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ABSTRACT

DEVELOPMENT OF GRAPHENE OXIDE BASED AEROGELS FOR
ENVIRONMENTAL APPLICATIONS

Polat, Duygu Sezen
Master of Science, Chemical Engineering
Supervisor: Assoc. Prof. Dr. Erhan Bat

September 2020, 96 pages

In order to cope with increasing water pollution due to crude oils, petroleum
products, organic solvents, and dyes, it is urgent to come up with feasible and
economical solutions. Due to their large surface area, abundant functional groups
and tunable properties, graphene oxide (GO) based aerogels are promising
candidates for pollutant removal. In the scope of this thesis study, it was aimed to
produce GO-based aerogels with high reusability performance and removal capacity
to be used in environmental applications. GO was synthesized by the Tour method
and characterized with ATR-FTIR, TGA and UV-vis. GO aerogels, reduced GO-
stearic acid-based (rGO/SA) aerogels and GO-(3-Aminopropyl)triethoxysilane
aerogels (GO-NH.) were prepared. Analysis of the porous structures of produced
aerogels was conducted by using SEM. ATR-FTIR analysis was performed for the
chemical characterization of the aerogels, and TGA was performed to evaluate their
thermal properties. The pollutant removal performance of aerogels was compared
using chloroform, sunflower, methylene blue (MB) and methyl orange (MO). rGO
aerogels exhibited an absorption capacity of 155 g/g for chloroform while rGO/SA

aerogels exhibited 87 g/g. However, rGO/SA aerogel maintained its original



absorption capacity even after 15 cycles, unlike rGO aerogels, which exhibited a

sharp decrease after the 1% cycle.

Meanwhile, the parameters affecting the adsorption capacity of GO and GO-NH:
aerogels toward dyes, such as initial concentration and pH, contact time, temperature
and dye charge, were investigated. Adsorption Kkinetics and isotherms were also
examined for MB and MO. GO and GO-NH: were found to have maximum
adsorption capacities of 588 mg/g and 118 mg/g for MB and MO, respectively, as
calculated from the Langmuir isotherm. The Kinetic study revealed that adsorption
of MB on GO aerogels followed the pseudo-first-order model while the adsorption
of MO followed the modified Freundlich model. Van’t Hoff equation used to
calculate thermodynamic parameters indicated that the adsorption process of MB
onto GO aerogels was endothermic and spontaneous. Recyclability and reusability
studies on GO aerogels for MB adsorption were also conducted. Aerogels could
easily be recycled and reused, and they were able to maintain over 90% removal

capacity after ten cycles.

Keywords: Graphene oxide, aerogel, adsorption, absorption, separation
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CEVRE UYGULAMALARI iCIN GRAFEN OKSIT ESASLI
AEROJELLERIN GELISTIRILMESI

Polat, Duygu Sezen
Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Dog. Dr. Erhan Bat

Eyliil 2020, 96 sayfa

Ham petrol, petrol iiriinleri, organik ¢oziiciilerden ve boyalardan kaynakli artan su
kirliligi ile bas edebilmek ic¢in uygulanabilir ve ekonomik ¢oziimler bulunmasi
gerekmektedir. Genis ylizey alanlari, bol fonksiyonel gruplari ve degistirilebilir
ozellikleri sayesinde grafen oksit (GO) bazli aerojeller su kirliliklerini giderme
caligmalart i¢in gelecek vaat etmektedir. Bu tez su aritimina yonelik yiiksek tekrar
kullanilabilirlik ve arindirma performansi olan GO-esasli aerojellerin iiretilmesi ve
arindirma mekanizmalarinin arastirilmast amaglanmistir. GO, Tour metotu
kullanilarak sentezlenmis ve ATR-FTIR, TGA ve UV-vis ile karakterizasyonlari
yapilmistir. GO aerojeller, indirgenmis GO-stearik asit (rGO/SA) aerojeller ve GO-
(3-Aminopropil)trietoksisilan (GO-NH>) aerojeller iiretilmistir. Uretilen aerojellerin
gozenekli yapilar1 SEM ile analiz edilmistir. Kimyasal karakterizasyonlar1t ATR-
FTIR ve 1s1] 6zellikleri TGA kullanilarak degerlendirilmistir. Aerojellerin arindirma
performanslar1 kloroforom, aycicek yagi, metilen mavisi (MB) ve metil turuncusu
(MO) kullanilarak Ol¢tilmistiir. rGO aerojel kloroform i¢in 155 g/g sogurma
kapasitesi gosterirken, rGO/SA aerojeller maksimum 87 g/g sogurma kapasitesine
ulasabilmistir. Fakat rGO/SA aerojeller ikinci tekrar kullanimdan sonra sogurma
kapasitesinde ani diisiis yasayan rGO aerojellerinin aksine on tekrar kullanimdan

