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ABSTRACT

DEVELOPMENT OF GRAPHENE OXIDE BASED AEROGELS

Dogan, Oznur
M.Sc., Department of Chemical Engineering

Supervisor: Asst. Prof. Dr. Erhan Bat

August 2017, 101 pages

Owing to their large surface area, high hydrophobicity and porous structure, graphene
oxide based aerogels have been proposed as feasible and economic solutions for the
increasing water pollution caused by crude oils, petroleum products and toxic organic
solvents. In this study, graphene oxide based aerogels were prepared via two different
routes. In the first route, random copolymers of glycidyl methacrylate and styrene
were used as crosslinkers in the aerogel. In the second route, 1,3-diaminopropane was
used to obtain crosslinked hydrogel precursors. Graphene oxide was synthesized using
Tour Method and characterized. Morphology of graphene oxide was assessed using
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
analyses. Copolymers of glycidyl methacrylate and styrene were synthesized using
free radical polymerization and chemical characterizations were performed.
Copolymers were used along with graphene oxide in order to synthesize the precursor
hydrogels. Graphene oxide concentration in the hydrogels was kept at 5.0 mg/mL
while copolymer concentrations were varied from 0 to 5.0 mg/mL. After freeze-drying
and thermal reduction, morphologies of the aerogels were assessed using SEM

analysis. To determine the oil absorption capacity of the prepared aerogels,



chloroform, toluene and sunflower oil were used. The prepared aerogels were found
to have absorption capacities in the range of 90 to 175 g/g for toluene and 90 to 200
g/g for sunflower oil. In the case of chloroform, aerogels with higher styrene content
had absorption capacities ranging from 170 to 315 g/g, whereas this range was
between 145-260 g/g for aerogels with lower styrene content. 1,3-diaminopropane and
reduced graphene oxide based aerogels were found to have absorption capacities in
the range of 230 to 534 g/g for chloroform, 109 to 202 g/g for toluene and lastly 173
to 270 g/g for sunflower oil. Aerogels with initial graphene oxide concentration of 3
mg/mL showed better absorption capacities compared to that of 4 mg/mL and 5
mg/mL. Aerogels produced by either route offer efficient absorption for oil and are

promising candidates to be used in oil-water separation.

Keywords: Graphene oxide, acrogel, hydrogel, separation, polymer
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0z

GRAFEN OKSIT ESASLI AEROJELLERIN GELISTIRILMESI

Dogan, Oznur
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Yrd. Do¢. Dr. Erhan Bat

Agustos 2017, 101 sayfa

Genis yiizey alanlar, yliksek hidrofobiklikleri ve gdzenekli yapilar1 sayesinde grafen
oksit esasli aerojeller ham petrol, petrol iirlinleri ve toksik organik c¢oziiciilerden
kaynakli artan su kirliligini i¢in uygulanabilir ve ekonomik ¢dziimlerdir. Bu ¢calismada
iki farkli yontem kullamilarak oxit esasl aerojeller iiretilmistir. ilk yontemde glisidil
metakrilat ve stirenin random kopolimerleri aerojelde ¢apraz baglayicit olarak
kullanilmistir. Ikinci yontemde ise 1,3-diaminopropan ¢apraz bagli dnciil hidrojel
eldesinde kullanilmistir. Baslangic olarak Tour yontemi ile grafen oksit sentezlenerek
kimyasal karakterizasyonlari yapilmustir. Uretilen grafen oksitin morfolojisi Taramal
Elektron Mikroskopu (SEM) ve Ge¢irmeli Elektron Mikroskopu (TEM) kullanilarak
incelenmigtir.  Glisidil metakrilat ve stiren kopolimerleri serbest radikal
polimerizasyon kullanilarak sentezlenmis ve karakterizasyonlar1 yapilmigtir.
Kopolimerler grafen oksitle birlikte onciil hidrojellerin {iretilmesinde kullanilmistir.
Kopolimer konsantrasyonlar1 0 ile 5 mg/mL arasinda degisirken 5 mg/mL’lik grafen
oksit konsantrasyonu kullanilmistir. Liyofilizasyon ve termal indirgemenin ardindan
aerojel morfolojileri SEM analizi ile tayin edilmistir. Hazirlanan aerojellerin yag

emme kapasitelerini bulmak amaci ile kloroform, toluen ve aycicegi yagi

vil



kullanilmistir. Hazirlanan aerojellerin toluene igin 90 ile 170 g/g araliginda ve sebze
yag1 icin 90 ile 200 g/g araliginda emme kapasitesine sahip olduklar1 goriilmiistiir.
Kloroformda ise yiiksek oranda stiren igeren aerojellerin 170 ile 315 g/g arasinda
emme kapasitesine sahip olduklar1 goriilmiisken, bu aralik diisiik oranda stiren igeren
aerojeller i¢in 145 ile 260 g/g olmustur. 1,3-diaminopropan ve indirgenmis grafen
oksit esasl1 aerojeller kloroform i¢in 230 ile 534 g/g arasinda, toluen i¢in 109 ile 202
g/g arasinda ve son olarak ayg¢igegi yagi icin 173 ile 270 g/g arasinda emme kapasitesi
gostermislerdir.

3 mg/mL’lik baglangi¢ grafen oksit konsantrasyonuna sahip aerojeller 4 ve 5 mg/mL
baslangi¢ grafen oksit konsantrasyonuna sahip aerojellere gore daha yliksek emme
kapasitesi gostermislerdir. Kullanilan yontemlerden herhangi biriyle iiretilen
aerojeller etkili yag emme 0zelligi gostermislerdir ve yag-su ayristima icin gelecek

vaat eden adaylardir.

Anahtar Kelimeler: Grafen oksit, aerojel, hidrojel, ayristirma, polimer
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CHAPTER 1

INTRODUCTION

Industrialization has improved life in many ways. Use of technology in agriculture,
health etc. created a better life quality for humans. As technology evolves in many
areas including fabrication of goods and transportation, more challenges to deal
with arise. Pollution, one of the biggest challenge, in many aspects of the nature
created harsh conditions to live in. Release of waste products, chemical
contaminants and harmful gases through environment create harmful and even fatal

effects to any living organism'.

Industrial wastes together with spills due to industrial accidents and sinking of oil
tankers are very important challenges to consider and there is no universal solution
for those problems®?. Qil based effluent wastes to sea-water have endangered not
only the marine environment, but also most of the living organism as well as the

soil. In Figure 1.1, animals affected by an oil spill in an ocean can be seen. In the

figure on the left, soil which is contaminated by oil can also be seen.

Figure 1.1: Animals affected by an oil spill in an ocean®.



Industrial wastes and tanker spills are not the only sources for the contamination of
water with oil. Domestic waste oil is more than 15 million tons annually. Its
disposal happens through the drains, which joins to the waste water eventually and
makes the waste-water treatment problematic in many aspects including the
difficulties in separation and increase in cost®. Diseases, and deaths become
inevitable in an environment without a clean water resource, since it affects food
chain as a whole. As a result in the upcoming decades, the problems related with

water are expected to grow 78,

In order to preserve nature as well as the future, people are prompt to seek for
remediation strategies for water, especially for removal of oil from water. There
are increasing number of research to find new water purification methods which
cost less money, spend less energy, minimize use of chemicals, and minimize effect
of chemicals on the environment’. Different kinds of materials such as polystyrene,
carbon nanotube, fatty acid were used for the purpose of oil removal due to their
oleophilic nature’. Absorptive and/or reactive strategies have been proposed in
many studies. There are some conventional methods for oil/water separation
including air flotation, ultrasonic separation etc. yet, use of nanotechnology
combined with those strategies is thought to be more effective than conventional
techniques®!°. It is mainly attributed to superior properties of nanomaterials such
as high surface area, and limitations caused by conventional methods such as

secondary pollutants generated, large sizes, low efficiencies”!°.

There are numerous materials proposed for the separation oily water and some of

the nanomaterials can be listed as'’:

e Nanodispersants

e Magnetic nanocomposites
e Filters/pads

e Foams and meshes

e Micro- and nano-TiO;

e Membranes



e Carbon nanostructures
e Nanostructured hydrophobic organoclays

e Acrogels.

There are some critical issues that should be considered while choosing appropriate
nanomaterial for oil-water separation. These issues can be listed as environmental
factors, multifunctional synergies, commercial viability, engineering aspects,
performance criteria and cost aspects'!. Among all of the nanomaterials listed
above, acrogels are among the most important materials for oil spill cleanup, yet
the critical issues hold for aerogels also. On the other hand, aerogels are
advantageous in terms of cost aspects: aerogels’ cost per kilograms is likely to

decrease in the near future'®.

Aerogels are very similar to hydrogels and they can be obtained by removing water
from the precursor hydrogel using supercritical drying, freeze-drying etc. They
have open pore structure, low density and high surface area which also make them
preferable in many applications as well as in oil-water separation. In order to
increase the absorbance capacity as well as to increase surface area of the aerogels,
carbon based materials including activated carbon, carbon nanotube, and graphene
oxide have been used for the production of aerogels. A graphene oxide based

aerogel with low density on a flower (dog’s tail) can be seen in Figure 1.2.

Figure 1.2: A graphene oxide based aerogel with low density'2.



