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Abstract

The world population is growing at an alarming rate and this has resulted in the intensification of
industrial activities causing contamination of air, soil and aquatic ecosystems. The demand for
pure drinking water is growing with population and people still have insufficient access to it. In
most African rural communities, ground water is the primary source for drinking purpose.
However, if beyond permissible level, F is a toxicant chemical in ground water sources with
tremendous health disorder. Thus, this work presents green a synthesis method of graphene based
nanomaterials, characterizations of the synthesized nanomaterials, and its application in nano-
adsorption of F* and photocatalysis of methylene blue (MB) for environmental protection. The
synthesized products were characterized by GC-MS, UV-Vis, XRD, FT-IR, DTA, TGA, HR-TEM
and EDAX. Solvent extraction method was used to obtain the phytochemical compounds from
Vernonia Amygdalina (VA) plant leaves. The UV-Vis analysis of VA leaf extract revealed different
peaks in water, methanol and ethanol extracts. The GC-MS records displayed a number of
complex compounds of which six of them were common to all solvents five of them were common
to two solvents and the rest were unique to their corresponding extracting solvents. UV-Vis
records of reduced graphene oxide (rGO) revealed major peaks at 262, 252, 297 nm and XRD
records showed different peaks ar 26 = 24°, 21.3°, 19.8° in methanol, ethanol and water extracts
respectively. Methanol extraction of VA was the preferred method for the large scale production of
graphene based materials. The fast, non-explosive two step method in the absence of ice bath were
used to obtain graphene oxide (GO). rGO-Bi,S; was synthesized using a single step refluxed
method for the degradation of methylene blue (MB). The comparative degradability degree of the
dye under visible light irradiation with and without catalyst was studied. The performance tests
showed 99% degradation of MB with and 7% without catalyst under the same condition within 25
minutes. The durability and reusability tests for the catalyst were also studied for five cycles. The
maximum loss of capacity of the catalyst within 25 minutes was 0.5%. Hence, rGO-Bi,S; was
found to be the ideal material for the degradation of MB. The adsorption of F* from ground water
by GO under specific conditions such as: agitation rate of 120 rpm, contact time of 90 minutes,
adsorbent dosage of 0.42 mg/L, initial F* concentration of 10 mg/L and pH of 6.8 was investigated.
The results obtained showed 99.3% F removal from NaF prepared solution and 91.6% fluoride
removal from real sample. The retained properties of GO after adsorption observed by UV-Vis
analysis confirmed the recyclability of the adsorbent. The results obtained also showed that the
adsorption kinetics with the coefficient of determination (R? for pseudo- first-order (SFO) and
pseudo-second-order (SSO) were 0.96 and 0.99 respectively. Based on these results, the
adsorption of F onto GO is a pseudo-second-order kinetics type. Furthermore, according to the
adsorption isotherm study, Freundlich isotherm model showed a good fit to the experiments with
R? (0.99). The adsorption capacity of the adsorbent was found to be 301.43 mg/g. Hence, this
study showed that GO is the preferred and effective adsorbent material for the removal of F* from
ground water.

Keywords: Adsorption; Photocatalysis; Fluoridated Ground water; Graphene based
nanomaterials; Methylene blue;
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Chapter One
1. Background

1.1 Introduction

The 21% century has been termed as the century of the environment (Perreault, Fonseca De
Faria, et al., 2015). The world population is growing at an alarming rate and this has
resulted in the intensification of agriculture and industrial activities which in turn have
resulted in the contamination of air, soils and aquatic ecosystems and that brought about
global climate change. Consequently, this world is under stress with the worst extremes of
human activities but still is striving to defend itself through its natural web-net process.
However, the scholars predicted that the battle field would most probably be finalized at
some point with the limited and nonrenewable resources routed by the unlimited and ever
perpetuating act of human beings. Hence environmental issues are becoming a major focus
of political and scientific attention. For instance, Ethiopia has embarked on a
transformational journey of becoming a low middle-income carbon neutral economy by
2025. This is to be achieved by shifting economic activities from agriculture-led to
industrial-led sectors and the pursuit for industrialization is the most feasible option for
ensuring the intended structural transformation. This, on the other hand has resulted in the
large emission of industrial byproducts pollutants to the environment. On the first hand,
this motivated us to focus on the concrete current issue, the environmental pollution,
which will also be, sustained in the future in the world if not given due attention (Suggs &
Neic, 2010).

Pollutants such as organic and inorganic compounds in soil, air and water produced by
human activities, backfired and severely hurting and further threatening ecological balance
and human health. In addition to the huge environmental pollutant discharge from the
developed countries, many developing countries are transforming their economy from less
or none polluting traditional agricultural activities to more polluting modern agricultural
activities and/or industrialization. Mining and leather industries are the sources of heavy
metal pollutants. Textile industries are also the main sources of organic pollutants and
dyes (Carmen & Daniela, 2016). Therefore, the modernization of agriculture without
pollutant mitigation strategy and intensification of industries without pollutant discharge
monitoring strategies are the deadly threating acts of human being to the environment.
Hence this work is intended to alleviate the pollution problem using adsorption and

photocatalysis.



Recently, many effective photocatalysts (Azeez et al., 2018; Yildirim & Ozturk, 2018) and
nano-adsorbents (Kariuki et al., 2015; Zhang & De, 2011) materials based on their size,
especially of carbonaceous materials have been designed due to their high efficiency and
ease of fabrication. Here we proposed a novel experimental ways of studying the
mechanism by which adsorbates are continuously adsorbed without saturation of the active
surface and stabilization of e’-h pair of the semiconductor by graphene based scaffolds.
Hence the core point of this dissertation work is the preparation of graphene based
nanomaterials; study its application in nano-adsorption and photocatalysis.

There are three predominant allotropes of carbon material: diamond, graphite, fullerene,
and amorphous carbon called carbon black (Shabalin, 2014). The degree of crystallinity
and the types of hybridization of carbon atoms in their structure is used to categorize these
allotropes under anyone of the above classes. Carbon atoms in diamond are all sp®
hybridized and arranged in cubic structure which comprises of two interpenetrating face-
centered cubic (fcc) lattices (Vajtai, 2013). Graphite is a naturally occurring form of
crystalline carbon composed of stacked sheets of carbon atoms called graphene. Unlike
diamond, graphite exists in a hexagonal crystal structure. Graphite occurs naturally in the
earth’s crust when carbon is subjected to pressure and temperature around 750 °C to
compress into graphite ( Zhang et al., 2018). It is extremely soft and breaks into thin
flexible flakes that easily slide over one another, resulting in a greasy feel. It has low
specific gravity but has high electrical and thermal conductivity. It is extremely resistant to
heat and nearly inert in contact with almost any other material; making it highly resistant
to corrosion (Diego, 2015). Graphite are primarily (80-85% of total demand) used as a
conductive electrode used to refine iron in an electric arc furnace or alumina in an
aluminum smelter. Other markets include the battery anode sector and brake linings which
both compete with natural graphite for market share (Bafekrpour et al., 2012). Generally,
graphite is available in its two broad categories; synthetic and natural graphite (Trammell
& Pappano, 2011).

Synthetic graphite is a manmade substance manufactured by the high temperature
processing of amorphous carbon materials. The types of amorphous carbon used as
precursors to give graphite are many, and can be derived from petroleum, coal, or natural
and synthetic organic materials. In some cases, graphite can even be manufactured by the
direct precipitation of graphitic carbon from pyrolysis of a carbonaceous gas such as
acetylene (pyrolytic graphite). One important commonality between all graphite
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precursors is that they must contain carbon. It is a specific form of carbon, so it can only
be derived from other carbon containing substances (Marz et al., 2018a). Only certain
types of carbonaceous feeds are suitable for the production of synthetic graphite to ensure
a high quality graphitic carbon. The dry raw materials are mixed and moulded into desired
shapes and baked or carbonised at 800 — 1300 °C over several weeks and then further

processed at temperatures of 2,600-3,000 °C for graphitisation.

The main types of natural graphite are flake, amorphous and vein (Simandl et al., 2015);
so that the source of our graphene and its derivatives for this dissertation work is
microcrystalline graphite. Microcrystalline graphite (commercially called amorphous)
occurs in metamorphic anthracite coal beds or in carbonaceous sedimentary rocks in form
of extremely fine crystalline grains. Suppliers of microcrystalline (“amorphous”) graphite
are China, Mexico, Korea, and Zimbabwe. Vein graphite (crystalline lump graphite)
occurs as filling fissure (cracks in rocks) in veins in metamorphic or igneous (formed from
molten magma or lava) rocks. Vein graphite may have various forms and dimensions from
fine powder to lumps of 10 cm size. Vein graphite structure has high crystallinity, which
provides excellent electrical conductivity of the material. Current supplier of vein graphite
is Sri Lanka (Magampa et al., 2013).

Flake graphite occurs as isolated, flat, plate like particles with hexagonal edges with a
distinctive flake formation. Flake graphite is formed at convergent plate boundaries when
organic rich shales and limestones are subjected to the heat and pressure of regional
metamorphism. This produces marble, schist, and gneiss that contain tiny crystals and
flakes of graphite. These rocks are mined, crushed to a particle size that liberates the
graphite flakes, and processed by specific gravity separation or froth flotation to remove
the low-density graphite. This mineral is abundant in the southern Oromia, Guji and
Borena zone of Ethiopia. Flake graphite is subdivided into coarse (large and medium) and
fine sizes with flake graphite purity varies from 85-95% fixed carbon content after
processing. Natural flake has the widest range of use and accounts for about 49% of
natural graphite consumption. The primary use includes brake linings, batteries and fuel
cells. According to literatures; China, Mozambique and Brazil are the largest producers of
flake graphite (Desai & Njuguna, 2012).

The crystalline structure of graphite consists of hexagonal rings forming thin parallel

plates (graphene). Each carbon atom is covalently bonded to three other atoms in the plate



where the angle between two bonds is 120°. The outermost electron shell of a carbon atom
has four valence electrons, three of which are used by the covalent bonds. The fourth
valence electron does not take part in covalent bonds and may be easily displaced from the
electron shell by an electric field. These electrons provide electrical conductivity of

graphite (Pietronero, 1980).

The graphene layers are bonded to each other in graphite structure by weak Van der Waals
forces as shown in Figure 1. The layered structure of graphite allows sliding movement of
the parallel graphene plates. Weak bonding between the plates determines softness and

self-lubricating properties of graphite.
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Figure 1: Structure of graphite (Simandl et al., 2015).

Graphene is a single layer of atoms in graphite with a two-dimensional hexagonal lattice
in which one atom forms each vertex. It is the basic structural element of other allotropes,
including graphite, charcoal, carbon nanotubes and fullerenes. It can also be considered as
an indefinitely large aromatic molecule, the ultimate case of the family of flat polycyclic
aromatic hydrocarbons (Mikhailov & Pietronero, Strassler, 2012). It has special properties
which set it apart from other allotropes of carbon. In proportion to its thickness, it is about
100 times stronger than the strongest steel. Yet its density is dramatically lower than any
steel, with a surface mass of 0.763 mg per square meter. It conducts heat and electricity

very efficiently and is nearly transparent ( Kumar et al., 2013). A single graphene sheet is



a planar monolayer of sp>-bonded carbon atoms arranged on a two-dimensional
honeycomb lattice made of hexagonal rings. Planar polycyclic aromatic hydrocarbons
(PAHSs) with only benzenoid hexagonal rings can be viewed as fragments of a graphene
sheet with the peripheral atoms saturated with hydrogen, and thus provide molecular
models of graphene segments. Graphene segments are of paramount importance both from

scientific and technological perspectives.

Moreover, the PAHs or graphene segments themselves are of great research interest, since
they are widely found in the residues of domestic and natural combustion of coal, wood,
and other organic materials and their unique electronic properties provide opportunities for
novel functionalized nanomaterials and nanodevices. Understanding the mechanism of
formation of graphene, segments are necessary to control its formation and in turn, to meet
its application requirements. Graphene materials are endowed with a number of properties,
including luminescence; which has been frequently reported in various chemical vapour
deposition (CVD) of Diamond or a-C:H films ( Zhang & De, 2011).

In the past decades, there has been a growing interest in the screening of plants for
varieties of purposes such as medical applications, R&D and nutritional values (Ajani et
al., 2019; Ekaluo et al., 2015; MK et al., 2019). The green synthesis of nanomaterial, for
instance reduction of silver to silver nanoparticles was one of the most researched area of
application of bitter leaf (Amechi, 2018; Ariffinisa Lintang Widyaningtyas, Yoki Yulizar,
2019; Nzekekwu, Ak; Abosede, 2019; Pandurangan et al., 2018). Bitter leaf (Vernonia
Amygdalina, VA) is a soft wood shrub tree commonly found naturally in tropical Africa
and Asia. It is a promising plant in research and development and often used as a
traditional medicine and nutritional purposes (Alara et al., 2019a; Oseni et al., 2014). The
medicinal value of this plant studied and reported so far includes antidiabetics properties,
anthelmintic activity, antimutagenicity and effects on CD4+ cell count (HIV/AIDS),
antipyretic activities, anti-inflammatory, analgesic activity, hepatoprotective, antimalarial,
antiplatelet and anticoagulant, antimicrobial, antifertility, abortifacient, hypolipidemic and
anticancer activity, anti-allergic activity, cathartic effect and antioxidant properties
(Achuba, 2018).

The secondary metabolites obtained from this plant leaf extract contain reducing sugar,

polyphenolics, terpenoids, flavonoids, saponins, anti-fungi, antileukemia, alkaloids,



cardiac glycosides, steroids/triterpenes, and anthraquinone (Achuba, 2018; Ilondu, 2010;
Momoh & Polytechnic, 2020).

Alkaloids, flavonoids, terpenoids, ketones, amides, aldehydes, polyphenols and carboxylic
acids exists in bitter leaf (Vernonia Amygdalina) plant extracts are good agents for
bioreduction of metal ions into nanostructures. However, the previous works showed that
the reducing phytochemicals in the leaf extract contains mainly of the reducing
components called terpenoids. In addition to reducing activities, terpenoids are also
serving as the capping and stabilizing agents (Altemimi et al., 2017; B.S. Audu, P.C.
Ofojekwu, A. Ujah, 2014; Malik & Ahmed, 2018). Hence, this abundantly and locally
available, safe (eco-friendly) and economically viable plant contains an extraordinary
nontoxic chemical compounds (extracts) within it. Therefore, a better extraction method
or/and extracting solvents that may use to obtain the optimum value of such important
compound (reducing agents) in bitter leaf (Vernonia Amygdalina) should be well known.

Most of the research work, on the method of extraction to isolate bioactive compounds
from the plant matrix and reported in the past includes ultra-sound assisted extraction,
solvent extraction, supercritical fluid extraction, pressurized solvent extraction, Soxhlet
extraction; hydrodistillation, decoction, maceration and micro-wave assisted extraction
(Alara et al., 2019a). Amongst these methods we the solvent extraction method was
preferred for this work purpose due to its efficiency and effectiveness, low cost, shortened
extraction time and simple method compared to the others. Many works have been
reported on the use of solvents such as methanol, ethanol and water for VA extraction.
However, it should be clearly known which one of the three solvents shall specifically and
preferably be used for the green synthesis of graphene or (rGO). Hence, in this study we
intended to extract the bio-reducing agent in bitter leaf (Vernonia Amygdalina) using three
different solvents methanol, ethanol and water and to identify the best solvent extraction
method for the application of green synthesis of graphene based nanomaterials. The
objective also includes the characterization of the extracted phytochemical compounds in
plant matrix using GC-MS and UV-VIS spectroscopy to identify the existence of reducing

and capping agent in the plant extract.

Graphene, a two dimensional, only one atom thick and densely packed crystalline
material, is the thinnest, lightest and strongest material on earth and the best conductor of

heat and electricity known to man (Kopelevich & Luk’yanchuk, 2010; Mao et al., 2013;



Torrisi et al., 2012). This material has been identified and analyzed by mechanical
exfoliation of pyrolytic graphite a decade ago by Manchester University physists Geim
and Novoselov, because of which they won the noble prize in 2010 for their record
breaking work (Geim, 2011; Zainuddin et al., 2018). Even if the above method and
epitaxial chemical vapor depositions are more preferable to produce precise pristine
graphene, they are less effective for large scale manufacturing (Deng et al., 2019; Dong et
al., 2019). The interest of scientists to investigate this material began 70 years ago, when
Wallace explained some of the physical properties of graphite through the band theory of
solids (Morichi et al., 2008). The carbon atoms are connected in a hexagonal honeycomb
lattice in graphene and can be seen with the naked eye because it absorbs about 2.3% of
light (Perreault, Fonseca De Faria, et al., 2015). Recent studies showed that graphene is
not only strongest material ever measured but also the stiffest and its current density is a
million times that of copper ( Chen & Cheung, 2016a). This new material has shown a
number of unique properties so that it is much more than just a scientific interests; it
boasts a growing list of real world applications (Hakimi & Alimard, 2012; Kumar et al.,
2013; Yildirim & Ozturk, 2018).

Hence, the large scale production method of graphene and its family should be
pronounced by researchers. The most popular approach to produce large scale graphene to
date is the use of strong oxidizing agent to obtain graphene oxide (GO) (Ghanem &
Rehim, 2018; Yenny Hernandez, Mustafa Lotya, Valeria Nicolosi, Fiona M Blighe
Sukanta De & Duesberg, 2009). GO is the oxidized analogy of graphene from which we
can only synthesize graphene in a large scale (Pachauri et al., 2017). It is a non-
stoichiometric chemical compound of carbon, hydrogen and oxygen in variable ratios
which largely depend on the processing methodologies (Girunli et al., 2020; Hessain &
Hassan, 2020; Joshi et al., 2020). GO possesses large amount of oxygen functional groups
that are presented to carbon skeleton in the form of epoxide & hydroxyl across the basal
plane, hydroxyl, carbonyl & carboxyl at the edge during chemical oxidation from the
oxidizing agent (Mahendran et al., 2020; Rawal et al., 2020; N. Singh et al., 2020). These
deliberate insertion of oxygen containing functional group into graphite is reflected by the
increment of interlayer distance from 0.34nm in graphite to 0.63nm in GO (Feng et al.,
2020). Then this product, firstly graphite oxide and later on graphene oxide (after
exfoliation by addition of distilled water and ultrasonication) reveal the following special

properties such as easy functionalization, hydrophilicity, ability to convert to graphene (for



large scale production) and prevent the restoration of Van Der Waals interaction between
graphene layer in graphite leading to exfoliation upon sonication (Ciplak et al., 2020;
Haghighi & Tabrizi, 2013; Jilani, Othman, et al., 2018; Ying ying Liu et al., 2020;
Nazarpour et al., 2020). Therefore, chemical exfoliation method is the most popular
method to prepare GO, reduced graphene oxide (rGO) and graphene. GO is highly polar
and hydrophilic but is nonconductor of electricity because of the presence of large amount

of oxygen at its edge and basal plane (Xiaofeng Liu et al., 2014; Manchala et al., 2019).

In this study, graphene oxide was synthesized by the novel modification of the improved
method which later on used as a precursor for the synthesis of reduced graphene oxide by
the simplest green method. Solvent extracted compounds of vernonia amygdalina (VA)
plant were used to synthesize rGO. This method is cheap that the reducing agent is
abundantly locally available, ecofriendly that it does not discharge any gas and toxic
substances to the environment unlike the antioxidant chemicals such as hydrazine hydrate
and ascorbic acid and furthermore the synthesizes method is easy and scalable. In our
preceding study, we identified the optimum condition and effective solvent extraction

method to be used to extract compounds from VA for the synthesis rGO.

Hence the objective of this study was to synthesis reduced graphene oxide using
abundantly available plant extracts of vernonia amygdalina as reducing and capping agent.
The objective also includes the large scale synthesis of this recently significant attention

captured; graphene based material, at nanoscale.

Nanosized materials are materials exhibiting unique physical, chemical, mechanical,
electrical, biological and thermal properties than their bulk counter parts due to their high
surface area, small particle size and possible quantum confinement effects (Khan et al.,
2019; Q. Wu et al., 2020; Zhu & Liu, 2009). Semiconductor materials are solid materials
having energy band gap lying in between conductor and insulator. Semiconductor
materials manufactured to the nanoscale shares the above described property. The
development of these materials necessitates the progress of sciences: chemistry, physics
engineering and technology of the materials (Gupta & Gupta, 2015; Matyushkin et al.,
2016). Bismuth sulfide nanostructure (Bi,S3) is a semiconductor material with unique
features such as favorable energy band gap, high absorption coefficient and
environmentally friendly elemental composition than the other known semiconductors
(Liao et al., 2001; Zhang Liu et al., 2012; H. Wang et al., 2002). Bi,S3 has a direct narrow



band gap energy of 1.34eV and finds application in photodiodes arrays, photovoltaic
convertor and thermoelectric cooling devices based on peltier effects (Boulouz et al.,
2014; Ge et al., 2017; Liu et al., 2013; Matyushkin et al., 2016; Yuan et al., 2019; Zou et
al., 2002).

The world population is growing at a fastest rate and this resulted in the intensification of
industrial activities which in turn resulted in the contamination of environment. For
instance, textile industries are the main sources of dyes, which are the top pollutants of
water bodies (Carmen & Daniel, 2012a; Le Marechal et al., 2012; Luongo, 2015) and
Bi,S3 has been attracting significant attention of researchers owing to its interesting band
gap in the photocatalysis application for water purification (Nassar et al., 2011; Piras et al.,
2014; Wu et al., 2010). However, the small band gap of Bi,S; is subjected to the risk of
charge carrier recombination and its light response range but still very effective and
efficient if composited with a platform which stabilize the band gap and optimize its light
absorption range (Ghanbari et al., 2014; Huang et al., 2013; Zhao et al., 2017). Different
synthesis method of Bi,S3 has been reported so far, however many of them are chemical
method that discharges hazardous pollutants to the environment (Piras et al., 2014; Stavila
et al., 2009). Because of its non-toxicity, energy band gap, light absorption potential and
ease of fabrication, Bi,S3 has been the preferred and widely used semiconductor (Ai et al.,
2011; Chen et al., 2013; Hu et al., 2014). Hence the safe, cheap and simple synthesis
method of Bi,S3 semiconductor should be devised by researchers.

As indicated in many recent research works, different approaches such as constructing
heterostructured photocatalysts for the charge separation efficiency and extending the light
response range by coupling the suitable band gap structure was the most promising
approach to promote photocatalytic efficiency of Bi,S; (Ayodhya & Veerabhadram, 2018;
Luan et al.,, 2015). Owing to their unique electronic properties for application of
photovoltaic devices, graphene has attracted interest of researchers recently (Luan et al.,
2015). Graphene possesses properties such as high specific surface area (2600 m?g™),
electrical conductivity (550 S cm™), electron mobility at room temperature (200,000 cm?v™
sy, and current density up to six orders of magnitude higher than copper (Matte et al.,

2011) which are important for the application of a photocatalytic activities.

In this section, a cheap, simple and green synthesis method of Bi,S; was presented using

methanol extracted compounds of vernonia amygdalina at low temperature below 100 °C.



The plant extract was used as a capping agent for the stabilization of the product
nanostructure. Graphene oxide (GO) was synthesized using improved method with a slight
modification and it was reduced to produce reduced graphene oxide (rGO) by green
synthesis method. The rGO-Bi,S3; composite was synthesized from the mixture of rGO and
Bi,S; under single step refluxed hydrothermal method. The enhanced photocatalytic
activity of Bi,Sz using rGO for the degradation of methylene blue (MB) was studied
thoroughly. The durability and reusability of the heterogeneous catalyst was also explored

exhaustively.

The demand for pure drinking water supply is growing rapidly as the result of continuous
increase of world population (Peres & Cury, 2011). Most people living in the rural areas
are using ground water as the main source for drinking. Usually, ground water have
agonized high concentration of fluoride due to dissolution of some mineral ores
(Chandrawat, 2020; Ki et al., 2020; Lin et al., 2020). Although ground water possess good
microbiological and biological properties, it is contaminated with some toxic chemicals
which may pose serious health effects on living organisms (Thole, 2013). Besides its
advantages at its permissible concentration, fluoride causes significant health problem
(Pratap & Singh, 2013). World health organization (WHO) set the recommended upper
limit of fluoride ion concentration to be consumed in food stuff should not be more than
1.5 mg/L ( Cay Butler, 2006). However, fluoride ion concentrations in some African rift
valleys ground water were recorded to be greater than this limit by far. Most of the east
Africans regions which extend from Jordan valley down through Sudan, Ethiopia, Kenya,
Uganda and Tanzania were reported to have maximum fluoride ion concentration (Datturi
et al., 2015; Mandefro Ararso, 2017; Sara Datturi, Assefa Kumsa, Seifu Kebede, 2017).

Reports showed that Ethiopian rift valley ground water contains fluoride concentration
which is much higher than the allowable level (Alemu et al., 2015; Travi, 1998). The
concentration of fluoride ion in Ethiopian rift valley lakes, such as Lake Shala and Lake
Abijata were recorded to be 264 mg/L and 202.4 mg/L, respectively (Mandefro Ararso,
2017). The increase in the concentration of fluoride ion in ground water along the course
of the river flow is due to the existence of the acidic rocks lengthways across and the
existence of recent volcanic hot eruption (Ghanbarian et al., 2020; Medellin-castillo et al.,
2007; Sahu et al., 2021). The landforms of Ethiopian rift valley exist in a variety of terrain
that is significantly important to the enrichment of fluoride into ground water (Kair & Faj,
2014). If beyond the permissible values, fluoride causes a significant health disorder.
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According to some research findings, the ingestion of fluoride with concentration 1.5-3
mg/L cause dental fluorosis, 3.5-9 mg/L cause skeletal fluorosis, and longtime ingestion of
fluoride with concentration greater than 10 mg/L cause an irreversible damage to the bone
called bone immobility or crippling fluorosis (Aggeborn & Ohman, 2017; Kosik-bogacka
etal., 2015; Q Xiang, Y Liang, L Chen, C Wang, B Chen, X Chen, 2003).