sonra da ilk sogurma kapasitesini koruyabilmistir. Ayrica, baslangi¢ derisimi ve pH

vii



degeri, temas zamani, sicaklik ve boya yiikii gibi GO and GO-NH: aerojellerinin
yiizeye tutunma kapasitelerini etkileyen parametreler arastirilmistir. MB ve MO i¢in
kinetik ve izotermler incelenmistir. GO ve GO-NH: aerojellerinin MB ve MO igin
maksimum yiizeye tutunma kapasiteleri Langmuir izotermi kullanilarak sirasiyla
588 mg/g ve 118 mg/g olarak hesaplanmustir. Kinetik ¢alismalar1 GO aerojellerin
MB i¢in yiizeye tutunmasinin yalanci birinci dereceden modeli takip ederken, MO
icin degistirilmis Freundlich modeli takip ettigini gostermistir. Termodinamik
parametreleri van’t Hoff denklemi kullanilarak hesaplanmis ve MB yiizeye tutunma
stirecinin endotermik ve kendiliginden gergeklestigi anlasiimistir. GO aerojellerin
MB ylizeye tutunmasi i¢in geri doniistiirme ve tekrar kullanilma caligmalari
yapilmistir. Son olarak GO aerojel kolay bir sekilde geri doniistiirebilmis ve on
dongiiden sonra da %90’dan fazla aymrma performansint Koruyarak tekrar

kullanilabilirmistir.

Anahtar Kelimeler: Grafen oksit, aerojel, yiizeye tutunma, sogurma, ayirma
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CHAPTER 1

INTRODUCTION

Expeditious growth in industrial activities resulted in an alarming increase in planet
exploitation over the past few decades. These industrial activities lead to the release
of toxic chemicals into the air, water, and land; hence, contaminate them. Toxic
chemical concentrations in water bodies worldwide are much higher than the
designated restrictions set by World Health Organization (WHO) and Environmental
Protection Agency (EPA)!. The release of these chemicals poses fatal risks to living
organisms and the aforementioned components of nature. Therefore, water pollution
has become a global environmental concern that requires feasible and practical
solutions. Among other pollutants, oils, organic compounds and dyes are the

significant sources of water pollution?.

Dyes are widespread water pollutants and are frequently used in various industries,
including textile, plastic, food and printing. As a result of their elaborate molecular
structures, most of the dyes are stable. They do not biodegrade quickly, and due to
their polar functional groups, they are dispersible in water and able to spread into the
environment quickly. Synthetic dyes, which are usually carcinogenic and mutagenic,
are stable to temperature, light, and even microbial attacks®. The majority of the
effluents containing dyes are directly discharged into river streams. Dyes
significantly affect aquatic life and the food chain even in very low concentrations®.
Dyes hinder marine flora's photosynthetic activities by decreasing light penetration
in rivers and cut down their food resources. Moreover, the accumulation of
discharged dyes on the river surfaces reduces the oxygen concentration and harms

the aquatic fauna as well®.



In recent decades several oil spill accidents occurred due to the extraction, storage,
or transportation of oil. The majority of oil spill accidents occur during transportation
with oil tankers. In 2010, a massive oil spill occurred in the Gulf of Mexico, in which
almost 4.9 million barrels of oil spilled. This accident affected marine species and
seagrasses irreversibly. Over 15% of 322 species were threatened, and 8% of them
were nearly threatened®. In 2014, 3000 barrels of oil spilled in the Sundarbans nature
reserve, which covered the shoreline, damaged the trees and killed many animals due
to the toxic chemicals®. Qil spills cause various environmental impacts, including the

destruction of flora, fauna, natural habitats and ecological imbalances.

