) Langmuir constant that relates to the energy of adsorption
process, and when plotting C./qe versus Ce, the slope of a plot equal to (1/qmax)
and intercept equal to (1/Qmax - Ki)

Langmuir equation is valid for monolayer adsorption of the adsorbate
onto the surface of the adsorbent and assumes there are restricted and
homogenous adsorption sites [161]. Hall et al. noted that the essential
characteristics of a Langmuir isotherm can be expressed in terms of
dimensionless constant separation factor or equilibrium parameter R, [162]
which is defined by:

1
1+ (k.Cp)
R, is indicative of the isotherm shape and predicts whether a sorption
system to be either favorable (0O<R,<1), unfavorable (R >1), or irreversible
(R.=0) [163]. Figures (4.15 and 4.16) give the plots of the Langmuir isotherms
of CR and BB dyes adsorbed onto GO, GO/DAB, GO/DAB/EDTA, GOCS,
GO/CS/EDTA, and GO/pBCM respectively, and Table (4.3) displays Qmax, Ki

R,
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R, and the correlation coefficient R? results for the Langmuir isotherms for
the adsorption of these dyes by the prepared adsorbents.

Table 4.3. Langmuir isotherm parameters for adsorption of CR Dye
onto Adsorbents at 27°C

Dyes

Adsorbents CR BB

Omax kL RL R? Omax ke RL R?
1250. | 0.031 | 0.606 | 0.998 | 833.3 | 0.126 | 0.099 | 0.998

GO 0 2 3 7 3 3 4 8
1428. | 0.017 | 0.157 1734.10.042 | 0.055 | 0.992

GO/DAB 5 7 9 1.0 7 5 4 9
GO/DABJ/ED | 1438. | 0.017 | 0.157 | 0.996 | 1111. | 0.023 | 0.094 | 0.999

TA 1 8 3 9 1 8 8 3
GOICS 2000. | 0.045 | 0.042 | 0.999 | 920.7 | 0.053 | 0.044 | 0.995

0 0 5 4 4 1 9 8

GO/CS/EDT | 1666. | 0.061 | 0.031 | 0.999 | 863.8 | 0.049 | 0.048 | 0.995
A 6 2 6 9 8 1 3 8

1304. | 0.067 | 0.047 | 0.999 | 1000. | 0.090 | 0.027 | 0.998

GO/pBCM
P 9 2 2 2 o | o | o 9
k: (L/mg), gmax: (Mg/qg)
0.2 -
0.15 A
)
58
-t 0.1 1
S~
(«D]
(@)
. o GO
0.05 A O GO/DAB
A DOéDAB/EDTA
o GO/CS
GO/CS/DETA
GO/pBCM
0 T T T T T T T
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Figure 4.15. Langmuir adsorption isotherm of CR dye onto Adsorbents
at 27°C
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Figure 4.16. Langmuir adsorption isotherm of BB dye onto Adsorbents
at 27°C

The obtained correlation coefficients R? for the Langmuir (as shown in
Table 4.3) are 1>R2>0.9969 for CR dye and 0.9993>R?>0.9929 for BB dye.
This describes the participation of the chemisorption mechanism in the
adsorption process of dyes on the prepared adsorbents. In addition, to
determine whether the adsorption process is favorable or unfavorable for the
Langmuir isotherm model, the values of constant separation factor R, defined
in the equation (4.3), are all between one and zero, implying the presence of a
favorable condition for adsorption process of the prepared adsorbents by CR
(0.0316<R.<0.6063) and BB (0.0270<R.<0.0994) dyes. Besides that, the R.
values of the adsorbents shown in Table (4.3) are lower than those of graphene
oxide for both dyes, which indicates these prepared adsorbents from GO have
a higher affinity towards CR and BB dyes.

This also indicates the formation of a monolayer of adsorbate molecules
onto the homogeneous surface of the prepared adsorbent. Because we're
inspired by the complexity of dye adsorption processes, it could say there was
a tendency for chemical adsorption existing between functional groups of
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prepared adsorbents and dyes [164, 165]. In addition, the results show that the
Omax OF the prepared adsorbents has values higher than graphene oxide; this
indicates the ability and high efficiency of these adsorbents to absorb the CR
and BB dyes from their aqueous solutions by the adsorption process.

4.2.4.2. Freundlich Isotherm

Freundlich isotherm model is based on a heterogeneous exponentially
decaying distribution, which fits well with the tail portion of the
heterogeneous distribution of adsorbent [166, 167]. The general Freundlich
isotherm empirical equation is given by:

1
Inq. = Inkg + Hln Ce - (4.4)

Where ke (L/mg) is a constant for the adsorption or distribution
coefficient and represents the amount of dye adsorbed onto adsorbents at the
equilibrium concentration, and 1/n is the empirical parameter correlated to the
intensity of the adsorption process or the surface heterogeneity of the
adsorbent. A favorable adsorption process occurs with values between 0 and
1[168].

Figures (4.17 and 4.18) represent the plots of the Freundlich adsorption
isotherms of CR and BB dyes adsorbed onto GO, GO/DAB, GO/DAB/EDTA,
GOICS, GO/CS/EDTA, and GO/pBCM respectively, and Table (4.4) lists ke,
1/n, and the correlation coefficient R? is determined from the linear plot of
Inge versus InCe.

Freundlich isotherm considers the heterogeneous surface of the
adsorbents, and the results indicated that the Freundlich model fit the
experimental data less than the Langmuir model since the R? values are
0.9931<R?<0.9993 and 0.9004<R?<0.9926 for CR and BB dyes respectively
as shown in Table (4.4). Nevertheless, these coefficient correlation values
show good linearity.
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Figure 4.17. Freundlich adsorption isotherm of CR dye onto Adsorbents
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Figure 4.18. Freundlich adsorption isotherm of BB dye onto Adsorbents
at 27°C
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Table 4.4. Freundlich isotherm parameters for adsorption of CR and BB
Dyes onto Adsorbents at 27°C

Dyes
Adsorbents CR BB
Ke 1/n R? Ke 1/n R?
GO 348.278 | 0.2236 | 0.9982 | 527.158 | 0.7720 | 0.9004

GO/DAB 231.042 | 0.2892 | 0.9931 | 642.329 | 0.1676 | 0.9273
GO/DAB/EDTA | 220.478 | 0.3099 | 0.9962 | 169.051 | 0.3268 | 0.9907
GOI/CS 877.608 | 0.1380 | 0.9981 | 353.966 | 0.1682 | 0.9492
GO/CS/EDTA | 1006.67 | 0.7020 | 0.9993 | 337.782 | 0.1612 | 0.9926
GO/pBCM 573.237 | 0.1457 | 0.9975 | 451.918 | 0.1407 | 0.9882

k: (L/mg)

Also, the results showed that ke ranged from 220.478 to 1006.67 and
from 169.051 to 642.329 L.mg™* for CR and BB dyes respectively, while 1/n
values ranged from 0.1380 to 0.7020 for CR dye and from 0.1407 to 0.7720
for BB dye as shown in Table 4.4, which reflect the strength and practicality
of the adsorption process. The 1/n values of CR dye are relatively close to BB
dye is less than one, suggesting favorable adsorption of dyes on adsorbents,
and in the current study, it becomes more heterogeneous as its value gets
closer to zero [169].