Although defluoridation of water is difficult and expensive, a number of methods have
been applied (Ayalew, 2020). The most common defluoridation techniques reported were
ion-exchange, precipitation, nanofiltration, electrochemical methods, reverse osmosis and
adsorption (Karthikeyan, 2019; Malakootian et al., 2011). Among these, adsorption is
quite effective and efficient methods because of the ease of operations, less time and space
consumption, ease of material availability, ecofriendly and cost effective methods
(Collivignarelli et al., 2020; Perreault, Faria, et al., 2015; Publishing & Supply, 2020). The
ground water sources serving as a drinking water supply for a community living in
“Dugda-Bora district of Oromia regional state, Ethiopia” contain high concentration of
fluoride which caused a tremendous health effects and death (Fito et al., 2019; Ku et al.,
2002). The above mentioned defluoridation techniques have been applied (Aigbe &
Onyancha, 2020; Tan et al., 2020) but the problem were not yet resolved.

Activated carbon has been used as adsorbent due to its excellent adsorption capacity for a
wide range of contaminants; however its application is restricted recently due to the high
production cost and difficulties in recyclability (Tefera et al., 2020; Xu et al., 2020).
Carbon nanotubes (CNTs) and graphene based materials (GBMSs) have been developed as
an alternative to conventional adsorbents (Meijiao et al., 2013). Researchers used CNTs to
build new adsorbents because of their high surface area, non-corrosive, presence of
oxygen-containing functional groups, tunable surface chemistry, and scalable
production(Yang et al., 2015). However, graphene-based nanomaterials were found to be

more advantages than CNTSs in adsorption activities due to:

1. The availability of two basal planes of single layered graphene materials for pollutant
adsorption whereas the inner wall of CNTSs is not accessible by the adsorbates

2. The ease of synthesis of graphene based materials by simple chemical exfoliation of
graphite without using complex apparatus or metallic catalysts and the produced graphene
based materials is free of catalyst residues so that no further purification steps are needed
(Xing Li etal., 2014)
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3. The as-prepared GO possesses a large number of oxygen-containing functional groups
which are likely responsible for the adsorption of ionic pollutants and no additional acid

treatments needed to impart a hydrophilic character and reactivity unlike CNTs.

In this work, the application of graphene based nanomaterial as adsorbents for the removal
of fluoride ion from aqueous solution were explored. Besides, we described key
adsorption mechanisms performed by GO. A novel experimental method of studying the
mechanisms by which adsorbent was continuously adsorbing adsorbate without saturation
of the active site was also described. Based on the recent discoveries that the graphene
oxide surface can be modulated by molecules assembled on its surface and pH

optimization we have made fluoride adsorption study using GO by optimizing pH.

1.1.1 Objectives of the Study
1.1.1.1 General Objective
The purpose of the study is to synthesis and characterizes graphene-based nanomaterials
for environmental protection applications.
1.1.1.2 Specific Objectives
%+ To extract vernonia amygdalina leaf using methanol, ethanol and water.
% To identify the best plant extract for the reduction of graphene oxide.
% To synthesis GO nanostructures using simple reflux method.
% To synthesis rGO nanostructure using vernonia amygdalina plant extract.
% To synthesis Bi,S3 nanostructure semiconductor.
%+ To synthesis rGO - Bi,S3 nanocomposite.
% To characterize the synthesized nanostructures and nanocomposite.
% To optimize graphene oxide nanoadsorbent for F* remediation.
% To study the photocatalytic activity of rGO - Bi,S3 hanocomposite for degradation

of methylene blue dye

1.1.2 Statement of the problem

The world population is growing at an alarming rate and this resulted in the intensification
of agriculture and industrial activities which in turn resulted in contamination of air, soils
and aquatic ecosystems that brought about global climate change. Consequently, this
world is under stress with the worst extremes of human activities. For instance Ethiopia
has embarked on a transformational journey of becoming a low middle-income carbon

neutral economy by 2025. This is to be achieved by shifting economic activities from
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agriculture-led to industrial-led sectors. This, on the other hand resulted in the large
emission of industrial byproducts pollutants to the environment. Moreover, the demand for
pure drinking water supply is also growing rapidly as the result of continuous increase of
world population. Most people living in the rural areas are using ground water as the main
source for drinking. Usually, ground water have agonized high concentration of fluoride
due to dissolution of some mineral ores. Besides its advantages at its permissible
concentration, fluoride causes significant health problem if its concentration in food stuff
is beyond the permissible level. World health organization (WHO) set the recommended
upper limit of fluoride ion concentration to be consumed in food stuff should not be more
than 1.5 mg/L (Cay Butler, 2006). However, fluoride ion concentrations in some
African/Ethiopian rift valleys ground water were recorded to be greater than this limit by
far. This work is provoked due to the concrete current issue, the environmental pollution,
and the effects of fluoride on human health.

1.1.3 Research Questions

We planned to develop graphene oxide-metal sulfide nanocomposite heterogeneous
photocatalyst for the decomposition of organic pollutant and also planned to develop
graphene based nanomaterials for the adsorption of inorganic pollutant on the carbon
lattice surface. Therefore the graphene-based material prepared along the course of the
proposed research was confirmed to be accurate, long lasting, inexpensive and sensitive
material to effectively decompose and adsorb the target pollutants and answered the
following questions.

%+ What is the best solvent for the green synthesis of graphene

% What is the optimum design for graphene oxide to adsorbent fluoride ion?

% What is the optimum design for rGO-Bi,S; nanocomposite for organic dyes
degradations?

1.1.4 Innovation

The idea of studying fluoride ion adsorption from aqueous solution by graphene oxide
through functionalization and pH optimization is new. This work was planned and
assumed to be based on the recent discovery that the graphene surface can be modulated
by molecules assembled on its surface and pH optimization. With this method and
specific nanoadsorbent design, a high level of target ion detection was achieved.
Moreover, the proposed experiments allowed characterizing of the processes of stabilizing
the active site of semiconductor and increasing the surface area for photolytic activities of
graphene based material.

13



1.1.5 Significance of Study

Graphene based nanomaterials have a big potential for practical applications in
environmental fields. The possible application of graphene-based nanomaterials as
nanoadsorbent for fluoride ion in drinking water is new idea. Confidentially, the
technique; photocatalytically degradation of organic pollutant; innovate the material
research on the ionic level and will find its place in future industrial applications. The
sensitivity of graphene based nanomaterials to ions of different charges in liquid
environment could potentially make graphene based nanomaterial an alternative material

for the nanoadsorption for environmental applications.
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Chapter Two
2. Literature Review

2.1 Photocatalysis

Researchers worldwide prefer plenty and clean energy sources, the sunlight, for energy
production, environmental protection and water purification, having photocatalysis as the
promising method in mind. This method works based on the production of electron-hole
pairs by illumination with light of suitable energy on a semiconductor material such as
metal sulfide nanostructures dispersed in an aqueous medium (Nengjie Huo, Alberto
Figueroba, Yujue Yang, Sotirios Christodoulou, Alexandros Stavrinadis, César Magén,
n.d.). The band gap of metal sulfide nanoparticles can be delicately tuned by simply
controlling their particle sizes without altering the chemical compositions of metal sulfide,
which is the reality of binary metal sulfide nanoparticles ( Wu et al., 2010).

Based on this, during the last decades, there are a number of novel techniques that have
been developed for band gap tuning of binary metal sulfide through simple artificial size
control (Yuan et al., 2019). This semiconductor material doubles their efficiency when
they are manufactured to some nanoscale size. Nanoparticles applications are versatile and
range from industrial and environmental goods to everyday products derived from food,
textile and cosmetic industries. The photocatalyst material activated by light plays a
decisive role to perform an efficient photocatalytic reaction, and therefore its selection
should be done carefully to fulfill both, the appropriate electronic structure and reasonable
energy of light for its photoactivation because the rate of the photocatalytic reaction is
independent of the active site ( Chen et al., 2013).

In this regard, application of photocatalysis, especially photocatalysis using semiconductor
particulate system, appears to be the most appealing means than the more conventional
chemical oxidation methods for decomposition of toxic compounds to nonhazardous
products. This is because of the fact that semiconductors are inexpensive, non-toxic,
having high surface area, broad absorption spectra with high absorption coefficients,
exhibiting tunable properties which can be modified by size reduction, doping, sensors,
etc., affording facility for multielectron transfer process and capable of extended use

without substantial loss of photocatalytic activity (Yuan et al., 2019).

The tendency of photoactivation is achieved by the unique photophysical and

photochemical properties of these nano-sized photocatalysts. The photocatalytic
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degradation of the toxic compounds (dyes, pesticides, phenolic compounds, etc.) using the
photoactive materials in an aqueous medium mainly depends on the band gap, surface
area, amount of catalyst, and generation of an electron-hole pair. It has been observed that
the surface area plays a major role in among all factors in the photocatalytic degradation of
dyes, by providing a higher surface area, which leads to the higher adsorption of dye
molecule on the surface of photocatalyst and enhances the photocatalytic activity
(Nyangiwe, 2012b).

In the past few decades, high efficiency and stable graphene oxide photocatalysts have
been extensively studied for the degradation of organic pollutants and their potential
applications to environmental remediation (Luan et al., 2015). Currently, considerable
attention has been paid to semiconductor and graphene/semiconductor-based
photocatalysis for the degradation of pollutants owing to its low energy input, easy
operation, cleanness and high efficiency due to large surface area. Some of the recent
reports has been done for the comparison of photocatalytic activity of organic dyes using
rGO, GO and GO based semiconductor composites, the degradation activity of dyes using
semiconductors like TiO,, NiO, CdS, ZnS, CeO,/Sn0,, g-C3N4 and AgsPO,4 coupled with
GO exhibited greater efficiency than the other catalysts such as semiconductors in the
absence of GO and pure GO (Gupta & Gupta, 2015).

The improved photocatalytic activity of these GO composites was observed due to the
efficient separation of photo-generated electron-hole pairs. The enhanced photocatalytic
activity of GO incorporated semiconductor photocatalysts is highly related to the number
of separated photo-generated charge carriers. In addition, graphene acted as an ideal
catalyst and facilitates charge transfer to suppress the recombination of electron-hole pairs
in the nanocomposites. Generally, photocatalytic enhancement in the graphene-
semiconductor composites can be explained in terms of some mechanisms due to unique
properties of graphene, such as: extension of the wavelength of the absorbed light due to
the chemical bonds which narrow the band gap of semiconductor and transparency of
graphene, suppression of the recombination of photogenerated electron hole pairs by
accepting the excited electron from the conduction band due to its long m-conjugation
structure and increasing absorptivity of pollutants. Therefore, the photocatalytic activity of
GO based semiconductor composite is higher than that of pure semiconductors (Perreault,
Fonseca De Faria, et al., 2015).
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2.1.1 Synthesis of Graphene

To realize the full potential of graphene in a broad range of its applications, a scientifically
consistent understanding of the various methods for graphene synthesis is crucial. The
size and quality of the graphene produced depends on the techniques used and the next
sub-sections are devoted to some of the commonly used synthesis methods; their merits

and demerits.

i. Exfoliation and Cleavage

It was reported that the excellent properties of graphene related materials are highly
dependent on the exfoliation of the graphite down to single graphene sheet in the matrices.
However, aggregation is the main problem in the synthesis and processing of bulk
graphene sheets. Unless well separated, graphene tends to form irreversible agglomerates

or even restack to form graphite through interactions with VVan der Waals.

a. Mechanical Exfoliation

Mechanical exfoliation in solution is a simple flaking process in which a commercially
available highly focused pyrolytic graphite (HOPG) sheet was dryly etched to several 5
um deep mesa in oxygen plasma. The mesas were then stuck onto a photoresist and were
peeled off layers by a scotch tape. The thin flakes left on the photoresist were washed off
in acetone and transferred to a silicon wafer. It was found that these thin flakes were
composed of monolayer or a few layers of graphene (Bekyarova et al., 2012; Reeves,
2010). On the other hand, although chemical oxidation of graphite and the subsequent
exfoliation provide large amount of graphite oxide monolayer, the invasive chemical
treatment inevitably generates structural defects as indicated by Raman spectroscopic
studies (Mérz et al., 2018b). These structural defects disrupted the electronic structure of
graphene and changed it to semi-conductive. Therefore, physical exfoliation approaches
are desirable where it is required to maintain the graphene structure. Keeling and Wallace
demonstrated that graphite could be exfoliated in N-methyl-pyrrolidone to produce defect-
free monolayer graphene (Forrester & Kusmartsev, 2014). The disadvantage of this
process is the high cost of the solvent and the high boiling point of the solvent that makes
the following graphene deposition difficult (Keeling, 2017; Morichi et al., 2008). A
surfactant sodium dodecyl benzene sulfonate, SDBS have been used to exfoliate graphite
in water to produce graphene (Sciences, 2015). The graphene monolayers are stabilized
against aggregation by a relatively large potential barrier caused by the Coulomb repulsion
between surfactant-coated sheets (Yenny Hernandez, Mustafa Lotya, Valeria Nicolosi,
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Fiona M Blighe Sukanta De & Duesberg, 2009). On the other way, sodium chlorate have
been used as a surfactant to exfoliate graphite and moved further to isolate the resultant
graphene sheets with controlled thickness using density gradient ultracentrifugation
(DGU) (Cai et al., 2012).

b. Intercalation of Small Molecules by Mechanical Exfoliation

Graphite agglomeration can be greatly reduced by adding small molecules between the
graphite layers or by applying non-covalently molecules or polymers to the surfaces,
producing compounds for graphite intercalation. In graphite intercalation compounds
(GICs), the graphite layers remains unaltered with guest molecules located in the
interlayer galleries. When the layers of graphite interact with the guest molecules by
charge transfer, the in-plane electrical conductivity generally increases but when the
molecules form covalent bonds with the graphite layers as in fluorides or oxides the
conductivity decreases as the conjugated sp? system is disrupted.

Acetic acid, acetic acid anhydride, concentrated sulphuric acid and hydrogen peroxide are
sources of some ultrasonic solvents. Of all these, concentrated sulfuric acid was proven to
be the best ultrasonic solvent to provide the optimal environment for ultrasonic irradiation
preparation of the expandable graphite. Such sulfuric acid intercalated graphite compound
consisted of layers of hexagonal carbon structure within which H,SO, was intercalated.
Expandable graphite could be prepared either by oxidation with a chemical reagent or
electrochemically in the intercalating acid (Hacker et al., 2013). Graphite could expand up
to a hundred times in volume at high temperature due to the thermal expansion of the
evolved gases trapped between the graphene sheets. So it was reasonably assumed that
oxidants and other molecules could enter in the interlayer space of expandable graphite
more easily compared to natural graphite. Commercial expandable graphite was subjected
to brief heating (60s) at 1000 °C in forming CO, gas. It was then grounded with NaCl
crystals and reintercalated with oleum. The exfoliated graphite was then dispersed in N, N-
dimethylformamide (DMF) and treated with tetrabutylammonium (TBA). TBA could
insert into and increase the distance between adjacent layers of graphite facilitating the

separation of graphene sheets in surfactant solutions (Xiaolin Li et al., 2008).
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ii. Chemical Vapor Deposition (CVD)

a. Thermal CVD

In addition to mechanical exfoliation and chemical sheet reduction methods, several
promising approaches have been published, including SiC epitaxial growth and chemical
vapor deposition (CVD) on metal surfaces. Among them, the CVD growth was concluded
to be the most promising technique for large-scale production of graphene films so far. A
CVD process which uses Ni as a substrate involves dissolving carbon into the nickel
substrate followed by a precipitation of carbon on the substrate by cooling the nickel. The
Ni substrate is placed in a CVD chamber at a vacuum of 10 Torr and temperature below
1000°C with a diluted hydrocarbon gas. The deposition process starts with the
incorporation of a limited quantity of carbon atoms into the Ni substrate at relatively low
temperature, similar to the carburization process. The subsequent rapid quenching of the
substrate caused the incorporated carbon atoms to out-diffuse onto the surface of the Ni
substrate and form graphene layers. Therefore, the thickness and crystalline ordering of
the precipitated carbon (graphene layers) is controlled by the cooling rate and the
concentration of carbon dissolved in the nickel which is determined by the type and
concentration of the carbonaceous gas in the CVD, and the thickness of the nickel layer
(Deng et al., 2019; Seah et al., 2014).

On the other hand the graphene growth on low carbon solubility (<0.001 atomic %)
substrate like Cu mainly happens on the surface through the following four-step process
(Vinet & Zhedanov, 2011). First: catalytic decomposition of methane on Cu to form CxHy
upon the exposure of Cu to methane and hydrogen. Depending on temperature, methane
density, methane flow and partial hydrogen pressure, the Cu surface is undersaturated,
saturated or supersaturated with CxHy organisms in this phase. Second: Nuclei formation
as a result of local CxHy supersaturation where the undersaturated Cu surface does not
form a nuclear one. Third: Nuclei expand to form graphene islands saturated on Cu
surface, or super-saturated with CxHy species. Finally full Cu surface coverage by
graphene under certain temperature (T), methane flow rate (JMe), and methane partial
pressure (PMe). An interesting feature of the CVVD approach to synthesize graphene is the
possibility for substitutional doping by introducing other gases, such as NHs, during the
growth. The nitrogen atoms can be doped into graphene as pyridinic, graphitic and
pyrrolic forms. These nitrogen doped graphene (N-graphene) layers have demonstrated
interesting properties (Lv et al., 2015).
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b. Plasma Enhanced CVD

Plasma enhanced chemical vapor deposition (PECVD) provides another graphene
synthesis path at a lower temperature than thermal CVD. Thick graphite structures were
observed during the fabrication of nanostructured graphite-like carbon using a dc
discharge Plasma enhanced chemical vapor deposition. The first report of the production
of mono- and few layer of graphene by Plasma enhanced chemical vapor deposition
involved a radio frequency Plasma enhanced chemical vapor deposition system to
synthesize graphene on a various substrates where graphene sheets were produced from a
gas mixture of 5-100% CH, in H, (total pressure 12 Pa), at 900W power and 680 °C
substrate temperature. The advantages of the plasma deposition include very short
deposition time (<5 min) and a lower growth temperature of 650 °C compared to the
thermal CVD approach (1000 °C) (Bo et al., 2013; J. Sun et al., 2015).

c. Thermal Decomposition On SiC and Other Substrates

The development of graphite by ultra-high vacuum (UHV) annealing of the SiC surface
was an attractive approach particularly for the semiconductor industry, as the products are
obtained on SiC substrates and do not require transfer before processing devices (Celebi et
al., 2012; De Heer et al., 2011). When SiC substrate is heated under UHV, silicon atoms
sublimate from the substrate. The removal of Si leaves surface carbon atoms to rearrange
into graphene layers. The thickness of graphene layers depends on the annealing time and
temperature. The formation of few-layer graphene (FLG) typically requires few minutes
annealing of the SiC surface at temperature around 1200 °C. More recently, vapor phase
annealing has been used to produce FLG on SiC. At the expense of a higher temperature
typically 400 °C above UHV temperature, this method leads to the formation of FLG on
SiC with improved thickness homogeneity. Another uncertainty involves the different
epitaxial growth patterns on different SiC polar face (i.e. Si-face or C-face). Unusual
rotational graphene stacking were observed in multilayers graphene grown on the C-face
surface but not on Si-face surface. Such mismatch of graphene growth process has
profound effects on the physical and electronic properties of epitaxial graphene. On the C-
face, the twisted interface leads to the decoupling between different layers of graphene,
each of which behaves as a single layer (Milenov et al., 2017; Yazdi et al., 2016; Yu et al.,
2011).
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2.1.2 Graphene Derivatives

Graphene oxide is an oxidized form of graphene known as the only intermediate or
predecessor to the large-scale development of graphene. It was named after the English
chemist, Sir Brodie; first recorded oxidation of graphite a centuries ago (Feicht et al.,
2019). About thirty years ago, the term graphene was officially claimed to define the
single atom-thin carbon layer of graphite, which structurally comprises sp? hybridized
carbon atoms arranged in a honeycomb lattice, rendering itself large surface area and some
promising properties in terms of mechanical, electrical, and others. Despite these
extraordinary properties, purely single-layer graphene remains very limited success in
practical applications due to the difficulties in the large-scale formation of specifically
organized structures. But the precursor GO has advanced much in both academics and
industries in the last decades because of its readiness by exfoliating bulk graphite oxide
facilely prepared from the oxidation of graphite. This bottom-down chemical strategy
features the upmost flexibility and effectiveness thereby arousing the greatest interest in

practical applications.

Now it is seemingly clear that GO is a non-stoichiometric chemical compound of carbon,
oxygen, and hydrogen in variable ratios which largely yet partly depend on the processing
methodologies. GO possesses abundant oxygen functional groups that are introduced to
the flat carbon grid during chemical exfoliation, evidenced as oxygen epoxide groups
(bridging oxygen atoms), carbonyl (C=0), hydroxyl (-OH), phenol, and even
organosulfate groups (impurity of Sulphur). In other word, these defects of various kinds
are brought into the naturally intact graphene structure, further categorized into on-plane
functionalization defects and in-plane lattice defects (vacancy defects and hole defects)
which are semi-randomly distributed in GO’s o-framework of the hexagonal lattice. Such
a defect-rich structure leads to a set of unique properties of GO and render it availability
and scalability of consequent applications via post treatments, e.g. chemically-derived
graphene-like materials, functionalized graphene-based polymer composites, sensors,
photovoltaics, membranes and purification materials. On the detailed structure of GO,
however, it remains some ambiguous and literature reports are still in argument (Eigler &
Hirsch, 2014). In addition, methods in regard to synthesis of GO has been massively
researched in the past few years. The effectiveness and environmental benignity was core

driven force for the continuous evolvement (Jilani, Othman, et al., 2018; J. Li et al., 2014).
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GO and rGO have different characteristics as compared to graphite and graphene. GO is
the oxide form of graphene, where oxygen is introduced to graphene through chemical
oxidation. Moreover, GO is described as heavily oxygenated, with the presence of many
oxygen-containing functional groups such as epoxide, hydroxyl, carbonyl and carboxyl
groups on its basal plane. Thus, with the presence of these functional groups, GO becomes
hydrophilic which allows better interfacial interaction with polar polymer matrices for
improvement of mechanical and electrical properties for various applications. However,
the oxygen functionalization on GO reduced the electrical conductivity and therefore, GO
becomes less preferable for conductive polymer-based composites. Besides, rGO contains
fewer amounts of oxygen functionalized groups as compared to GO which can be
synthesized in chemical and thermal reduction. However, the thermal reduction requires
high cost since the reduction is conducted at high temperatures, thus, the chemical
reduction is preferable by most researchers. There are plenty of reducing agents such as
hydrazine hydrate, ascorbic acid and others (Hidayah et al., 2017; Zainuddin et al., 2018).
However, in this work rGO was synthesized using green synthesis method.

2.1.2.1 Synthesis of Graphene Oxide

There are two general synthetic approaches of graphene oxides i.e., dry or wet medium
approaches. The dry medium synthetic approach consists of an oxidation reaction of
graphene through atomic oxygen in ultrahigh vacuum conditions or by exposure to
molecular oxygen and treating with ozone under ultraviolet light. But a suitable and large
scale production approach consists of wet synthesis in which graphite is typically used as
graphene source, due to its natural abundance and inexpensive cost. There are many wet
synthesis methods reported and the most commonly used so far are the following three

methods.

a) Brodie Method.: British Chemist, B.C. Brodie was the first researcher that discovers
properties of graphite oxide and since then, many interesting researches have been done by
researchers all over the world. However due to limitation of data, research about graphite
oxide is still on going by researchers. In Brodie’s method, ratio of 1:3 of graphite and
potassium chlorate (KCIO3) were mixed and reacted with fuming nitric acid (HNO3) in 3
or 4 days at 60°C.

b) Staudenmaier Method: The Brodie’s reaction was improved by Staudenmaier by

adding sulfuric acid, to the reactant to increase the acidity of the mixture, and several
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aliquots of solid KCIO3, over the course of reaction. Even if both methods generates CIO,
toxic gas which rapidly decomposes in air giving explosions, these modifications led to a

more oxidized graphitic material and a simplification of the reaction time.