Among the carbon based materials, graphene oxide is more preferable considering
the cost of production and scalable production. In addition, aerogels of different
shapes and properties can be obtained by changing production conditions and
ingredients used to obtain aerogels. In terms of water remediation, graphene oxide

has been used together with,

e Polyethyleneimine'?, biopolymers'*, chitosan/silver'® for dye removal,
e Chitosan'®, poly(N,N-dimethylaminoethyl methacrylate)'” for the removal
of ions,

18,19

e Ethylene diamine'®!, polypyrole®, poly(acrylic acid)?! for water-oil

separation.

By increasing oleophilicity and hydrophobicity of graphene oxide based aerogels,
oil absorption capacity can be increased, and consecutively environmental wealth
can be recovered. Both polymers, and materials that have nitrogen in their
structures such as ethylene diamine have been used for the production of graphene
oxide based aerogels. Use of oleophilic polymers, such as polystyrene, in the
production of hydrogels may improve the oil absorption capacity of acrogels. By
extending the chain length of the crosslinker, the distance between crosslinks
increases. Using longer chains of diamine based crosslinkers may increase the

absorption capacity as well.

In this study, we set out to develop reduced graphene oxide based aerogels with
enhanced oil absorption properties. To achieve this goal, aerogels were prepared
by using two different crosslinker molecules: In the first approach, random
copolymers of glycidyl methacrylate and styrene were used. Here the styrene
residues were expected to impart oleophilicity while glycidyl methacrylate residues
were expected to react with the functional groups on graphene oxide to form a
network. In the second approach, instead of the commonly used crosslinker

ethylenediamine, 1,3-diaminopropane was used as the crosslinker molecule.



CHAPTER 2

BACKGROUND AND LITERATURE SURVEY

2.1. Aerogels

2.1.1. Definition

Aerogels are porous materials in which the liquid inside the wet gel is replaced with
air leading to small shrinkage and without causing any damage in its structure®>%,
Following the invention of aerogel in 1931 by Kistler, interest in the subject
aroused and number of the research on the subject have increased®>?*. Aerogels are
well known with their low densities and large surface areas, but the features of the

aerogels are specified with their applications? 2.

2.1.2. Classification of Aerogels
Although there are quite a few methods for the classification of aerogels, common
classification is gathered under four categories as indicated below in Figure 2.1

according to the literature®.
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materials

Among all methods, the most common way to classify aerogels is to consider their
compositions as single-component aerogel and aerogel composites®. Oxide
aerogels, organic aerogels, carbon aerogels, chalcogenide aerogels and others can
be considered in single component aerogels, whereas multi-composition aerogels,

gradient aerogels and micro-/nano- aerogel composites are given as aerogel

composites as indicated in Figure 2.2.

Figure 2.1: Classification of aerogels?.
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Figure 2.2: Classification of aerogels based on composition:.

By knowing the preparation problems and their corresponding solutions for single
component aerogels, in principle, it is likely to produce composite aerogels, hence
there are still ongoing studies for both single component aerogels and aerogel
composites?>. In Table 2.1, some of the common examples of each category are

provided.



Table 2.1: Examples from literature on aerogels classified based on composition.

Type of Aerogel

Examples from Literature

Oxide aerogels

Silica’*33, alumina®3¢,
titania’”*%, chromia®**', nickel
oxide***, zirconia***

Organic aerogels

Resorcinol-formaldehyde

(RF)*47, cellulose*®*

Carbon aerogels

Carbon nanotube®®,  graphene

OXidel3,51,52

Chalcogenide aerogels

Chalcogenide aerogels based on

PbS, CdSe, CdS, and ZnS>

Single componentt aerogels

Aerogel
composites

Others TiC, NbC>*

Multi-composition aerogel CuO-RF>

Gradient aerogel Silica®

Micro-/nano- aerogel composites | Graphene oxide based?’>" > silica

based®%-6!

2.1.3. Applications of Aerogels

Features and properties of the aerogels can be arranged according to their

application areas. For capacitors electrical properties gain importance in the

synthesis of aerogels, whereas if aerogel is to be used for insulation purposes as

shown in Figure 2.3 thermal conductivity is the key property to consider for the

production. As in the case of sorbers such as in Figure 2.4, density and porosity are

both important for improved sorption capacity.




-106° F

Figure 2.3: A bare foot standing on aerogel based insulation material®.

Figure 2.4: Diesel fuel sorption by an aerogel®.

From absorption to catalysis, there are various application areas for aerogels. Some
of the many application areas of the aerogels as well as desired properties in related
areas and corresponding features are listed in Table 2.2. Based on the application

area and the desired property, features can be tuned according to the table.



Table 2.2: Aerogel properties and features, with their applications®.

Property Features Applications
Thermal Best insulating Architectural and appliance
conductivity solid insulation, portable coolers,
Transparent trans.port vehicles, pipes, cryogenic,
skylights
High t t . .
1871 tethpetature Space vehicles and probes, casting
Lightweight molds
Density/porosity Lightest synthetic Catalysts, sorbers, sensors, fuel
solid storage, ion exchange
Homogeneous Targets for ICF, X-ray laser
High specific
surface area
Multiple
compositions
Optical Low refractive Cherenkov detectors, lightweight
index solid optics, lightguides, special effect
optics
Transparent
Multiple
compositions
Acoustic Lowest sound Impedance matchers for
speed transducers, range finders, speakers
Mechanical Elastic Energy absorber, hypervelocity
rticle t
Lightweight patticie trap
Electrical Lowest dielectric Dielectrics for ICs, spacers for

constant

High dielectric
strength

High surface area

vacuum electrodes, vacuum display
spacers, capacitors
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2.2.Graphene Oxide

2.2.1. Background on Graphene Oxide

Graphene is a two dimentional and one-atom thick material in which carbon atoms
are arranged in a honeycomb lattice®. Following the isolation of graphene and
identification of its properties by Andre Geim and Konstantin Novoselov in 2004,
graphene and related materials have become the focus of research in different fields
owing to their superior properties such as high surface area, high modulus, and high
thermal and electrical conductivity®®. Nanomaterials based on graphene are shown

in Figure 2.5.

Graphene

P

Graphene oxide “ Few-layer graphene

Reduced
graphene oxide

Figure 2.5: Graphene based nanomaterials®.

The studies®” of Geim and Novoselov was awarded with a Nobel Prize in 2010. In

order to obtain graphene, many methods have been developed including®®®°:

e micro-mechanical exfoliation of pyrolytic graphite,

11



e chemical vapor deposition,
e cpitaxial growth on electrically insulating surface,

¢ reduction of graphene oxide.

All of the first three methods above provide high quality graphene; however, use
of all three methods individually to produce graphene results in lower
productivities compared to that of reduction of graphene oxide®>’°. Therefore,
graphene oxide reduction can be considered as a suitable method to acquire
graphene. Low raw material cost for the synthesis, simple synthesis methodology
make graphene oxide reduction route available for the large-scale applications®*.

Also, graphene oxide sheets are easy to work with since they do not form

aggregates, can be dispersed in water and in most of the polar solvents.

2.2.2. Structure of Graphene Oxide
Graphene oxide has three main features in its structure as’"’?:
e Graphitic regions due to incomplete oxidation of the raw material, graphite
e Holes, less than 5 nm? generally, which are formed during oxidation and
exfoliation due to CO and CO; release
e Disordered regions which are considered as the areas of high oxidation.
Graphene oxide stays as a grey area in terms of its chemical and physical structure
despite enormous research interest in the subject. It is hard to define a certain
structure for the graphene oxide since the composition of material strongly depends

on the synthesis conditions. Strong hygroscopy, decomposition above 60-80 °C and

nonstoichiometry of the reaction also preclude the structure definition’.

Graphene oxide has a layered structure as in the case of its raw material, graphite,
but layers contain oxygen containing functional groups enabling further
modifications, yet there is no exact structure for graphene oxide”"’*7>. On the other
hand, there are some structural models proposed for the structure of graphene
oxide:

e Hofmann,

e Ruess,

12



e Scholz-Boehm,

e Nakajima-Matsuo,

o Lerf-Klinowski,

e Décany.
In 1939, the first known model was proposed for the structure of graphene oxide
by Hofmann and Holst, indicating that epoxy groups are present on the surface of
graphene oxide’®"’. Following Hofmann and Holst’s model, Ruess proposed a new
model that includes hydroxyl groups in the structure and suggested that the basal
planes, consisting of carbon layers, were wrinkled’®””. Later in Sholtz and Boehm’s
model, corrugated carbon layers and ketone groups were said to be present in
graphene oxide structure’®”’. In 1988, Nakajima and Matsuo proposed stage 2-type
model for graphite fluoride and they predicated graphene oxide structure based
upon this’®. By the use of solid state NMR technique, Lerf and Klinowski proposed
in 1998 that epoxy and hydroxyl groups are present in the basal plane, whereas
carboxyl groups are located at the edges’”. In the Décany’s Model, corrugated
layers of carbon layers were also present, in addition they included ethers into the

76

graphene oxide structure’®. In Figure 2.6, summary of the aforementioned

structural models of graphene oxide is provided.

13
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Figure 2.6: Summary of proposed structural models of graphene oxide’®.