4.2.4.3. Temkin Isotherm

The Temkin isotherm (the third isotherm studied for the adsorption of
CR and dyes onto the prepared adsorbents) is based on the assumption that the
heat of adsorption of all the molecules in a layer decreases linearly with
coverage due to adsorbent-adsorbate (dyes) interactions and that the
adsorption is characterized by a uniform distribution of the binding energies
up to some maximum binding energy [170, 171].

The equation of the Temkin isotherm can be expressed in linear form as
[172]:

qe = BrInAt +BrInC, ... (4.5)

Where Bt (Temkin constant) =RT/br, T (K°) is absolute temperature, R
(8.314 J/mol. K) is the universal gas constant, bt (kJ/mol) is related to the heat
of adsorption, and Ar (L/mg) is the equilibrium constant coinciding to the
maximum binding energy. The plots of g. versus InC, for the Temkin model
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are shown in Figures (4.19 and 4.20) for the adsorption of CR and BB dyes
onto prepared adsorbents respectively. The values of By and Ar are
determined from the slope and intercept, and are given with the correlation
coefficient R? for the Temkin isotherm in Table (4.5).
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Figure 4.19. Temkin adsorption isotherm of CR dye onto Adsorbents at

27°
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Figure 4.20. Temkin adsorption isotherm of BB dye onto Adsorbents at
27°C
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Table (4.5) shows the values of correlation coefficient R? in Temkin
isotherm for the adsorption of CR and BB dyes by adsorbents; GO, GO/DAB,
GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM, and they are found
lower than that of the Langmuir and Freundlich isotherm models, indicating
the adsorption data doesn’t fit well to the Temkin isotherm model.

Table 4.5. Temkin isotherm parameters for adsorption of CR and BB
Dyes onto Adsorbents at 27°C

Dyes
Adsorbents CR BB
bt At R? bt AT R?
235 | 456 | 0.99 | 344 | 49.0 | 0.89
48 07 67 55 78 89
9.17 | 4.00 | 0.99 | 104 | 3.43 | 0.91
2 61 75 77 90 63
GO/DAB/E | 8.23 | 480 | 0.99 | 10.6 | 3.79 | 0.99
DTA 8 22 18 87 02 68
10.3 | 948 | 0.99 | 19.7 | 4.32 | 0.94
27 26 51 00 68 40
GO/CS/ED | 5.16 | 55.0 | 0.99 | 21.6 | 4.69 | 0.99
TA 9 74 89 03 47 49
156 | 11.2 | 0.99 | 22.0 | 20.5 | 0.98
21 66 58 62 92 59

GO

GO/DAB

GOI/CS

GO/pBCM

br: (J/mol), Ar: (L/mg)

According to the Temkin isotherm model (chosen to estimate the
adsorption potentials of the adsorbent for adsorbing the adsorbate molecule),
there is a non-linear increase in the heat of adsorption for both dyes in the
layers, which is may attribute to different adsorbent—adsorbate interactions.
Likewise, the correlation coefficients are (0.9918<R?<0.9989) and
(0.8989<R?<(.9968) for CR and BB dyes respectively, indicate that the data
partially satisfied Temkin adsorption isotherm and show good linearity which
is an indication of the interaction between CR and BB dyes and the prepared
adsorbents as listed in Table (4.5).

The Temkin constant by related to the heat of adsorption was also
calculated, and the results show that these values were decreased for all
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adsorbents compared to the values of GO (for both CR and BB dyes).
Whereas, the smaller values of by for all prepared adsorbents suggest that the
adsorption of both dyes was favorable, and the positive values indicating
endothermic adsorption [173].

4.2.4.4. Dubinin—Radushkevich Isotherm

The Dubinin—Radushkevich (D-R) isotherm is an empirical model
initially conceived for the adsorption of subcritical vapors onto micropore
solids following a pore-filling mechanism. It is generally applied to express
the adsorption mechanism [174]. Even it has a similar approach to Langmuir
isotherm by rejecting the homogenous surface or constant adsorption
potential; D-R version is more general than the Langmuir version in exploring
adsorption isotherm, and the D-R isotherm model equation can be linearized
in the following equation [175]:

Inq, = Inq,,. — BE> ... ... (4.6)

Where gmax (Mg/g) is the D-R monolayer capacity, B (mol%/kJ?) is a
constant related to adsorption energy, and ¢ is the Polanyi potential which is
associated with the equilibrium concentration as shown in the equation [176]:

1
& = RTIn (1 4 —) ...... (4.7)
Ce

Where R (kJ mol™ K™) is the universal gas constant, T the temperature
in Kelvin, and C. (mg/L) is the equilibrium concentration of adsorbate in
solution. A plot of the amount of the prepared adsorbents in the form of Inqe
vs. €2 is shown in Figures (4.21 and 4.22) for the adsorption of CR and BB
dyes onto prepared adsorbents.
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Figure 4.21. D-R adsorption isotherm of CR dye onto Adsorbents at 27°
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Figure 4.22. D-R adsorption isotherm of BB dye onto Adsorbents at 27°

The constants, such as qmax and  were determined from the intercept and
the slope respectively. This approach is usually applied to distinguish the
physical and chemical adsorption process [177], through the mean free energy
E per molecule of adsorbate (for removing a molecule from its location in the
sorption space to the infinity) can be computed by the relationship [178]:
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From the linear plot of the D-R isotherm model; Qmax, B (mol?/kJ?), E
(kJ/mole), and R? are determined and listed in Table (4.6) for the adsorption
of CR and BB dyes by the prepared adsorbents GO, GO/DAB,
GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM respectively.