¢) Hummers Method: This group proposed an alternative way to improving the safe
operational conditions with a drastic reducing production time, from several days to a few
hours. In this case, the oxidation of graphite was achieved by harsh treatment of one equal
weight of graphite powders in a concentrated H,SO, solution containing three equal
weights of KMnO,4 and 0.5 equal weight of NaNOs. The three improvement made by
Hummers are: the reaction can be completed within a few hours, KCIO3 was replaced by
KMnQ, to improve the reaction safety, avoiding the evolution of explosive CIO, and the
use of NaNOjs instead of fuming HNO3 eliminates the formation of acid fog. Hummer’s
method has been paid the most intensive attention because of its high efficiency and
satisfying reaction safety. However still it has the following two faults: the oxidation
procedure releases toxic gasses such as NO, and N,Oy4 and the residual Na* and NO3™ ions
which are difficult to remove from the waste water formed from the processes of
synthesizing and purifying GO. Tour and co-workers improved the Hummers method by
excluding NaNOg, increasing the amount of KMnO,, and performing the reaction in a 9:1
by volume mixture of H,SO4/H3PO,4. This modification is successful in increasing the
reaction yield and reducing toxic gas evolution, while using twice as much KMnQO, and
5.2 times as much H,SO, as those required by Hummers method and also introducing a
new component of H3PO, to the reaction system (Kianpour et al., 2017). A comparison of
the improved, conventional and modified Hummer’s, respectively procedures of graphene

oxide synthesis from expanded graphite is shown in Figure 2.
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Figure 2: Procedure scheme for Tour method (Dideikin & Vul’, 2019).
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2.1.2.2 Synthesis of Reduced Graphene Oxide

The chemical structure of graphene oxide such as the type and distribution of oxygen-
containing functional groups have been studied using NMR 13C-labelled graphene oxide
suggesting that the basal plane of the sheet is decorated with hydroxyl and epoxy (1,2-
ether) functional groups with small amount of lactol, ester, acid and ketone carbonyl
groups at the edge (Cai et al., 2008; Yan & Chou, 2010). Chemical reduction of graphene
oxide sheets has been performed with several reducing agents including hydrazine, and
sodium borohydrate. Hydrazine hydrate, unlike other strong reductants, does not react
with water and was found to be the best one in producing very thin and fine graphite-like
sheets. During the reduction process, the brown colored dispersion of graphene oxide in
water turned black and the reduced sheets aggregated and precipitated as shown in Figure
3. Hydrazine takes part in ring-opening reaction with epoxides and forms hydrazino
alcohols (Thakur et al., 2015; Vorrada et al., 2013).

The carboxylic acid groups were unlikely to be reduced by hydrazine and thus remained
intact after hydroxyl reduction. The adjustment of pH with ammonia solution deprotonated
the carboxylic acid groups and thus the electrostatic repulsion among the charged groups
on reduced graphene oxide enabled the formation of well-dispersed graphene colloids in
water without any stabilizers. But, unless stabilized by selected surfactants, reduced
graphene in organic solvent tend to agglomerate due to their hydrophobic nature. Another
possible route to reduce GO was using sodium borohydride (NaBH,) in aqueous solution
where sodium borohydride is more effective than hydrazine as a reductant of graphene
oxide although it can be slowly hydrolyzed by water. The NaBH, treatment eliminated all
the parent oxygen containing groups and the resultant solid became IR inactive like pure
graphite (Dreyer et al., 2010; Hakimi & Alimard, 2012).

Other chemical reduction routes including using hydroquinone, gaseous hydrogen (after
thermal expansion)], and strongly alkaline solutions have also been investigated. Thermal
reduction is another approach to reduce GO to reduced graphene oxide that utilizes the
heat treatment to remove the oxide functional groups from graphene oxide surfaces (Habte
etal., 2019).

2.1.3 Surface Functionalization of Graphene Oxide (GO)
The surface functionalization follows two approaches: covalent functionalization and non-

covalent functionalization.

24



In covalent functionalization, oxygen functional groups on graphene oxide surfaces,
including carboxylic acid groups at the edge and epoxy/hydroxyl groups on the basal plane
can be utilized to change the surface functionality of graphene oxide. Graphene oxide had
been treated with organic isocyanates to give a number of chemically modified GO.
Treatment of isocyanates reduced the hydrophilicity of graphene oxide by forming amide
and carbamate esters from the carboxyl and hydroxyl groups of graphene oxide. The
subsequent addition of nucleophilic species, such as amines or alcohols, produced
covalently attached functional groups on graphene oxide via the formation of amides or
esters. The resultant amine functionalized graphene oxide has demonstrated various
applications in optoelectronics, drug-delivery materials, biodevices, and polymer
composites. The attachment of hydrophobic long, aliphatic amine groups on hydrophilic
graphene oxide improved the dispersability of modified graphene oxide in organic
solvents, while porphyrin-functionalized primary amines and fullerene-functionalized
secondary amines introduced interesting nonlinear optical properties. The amine groups
and hydroxyl groups on the basal plane of graphene oxide have also been used to attach
polymers through either grafting-onto or grafting-from approaches. To grow a polymer
from graphene oxide, an atom transfer radical polymerization (ATRP) initiator was
attached to graphene surfaces (Bottari et al., 2017). Besides the carboxylic acid groups, the
epoxy groups on graphene oxide can be used to attach different functional groups through

a ring-opening reaction.

The non-covalent functionalization of graphene oxide utilizes the weak interactions (i.e.
p—p interaction, Van der Waals interactions and electrostatic interaction) between the
graphene oxide and target molecules. The sp? network on graphene oxide provides p—p
interactions with conjugated polymers and aromatic compounds that can stabilize reduced
graphene oxide resulted from chemical reduction and produce functional composite
materials (Bilalis et al., 2014). During the chemical reduction of graphene oxide, reduced
graphene oxide nanosheets are stabilized via the p—p interaction between aromatic
molecules and reduced graphene oxide nanosheets. Aromatic molecules have large
aromatic plane and can anchor onto the reduced graphene oxide surface without disturbing
its electronic conjugation, providing stability for reduced graphene oxide. Dye-labeled
DNA has also been used to functionalize graphene oxide to detect proteins and DNA. In
the presence of a target, the binding between the dye-labeled DNA and target molecule

will alter the conformation of dye labeled DNA, and disturb the interaction between the
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dye-labeled DNA and graphene oxide. Such interactions releases the dye-labeled DNA
from the GO, restoring of dye fluorescence (Zhenbao Liu et al., 2014; X. Wu et al., 2018).

NH
o b HO H g N/

+ H;N—NH; —I—'\:‘:;—é\{\ — —
'HZD -Nsz

Figure 3: (a) Oxidation of graphene to GO and rGO. (b) A proposed reaction pathway for
epoxy reduction by hydrazine (Petersen, 2015).
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Figure 4: Isocyanate treatment of GO where organic isocyanate reacts with the hydroxyl

and carboxyl groups of the graphene oxide sheets (Pei & Cheng, 2012).

2.1.4 Properties of Graphene and its Derivatives
Graphene was theoretically described 70 years ago (Morichi et al., 2008). However it is

only in 2004 that a stable 2D sheet of carbon atoms; graphene, was successfully isolated
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by mechanical exfoliation of highly oriented pyrolytic graphite sample (Geim, 2011).
Graphene can be rolled up to form some carbon allotropies such as carbon nanotubes,

fullerenes and overlapped to form graphite as shown in Figure 5.
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Figure 5: Theoretical relationship between allotropes of carbon.

Owing to their unique chemical, thermal, electronic, and mechanical properties, graphene
has attracted great interest among scientists. Some of the unique properties includes high
specific surface area (SSA) of 2600 m? g, excellent thermal conductivities of 5000 W
m ' K™, good electrical conductivity of 550 S cm™, high-speed electron mobility at room
temperature of 200,000 cm? V! s7!, a current densities up to six orders of magnitude
higher than copper, high stiffness and strength with Young’s modulus of 1 TPa and
intrinsic strength of 130 GPa in its primeval form (Chen & Cheung, 2016a), extraordinary
electrocatalytic activity and optical properties (Matte et al., 2011). Besides all this
advantages, there are also many factors which hinder the electronic properties of graphene
such as the presence of defects, impurities, functional groups, the size and flatness of the

sheet, and the nature of the precursor (Perreault, Fonseca De Faria, et al., 2015).

The charge carrying fermions of graphene is another sources of uniqueness of its
electronic properties and because of the symmetry of the honeycomb lattice, the electrons
in graphene generally obey the relativistic Dirac equation (De & Mayado, 2016a). But the
speed of light that is used in this equation is replaced by the Fermi velocity of electron
which is about 10° m/s (Veligura, 2007a). Because of this, the solution of the Dirac
equation gives a linear dispersion relation for the fermions. Therefore the fermions could
be considered as massless particles inside the structure of graphene. Hence the interaction
between fermions and the honeycomb lattice (Fuchs, 2013) causes electrons effectively to
obey the relativistic Dirac equation; which is distributed in a conical spectrum shown in

Figure 6.
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Figure 6: Band structure of graphene; energy versus particle momentum (Sadurni et al.,
2015).

Generally there are some basic operational principles of graphene based on its electronic
properties. These mainly depending on five different molecular interactions such as:
electrostatic interaction, hydrophobic effect, n— bonding, hydrogen bonding, and covalent
bonding. The change in electrical conductivity of graphene is associated with adsorption
of chemical substances on its surface (Varghese et al., 2015). Graphene and its derivatives,
possess special intrinsic properties such as a two dimensional material with maximum
surface to volume ratio, highly conductive in case of pristine graphene and reduced
graphene oxide. Pristine graphene has few crystal defects with low level of noise and they
allow four probe measurements (Tian et al., 2017). All of these features contribute to
make a unique combination that maximizes the intended nanoadsorption and

photocatalytic activities with some moderate functionalization.

The distinctive electronic, thermal and mechanical properties of graphene make it a very
promising candidate for a wide range of applications in nanoscience and nanotechnology.

The versatile properties of graphene are very well documented in the exponentially
growing scientific literature (Seekaew et al., 2019). Some of its interesting properties and

its technological implications are discussed hereafter.

2.1.4.1 Electronic Properties
Graphene has immense potential for electronics for an extraordinarily high mobility of its
charge carriers at room temperature. When Si-based technology is approaching its
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fundamental limits, graphene seems to be an ideal candidate to take over from silicon
(Ghori et al., 2018). Yet, graphene is semi-metallic with no band gap, which severely
limits its applications in electronics due to its high leakage current in many applications.
The electronic band gap plays a central role in modern device physics and technology and
controls the performance of semiconductor devices (Castro Neto et al., 2009). Moreover, it
is a property inherent to semiconductors and insulators which considerably govern their
transport and optical properties. It has been possible to open and tune the band gap of
graphene bilayers by applying an electric field or by doping. These results have profound
implications for potential utilization of graphene in electronics. The structure of graphene
can be tailored to change its electronic properties (spectrum) by several means (Molitor et
al., 2011). The structural manipulation may induce optical properties (i.e. band-gap
opening), which in turn gets incorporated into it, resulting in its potential for opto-

electronic applications.

One of the most useful properties of graphene is that it is a zero-overlap semimetal (with
both holes and electrons as charge carriers) with very high electrical conductivity Zhen &
Zhu, 2018). Carbon atoms have a total of 6 electrons; 2 in the inner shell and 4 in the outer
shell. The 4 outer shell electrons in an individual carbon atom are available for chemical
bonding, but in graphene, each atom is connected to 3 other carbon atoms on the two
dimensional plane, leaving 1 electron freely available in the third dimension for electronic
conduction. These highly-mobile electrons are called pi (m) electrons and are located
above and below the graphene sheet. These pi orbitals overlap and help to enhance the
carbon to carbon bonds in graphene. Fundamentally, the electronic properties of graphene
are dictated by the bonding and anti-bonding (the valance and conduction bands) of these

pi orbitals.

Combined research over the last 50 years has proved that at the Dirac point in graphene,
electrons and holes have zero effective mass. This occurs because the energy — movement
relation (the spectrum for excitations) is linear for low energies near the 6 individual
corners of the Brillouin zone. These electrons and holes are known as Dirac fermions, or
Graphinos, and the 6 corners of the Brillouin zone are known as the Dirac points. Due to
the zero density of states at the Dirac points, electronic conductivity is actually quite low.
However, the Fermi level can be changed by doping (with electrons or holes) to create a
material that is potentially better at conducting electricity than, for example, copper at
room temperature (De & Mayado, 2016b; Veligura, 2007b).
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Tests have shown that the electronic mobility of graphene is very high, with previously
reported results above 15,000 cm?V s and theoretically potential limits of 200,000
cm?V s (limited by the scattering of graphene’s acoustic photons). It is reported that
graphene electrons act very much like photons in their mobility due to their lack of mass.
These charge carriers are able to travel sub-micrometer distances without scattering; a
phenomenon known as ballistic transport. However, the quality of the graphene and the
substrate that is used will be the limiting factors. With silicon dioxide as the substrate, for
example, mobility is potentially limited to 40,000 cm?V 's™* (Castro Neto et al., 2009).

2.1.4.2 Optical Properties

The interaction of graphene with electromagnetic radiation is fascinating due to the two-
dimensional confinement of electrons and the exceptional band structure of graphene.
Graphene has a simple band structure with zero band-gap, but its optical response is
nontrivial (Falkovsky, 2008). The band structure of graphene consists of completely filled
conduction band and empty valence band which cross linearly at the Dirac point. The
optical absorption of pristine graphene is attributed to the interband and intraband
transitions. For single-layer graphene, absorption in the visible spectral region is
negligibly small and also frequency independent (Kavitha & Jaiswal, 2016). However, this
negligibly small absorption must be seen in light of the single-atom thickness of the
absorbing layer. With this thickness is taken into account, it is not difficult to see that the
light-matter interaction in graphene is rather extraordinarily large. On substrates with low
roughness, graphene can be visualized under white light illumination, despite being a
single atom thick layer. The Fermi-level can be easily tuned by electrostatic gating or
equivalently by electron/hole chemical doping, which brings about large control over its
optical properties. In the far infrared region absorption can be explained within a Drude
model and it can be tuned over a broad terahertz frequency range by tailoring graphene
nanostructures and electrostatic gating (Chiu et al., 2016). When illuminated with ordinary
light, the photogenerated charge carriers thermalize, and subsequently cool down non-
radiatively to form a non-equilibrium distribution near the Dirac point; this gives rise to
hot luminescence. When it is illuminated with ultra-short laser pulses, larger
concentrations of thermalized electrons are obtained and this saturates further absorption
of light due to Pauli blocking (Bennaceur et al., 2011). Graphene’s ability to absorb a
rather large 2.3% of white light is also a unique and interesting property, especially

considering that it is only 1 atom thick. This is due to its aforementioned electronic
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properties; the electrons acting like massless charge carriers with very high mobility. A
few years ago, it was proved that the amount of white light absorbed is based on the Fine
Structure Constant, rather than being dictated by material specifics. Adding another layer
of graphene increases the amount of white light absorbed by approximately the same value
(2.3%). Graphene’s opacity of ma = 2.3% equates to a universal dynamic conductivity

value of G=e?/4h (+2-3%) over the visible frequency range.

2.1.4.3 Mechanical Properties

Another of graphene’s stand-out properties is its inherent strength. Due to the strength of
its 0.142 Nm-long carbon bonds, graphene is the strongest material ever discovered, with
an ultimate tensile strength of 130,000,000,000 Pascals (or 130 giga pascals), compared to
400,000,000 for A36 structural steel, or 375,700,000 for Aramid (Kevlar). Not only is
graphene extraordinarily strong, it is also very light at 0.77 milligrams per square meter
(for comparison purposes, 1 square meter of paper is roughly 1000 times heavier). It is
often said that a single sheet of graphene (being only 1 atom thick), sufficient in size
enough to cover a whole football field, would weigh under 1 single gram (Chen &
Cheung, 2016b).

What makes this particularly special is that graphene also contains elastic properties, being
able to retain its initial size after strain. In 2007, Atomic force microscopic (AFM) tests
were carried out on graphene sheets that were suspended over silicone dioxide cavities.
These tests showed that graphene sheets (with thicknesses of between 2 and 8 Nm) had
spring constants in the region of 1-5 N/m and a Young’s modulus (different to that of
three-dimensional graphite) of 0.5 TPa. Again, these superlative figures are based on
theoretical prospects using graphene that is unflawed containing no imperfections
whatsoever and currently very expensive and difficult to artificially reproduce, though
production techniques are steadily improving, ultimately reducing costs and complexity
(Lu et al., 2016; Papageorgiou et al., 2017).

2.1.4.4 Thermal Properties

Thermal transport in graphene is a thriving area of research, thanks to graphene's
extraordinary heat conductivity properties and its potential for use in thermal management
applications. The measured thermal conductivity of graphene is in the range 3000 - 5000
W/mK at room temperature, an exceptional figure compared with the thermal conductivity

of pyrolytic graphite of approximately 2000 W-m™"-K™' at room temperature. There are,
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however, other researches that estimate that this number is exaggerated, and that the in-
plane thermal conductivity of graphene at room temperature is about 2000-4000
W-m"-K™" for freely suspended samples (Fu et al., 2020). This number is still among the
highest of any known material. Graphene is considered an excellent heat conductor, and
several studies have found it to have unlimited potential for heat conduction based on the
size of the sample, contradicting the law of thermal conduction (Fourier’s law) in the
micrometer scale. In both computer simulations and experiments, the researchers found
that the larger the segments of graphene, the more heat it could transfer (Zhang et al.,
2018). Theoretically, graphene could absorb an unlimited amount of heat. The thermal
conductivity increases logarithmically, and researchers believe that this might be due to
the stable bonding pattern as well as being a 2D material. As graphene is considerably
more resistant to tearing than steel and is also lightweight and flexible, its conductivity
could have some attractive real-world applications. Some of the potential applications for
graphene-enabled thermal management include electronics, which could greatly benefit
from graphene's ability to dissipate heat and optimize electronic function. In micro- and
nano-electronics, heat is often a limiting factor for smaller and more efficient components.
Therefore, graphene and similar materials with exceptional thermal conductivity may hold

an enormous potential for this kind of applications (Balandin, 2011).

2.1.5 Characterization of Graphene and Its Derivatives

The unigue chemical, mechanical, optical, structural thermal and electronic properties of
graphene are some of the reasons why it can be readily characterized by a wide variety of
experimental techniques. Tunneling electron microscopy (TEM) images are formed by the
electron interaction with materials when an electron beam is transmitted through a
material specimen. TEM is one of the techniques widely used to study structural quality
and the layer number of graphene. An example is shown in Figure 7. The layer number of
graphene in dimethyl sulfoxide (DMSO) solution can be clearly seen from the TEM
image. Three, four, five, and six layers of graphene can be observed as three, four, five,

and six dark fringes, respectively.
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etal., 2016).

Morphology of graphene is mostly studied using scanning electron microscopy (SEM)
images. SEM imaging has some advantages for detecting impurities, folds, and
discontinuities of synthesized graphene on different substrates. The difficulty of graphene
study by SEM is resolution limitation of ultrathin graphene layer imaging. Figure 8 shows
SEM images of graphene films with different numbers of layers on the alumina substrate.
In the case of monolayer and bilayer graphene, the porous alumina surface behind the
sheets can be seen through. However, the porous alumina surface cannot be obviously

seen from the SEM image if the number of graphene layers is more than three.
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Figure 8: Scanning electron microscopy (SEM) images of (A) monolayer, (B) bilayer, (C)

three-layer, and (D) multilayer graphene films on alumina substrate (Sur et al., 2016).

The oxygen functionalities are very obvious in the furrier transform infrared spectroscopy
(FTIR) spectrum of GO and rGO since multiple peaks at 3400 cm™ (O-H stretching
vibrations), at 1720 cm™ (C=0 stretching vibrations) and at 1060 cm™ (C-O stretching
vibrations) amongst others, can be seen in Figure 9. The weak band displayed at 1359 cm™
corresponds to the stretching vibration result of C-OH of carboxyl originating from
carboxylic acids. The bands for the C-H symmetric and asymmetric stretching frequencies
were observed at 2863 and 2923 cm™ respectively in both GO and rGO. The FT-IR
spectral record of rGO is shown in Figure 9. As the oxygen containing functional groups
were removed by the reducing agent, the characteristic absorption peaks of oxide groups
decreased significantly and the CO, peak at 2340 cm™ vanished indicating the successful
reduction of GO. The sharp band formed at 1570 cm™ was attributed to (C=C) stretching.

34



Reduced Graphene Oxide

70-.M

60 -

504

Graphene Oxide

40 -

Transmitance (%)

72
%619 1224 1080

30-
3400 2927

20 R —

4000 3200 2400 1600 800

Wave number (cm'l)

Figure 9: Furrier transforms infrared spectroscopy spectra of GO and rGO (Reeves, 2010).

The®®C NMR spectrum of bulk GO has been used to study its structure and gives three
characteristic peaks at 60, 70 and130 ppm, assigned to C-OH, C-O-C and C=C groups.
The structural model that is most widely accepted is the one of Lerf, who used *C NMR
to characterize the material in detail. Fully-oxidized GO exhibits an atomic C to O ratio of
around 2:1, while it can form stable solutions. Alcohols and epoxides are its main
functional groups, while carboxylic and ketone groups can be found on the edges of GO.
Rourke et al. have shown that GO that is prepared by the popular Hummers method,
contains functional graphene sheets which consist of strongly-bound oxidative debris. The
removal of the oxidative debris can be performed with a simple base wash, while the
debris with higher levels of functionalization can be dissolved fully into water, leaving a
suspension of functionalized graphene sheets. This process also enables deoxygenation,

since it increases the C/O ratio (Casabianca et al., 2010).

The Raman spectrum of GO is also different from that of graphene, since a strong D band
that is not present in graphene can be seen in GO, indicating the formation of the sp®
bonds as shown in Figure 10. There is also the broadening of the G band, compared to
graphene. Moreover, the relative intensities of the G and D bands can be used for the

evaluation of the defects that are formed during the reduction of GO.

35



Graphene

Intensity (au)

GO

500 1000 1500 2000 2500 3000 3500
Raman shift (cm-1)

Figure 10: Raman spectra of graphene oxide and graphene (Reeves, 2010).

UV-VIS spectroscopy can be also used for the evaluation of the GO dispersion and of the
reaction process. The electronic conjugation of GO can be assessed from the shifting of
the characteristic peak at 230 nm towards higher wavelengths 262 nm in rGO and the
increasing of the intensity of absorbance, indicating the restoration of the conjugation as

shown in Figure 11.
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Figure 11: UV-Vis absorbance spectra of graphene oxide and reduced graphene oxide
(MM etal., 2017).

Photoluminescence (PL) measurements are also important for the characterization of
solutions of GO and especially base-washed GO. As shown in Figure 12 (a) GO and (b)
rGO the oxidative debris of as-produced GO fluoresces much more intensely than the as-

produced rGO with a dispersive emission profile shifting to lower wavelength as the
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excitation wavelength is decreased and behaving as an ensemble of nano meter sized
fluorophores.
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Figure 12: Photoluminescence spectra of GO (a) and rGO (b) paper (MM et al., 2017).

X-ray diffraction can be used to monitor the transformation from graphite to GO since the
strong Bragg peak of graphite at (20=26°) disappears after the conversion procedure and a
new peak appears at lower angles as shown in Figure 13. Moreover, the inter-layer
distance can be calculated with the use of Bragg’s law and generally ranges from 0.6 to

1.0 nm, depending on the preparation method.
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Figure 13: X-ray diffraction spectra of graphite, GO, and rGO (Allen et al., 2010).
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Thermogravimetric analysis is also useful since the presence of oxygen functionalities in
GO enable the decomposition of the material at lower temperatures and in general, in three
steps as shown in Figure 14; the first one corresponds to the removal of moisture, the
second one corresponds to the pyrolysis of the oxygen-containing groups and the third one
is attributed to the decomposition of the more stable oxygen functionalities such as the
carbonyls and phenols.
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Figure 14: Thermogravimetric (TGA) analysis of GO and rGO (Allen et al., 2010).

2.1.6 Applications of Graphene and Its Derivatives

Graphene and its derivate recently gained science and engineering awareness due to its
numerous applications. The discovery of graphene is rightly regarded as a milestone in the
world of material science; as can be seen in the worldwide attention, the material has
received in the fields of electronics, photonics, capacitors/supercapacitors, biosensing, etc.
They are used in numerous applications as illustrated below. In this section, applications
of graphene and its derivatives are discussed in detail. These applications include
photocatalysis, electronics, gas sensing, graphene-based heterogeneous electrodes for

energy storage devices, adsorption, sound devices etc.

Graphene membranes have been used for water filtration, gas separation and desalination
projects (Jilani, Hafiz, et al., 2018). If used on food and pharmaceutical packages, the
transfer of water and oxygen can be stopped and perishable goods preserved for longer
time by Graphene coatings (Nyangiwe, 2012a). Graphene-based composites for instance
paint combined with graphene could possibly stop rust. Graphene batteries have been
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confirmed that it increases the lifespan of batteries and ensure quicker charging capacity.
Graphene supercapacitors provide huge amounts of power using much less energy (Mao et
al., 2013). It could potentially be used in the storage of solar and wind power. In a Medical
science it has been successfully used in tissue engineering, biomicrorobotics and, due to
the atomic thickness and modifiable chemistry, it makes an excellent candidate for
mammalian and diagnosis devices (Hakimi & Alimard, 2012). Graphene sensors have a
superior capacity to detect objects on a molecular level. The use of graphene could mean
unbreakable touch screens, flexible and wearable technology and speedy graphene circuits

and computer chips ( Kumar et al., 2013).