2.2.3. Synthesis Methods and Purification of Graphite Oxide

Graphene oxide can be acquired by oxidation graphene or graphite by chemical
methods. Hitherto methods as Brodie’”’*®, Staudenmaier® %2, Hofmann®?,
Hummers®?, Tour®**> Peng® and modified versions of Hummers method®-8287-8
have been used extensively for the synthesis of graphene oxide. Graphite source,
reaction conditions as well as the oxidation agent used affect graphite oxides
produced; in other words products may have different properties®®. Duration for the
reaction varies from 1 hour (Peng’s Method®) up to 5 days (modified Hummers
Method®”). The methods have some other differences in the choice of the reaction
media as well as the oxidation agent. Core synthesis methods, oxidants used in
corresponding methods and reaction media are provided below in Figure 2.7,

respectively.
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(1859)
— _ - KClO, ---{1 HNO,; + H,SO,
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; — - KClO, - - - | Non-fuming HNO,
Synthesis Hofmann
Methods of |
Graphene Oxide (1958) NaNoO. +
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Hummers KMnO, Concentrated H,SO,
(2010)
— - KMnO, ---|1 H,SO,+ H;PO,
Tour
(2015)
— - K,FeO, - - - {Concentrated H,SO,
Peng

Figure 2.7: Synthesis methods of graphene oxide, corresponding oxidants and reaction
media, respectively.

The problems with most of the methods are the generation of the toxic gases during
reaction and risk of explosion. For example, Brodie, Staudenmaier and Hofmann
methods create, chlorine dioxide, ClO; as a toxic gas. Nitric acid, HNOs, which is
used by Hummers method and a modified version of this method®’, can react
strongly with aromatic carbon surfaces and its oxidation causes release of nitrogen
oxides, NOx as toxic gases®®*®. Furthermore, potassium chlorate, KC1Os is used in
Brodie, Staudenmaier and Hofmann methods; and dimanganeseheptoxide, Mn,O7,

formation whose reaction scheme is provided in Figure 2.8, in Hummers method

87,88 68,86

and its modified versions®’°°, and in Tour method possess a risk for explosion
As can be seen Peng’s method have neither exploder nor toxic gas involvement
within the synthesis, yet the prices for the oxidant is higher than that of other

methods.
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KMnO, + 3H,50, — K* + Mn0;* + H;0* + 3HSO,”

Mn0;* + Mno,” - Mn,0,

Figure 2.8: Reaction scheme of Mn,O- formation®.

More modifications can be performed to improve any aforementioned methods
such as using microwave heating for pre-exfoliation prior to synthesis’'. Tour
method can be wise choice for the synthesis since well-set experimental conditions
(temperature of 50 °C) eliminate the risk of explosion. Addition of H3POs to the
synthesis media is useful to sustain the carboxylic acid ring structure’!. In addition,
H>0> addition and efficient washing prevents the resultant graphene oxide from the
contamination with excess permanganate ions®>.

Hitherto many washing procedures for the graphene oxide purification have been
used in the literature. It is important to note that efficient washing is as important
as the synthesis. As-synthesized graphene oxide goes into volume expansion and
gelation when it is washed with water, causing problems in centrifugation and
filtration®. Hence, in order to suppress the gelation behavior, use of two step
washing procedure that involves 3.4% HCI and acetone was found to be more

efficient”’

. Schematic comparison of both washing procedures is provided in Figure
2.9. Aforementioned gelation behavior of graphene oxide can easily be observed

in the washing procedure with water.

16
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Figure 2.9: Schematic illustration of purification of graphene oxide®.

2.2.4. Dispersion Behavior of Graphene Oxide

9 that contains

Graphite oxide consists of “stacked sheets of graphene oxide
oxygen containing groups. These groups not only increase interlayer distance but
also enable intercalation of water molecules, hence even under mild sonication

exfoliation of the stack layers can be performed in water’%%4,

Aqueous dispersions of the graphene oxide have been prepared in many studies
since graphene oxide is known with its hydrophilic nature, yet it should be noted
that both the size and the pH value have impact on hydrophilicity of graphene
oxide”. It is important to have better dispersibility not only in water but also in
other organic solvents for the processing®®?. Covalent functionalization via
polymers and different molecules has been performed to assist dispersibility in
many studies, hence some more studies emerged to explain the dispersion of
graphene oxide in organic solvents”®’. The dispersion behavior of graphene oxide
in different solvents can be seen in Figure 2.10. It can be seen that in addition to
water, graphene oxide can form stable dispersions in N,N-dimethylformamide
DMF), N-methyl-2-pyrrolidone (NMP) and tetrahydrofuran (THF) and ethylene

glycol even after 2 weeks.
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Figure 2.10: Digital photographs of as-prepared graphite oxide dispersed in water and 13
organic solvents through bath ultrasonication of 1 hour,

2.2.5. Reduction of Graphene Oxide

In order to attain the superior properties of graphene such as high surface area, high
modulus, high thermal and electrical conductivity; reduction of graphene oxide has
been performed. There are many methods for the reduction of graphene oxide to
graphene or to reduced graphene oxide including chemical, thermal and
solvothermal methods. Reduction using hydrazine has been used widely in the
literature?®*°. On the other hand, due to the toxicity and flammability of hydrazine,

studies have continued to increase rapidly'®.

Ascorbic acid (Vitamin C) is thought to be a good alternative and used for the
reduction'®'"1% however its high price and reactivity towards water have become
the major problems. Dispersions of unreduced graphene oxide and vitamin C
reduced graphene oxide are provided in Figure 2.11. It is noteworthy that graphene

oxide can form stable dispersions in water, DMF and NMP even after reduction.
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Figure 2.11: Digital photographs of unreduced graphene oxide suspensions (top), and
their vitamin C reduced versions 4 weeks after reduction (bottom)!%.

Many other chemicals including sodium borohydride (NaBH4)’®, benzylamine'*,

> were also used for GO reduction and it is claimed that in terms

hydroxylamine'”
of poisonous and explosive properties as well as cost, hydroxylamine is a suitable
candidate for the chemical reduction. Proposed mechanism for the reduction of

graphene oxide with hydroxylamine is given in the scheme provided in Figure 2.12.

Figure 2.12: Schematic representation of the proposed mechanism for the reduction of
graphene oxide with hydroxylamine!®.
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Figure 2.13: Removal of hydroxyl functionalities, formation of carbonyl groups and
restoration of sp? graphene network along with electrical conductivity'®.

In terms of thermal reduction, thermal annealing!'®’, microwave treatments'%11°,

and solvothermal/hydrothermal reduction in various media!!'"!'> have been used.
Thermal reduction of graphene oxide can eliminate the aggregation problem that is

100 Chemical

caused by chemical reduction and hence is a useful method to employ
changes almost diminish at a critical transition temperature of 150 °C!% as can be
seen from Figure 2.13. So, low temperature reduction of graphene oxide can be

considered as an alternative in thermal reduction methods.

2.2.6. Applications of Graphene Oxide

Graphene and its derivatives have been used in various applications. Acting as a
precursor for graphene synthesis, graphene oxide has been used for the purposes of
flow reactor technologies, environmental protection, energy conversion and

storage, biomedicine and biotechnology’®!16-118,

In biomedical applications, graphene oxide (GO) has been used as a nanocarrier!' !>

121 for anticancer drug delivery (doxorubicin); in addition, combinations of GO
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with different molecules showed high loading efficiency as well as targeted drug

122 65,123—

delivery to the tumor area “. Graphene so as GO can also be used in sensors
126" A sensor that is produced using reduced graphene oxide (rGO), has been used
for detection of explosives, recognition of a bacteria, detection of biomolecules
etc"%. On the other hand, GO membranes have been produced for seawater
desalination'?’, for removal of humic acid'?®, wastewater treatment'?’, drinking
water purification'** purposes. As an example, in Figure 2.14, performance of rGO-
CNT nanofiltration membrane in removing fulvic acid from water can be seen. As
indicated in the inset photograph, feed has a yellow color and permeate is clear and

transparent, which indicates that rGO-CNT nanofiltration membrane has

successfully reject the fulvic acid.
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Figure 2.14: Performance of rGO—carbon nanotube hybrid nanofiltration membranes for
removing fulvic acid (a type of humic acid) from water!3.

Further applications of the graphene oxide includes:

e Supercapacitors'!’

e Electrode in primary lithium cells’

e Photocatalyst for hydrogen production from water'!”

e Membranes’+!29-132
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e Clean energy devices®
e Transparent conductive films (which can be used as electrodes for dye-
synthesized solar cells etc.)®

18,51,133

e Aecrogels and hydrogels etc.

2.3.Graphene Oxide Based Aerogels
Graphene oxide based aerogels have been produced for many applications. For

.13 produced ultralight magnetic graphene/iron oxide aerogel

example, Xu et a
which is stated as a candidate to be used in self-sensing soft actuators, remotely
controlled oil absorption etc. The produced aerogel went under reversible
deformation, and absorbed oil can be retracted from the aerogel with magnetic field

induced compression'** and original shape is retained as shown in Figure 2.15.

Figure 2.15: Aerogel absorbing oil with magnet guiding, and the oil-retracted version of
the aerogel'*.

In the study of Yang et al.!*> magnetic graphene aerogels were produced with
magnetite for the adsorption of oil and organic solvents, and schematic
representation of the procedure is provided in Figure 2.16 and absorption capacities

of the aerogels is presented in Figure 2.17.
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Figure 2.16: Preparation of graphene aerogel (foam)!.
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Figure 2.17: Absorption capacity of the magnetic aerogel produced!*.