Table 4.6. D-R isotherm parameters for adsorption of CR and BB Dyes

onto Adsorbents at 27°C
Dyes
Adsorbents CR BB
Omax B E R? Omax B E R?
1118. 2E 0.933 | 772.7 SE 120.7 | 0.812
GO 9 - | 50.78 ) g - 3 .
04 05
4E 1E
GO/DAB 10293' - | 35.35 0'279 15:3' - | 62.79 0'7190
04 04
3E 2E
GO/DAB/EDT | 1132. 0.928 | 848.9 0.956
A 5 - | 40.82 4 4 - | 57.11 5
04 04
2E 1E
GOI/CS 18(;15. - | 53.80 0.9823 1523' - | 62.79 0'7190
04 04
2E 1E
GO/CS/EDTA 1555' - | 49.87 0'251 773'3 - | 64.09 0'328
04 04
1499. 2E 168.1 | 0.846 | 857.1 SE 135.0 | 0.824
GO/pBCM g - 5 3 3 - g 4
05 05

Omax: (mg/g); B: (mol?/kJ?); E: (kJ/mol)

The adsorption behavior might have predicted the physical adsorption in
the range of (1-8 kJ/mol) of the mean adsorption energy, and the chemical
adsorption in more than (8 kJ/mol) of the mean adsorption energy E [179,
180]. As shown in Table (4.3) the values of the mean adsorption energies (E)
calculated using Equation (4.8) of the CR and BB dyes onto adsorbents; GO,
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GO/DAB, GO/DAB/EDTA, GOI/CS, GO/CS/EDTA, and GO/pBCM are
35.351t0 168.1 and from 57.11 to 135.0 kJ/mol respectively, indicated that the
adsorptions of both CR and BB dyes onto these prepared adsorbents were
predominant on the chemisorption process [181, 182]. A comparison of the
correlation coefficients R? of D-R isotherm (0.8463-0.9798 and 0.7901-
0.9287) for adsorption of CR and BB dyes onto the prepared adsorbents
respectively, reveals the fact that the adsorption behavior is not fit quite well
with corresponding to the other, especially Langmuir and Freundlich isotherm
models.

ased on the linear plot obtained from the D-R isotherm model and as
shown in Table (4.3); the gmax Values are determined to be (1039.2-1845.6 and
772.78-1523.8) mg/g for adsorption of CR and BB dyes respectively, and
these values were close to the maximum monolayer coverage capacity Qmax
which is calculated by the Langmuir isotherm model.

Consequently, comparing the values of R? exhibit that they fit linearly
with most of the equations of adsorption isotherms, and they are good for
studying the adsorption of both CR and BB dyes on the adsorbents within the
used initial concentration range, although they fit better with the Langmuir
isotherm equation, in additional of R, data of this isotherm.

Also, through the adsorption isotherms study, it is found that the
adsorption process behavior of both dyes on the prepared adsorbents obeys the
chemisorption process.

4.2.5. Adsorption Kinetics of CR & BB Dyes

Kinetics data help to depict dye uptake rates, which control the residence
time of adsorbate at the solid-liquid interface and give valuable information
for adsorption process designing [183]. Also, the experimental Kinetic curves
can be assessed using many various models [16, 184]. Therefore, in this study
the appropriateness of pseudo-first-order, pseudo-second-order, and intra-
particle diffusion is tested to interpret the mechanism of CR & BB dye
adsorption onto the prepared adsorbents GO, GO/DAB, GO/DAB/EDTA,
GOCS, GO/CS/EDTA, and GO/pBCM.
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4.2.5.1. The Pseudo-First-Order Model

The first model was pseudo-first-order, is one of the most widely used
equations for the sorption of solute from a liquid solution [185], and the
mathematical expression of this model given by the equation (4.9):

Inq._q; =Inq; —k;t ..... (4.9)

Where g; and g; (mg/g) are the amounts of dye adsorbed at time t and the
maximum adsorption capacity for the pseudo-first-order respectively. k; (min
1Y is the pseudo-first-order rate constant for adsorption. A plotting of (Inge-q)
against (t) will result in a straight line of the slope of k; and intercept of Inge.

Figures (4.23-4.28 and 4.29-4.34) show the pseudo-first-order equations
for both CR and BB dyes respectively at different temperatures (27, 40, and
60°C), and Table (4.7) gives the values of ki, g;, and R? for the pseudo-first-
order equations.

6.5 1 A temp. [27]
B temp. [40]
® temp. [60]
5.8 A
—_
o0
~
o0
£ 5.1
L
+=
i
)
= 4.4 -
=
3.7
3 T T T T 1
5 15 25 35 45 55

Time (min.)

Figure 4.23. Pseudo-First-Order plot for the adsorption of CR dye onto
GO at 27°C, 40°C, and 60°C
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Figure 4.24. Pseudo-First-Order plot for the adsorption of CR dye onto

GO/DAB at 27°C, 40°C, and
60°C
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Figure 4.25. Pseudo-First-Order plot for the adsorption of CR dye onto

GO/DAB/EDTA at 27°C, 40°C, and 60°C
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Figure 4.26. Pseudo-First-Order plot for the adsorption of CR dye onto
GOI/CS at 27°C, 40°C, and 60°C
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Figure 4.27. Pseudo-First-Order plot for the adsorption of CR dye onto
GO/CS/EDTA at 27°C, 40°C, and 60°C
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Figure 4.28. Pseudo-First-Order plot for the adsorption of CR dye onto
GO/pBCM at 27°C, 40°C, and 60°C
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Figure 4.29. Pseudo-First-Order plot for the adsorption of BB dye onto
GO at 27°C, 40°C, and 60°C
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Figure 4.30. Pseudo-First-Order plot for the adsorption of BB dye onto
GO/DAB at 27°C, 40°C, and 60°C
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Figure 4.31. Pseudo-First-Order plot for the adsorption of BB dye onto
GO/DAB/EDTA at 27°C, 40°C, and 60°C
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Figure 4.32. Pseudo-First-Order plot for the adsorption of BB dye onto
GOI/CS at 27°C, 40°C, and 60°C
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Figure 4.33. Pseudo-First-Order plot for the adsorption of BB dye onto
GO/CS/EDTA at 27°C, 40°C, and 60°C
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Figure 4.34. Pseudo-First-Order plot for the adsorption of BB dye onto
GO/pBCM at 27°C, 40°C, and 60°C

All the other kinetic data for adsorption of CR and BB dyes onto the
prepared adsorbents GO, GO/DAB, GO/DAB/EDTA, GO/CS,
GO/CS/EDTA, and GO/pBCM under different temperatures (i.e. 27, 40, and
60°C) are calculated from the related plots for the pseudo-first-order model
and are summarized in Table (4.7).