There have been many strategies proposed to adsorb and mitigate pollutants. These
methods can be examined in three groups: physical methods such as membrane-
filtration and sorption processes; chemical methods such as coagulation, irradiation,
and electrochemical processes; and biological methods such as aerobic and anaerobic
microbial degradation®. Of these proposed technologies, sorption processes and
adsorption, in particular, has several advantages, such as simple operation, low cost,
efficiency, availability, and flexibility. Hence, the search for efficient yet
straightforward, environmentally friendly adsorbents has become the main focus of

adsorption studies.

For dye adsorption, activated carbon is regarded as a useful but expensive adsorbent
due to its manufacturing and regeneration costs. Therefore, numerous alternatives
have been proposed for the adsorption of such as*® alumina, agricultural, industrial,
domestic waste by-products, chalcogenides, chitin, and coal (high silica content),
silica, and zeolites. Among them, graphene and its derivatives like graphene oxide
(GO) play an essential role due to their large surface area (2630 m?/g) and excellent
physical and chemical properties. Different from its graphene counterpart, GO
possesses several distinct properties. First of all, it is dispersible and processable in
water and various organic solvents”®. Moreover, it can gain versatile features as a
result of their functional groups. Finally, it can be synthesized from graphite with a
high yield and cost-effective method. GO, as a highly oxidized form of graphene,
has epoxy and hydroxyl groups on the basal plane and carboxylic group at the edges®.



As a result, GO platelets are negatively charged in the agueous solution, promoting
the adsorption of cationic dyes through electrostatic interaction. Moreover, due to
GO's carbon atoms, which are present in the sp? hybridization state, GO can also
exhibit n-m interactions with dyes with aromatic structures. Finally, GO can also
display hydrogen bonding interaction with dyes containing amino or hydroxy
groups. GO-based materials have shown remarkable performances in oil removal
also. While the traditional porous sorbents used for oil spill clean-ups have low
absorption capacities (less than ten times of their weight), GO-based sorbents can
absorb oil up to 600 times their weight'®!*, In addition to their high surface area, by
partially reducing their oxygen-containing groups, hydrophobic and oleophilic sp?
domains of GO-based materials can be re-established. GO-based aerogels, in
particular, have even more significant potential in water treatment applications due
to their loose and porous structure, which can facilitate the diffusion of dye, oil and

organic solvent molecules.

This study aims to develop novel and useful methods to produce GO-based aerogels
for pollutant removal with enhanced sorption capacity and reusability. The pollutant
removal performance of the aerogels was investigated for oil absorption and dye
adsorption. For oil absorption, thermal reduction and stearic acid incorporation to
the structure were performed to re-establish the GO-based aerogel's hydrophilic and
oleophilic sp2 domains. For dye adsorption, bare GO aerogels were prepared to
achieve enhanced adsorption capacity for cationic dyes due to its abundant functional
groups. (3-Aminopropyl)triethoxysilane (APTES) deposition was employed to

increase the adsorption capacity of GO-based aerogel toward anionic dyes.






CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1  Graphene Oxide

Graphene and its derivatives such as graphite, GO, carbon nanotubes, and fullerenes
have attracted considerable attention in material science. This attention is mainly
attributed to graphene’s one-atom thickness, large surface area, superior durability,
elasticity, high thermal and electrical conductivities since Geim and Novoselov*?
isolated it for the first time in 2004. Graphene family materials are shown in Figure
2.18,
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Figure 2.1 Schematic representations of graphene family materials®®



Graphene and its derivatives are used in a wide range of applications, including
sensors’, super capacitors'®®, fuel cells'”*®, nanocomposites!®?!, and
membranes??2* due to their aforementioned superior physical and chemical
properties. Over the past decade, various synthesis approaches have been advanced
for high-quality graphene. The most common strategies employed for graphene
synthesis are chemical vapor deposition (CVD)?>%, epitaxial growth?"?, and micro-
mechanical exfoliation of highly ordered pyrolytic graphite?®. Although these
strategies can yield graphene with nearly perfect structure and superior properties,
graphene oxide reduction allows for a cost-effective and efficient graphene
production®. In addition to its ability to be converted into graphene easily, having
low cost and easy access, graphene oxide can be dispersed in water and polar

solvents without aggregation due to its functional groups.