In the study of Liu et al.!*® graphene oxide based aerogels were prepared graphene

aerogels to be used in supercapacitors. Graphene oxide dispersions and different
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alcohols (isopropanol, ethanol, ethylene glycol) were mixed well, desired amount
was taken and reaction proceeded at 180 °C for 18 hours to give rise to graphene

136 After freeze-drying, resulting aerogels exhibited mechanical

hydrogels
robustness and flexibility. Highest specific area and less degree of reduction was
achieved with aerogel prepared with isopropanol; as a result it showed less ability

to charge transport and less capability for energy storage'*S.

Ethylene diamine (EDA) is a popular crosslinker used for the synthesis of graphene
oxide based aerogels for various applications. Quan et al.'*” produced graphene-
EDA hydrogels at 96 °C for 6 hours, treated with microwave radiation (800W) for
5 seconds after washing and solvent extraction. They used the resulting aerogel
(cross-linked graphene sponge, CGS) as hemostat and compared the aerogels with
gauze sponge. As it can be seen from Figure 2.18, CGSs can stop bleeding in 2-4

minutes whereas gauze sponge can stop bleeding in more than 10 minutes'®’.

Gauze CGS
| =
> 10 min 2-4 min

Figure 2.18: The hemostatic effect of the CGS and the control group of gauze sponge, just
by contacting with the wound™®’.

A number of studies also prepared aerogels that consisted of EDA and graphene
oxide prior to production of graphene/polymer hybrid or composite aerogels to

promote improved mechanical properties. For instance, Hu et al.!*®

and Zhang et
al.'?% both produced PDMS-graphene hybrid aerogels after the production of
graphene-EDA aerogels. But in former study, graphene-EDA aerogels were
prepared at 95 °C for 6 hours based on the study of Hu et al.'®. After the infusion
of PDMS into the structure, in order to remove the solvent and to promote
polymerization, the infused gels were put under vacuum at 120 °C, and heated at

120 °C respectively'*®. On the other hand, in the study of Zhang et al., hydrothermal
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synthesis was conducted at 120 °C for 6 hours, resulting hydrogels can be seen in

Figure 2.19.

Figure 2.19: Hydrogel formation at different reaction times'?.

Li et al."” produced ultralight, compressible and fire-resistant aerogels that was
acquired by using graphene oxide and ethylene diamine. Ethylene diamine in water
is added to the graphene oxide dispersion in water under magnetic stirring.
Resultant mixture was sealed and without the aid of stirring it was heated at 80 °C

for 24 hours, time dependent change in the hydrogel formation is provided Figure

2.20, below'.

Figure 2.20: Time dependent change in the hydrogel formation'®.

Aerogels produced with this method exhibit good absorption behaviour for organic
liquids. In Figure 2.21, snapshots of removal of n-decane and dichloromethane
dyed with ‘Oil Red O’ can be seen. When aerogels were squeezed after organic
liquid is absorbed, it was seen that the original height can not be recovered unless
re-absorption of the oil was provided'®. The produced aerogel showed absorption

capacities upto 250 g/g depending on the liquid density.
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Figure 2.21: Snapshots of the removal process of (a) n-decane floating on water and (b)
DCM sinking below water using aerogel®.

In another study of Hu et al. graphene-EDA acrogels were produced again, for the
purpose of enhanced oil sorption. The aerogels were coated with ferrocene and
exposed to microwave radiation (800 W) for 1 minute to get CN'T/graphene aerogel

hybrid aerogels.
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Figure 2.22: (a) Video snapshots of sorption of diesel fuel by CNT/graphene aerogel, (b)
sorption capacities of aerogel produced .

As can be seen from Figure 2.22a, diesel fuel can be sorbed easily by the
CNT/graphene aerogel and the aerogel showed a high absorption capacity for oils
indicated in Figure 2.22b. CNT/graphene aerogels were also produced by Fan et
al.'* but without using graphene aerogels as the precursor for the hybrid aerogel
in order to obtain good thermal and electrical properties. MWCNT and graphene
oxide suspensions were mixed, using L-ascorbic acid as the reducing agent reaction
was allowed to proceed for 5 hours at 95 °C and they showed 2.8 times higher

electrical conductivity than the graphene aerogel'®.

Graphene oxide has also been used with polymers to produce aerogels. In the study
of Mangadlao et al.'* graphene oxide was modified with poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA) using RAFT and used for the synthesis of
hydrogels. They also used graphene oxide and PEGMEMA for the hydrogel

synthesis and compared physically mixed and covalently linked hydrogels in terms
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of reinforcement and lubrication effect'*. They observed that with graphene oxide
concentrations more than 0.1 wt % the lubrication effect dominates, in addition
covalently linked graphene oxide-PEGMEMA has less lubrication -effect.
Resiliency of the covalently linked graphene oxide-PEGMEMA hydrogel under

load can be seen in Figure 2.23.

Figure 2.23: Resiliency of covalently linked graphene oxide-PEGMEMA under load'#.

Polydopamine was used in the study of Cheng et al."*! for the pollutant disposal
purpose. Both dopamine and graphene oxide were dissolved in pH 8.5 Tris.Cl
buffer, and mixed. Reaction was conducted at 60 °C for 12 hours without stirring;
adsorption capacities for different oils can be seen in Figure 2.24. After the oil
uptake, the aerogels can be dried and reused for the same purpose. They have also

used the produced aerogel for the efficient dye removal.
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Figure 2.24: Adsorption capacities of graphene oxide based aerogels prepared by Cheng
et al. for different oils and organic solvents at saturated state!4!.

Polyvinylidene fluoride (PVDF) solution in DMF and graphene oxide dispersion
in mixtures of water and DMF were used in the study of Li et al.!*?; they focused
on the oleophilicity and hydrophobicity. They were mixed in a graphene oxide
/PVDF ratio of 2/5, reaction proceeded at 160 °C for 10 h, and the aerogel was
acquired after freeze-drying. In a broad range of different oils and organic solvents,
they investigate the adsorption capacity and compare it with the graphene aerogel
prepared in the similar conditions, results can be seen in Figure 2.26. Pictures of
paraffin oil (with Sudan red G) absorbed by the aerogel with DMF/water=7/3 are
provided in Figure 2.25.
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Figure 2.25: Absorption of paraffin oil by graphene oxide-polyvinylidene fluoride
aerogel'*,

kerosene
benzene
phenixin
dodecane
heptane
paraffin oil
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toluene
chloroform
dioxane
cyclohexane
hexane
THF
acetone
ethanol
methanol

0 1000 2000 3000 4000 5000 6000 7000 8000
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Figure 2.26: Adsorption capacitiy of polyvinylidene fluoride-graphene aerogels (red:
DMF/water=8/2; black DMF/water=7/3)'4,
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Alginate!®,  chitosan'®!%4,

epoxy>®, poly(acrylic acid)?!, polypyrole?®!4,

poly(methyl methacrylate)'*® and many more chemical have been used for the

aerogel production with graphene oxide.

Hydrophobic aerogels can absorb oil 215 to 913 times of their own weight!?.
Materials in the production of aerogels along with graphene oxide have changed

throughout the literature for the oil absorption purposes. However, studies offer
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either low production cost but limited absorption capacity, or they offer expensive
production cost with high absorption capacity. Therefore, it is still a need to find
new methods for the production of aerogels to offer both low production costs and

good absorption capacities.

2.4.Absorption Mechanism of Aerogels

Adsorption and absorption are commonly encountered in the literature on aerogels.
When compared, absorption and adsorption referred in the literature are not the
same as neither of definitions. Adsorption is a process that involves contact of
liquid or gas mixture to the solid surface; upon the contact with solid surface, a

component of mixture adheres to the solid surface!*’.

Absorption, on the other hand, is a process in which a component of a gas mixture
is dissolved in a liquid solvent upon the contact with it. Gas absorption or gas
scrubbing is indeed used for the waste gas treatment!’. Absorption columns have
been used for this purpose. As indicated in Figure 2.27, gas mixture is fed to the
tower from the bottom and it leaves the column from the top while the desired

component in the mixture is absorbed by liquid which is flowing downwards.

Gas
Liquid effluent
feed |
Gas
feed
Liquid
effluent

Figure 2.27: A representative image of an absorption column.

In the current study and in many other studies, absorption has been used to denote

imbibition and adsorption of the liquid phase into the pores of aerogels. Therefore,
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it is important to note that the process involves the replacement of air in the pores

of aerogels by the liquid without dissolving in air.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

Graphite with an average lateral size of 300 um was kindly supplied by Asbury
Carbons. Potassium permanganate (KMnQO4) was purchased from Yenilab. Sulfuric
acid (H2SO4, 95-97%) was purchased from Honeywell. Orthophosphoric acid
(H3PO4, 85%) and acetone (technical grade) were purchased from VWR
Chemicals. Hydrochloric acid (HCI, fuming 37%), hydrogen peroxide (H202, 30%)
and toluene were purchased from Merck. N,N-dimethylformamide (DMF),
tetrahydrofuran (THF), methanol and styrene (Sty) were purchased from Sigma-
Aldrich. Glycidyl methacrylate (GMA), azobisisobutyronitrile (AIBN) and 1,3-
diaminopropane (1,3-DAP) were purchased from Aldrich. All of the chemicals

were used as received.