Table 4.7. Pseudo-First-Order parameters for adsorption of CR and BB

dyes onto prepared adsorbents at different temperatures

Tem CR Dye BB Dye
Adsorbents

k1 (o} R1? k1 (of1 R12
27 0.043 | 290.84 | 0.971 | 0.074 | 251.3 | 0.992
2 1 5 6 2
0.039 | 364.05 | 0.974 | 0.081 | 251.3 | 0.996
e 40 4 7 2 6 0
50 0.036 | 440.58 | 0.970 | 0.067 | 235.6 | 0.863
6 4 9 1 3
0.062 | 312.93 | 0.896 | 0.024 | 89.55 | 0.965
GO/DAB 27 9 ) 1 0 3
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40 0.118 | 445.23 | 0.892 | 0.167 | 228.8 | 0.973
7 8 6 8 8
60 0.121 | 361.83 | 0.903 | 0.159 | 291.8 | 0.948
6 9 6 4
97 0.057 | 25.818 | 0.996 | 0.121 | 115.7 | 0.961
7 9 2 5 1
GO/DAB/EDT 40 0.017 | 40.056 | 0.867 | 0.197 | 271.1 | 0.888
A 9 0 1 3 6
60 0.088 | 623.09 | 0.940 | 0.104 | 236.3 | 0.909
4 2 9 9 9
97 0.105 | 427.22 | 0.993 | 0.083 | 137.9 | 0.958
8 2 6 3 3
0.047 | 217.93 | 0.757 | 0.100 | 154.9 | 0.981
GO/CS 40 3 0 7 0 1
50 0.047 | 272.68 | 0.912 | 0.164 | 222.8 | 0.998
8 5 5 2
97 0.056 | 764.55 | 0.996 | 0.017 | 110.7 | 0.918
6 5 6 1 0
GO/CS/EDTA | 40 0.052 | 887.31 | 0.969 | 0.033 | 161.5 | 0.925
3 1 3) 9 6
60 0.055 | 1039.4 | 0.989 | 0.052 | 186.9 | 0.949
9 0 1 7 7 5
97 0.166 | 228.83 | 0.995 | 0.186 | 441.5 | 0.966
0 8 5 7
0.135 | 228.83 | 0.951 | 0.223 | 355.3 | 0.915
GO/pBCM 40 5 6 5 4 3
60 0.196 | 319.16 | 0.963 | 0.172 | 219.4 | 0.903
7 4 2 4 3

ki: (min?), g: (mg/g), Temperature: (°C)

4.2.5.2. The Pseudo-Second-Order Model

The second kinetic model was pseudo-second-order, which shows the
rate based on the sorption equilibrium capacity in the adsorbent and not on the
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concentration of the adsorbate [186]. This can be represented by the equation
(4.10):

t 1

S + —

q k:.q} q,

Where g, (mg/g) is the maximum adsorption capacity for the pseudo-

second-order and kz (g mg™* min) is the equilibrium rate constant for pseudo-
second-order adsorption. Values of g, and k are calculated from the plotting
of (t/q:) against (t) from the slope and intercept, as shown in Figures (4.35-
4.40 and 4.41-4.46) for CR and BB dyes respectively.
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001 - B temp.[40]
® temp.[60]
0 T T T T T T 1
0 10 20 30 40 50 60 70

t (min)

Figure 4.35. Pseudo-Second-Order plot for the adsorption of CR dye
onto GO at 27°C, 40°C, and 60°C
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Figure 4.36. Pseudo-Second-Order plot for the adsorption of CR dye
onto GO/DAB at 27°C, 40°C, and 60°C
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Figure 4.37. Pseudo-Second-Order plot for the adsorption of CR dye
onto GO/DAB/EDTA at 27°C, 40°C, and 60°C
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Figure 4.39. Pseudo-Second-Order plot for the adsorption of CR dye

onto GO/CS/EDTA at 27°C, 40°C, and 60°C
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Figure 4.40. Pseudo-Second-Order plot for the adsorption of CR dye
onto GO/pBCM at 27°C, 40°C, and 60°
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Figure 4.41. Pseudo-Second-Order plot for the adsorption of BB dye
onto GO at 27°C, 40°C, and 60°
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Figure 4.42. Pseudo-Second-Order plot for the adsorption of BB dye
onto GO/DAB at 27°C, 40°C, and 60°
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Figure 4.43. Pseudo-Second-Order plot for the adsorption of BB dye
onto GO/DAB/EDTA at 27°C, 40°C, and 60°
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Figure 4.44. Pseudo-Second-Order plot for the adsorption of BB dye
onto GO/CS at 27°C, 40°C, and 60°
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Figure 4.45. Pseudo-Second-Order plot for the adsorption of BB dye
onto GO/CS/EDTA at 27°C, 40°C, and 60°
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Figure 4.46. Pseudo-Second-Order plot for the adsorption of BB dye

onto GO/pBCM at 27°C, 40°C, and 60°

All the various kinetic data for adsorption of CR and BB dyes onto the
GO/DABI/EDTA,
GOJ/CS/EDTA, and GO/pBCM under the different temperatures in this study
(27, 40, and 60°C) are calculated from the related plots for the pseudo-second-
order model and are summarized in Table (4.8).

prepared

adsorbents

GO,

GO/DAB,

GOICS,

Table 4.8. Pseudo-Second-Order parameters for adsorption of CR and

BB dyes onto prepared adsorbents at different temperatures

Tem CR Dye BB Dye
Adsorbents
p. ko g2 R2? k> Q2 R2?

27 0.0002 | 953.2 | 0.999 | 0.0006 | 735.1 | 0.999

6 8 0 5 7 2
0.0002 | 1046. | 0.998 | 0.0006 | 778.3 | 0.999

GO 40 2 4 0 3 8 3
50 0.0001 | 1157. | 0.995 | 0.0006 | 816.7 | 0.999

6 1 7 0 8 3
0.0003 | 904.7 | 0.999 | 0.0012 | 1335. | 0.999

GO/DAB 27 . 3 1 3 9 )
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40 0.0004 | 988.9 | 0.998 | 0.0016 | 1430. | 1.000
2 5 0 3 8 0
60 0.0006 | 1035. | 0.995 | 0.0028 | 1550. | 0.999
3 1 9 0 1 9
57 0.0040 | 873.4 | 1.000 | 0.0021 | 611.1 | 0.999
3 7 0 3 3) 8
GO/DAB/EDT 40 0.0020 | 932.1 | 0.999 | 0.0016 | 678.6 | 0.999
A 2 1 7 1 2 5
0.0001 | 1243. | 0.997 765.3 | 0.997
60 9 9 g 0.0004 5 9
57 0.0006 | 1687. | 0.999 | 0.0014 | 708.6 | 0.999
0 2 9 0 6 9
0.0004 | 1452. | 0.999 | 0.0014 | 746.9 | 1.000
GOI/CS 40 9 0 5 1 3 0
60 0.0003 | 1428. | 0.999 | 0.0014 | 796.7 | 1.000
5 5 2 4 1 0
57 8.8E- | 1630. | 0.997 | 0.0009 | 669.3 | 0.999
05 5 1 0 0 2
6.6E- | 1896. | 0.995 | 0.0007 | 737.1 | 0.995
GO/CS/EDTA | 40 05 1 5 3 4 9
60 2.9E- | 2144. | 0.997 | 0.0007 | 771.7 | 0.998
05 2 2 0 1 2
57 0.0016 | 1029. | 1.000 | 0.0006 | 800.9 | 0.996
7 7 0 9 6 7
0.0013 | 1145. | 0.999 | 0.0012 | 803.9 | 0.998
GO/pBCM 40 5 5 9 0 1 3
60 0.0012 | 1212. | 0.999 | 0.0028 | 804.7 | 0.998
8 7 8 0 0 6

k2: (g mg™* min?), g: (mg/g), Temperature: (°C)