GO were used in electronic fabrications as initial materials (P. Kumar et al., 2013).
Electronic devices such as graphene effect transistors (GFETSs) and field effect transistors
(FETs) are graphene-based (Sadurn’i, E. Rivera-Moci'nos, 2015). Reduced graphene
oxides (rGO) are used as chemical sensors. Functionalized graphene oxide in conjunction
with glucose oxidase deposited on electrode material is used as an electrochemical glucose
sensor. They are widely used in the manufacturing of electronic devices like light-emitting
diodes (LEDs) and solar cells. Reduced graphene oxide dispersed in a solvent can be used
in the production of the transparent electrode, which is an alternative transparent electrode
like FTO and ITO. Reduced graphene oxide nanocomposites have a high surface area and
good conductivity, which suited them for use in supercapacitors and lithium-ion batteries
with good energy storage capacity. GO-based supercapacitors and lithium-ion batteries
possess high-energy storage capacity, long life span, and good cycle stability. As far, back
as the 1960s, scientists have started studying graphite oxide usage in desalination of water.
In 2011, some group of researchers employed the principle of reverse osmosis using GO to
achieve the same goal. It was discovered that graphite allows water to pass through but
retain some larger ions. Its narrow mono- or bilayer capillaries allow water but restrain

heavy ions (Diez-Pascual, 2021).

Moreover, in the year 2015, a group of scientists also purified water using graphene tea by
removing 95% of heavy metal ions in water solution. It was reported that in 2006,
engineers fabricated graphene-based thin film powered by solar energy that possesses the
quality of filtering dirty and salty water. These films are non-heavy and can be easily
produced on a large scale. Graphite and its derivative like GO are widely used in the
biomedical field as a constituent in the drug delivery system. Magnetite stacked with GO
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and doxorubicin hydrochloride (DXR) drug adsorbed onto the system is used as anticancer
treatment by targeting it to a specific site to kill cancer cells. Graphene oxide and reduced
graphene oxide have been incorporated into many gadgets. These GO-/rGO-based gadgets
are fabricated with the quality to identify biologically significant molecules. GO/rGO uses
fluorescence resonance energy transfer (FRET) characteristics to work effectively as a
biosensor. All elements that form part of GO or rGO functional groups can be effectively
stored in their sheets and extracted later for use and are also being explored for their
applications in hydrogen storage (Abdel Maksoud et al., 2021).

Recently, the science of plasmonics discovered that near field infrared optical microscopy
and infrared spectroscopy of graphene provide accommodations for plasmonic surface
mode. Scientists recently found out that graphene lubricants perform better than regularly
used graphite lubricants. A graphene lubricant applied to a ball and bearing roller or steel
ball and steel disc lasted for 6500 cycles, while our usually used graphite lubricants lasted
only for 1000 cycles. A heavenly crammed graphene layer deposited on glass substrates
absorbs radio waves of the wavelength range of 125-165 GHz bandwidth by 90%. In our
modern houses, graphene serves as roof, door, and window coatings to safeguard houses
from radio wave interference. A nanoantenna called graphene-based plasmonic
nanoantenna (GPN) operates on a wavelength of millimeter within the radio wavelength
range. This nanoantenna is better than our conventional antennas because its operational
surface plasmon polaritons wavelength is much smaller compared to the wavelength of
electromagnetic waves propagating at the same frequency. Our conventional antenna
operational frequencies range from 100 to 1000, which is very huge compared to GPNs.
Graphene, has been predicted as a good candidate for the manufacturing of electrostatic
audio microphones and speakers due to their lightweight, which provides moderately good
frequency response. In 2015 an A model audio ultrasonic microphone and the speaker was
fabricated; it operates at a frequency range of 20-500 kHz. Its performance operation was
up to 99% efficiency, good and uniform frequency output throughout the audible range
(Huang, 2016).

2.1.7 Organic Dyes.

The dyes are natural and synthetic compounds that make the world more beautiful through
coloured products. The textile dyes represent a category of organic compounds, generally
considered as pollutants, presented into wastewaters resulting mainly from processes of

chemical textile finishing. The textile coloration industry is characterized by a very large
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number of dispersed dye houses of small and medium size that use a very wide range of
textile dyes (Carmen & Daniel, 2012a).

The nature and origin are firstly considered as criteria for the general classification in
natural and synthetic textile dyes. The natural textile dyes were mainly used in textile
processing until 1856, beginning in 2600 BC when was mentioned the use of dyestuff in
China, based on dyes extracted from vegetable and animal resources. It is also known that
the Phoenicians were used Tyrian purple produced from certain species of crushed sea
snails in the 15th century BC, and indigo dye produced from the well-known indigo plant
since 3000 BC. The dyes from madder plants were used for wrapping and dyeing of
Egyptian mummies clothes and also of Incas fine textures in South America (Marechal et
al., 2012).

The synthetic dyes were firstly discovered in 1856, beginning with ,mauve ‘dye (aniline),
a brilliant fuchsia colour synthezed by W.H. Perkin (UK), and some azo dyes synthezed
by diazotization reaction discovered in 1958 by Gries (Germany) (Luongo, 2015). These
dyes are aromatic compounds produced by chemical synthesis, and having into their
structure aromatic rings that contain delocated electrons and also different functional
groups. Their color is due to the chromogene-chromophore structure (acceptor of

electrons), and the dyeing capacity is due to auxochrome groups (donor of electrons).

The chromogene is constituted from an aromatic structure normally based on rings of
benzene, naphthaline or antracene, from which binding chromofores that contain double
conjugated links with delocated electrons are obtained (Saini, 2017). The chromofore
configurations are represented by the azo group (-N=N-), ethylene group (-C=C-), methine
group (-CHj3), carbonyl group (-C=0), carbon-nitrogen (-C=NH; -CH=N-), carbon-sulphur
(-C=S; -C=S-S-C=), nitro (-NO3; -NO-OH), nitrozo (-N=0; =N-OH) or chinoid groups.
The auxochrome groups are ionizable groups that confer to the dyes the binding capacity
onto the textile material. The usual auxochrome groups are: -NH, (amino), -COOH
(carboxyl), -SOsH (sulphonate) and -OH (hydroxyl) (Musteret & Teodosiu, 2007). Five
examples of textile dyes are presented in Figure 15.
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Reactive Orange 16

C.I. 18097

Anionic monoazo reactive dye;
MW = 617.54 g/mol;

Amax = 495 nm

Brilliant Red HE-3B
(Reactive Red 120)
C.I. 25810

Anionic, bifunctional
azo reactive dye;
MW = 1463 g/ mol;
Amax = 230 nm

Crystal Violet

(Basic Violet 3)

C.I. 42555

Cationic triphenylmethane dye;
MW = 407.99 g/ mol;

Amax = 290 nm

Rhodamine B

(Basic Violet 10)

C.I1. 45170

Cationic, Xantenic dye;
MW =479.2 ¢/ mol;
Amax = 550 nm

Methylene Blue

(Basic Blue 9)

C.I. 52015

Cationic, phenothiazine dye;
MW =319.85 g/ mol;

A= 660 nm

Figure 15: Chemical structure and principal characteristics of different textile dyes
(Carmen & Daniel, 2012a).

The major textile dyes can be included in the two high classes: azo and anthraquinone.
These two classes of dyes comprises about 65-75% of the total textile dyes. The azo dyes
are characterized by reactive groups that form covalent bonds with HO", HN", or HS
groups in fibres such as cotton, wool, silk, nylon. Azo dyes are mostly used for yellow,
orange and red colors. Anthraquinone dyes constitute the second most important class of
textile dyes, after azo dyes, and have a wide range of colors in almost the whole visible

spectrum, but they are most commonly used for violet, blue and green colors (Musteret &

Teodosiu, 2007).
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2.1.8 Polluting effects of organic dyes

The environmental issues associated with residual dye content or residual colour in treated
textile effluents are always a concern for each textile operator that directly discharges,
both sewage treatment works and commercial textile operations, in terms of respecting the
colour and residual dye requirements placed on treated effluent discharge. Dye
concentrations in watercourses higher than 1 mg/L caused by the direct discharges of
textile effluents, treated or not, can give rise to public compliant. High concentrations of
textile dyes in water bodies stop the reoxygenation capacity of the receiving water and
cutoff sunlight, thereby upsetting biological activity in aquatic life and also the
photosynthesis process of aquatic plants or algae. The colour in watercourses is accepted
as an aesthetic problem rather than an eco-toxic hazard. Therefore, the public seems to
accept blue, green or brown colour of rivers but the ‘non-natural’ colour as red and purple

usually cause most concern (Musteret & Teodosiu, 2007).

The polluting effects of dyes against aquatic environment can be also the result of toxic
effects due to their long time presence in environment (i.e. half-life time of several years),
accumulation in sediments but especially in fishes or other aquatic life forms,
decomposition of pollutants in carcinogenic or mutagenic compounds but also low aerobic
biodegradability. Due to their synthetic nature and structure mainly aromatic, most of dyes
are non-biodegradable, having carcinogenic action or causing allergies, dermatitis, skin
irritation or different tissular changes. Moreover, various azo dyes, mainly aromatic
compounds, show both acute and chronic toxicity. High potential health risk is caused by
adsorption of azo dyes and their breakdown products (toxic amines) through the
gastrointestinal tract, skin, lungs, and also formation of hemoglobin adducts and

disturbance of blood formation (Pereira & Alves, 2012).

Several azo dyes cause damage of DNA that can lead to the genesis of malignant tumors.

Electron-donating substituents in ortho and para position can increase the carcinogenic
potential. The toxicity diminished essentially with the protonation of aminic groups. Some
of the best known azo dyes such as Direct Black 38 azo dye, precursor for benzidine;
azodisalicylate, precursor for 4-phenylenediamine and their breakdown derivatives
inducing cancer in humans and animals are benzidine and its derivatives, and also a large
number of anilines including 2-nitroaniline, 4-chloroaniline, 4, 4’-dimethylendianiline, 4-

phenylenediamine, etc (Description, 2007).
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In different toxicological studies are indicated that 98% of dyes has a lethal concentration
value (LC50) for fishes higher than 1 mg/L, and 59% have an LC50 value higher than 100
mg/L (i.e. 31% of 100-500 mg/L and 28% higher than 500 mg/L). Other ecotoxicological
studies indicated that over 18% of 200 dyes tested in England showed significant
inhibition of the respiration rate of the biomass (i.e. wastewater bacteria) from sewage,
and these were all basic dyes. The bioaccumulation potential of dyes in fish was also an
important measure estimating the bioconcentration factor (dye concentration in fish/dye
concentration in water). No bioaccumulation is expected for dyes with solubility in water
higher than 2000 mg/L. Dyes are not biodegradable in aerobic wastewater treatment
processes and some of them may be intactly adsorbed by the sludge at wastewater
biological treatment (i.e. bioelimination by adsorptive removal of dyes) (Pereira & Alves,
2012).

2.1.9 Removal of dyes from industrial wastewater

The textile organic dyes must be separated and eliminated (if necessary) from water but
especially from industrial wastewaters by effective and viable treatments at sewage
treatment works or on site following two different treatment concepts as:

1. Separation of organic pollutants from water environment, or

2. The partial or complete mineralization or decomposition of organic pollutants.
Separation processes are based on fluid mechanics (sedimentation, centrifugation,
filtration and flotation) or on synthetic membranes (micro-, ultra- and nanofiltration,
reverse osmosis). Additionally, physico-chemical processes (i.e. adsorption, chemical
precipitation, coagulation-flocculation, and ionic exchange) can be used to separate
dissolved, emulsified and solid-separating compounds from water environment (Assmuth
etal., 2011).

2.1.10 Adsorption

One of the most effective and proven treatment with potential application in textile
wastewater treatment is adsorption. This process consists in the transfer of soluble organic
dyes (solutes) from wastewater to the surface of solid, highly porous, and particles (the
adsorbent). The adsorbent has a finite capacity for each compound to be removed, and
when is ‘spent’ must be replaced by fresh material (the spent adsorbent must be either

regenerated or incinerated).
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Adsorption is an economically feasible process for dyes removal and/or decolourization of
textile effluents being the result of two mechanisms: adsorption and ion exchange. The
principal influencing factors in dye adsorption are: dye/adsorbent interaction, adsorbent
surface area, particle size, temperature, pH, and contact time. Adsorbents which contain
amino nitrogen tend to have a significantly larger adsorption capacity in acid dyes.

The most used adsorbent is activated carbon, and also other commercial inorganic
adsorbents. Some ‘low cost’ adsorbents of industrial or agricultural wastes (i.e. peat, coal
ashes, refused derived coal fuel, clay, bentonite and modified bentonite, red soil, bauxite,
ebark, rice husk, tree barks, neem leaf powder, wood chips, ground nut shell powder, rice
hulls, bagasse pith, wood sawdust, grounded sunflower seed shells, other ligno-cellulosic
wastes, etc.) are also used for removal of dye and organic coloured matter from textile
effluents. The use of these materials is advantageous mainly due to their widespread
availability and cheapness. Sometimes the regeneration is not necessary and the ‘spent’
material is conventionally burnt although there is potential for solid state fermentation
(SSF) for protein enrichment. The use of ‘low cost’ adsorbents for textile dye removal is
profitable but requires huge quantity of adsorbents, being lower efficient than activated
carbon (Assmuth et al., 2011).

2.1.11 Irradiation

The irradiation treatment is a simple and efficient procedure for eliminating a wide variety
of organic contaminants, and as well disinfecting harmful microorganism using gamma
rays or electron beams (e.g., source for irradiation can be a monochromatic UV lamps
working under 253.7 nm). A high quantity of dissolved oxygen is required for an organic
dye to be effectively broken down by irradiation. The dissolved oxygen is consumed very
rapidly and so a constant and adequate supply is required. Irradiation treatment of a
secondary effluent from sewage treatment plant reduced COD, TOC and colour up to
64%, 34% and 88% respectively, at a dose of 15 K Gy gamma-rays. The efficiency of
irradiation treatment increases when used catalyst is titanium dioxide. A lot of data are
reported with the practical results obtained at the simple exposure of different dye
solutions or dispersions and dye-containing textile wastewaters to sunlight for a period of
a half, one or two months (direct photolysis with natural sunlight into open basins). All
these reports indicated high removals of colour (>84%), dye destruction by photooxidation
following first order kinetics at treatment of some vat dye effluents. But the direct

photolysis of textile organic dye in the natural aquatic environment has proven difficult
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due to strong dependence of the decay rates on dye reactivity and photosensitivity. Most of

all commercial dyes are usually designed to be light resistant.

Therefore, the recent researches have been directed towards investigation of organic dye
photodegradation by sensitizers or catalysts in aqueous/dispersion systems by UV
irradiation. Moreover, there are reported high removal of indigo-colour when is initiated a
laser fading process for indigo coloured denim textile mainly based on basic interaction of

laser beam with indigo-coloured textile (Assmuth et al., 2011).

2.1.12 Membrane processes

The increasing of water cost and necessity of reduction of water consumption implies
treatment process which is integrated with in-plant water circuits rather than subsequent
treatment. From this point of view, membrane filtration offers potential application in
combination with other textile effluent treatments.

Membrane processes for wastewater treatment are pressure-driven processes, capable to
clarify, concentrate, and most importantly separate dye discontinuously from effluent.
These are new technologies, which can restrict organic contaminants and microorganisms
presented in wastewater (i.e. color removal, BOD reduction, salt reduction, Polyvinyl
Acetate (PVA) recovery, and latex recovery). The common membrane filtration types are:
micro-filtration (MF), ultra-filtration (UF), nano-filtration (NF), and reverse osmosis
(RO). The choice of the membrane process must be guided by the required quality of the
final effluent (Pinto, 2020).

2.1.13 Oxidative processes

Chemical oxidation represents the conversion or transformation of pollutants by chemical
oxidation agents other than oxygen/air or bacteria to similar but less harmful or hazardous
compounds and/or to short-chained and easily biodegradable organic components
(aromatic rings cleavage of dye molecules). The modern textile dyes are resistant to mild
oxidation conditions such those existing in biological treatment systems. Therefore,
efficient dye and colour removal must be accomplished by more powerful oxidizing
agents such as chlorines, ozone, Fenton reagents, UV/peroxide, UV/ozone, or other

oxidizing procedures or combinations (Lellis et al., 2019).

2.1.14 Coagulation-flocculation and precipitation
It is clearly known that the coloured colloid particles from textile effluents cannot be
separated by simple gravitational means, and some chemicals (e.g., ferrous sulphate, ferric
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sulphate, ferric chloride, lime, polyaluminium chloride, polyaluminium sulphate, cationic
organic polymers, etc.) are added to cause the solids to settle. These chemicals cause
destabilisation of colloidal and small suspended particles (e.g. dyes, clay, heavy metals,
organic solids, oil in wastewater) and emulsions entrapping solids (coagulation) and/or the
agglomeration of these particles to flocs large enough to settle (flocculation) or highly
improve further filtration. In the case of flocculation, anionic and non-ionic polymers are
also used. The mechanism by which synthetic organic polymer removes dissolved residual
dyes from effluents is best described in terms of the electrostatic attraction between the
oppositely charged soluble dye and polymer molecules (Iwuozor, 2019). Many of the most
problematic dye types, such as reactive dyes, carry a residual negative charge in their
hydrolyzed dissolved form, and so positively charged groups on the polymers provide the
necessary counter for the interaction and subsequent precipitation to occur. The immediate
result of this coprecipitation is the almost instantaneous production of very small coloured
particles, having little strength and breaking down at any significant disturbances. The
agglomeration of the coloured precipitates by using appropriate high polyelectrolyte
flocculants produces stable flocs. The main disadvantages of this treatment are the process
control that is a little difficult, the potential affection of precipitation rate and floc size by
impurities such as non-ionic detergents remaining in the effluent, and the sludge
production which has to be settled, dewatered and pressed into a cake for subsequent
landfilling tipping (Sun et al., 2019).

There are reports on the very effective chemical coagulation-flocculation (C-F) and
precipitation of textile wastewater which reduced the load on the biological treatment,
working with polyaluminium chloride along with an organic polymer (Lin & Chen, 1997)
or ferrous/ferric chloride and a commercial organic coagulant aid at pH of 6.7-8.3 (colour
removal > 80%) or alum at pH=8.2 (54-81% colour removal) with addition of bentonite
(3 g/L) for Remazol Violet dye-containing effluent. Other efficient textile treatments
mentioned by different textile operators consist in coagulation-flocculation followed by
membrane technology (especially for recycling textile effluents) (Abdelrasoul et al., 2013;
Ji & Zhao, 2017; Yao et al., 2020).

2.1.15 Biological treatments
Biological treatments are considered reproduction, artificially or otherwise, of
selfpurification phenomena existing in natural environment. There are different biological

treatments, performed in aerobic or anaerobic or combined anaerobic/aerobic conditions.

47



The processing, quality, adaptability of microorganisms and the reactor type are decisive
parameters for removal efficiency. Biological treatment process for decolorization of
industrial effluents is ambiguous, different and divergent. Dyes themselves are not
biologically degradable since microorganisms do not use the coloured constituents as a
source of food. The most currently used biodegradation involve aerobic microorganisms,
which utilize molecular oxygen as reducing equivalent acceptor during the respiration
process. But biodegradation in anaerobic environment conditions (anoxic and hypoxic
environments) also occurs, and survival of microorganisms is possible by using sulphate,

nitrates and carbon dioxide as electron acceptors (Carmen & Daniel, 2012b).

Research data indicates that certain dyes are susceptible to anoxic/anaerobic
decolourization, and also that an anaerobic step followed by an aerobic step may represent
a significant advancement in biological decolourization treatment in future. The treatment
plant that receives dye-containing effluents has high potential to form toxic biodegradation
products such as toxic amines, benzidine and its derivates, etc. To avoid that risk,
anaerobic/aerobic sequential reactor systems seem to be an efficient procedure (i.e.
efficient colour removal takes place during the anaerobic treatment, and high reduction of
aromatic amines and other organic compounds occurs during the subsequent aerobic
treatment). Under aerobic conditions, most of the azo dye metabolites are quickly

degraded by oxidation of the substituents or of the side branches (Sandhya, 2010).

However, some of them are still rather recalcitrant. Successful removal of poorly
degradable amines was often achieved by adaptation of microorganisms (i.e.
acclimatization of biological sludge to nitroaniline containing wastewaters; after gradual
adaptation, the microorganisms are able to eliminate 3- and 4-nitroaniline simultaneously).
Difficult to be biodegraded are also the aromatic amines containing sulfo substituents in
metha position (e.g., 3- aminobenzenesulfonate) that can be treated with good efficiencies
with flow-through bioreactors within 28 days. Contrarily, some experimental results found
anaerobic mineralization to be efficient for aromatic amines. The main advantage of
biological treatment in comparison with certain physico-chemical treatments is that over
70% of organic matter expressed by COD-Cr may be converted to biosolids (Singh &
Arora, 2011).

TiO, and ZnO have conventionally been used as a photocatalyst material for the

photodegradation of harmful organic dyes. But, their practical applications are limited by
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the absorption of only 3-4% of the solar spectrum. Recently, metal chalcogenides having

formula ABY! (where, A = As, Sh, Bi and B = S, Se, Te) found wider applications in

thermoelectric, electronic and optoelectronic devices3. Among them, bismuth sulfide
(Bi,S3) a direct band gap (Eg ~1.3 eV) visible-NIR region active semiconductor has been
emerged out as an efficient photocatalyst material. It consists of layered structure which is
interconnected by Bi-S bonds. Owing to its narrow band gap and layered structure, it can

be proven to be a very promising material in photocatalysis (Sharma & Khare, 2017).

2.1.16 Synthesis of Bi,S3

In many previous researches, three most common synthesis methods were used to produce
Bi,S3. These methods were hydrothermal, microwave and sonochemical methods which
were discussed thoroughly in this dissertation works. Hydrothermal is a unique method for
fabricating nanostructures with specific and controlled morphologies, while predominant
morphology in other methods like sol-gel, sonochemical is nanoparticle. Hydrothermal
method provides preferred orientation morphology. In this method, because of some
particular conditions such as high temperature and pressure, the nanoparticles grow insitu
and form nanostructure shape. The synthesis of metal sulfide nanostructures using
thioglycolic acid via hydrothermal method was reported repeatedly in recent years. It is
revealed that thioglycolic acid acts as the oriented growth reactant during above process
(Ghanbari et al., 2014; Liao et al., 2001; Wang et al., 2002).

As a representative of good semiconductors, bismuth sulfide (Bi,S3) has been attracting a
considerable interest owing to its potential application in thermoelectric, electronic and
optoelectronic devices and IR spectroscopy. In addition, it has an energy band gap of 1.3
to 1.7 eV, which is suitable for making photodiode arrays and photovoltaics. A band gap
can be tuned depending on the size of the subcomponents. Bi,S;z nanowhiskers were
synthesized using bismuth nitrate, thiourea, poly (N-vinyl-2-pyrrolidone) and N, N-
dimethylformamide by microwave heating, but the products were not well crystallized.
Bi,S; nanorods were synthesized by microwave heating using bismuth nitrate,
thioacetamide and formaldehyde. A single-crystalline Bi,S3; nanocrystals with urchin like
and rod-like morphologies can be synthesized using Bi,O3;, HCI, Na,S,03 and ethylene

glycol (EG) by a simple and fast microwave heating method (Chen et al., 2013).

Crystallized bismuth sulfide has been prepared by thermal decomposition of bismuth
dithiocarbamate complexes, metal ethylxanthate, Bi-thiourea complex, and
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thiosulfatobismuth. However, high temperature is required, and the final products contain
some impurities. Bi,Sz nanorods and Bi (Se, S) nanowires have been prepared by the
hydrothermal and solvothermal preparation techniques, but those techniques need longer
reaction time, higher temperature, and higher pressure. Conventionally, bismuth sulfide is
prepared by direct element reaction in a quartz vessel at high temperature. The chemical
deposition methods have been applied to prepare Bi,S3 through a reaction of bismuth salt
complexed by triethanolamine (TEA) or ethylenediaminetetraacetic acid (EDTA) in an
aqueous solution containing a sulfur source such as thioacetamide (TAA), thiourea,
sodium thiosulfate, or gaseous H,S. The powders obtained through this route are mostly
amorphous or poorly crystallized. The chemical deposition of Bi,S; in nonagueous
solution has also been reported. Colloidal suspensions of bismuth sulfide have been
prepared in water at room temperature with a solution of Bi(NO3)3; and Na,S.9H,0 as the
starting materials, but sodium hexametaphosphate is needed to stabilize Bi** and only

colloidal particles can be obtained (Yuan et al., 2019).

Crystallized bismuth sulfide has been prepared by thermal decomposition of various
precursors such as bismuth dithiocarbamate complexes, metal ethylxanthate, bismuth-
thiourea complex, and thiosulfatobismuth. However, high temperature is required and the
final products contain some impurities. The size and morphology of the products can be
controlled by applying different reaction conditions including temperature, reaction time,
and solvents. However, this method requires relatively high pressure, and it takes a long
time for the reaction to be completed. However, the precursor compound
Bi{S,CN(CHj3)(C¢H13)}s must be prepared first. Ultrasound has become an important tool
in chemistry in recent years. It has been extensively used to generate novel materials with
unusual properties, because it causes the formation of particles with a much smaller size

and higher surface area than those reported by other methods (Piras et al., 2014).

When solutions are exposed to strong ultrasound irradiation, bubbles are implosively
collapsed by acoustic fields in the solution. High-temperature and high-pressure fields are
produced at the centers of the bubbles. This effect is known as acoustic cavitation. The
temperature is estimated to be 5000 K, the pressure reaches over 1800 atm, and the
cooling rate is over 1010 K/s when the bubbles implode, which enables many chemical
reactions to occur. Ultrasound offers a very attractive method for the preparation of
nanosized materials. It has shown very rapid growth in its application to materials science
due to its unique reaction effects. The advantages of this method include a rapid reaction
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rate, the controllable reaction conditions, and the ability to form nanoparticles with
uniform shapes, narrow size distributions, and high purities. The sonochemical method has
been successfully applied to the preparation of various nanosized materials including
metals, metal carbides, metal oxides and metal chalcogenides (Ai et al., 2011).