3.2. Methods

3.2.1. Synthesis of Graphite Oxide

Graphite oxide was synthesized by using Tour Method®*. Graphite flakes (1.2
grams, 1 wt equivalent) were mixed with KMnOy (7.2 grams, 6 wt equivalent) and
160 mL of H2SO4:H3PO4 (9:1) mixture was then added slowly to solid mixture
under stirring. In order for oxidation reaction to proceed, reaction was stirred at 50
°C for 12 hours. Reaction scheme is provided below in Figure 3.1. At the end of 12
hours, reaction mixture was allowed to cool down to room temperature. Reaction
mixture was to be poured onto ice, however viscosity of the reaction mixture

increased significantly and therefore 160 mL of ice was added onto reaction
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mixture in a water bath. In order to get rid of the excess MnO4 ions'*®, HO, was
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added to the reaction mixture until a color change was observed from brownish

purple to through bright yellow.

H,SO,, H;PO,
—
50°C, 12 h

Figure 3.1: Reaction scheme of graphene oxide synthesis.

After the centrifugation, highly acidic supernatant of the product was decanted
away. The remaining material was then washed with 3.4 wt % HCI (x3) and
acetone (x4) ?°. The product which was acquired at the end of this washing
procedure, was dried under vacuum and stored at -20 °C to minimize the

environmental effects.

3.2.2. Synthesis of Poly(GMA-co-Styrene) Copolymers

GMA and styrene can react to give random copolymers according to the
literature!*’. Copolymers of styrene and glycidyl methacrylate (pGceSt) were
prepared using free radical polymerization with AIBN as the initiator. Two
different copolymers were synthesized SG10 (Styrene:GMA:AIBN:Tolune being
90:10:1:150) and SGS5 (Styrene:GMA:AIBN:Toluene being 95:5:1:150). Briefly,
to the flask containing AIBN and toluene, monomers were introduced and flask
was placed into an oil bath at a temperature of 80 °C. Reaction was allowed to
proceed for 5 h, after which the mixture was diluted with THF and precipitated into
cold methanol. Dissolving/precipitation was performed three times. Reaction

scheme is provided in Figure 3.2.
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Figure 3.2: Copolymerization of GMA and styrene in the presence of free radical
polymerization initiator, AIBN.

3.2.3. Production of Reduced Graphene Oxide and Copolymer Based
Aerogels

GO dispersions of 5 mg/mL and pGcSt solutions were prepared in DMF and mixed

in required amounts (0, 0.5, 1, 1.5, 2, 3, 4 or 5 mg/mL). After sonication (less than

2 minutes) in ice bath, vials were placed into an oven at 130 °C for 5 h. During this

period, carboxylic acid and hydroxyl groups of graphene oxide react with glycidyl

groups of the pGeSt copolymers promoting the gelation between GO and

copolymers as illustrated in the scheme provided in Figure 3.3.

130 °C, 5h n m

v

Aerogel

Figure 3.3: Reaction between the copolymers of GMA and styrene, and GO to produce
hydrogels.

For the work up, 20%, 10%, 5%, 2.5% ethanol-water mixtures and finally water
(several times) were used. Hydrogels were then freeze-dried at around -53 °C to
obtain pGceSt/GO aerogels. Resulting aerogels were sealed and subjected to argon

flow for at least 15 minutes prior to thermal treatment at 150 °C for 4 h in an oven.
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At the end of this thermal treatment, graphene oxide is substantially reduced
therefore it is referred to as rGO and the obtained aerogels are referred to as

pGceSt/rGO aerogels.

3.2.4. Production of Reduced Graphene Oxide and 1,3-diaminopropane
Based Aerogels

Into the GO dispersions with concentrations of 3, 4 or 5 mg/mL, 1,3-DAP was

added in desired amounts (2.5, 5, 7.5, 10, 12.5 or 15 mg/mL). After a mild

sonication (less than 10 seconds in ice bath conditions), vials were placed into an

oven at 95 °C for 6 h. During this period, carboxyl, hydroxyl and epoxide groups

of graphene oxide react with amine groups of 1,3-DAP promoting the gelation

between GO and copolymers as illustrated in the scheme provided in Figure 3.4.

95 °C, 6h,

water
y@& T ®

1,3-diaminopropane
Aerogel DAP

Figure 3.4: Reaction between 1,3-DAP and GO to produce hydrogels.

For washing the aerogels, 20%, 10%, 5%, 2.5% ethanol-water mixtures and finally
water (several times) were used. When the aerogels were immersed into the liquid
nitrogen directly, sudden volume expansion occurs and this promotes cracking in
the structure upon freeze drying. Therefore, after decanting away the supernatant,
hydrogels were placed into the freezer for an hour. Gels were then frozen in liquid
nitrogen then freeze-dried for one day. The resulting aerogels were subjected to
argon flow at least for 15 minutes then they were subjected to thermal treatment at

150 °C for 4 h in an oven to obtain DAP/rGO aerogels.

36



3.2.5. Absorption Experiments

Prior to the experiments, dry aerogels were weighed. Aerogels were then placed
into containers having 15 mL of chloroform, toluene or sun flower oil. At the end
of 2 hours, gels were taken out of the absorbate using a spoon and put onto paper
towel. Absorbate on the surface of the gels were taken with the towel within 10
seconds. Gels were then weighed and their absorption capacities were calculated.
Since the gels have low weights, weighing was performed on tared bottle caps. The

absorption capacities of the acrogels were determined using the following formula.

weight of wet gel

Absorption capacity = weight of dry gel

3.3. Characterizations

3.3.1. Attenuated Total Reflectance-Fourier  Transform Infrared
Spectroscopy (ATR-FTIR)

All of the analyses were performed using Shimadzu IRPrestige-21

spectrophotometer in the wavenumber range of 500-4000 cm™' with 64 scan. Solid

samples were used for the analysis.

3.3.2. Ultraviolet-visible Spectroscopy (UV-Vis)

The analysis was conducted for graphene oxide using Shimadzu UV-2550 in a
wavelength range of 200-800 nm. Dried graphite oxide was dispersed in water with
the concentration of 1 mg/mL. Using Bandelin Solopuls HD 2200 with 33 % power
(66 W) and 5 cycles for 30 minutes with 10 seconds of pause in each 5 minutes,
ultrasonication was performed for the homogenization at 0 °C. Dispersion was then

centrifuged at 2000 rpm for 10 minutes and supernatant was used for the analysis.

3.3.3. X-ray Photoelectron Spectroscopy (XPS)
SPECS EA 300 equipped with Al-monochromatic X-ray anode was used for

overall scan of graphite and graphene oxide. Solid samples were use for the
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analysis. Deconvolution of the Cls spectrum of the synthesized graphene oxide
was performed after Shirley background correction using OriginPro software

version 2016. Gaussian-Lorenzian correlation was used for the curve fitting.

3.3.4. Thermogravimetric Analysis (TGA)
Solid samples were prepared and analyses were conducted from room temperature
to 600 °C with a heating rate of 10 °C/min in nitrogen environment. Shimadzu

DTG-60H was used for analyses.

3.3.5. Gel Permeation Chromatography (GPC) Analysis
Copolymers of glycidyl methacrylate and styrene were dissolved in chloroform for
the analysis. Analysis was performed with Shimadzu Prominence GPC System

with a refractive index detector.

3.3.6. Proton Nuclear Magnetic Resonance (*H-NMR) Analysis

Copolymers were dispersed in deuterated chloroform and analyzed using Bruker
AVANCE III 400 MHz. Integral calculations were performed using MestReNova
NMR Analysis software.

3.3.7. Atomic Force Microscopy (AFM)

Graphene oxide dispersion with the concentration of 0.5 mg/mL was prepared.
After 1 hour of sonication, it was centrifuged at 8000 rpm for 5 minutes. 50 pL of
the supernatant was taken and coated onto silicon wafer using Polos Spin 150i.
Spinning of graphene oxide was performed at a speed of 3000 rpm for 30 seconds
with an acceleration of 1000 rpm/s. The AFM analysis was then conducted by using
Veeco Multimode V AFM on tapping mode.

3.3.8. Scanning Electron Microscopy (SEM)

FEI Nova NanoSEM 430 Field Emission SEM equipped with a secondary electron
detector (Everhart-Thornley detector) with acceleration voltage of 10 kV was used
for the analysis of graphene oxide which was spin coated onto the silicon wafer.
Spinning of graphene oxide was performed at a speed of 3000 rpm for 30 seconds

with an acceleration of 1000 rpm/s.
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QUANTA 400F Field Emission SEM with acceleration voltage of 20 kV was used
for the analysis of the aerogels. Aerogel samples were placed onto holders with the
aid of carbon tape and coated with gold-palladium using Quorum 150R ES sputter

coater.

3.3.9. Transmission Electron Microscopy (TEM)
FEI Nova NanoSEM 430 was used with an acceleration voltage of 20 kV for the

analysis of graphene oxide.
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CHAPTER 4

RESULTS AND DISCUSSIONS

Two routes were proposed in order to increase the oil absorption capacity of
graphene oxide based aerogels. Sunflower oil, chloroform, and toluene were used
to assess the oil absorption capacity of the aerogels. In the first route, graphene
oxide and copolymers of glycidyl methacrylate and styrene were firstly
synthesized. They were then mixed in required amounts and incubated for 5 hours
at 130 °C to form precursor hydrogels. In the second route, the hydrogels were
prepared using 1,3-DAP and graphene oxide and incubating the hydrogels for 6
hours at 95 °C. In both routes, hydrogels were washed, freeze-dried and thermally
treated to obtain reduced graphene oxide based aerogels. The resultant aerogels

were then tested for their absorption capacities.

