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APRESENTACAO

Este e-book intitulado: “Desenvolvimento e Transferéncia de Tecnologia na
Engenharia Quimica 2” é composto por dezoito capitulos de livros que foram organizados
e divididos em trés areas tematicas: (/) minerais e materiais lignocelulésicos; (ii) aplicagbes
industriais e (i) aplicacéo de tecnologias avangadas de tratamento com destaque para os
processos oxidativos avancados (POAs).

A primeira tematica € constituida por oito trabalhos que apresentam estudos de
utilizacdo de residuos como matéria-prima na produgdo de materiais ceramicos e a
obtenc@o de materiais de elevado custo e aplicabilidade a partir de matéria-prima mais
abundante e economicamente mais acessivel. Alem disso, apresenta um trabalho que
descreve um procedimento experimental para a escolha mais adequada e viavel de uma
biomassa de origem vegetal que pode apresentar caracteristicas de um adsorvente e vir
a ser utilizado tanto na forma in natura quanto modificada quimicamente, objetivando-se
a remocao de compostos inorganicos e organicos em diferentes matrizes aquosas. Neste
sentido, trabalhos que investigaram a capacidade de remocgéo de poluentes utilizando
minerais (argila) e biomassas vegetais (ricas em celulose e/ou lignina) apresentaram
resultados satisfatorios em relagdo aos compostos-alvo de interesse, com destaque para a
remocao do metal cromo hexavalente (Cr¢*) e fésforo e nitrogénio amoniacal que provocam
a eutrofizacdo de corpos aquéticos e morte de toda a biota.

O segundo tema esta associado a aplicacdo dos conhecimentos de quimica e
engenharia em diferentes seguimentos: (i) alimentacdo e (i) processos industriais. No
setor de alimentos é apresentado um trabalho que trata da avaliagdo microbiolégica de
biscoitos e empanados processados com filé de carpa Hungara, bastante abundante no
estado de Santa Catarina. Ja em processos industriais € apresentado um estudo que avalia
o melhor dimensionamento de um condensador de amdnia que possui grandes aplicacbes
em diferentes seguimentos industriais; um estudo que avalia e compara os reatores CSTR
e PFR para a produgédo de combustivel proveniente de fontes renovaveis e por fim um
estudo de caso que avaliou a utilizag@o de biometano em frotas de 6nibus de seis cidades
do estado de Sao Paulo.

A Ultima temética trata da aplicagdo de diferentes POAs (Fenton e fotocatalise
heterogénea tanto com o triéxido de tungsténio dopado com prata (WO,-Ag) quanto o
diéxido de titanio (TiO,) para a degradacéo de diferentes CIEs (farmacos, microplasticos)
que vem sendo reportado em trabalhos realizados em todo o mundo. No Brasil a falta de
uma legislacdo mais restritiva associada a falta de fiscalizagcdo vem colaborando para a
maior detecgéo e quantificacéo de diferentes CIEs nos diferentes compartimentos aquaticos
afetando a qualidade e a sobrevivéncia dos diferentes organismos presentes nos inUmeros
ecossistemas brasileiros.



Neste sentido, a Atena Editora vem colaborando com pesquisadores de todas as
areas do conhecimento possibilitando a divulgagcéo de seus trabalhos e contribuindo com a
disseminacgéo destas informacdes de forma gratuita e acessivel em diferentes plataformas
digitais.

Cleiseano Emanuel da Silva Paniagua
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ABSTRACT: Graphene oxide is a very resistant
nanomaterial, formed by a 2D structure of carbon
atoms connected in the shape of hexagons
that resemble honeycombs. Graphene is seen
as a basic building block for building other
elements. Graphene is derived from graphite;
The graphite itself consists of several sheets of
carbon atoms arranged over each other. The
name graphene was first disclosed in 1987 by
S. Mouras and colleagues while studying the
graphite layers interspersed with compounds.
Currently, graphene is one of the most favorable
nanomaterials in studies in the world because
of its excellent electrical, thermal, and optical
properties. With the exception of diamond,
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graphene is part of the base of the entire family
of carbon materials. Even with several methods
being researched for industrial scale production,
there is still a great difficulty, because such
methods still need to be improved. The present
study will approach the methods of obtaining
graphene and reduced graphene oxide from
graphite and its wide range of applicability.