2.1.17 Synthesis of rGO-Bi,S3/GO-Bi,S; composite

Recently, graphene sheets, a new two dimensional carbon material, due to their
extraordinary electronic transport properties, large surface area and mechanical flexibility
have been considered as a matrix material to improve electrochemical performance of
metal sulfides. Herein, the a facile strategy to prepare Bi,S3/RGO composites, based on an
oxidation—reduction reaction between graphene oxide and Bi(NO3)s. 5H,O were used.
Most often the Bi,S3/RGO composites were synthesized by a one pot hydrothermal route.
First, the Graphene oxide GO, prepared by a modified Hummers method, was dispersed in
ultrapure water with vigorous ultrasonic agitation to form a homogeneous solution. Then,
Bi(NO3)3-5H,0 and I-cysteine were mixed with the above dispersion as it can be seen in
Figure 16, after continues stirring, the solution was transferred to Teflon-lined stainless
steel autoclave and then heated in an electric oven at 180°C for 12 h. Eventually, the
autoclave was allowed to cool down to room temperature naturally. The resulting black
precipitate was collected by centrifugation, washed several times with ultrapure water and
absolute ethanol, and dried at 60°C in vacuum overnight. As prepared Bi,Ss/RGO
composite which is used as a material for lithium storage, exhibits high specific capacity

and enhanced cycling performance compared to pure Bi,S; nanoparticles (Ayodhya &
Veerabhadram, 2018).

ultrasonication , |,

I’GO-BizSg
Figure 16: Schematic illustration for the synthesis of Bi,S3-rGO NSs (Ayodhya &

Veerabhadram, 2018).

Herein, GO-Bi,S3 nano-structures have synthesized via a stable and cost effective
sonochemical method from Bi(NO3)3.5H,0 and Na,S.9H,0 as a raw materials, GO used
as a capping agent. The Bi** solution was added into the GO solution in round bottom
flask, followed by adding an equal amount of S* solution under magnetic stirring. Then,

the black precipitates were formed and the total reaction mixture was kept in the ultrasonic
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bath for 1 h at room temperature. Finally, the black colored solution was filtered and
washed with distilled water and ethanol several times to remove ionic residue, and then
dried in an oven at 100 °C for 8 h. The synthetic procedure of GO-Bi,S; NSs by the
sonochemical method is shown in Figure 17.
Bi(NO3)3.5H, -
Hummer method P & o B i J‘ ’

Do vess ). @ Sonication g y 5

v oot 3 } V: : %
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Graphite powder f4¢ NaS.9H i
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Figure 17: Schematic illustration for the synthesis of GO-Bi,S3 NSs (Ayodhya &

Veerabhadram, 2018).

2.2 Adsorption.

Water pollution and water scarcity are among the most challenging problems facing
mankind nowadays. With rapid population growth, steadily improving life standards, fast
industrialization and modernization of developing countries, these challenges will persist,
if not worsen, in the years to come. Conventional water treatment technologies, including
adsorption, chemical treatment, membrane-based separation, and biological treatment, are
generally designed on the basis of bulk water chemistry and without any doubt, these
technologies have made critical contributions to sustaining human society in the past
century. However, the ever increasing demand for safe and clean water is gradually

pushing them to their limits (Liu et al., 2015).

With population expansion and industrialization, heavy metals have become some of the
most hazardous and widespread water pollutants, which is a serious problem for human
society today. Substantial amounts of various toxic metals are released into water systems
by many types of industries such as mining, electroplating, electrolysis, tanning,
photography, metal surface treating and others. Conventional methods such as chemical
precipitation, filtration, ion exchange, electrochemical treatment, membrane technologies,
adsorption on activated carbon, evaporation, etc., are applied to remove metal ions from
aqueous solutions (Li et al., 2015). However, these methods are far from effective,
efficient and practical enough to solve the problem. The removal of metal ions by
chemical precipitation or electrochemical treatment when ion concentration is between 1
and 100 mg/L, or when ion product is lower than Ksp is usually inefficient. For example,

the limit of copper in drinking water recommended by WHO is 2 mg/L, which is not
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possible to achieve by precipitation. Besides, it is inevitable that new chemicals must be
introduced into water systems, including acid and base (pH adjustment), flocculating
agents, coagulants, etc., which usually generates new problems. Other conventional
methods like ion exchange, membrane technologies, activated carbon adsorption or
evaporation are not economical due to substantial energy consumption, especially when
treating large amounts of water containing heavy metals at low concentration Kumar &
Vijaya, 2017).

According to reports, samples taken from all corners of Ethiopian landforms, almost all of
the samples taken from the rift valley region were found to contain the fluoride ion
concentration greater than the WHO standard level (Kebede, 2013). For instance, the
concentration of fluoride ion recorded for rift valley lakes such as lake Shala is (246 mg/l),
and lake Abijata is (204 mg/l) (Demelash et al., 2019) on the other hand, high land lakes
and springs contain insignificant level of fluoride ion concentration. Several literatures
show that the enrichment of fluoride ion in ground water along the course of the river flow
was accountable to the existence of acidic rocks initiated by heat differences generated
lengthways across a river flow and the recent volcanic hot eruption centers. Rift ward
flowing groundwater from plateau may increase the fluoride concentration in the aquifer
systems of the rift if the flowing groundwater encounters acidic rocks with heat difference
along the flow path. Generally, the landforms of Ethiopian rift valley exist in a variety of
terrain that is significant importance to the enrichment of fluoride into groundwater
occurrence and movement (Kebede, 2013).

2.2.1 Fluoride Occurrence
Significant amount of fluoride occurs in some classes of igneous rock such as granites and

pegmatite. The order of abundance of fluoride in sedimentary rock in decreasing order is
shale, carbonate rocks, sandstone, respectively, but deep sea clay found to have richest
accumulations of fluorine. The most common source of fluoride in the rift valley region is
originated from the volcanic rocks exist at lower pH such as pumice, obsidian, pyroclastic
deposits, ignimbrite and rhyolite. The deposition of volcanic ash and the falling of pumice
volcanic rock (Peccerillo et al., 2007) are the most common potential reservoirs of the

fluoride ion enrichment into Ethiopian rift valley groundwater.

There are several factors that control the concentration of fluoride in the rift valley ground

water includes lithology, thermal gradient, hydraulic gradient, groundwater water velocity,
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mean residence time, and depletion of calcium due to evaporation and cation exchange.
Accordingly, as shown in Figure 18, the concentration of fluoride ion in the rift valley
region was found to vary from place to place. For example, the fluoride concentration of
rift valley lake (Ansari et al., 2011) is about 2 mg/l to 250 mg/l, for spring is about 2 to
150 mg/l and for thermal groundwater is about 2 to 68 mg/l and from non-detectable to 6.4

mg/I for cold groundwater.
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Figure 18: Fluoride distribution in Ethiopia (Ministry of Water Resources, 2013).

The ingestion of fluoride is essential for human health provided that the concentration not
beyond the upper level 1.5 mg/l set by WHO in drinking water. The consumption of
fluoride ion in food stuff with limit to the standard value is very important to keep skeletal
and dental health. However, the consumption of this mineral above the labeled
concentration brings about tremendous health effects. According to the findings (Thole,
2011) the ingestion of fluoride with the concentration between 1.5 to 3 mg/l cause
browning and smears of colors of teeth which is commonly called dental fluorosis. This is
the onset of the problem which makes the teeth very strong and brittle. Ingestion of
fluoride with the concentration between 3.5 to 9 mg/l is resulted in the skeletal fluorosis
this indicates the worsening of the situations. However, the ingestion of fluoride in the
food stuff for a long time with the concentration greater than 10 mg/l brings about the

crippling fluorosis and this is an irreversible damage to the bone causing immobility.

It is reported in the literature that excessive ingestion of fluoride ion has many other health

effects including muscle fiber degeneration, reducing the level of hemoglobin,
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deformation of red blood cells, excessive thirst, headache, skin rashes, depression,
gastrointestinal problems, malfunction of urinary tracts, nausea, abdominal pains, tingling
sensation in fingers and toes, reduced immunity and neurological manifestations similar to
pathological changes that occur in Alzheimer's disease patients. Nearly all foodstuffs
contain at least traces of fluoride and all vegetables contain fluoride which was absorbed
from soil and water. However, the ingestion of fluoride from water is much larger than its
ingestion from foodstuffs and air. Therefore, great attention should be given to control
fluoride concentrations in drinking water supply. According to world health organization
recommendation (Sara Datturi, Assefa Kumsa, Seifu Kebede, 2017) the procedure for the

mitigation of fluorosis in endemic area should be prioritized as follows.

% It is advisable to search for alternative sources of water for drinking with low fluoride
concentration.

% Diluting the water containing high fluoride concentration with water containing
low/non fluoride concentration until the fluoride concentration is lowered to 1.5 mg/|
or below.

% Consume diet containing large amount of calcium, magnesium and vitamin C.

When all the above listed mitigation strategies are not feasible, remove fluoride ion from

water to meet WHO upper limit level 1.5 mg/I.

The ion exchange reaction between hydroxide and fluoride in hydroxyapatite is the center
of the fluorosis phenomenon occurrence (Premathilaka & Liyanagedera, 2019). The lattice
size of the two crystals OH™ and F is comparable that the displacement reaction is feasible.
The displacement of hydroxide ion from hydroxyapatite by fluoride ion is resulted in the
formation of more acidic resistant structure known as fluoroapatite as shown below. There
is also expected decomposition reaction of hydroxyapatite (1) to produce CaF, and
dissolution of calcium and phosphorus in to the matrix phase but this is rare case.
Cas(PO4 )30H + F » Cas(POy )sF + OH’ (1)

The early formed fluoroapatite material from the exposure of hydroxyapatite to fluoride

ion concentration greater than 1.5 mg/l is more resistant to acidic attack than
hydroxyapatite, offers a protective layer to the tooth enamel against acids from the
foodstuffs and prevents dental carries. However, the excessive fluoride intake aggravates

the reaction beyond the replacement of hydroxide by fluoride so that it results in the
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decomposition of hydroxyapatite and leads to the formation of another compound called
calcium decafluoride as shown by equation (2) (Huber & Mosler, 2013).

Cas (PO4)sF + 9F » CasFi + 3P0, (2)
This compound is very hard and brittle which is not appropriate for the functions of

skeletal structure where an optimum flexibility is mandatory (Neel et al., 2016). There are
some defluoridation practices as shown in the Table 1, which have been implemented in
Ethiopia so far but the problem of dental fluorosis, skeletal crippling and other
complicated health effects are persisted to till date.

Table 1: Fluoride remediation experience in Ethiopia(Fito et al., 2019)

Method Advantage Disadvantage Remark Reference
Aly(SO4)3 | % High availability % Mud production Almost (Kowalchuk,
with CaO | % Easily obtained %+ Non-recyclable accepted | 2012)
% Easily synthesized | < High initial cost by all
% Easily applied % Less feasible for F
% Easy to operate >10 mg/l and F<
% Efficient 3mg/I
% Less costly % Less applicable in
rural area
Bon Char | < Readily available % Bad color, odor, | Almost (Rojas-
% Cheap taste rejected Mayorga et
% Remove F easily % Unpleasant by all al., 2013)
% Cultural conflict
s Scarcity of raw
bones
Natural % Readily available % Inefficient Less (Nabbou et
Clay % Cheap ¢ Easily operated preferred | al., 2019)
¢ Less manpower
Activated | < Effective s EXxpensive Practiced | (Jing, 2014)
Alumina + Difficult to operate

Consequently, the more efficient, effective and low cost water treatment technologies
applicable for use in the rural and urban area is needed. Hence membrane filtration

technology is among the advanced water treatment technologies which are being
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employed in the treatment of ultra-pure water and carbon nanotube membrane is the
potential material for the efficient and effective filtration technology (Saththasivam et al.,
2018).

2.2.2 Nanoadsorption Activity

Owing to their nanodimension, nanomaterials revealed the highest capacity toward
pollutant adsorption. Their nanoscale sizes further provide them the largest surface area to
volume ratio which is considered as the top requirement of the material to be used as an
adsorbate of pollutant (L. Ma et al.,, 2017). Heavy metal, organic dyes and anionic
pollutants are the most common threatening pollutants that can uncontrollably enters the
environment mainly the surface and ground water body from human activities. These
provoked the environmental researchers all around the world to give due attention and
work over preventing the pollution problem (W. Ma et al., 2008). Many technologies have
been employed so far for pollutant removal and remediation from water supplies such as
membrane filtration technology, ultraviolet irradiation technology, advanced oxidation
technology, ion exchange technology and nanoadsorption technology. Conventional and
technologically advanced materials having a various ranges of adsorption capacities,
functional tunability, regenerability (recyclability), availability, stability under different
working condition and cost of preparation have also been applied for pollutant removal.
Mainly due to cost, complexity of the process and efficiency of the techniques adsorption
is preferred to the above technologies, and due to surface tunability and stability under
ambient condition graphene based nanomaterial is preferred to any of the material used for
the adsorption of pollutants (Ji & Zhao, 2017).

Metals, the common pollutants that can enter into the water body from anthropogenic
activities and its adsorption by GBNs was studied very extensively. But there is no
significant report on the adsorption of nonmetallic anion by GBNs. Fluorine, the lightest
of the halogen elements, belongs to group VII of the periodic table along with Cl, Br and I,
and is one of most reactive of all nonmetallic elements. It accumulates in soil, water,
plants and human bodies for a long period of time without degradation so that fluoride is
non-biodegradable pollutants. The level of fluoride ion (F) in water bodies is of great
environmental concern worldwide because of the vast ranges of health problem it causes
such as osteoporosis, arthritis, brittle bones, cancer, infertility, brain damage, alzheimer
syndrome, and thyroid disorder (Rashid & Ralph, 2017). Besides these problem, the

concentration of fluoride in drinking water beyond the WHO standard limit 1.5 mg/L
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cause dental fluorosis however if the concentration is higher than 3.5 mg/L leads to non-
curable skeletal crippling fluorosis. A high level of fluoride which is equals to 264.0 mg/L
in ground water have been reported in Ethiopian lake Shala and was reported to be
resulted from the idea of acidic rocks and aggravated by heat anomaly generated along
regional faults or from recent hot eruption centers favor high fluoride incorporation into
the groundwater (Mandefro Ararso, 2017). The principle of fluorosis is by the
displacement reaction of hydroxide ion by fluoride ion from hydroxyapatite which is
resulted in the formation of more acid resistant structure called fluoroapatite which
basically prevents dental carries.

Cas(PO4)3)OH +F = Cag(PO4)sF + OH 3)
However the excessive fluoride intake enhances the reaction to go beyond replacement of
hydroxide ion by fluoride ion and favors the formation of calcium decafluoride by
distraction of the outer enamel cover as given below. This is resulted in the formation of
small extent health effect; dental carries which will gradually aggravated to skeletal
crippling and complete paralysis (Nelson & Higuchi, 1970).

Cas(PO4)sF +9F = CaFyg + 3P0,> (4)
The health effect of fluoride ion (Das et al., 2014; Huber & Mosler, 2013) on people in the
Dugda Bora district, East Shoa, Oromiyaa, Ethiopia is as shown in Figure 19.
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Figure 19: Photos taken from “Dugda Bora District, East Shewa” Oromia.

2.2.3 Graphene materials for contaminant adsorption

Rapid population growth and intensification of agricultural and industrial activities have
resulted in a dramatic increase in the number of contaminants released into the
environment. These contaminants, which are very diverse in nature, represent a major
environmental and public health concern. As a consequence; a global effort exists to
develop robust technologies to effectively remove contaminants from both air and water.

Among these technologies, adsorption is a fast, inexpensive, and effective method for
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removal of contaminants from aquatic environments. Adsorption is a process where the
pollutant (adsorbate) is captured by the nanomaterial (adsorbent) via physicochemical
interactions (Ersan et al., 2017). Herein, we reviewed the application of graphene-based
materials as adsorbents for the removal of inorganic, organic, and gaseous contaminants.
In addition, we delineate key adsorption mechanisms and advantages/disadvantages of

applying graphene materials as adsorbents for decontamination.

2.2.4 Metal ion adsorption

Metals are common pollutants that can undesirably enter aquatic environments and
drinking water supplies from anthropogenic activities, such as mining and industrial
wastes, or from the corrosion of pipes, soldered joints, and plumbing materials. Hence,
there is a growing interest in controlling the concentration of toxic metals in water. For
example, according to the United States Environmental Protection Agency (EPA), the
allowed concentrations of copper (Cu) and lead (Pb) in drinking water are, respectively,
1.3 ppm and 15 ppb (Tyagi et al., 2020).

Conventionally, activated carbon has been used as adsorbent due to its excellent
adsorption capacity for a wide range of contaminants. However, the wide use of activated
carbon has been restricted because of its high production cost and the difficulty in
regenerating it. Carbonaceous adsorbents based on CNTs and graphene materials have
been developed as an alternative to conventional adsorbents. Carbon nanomaterials have
been chosen as a platform to build new adsorbents, mostly because of their high surface
area, non-corrosive property, and presence of oxygen-containing functional groups,
tunable surface chemistry, and scalable production. For CNTSs, the sorption capacity is
mainly determined by the chemical nature of CNTSs, the surface area, and the number of
oxygen functional groups (Bhatnagar & Minocha, 2006). The mechanism of metal ion
sorption on CNT surface has been related to electrostatic interactions and sorption—
precipitation between metal ions and the oxygen-containing groups. These oxygenated
groups provide a negative residual charge to the surface of CNTs. Thus, depending on the
solution pH, the oxygen atoms hold a lone electron pair that is responsible for ion-

exchange and electrostatic interaction with metal ions (Speranza, 2019).

Compared to CNTSs, the utilization of graphene-based materials as adsorbents may offer
several advantages. First, single-layered graphene materials possess two basal planes

available for pollutant adsorption (Ali et al., 2019). In contrast, the inner walls in CNTs
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are not accessible by the adsorbates. Second, GO and rGO can be easily synthesized
through chemical exfoliation of graphite, without using complex apparatus or metallic
catalysts. The resulting graphene material is free of catalyst residues, and no further
purification steps are needed. In the specific case of GO, the as-prepared material already
possesses a large number of oxygen-containing functional groups and no additional acid
treatments are required to impart a hydrophilic character and reactivity to GO. This is a
significant advantage, since those functional groups are likely responsible for the
adsorption of metal ions by GO sheets (Aliyev et al., 2019).

A variety of studies have described the application of graphene based materials as
adsorbents for the removal of inorganic species from aqueous solutions. Most of these
studies have employed GO as a model adsorbent for remediation of metal ions in water.
GO is preferable to pristine graphene for metal ion adsorption due to GO’s high content of
oxygen groups available to interact with metal ions. The importance of these oxygen-
containing functional groups was demonstrated by comparing the Pb(Il) adsorption
performance of pristine and oxidized graphene sheets. Pristine graphene was first prepared
through a vacuum-promoted low-temperature exfoliation and submitted to heat treatments
at 500 and 700 1C (GNS500 and GNS700) to introduce oxygen functional groups.
GNS500 and GNS700 revealed a higher adsorption capacity for Pb(ll) compared to
pristine graphene, which underscores the importance of carboxyl groups in the adsorption
mechanism of Pb(Il) (Verma & Kim, 2022).

Numerous factors, such as ionic strength, pH, number of oxygen-containing groups of GO,
and presence of natural organic matter were found to influence the adsorption capacity of
GO. For instance, the influence of ionic strength on the adsorption capacity may be due to
competition between electrolytes (NaCl, KCI, and NaClO,4) and the metal ions for the GO
surface. In fact, the introduction of electrolytes may affect the electrical double layer of
hydrated particles, thus changing the way metal ions bind to the GO sheets. Wang et al.
demonstrated that the adsorption ability towards Zn(Il) was decreased after addition of
NaNOj3, NaCl, and KCI to GO suspension. Conversely, the sorption capacity of GO for
Cd(II) and Co(Il) was weakly dependent on NaClO,4 concentration, while the adsorption of
Pb(I1) was not affected by changes in ionic strength (Perreault, Fonseca De Faria, et al.,
2015).

60



The adsorption of metal ions on GO is also greatly affected by pH, with the adsorption
capacity decreasing at lower pH. The behavior of GO in aqueous solution is governed by
its pHpzc (pzc: point of zero charge). When solution pH is higher than pHp,c (pH > pHpzc),
the GO surface is negatively charged because of the deprotonation of carboxyl and
hydroxyl groups. When the GO surface is negatively charged, the electrostatic interaction
with metal ions (positively charged) is favorable, leading to improvement in adsorption
capacity. In contrast, when pH o pHpzc, GO becomes positively charged and electrostatic
interactions are weakened due to charge repulsion (Ouyang et al., 2019).

In a similar way, pH also influences the charged nature of the adsorbates. Depending on
the pH, metallic ions can form hydroxide species: Me(OH)", Me(OH),, and Me(OH)s".The
practical implications of these hydroxides are: (i) due to a lower residual charge, Me(OH)"
species have less affinity to the GO surface compared to its counterpart M*% and (ii) at
higher solution pH, precipitation of Me(OH), or electrostatic repulsion of negative species
by the negatively charged surface of GO can prevent the adsorption of metals on the
graphene surface. In practical terms, the ideal procedure is to establish a pH condition
where the metal maintains its Me*? form, while the GO surface is negatively charged. This
optimal pH range might be different according to each metal species and graphene sample.
Sitko et al., for example, demonstrated the removal of Cu(ll), Zn(l1l), Cd(ll), and Pb(ll)
ions at pH 5.0, while Zhao et al. showed that Co(ll) and Cd(Il) were effectively adsorbed
by GO sheets at pH 6.0 (Lee et al., 2017).

Even though electrostatic interaction between oxygenated groups and metal ions has been
considered the major adsorption mechanism, a second type of interaction may occur.
Huang et al. suggested that the delocalized p-electrons in the sp? network of graphene can
act as Lewis bases donating electrons to metal ions. In this context, p-electrons on the
graphene aromatic plane can be classified as the base (electron donors), while the metal
species are the acid (electron acceptors). The same mechanism was previously proposed to
explain the adsorption of Pb(Il) ions on graphene (Ma et al., 2020).

Due to its large surface area and chemical stability, graphene has also become a versatile
candidate for building adsorbent nanocomposites with inorganic nanomaterials. Of
particular interest is the conjugation of graphene with magnetic nanoparticles (e.g., iron or
iron oxide), which has been the most common approach to prepare graphene-based

composites for the removal of metal ions. Although the high adsorption capacity and
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magnetic property of iron oxide nanoparticles have stimulated their use as adsorbents,
their application in continuous flow systems is difficult because of their small size and
susceptibility to oxidation/dissolution. To overcome this drawback, graphene sheets can be
used as a physical support to stabilize magnetic nanoparticles, facilitating their recycling
and reuse. In addition, immobilizing magnetic nanoparticles on graphene sheets also
prevents their aggregation, thus reducing the associated losses in surface area and
adsorption capabilities. Also, the graphene—magnetic nanoparticle composites can be
rapidly and efficiently separated from aqueous solutions using a simple magnet
(Handayani et al., 2021).

Graphene—magnetic nanoparticle composites were highlighted as having improved
adsorption performance. The high sorption capacity of magnetite—graphene composites
may be attributed to a combined effect of metal complexation on the nanoparticles and on
the adsorption sites on graphene aromatic layer. Beyond that, the decoration of graphene
sheets with magnetic nanoparticles increases the surface area of the material, improving
the number of binding sites for metal ions. The adsorption capacity of magnetic—graphene
materials, like GO, is affected by changes in pH conditions and adsorbent dosage, time of
contact, temperature, and presence of natural organic matter such as fulvic acid (Wang et
al., 2014).

New adsorbents have also been prepared by modifying graphene materials with organic
molecules that possess a natural ability to capture metal ions. As the intrinsic functional
groups located on GO sheets are limited, the number of adsorption sites can be improved
by grafting compounds such as ethylenediamine triacetic acid (EDTA) and chitosan. Most
of these functionalization procedures have been performed taking advantage of the
oxygenated functional groups on GO or rGO (Xiaolu Liu et al., 2021). For example,
carboxyl groups were used to graft poly- (acrylamide) (PAM) chains on the surface of
rGO sheets. The dispersibility and adsorption capacity of rGO for Pb(ll) was remarkably
improved after grafting with PAM, increasing from 500 mg g™ to 1000 mg g™*. In another
study, chelating groups were also introduced to the GO surface through reaction of
EDTA-silane with C-OH groups of graphene. After modification, the adsorption
capability towards Pb(Il) was enhanced due to the intrinsic complexation property of
EDTA. The anchoring of EDTA molecules also resulted in improvement of surface area

and numbers of functional groups on the original GO sheets (da Silva Alves et al., 2021).
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In addition to increasing the adsorption capacity, functionalization of graphene materials
with organic molecules can also be used to enhance the material recovery process.
Thermo-responsive properties were imparted to graphene-based adsorbent materials using
a non-covalent assembly of graphene-based adsorbent material with poly(N-
isopropylacrylamide). The low critical solution temperature of  poly(N-
isopropylacrylamide) (32 °C) results in a nanocomposite material that undergoes rapid
aggregation and sedimentation at temperatures higher than 36 °C. This aggregation is
reversible and the nanocomposites can be resuspended upon decreasing the temperature
below 34 °C. Compared to magnetic graphene-based composites, thermo-responsive
materials allow for an increased material recovery without the requirement of a strong
magnetic field (Seo et al., 2016).