4.1.Synthesis of Graphene Oxide

In order to convert graphite to graphene oxide intercalation and oxidation pay
crucial role. In the synthesis, acids (H2SO4 and H3;POs) increase the spacing
between graphene layers via intercalation and enable oxidizing agent (KMnOs) to
oxidize graphite. It is also important that addition of H3POys to the synthesis media
is useful to sustain the carboxylic acid ring structure’!. Further exfoliation can be
obtained if microwave heating is used prior to synthesis’!. The reaction mixture
have some changes in color during the reaction. To start with, acid addition to the
solid mixture results in dark-green color due to dimanganase heptoxide (Mn20O7)
formation. At the end of 12 hours, reaction mixture became brownish purple as a
result of the use of excess KMnOs. In order to get rid of excess KMnOs, hydrogen
peroxide was used and the color of the reaction mixture then turned into bright

yellow. Efficient wash after hydrogen peroxide addition eliminates the risk of
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contamination of the graphene oxide with excess permanganate ions®’.

Aforementioned changes in the appearance of the reaction mixture at different

stages of the reaction can be seen from Figure 4.1.

Figure 4.1: Photographs indicating the color changes during the synthesis of graphene
oxide (left: graphite and KMnQg in acid mixture, middle: reaction mixture at the end of 12
hours, right: reaction mixture after H.O- addition).

Efficient washing is extremely important for the synthesis. Water has been used for
the purification, but it creates volume expansion and gelation which can be
troublesome for centrifugation and filtration”>. Use of 3.4% HCI and acetone
prevent these problems by eliminating gelation behavior®. In order to confirm the
oxidation of graphite into graphite oxide and to define the oxygen containing
functional groups in the structure, ATR-FTIR analysis was conducted and the result

of the analysis for both graphite and graphene oxide are provided in Figure 4.2.
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Figure 4.2: ATR-FTIR spectra of graphite and the synthesized graphite oxide.

In order to campare the result of the ATR-FTIR analysis with the literature, Table

4.1 was prepared and provided below. As can be seen the results are very similar

to corresponding values from the literature.

Table 4.1: Comparison of experimental ATR-FTIR data with the literature.

Functional Group

Wavenumber (cm™) | Wavenumber (cm™)

(Literature values'>®) | (Experimental values)
O-H streching vibrations 2500-3600 3430
C=0 streching vibrations 1720-1750 1744
C=C from unoxidized sp’ 1400-1680 1628
carbon to carbon bonds
C-O vibrations 1050-1250 1227
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UV-Vis analysis for the graphene oxide has two characteristics, which are a peak
around 227-231 nm range due to n—n" transitions of C=C bonding and a shoulder
around 300 nm due to n—n" transitions of carbonyl groups®*. Figure 4.3 gives the

UV-Vis spectra of the produced graphene oxide that shows both of the mentioned

characteristics.
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Figure 4.3: UV-Vis spectrum of the synthesized graphene oxide.

XPS spectrum of graphene oxide which represents the chemical bonding states is
provided in Figure 4.4. Cls and Ols peaks peaks are detected at 285 and 531 eV,
respectively and those values are compatible with the literature'*!. C/O ratio in the
produced GO was found to be 1.56 by elemental analysis. Cls spectrum of the
graphene oxide is also given in Figure 4.5. Deconvolution of Cls spectrum gave
rise to 4 peaks that correspond to carbon sp? (C=C, 284 eV), epoxy’/hydroxyls (C-
0, 286 eV), carbonyl (C=0, 288 eV) and carboxylates (O-C=0, 289 eV) which are

in agreement with the values from literature®>284152,
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Figure 4.4: XPS spectrum of the synthesized graphite oxide.
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Figure 4.5: C1s spectrum of the synthesized graphite oxide.

After chemical characterization of GO, its morphology was investigated. Layered
and sheet like structure of graphene oxide can be seen from SEM image provided
in Figure 4.6 on the left, and it can be seen that graphene oxide has a broad range
of the size. When GO was analyzed with TEM analysis; wrinkles in the structure

WCEre seen.

Figure 4.6: SEM (left) and TEM (right) images of graphene oxide.
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GO was so thin that grid can be seen through it as indicated in TEM image on the
right side of Figure 4.6, therefore to assess the thickness of GO; AFM analysis was
conducted. It was seen from Figure 4.7 that lateral sizes of the flakes vary yet the
thickness is around 1 nm, which indicates that the synthesized graphene oxide

layers are single layers as the thickness is very close to atomic thickness’s.

[;_JQI__J_J 5.0 nm [?_JQJ_J_] S0 n

1 I 1

0.0 1: Height 10.0 pm 0.0 1: Height 10.0 pm
< B R 3 T S
s—i— s
0 A X 0 LS A
i I -
-1 l I - - -1 I . : ;
AR A e -
2 et 2 L S
AL R i
nm il e llepl E nm 0 |3 -

02 04 06 08 1 12 pm 02 04 06 08 1 12 14 16 18 pm

Horizontal Distance | Vertical Distance | Horizontal Distance | Vertical Distance |

0.157 (pm) 1.012 (nm)  0.235 (pm) 1.086 (nm)
0.157 (pm) -1.012 (nm) -1.086 (nm

Figure 4.7: AFM analysis results of synthesized graphene oxide.
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At elevated temperatures, oxygen containing groups of GO are liberated.
Therefore, TGA is used as a tool to assess functionalization of graphite. In TGA,
graphite showed very small weight loss which can be seen in Figure 4.8. GO
however has a major weight loss around 65 % between 150-200 °C which can be
attributed to CO, CO; and steam release®*. This implies that in order to make use
of oxygen containing functional groups in the hydrogel production, graphene oxide
is required to be used at temperatures lower than 150 °C. Since graphene oxide is
hygroscopic, the weight change until 100 °C corresponds to the evaporation of
physically attached water molecules. More stable oxygen functionalities were
continued to be removed after 200 °C. TGA thermograms used to construct TGA

curves provided in Figure 4.8 are given in Appendix A.
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Figure 4.8: TGA curves of graphite and graphene oxide.
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4.2. Reduced Graphene Oxide and Copolymer Based Aerogels

Many materials have been crosslinked into the three dimensional structures for oil
absorption purposes'>. In this study to crosslink graphene oxide a copolymer of
styrene and GMA was used. Hence, copolymers of GMA and styrene were
prepared and characterized prior to aerogel production. The copolymers were
analyzed with ATR-FTIR, proton NMR, GPC, and TGA. They were then used in
the production of reduced GO and copolymer based aerogels. Absorption

experiments and SEM analysis were performed for the resultant aerogels.

4.2.1. Free Radical Copolymerization of GMA with Styrene
Copolymerization was performed with different molar ratios of the monomers
charged to the reactor which can be seen in Table 4.2. Toluene was used as the

solvent, and molar ratio of solvent to monomer was kept as 1.5.

Table 4.2: Molar ratios of the monomers and initiator used in free radical
copolymerization of GMA and styrene.

Copolymer type Sty GMA AIBN
SGS5 95 5 1
SG10 90 10 1

ATR-FTIR analyses of both copolymers were conducted for chemical
characterization of the copolymers. Consistent with the FTIR spectra from
literature'>* provided in Figure 4.9, ATR-FTIR spectra of both copolymers in
Figure 4.10 have peaks at wavenumbers of 1493 cm™ and 1730 cm’!, which

correspond to aromatic rings of styrene and carbonyl groups of GMA, respectively.
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Figure 4.9: FTIR spectrum of a styrene-glycidyl methacrylate copolymer from the
literature!*,
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Figure 4.10: ATR-FTIR spectra of the synthesized copolymers of GMA and styrene.

Sty:GMA ratios charged to the copolymerization were 0.95 and 0.9 for SGS5 and

SG10, respectively. 'H-NMR analysis was conducted to find the actual molar ratios
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of the monomers in the resulting purified copolymers. The results of the analysis

can be seen from Figure 4.11 for SGS5 and Figure 4.12 for SG10.

5
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Figure 4.11: *H-NMR spectrum of SG5.

Ratios of styrene to GMA were calculated using the integrated areas that belong to
protons in the aromatic ring of styrene (integral on the left side of both figure) and
methyl (integral on the left side of both figure) group of GMA'>>!15¢ Based on the
proton NMR results, the ratio of styrene to GMA residues were calculated as 0.9
and 0.83 for SG5 and SG10 respectively. The results show that the molar
percentage of GMA in the copolymers is higher than the charged percentage. This
indicates that GMA is more reactive than styrene. GMA and styrene show different
reactivity depending upon the feed ratio of GMA to styrene according to the

literature'>’

. As illustrated in Table 4.3, GMA has increasing reactivity as the feed
ratio of styrene to GMA increases. Ratio of styrene to GMA fed to the reactor was
19 for SG5 and it was 9 for SG10. Both values are in the range where the reactivity

of GMA increases.
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Table 4.3: Copolymer composition data for several styrene GMA copolymers from the
literature'’.