KEYWORDS: Graphene. Graphene Oxide.
Nanotechnology. Nanomaterial. Graphite.

OBTENCAO DO OXIDO DE GRAFENO
A PARTIR DO GRAFITE UTILIZANDO O
METODO DE HUMMERS

RESUMO: O éxido de grafeno € um nanomaterial
muito resistente, formado por uma estrutura 2D
de atomos de carbono ligados em formato de
hexagonos que lembram favos de mel. O grafeno
€ visto como um bloco basico para construgéo de
outros elementos. Grafeno provém do grafite; o
grafite em si consiste em varias folhas de atomos
de carbonos arranjadas umas sobre as outras. O
nome grafeno foi divulgado pela primeira vez em
1987 por S. Mouras e colaboradores, enquanto
estudavam as camadas de grafite intercaladas
por compostos. Na atualidade, o grafeno é um
dos nanomateriais mais favoraveis em estudos
no mundo, por conta de suas excelentes
propriedades elétricas, térmicas e épticas. Com
excecdo do diamante, o grafeno integra a base
de toda a familia de matérias do carbono. Mesmo
com diversos métodos sendo pesquisados para
producdo em escala industrial, ainda existe uma
grande dificuldade, pois tais métodos precisam
ainda ser aperfeicoados. O estudo aqui presente
abordara os métodos de obtengéo do grafeno e
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oxido de grafeno reduzido a partir do grafite e seu amplo leque de aplicabilidade.
PALAVRAS-CHAVE: Grafeno. Oxido de Grafeno. Nanotecnologia. Nanomaterial. Grafite.

11 INTRODUCTION

The element Carbon is the basis of the DNA of terrestrial life and this makes it
indispensable for our existence, both animal and plant. In addition to being one of the most
abundant, it can be found in many ways due to the combination of its atoms that form
various structures, called allotropes. The most found carbon allotropes are: the Diamond
that has its tetrahedral structure formed at high pressure and the Graphite with its structure
formed by innumerable layers of carbon atoms.

Graphite is a grayish metallic ore, being the most stable carbon allotrope in STP
(standard temperature and pressure). It has a very high electrical and thermal conductivity,
being a soft, flexible and low hardness material.

Over the years the studies of graphite have been deepened and along with the
advancement of technology it has been possible to carry out the characterization of the
material, where the scope of its applicability has been expanded. Studies show that graphite
is composed of infinite layers of carbon atoms with sp? hybridization, where the carbon
bonds with other 3 atoms, forming hexagonal arrangements in a flat structure and the
carbon layers are connected together by Van der Waals forces (PAVOSKI, 2014).

In 1947, physicist Philip R. Wallace developed a theoretical study that predicted
the properties of a graphite layer, but because it is a two-dimensional structure, it was not
possible to prove the study with the technology of the time. This structure was later called
Graphene in 1987.

However, the proof of the properties of graphene only came later with the
nanotechnological advancement, allowing the isolation of its fragments, the discovery and
publication of this fact occurred in 2004 by a research group from the Nanotechnology Center
at the University of Manchester led by Mr. André K. Geim and Mr. Konstantin Novoselov. This
advance brought such relevance to the scientific community that the professors responsible
for the research received the Nobel Prize in Physics in 2010 (MARION; HASAN, 2016).
With that, Graphene became known worldwide and its research has multiplied, resulting in
several ways to obtain it and with wide applicability.

The ways of obtaining developed in the various studies until today have been
categorized into two types of processes, namely, the bottom-up and the top-down. In the
bottom-up processes, graphene is obtained through the manipulation of carbon atoms, while
in the top-down processes it is obtained by separating the graphite layers, this separation
is done by the exfoliation method, which can be mechanical or chemical (PAVOSKI, 2014).
This work brings a special focus on the Hummers method.