4.2.5.3. The Intra-Particle Diffusion Model

Intra-particle diffusion was the last model tested in this study, and the
rate constant for intra-particle diffusion was obtained using Weber—Morris
equation given as follows [187]:
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1
G = (Kpt2) + € o (411)

Where C is the intercept, and k, (mg g * min ) is the intra-particle
diffusion rate constant that equal to the plotting slope between (q;) versus (t
Y2). Figures (4.47-4.52 and 4.53-4.58) display the intra-particle diffusion
equations for adsorption of CR and BB dyes at the different temperatures (27,
40, and 60°C), and the Table (4.9) gives k, and C values.
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Figure 4.47. Intra-particle Diffusion plot for the adsorption of CR dye
onto GO at 27°C, 40°C, and 60°C
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Figure 4.48. Intra-particle Diffusion plot for the adsorption of CR dye
onto GO/DAB at 27°C, 40°C, and 60°C
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Figure 4.49. Intra-particle Diffusion plot for the adsorption of CR dye
onto GO/DAB/EDTA at 27°C, 40°C, and 60°C
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Figure 4.50. Intra-particle Diffusion plot for the adsorption of CR dye
onto GO/CS at 27°C, 40°C, and 60°C

1850 A
1600 -
~
20 1350 A
Y9
E
o 1100 H
A temp.[27]
850 1 B temp.[40]
® temp.[60]
600 T T T T T T
1 2 3 4 5 6 7

t 1/2

Figure 4.51. Intra-particle Diffusion plot for the adsorption of CR dye
onto GO/CS/EDTA at 27°C, 40°C, and 60°C
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Figure 4.52. Intra-particle Diffusion plot for the adsorption of CR dye
onto GO/pBCM at 27°C, 40°C, and 60°C
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Figure 4.53. Intra-particle Diffusion plot for the adsorption of BB dye
onto GO at 27°C, 40°C, and 60°C
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Figure 4.54. Intra-particle Diffusion plot for the adsorption of BB dye
onto GO/DAB at 27°C, 40°C, and 60°C
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Figure 4.55. Intra-particle Diffusion plot for the adsorption of BB dye
onto GO/DAB/EDTA at 27°C, 40°C, and 60°C
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Figure 4.56. Intra-particle Diffusion plot for the adsorption of BB dye
onto GO/CS at 27°C, 40°C, and 60°C
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Figure 4.57. Intra-particle Diffusion plot for the adsorption of BB dye
onto GO/CS/EDTA at 27°C, 40°C, and 60°C
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Figure 4.58. Intra-particle Diffusion plot for the adsorption of BB dye
onto GO/pBCM at 27°C, 40°C, and 60°C

All the various kinetic data for adsorption of CR and BB dyes onto the
prepared adsorbents GO, GO/DAB, GO/DAB/EDTA, GOICS,
GO/CS/EDTA, and GO/pBCM under the different temperatures in this study
(27, 40, and 60°C) are calculated from the related plots for the Intra-Particle
Diffusion model and are summarized in Table (4.9).

Table 4.9. Intra-particle Diffusion parameters for adsorption of CR and

BB dyes onto prepared adsorbents at different temperatures

Tem CR Dye BB Dye
Adsorbents 5 K c Ry K c Ry

42.93 0.948 | 42.49 | 437.1 | 0.943

27 ) 580.0 9 ) ) 0
54.66 0.957 | 44.02 | 468.9 | 0.964

GO 40 1 587.6 5 ; 9 5
66.19 0.966 | 47.11 | 491.5 | 0.907

60 3 596.1 6 g 0 5
66.84 0.963 | 22.34 | 1184. | 0.858

27 ) 465.5 6 ; 5 3
75.49 0.940 | 33.56 | 1247. | 0.862

GO/DAB 40 5 530.4 4 0 4 1
62.18 0.908 | 43.44 | 1308. | 0.874

60 4 666.0 0 1 4 1
0.944 | 22.34 | 491.2 | 0.911

27 | 4.127 | 842.1 9 7 3 5
GO/DAB/EDT 0.837 | 33.56 | 498.0 | 0.855

A 40 | 7.922 | 867.3 ) 0 5 )
70.05 0.984 | 43.44 | 505.9 | 0.952

60 3 883.8 5 1 3 6
43.78 | 1362. | 0.886 | 24.49 | 548.2 | 0.813

21 3 1 9 9 0 3

GOI/CS

40 41.00 | 1225. | 0.868 | 24.70 | 587.3 | 0.773

4 5 7 3 5 0
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co | 4016 [ 1070. [ 0.949 [ 26.24 [ 673.3 [ 0.733

4 4 3 9 9 1

1275 0.995 | 20.13 | 510.2 | 0.860

27 S 5458 | o ; 3 o
CO/CS/EDTA | a0 | 1502 | soo, | 0997 | 2056 | 5146 | 0.961
0 8 8 3 4

172.6 0.998 | 32.21 | 536.9 | 0.959

60 |7, | 7206 ; ) o

37.10 0.800 | 136.9 | 226.4 | 0.919

27 o | 8LL| g ) ; o

40.62 0.827 | 111.3 | 358.5 | 0.838

GO/pBCM | 40 , | 9128 |, ; ; .
41.40 0.816 | 72.62 | 517.1 | 0.857

60 9906 | : ; ]

kp: (Mg g* min'*2), Temperature: (°C)

The rate-limiting steps for the adsorption process use to be defined by
the expression of kinetic adsorption models [188]. the pseudo-first-order
kinetic model most widely used models in the literature were applied to
analyze the dye's adsorption data [189]. This model assumes diffusion steps
are involved in rate controlling for dye removal from the solution.

The obtained correlation coefficients R? for these kinetic adsorption
model are <0.9969 and <0.9982 for CR and BB dyes respectively, indicating
that the data obtained from the study at different time interval does not fit the
rate equation better than the second-order rate equation [190], as we will
notice in Table (4.8).