2.1.1 Structure and Properties of Graphene Oxide

GO is obtained by exfoliating graphite oxide via sonication or mechanically stirring
to layered sheets®!. Its graphene-based network and abundant oxygen-containing
groups enable GO to immobilize active species and have tunable electronic
properties. For example, while GO is insulating due to the sp® hybridized carbon
atoms in its structure®?, reduced GO (rGO) is a semiconductor, unlike graphene,
which is a semimetal®®. Moreover, GO exhibits exceptional optical and mechanical
properties that can be employed in a wide range of applications. By tuning its film
thickness and reduction degree, the optical transmittance of GO films can be
altered®*. While the color of its suspension in water varies from dark brown to light
yellow, thin films of rGO are semitransparent®® depending on the oxidation degree
and sample thickness. Young’s modulus and intrinsic strength of GO changes
between 6-42 GPa and 76-293 MPa, respectively®®.



Although a vast amount of research has been done on the subject since its first
successful synthesis in 1859 by Brodie®’, the exact structure and composition of GO
is still under debate due to its nonstoichiometric composition, strong hygroscopicity,
and dependence on synthesis conditions®3. Therefore, various clashing models have

been proposed to understand its structure, as shown in Figure 2.2%,
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Figure 2.2 Proposed models for GO structure3®
2.1.2 Synthesis of Graphene Oxide

The synthesis method of GO has evolved and modified various times. These methods
use different chemicals and graphite sources and therefore yield GO with different
chemical compositions. Brodie®” synthesized the first batch of GO by adding KCIO3
into a mixture of graphite in fuming HNOs. After washing away the salts, he dried
the reaction mixture at 100 °C and repeated this procedure three times until a bright
yellow color that does not change with further oxidation was observed. The first

improvement in Brodie’s method was introduced by Staudenmaier®®, who added



concentrated sulfuric acid to enhance the reaction mixture's acidity and several
aliquots of potassium chloride throughout the reaction. This method yielded a much
simpler process to synthesize GO; however, the time-consuming addition of
potassium chloride and chlorine dioxide emission called for further improvements.
In 1958, Hummers and Offeman“® proposed a new method, including concentrated
sulfuric acid, potassium permanganate, and sodium nitrate, to achieve a higher
degree of oxidation than the Staudenmaier method within 2 hours. However, it was
founded that this final product had GO shells covering incompletely oxidized
graphite cores®. Several improvements have been made to Hummer’s method to
increase carbon to oxygen ratio in the final product*~*3. However, these methods
include the generation of toxic NOx gases. A study conducted by Tour’s group did
not use sodium nitrite, increased the amount of potassium permanganate, and final
product with a higher oxidation degree than the previous methods was achieved
while eliminating the emission of toxic gases**. The summary of synthesis methods
of GO is reported in Table 2.1.

Table 2.1 Summary of the methods used to prepare to GO

Method Year Developed Oxidant Reaction Media
Brodie®’ 1859 KCIO3 H2S04-HNO3
Staudenmaier® 1898 KCIOs Fuming HNO3
Hofmann* 1937 KCIOs3 Non-fuming HNO3
Hummers*® 1958 KMnOa4 H2S04
Tour* 2010 KMnOg4 H2S04-H3PO4
Sun“® 2013 KMnOg4 H2SOq4
Peng*’ 2015 KoFeO4 H2SOq4




2.2 Aerogels

Aerogel is an extremely light and porous material that exhibits highly attractive
physical properties, including large surface area, extremely low thermal
conductivity, and adjustable density ranges. Although invented by Samuel Stephens
Kistler® in 1931, it did not gain widespread attention since the 1980s. Kistler defined
aerogel as a gel prepared by replacing the liquid component with air without damage
to the solid network*. As a result of their excellent properties, aerogels have become
the focus of interest in many research fields such as drug delivery®, tissue
engineering®, cosmetics®, biocatalysts®?, energy/hydrogen storage®, construction®*,
and thermal insulation®>°¢, Aerogels are usually prepared by supercritical drying or

freeze-drying of their hydrogel precursors.