The incessant interest in the development of research with graphene is due to its
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properties that will bring promising applications, capable of replacing less efficient materials
and considerably raising the quality of products. However, the biggest difficulty that still
exists is the production of graphene on an industrial scale.

The objective of this work is to analyze the method of obtaining graphene oxide,
using the Hummers method, to study the material in depth, to correctly define its connection
geometries, to understand its applications and through a technical look to note its

transformation conditions physicochemical.

2| LITERATURE REVIEW

2.1 Graphite

Graphite is the most abundant carbon allotrope, although its application as a pencil
is the best known, it has several other important industrial applications due to its properties.
The first graphite reserves were discovered in the early 14th century in Germany, in an
old region called Bavaria, later in the early 15th century another graphite reserve was
discovered in England. However, scientific proof that graphite was composed of carbon
came only in the late 18th century by chemist Karl Wilhelm Scheele (MORAIS, S/A).

Currently the largest natural reserves of Graphite are located in China, India and
Brazil, respectively. Graphite can be in the form of blades, amorphous or crystalline. In
graphite, carbon atoms are organized in a hexagonal form (benzene ring) into flat layered
structures called graphene, where these structures are stacked on top of each other and
connected by Van der Waals forces (weak link). Each carbon atom is linked to three other
carbons in the same layer at a distance of 1.415 A, this bond has a covalent character
(strong bond), the interlayer distance between the graphene layers is 3.354 A and the width
of each benzene ring is 2,456 A (SOUZA, 2014). Although graphite usually has a hexagonal
structure, it can also be found in small proportions in the rhombohedral shape, as shown in
figures 1 and 2 below:
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Figure 1 - Diagram of the rhombohedral structure of graphite.
Source: Souza (2014, p. 25).
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Figure 2 - Diagram of the hexagonal structure of graphite.
Source: Souza (2014, p. 25).

Fundamentally, carbon has an electronic configuration 1s? 2s2 2p2. The possibility
of carbon forming four bonds with up to four other different elements for the formation
of its allotropes and other organic compounds, is due to hybridization. In Graphite, this
phenomenon causes the electrons to rearrange themselves in the valence layer, which
mixes the 2s and 2p orbitals, that is, as these two orbitals have approximate energy levels,
it facilitates the promotion of the electron from the 2s orbital to the 2p orbital, forming sp?
hybridized carbons, shown in Figure 3 (FIM, 2012).
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Figure 3 - Carbon sp? hybridization process.
Source: Fim (2012, p. 5).

However, this rearrangement of the electrons in the valence shell allows not the sp?
hybridization, but also the sp and sp® hybridization, resulting in several molecular structures.
Since the sp configuration forms chain structures, sp? forms flat structures and sp? forms
tetrahedral structures, as shown in figure 4 (FIM, 2012).

Nanodi d Full Carbon Carbon Graohit
anodiamon ullerene Nanotubes Nanofibers rapnite

<&

T~

sp? sp? deformed sp?

Figure 4 - Hybridization states of carbon allotropes.
Source: Fim (2012, p. 5).

The carbons and their connections in the structural configuration of graphite maintain
a 120° angle of the flat trigonal type, characteristic of compounds of graphite and aromatic
structure (SOUZA, 2014). As shown in figure 5:
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Figure 5 - Flat trigonal type bond o of the carbon atom.
Source: Souza (2014, p. 21).

The types of bonds between the carbons of a graphene sheet can be seen in figure
6. Itis observed that the electrons of the 2p orbitals tend to form rmbonds that are considered
weak, while the electrons of the sp? orbital plane form o bonds that are considered strong
(SOUZA, 2014).

Sigma bond Relocated electron
2sp? orbital 2p

Atomic core of
carbon

Plan of sigma
orbitals

Figure 6 - lllustration of Pl and SIGMA bonds between carbons in a graphene sheet.
Source: Souza (2014, p. 21).