Even though most studies report on the adsorption of cationic metal ions, graphene-based
materials have also been explored for the removal of anionic pollutants from aqueous
solutions, such as phosphate (PO4), perchlorate (CIO4), and fluoride (F).Unlike the
immobilization of cationic metal species, the mechanism of anion (F°, CI, and Br)
adsorption was previously attributed to anion—= interactions. This anion—z association is
based on the interaction between the negatively charged anion (or lone electron pair) with
an electron-deficient aromatic ring on graphene layer (Perreault, Fonseca De Faria, et al.,
2015).

Table 2 depicts the most common adsorption mechanisms as well as advantages and
disadvantage of using graphene materials and their derivatives as adsorbents for

remediation and sequestration of metal ions from aqueous solutions.
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Table 2: Specific mechanisms of interaction and possible advantages/disadvantages of

using graphene materials as adsorbents to remove metal ions from aqueous solutions

Graphene-based

materials

Mechanisms

involved in the

adsorption of metal

ions

Advantages (A) and
disadvantages (D)

Reference

Graphene oxide
(GO)

Electrostatic
interactions

lon exchange

(A) High dispersibility in
water; good colloidal
stability; abundant
presence of oxygenated
functional groups

(D) Limited amount of
sorption sites

(Ji etal., 2020)

Reduced GO
(rGO)
and

Pristine graphene

Electrostatic
interactions
Lewis-base—acid

mechanism

(A) Reestablishment of
sp2 domains; better

electron-transport property

(D) Low density of
oxygen-containing
functional groups; lower

colloidal stability

(Morais et al.,
2015)

Magnetic
graphene

nanocomposites

Electrostatic
interactions
with graphene
Interactions with
the surface

of the particles

Magnetic properties

of the

nanoparticles

(A) Larger surface area
compared to the pristine
forms; increased amount
of binding sites compared
to pristine graphene; easy
recovery from aqueous

solutions

(D) Co-reduction of GO
during the attachment of

the particles reduces the

(Jin et al., 2015)
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colloidal stability

Graphene
materials
modified with

organic molecules

Electrostatic
interactions
Complexation with

organic molecules

(A) Larger surface area
compared to pristine
forms; good colloidal
stability; improved
amount of functional
groups (—NHz, —OH)

(D) The stability of the
loaded molecules varies
according to the
modification strategy
(physical or chemical

attachment)

(Yanetal., 2012)
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Chapter Three
3. Materials and Methods

3.1 Chemicals and Reagents
All the chemicals and reagents used throughout this study were of analytical grade. Fresh

leaves of VA were obtained from premises of Adama Science and Technology University
(ASTU), and were authenticated at Jimma University, College of Agriculture, with
authentication number 10031, Ethiopia. The leaves were washed thoroughly, and air dried
in an open space for about ten days. After drying, the sample was blended using a
Panasonic blender (Model: Pana-Mix-901shg, Malaysia) and sieved using standard sieve
of 110 mm mesh size and stored in an airtight, polyethylene bag until required. Ethanol,
methanol and distilled water used for extraction were obtained from the local market and
were used directly without further purifications. Raw graphite powder (G, 97%, 100
micron, Vietnam), Sulfuric acid (H,SO,4, 98%, Sigma-Aldrich), sodium hydroxide (NaOH,
98%, Oxford Lab Fine Chem ULP), Phosphoric acid (H3PO4, 75%, Sigma-Aldrich),
Hydrogen peroxide (H20,, 30%, Sigma-Aldrich), Hydrochloric acid, (HCI, 35%, Sigma-
Aldrich), Thiourea (CH4N,S, 97%, Sigma-Aldrich), and potassium permanganate (KMnOy
98%, Sigma-Aldrich), methylene blue dye (MB, 95%, Sigma-Aldrich) were of analytical
grade and used as purchased.

3.2 Preparation of plant extract

The leaf extracts were prepared by taking 10g of the grounded powder and dissolved in a
100 mL of three different solvents; water, ethanol and methanol (Alara et al., 2019b).
Then the extract was filtered using Whatman number 1 filter paper. The resulting filtrate
were further concentrated over a water bath at 40-50 °C. Each mixture solution was heated
on a heater with magnetic stirrer to boil at their corresponding boiling points for five
minutes for solvent removal. The stock solutions of each extracts were taken and desired
working concentrations were prepared by appropriate techniques. The extracts were made

ready and stored in a refrigerator at 4 °C for further use.

3.3 Synthesis of Graphene Oxide (GO)

GO was synthesized by making a slight modification to improved method (Marcano et al.,
2010). A mixture of H,SO4/H3PO, in a volume ratio of 9:1 was prepared. A second
mixture of graphite/KMnO, in a mass ratio of 1:6 was prepared. The H,SO4/H3PO, acid

mixture were poured into the beaker containing graphite-KMnQO,4 mixture slowly at room
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temperature while continuous stirring. A deep green color solution was formed due to the
production of highly oxidizing dimanganese heptoxide, Mn,O;. Under controlled
temperature of the water bath at 80 °C, the solution was heated while string using a
magnetic stirrer for six hours. The hot and slightly brown solution was taken off the water
bath and added into 400 ml distilled ice water to terminate the reaction. Then 5 ml of H,O,
was added drop wise because of which a yellowish colored solution was formed. The
purpose of addition of H,O, was to stop the oxidation reaction by directly reacting with
the excess of KMnO,. The reaction product was washed with 1 liter of 5% HCI aqueous
solution and distilled water four times each until the pHp,c was obtained. The complete
removal of SO,? ion from the solution was checked by addition of BaCl, to the
supernatant. Its presence produces a white precipitate of BaSO,4. The resulting paste was
dried in an oven at 60 °C for 8 hours to obtain the brown graphene oxide powder sample.

3.4 Synthesis of Reduced Graphene Oxide (rGO)

Reducing capacity of three solvent extracted Vernonia Amygdalina (locally called
“dhebicha”) was studied. The extract was prepared using three different solvents such as
methanol, ethanol and water. 10 mL of each of the extracts was added into a washed and
dried clean 1000 mL beaker and 100 mL of the brown solution of graphene oxide was
added into each of the extracts. The mixture was then heated using a heater with a
magnetic stirrer in a water bath at 50 °C for an hour. Then the black suspension was taken
off the heater cooled and centrifuged at 2000 rpm. Then the black residue was collected
and oven dried at 80 °C for 12h to obtain a black powder rGO.

3.5 Synthesis of Bi,S;3

1.5 g of bismuth chloride (BiCl3) and 1.2g of thiourea (CH4N,S) was dissolved in 50 ml of
distilled water each separately and mixed while continuous stirring using heater with
magnetic stirrer at 100 °C. After 5 minutes of heating the mixture, 10 ml of methanol
extracted compounds of vernonia amygdalina was added into the solution. And the
mixture was set on the indirect heating using water bath under continuous stirring for six
hours. Finally the obtained black paste was washed using distilled water and ethanol
several times and oven dry at 60 °C for 12 hours to obtain a black powder Bi,S;.

3.6 Synthesis of Bi,S;-rGO composite
All reagents used in this experiment were analytical grade and used directly without
further purification. A simple reflux method was used to synthesis rGO-Bi,S3. 1.43 g of
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Bi,S; powder was thoroughly dissolved in 50 ml of distilled water and 2 g of rGO was
dissolved in the same volume of distilled water in a separate flask. Both mixture were
poured into a 500 ml beaker and sonicated for two hours at room temperature. And then
the mixture was heated under reflux at 100 °C for 12 hours. The black precipitate was
filtered by using whatman number 1 filter paper and purified by washing several times
with distilled water and ethanol respectively. The black paste was dried into a black

powder in an oven under 120 °C for 18 hours.

3.7 Characterization techniques

Optical absorption properties of the samples were examined by ultraviolet-visible
spectroscopy, UV-Vis (SM, UV-1600 Maadab-India). Double beam UV-Vis
spectrophotometer ranged from 200-800 nm was used to determine the Optical properties
of the samples.

An Agilent technology 7890B GC system equipped with mass spectrometric detector;
5977B GC/MSD GC-MS was used for analysis. The column used is HP-5MS Agilent
technology, length of the column is 30 m, and internal diameter is 0.320 mm. The GC-MS
was operated at an initial oven and the injection temperature of 80 °C and 250 °C
respectively. The initial temperature was hold for two minutes at 10 °C/min and the final
temperature was hold at the same temperature for six minutes. The injection was split
mode. Helium gas was used as a mobile phase. The obtained chromatogram was recorded
and the identifications of components were made by database of national institute of

standards and technology (NIST).

The X-ray diffraction of the results were recorded on a panalytical PW 3040 X" Pert MPD
X-ray diffractometer (XRD, Shimadzu, XRD-7000) with a continuous scanning rate of 1°
per minute in a range of 20 from 5(10) to 80° with a Cu-Ka X-ray diffraction source. This
was performed to analyze the crystallinity and purity of the materials and also to

characterize the interlayer spacing at 40 keV and 30 mA.

The confirmations of the formation of reduced graphene oxide from graphene oxide and
the spectral positions of rGO-Bi,S; were determined by Fourier transform infrared
spectroscopy (Perkin Elmer FT-IR, Spectrum 65). The presences of oxygen containing
functional groups on the basal plane or edge of the carbon framework in GO, rGO were
determined by FT-IR. GO and rGO pellet were prepared using KBr as a mulling agent and

the sample was analyzed in the range between 400 cm™ 4000 cm™.
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The morphology of the samples was analyzed using scanning electron microscopy, SEM
(JEOL, JSM 6460LV).

High resolution transmission electron microscopy, HR-TEM (JEOL TEM 2100 HRTEM)

was used to determine the morphology, measure the size of the particles.
EDAX was used to determine the elemental composition.

The differential thermal graphimetric DTG (DTG- 60H, Beijing, China) comprising
thermal graphimetric analyzer (TGA) and differential thermal analyzer (DTA) was
performed. These tests were operated under nitrogen atmosphere with platinum cell at 50

ml/min flow rate.

3.8 Photocatalysis Study

Before illumination, the mixture solution was stirred continuously in the dark for 30 min
to create the adsorption/desorption equilibrium of MB on the NCs. The degradation
experiment was carried out in the ~177 cm? circular glass reactor. A medium-pressure
mercury vapor lamp (Hg lamp) was used as light source with a maximum wavelength 365
nm and corresponding power of 125 W. The samples were irradiated directly by focusing
light into the reaction mixture at a distance of 20 cm. For the homogeneity of the solution;
a magnetic stirring at a speed of 120 rpm was applied. The temperature of the overall

reactor was controlled by jacket water circulation. 125 mL of methylene blue and 5 mg of
the catalyst rGO-Bi,S3; were placed in a glass cup reactor (250 mL). Then, after at a fixed

time interval of irradiation, 5 mL of reaction mixtures liquid was taken out and placed in
centrifuge tubes which were later centrifuged to remove any residual catalyst. The
photocatalytic degradation efficiency in percent was calculated using equation 5. The
pseudo-first-order kinetic equation, equation 7 was used to study reaction dynamics
(Revellame et al., 2020). The centrifugation and washing of the reaction liquid were done
repeatedly using ethanol and water. The UV-Vis spectroscopy analyses were done against
the concentrations of residual MB to evaluate the performance of the catalyst.

3.9 Adsorption study

All the chemicals and reagents used throughout this study were of analytical grade. 5
borosilicate glasses of 150 mL containing 50 mL of known concentration of fluoride
solution (10 mg/L) at different pH, contact time, and adsorbent dosage were prepared at

room temperature. This work was repeated for the real sample too. The filtrate was
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collected by filtering the solution by using Whatman filter paper and was stored for the

residual fluoride analysis using photometer measurement.

3.9.1 Reusability Study

The adsorbent was washed repeatedly using doubly distilled water and was used to check
the recyclability and reusability test. The stock solution of fluoride was obtained by
dissolving 2.21 g of NaF salt in 1 L of distilled water. 0.1 N of NaOH and H,SO, were
used to adjust the pH of the sample. The fluoride concentration was measured by (HACH
photometer instrument, Model Number DR6000; USA). The equilibration for the
adsorption experiment was maintained by continuous shaking of the mixtures using rotary

shaker.

The percentage adsorption (A), percentage degradation (&) and adsorption capacity at

equilibrium de, exp (MQ/g) Were calculated as:

CCI— Ct

A= «100, @ = 2=%. 100 (5)
(1] (1]
_(C,_Ca¥

Oe, exp — Dwt (6)

Where Cy and C; are F concentration before and after adsorption, V(L) volume of F

solution taken and W (g) is the weight of adsorbent used.

3.9.2 Study of Adsorption Kinetics
The following Equations were used to study fluoride adsorption kinetics and rate
controlling steps. Pseudo-first-order (SFO) and pseudo-second-order (SSO) equations

were denoted by (7) and (8) respectively.

_ At
log(qg— %)2 Iﬂgqe 2.303 (7)
t 1 t
I = + £
dt qiks e (8)

Where ks — SFO rate constant (g/mg, min), ks — SSO rate constant (g/mg, min)

3.9.3 Diffusion Studies
The adsorption mechanisms were thoroughly explained by using models — an intraparticle

diffusion model which employs Weber Morris plot i.e. g; versus t shown in equation 9, and
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a particle diffusion model based on Chanda plot i.e. In(1-Ct/Ce) versus t as shown in

equation 10.
qt = kidtU'S + CI' (9)

Where k;; (imgg~tmin®*®) is the rate constant of stage i and €; is the thickness of the

boundary layer, it constant.

G
In(l — &y = —k,e (10)

Co

Where k, (imgg~'min~1) is the rate constant

These two models are used to evaluate either the retention process is controlled by an
intraparticle diffusion model or a particle diffusion model. The precision of adsorption
kinetics model fitting was checked by standard deviation (SD), coefficient of
determination (R?) and non-linear chi-square (y°), equation 11.

2
Xg _ Z{fi[e,ex;z— e, cal) (11)
e, cal

3.9.4 Adsorption Isotherm

In this work, four adsorption isotherm models (Langmuir, Freundlich, Tempkin and
Dubinin-Radushkevich, D-R) were used to analyze the equilibrium relationship between
the adsorbent and the adsorbate. The following equations 12, 13, 14 and 15 describe the
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich, D-R isotherm models
respectively.

Cg =Kp=tm
e ="t (12)

The Langmuir constant shows the free energy (AG) for the process of adsorption which

can be obtained from:
AG = —RTInk,

The Langmuir equilibrium parameter R is described as:
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1

=—————— , {; isthe initial adsorbate concentration. If R > 1 itis
1+{1+K; Cp)

RL

unfavorable process, if R < 1 the process is favorable and if R, = 0, the adsorption

process is irreversible.

1

qe = Ky *C:F (13)

Where ¢ is the amount of fluoride adsorbed per unit mass of the adsorbent (mg/g), Ce
equilibrium  concentration (mg/L), Qm maximum adsorption capacity of the
adsorbent(mg/g), K. & K¢ are Langmuir and Freundlich adsorption rate constants (L/mg)

1/nF

and (mg/g(L/mg)~"™") respectively. 1/n is the adsorption intensity.
The Temkin model which takes into account the interactions of the adjacent adsorbate ions
and assumes the heat of adsorption decreases linearly with increasing covered surface is

expressed as:
Go = Z—T inky + Z—T incC, (14)

Where b is heat of sorption (in Joules per mole) and K+ is Tempkin equilibrium constant
(in litter per milligram), R is universal gas constant and T is absolute temperature.
The other isotherm model which relates the adsorption characteristics with the available
porosity and applied only to porous materials is D-R model. This model is usually applied
to solution containing intermediate to high range concentration and is expressed as:
inge = Ings — Kpr&? (15)
Where qsis the theoretical adsorption saturation capacity (in milligram per gram), Kpr is
the D-R isotherm constant (in mole? per joule?), and the term € is obtained from the

expression:
£ = RTin[1 + ]

The mean free energy (E) for adsorption can be calculated as:

1

+ 2Kpg

E =
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Chapter Four
4. Results and discussion

4.1 Characterization

4.1.1 Visual Observation

As shown below in Figure 20a, b, ¢ and d, four main different colors were observed during
the stepwise synthesis of rGO. The mixing of the two mixtures (mixture of
graphite/KMnO, and H,SO4/H3PO4) were resulted in the formation of a dark green
colored; thick solution as shown in Figure 20a. This color was due to the formation of the
high oxidizing agent dimanganese heptoxide (Mn,0O;) (Fentaw & Worku, 2017; Marcano
et al., 2010) from the reaction of MnO™; and MnO’4 and in the meanwhile the temperature
of the solution were increased to 45°C. The thick slurry solution observed in Figure 20b
was due to prolonged reaction under heating and stirring. The presence of unreacted
potassium peroxide was observed by the formation of yellowish color by the addition of
H,0, which was disappeared later by intensive washing. The brown color as indicated
below in Figure 20c was obtained which is one of the confirmations of formation of
graphene oxide nanostructure. The dark black suspension formed as shown in Figure 20d

is the sign of GO reduction to produce rGO. The image of powders depicted in Figure 21e

and 21f below are GO and rGO respectively. The brown powder on the left hand side (e)
is GO and the black powder on the right hand side (f) is the reduced form of GO called
rGO.

Figure 20: The color change observed during the stepwise synthesis of reduced graphene

oxide by using methanol extracted VA, indicated from a-d.
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The reduction was done by using Vernonia Amygdalina plant extract and this result

confirmed that bitter leaf extract is eco-friendly and excellent reducing agent for the

nanosynthesis of rGO.

Figure 21: The powder of GO (e) and rGO (f).

Mechanisms of GO reduction:

KMnQ, donates a large number of oxygen to the precursor graphite to produce GO in the
presence of chopping and intercalating agent H,SO4/H3PO,4. Hence GO possesses large
amount of oxygen containing functional group at its basal plane (epoxy and hydroxyl) and
at its edge (carboxyl, carbonyl and hydroxyl). GO make use of these active sites to react
with the other active site on the alkaloids, polyphenols, carboxylic of the Vernonia
amygdalina extract. In this study the hydroxyl of methanol extracted polyphenols were
reacted with the hydroxyl and epoxy group on the GO favoring a ring formation which
was followed by ring opening that facilitates the reduction of GO. Besides, the hydroxyl
group on the polyphenols of plant extract was reacted with the carboxylic group of the GO
and generating an ester in the condensation process. In each of this process a cleavage of
bonds were occurred and reduction of GO were progressed. In the meanwhile the long
chain methanol extracted compounds such as the carbonyl; hydroxyl and esters were
involved in the capping agent of the synthesized rGO through n-n* stacking interaction
principle (Mahendran et al., 2020). The nucleophilic substitution reactions were happened

simultaneously as in the case of SN, principle (Manchala et al., 2019).

As can be seen in Figure 22, three different colors (a, b, c) were dominantly displayed
during the stepwise synthesis of bismuth sulfide. Immediately as the solutions of white
crystalline salt BiCl; and the white fine powder CH;N,S were mixed, a corn yellow

colored solution was formed as indicated in Figure 22a. This is the initial step and
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indication of the generation of sulfide ion as a result of hydrolysis reaction by the action of

OH' in aqueous solution as shown by equation 17 (Walker et al., 1956).

(NH,),CS + 2H,0 % 2NH; + 2C03% +S% + 2H,0 (17)
Upon the addition of vernonia amygdalina plant leaves extract and heating under
continuous stirring, the deep black color was formed as shown in Figure 22c, through the
royal yellow color solution, Figure 22b. The brown oily supernatant (Figure 22d) was

decanted and a black past was collected from which the black powder was obtained by

oven drying at 100 °C overnight as depicted in Figure 22d.

Figure 22: The color change observed durin the stepwise synthesis of bismuth sulfide by

using methanol extracted VA, indicated from a-e.

4.1.2 UV-Vis analysis
The diluted solution of different solvent extracted Vernonia Amygdalina as shown in

Figure 23 was analyzed using UV-Vis spectrophotometer.

Figure 23: Extracts solutions of Vernonia Amygdalina using ethanol (EE), water (WE),

and methanol (ME) solvents.
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As it can be seen from Figure 24, the total peaks of UV-Vis record for the three extracted
solutions were found between 220 to 700 nm and the numbers of major peaks observed
when methanol and ethanol used were almost identical. The presence of the peak at (319
nm) on water extracted leaf indicates the existence of alkaloids (N. G. Vinokurova, N. F.
Zelenkova, B. P. Baskunov, 2014). In this study, terpenoids were also observed in the
wavelength range of 235 to 375 nm in both methanol and ethanol extracts which is
consistent with the works of Malik and Ahmed (Malik & Ahmed, 2018). Total Phenolic
compounds are observed on all the three extracts between 250 and 420nm specifically at
319 nm on water, 334 nm on both methanol and ethanol (Kocsis & Hideg, 2013). This
crude extract also showed an absorbance peak at around the wavelength of 242 nm which
shows the presence of tannins (Naczk et al., 2001). As shown in Figure 24, saponins has a
maximum peak absorption at 235 nm which is in agreement with other reports (C. Yuan et

al., 2018).

—— Ethanol Extract
—— Water Extract

3.0 _W
—— Methanol Extract

Absorbance (a.u)

0.0 ™

T T T T T T T
200 300 400 500 600
Wavelength (nm)

T .
700 800

Figure 24: UV-visible absorbance spectra record of bitter leaf extracts of Vernonia

Amygdalina in methanol, ethanol and water.

The UV-Vis records of the resulting reduced graphene oxide were shown in Figure 26. As
it can be clearly seen from the Figure, rGO was successfully formed from GO by using

VA plant extract as reducing and capping agent.
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Figure 25: UV-visible absorbance spectral record of GO synthesized by modifying the

tour improved method.

The confirmation of the formation of rGO was shown by the increment of the wave length
from 230 nm for GO (Figure 25) to an absorption peak greater than 250 nm in the case of
rGO (Dideikin & Vul’, 2019; Fentaw & Worku, 2017; MM et al., 2017).

1.6 - —— Methanol Extracted
| —— Ethanol Extracted
1.4 - —— Water Extracted

1.2 1
1.0

0.8
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Wavelength (nm)

Figure 26: UV-visible absorbance spectra record of rGO reduced with methanol, ethanol
and water.
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The increase in the wavelength or the red shift was occurred probably due to the increase
in the concentration of electron at the edge and basal plane of the graphene material which
in turn confirms the restoration of the electronic conjugation. As shown in Figure 26, the
UV-Vis spectral values of rGO obtained using methanol, ethanol and water extracted
compounds of VA was 262, 298 and 252 nm, respectively. Even if the three solvent
extracted compounds from VA plant were capable to reduce GO to rGO, based on the
analysis made on peak position, the intensity and clarity of absorption peak and the
previously reported UV-Vis absorption peak value of rGO, the one recorded when
methanol used as a solvent for extraction was the best method for the green synthesis of

reduced graphene oxide.

As shown in Figure 27, the m-m* transition Amax Values for GO is observed at 230 nm and
for rGO was at 262 nm which means a peak at larger wavelength was recorded for rGO.
This specify that most of oxygen functionalities were removed from the surface of GO and
conjugations C=C remains restored. This indicates that there are a large number of -C=C-

free conjugations in rGO.

3.0

rGO
(230) GO

2.5
2.0

1.5 1
l(262)

Absorbance (a.u)

1.0 (300)

0.5

0.0 T T T T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 27: UV-Vis absorbance spectra record of GO and rGO.

In this case a small amount of energy is required to remove its electron. As the absorption
peak decreases, there must be decrease in the delocalization of electron which means on

the other hand decrease in the degree of conjugation. In this case large amount of energy
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that is required to remove electron is needed because of their strong attachment to the
parent in the localized bond. Here more electronegative oxygen atom is occupied either at
the basal plane or at the edge so that less delocalization effect was observed. A shoulder
peak was also observed at 300 nm as shown in Figure 27 which was attributed to n-z*
transition. The n-* transition is a transition occurred from either hydroxyl or carboxyl or
carbonyl group in the structure of GO and rGO. As a result of reduction reaction, GO is
deoxygenated and converted into rGO with a less number of attached oxygen and there
must be a greater number of n-* transition in GO than rGO. The higher the intensity of n-

7* transition the higher is the degree of oxidation (Feng et al., 2020).
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Figure 28: UV-Vis absorbance spectra record of Bi,S; and rGO-Bi,S3; composite.

In UV-Vis analysis of Bi,S; and rGO-Bi,S3 as shown in Figure 28, peak observed at
around 400 and 680 on bismuth sulfide was disappeared in the case of the heterostructure

composite.