The pseudo-first and pseudo-second models are compared for their
fitness for dyes adsorption by adsorbents. Accepted kinetic models for the
adsorption process can be characterized by common validity tests:

i. a high correlation coefficient R?, indicating the applicability and
reliability of a given kinetic model;

li. a close agreement between the calculated and the experimental
equilibrium capacities values [191].

As listed in Table (4.7), the low correlation coefficients of the pseudo-
first-order kinetics model, for examples (R? = 0.7570 and 0.8670 at 40°C) for
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CR dye onto GO/CS and GO/DAB/EDTA respectively, and (R? = 0.8633 at
60°C and 0.8886 at 40°C) for BB dye adsorption by GO and GO/CS/EDTA
respectively. As well, lacking matching of calculated and experimental qmax
values of adsorbents toward both dyes leading to concluded that this kinetic
model did not explain the adsorption process.

The high correlation coefficients (0.9955<R?<1.0) as shown in Table
(4.8) and close matching in the values of calculated and experimental Qmax
when applying the pseudo-second-order kinetics model imply the fitting of
this model for both dyes adsorption systems. The rate constants k, of the
adsorption processes for CR and BB dyes did not always increase with
increasing temperature, and similar findings between rate constants and the
temperature were reported in the literature [192, 193].

These facts suggest that the adsorption of both dyes by the prepared
adsorbents favorably which relies on the assumption chemisorption process
[194, 195].

The fitting of a pseudo-second-order kinetic model confirmed by the D—
R isotherm model suggests that the adsorption systems were chemisorption.

The kinetic data of adsorption of dyes onto the prepared adsorbents are
also analyzed using an intra-particle diffusion model, and as seen from Table
(4.9), the obtained correlation coefficients R?> = 0.8008-0.9985 and 0.7331-
0.9645 over the whole time of a range of CR and BB dyes respectively, but
they did not pass through the origin of the coordinates, this indicates that intra-
particle diffusion is not the only rate-limiting step of the studied adsorption
process of both dyes, and diffusion control may be involved in the adsorption
process study. Also, it’s observed in the same table that the values of kp
increased with increasing temperatures for the adsorption process of both dyes
onto the most adsorbents, while these values decrease by increasing the used
temperature in GOCS adsorbent by using the CR dye because the active sites
on the surfaces of this adsorbent have occupied of the adsorbate material
(dyes). The values of the constants C were nonzero of the adsorption process
by both dyes on all prepared adsorbents as shown in Table (4.9), also the
constant C values are increased with the increasing of temperature, while in
GOCS it decreases with increasing temperature by using CR dye, this means
that the adsorption process does not require heat to disengage, and according
to the intraparticle diffusion equation the dye will transfer from its aqueous
solution to the adsorbent surface and then it will permeate to the pores on these
surfaces.
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4.2.6. Adsorption Thermodynamics of CR & BB Dyes

The investigation of thermodynamic functions; the change of standard
enthalpy AH®, the change of standard entropy AS°, the change of standard free
energy AG®°, and the activation energy E, is essential to understanding the
basic of adsorption reactions [196]. The adsorption thermodynamic
experiments were conducted at different temperatures 300.15, 313.15, and
333.15 K.

The important thermodynamic parameters can be determined from the
thermodynamic distribution coefficient (Equilibrium constant) K, values were
calculated according to the following equation [197]:

Where C, is the equilibrium concentration of dye on the adsorbents
(mg/g) and Ce is the concentration of dye in the solution (mg/L). The results
of thermodynamic studies make it conceivable to understand the feasibility of
the adsorption process and to get helpful data about fundamental parameters
of adsorption, such as AH® and AS°® that can be calculated by Van’t Hoff plots
[198], based on the equation (4.10):

_AST AW
InKp=—m— 20 (4.13)

Where R is the universal gas constant (8.314 J/mol K), and T (K) is the
absolute temperature, plotting of (InK.) versus (1/T) leading to calculate AH®
(kJ/mol) from the slope and AS® (J/mol/K) from intercept, as shown in Figures
(4.59-4.64) and (4.65-4.70) for adsorption of CR and BB dyes respectively
onto the prepared adsorbents GO, GO/DAB, GO/DAB/EDTA, GOI/CS,
GO/CS/EDTA, and GO/pBCM.
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Figure 4.59. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of CR dye onto GO
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Figure 4.60. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of CR dye onto GO/DAB
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Figure 4.61. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of CR dye onto GO/DAB/EDTA
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Figure 4.62. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of CR dye onto GO/CS
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Figure 4.63. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of CR dye onto GO/CS/EDTA
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Figure 4.64. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of CR dye onto GO/pBCM
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Figure 4.65. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of BB dye onto GO
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Figure 4.66. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of BB dye onto GO/DAB
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Figure 4.67. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of BB dye onto GO/DAB/EDTA
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Figure 4.68. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of BB dye onto GO/CS
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Figure 4.69. Plot of InKL vs. 1/T for estimation of Thercimodynamic
Parameters for the adsorption of BB dye onto GO/CS/EDTA
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Figure 4.70. Plot of InKL vs. 1/T for estimation of Thermodynamic
Parameters for the adsorption of BB dye onto GO/pBCM

The standard Gibbs free energy AG° (kJ/mol) values are computed for
each temperature used in the study (300.15, 313.15, and 333.15 K) of both
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dyes adsorption processes from the following Helmholtz relation equation
[199]:
AG" = AH-TAS’ ... (4.14)
The activation energy E. (kJ/mol) of the adsorption process representing
the minimum energy that reactants must have for the reaction to proceed [200],
and it was calculated from the Arrhenius equation, as shown by the following
relationship [201]:

InK=InA-—= ... (4.15)

Where K (g mg? min') is the rate constant obtained from the pseudo-
second-order kinetic model in an adsorption system of both CR and BB dyes
for all prepared adsorbents, because the adsorption analyses based on the
constant obtained from the linearized plots (R?), and A is the Arrhenius factor.
When (InK) is plotted against (1/T) as shown in Figures (4.71-4.76 and 4.77-
4.82), a straight line with a slope of (—E./R) is obtained for CR and BB dye
adsorption respectively onto the prepared adsorbents GO, GO/DAB,
GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM.