2.2 Graphene

In 1947, graphene had already been studied by physicist Philip R. Wallace, who
predicted properties such as electronic structure and linear dispersion. Later, in 1956, J.W.
McClure wrote the wave equation for excitations which was discussed the similarity to the
Dirac equation in 1984 by G. W. Semenoff (DUARTE, 2017). But it was only through the
work of chemists Ulrich Hofmann and Hanns-Peter Boehm that graphene became real in
1962. And it was Boehm who called the monolayer with the name of graphene, combining
the word graphite with the suffix eno (LEAL, 2016).
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In 2004, a team of researchers from the University of Manchester led by Mr.
Konstantin Novoselov and Mr. Andre Geim was able to extract and study the intrinsic
properties of graphene. The extraction was done by the mechanical exfoliation method and
the observation was only possible due to the deposition of graphene on silicon substrate
with 300 nm of silicon oxide on the top Si/SiO,/Graphene (LEAL, 2016).

This great discovery impacted the scientific community so much that it resulted in the
Nobel Prize in 2010 for the two professors who led the research. The excellent properties
of graphene have sparked a certain commercial interest, causing research involving the
material to intensify (FIM, 2012).

Graphene is a monolayer composed of carbon atoms with sp2 hybridization in a
hexagonal shape that resembles honeycombs (Figure 7), in a two-dimensional network.
Graphene is considered a 2D crystal due to its atomic structure (LEAL, 2016).

Figure 7 - a) Crystalline structure of graphene; b) Honeycomb of bees.
Source: Leal (2016, p. 42).

From graphene it is possible to obtain other graphitic structures, such as fullerene,
which is obtained by folding a sheet of graphene into a spherical shape; carbon nanotubes,
which is the folding of a layer of graphene in a one-dimensional tube; and graphite, which
is the overlap of several graphene monolayers connected by van de Waals interactions.
(LEAL, 2016).
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Figure 8 - Graphitic structures formed from graphene. From left to right, fullerene, carbon
nanotubes and graphite are observed.

Source: Leal (2016, p. 43).

Due to its superlative properties, graphene is considered one of the most promising
materials in innovative technological applications among carbon allotropes (CORDEIRO,
2018), as shown in table 1:

Property Value Comparison with other materials
Fracture resistance |42 N.m™ More than 100 times higher than steel [47]
Elasticity limit ~20% [48]

Carrier mobility 2.10°cm?V's?  [More than 100 times higher than Si [49]

Thermal 3 1 1 ) )
conductivity ~510°W.m K More than 10 times higher than Cu [50]
Maximum current 5 . .
density >108 A.cm 100 times higher than Cu [51]
Optical absorption

prica’ absorplion 5 30 ~ 50 times higher than GaAs [52]
coefficient

Table 1 - Physical and chemical properties of graphene.
Source: Cordeiro (2018, p. 26).

The hexagonal shape of graphene is generated by the vectors &, and &, at an angle
of 60° to each other (LIMA, 2010). As below:
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Equation 1 - Vectors &, and a,.
Source: Lima (2010, p. 32).

Where: A=w/3aCC = 0,246 nm, is the graphene network constant; a_= 0,142 nm is the
shortest distance between the atoms in the network; X e y are the unit vectors of base.

The cells represented in the gray area of figure 9, contain two carbon atoms that A
and B, shown by the white and black dots, respectively. The reciprocal graphene network is
generated by the vectors B, and b, that relate to the vectors of the real network &, and a,,
according to the following equation:

Equation 2 - Relationship between the reciprocal network (bj) and the vectors of the real
network (ai).

Source: Lima (2010, p. 32).

Where: 6” is the Kronecker delta function.
Replacing a, and &, of equation 1 in equation 2, the vectors of the reciprocal network
B, and b, are obtained, forming an angle of 120° to each other, according to equation 3:

Equation 3 - Mathematical representation of reciprocal network vectors.

Source: Lima (2010, p. 32).

The reciprocal network vectors b, and B, represented by the gray area in figure 9,
define the first Brillouin zone (LIMA, 2010).
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Figure 9 - (a) Real network of graphene, showing the unit cell marked in gray. The white and

black dots are, respectively, the two atoms A and B of the unit cell. The two largest arrows are

the network vectors &, and a,. (b) Reciprocal network of graphene, showing the first Brillouin

zone marked in gray. The points I, K, K’, M, M’ and M” are points of high symmetry. The two
largest arrows are the reciprocal network vectors b, and b,.