4.1.3 GC-MS analysis

The chromatograph profile of the yields of extracts in the three solvents recorded by GC-
MS is shown in Figures 29a, b, ¢ for methanol, ethanol and water respectively. It revealed
a complex mixture of compounds. However, similar to UV-Vis analysis, the major mother
components of the extracts identified by GC-MS were terpenoids, fatty acids and their

esters. Terpenoids are a family of asteraceae and fatty acids including their methyl and

79



ethyl esters occur in different abundance in the extracts of Vernonia Amygdalina (Abirami
& Rajendran, 2012; Igwe & ljeh, 2015). The major peaks with the largest area observed in
each solvent were 10 for methanol, 7 for ethanol and 6 for water. This analysis revealed
almost similar constituents in all the three extracts; however it displays many additional
compounds in water extracts. The overall retention time in case of methanol ranges from 3
to 23.56 minutes, in case of ethanol ranges from 3 to 20 minutes and in case of water it
ranges from 3 to 23.90 minutes. Retention time — or maybe more accurately, retention
volume — is to analytical chemists almost the most important feature of the chromatogram
since it is the key to separate, identify and to quantify the analyte of interest from any
complex media. In fact, peak identification is initially accomplished by comparing the
retention time of the unknown component to that of a standard. As a consequence of this
prime consideration, great efforts have been dedicated to develop standard
chromatographic methods that allow the identification of mixture components based on
their retention times. Gas chromatographic elution, however, shows a significant variation
from run-to-run in the time domain due to uncontrollable fluctuations in temperature and
pressure, and from sample to sample due to matrix effects and column
degradation(Etxebarria et al., 2009). Therefore, GC-MS gives a uniform identification of

mixture components.

The interpretation of the GC-MS spectrum was done based on the NIST library and the
fragmentation patterns given in Figures 29a, b, ¢ have helped in the identification of a
particular class of compounds.
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Figure 29: GC-MS chromatogram of bitter leaf extracts in (a) methanol (b) ethanol (c)

water.

In this study, about six common compounds were extracted using the three solvents and
these compounds were used as a reducing agent and/or capping agent in the green
synthesis of reduced graphene oxide. However there were also some compounds which
were specific and they are unique to their corresponding extracting solvents. The
comparative study of reduction capacity of the three solvent extracted compounds based
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on whether the common compound or unique compounds are involved in the reduction
reaction process was elaborated. If only one of the solvent extracted compound i.e. which
is not found in common in the two or three solvent cases reduce GO to rGO then the
reducing agent is a finger print to the specific solvents. The following Tables (Tables 3, 4,
and 5) describe the compounds which are common to two of the three or to all the three

solvents and compounds which are specific to each solvent respectively.

Table 3: GC-MS identified antioxidant/capping compounds common to all solvent

extraction.

S. No | Compound Name Retention time Molecular formula
(in minutes.)
M E W

1 1,2,3-tri(t-Butyl) cyclo 15.8 | 15.0 | 7.12 | Ci5H27Br3
propenylium tribromide

2 1,2,3-tri(t-Butyl) cyclo 9.87 |[16.3 |4.40 | CisH2sCp2
propenylium hydrogen dichloride

3 2-(4-oxa-5-azaspiro [2,4]hept-5- 10.8 |8.88 | 15.7 | C12H17NO;
en-6-yl methyl) cyclo hexanone

4 1,1°-(1-(4-chlorophenyl)-5- 111 | 20.1 | 23.9 | Cx;H17CIN,O4

methyl-1H-pyrozole-3,4-diyl)-
bis(3-(furan-2-yl) prop-2-en-1-one

5 (42)-4-octene 8.67 |8.67 |8.67 | CgHis

6 5-methyl-6-oxa-1-aza-bicyclo 486 |4.86 |4.86 | CsHgNO
[3.1.0] hexene

Note: M = Methanol, E = Ethanol, W = Water

The mass spectrum allows us to identify the compounds from millions of potential
chemicals. As sample molecules exit the GC column and enter into the mass
spectrophotometer, they encounter an energy source. This energy removes a single
electron from the sample molecule and the products were moving through the mass
spectrometer, where the detector is only sensitive to positively charged molecules. The
detector transforms the number of molecules into an electrical signal and integrator
translates this individual signal peaks into a bar graph. The abundance is plotted as a

function of molecules mass to charge ratio (m/z) on a bar graph as shown below in Figures
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30a, b, c. Here the base and the molecular ion peaks were only given due attention for the

selection.

Table 4: GC-MS identified antioxidant/capping compounds common to two of the solvent

extraction.
S. No | Name of the compounds Retention time | Molecular Formula | Solvent
1 2-[(1-methylbutyl)-1-(phenyl | 3.69 | 3.69 C19H2N20,S M | W
methyl)] Benz imidazole
2 [2,4-dimethyl-6-nitro-2-(3- 3.79 3.79 C24H20N205 M w

nitrophenyl)-3,4-dihydro-2H-
1-benzopyran-3-yl] ~ phenyl

methanone

3 3.alpha.-methyl-3.beta- 154 |16.3 Ci15H203 E |W
formyl-5.alpha.H, 7.alpha.H,
6.beta.H, 11.beta.H-

eudesman-6,12-olide

4 Phenyl-4- [bIS 4.09 23.9 C21H2606 E w
(ethoxycarbonyl) but-3-ynyl]-
2,3,4-trideoxy-.alpha.,L-

glycero-pent-2-enopyranoside

5 (E)-methyl-5-(6-fluoro 124 | 124 C11H1,FNO3 M |W
pyridin-3-yl)-5-hydroxypent-

2-enoate

Note: M = Methanol, E = Ethanol, W = Water
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Figure 30: the structure of extracted compounds of Vernonia Amygdalina and its

corresponding mass spectrum in (a) methanol (b) ethanol (c) water.
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Table 5: GC-MS identified antioxidant/capping compounds specific to one solvent

extraction.
S. No | Name of the compounds Retention time | Molecular Formula | Solvent
(in minutes)
1 7,9-(p-methoxyphenylidene 17.6 C2H3606 W
dioxy)-5-methoxy-2,4,6,8-
tetra methylnonan-1,3-diol
2 5-(4-aminophenyl)-10,15,20- | 15.4 CasH31Ns W
triphenylprophirin
3 Ethanone, 2-[(1-methyl-2- | 3.78 C12H1402 E
prpenyl)oxy]-1-phenyl
4 2-propanoic acid, 2-methyl-, | 3.94 CgH140, E
butyl ester
5 (S)-(E)-(-)-4-Acetoxy-1-one | 23.6 Ca0H2803 M
6 14.alpha.-cheilanth-13(14)- 20.5 Co6H1202 M
enic methyl ester

Note: M = Methanol, E = Ethanol, W = Water

4.1.4 XRD Analysis
Figure 31 shows the XRD patterns and characteristic parameters of reduced graphene
oxide. Many previous studies shows that the diffraction peak of rGO powder was formed
at 20 = 24° and corresponding layer to layer distance of 0.37 nm (MM et al., 2017;
Romero et al., 2018).

In this study rGO was synthesized by a green method using solvent extraction.
Antioxidant compounds extracted from plant Vernonia Amygdalina using solvents such as
methanol, ethanol and water were used to reduce GO to rGO. The X-ray diffraction

patterns of as synthesized rGO was recorded as shown in Figure 31.

From the pattern, the peak characterizing rGO obtained by a compound extracted by
ethanol was located at 26 = 19.8° with the corresponding d-spacing value of 0.44 nm. The
peak characteristic obtained from water extracted compound was located at 20 = 21.3%and
d-spacing of 0.41 nm. In both cases we observed the maximum interlayer distance that
deviates from the literature values which might be the result of the lower reducing
capacity or the presence interfering impurities, in compounds extracted by these solvents.
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The XRD patter also shows a perfect peak at 20 = 24° with the d-spacing of 0.37 nm. This
peak depicted the formation of graphene with few layers or the appropriate reduction of
graphene oxide to reduced graphene oxide. This peak corresponds to the reduction of GO
by methanol extracted compounds of Vernonia Amygdalina. Thus there must be methanol
extracted compounds (methanol finger print) that were not common to the other solvent
participated in the reduction process. There are compounds such as cheilanth-enic methyl
ester and acetoxy-one in Table 5 which was supposed to be the most effective compounds
found only in methanol extracted VA to act as a reducing and capping agent. There is also
a peak at around 20 = 43° on all of the three solvent extracted peak which is because of the
turbostratic disorder exhibited by molecules of graphene based materials (Fentaw &
Worku, 2017).
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Figure 31: XRD diffraction pattern of rGO reduced with methanol, ethanol and water.

The changes in the crystal structure of graphite followed by its oxidation to produce GO
and subsequent reduction to produce rGO was evaluated by XRD patterns as shown in
Figure 32. Besides to structural arrangement, this characterization technique used to
monitor the extent of oxidation and purity of the material under examination. The
interlayer spacing and its corresponding sharp peak at 20 value of graphite is 0.34 nm and
26.4°, respectively which is in a good agreement with a graphitic nature and exactly
matches with the literature values (Fentaw & Worku, 2017; MM et al., 2017). Regarding
GO; the 20 value was shifted to 10° and the d-spacing to 0.88 nm as a result of the
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intercalation of oxygen containing functional group from the oxidizing agent KMnO,
using the intercalating agent H,SQO,. This insertion of oxygen containing functional group
in the form of hydroxyl and epoxy across the basal plane and carbonyl and carboxyl at the
edge of graphitic structure increases the interlayer distance significantly. Thus the bond
between the layers became so weak that they can simply disintegrate to pieces of layers

called graphene or rGO by introducing reducing and chopping agents.
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Figure 32: XRD diffraction patterns of graphite, GO and rGO.

Furthermore, peaks were observed at around 26 = 43° in GO and rGO which were resulted
due to slipping out of the alignments of crystal structure from basal planes. With the green
reduction using methanol extracts of Vernonia Amygdalina (Dhebicha) of GO to produce
graphene/ (rGO), there was a shift in the d-spacing and 26 values to 0.36 nm and 24.5°

respectively and this result confirmed the successful reduction of GO to graphene.
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With the green reduction using methanol extracts of Vernonia Amygdalina (in Afaan
Oromo called - Dhebicha) of GO to produce graphene/ (rGO), there was a shift in the d-
spacing and 20 values to 0.37 nm and 24.5° respectively and this result confirmed the
successful reduction of GO to graphene/rGO separately.

The average crystalline structural properties of GO was also determined by using XRD
techniques (Chufa et al., 2021; Fentaw & Worku, 2017). The XRD patterns showed the
larger d-spacing for GO (0.88 nm) than graphite (0.34 nm) (Hessain & Hassan, 2020) and
this is attributed to the insertion of a large number of oxygen containing functional group

between the precursor graphite during oxidation process.

Figure 33 shows the XRD patterns of the as-synthesized Bi,S; and rGO-Bi,S3
nanostructure. All the reflections in the diffraction peaks can be indexed as the
orthorhombic structured Bi,S3 with lattice constants (of standard data) a = 11.150 A, b =
11.303 A, and ¢ = 3.981 A (JCPDS No. 17-0320). The intensities and positions of the
peaks are in a good agreement with literature values (F. Chen et al., 2013; Liao et al.,
2001; H. Wang et al., 2002).

Here, the powder X-ray diffraction (XRD) is also used to determine the phase structure of
the as-prepared rGO-Bi,S; composite. The result obtained for rGO-Bi,S; is slightly
different from the XRD pattern of Bi,S; which implies that the weak XRD spectra of rGO
at 20 = 24.5° is shielded by the strong peak intensities of Bi,S; at around 26 = 25°. The
peaks observed at 20 > 40° in Bi,S; is disappeared in the case of composites but get
relatively narrower which is attributed to the degree of crystallinity and purity of rGO-
Bi,S;z. As it was determined from TGA analysis the amount of rGO in the composite is

lower and as a result its peak is dominated by the peak of Bi,Ss.
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Figure 33: XRD diffraction pattern of as synthesized Bi,S3 and rGO-Bi,Ss.

4.1.5 Fourier-transform Infrared spectroscopy (FTIR)

The functional groups and structure of GO was determined from its FT-IR spectral
analysis as shown in Figure 34. The absorption peaks recorded were associated with their
corresponding functional groups in the basal plane and edge of the mother GO structure.
The broad band observed at 3400 cm™was for hydroxide groups, the bands at 2850 and
2920 cm™ were for the C — H symmetric and asymmetric stretching frequencies
respectively, the band at 1735 cm™ was for the C = O carboxyl group, the band at 1623
cm™ was for the C = C of aromatic rings, the band at 1378 cm™ was for the stretching of
the C — OH of the carboxylic acids, the band at 1226 cm™ corresponds to the epoxide (C —
0) functional groups and the one at 1051cm™ was for alkoxy C—OH. Therefore, the
presences of these oxygen containing functional groups in the structure of GO confirmed

the successful oxidation of the precursor graphite to produce graphene oxide whereas the
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sharp absorption band observed at 1623 cm-1 depicted the retaining of C = C in the
aromatic ring in GO.

The structure of the prepared rGO was characterized using FT-IR spectroscopy. The FT-
IR record displayed a broad stretching peak at 3408 cm™ which was attributed to the OH
of the intercalated residual water molecules and the peak at 1634 cm™ by the same
molecules but due to bending vibration (Fentaw & Worku, 2017) is disappeared in rGO.
As the oxygen containing functional groups were removed by the reducing agent, the
characteristic absorption peaks of oxide groups decreased significantly and the CO, peak
at around 2340 cm™ vanished indicating the successful reduction of GO. The compounds
obtained from Vernonia amygdalina (VA) by solvent extraction using methanol as a
solvent was used to reduce GO to rGO. Most of the peaks related to carbonyl, carboxyl,
and hydroxyl of water are disappeared in the spectra of rGO. The sharp band formed at
1570 cm™ was attributed to (C=C) stretching. The absorption peak formed at 1222 and
1051 cm™ as a result of stretching vibration of epoxide and alkoxy (C-O) group,
respectively in GO is not observed in rGO which is also the indicator of the successful
reduction of GO. Hence, the FT-IR spectra record confirms the complete reduction of GO
to rGO and the rGO synthesized was used to prepare rGO-Bi,S3 nanostructure composite
for the decomposition of methylene blue in the presence of visible light irradiation.

As the oxygen containing functional groups were removed by the reducing agent, the
characteristic absorption peaks of oxide groups decreased significantly and the CO, peak
at 2340 cm™ vanished indicating the successful reduction of GO. The sharp band formed
at 1570 cm™ was attributed to (C=C) stretching.
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Figure 34: FT-IR absorbance spectra of GO and rGO.

The structural information of the rGO-Bi,S; nanocomposite was further characterized by
FT-IR spectroscopy as shown in Figure 35. Upon oxidation of graphite to GO, the
observed representative peaks of rGO were significantly confirmed above. However, most
of these absorption peaks related to the oxidized groups vanished in the FT-IR spectrum of
the rGO-Bi,S; nanocomposite, and a new absorption peak at about 1570 cm* appeared
(corresponding to the aromatic skeletal C=C stretching vibration of graphene sheets),
indicating the reduction of the functional groups and restoration of the m-conjugation
structure of graphene during the reduction process. In addition, the additional peak at
~518 cm ! could be due to the stretching vibration of Bi-S, suggesting that Bi,Ss NSs
were successfully anchored on the surface of graphene. The new peaks at 2960 and 2864
cm * were attributed to the asymmetric and symmetric stretching vibrations of —CH,—

groups, respectively.
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Figure 35: FT-IR absorbance spectra of rGO-Bi,S3 composite.

The relatively smaller band unlike that of broad peak in GO formed at 3409 cm™ in Figure
37 is attributed to the O-H functional group of the residual water stretching and the band
observed at 1567 cm™ is due to the bending vibration of the same group(Z. Zhang et al.,
2013). The relatively wide absorption peak formed at 1090 cm™ is attributed to the

interaction between rGO and Bi,S3 nanostructure composite(L. Zhang et al., 2015)

4.1.6 Scanning electron microscopy (SEM)

SEM is a powerful technique in providing informative data for characterizing
microstructure such as corrosion, fracture, grains and grain boundaries(Choudhary, O.P.
and Choudhary, 2017). Figures 36a, b, ¢ show the micrographs for Graphite, GO and rGO
at a magnifications of 17,000X, 18,000X and 18,000X respectively. Figure 36a shows the
graphite micrograph which depicts the existence of platelet like crystalline structure of
carbon. The graphite micrograph shown below appears to be ordered and compact stack
with properly aligned edge because of the existence of Van der Waals forces which
bonded its layer together. The SEM morphology of modified tour method synthesized GO
in this work clearly shows a two dimensional sheet like structure. As indicated in Figure
36b, SEM image of GO showed smooth, wrinkled folded at its surface due to the
expansion of layer because of insertion of oxygen containing functional group during

oxidation. The layered flakes observed were the confirmation of complete oxidation of
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graphite to GO. This is resulted in the destroying of the laminated structure in graphite so
that the structure of GO is delaminated and disordered. Unlike graphite, GO sheets were
thicker at the edge than at the basal planes because of the highly combination of oxygen
containing functional group at the edge. As it can be observed from the SEM image of
GO, its layers were independently suspended in the matrix and there is no sign of bending

observed.

HV |[m ) ] 11 E—

Figure 36: SEM imageof a) rphite, b) GO and c) GO at the same magnification.

Figure 36¢ shows the micrograph of rGO obtained by the green reduction of GO using
bitter leaf extracts. An improvement in the surface morphology of rGO was observed
when compared with the surface morphology of GO because of the removal of wrinkled
and folds. After the reduction of GO different forms of transparent and thin layers
structure of rGO were obtained. SEM image of rGO demonstrate individual sheet like
structure by means of self-assembly techniques which indicated the successful reduction
of GO into rGO by using solvent extracted Vernonia Amygdalina.
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The SEM images recorded under different magnification of the same sample of GO
synthesized by slight modification to the improved method was shown in Figure 37 (a-
d).1t is evident from these micrographs that the GO showed more wrinkled and folded at
its edges agglomerates with two dimensional sheets like structure shown in Figure 37 (b &
c). In the GO morphologies given below because of the layer expansion due to the
insertion of oxygen containing functional groups visible layer arrangements were recorded
in Figure 38a, which was also reported in literatures (Choudhary, O.P. and Choudhary,
2017; Chufa et al., 2021). The multiple lamellar layer structures and independent

individual sheets of GO were also observed in the micrographs as shown in Figure 38d.

The thickness of GO observed at the edge is due to the combination of the oxygen

Figure 37: SEM image of GO at different magnification.

4.1.7 High resolution Transmission electron microscopy (HR-TEM)
HR-TEM was used to measure the particle size and investigate the morphology of the
samples. Figure 38(a-d) and 40(f-i) show the TEM images recorded for GO and rGO
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respectively. These materials were examined under HR-TEM to confirm the formation of

GO and rGO and to determine their morphology and size.

The EDAX analysis was made to determine the elemental composition of GO and rGO.
The EDAX result showed that C and O were the major components in addition to some
impurities such as S from H,SO,4, Na may be from plant extract, and Ca may also be from
plant extract, ClI from HCI used for washing purpose, and K from the oxidizing agent
KMnQ,; which must have completely removed during washing. As observed on the
graph of EDAX, the percentages of oxygen were greatly reduced in the case of rGO and
this is the indications of the reduction of GO to rGO.

Figure 38: (a-d) HR-TEM image of GO and inset is SAED pattern of GO.

As it can also be seen from TEM image of Figure 38 (a and b), the highly electron
transparent corrugated or wrinkled layered structure of GO was formed. It reveals a
mixture of multi-layer graphene oxide (dark region) and few (single) layer of graphene

oxide (transparent region). Even if the exact number of 2D nanosheet cannot be
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determined, we can observe from the TEM and SEM image that there are no large
graphitic aggregates present which indicate the formation of few layer of graphene. The
folded edges observed on the TEM images of rGO were the indicators of the presence of
the functional groups. The SAED pattern displayed the interlayer distance obtained by
calculating the distance between two bright spot points around the core white spot were

exactly match the values obtained from XRD analysis.

It can also be clearly seen that the rGO samples crippled and wrinkled structure which
inhibits the restacking of the graphene sheets together. The TEM micrograph of rGO
revealed that the edge of the sheets appeared to be smooth. The broad XRD peak and the
diffused ring indicating the disordered structure and less crystallinity of materials were
observed in SAED patterns of rGO.

M spectrum 3

Line Atomic
Element Type Wit%% %
C K series 54.72 62.89
O K series 40.85 35.25
S K series 3.31 1.42
cl K series 1.12 0.44
100

4 14

_ Figure 39: Elemental compotion of GO using EDAX.

Figure 41 (f-i) represents rGO micrograph which displayed plated rGO from a few layer to
a single layer of graphene. This image depicted that the sample consists of scrolled,
wrinkled and transparent which were often the indicators of few layers rGO sheets.
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Figure 40: (f-i) HR-TEM image of rGO and inset is SAED pattern of rGO.

The Energy dispersive X-ray analysis (EDAX) obtained using K-series shown in Figure
39 and 41 for GO and rGO respectively revealed that the GO contains 62.89% of C,
35.25% of O and 1.42% of S. The EDAX analysis suggests that the rGO sheets contained
78.86% C, 20.30% of O, 0.17% of Si, 0.13% of S and 0.08% of Ca as reported by N.
Rawal and S. Solanki (Rawal et al., 2020). The d-spacing of both GO and rGO was

calculated to be 0.88 nm and 0.36 nm, respectively from the equation:

2
distance between the two white spot

d — spacing =
As shown in Figure 39, the EDAX analysis is evidant that the GO contains a major

parcentage of carbon and oxygen and small amount of sulfure and chloride which is
possibly originated from H,SO,4 and HCI, respectively.
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Figure 41: Elemental composition of

4.1.8 Thermal Stability Analysis

Figure 42 shows the DTA and TGA curves of Bi,S; single crystal run from 0 to 1000 K
under N, gas atmosphere. As it can be seen from the graph of TGA in Figure 42, the
sample is slightly stable for the temperature range of 0 to 680 K with a weight loss of ~1-
2% due to the decomposition of some compounds. The significant decomposition of the
material with a severe weight loss was observed at around 700 K increasing continuously
with rising temperature up to 1000K. The maximum weight loss recorded at 1000 K is
21% (Deshpande et al., 2015; Z. Ge et al., 2011). This weight loss is attributed to the
decomposition of sulfur dioxide (SO,) and the remaining product finally turns into Bi,O3
residue which is confirmed from DTA analysis Figure 42 that gives endothermic peak at
around 910 K. Following with the severe weight loss at 700-1000 K, two exothermic
peaks and two endothermic peaks were observed from the DTA curve. The maximum
endothermic peak at around 910 K means that this temperature is the melting point of
Bi,S3 which is supposed to be reduced from 1036 K due to the lowered particle size to the

nanoscale.
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Figure 42: DTA and TGA curves of single crystal Bi,Ss.

From the differential thermogravimetric analysis result shown in Figure 43, the oxidative
decomposition temperature of rGO-Bi,S3 is 450 K. This value is less than the DTA value
of pure rGO which is equal to 570 K (Hwang et al., 2020). The decomposition of rGO is
enhanced when a metal sulfide is bonded to it because of the catalytic effects of the metal
sulfide nanoparticles. Hence, the lower decomposition temperature of rGO in the
composite is attributed to the catalytic effects of the Bi,S; which confirms the anchoring
of Bi,S;3 to the surface of rGO to form the rGO-Bi,S3 composite. As it can be seen from
the TGA analysis of Bi,S3 (Figure 43), maximum decomposition of the materials started at
700 K which is much greater than the value for the composite rGO-Bi,S; which is equal to
430 K (Figure 43). The lowered decomposition temperature in the case of composite is

attributed to the presence of oxygen that favors decomposition rate with low temperature.
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Figure 43: Thermal analysis results of rGO-Bi,S; NSs composite.

4.3 Photocatalysis Study

4.3.1 Presumed Photocatalytic Degradation

As far as the mechanism of photocatalytic degradation is concern, the radical species that
generated in the semiconductor photoexcitation play an important role for organic
pollutant’s degradation. The pictorial illustration of degradation using graphene/Bi,S3 as a

photocatalyst in the presence of visible light is presented in Figure 44,

Figure 44: Mechanism of photodegradation by using rGO-Bi,S3 as a photocatalyst in the
presence of visible light.
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The most crucial steps which will involve in this degradation process can be pictured in
the equations below.
Photons (hv) + Semiconductor — h* (VB) + e~ (CB)

h*+H,O0—-H*+ 0H~
h*+ OH — OH"®
e +0, > 05
2e” + O,+H,0 —H,0,
e +H,O,—-0H+ 0OH™
Organic contaminant + OH*+0,—CO,+H,0 + other degraded products

The mechanism also depends on certain conditions of experiment. The degradation mostly
depends on the excited electron with hole inside the semiconductor. A variety of
semiconductors are being employed with mostly nanosized state owing to the large surface
area and effect of quantum size favorably. Different forms of Bi,S; with either metal or
non-metal doping can be applied in the various types of pollutant degradation due to
stability, non-toxic properties and capability in degradation of dyes. Nevertheless, the
application of this compound has been restricted for the degradation of organic pollutant
commercially because of the possible variables related to experiment such as separation
treatment technique. Bi,S3 has been attracting significant attention of researchers owing to
its interesting band gap in the photocatalysis application for water purification. However,
the small band gap of Bi,S; is subjected to the risk of charge carrier recombination and its
light response range but still very effective and efficient if composited with a platform
which stabilize the band gap and optimize its light absorption range. The intensity of
semiconductor scattering on the surface can vary and thus, the most variable is more
accounted for the roughness factor value on the surfaces. Furthermore, the absorption
coefficient value depends on different physical features such as roughness of surface, the
size particle of inherent valence electrons occupancy added and the occupied wave

functions.