Monomer mixture (Styrene/GMA) Copolymer (Styrene/GMA)
0.0765 0.1573
0.2762 0.2853
1 0.6147
1.8531 0.5396
6.72 3.2637
24 9.1075
| |
J
' |l s

75 70 65 60 55 50 45 40 35 30 25 20 15 10 0S5
ppm

Figure 4.12: *H-NMR spectrum of SG10.
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GPC was conducted to find out the corresponding molecular weights of the purified
copolymers as well as their polydispercity indices. The results including
polydispersity index (PDI), number average (M,,) and weight average molecular
weight (M,,) along with charged and actual (determined by proton NMR) molar
ratios of styrene to GMA are gathered below in Table 4.4.

Table 4.4: GPC results of copolymers along with molar ratios of styrene to GMA
(Sty/GMA).

Copolymer | Sty/GMA charged | Sty/GMA actual | M, M, PDI
type (mol ratio) (mol ratio) (g/mol) | (g/mol)

SGS5 95:5 90:10 20000 | 25000 | 1.25
SG10 90:10 83:17 26000 | 33000 | 1.28

154158 it was seen that the

When the PDI values are compared with the literature
values are lower than those values. Actually values were very close to literature
PDI values'>® of copolymers synthesized using Atom Transfer Radical
Polymerization. This indicates that the molecular weight distributions of the
copolymers are comparable with the ones with controlled polymerization

techniques.

TGA curves of the copolymers are given in Figure 4.13. As expected, the thermal
properties of SGS is slightly better than that of SG10 due to higher styrene content.
Release of the moisture can be seen up to 100 °C. After that, two steps of weight
loss can be seen in both copolymers. The one around 200 °C corresponds to the
loss of oxygen containing functional groups of GMA, other one around 420 °C
corresponds to the loss of benzene rings of styrene'”. TGA thermograms used to

construct TGA curves provided in Figure 4.13 are given in Appendix B.
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Figure 4.13: TGA curves of copolymers of styrene and GMA having different ratios of
styrene and GMA (blue curve for SG5 with 5% GMA ratio charged to the feed and orange-
dashed line for SG10 with 10% GMA ratio charged to the feed).

4.2.2. Reduced Graphene Oxide and Copolymer Based Aerogel Production

All of dispersions prepared in the given range (with GO concentration of 5 mg/mL
and copolymer concentration of 0, 0.5, 1, 1.5, 2, 3, 4 or 5 mg/mL) gave rise to
hydrogel formation at the end of 5 hours of incubation in the oven at 130 °C. During
this period, carboxylic acid and hydroxyl groups of graphene oxide react with
glycidyl groups of the pGeSt copolymers that promote the gelation between GO
and copolymers as illustrated in the scheme provided in Figure 3.3. Mixtures of
GO and copolymers of GMA and styrene are given on the top image in Figure 4.14,
and hydrogels formed at the end of 5 hours of incubation are provided at the bottom
image of the figure. Vials were held upside down in the image to show hydrogel
formation. There was a small amount of solvent, DMF, at the end of 5 hours,

however can not be seen in the figure due to the opacity of the rubber septum.
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Figure 4.14: Mixtures of GO and copolymer before gelation (top) and hydrogels after
gelation (bottom).

Color change from yellow to black implies that graphene oxide is reduced in
gelation. Absorption tests and SEM analyses were conducted for the produced
acrogels. SEM analysis of pristine rGO aerogel, i.e. without the addition of
copolymers of GMA and styrene, is provided below in Figure 4.15. pGcSt/rGO

aerogels’ SEM images were given in Figure 4.16 and Figure 4.17.

Figure 4.15: SEM images of rGO aerogels in low (left) and high (right) magnification.
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Figure 4.16: SEM images of cross-sections of pGcSt/rGO aerogels. In the hydrogel
precursors used to prepare the aerogels GO concentrations were kept as 5 mg/mL and the
copolymer concentrations ranged from 0 (top) to 1.5 mg/mL.
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Figure 4.17: SEM images of cross-sections of pGcSt/rGO aerogels. In the hydrogel
precursors used to prepare the aerogels GO concentrations were kept as 5 mg/mL and the
copolymer concentrations ranged from 2 to 5 mg/mL.
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All of the aerogels synthesized showed open pore structure as well as interconnection.
Those are very important since open structure allows rapid transfer of the absorbed
0il'®. There exists a difference in between rGO aerogel and pGcSt/rGO aerogels in
terms of pore structure and openness of the pore. Holes on the sheets and wrinkles are
more obvious in rGO aerogel. However, generalization on the pore size and

distribution can not be made for pGcSt/rGO aerogels.

Absorption capacities of aerogels for chloroform, toluene and vegetable oil are given
in Figure 4.18, Figure 4.19 and Figure 4.20, respectively. Experiments were conducted
to compare the absorption capacities of the produced aerogels. Based on the
experimental observations on change of the mass of wet gel over time, absorption time
was fixed at 2 hours for all of the acrogels. In order to construct the absorption capacity
graphs, average absorption capacity of three samples from each aerogel type were
used. Error bars were added by using standard deviations in the absorption capacities

of aerogels.
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Figure 4.18: Absorption capacities of pGcSt/rGO aerogels for chloroform with respect to the
concentration of styrene and GMA copolymers.
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The prepared SG5 aerogels were found to have absorption capacities ranging from
170 to 315 g/g, whereas this range was between 145-260 g/g for SG10 aerogels in
chloroform. Both aerogels had the highest absorption capacity at a polymer
concentration of 1.5 mg/mL. It can be seen from Figure 4.18 that the absorption of
chloroform with this aerogel is better than rest of the aerogels produced by using
copolymers of styrene and glycidyl methacrylate. rGO based aerogels without the
addition of crosslinker can be produced at the same conditions. This study completes
a huge gap in terms of this comparison since both the graphene oxide aerogels
produced with another ingredient and aerogels produced without any addition of
crosslinking or reducing agent were subjected to the same conditions upon the

completion of the hydrogel formation.
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Figure 4.19: Absorption capacities of pGcSt/rGO aerogels for toluene with respect to the
concentration of styrene and GMA copolymers.
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Figure 4.20: Absorption capacities of pGcSt/rGO aerogels for vegetable oil with respect to
concentration of styrene and GMA copolymers.

The prepared aerogels were found to have absorption capacities in the range of 90 to
175 g/g for toluene and 90 to 200 g/g for sunflower oil. Higher styrene containing
copolymer containing aerogels in general showed higher oil absorption capacities due
to the fact that styrene has oleophilic nature. The highest oil absorption values were
obtained with aerogels having initial concentrations of 1.5 to 2.0 mg/mL of copolymer.
This may be due to unreacted copolymers in the hydrogel synthesis step which were
washed out of the gel during washing steps. To assess this, TGA was performed. It
can be seen from Figure 4.21 that increase in the copolymer concentration beyond 3

mg/mL do not have any impact on the copolymer amount in the aerogels.

Thermal reduction of graphene oxide can eliminate the aggregation problem that is
caused by chemical reduction'®. Therefore in this study among thermal annealing,
microwave treatments, low temperature and solvothermal/hydrothermal reduction

methods, low temperature thermal reduction was used. Since the critical temperature
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for the chemical changes diminished at the temperature of 150 °C, incubation
temperature was set to 150 °C. Therefore, weight losses shown in Figure 4.21 were
calculated between 100 °C and 600 °C and reduced graphene oxide does not have a
major weight loss between these temperatures. TGA thermograms used to construct

Figure 4.21 are provided in Appendix C.
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Figure 4.21: Change in weight loss determined by TGA with respect to copolymer
concentration.

Aerogels were produced with the purpose of the oil-water separation. Snapshots of a
movie that shows the absorption of methyl-red dyed chloroform drop in water by
pGeSt/rGO aerogel less than a second are given in Figure 4.22. The figure shows that
chloroform can be removed from the bottom of the water easily which indicates that

the aerogels produced are promising materials to be used in oil-water separation.
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Figure 4.22: Snapshots of a movie that shows the absorption of methyl-red dyed chloroform
drop in water by pGcSt/rGO aerogel.

4.3.Reduced Graphene Oxide and 1,3-DAP based Aerogel Production
All of the 1,3-DAP containing dispersions led to hydrogel formation due to the
reaction between carboxyl, hydroxyl and epoxide groups of GO and amine groups of

1,3-DAP as illustrated in Figure 3.4.

Addition of 1,3-DAP to graphene oxide dispersions initiated the gel production in a
short time. Graphene oxide dispersions without addition of any 1,3-DAP did not form
hydrogels at the end of 6 hours of incubation at 95 °C. Vials were held upside down
in Figure 4.23 to illustrate gelation behavior upon the addition of 1,3-DAP. Successive

washing with ethanol and water mixtures was performed in order to ensure the

161

complete removal of excess amines

Figure 4.23: GO dispersions at the end of 6 hours of incubation at 95 °C.
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SEM images of DAP/rGO aerogels that corresponds to initial GO concentrations of 3,
4,5 mg/mL were given in Figure 4.24, Figure 4.25 and Figure 4.26, respectively. From
SEM images, openness of the pores which enhances the absorbance of the oils can be
seen. Pore sizes increase with increasing 1,3-DAP concentration, however in some
images there were some regular patterns of larger pores. For all three different
concentrations of GO, aerogel with initial 1,3-DAP concentration of 15 mg/mL

showed largest pore size among others.