Source: Samsonidze (2007, p. 22).

2.3 Graphene obtaining routes

Graphene can be produced through two types of routes, called bottom-up and top-
down processes. In the bottom-up processes, graphene is obtained through the manipulation
of carbon atoms (synthesis), while in the top-down processes it is obtained by exfoliating
the material, separating the stacked layers of graphite until reaching the desired thickness
(CORDEIRO, 2018).

Among the bottom-up processes are: chemical vapour deposition (CVD), epitaxial
growth on an insulating substrate such as SiC, CO reduction and arc discharge (PAVOSKI,
2014).

The top-down processes are divided into mechanical exfoliation, where graphene
is obtained using manual techniques (adhesive tape), such as those used by professors
honored with the Nobel Prize in 2010; and chemical exfoliation, in this second stand out
the methods of Hummers, Hofmann, Brodie and Stardenmaier, followed by a thermal or
chemical reduction to increase the performance of the material. (PAVOSKI, 2014).

This article deals with a practical study of obtaining graphene oxide using the
Hummers method followed by thermal reduction.

31 METHODOLOGY

3.1 Obtaining graphene oxide by the hummers method

Before starting the oxidation by the modified Hummers method, a pre-oxidation step
is necessary.

In the pre-oxidation step, 10g of graphite are weighed and 30 ml of concentrated
H,SO, (sulfuric acid) are added, together with 5g of K,S,0, (potassium thiosulfate) and 5g of
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P,O, (phosphorus pentoxide) while stirring at 80°C for a period of 3 hours. Then, the solution
is cooled to room temperature, diluted with distilled water and filtered until the solid reaches
neutral pH. Finally, dry the solid in Schlenk under vacuum at room temperature for 48 hours.

In the oxidation step, 3g of the pre-oxidized graphite powder are weighed with 1.5g
of NaNO, (sodium nitrate), the mixture of solids is placed in 150ml of concentrated H,SO,,
stirring at 100 rpm (rotations per minute) in an ice bath for 1 hour. Then, the 8g solution
of KMnO, (potassium permanganate) is slowly added, leaving it to rest for 2 hours. 90 ml
of deionized water are added slowly to the suspension formed at 100 rpm for 12 hours at
95°C. After the 12h period, 30 ml of H,0, (hydrogen peroxide) are added slowly, maintaining
agitation for 3 hours at 100 rpm.

At the end, the solution is filtered through a Buchner funnel with a porous plate
synthesized with the support of a vacuum pump. The solid is washed with 200 ml of
deionized water, 50 ml of HCI 0.5 M (hydrochloric acid) and 100 ml of ethanol, the procedure
is repeated 4 times. To increase the pH, wash the solid with deionized water and then place
it in the centrifuge. Finally, the oxidized graphite is placed in Schlenk to dry under vacuum
for 72 hours at a temperature of 35°C.

3.2 Thermal reduction of graphene oxide

The graphene oxide is placed in a closed ampoule and taken to a kiln, the thermal
reduction is carried out at a temperature of 1000°C for 30s, which is the time necessary to
observe the expansion.

41 RESULTS AND DISCUSSIONS

Before proceeding, it is worth mentioning that this work used the data from Giovani
Pavoski’s master’s dissertation as a source of support for the development of the results
presented here.

Although the Hummers method has a lower oxidation power compared to other
methods of obtaining graphene oxide, this method is even more advantageous and has been
used today because it is less aggressive to the environment and less reactive (PAVOSKI,
2014). For this reason, this method was chosen for this work as a way of studying how to
obtain graphene oxide.

For the characterization analyzes, the following equipment was used: Fourier
Transform Infrared Spectroscopy (FT-IR) and X-Ray Diffraction (XRD).

4.1 Graphene oxide ft-ir obtained by the hummers method

The FT-IR technique was used in order to prove that the Hummers Method has the
capacity to introduce functional groups in the graphite sheets, the results obtained can be
seen below (PAVOSKI, 2014):
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Figure 10 - FT-IR analysis of graphene oxide obtained by the Hummers Method.
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Source: Pavoski (2014, p.39).