/T (K1)
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Figure 4.71. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of CR dye onto GO
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Figure 4.72. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of CR dye onto GO/DAB
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Figure 4.73. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of CR dye onto GO/DAB/EDTA
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Figure 4.74. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of CR dye onto GO/CS
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Figure 4.75. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of CR dye onto GO/CS/EDTA
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Figure 4.76. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of CR dye onto GO/pBCM
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Figure 4.77. Plot of InK vs. 1/T for estimation of Activation Energy Ea

for the adsorption of BB dye onto GO
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Figure 4.78. Plot of InK vs. 1/T for estimation of Activation Energy Ea

for the adsorption of BB dye onto GO/DAB
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Figure 4.79. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of BB dye onto GO/DAB/EDTA
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Figure 4.80. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of BB dye onto GO/CS
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Figure 4.81. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of BB dye onto GO/CS/EDTA
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Figure 4.82. Plot of InK vs. 1/T for estimation of Activation Energy Ea
for the adsorption of BB dye onto GO/pBCM

The values of thermodynamic parameters in our current study; AH®, AS°®,
AG®, and E, calculated from the equations were listed in Table (4.10) for
adsorption of CR and BB dyes onto the prepared adsorbents GO, GO/DAB,
GO/DAB/EDTA, GO/CS, GO/CS/EDTA, and GO/pBCM

Table 4.10. Thermodynamic parameters for adsorption of CR & BB

dyes onto prepared adsorbents at different temperatures

Dye Adsorbent Temp. | AH° AS° - AG® Ea
300.15 2.782

GO 313.15 | 27.462 | 100.766 | 4.092 | 13.963
333.15 6.107
300.15 2.193

CR GO/DAB 313.15 | 17.052 | 64.118 | 3.026 11.;342
Dye 333.15 4.309
300.15 1.856

GO/DAB/EDTA | 313.15 | 51.600 | 178.103 | 4.172 78_613
333.15 7.734
GOICS 300.15 -34.622 | 3.597
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313.15 - 3.147 -
333.15 | 13.989 2.454 | 13.641
300.15 2.286
GO/CS/EDTA | 313.15 | 42.644 | 149.964 | 4.232 28._232
333.15 7.226
300.15 3.003
GO/pBCM 313.15 | 80.738 | 279.001 | 6.630 | -6.380
333.15 12.210
300.15 4.709
GO 313.15 | 60.175 | 216.172 | 7.519 | 35.524
333.15 11.843
300.15 28.028
GO/DAB 313.15 | 36.856 | 216.172 | 30.838 | 20.973
333.15 35.126
300.15 4,732
GO/DAB/EDTA | 313.15 | 29.954 | 115.565 | 6.234 43-;310
BB Dye 333.15 8.545
300.15 4.426
GO/CS 313.15 | 49.732 | 180.439 | 6.771 | 0.7255
333.15 10.380
300.15 4.144
GO/CS/EDTA | 313.15 | 28.063 | 107.309 | 5.539 | -5.879
333.15 7.686
300.15 5.988
GO/pBCM 313.15 | 46.857 | 176.066 | 8.277 | -2.126
333.15 11.799

Temp: (°K), AH°, AG® & Ea: (kJ/mol), AS®: (J/mol/ K)

All parameters listed in Table (4.10) are the actual indicator for practical
applications of the dye adsorption process. AG® indicates that whether the
reaction is spontaneous or non-spontaneous, AH® determines the exothermic
and the endothermic nature of the dyes adsorption process, and AS° reveals
the high or low degree of disorder at the solid-liquid interface during the dyes
adsorption process.

The calculated thermodynamic parameters showed the positive values of
enthalpy changes AH® for adsorption of CR dye onto prepared adsorbents GO,
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GO/DAB, GO/DAB/ESTA, GO/CS/EDTA, and GO/pBCM, likewise for the
adsorption of BB dye onto the all prepared adsorbents indicating that the
adsorption processes were endothermic, also the positive value of entropy AS®
of both the dyes onto the same adsorbents suggests an increase in the
randomness at the (adsorbents/solution) interface and an affinity towards dyes
[202]. This is because of the increase in mobility of adsorbate ions present in
the solution while raising the temperature.

While the prepared adsorbent GO/CS with CR dye shows negative values
of both the change of standard enthalpy AH® (-13.989 kJ/mol) and standard
entropy AS° (-34.622 J/mol/K), indicating that the adsorption process is
exothermic and the mobility of CR dye as adsorbate onto GO/CS becomes
more limited as compared with that of this in the solution [203].

The obtained values of Gibbs free energy change AG® at the three
different temperatures were less than zero for the adsorption of both CR and
BB dyes by all prepared adsorbents in this study, denoting the behavior of
adsorption processes is spontaneous and feasible [203].

Negative values of AG® (as shown in Table 4.10) reveal that the
adsorption process of both dyes on the prepared adsorbents is a spontaneous
reaction at any temperature. This implies that the adsorption system does not
require an external energy source. And (as shown in Table 4.10) the values of
AG® for GO/CS adsorbent with CR dye are also negative and it’s increased by
increasing the temperature shows that the process is also spontaneous and
more favorable at a lower temperature.

The low values of activation energy (E,<40 kJ/mol) for all the prepared
adsorbents with CR and BB dyes (as shown in Table 4.10) are characteristics
of the physisorption and diffusion-controlled process [204], showing that the
adsorption process of both dyes (Eacr=—78.010to 13.693 and E,gg =—34.310
to 35.524 kJ/mol) by the prepared adsorbents is governed by physisorption
mechanism involving Van der Waals forces between the charged sites of the
dyes and the surface of the adsorbents. Therefore, these results indicate that
the adsorption processes of both dyes onto adsorbents are diffusion-controlled
and physical.

It was reported that the AG® for physisorption was generally in the range
of (=20 to Zero) kJ/mol, the physisorption together with chemisorption
between (—80 and —20 kJ/mol), and chemisorption within (—400 to —80)
kJ/mol [205, 206].
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The calculated AG® between (—1.856 and —12.210) kJ/mol suggested that
the adsorption of CR and BB dyes on the prepared adsorbents could be
regarded as physical adsorption processes at studied temperatures. Excepting
the values of AG®° for GO/BAD adsorbent with BB dye are recorded as
(—28.028 to —35.126) kJ/mol at the temperatures used in this study, shows the
physicochemical adsorption process that implied both chemical bond and Van
der Waals forces were formed between the dye and surface of the adsorbent.

As a result, the adsorption process gives an impression as a chemical and
physical behavior, where the adsorption process might be chemisorption as
shown previously in the isotherm study (Langmuir and D-R) and
physisorption through the thermodynamic study, therefore this is meaning that
the adsorption process of CR and BB dyes onto adsorbents was
physiochemical adsorption approach.

4.2.7. Desorption Experiment of CR & BB Dyes

To make the adsorption process more economical, it was expedient to
regenerate both adsorbents and dyes, which could be recycled further [207].
The desorption process studies are also important to understand the adsorption
mechanism of adsorbate onto an adsorbent. Desorption is primarily performed
to remove the reversible adsorbate molecules on the adsorbent and to
regenerate the adsorbents [208].