2.5 mg/mL, 1,3-DAP 5 mg/mL, 1,3-DAP 7.5 mg/mL, 1,3-DAP

"

10 mg/mL, 1,3-DAP 12.5 mg/mL, 1,3-DAP 15 mg/mL, 1,3-DAP

Figure 4.24: SEM images of cross-sections of aerogels of varying concentrations of 1,3-
DAP and 3 mg/mL GO.
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10 mg/mL, 1,3-DAP 12.5 mg/mL, 1,3-DAP 15 mg/mL, 1,3-DAP

Figure 4.25: SEM images of aerogels of varying concentrations of 1,3-DAP and 4 mg/mL
GO.

2.5 mg/mL, 1,3-DAP 5 mg/mL, 1,3-DAP 7.5 mg/mL, 1,3-DAP

10 mg/mL, 1,3-DAP 12.5 mg/mL, 1,3-DAP 15 mg/mL, 1,3-DAP

Figure 4.26: SEM images of aerogels of varying concentrations of 1,3-DAP and 5 mg/mL
GO.
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Absorption experiments were conducted to compare the absorption capacities of the
produced aerogels. Based on the experimental observations on change of the mass of
wet gel over time, absorption time was fixed at 2 hours for all of the aerogels. For
chloroform as illustrated in Figure 4.27, aerogels with the starting GO concentration
of 3 mg/mL, gave absorption capacities in the range of 265-534 g/g. Range was in
between 280-340 and 230-310 for the aerogels with the starting GO concentration of
4 mg/mL and 5 mg/mL, respectively. It can be seen that the aerogel with 1,3-DAP
concentration of 12.5 mg/mL and GO concentration of 3 mg/mL has the highest
absorption capacity around 550 g/g. The aerogels with starting GO concentration of 3
mg/mL have an increasing trend until 12.5 mg/mL, and the others have nearly the

same absorption capacity for the chloroform.
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Figure 4.27: Absorption capacities of DAP/rGO aerogels for chloroform with respect to DAP
concentration.

DAP/rGO aerogels showed no trend for the absorption of toluene as can be seen from

Figure 4.28. On the other hand, aerogels with the lowest GO concentration used in the
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synthesis, 3 mg/mL, showed the highest absorption capacity among the others as 202
mg/mg. The absorption capacity ranges were 172 mg/mg to 202 mg/mg, 146 mg/mg
to 180 mg/mg, and 109 mg/mg to 159 mg/mg for 3 mg/mL, 4 mg/mL and 5 mg/mL

of starting GO concentration, respectively.
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Figure 4.28: Absorption capacities of DAP/rGO aerogels for toluene with respect to DAP
concentration.

In the absorption of sunflower oil, there was no trend for 4 mg/mL and 5 mg/mL of
starting GO concentration as can be seen from Figure 4.29. Absorption capacity
showed an increasing trend upto 270 mg/mg for the aerogels with 3 mg/mL of starting
GO concentration until a starting DAP concentration of 7.5 mg/mL. The absorption
capacity ranges were 194 mg/mg to 270 mg/mg, 193 mg/mg to 210 mg/mg, and 173
mg/mg to 190 mg/mg for 3 mg/mL, 4 mg/mL and 5 mg/mLof starting GO
concentration, respectively. A similar aerogel produced by EDA and graphene oxide

can achieve absorption capacities in between 120-250 mg/mg for oils depending on
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the liquid density'®. Most of the DAP/rGO based aerogels exceeds this absorption

capacity range in absorbing chloroform.
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Figure 4.29: Absorption capacities of DAP/rGO aerogels for sunflower oil with respect to
DAP concentration.

Snapshots of a movie that shows the absorption of methyl-red dyed chloroform drop

in water by DAP/rGO aerogel less than a second are given in Figure 4.30. This shows
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that DAP/rGO aerogels can be considered as promising materials to be used in oil-

water separation.

Figure 4.30: Snapshots of a movie that shows the absorption of methyl-red dyed chloroform
drop in water by DAP/rGO aerogel.

Ranges of the absorption capacities were from 90 g/g to 315 g/g for reduced graphene
oxide and copolymer based aerogels, and from 109 g/g to 534 g/g for reduced

graphene oxide and 1,3-diaminopropane based aerogels.

When compared with the literature values of various carbon based materials presented
in Table 4.5, produced aerogels are better than most of them in terms of absorption
capacity. When the prices of the raw materials are taken into consideration, the ones
with CNT have very high cost. Therefore, the routes proposed here can replace many

of the aerogels present.
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Table 4.5: Comparison of various absorbent materials for oils and organics!'®.

Carbon Source Absorbate Absorption Capacity
(&/2)
CNT Pump oil, chloroform, ethylene 80-100
glycol
GO Cyclohexane, toluene, vegetable 10-30
oil...
GO Petroleum, toluene, cyclohexane... 5-40
GO Diesel oil, ethanol, chloroform... 75-154
GO Pump oil, toluene, chloroform... 60-165
GO and CNT | Compressor oil 80-140
GO and CNT | Motor oil, phenoxin, chloroform... 215-913
GO and CNT | Vegetable oil, gasoline, toluene... 21-35
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CHAPTER 5

CONCLUSIONS

GO based materials have arisen great interest in the past decade. In this study,
combining the properties of graphene oxide with copolymers of styrene and GMA,
and with 1,3-DAP, aerogels were produced for oil-water separation purposes. Styrene
as a monomer was chosen since it is known with its oleophilicity, GMA was selected
as the crosslinker between graphene oxide and styrene. 1,3-DAP was chosen since it

has an ability to promote gelation by forming hydrogen bonds with graphene oxide.

It is seen in this study that copolymers of styrene and GMA can be used as crosslinker
for the production of reduced graphene oxide based aerogels. It is also seen that 1,3-
diaminopropane can be used with the same purpose. Ranges of the absorption
capacities for chloroform were from 145 g/g to 315 g/g for reduced graphene oxide
and copolymer based aerogels, and from 230 g/g to 534 g/g for reduced graphene
oxide and 1,3-diaminopropane based aerogels. For the absorption of toluene these
ranges were from 90 g/g to 175 g/g for reduced graphene oxide and copolymer based
aerogels, and from 109 g/g to 202 g/g for reduced graphene oxide and 1,3-
diaminopropane based aerogels. And lastly for sunflower oil ranges were from 90 g/g
to 200 g/g for reduced graphene oxide and copolymer based aerogels, and from 173
g/g to 270 g/g for reduced graphene oxide and 1,3-diaminopropane based aerogels.
Reduced graphene oxide aerogels without the addition of any crosslinker was
synthesized at the same experimental conditions with the reduced graphene oxide and
copolymers of styrene and GMA based aerogels. It is likely that the mechanism of
absorption in the aerogels consists of both imbibition and adsorption of oils/organic

liquids onto the aerogel surfaces.

71



It is seen that increase in copolymer concentration beyond 2 mg/mL does not have
effect on the absorption capacity. Comparing the values with the literature, it can be
seen that both types are very effective in the absorption of oils and very promising for
the use in oil-water separation. On the other hand, when the two routes were compared,
reduced graphene oxide and 1,3-diaminopropane based aerogels are more
advantageous to use in the oil water separation. Because they can be produced easily
when compared to reduced graphene oxide and copolymer based aerogels, they have

better absorption capacity.
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CHAPTER 6

RECOMMENDATIONS

Based on the studies conducted, there are some recommendations that can be useful

for the future work. These can be listed as:

e Different oleophilic ingredients such as oleic acid can be used for the aerogel
production.

e Chemicals containing longer amine chains can be used for the aerogel
synthesis (such as 1,6-hexanediamine).

e Graphene oxide functionalized with ethylenediamine, 1,3-diaminopropane,
1,6-hexanediamine etc. can be used for the aerogel synthesis

e Microwave reduction can be used for the reduction of aerogels that do not have
polymer as one of the ingredient.

e Lastly, both nanoparticles and/or graphene oxide can be modified with
oleophilic chemicals and they can be used along with graphene oxide for the

production of aerogels.
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APPENDIX A

TGA Thermograms of Graphite and Graphene Oxide

TGA thermograms of graphite and graphene oxide produced are given in Figure A- 1
and Figure A- 2, respectively.
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Figure A- 1: TGA thermogram of graphite.
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Figure A- 2: TGA thermogram of graphene oxide produced.
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APPENDIX B

TGA Thermograms of Copolymers of GMA and Styrene

TGA thermograms of copolymers of GMA and styrene are given in Figure B- 1 and

Figure B- 2.
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Figure B- 1: TGA thermogram of SG5.
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Figure B- 2: TGA thermogram of SG10.
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APPENDIX C

TGA Thermograms of Reduced Graphene Oxide and Copolymer Based
Aerogels

TGA thermograms of reduced graphene oxide and copolymer based aerogels are given

in Figure C- 1 to Figure C- 10.
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Figure C- 1: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 1.5 mg/mL SG5.
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Figure C- 2: TGA thermogram of a reduced graphene oxide and copolymer based aerogel

containing 1.5 mg/mL SG10.
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Figure C- 3: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 2 mg/mL SG5.
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Figure C- 4: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 2 mg/mL SG10.
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Figure C- 5: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 3 mg/mL SG5.
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Figure C- 6: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 3 mg/mL SG10.
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Figure C- 7: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 4 mg/mL SG5.
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Figure C- 8: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 4 mg/mL SG10.
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Figure C- 9: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 5 mg/mL SG5.
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Figure C- 10: TGA thermogram of a reduced graphene oxide and copolymer based aerogel
containing 5 mg/mL SG10.
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