Analyzing the graph above, it is possible to observe the effectiveness of the Hummers
method, since the peaks shown are related to the functional groups hydroxide (-OH 3415 cm-

"), carbonyl (C=0 1734 cm™') and C-O possible epoxy (-O-1020 cm™") (PAVOSKI, 2014).

4.2 XRD graphene oxide obtained by the hummers method

Next, the diffractograms obtained with the XRD technique for the initial Flake graphite
and the graphites oxidized by the Hummers method are observed.
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Figure 11 - X-ray diffractogram of the Flake Graphite oxidized by the Hummers method (a) and
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the initial diffractogram of the Flake Graphite (b).

Source: Pavoski (2014, p.40).

With this XRD diffractogram, it is possible to observe some peaks, where a more
effective heterogeneity of the graphene oxide crystals is noticeable, with the possibility of

the appearance of other oxidation elements (PAVOSKI, 2014).
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Table 2 below presents some relevant data in the characterization of the studied

material, in order to prove the effectiveness of the Hummers method:

Graphite Peak 20 d(nm) C(nm) Number of layers %
FKP? 26.55 0.335 17 39 100
HFK 1 12.00 0.737 5 6 56

2 26.39 0.337 8 18 44

8FKP is the initial flake graphite that hasn't gone through any process.

Table 2 - Results related to XRD graphs with a 3-80 ° scan of graphene oxide obtained by the
Hummers method.

Source: Pavoski (2014, p.41).

Where: 26 = Angle; d = Interlayer distance (d, ) between the graphite sheets; C =

002)
The dimension of the crystal; Number of layers = Estimated number of sheets per crystal
(calculation made by dividing the size of the crystal by the spacing between the sheets + 0.1
nm = thickness of a graphene sheets); % = Percentages of crystals of different sizes taken
from the peak areas of the XRD graphs.

Analyzing the data in table 2, it can be said that the Hummers method can be effective
in obtaining graphene oxide, because as shown in peak 1, the interlayer distance increased
dramatically and this was only possible due to the introduction of functional groups in
nanolamines graphite, obtaining an interlayer distance variation of 0.377 nm at peak 2 to
0.737 nm at peak 1. In addition to the size of the crystals having been reduced in the two
peaks, as well as the number of blades. Greater effectiveness of the Hummers method was

observed at peak 1.

4.3 Graphen oxide FT-IR thermally reduced

Figure 12 below shows the thermally reduced graphene oxide FT-IR spectrum in a

closed ampoule with air:
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Figure 12 - FT-IR spectra of graphene oxide thermally reduced in closed ampoule with air.
Source: Pavoski (2014, p.78).

The FT-IR technique applied to thermally reduced graphene oxide followed the same
patterns as before. Where the characteristic peaks of OH (3300 cm™) and the elongation of
the C-O bond (1064 cm™) are shown. It is also possible to observe the characteristic peak
of C=C graphite materials (1622 cm-1) (PAVOSKI, 2014).

51 CONCLUSION

The practice of obtaining graphene oxide is new even in the field of modern science
and its variants, therefore, the existing studies and theories currently undergo constant
adaptations, changes and improvements, as each research and study reveals more
information and opens up new possibilities handling and knowledge of this material, which
is of great importance for today.

With the study carried out in the described sources and even in the material of Giovani
Pavoski, it is possible to conclude that the way of obtaining graphene oxide by the Hummers
method is a method that besides being cheap, presents a favorable yield. Therefore, the
factor of using graphite as a raw material makes the process profitable compared to other
known processes for obtaining graphene oxide.

It can also be concluded that despite being a relatively new material, graphene
oxide has a great potential for applicability in several technological areas, which can bring
innumerable innovations and discoveries. Due to the variety of possibilities that this material
offers, there are several companies and institutions that carry out research on the most
profitable methods of obtaining, aiming at profit, low cost, high yield and less environmental
damage.
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