The efficiency of the dyes desorption removal (%S) was calculated by
the following equation [209]:

Cq-Vq

qe- W

Where ge (mg/g) is the equilibrium amount of dye adsorbed on the
adsorbent; C4 (mg/L) is the dye concentration in solution after desorption, and
V4 (ml) is the volume of the eluent (Desorbent reagent).

Tables (4.11 and 4.12) shows the adsorption-desorption process of both
dyes from the prepared adsorbents using distilled water as desorption agent
for three cycles, where the decreasing of adsorption efficiency from cycle one
to cycle three were (31.13, 32.45, 29.51, 34.25, 34.12, and 37.07%) for CR
dye, and were (37.70, 34.79, 35.72, 34.02, 35.45, and 31.10%) for BB dye
that’s adsorbed from prepared adsorbents; GO, GO/DAB, GO/DAB/EDTA,
GOICS, GO/CS/EDTA, and GO/pBCM respectively. That is means that these
adsorbents could be used several times while retaining their good adsorption
capacity, and a relatively low percentage of the desorption values (S%)

S =

X 100% ......(4.16)
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suggests that both dyes were chemisorbed onto the surface of GO-modified
adsorbents compared to graphene oxide [210].

Table 4.11. Adsorption/Desorption for CR dye onto prepared

adsorbents
Cy GO GO/DAB GO/DAB GO/CS GO/CS/ | GO/pBC
cle /E E M
No % % % % % %

G |g| % |g| ® | g|® | g|®|g|%|g
105 | 81.| 109 | 68.| 116 | 77. | 166 | 64.| 188 | 75.| 119 | 72.
0313268248 |822|03|877|92|682|73|661]41
841. | 70. | 863. | 55. | 958. | 68. | 132 | 54. | 154 | 66. | 990. | 63.
66 | 33| 41 |93 | 98 |14 |1.34|80 |1.24 | 67 | 62 |87

723.162. | 740. | 44. | 823. | 57.| 109 | 43.| 131 | 55. | 753. | 52.
33 |11 | 68 |07 | 74 |04 |7.08|81|817|14 02 |20

Table 4.12. Adsorption/Desorption for BB dye onto prepared adsorbents

cy| Go |comas |COPABI ojcs | COCS | GORBC

- IE E M
" % % % % % %
%l g| % |g|%|g|%®|g|®|sg]|%®]|s

745 1 79. 1501 | 70. | 755 | 66. | 788 | 72. | 755 | 68. | 764 | 73.

1 11101 | 44 | 73| .09 51| .07 |71 .87 01| .43 | 18
5 532 | 71. | 1121 | 63. | 557 | 60. | 593 | 69. | 560 | 65. | 599 | 67.

55 52| 81 | 41| .03 |67 |.08|05]|.16 |23 | .63 40
3 464 | 68. | 979. | 51. | 485 | 48. | 519 | 66. | 487 | 63. | 526 | 54.

13130 06 (91| .35 33| .91|00| .90 | 76| .63 | 82
ge: (Mg/g), %S: Desorption system

A desorption study gives a good explanation of the significant
characteristics of an appropriate adsorbent for practical applications. Besides,
the regeneration of adsorbent generally leads to the recovery of dyes, reuse of
adsorbent in the adsorption study, and cost of the adsorption process [211].
Where, the desorption percentages (%S) of GO were (81.32% to 62.11%) and
(79.01% to 68.30%) from first to the third cycle for both CR and BB dyes
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respectively, and these desorption percentages were higher than of the other
five adsorbents that derived from GO i.e.; GO/DAB, GO/DAB/EDTA,
GOI/CS, GO/CS/EDTA, and GO/pBCM, and this may be attributed to the
sufficient functional groups in this derivatives (the adsorption sites) with
compared with GO.

The adsorbents GO/BAD, GO/BAD/EDTA, GO/CS, GO/CS/EDTA, and
GO/pBCM were having more functional groups, thus they show a lower %S,
and this led to understanding the importance of functional groups in this
adsorbents understudy for both dyes.
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5. Conclusions and Recommendations

5.1. Conclusions

The conclusions of our work are summarized in the followings points;

1. Graphene Oxide and its composites are successfully prepared from
Graphite powder at suitable conditions.

2. Graphene Oxide-Composites used as adsorbents with modified
surfaces revealed high adsorption efficiency and high ability to remove Congo
Red and Bismarck Brown dyes from their aqueous solutions.

3. The study showed that the adsorption efficiency of these compounds
depends on:

()  pH
(i) Agitation Time
(i)  Temperature

4. The results reveal the adsorption at the equilibrium follows Langmuir
isotherm.

5. The kinetic data for adsorption of both dyes onto prepared adsorbents
obeyed the Pseudo-Second Order model.

6. The investigation of AH® and AG® indicate that the adsorption of both
dyes onto prepared adsorbents is Endothermic (expect GOCS adsorbent with
CR dye) and Spontaneous.

7. The mean adsorption energy (E) from the Dubinin-Radushkevich
isotherm and the activation energy (E,) from the Arrhenius equation indicated
that the adsorption process might be the dual nature of physisorption and
chemisorption, and was predominant in the chemisorption process of both
dyes on prepared adsorbents.

8. The desorption-adsorption study showed good reusability and stability
of the prepared adsorbents after the third cycle.

5.2. Recommendations

The present work introduced the successful preparation of Graphene
Oxide-composites. The surfaces of these compounds have been used to adsorb
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two dyes of CR and BB from their aqueous solutions. Suggested future work
for more insights and application are as follows;

1. Preparing more GO-composite by grafted GO with some
biodegradable polymers which are considered environmentally friendly
because of their biodegradability, especially in the form of nanocomposites
(EFPNCs).

2. Impregnated prepared GO-composites with magnetic nanoparticles
such as Fe;04, CdFe,O4, and others to enhance their adsorption efficiency and
gaining magnetic filtration benefits.

3. Impregnated prepared GO-composites with quantum-dots
nanoparticles such as ZnS, CdS, and others to enhance their adsorption
efficiency.

4. Using the prepared GO-composites to remove heavy element ions such
as iron, lead, manganese, mercury, cadmium, and other ions.

5. Using the prepared GO-composites to remove pollutant hydrocarbons
such as detergents, pesticides, and others.

6. Applying another analytical approach to removing dyes onto GO and
the prepared GO-composites such as solid-phase extraction (SPE).

7. Study the adsorption of some pollutant gases such as CO, and NOx
onto prepared GO-composites.
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