4.3.2 Photocatalytic degradation of methylene blue

One of the organic dyes most extensively used in almost all textile industries is methylene
blue (MB) and often pollutes the environment (Ya Liu et al., 2016). Thus, in this study we
tried to examine the photocatalytic degradation performance of as-prepared rGO-Bi,S3

against this important as well as serious pollutant MB under simulated visible light
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irradiation. The photocatalytic degradation of methylene blue (MB) was investigated in the
absence and presence of as-synthesized rGO-Bi,S; composite nanostructures (NSs)
catalyst under visible light irradiation. As shown in Figure 45 in the photodegradation
spectra of MB, there is no significant change observed in the intensity of MB in the
absence of the catalyst. The maximum wavelength (Amax) Of the MB is 664 nm and the red
and blue shift was not observed with the prolonged irradiation in the absence of rGO-Bi,S;
but there was insignificant intensity change (with a maximum decrease of 7%) at 20
minutes. Hence, the dye does not degrade when exposed to the light in the absence of
catalyst. The decrease in the intensity of the spectra is not consistent with the time of
irradiation in the absence of the catalyst as it can be observed in Figure 45. Hence, the use

of a catalyst is mandatory to degrade dyes to prevent the environment from pollution.
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Figure 45: Degradation of MB in the absence of the catalyst under visible light at 5

minutes interval run.

It has been reported that graphene oxide (GO) significantly enhanced the efficiency of
Bi,S; in the degradation of dyes (methylene blue) (Ayodhya & Veerabhadram, 2018). As
shown below in Figure 46, rGO displayed superior enhancement for the dyes degradation
in this study. The degradations started immediately as a 1:25 ratio of catalyst to dye
mixture was subjected to a visible radiation. The study was carried for a total of 25

minutes.

102



3.0

2.5

2.0

1.5+

Absorption (a.u)

1.0

0.5+

0.0

400 | 500 | 600 | 700 | 800
wavelength (nm)
Figure 46: Degradation of MB in the presence of the catalyst under visible light at 5

minutes interval run.

The maximum intensity of MB after 5 minutes irradiation was decreased to 0.4339. The
degradation efficiency was recorded to be 84%, 86%, 95%, 97% and 99% at 5, 10, 15, 20,
and 25 minutes, respectively. Hence, rGO-Bi,S; is the best composite with 99%

degradation efficiency. Figure 47 shows the degradation percentage of the pollutant versus

the time taken.
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Figure 47: Degradation of methylene blue under visible light irradiation with and without

a catalyst at different time interval.

The durability and reusability are also another way of measuring the performance of a
catalyst Figure 48.
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Figure 48: Cyclic degradation efficiency of rGO-Bi,S; composite against MB.
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The photocatalyst after each run were collected, washed with distilled water, dried at 80
°C and used for the successive new run. The photocatalytic activity of rGO-Bi,S;
nanostructure composites exhibited insignificant change (decrease) after running for five
cycles as shown in Figure 48 for 25 minutes retention time, confirming that the potentials

of rGO-Bi;,S; to be a stable catalyst to use it several times.

4.3.3 Mechanism of photodegradation of dyes

The generation of the charge carriers (electron-hole) by the semiconductor during
irradiation by visible light was the initiator of the photodegradation reaction. The charge
inter-transfer mechanism through rGO-Bi,S3 composite nanostructure during the
degrradation of MB dye is shown in Figure 49. When the semiconductor is irradiated by
sunlight, it generates e-h" pair which was stablized by rGO. This graphene material
provent the recombination of the charge carrier by optimizing the gap between the charge
carreirs  favoring them generate continously. Reduced graphene oxide stablize the
semiconductor by two different ways unlike GO. One is by using its periferal residual
oxygen and the second is by the polarity formed at its edges due to the delocalized

electron on the materials.
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Figure 49: Mechanisms of photodegradation by rGO-Bi,S3 under visible light irradiation.
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rGO inhibite charge carrier recombination by stablizing the band gap so that the energy
absorption effeciency of rGO-Bi,S; is increased which in turn resulted in accelerated
generation of the e-h* pair. Therefore, with the effective separation of charge carriers
upon the irradiation of Bi,S; with visible light, the continously generated electrons were
participated in the activation of O, and H,0; to generate the active species such as O;",

and «OH for the degradation of the dyes. Dye degradation detail is described as follows:

The MB solutions were treated by the rGO-Bi,S; composite, and the color of the MB
solution gradually faded as the reaction proceeded, which indicated that the MB
concentration decreased obviously. This phenomenon can be ascribed to the destruction of
the whole molecules or the chromophore destruction. In the MB degradation mechanism,
intermediates and final products generated and the MB degradation pathway was proposed
was shown in Figure 50. The S—CI bond was the first broken in the MB degradation
process and the MB molecule oxidized into NO3, CI™, and SO4*~ in the process. Hydroxyl
radical was proved to generate on the surface of the catalyst thus, the process may be
described as follows: H,O, was catalyzed to decompose and hydroxyl radicals were
generated on the surface of the catalyst and then transferred to the liquid phase to oxidize
MB in solution. Most CI" may be ionized during the dissolution of MB and exist in the
detached state. N—CHj3 with the lowest bond energy of 70.8 kcal/mol is first broken and
the —CH3 is oxidized to HCHO or HCOOH. C—S and C—N are broken in the following
oxidization of the remaining structure; N—CH3 and C—N are broken after the oxidation of
CI-S to S=0, and the S—C bond in the remaining structure is broken to form phenol and
aniline-2-sulfonic acid; some two-OH and -SOsH connected to C2, C5, C8, and C11 in
one MB molecules as the N—CHj3 bond is broken, and then -OH is derived. These organic
intermediates in solution were further oxidized until finally transformed into CO,, H,0,
ClI", SO, and NO3 .
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Figure 50: Proposed degradation pathway of MB (Q. Wang et al., 2014).
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4.4 Adsorption Study
4.4.1 Physicochemical Properties of the Sample
The physicochemical properties of the Dugda-Bora ground water with maximum fluoride

content were analyzed and the results were presented in Table 6.

Table 6: The physicochemical properties of Dugda-Bora ground water with maximum

fluoride content

Parameter Value
pH 8.5
Conductivity (us/cm) 3000
Total hardness (mg/L) 108
F(mg/L) 37
S0, (mg/L) 7
ClI'(mg/L) 4

PO, (mg/L) 0.6
NOs'(mg/L) 14.7
HCO3 (mg/L) 371

4.5 Parameter Optimization

4.5.1 Effect of pH

The adsorption of anionic pollutants on the surface of GO is affected by pH, with the
adsorption capacity increasing at lower pH (Perreault, Fonseca De Faria, et al., 2015). The
behaviour of GO in aqueous solution is governed by its point of zero charge (pHp.c). When
solution pH is greater than pHy,c then the GO surface is negatively charged because of the
deprotonation of carboxyl and hydroxyl groups. On the other hand, when the solution pH
is less than pHp,c, GO surface becomes positively charged (Perreault, Faria, et al., 2015).
Hence, this larger pHp, value than the media solution pH is the condition under the

investigations was performed.

The adsorption of fluoride onto GO was determined by varying the pH values from 3 to
11.The hydrogen ion concentration plays a significant role in determining the fluoride ion
adsorption capacity of graphene based nanomaterials. OH" is the anion competing for the
adsorption of F~ because of their similar lattice size and charge. The pHy,. of the adsorbent
and the pH of the stock solution were determined prior to carry out adsorption activity to

be 4.5, and 8.5 respectively. The pH of the mixture solution became around 6.8. Hence
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this is a favorable pH value where the GO is ready to adsorb the negatively charged
anions. Figure 51 and 52 show the effect of pH on removal of fluoride from laboratory
prepared stock solution and ground water, respectively.
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Figure 51: Effect of pH on removal of F obtained from NaF solution sample.
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Figure 52: Effect of pH on removal of F obtained from ground water sample.
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When pHp,c> pH, the surface of GO is positively charged and ready to attract negatively
charged particles. At this pH, the epoxides across the basal plane and carbonyl, and
carboxyl at the edge of GO were highly protonated and the total surface of the adsorbent
were positively charged. Hence this is the convenient condition for the fluoride ion to be
adsorbed on the GO surfaces. The reusability and recyclability of the adsorbent was done
by desorbing the F~ from the surfaces through acidulation of the solution. The optimum pH
at which GO adsorbs fluoride ion was obtained to be 6.8. At this pH, 99.3% of F obtained
from NaF solution and 91.6% of fluoride in the real sample were adsorbed by GO which is
similar to previous reports (Fito et al., 2019; Karthikeyan, 2019; Ku et al., 2002;
Malakootian et al., 2011).

The UV-Vis spectra of the mixture were taken at different pH values and the result
showed that the UV-Vis absorption peak of a complex solution of fluoride ion formed at
Amax around 525 was completely removed after adsorption. The result also showed that the
behaviour of GO on the absorption spectrum of UV-VIS record with the Anax Value 226
was retained unchanged as shown in Figure 53.

Sample
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0.00 L I
200 400 600 800

Wavelength (20)

Figure 53: (a) UV-Vis absorbance spectra of adsorbent at pH (3-11) after F~ adsorption, (b)
UV-Vis of the sample.
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This depicted the adsorption process is physisorption so that the possibility of reusing the
adsorbent is high. The intensity of the absorption peak of the adsorbent after the
adsorption activity is not consistent. As shown in Figure 53, the intensity of UV-Vis
absorbance spectrum for the solution at pH 9 is maximum but the adsorption capacity of
the adsorbent at this pH is 78%. The exchange capacity of GO for fluoride decreased
rapidly for solution at pH greater than 7 as shown in Figure 51 & 52. The adsorption rates

were also found to decrease with increasing solution pH beyond 7.

4.5.2 Effects of contact time

By adding known amount of adsorbent dosage 0.42 mg to each of 50 mL fluoride solution
in measuring flask containing 10 mg/L of initial fluoride concentration, agitated by digital
shaker at 120 rpm and pH of 6.8 with varying contact time 50, 70, 90, 110 and 130; the
effect of contact time on the adsorption of fluoride was studied. The influence of contact

time on the fluoride removal efficiency is shown in Figure 54.
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Figure 54: Effect of contact time on fluoride adsorption.

It was observed that with a constant dose of GO, the amount of fluoride adsorbed on the
surface of the absorbent increases with time until the steady state was reached at 90

minutes. The maximum adsorption capacity recorded at the end of 90 minutes was found
to be 98%.
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4.5.3 Effect of adsorbent dosage

Figure 55 shows the effect of adsorbent dosage on at agitation rate of 120 rpm, agitation
time of 90 minutes and pH of the solution was 6.8. The result depicted that the adsorption
of fluoride by GO increases rapidly as the dosage increases up to the optimum value 0.42
mg. The adsorption capacity of GO at this dosage is 97%. The increase of the dosage

beyond this value does not bring any change on the adsorption of fluoride ions.
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Figure 55: Effect of adsorbent dosage on fluoride ions adsorption.

4.5.4 Effect of Initial Concentration

The capacity of GO to adsorb fluoride was assessed by using the initial concentration of
fluoride ranging from 1 to 40 mg/L while the other parameters were constant. The rate of
adsorption of fluoride onto GO was so fast that most of the adsorption process was
completed within 30 minutes. Fluoride adsorption increased with increasing initial
concentration of fluoride and this is attributed to the diffusion of the adsorbate to the

adsorbent surface as shown in Figure 56.
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Figure 56: Effects of initial fluoride concentration.

4.6 Adsorption Kinetics

Figure 57 shows the pseudo-first-order and pseudo-second-order kinetics model of
fluoride adsorption onto GO. The fluoride adsorption kinetics of GO at agitation speed of
120 rpm, adsorbent dosage of 0.42 mg/L, contact time of 90 minutes and pH of 6.8. Table
7 shows the values of K, Ks, Kq and K, experimental adsorption capacity at equilibrium
0e, exp and calculated adsorption capacity at equilibrium ge, caic.

The adsorption kinetics of both pseudo-first-order (SFO) and pseudo-second order (SSO)
reactions were determined. The adsorption kinetics for the SSO reactions was found to be
0.99 for the coefficient of determination (R?) and the sum of square errors was 0.0002. R?
and sum of square errors for the SFO reaction was 0.96 and 0.02, respectively as indicated
in Table 7.
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Figure 57: pseudo-first-order (a) and pseudo-second-order kinetics model of fluoride

adsorption onto GO.

The R? value for the SSO kinetics is larger than the corresponding R? value for SFO

reaction and the difference between e, caic and ge, exp Was insignificant so that the sum of
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square error is very small. This shows that the SSO reaction is best describes the fluoride
adsorption by GO.

Table 7: The kinetics parameter for the adsorption of fluoride ions by GO

SFO Parameter Value
e, exp (mg/g) 0.2263
e, calc (mg/g) 0.0920
Kt (9/mg min) 0.0381
R’ 0.96
SSO Parameter Value
e, exp (mg/g) 0.2263
Qe calc (MQY/Q) 0.2533
Ks (g/mg min) 0.739

R 0.99
Intraparticle diffusion Parameter Value
Kiq1 (Mg/g 0.0086
mino's)
Ci1 (mg/g) 0.161
R? 0.86
Kida2 (Mg/g 11.1
min®®)
Ciz (mg/g) 89.72
Rz 0.85
Kidgs (Mg/g 0.061
min°'5)
Ciz (mg/g) 109.3
Rz 0.61
Particle diffusion Parameter Value

k, (mg/g min) | 0.221

The absorption/diffusibility of the adsorbate into the adsorbent was determined from the
intraparticle diffusion model. Using equation 15, the value of intraparticle diffusion rate
constant k, and the value of C were obtained from the slop (m) and intercept (C) of the
plot of ge versus square root of time as in Table 7. The plot of g versus t*°, Figure 58 (a)
showed nonlinear dependency over the total range, with the line not passing through the

origin.
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Figure 58: A plot for (a) Weber and Morris, (b) Chanda models

This indicates the rate limiting step is controlled by boundary layer diffusion. The sharp
rapid increasing plot initially observed indicates the fast uptake of ions onto GO surface
which is decreased gradually due to surface saturation at equilibrium. As shown in the
upper region of Figure 58 (a), there is slow process which was involved in the
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transportation of F* into the adsorbent pores. Therefore the overall process is controlled by
particles rather than pore diffusion, which is also supported by high value of R? shown in
Table 7.

4.7 Adsorption Isotherms

Langmuir and Freundlich isotherms are the basic models which are employed to describe
the adsorption isotherms using the experimentally obtained data (Tefera et al., 2020; Xu et
al., 2020). The adsorption capacity of the GO was evaluated under the removal of fluoride
from aqueous solution of NaF and a real sample taken from fluoride polluted ground water
of Dugda-Bora.The Langmuir isotherm model is suitable for monolayer adsorption while
the Freundlich isotherm model is applied for multilayer adsorption because of its
heterogonous active surfaces which have different adsorption capacities. The Langmuir
and Freundlich isotherm are expressed as given in equations 18 and 19 which are the

simplified forms of equations 11 and 12, respectively.

Ce _Ce y T (18)
de qm  baqm

Ing, = InK; + ilnce (19)

Where c. adsorbate concentration at equilibrium (mg/L), ge amount of adsorbate adsorbed
per unit mass of adsorbent at equilibrium (mg/g), qm maximum adsorption capacity of
adsorbate per unit mass of adsorbent (mg/g), b Langmuir constant related to energy
adsorption (L/mg), ki Freundlich constant (mg/g) which correlated to relative adsorption
capacity of adsorbent, n is the Freundlich exponent which describes the intensity of
adsorption. Figure 59 shows the isotherm modeling of Langmuir and Freundlich for
fluoride Adsorption by GO and Figure 60 shows the plot of Temkin and D-R isotherm.
Table 8 shows the parameters of the Langmuir, Freundlich and other models for the

removal of fluoride by GO.
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Figure 59: Langmuir (a) and Freundlich (b) isotherm modeling of fluoride adsorption onto
GO.
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Figure 60: Temkin (c) and D-R (d) isotherm modeling of fluoride adsorption onto GO.

As shown in Table 9, the value of correlation coefficient (R?) of Langmuir and Freundlich
adsorption model was 0.96 and 0.99, respectively. Based on the data obtained from Table
8, the Freundlich isotherm depicted a good fit to the experimental data. The Freundlich

constant Ks and Freundlich coefficient n were obtained from the slop and intercept as 4.61
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and 4.05. The value of n shows the adsorption process is favorable. This is due to the

presence of different functional group on the surface of GO having different active sites.

The maximum adsorption capacity of GO was calculated to be 301.43 mg/g.

Table 8: The four isotherm models parameter values for fluoride adsorption by GO

Isotherms Model Parameters Values
Langmuir R? 0.96
m (Mgg-1) 6
K. (Lmg™) 0.098
AG (KJmol™) -10.6
RL 0.5
Freundlich R 0.99
Kr (mgg™) 4.61
n 4.05
Tempkin R? 0.94
Kr (Lg™Y) 0.86
b (Jmol™) 1760.4
D-R R 0.92
Gm (Mgg™) 5
Ko-r (Lmg™) -0.001
E (KJmol™) 17

Table 9 shows the comparative adsorption capacity of graphene oxide nanostructure with

the previously reported works.
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Table 9: Comparison of adsorption capacity of GO with literature values

S. Adsorbent Adsorbate | Adsorption References
No Capacity
(ge) in
mg/g
1 Graphene oxide NS Fluoride 301.43 Present work
2 Modified lemna powder Fluoride 41.76 (Zazouli, Belarak, et al.,
2014)

3 Synthetic sodalite zeolite | Fluoride 315.82 (Balarak et al., 2017)
4 Modified azolla Fluoride 47.25 (Zazouli, Mahvi, et al.,
filiculoides 2014b)

5 Sorghum and Canola Fluoride 37.11, (Zazouli et al., 2015)
43.19
6 Carbon nanotube Fluoride 216.35 (Balarak et al., 2016)
7 Chitosan Fluoride 62.73 (Akbari et al., 2018)
8 Cupricoxide NP Fluoride 173.28 (Bazrafshan et al., 2016)
9 Eucalyptus bark Fluoride 119.77 (Zazouli, Mahvi, et al.,
2014a)
10 Chitosan/Zeolite Fluoride 164.43 (Mahvi et al., 2019)
composite

NS = Nanostructure, NP = Nanoparticles

4.8 Desorption Studies

Desorption studies aid in determining adsorbent reusability without compromising the
adsorbent's efficiency. Therefore desorption and regeneration studies are important in
adsorption. Desorption may occur either by thermal treatment or through suitable
desorbing agents. Desorption of F ions were studied in HCI solution. The adsorbent with
its adsorbed adsorbate were placed in this desorption medium and stirred continuously (at
a stirring rate of 700 rpm) for 15 min at room temperature. Desorption ratio was calculated
from the amount of F ions adsorbed on the nanostructure and the final concentration of F
ions in the desorption medium. To test the reusability of the adsorbent, adsorption—
desorption procedure of F* ions was repeated 10 times using the same adsorbent. To

regenerate after desorption, the adsorbent were washed with 0.1 M HCI and ethanol.
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Figures 61 shows desorption of F* and the maximum desorption efficiency was obtained in

0.05 M HClI solution as a good eluent for desorption of F" loaded adsorbents.
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Figure 61: The cyclic adsorption performance of the adsorbent GO against F.

4.9 Recyclability study

The reusability of the adsorbent, GO nanostructure, in the adsorption of fluoride ion from
ground water was explored. After washing repeatedly with doubly distilled water, the pH
of the solution was adjusted to be around 6.8 where re-adsorption of fluoride from the
solution was initiated. The adsorbent was filtered and collected to dry in the oven at 60 °C
overnight. 0.42 mg of the powder of GO was used for the recyclability test as shown in
Figure 62. The pH adjustment was done by HCI/H,SO, and NaOH and the maximum

adsorption capacity of GO were recovered and recorded to be 99%.
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Figure 62: The cyclic adsorption performance of the adsorbent GO against F.
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5. Conclusion and Recommendations

5.1 Conclusions

In this study, we have used the compounds Vernonia Amygdalina plant extract for the
green synthesis of reduced graphene oxide. UV-Vis and GC-MS instruments were used to
identify compounds in the plant extracts. These compounds were seen to be antioxidizing
agent and capping agent in the synthesis of reduced graphene oxide from graphene oxide.
UV-Vis spectroscopy and XRD were used to characterize VA leaf extract synthesized

rGO with parametric properties exactly match the literature values.

Slightly modified non-explosive and time saving Tour method was used to synthesis GO.
Easily available, cheap and green reducing agent as well as capping agent at the same time
having a maximum capacity to reduce GO to graphene was discovered from Vernonia
Amygdalina. The reducing capacity of Vernonia Amygdalina was attributed to the
existence of large amount of terpenoids and polyphenols in its methanol extracts. Besides,
they are capping agents due to their carbonyl and hydroxyl ends in the extracts to stabilize

the nanoparticle synthesized.

The appropriate conditions identified for the optimum adsorption activity was 120 rpm
agitation rate, 90 minutes contact time, 0.42 mg/L adsorbent dosage and 6.8 pH. Fluoride
ion removal capacity of GO from aqueous solution of NaF and real sample was 99.3% and
89.6%, respectively. The kinetics model of adsorption of F* onto GO was best described
by pseudo-second-order Kinetics. The research finding clearly indicated that the
Freundlich isotherm is more suitable than Langmuir for the adsorption of fluoride in the
ground water by GO. The 1/n value of the Freundlich isotherm is 0.25 which lie between

0.1 and 1 and this indicates the adsorption processes is favorable.

The heterogeneous photocatalyst, rGO-Bi,S; was synthesized from Bi,S; and rGO by a
single step reflux method. Bi,S; was synthesized from thiourea and bismuth chloride in
the presence of methanol extracted VA. All the synthesized materials were characterized
and their formations were confirmed. With two groups of samples, comparative studies
were performed on the degradation rate of MB under visible light irradiation. Samples
with and without the presence of the catalyst were considered. A group of sample with
presence of a catalyst were prepared by adding 5 mg of rGO-Bi,S3 to 125 ml of MB (1:25)
ratio and sonicated for 30 minutes to obtain adsorption desorption equilibrium. This

degradation performance capacity is confirmed to be constant by repeating the test for five
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times and the maximum average is 99% for 25 minutes retention time. The maximum
degradation value recorded under visible light irradiation of MB in the absence of catalyst

was 7%.

The reusability and durability test made confirmed that the catalyst can be reused
continuously for several times without decrease in capacity. The catalyst regenerated from
the solution by washing with distilled water several times was reused for catalysis of MB
for five cycles with the insignificant decrease in the degradation capacity. From the result
obtained, the maximum decrease in the degradation capacity by percent for 25 minutes

retention time was 7%.
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5.2 Recommendations
One of the main advantages possessed by graphene based materials is its biodegradability
after it reaches its final stage of usefulness, but it is not yet studied thoroughly.

The toxicity of graphene oxide and graphene oxide materials was proved to
depend highly on the shape and size of those materials, and through a carefully chosen
shape the impact on the environment through subsequent disposal after the complete life
cycle can be minimized sufficiently. Hence researchers should do research works
intensively on that area.

The studied graphene oxide materials tested against all target pollutants which pose a great
concern towards the environment and human health, being they are organic in nature or
inorganic anions are confirmed to have good and very good sorption and photocatalysis

capacities but the accessibility issue should be solved.

The only real challenge that may remain in the future is sending those materials to work,
in the help of societies which still lack access to clean water, a challenge which can only
be tackled globally, a challenge which is too great to be ascertained by one person or one

research group alone.

Deep investigations on these new nanosystems are currently underway with increasing
achievements for prototype applications. However, more intense research and funding are

required for their industrial-scale applications.

In this way, these 2D materials are new challenges for the materials scientists and a great

opportunity for further research and development.
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Indexes

Effects pH on the adsorption process (NaF complex solution, Real Sample)

pH | Initial Conc. (mg/L) | Final Conc. (mg/L) | Removal %
3 10 1.3 87
5 10 1.7 83
6.8 10 0.07 99.3
7 10 0.84 91.6
9 10 2.2 78
11 10 2.9 71
pH | Initial Conc. (mg/L) | Final Conc. (mg/L) | Removal %
3 10 2.2 78
5 10 1.9 81
6.8 10 0.84 91.6
7 10 1.77 82.3
8.5 10 2.2 90.2
11 10 2.9 71
Effects of initial concentration
Ot 0/04/06{08({09|09 |1 |105|11
FCon|[O|5 |10|15]20| 25 |30| 35 |40

Effects of contact time

Contact time (min) | Initial Con. (mg/L) | Final Con. (mg/L) | Removal (%)
50 10 2.2 78
70 10 1.25 87.5
90 10 0.2 98
110 10 0.25 97.5
130 10 0.2 94
150 10 0.2 90.9
Effects of Adsorbent dosage
Adsorbent Dosage | Initial Con. (mg/L) | Final Con. (mg/L) | Removal (%)
0.10 10 1.4 86
0.20 10 1.0 90
0.30 10 0.7 93
0.40 10 0.5 95
0.42 10 0.3 97
0.50 10 0.4 96
0.60 10 0.3 96.5
0.70 10 0.3 96
0.80 10 0.3 95
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Recyclabili

ty study (Adsorption)

Cycle

% removal

99

99

98.5

99

99

OB IWIN

99

Recyclability study (Photocatalyst)

Cycle

% removal

99

99

98.5

98.5

gl wiN

98.5

Degradation of

MB With/without catalyst

Time % degradation with % degradation without

0 0 0

5 84 3.5

10 86 4

15 95 5.6

20 97 7

25 99 5

30 99 5

Desorption
HCI con. (M) % removal

0.01 65
0.03 85
0.05 95
0.07 80
0.09 75
0.11 65
0.13 55
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