Figure 2.3 shows the most common production method for aerogels®’. In the first
step, sol particles form a continuous network and forms into a gel. In the second step,
the network ages and the structure advances. Finally, the gel is dried without
disrupting its structure, and the water in the pores is replaced with air®®. At the final
stage, supercritical, atmospheric, or freeze-drying methods are commonly
employed®. Atmospheric drying is frequently preferred due to its simplicity and low
cost. While employing this method, the temperature should be selected carefully
considering the solvent used in the gel production. Gel production can occur at high
temperatures under inert environment or low temperatures for more extended

periods.
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Figure 2.3 General preparation route to prepare aerogels®’

For the years following its invention, aerogel studies were limited with silica, non-
silica, and resorcinol formaldehyde. During its development, aerogel studies
experienced several vital innovations. Before the 1980s, the aerogel preparation
method was time-consuming, and its washing process was regarded as unpractical.
Studies conducted by Russo’s group in 1986, which replaced the water systems with
an organic solvent to prepare aerogels that yielded in a faster process, are of the
crucial innovations in the topic. The topic has undergone another change in the 1990s
after the development of surface-modified ambient drying. These developments led
to extensive research in the field and production of many different types of aerogels.
Some of the existing applications of different types of aerogels are given in Table
2.2.

10



Table 2.2 Classification of aerogels®” and examples from the literature on their
existing applications

Aerogels Application
Single Component
Oxide TiOx%, SioL™ Catalysts
Organic RF®2, Cellulose™ Biosensors, tissue
engineering
Carbon CNT®3, Graphene® Hydrogen storage, oil
absorbent
Chalcogenide PbS, CdSe, CdS, and Semiconductors
ZnS%
Others NbC® Electrocatalysts
Composite
Multi-composition Zn0-Sn0y%, Photocatalysts,
Gradient Density®’, composition® | Various
Micro-/Nanocomposites | GO-based®, silica- Oil absorbent, space
based’® applications

2.3  Graphene Oxide Based Aerogels

GO is the most appropriate precursor for 3D graphene materials due to its
dispersibility in polar and organic solvents and functionality. Moreover, GO is a very
beneficial precursor thanks to oxygen-containing functional groups on its basal
planes and edges, which are reactive to various compounds and can produce novel
materials with tunable properties. As a result, GO-based aerogels exhibit excellent
properties and have great potential in environmental applications. The main
environmental applications and removal mechanism of GO-based aerogels are given

in Figure 2.4™,
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Figure 2.4 Environmental applications and removal mechanisms for different
pollutants™

2.3.1 Synthesis of Graphene Oxide Based Aerogels

Several strategies have been employed for GO-based aerogel synthesis. These
strategies can be classified as template-free self-assembly methods, template-
assisted methods, and other methods, including CVD"?, 3D printing’®’, and spark

plasma sintering”.

Template-free self-assembly methods are commonly employed for GO-based
aerogel synthesis since many factors can facilitate GO gelation such as cross-linker,
reducing agent additions, or pH alterations’®. Since the dimensions of GO sheets are
much higher than most of the polymers, they can interact with each other, even in
diluted concentrations’’. In addition to their hydrophilic oxygen-containing
functional groups, as a result of the electrostatic repulsion between carbonyl groups,
which prevents aggregation, GO sheets can form stable dispersions in water’®. When
the pH of GO dispersion decreases, the electrostatic repulsion between carbonyl
groups weakens, resulting in flocculent formation. However, if the GO concentration
is sufficiently high, gelation occurs instead of amorphous precipitation’®. Moreover,

gelation of GO can also be promoted via hydrothermal and direct freeze-drying
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techniques’®. In the literature, there exist mainly three routes for the template-free
self-assembly of GO-based aerogels: i) hydrothermal synthesis, ii) chemical

reduction, iii) cross-linking synthesis’®.

Hydrothermal synthesis, when compared with other methods, is a much more
accessible, environmentally friendly, and efficient method. However, this method
usually needs long reaction times, high temperatures, or high pressures’. Shi and
coworkers® following the GO's colloidal chemistry employed hydrothermal
treatment at 180 °C for durations between 1-12 h for initial GO concentration 0.5. 1
and 2 mg/mL to produce graphene hydrogels. Photographs of products are given in
Figure 2.5. After freeze-drying the hydrogels, Shi and coworkers achieved
mechanically strong and thermally stable monoliths with macroporous cellular-type

structure.
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Figure 2.5 (a) Products after hydrothermal reduction at 180 °C for 12 h (b) Products
after hydrothermal reduction of 2 mg/mL GO aqueous dispersion at 180 °C for
different durations®

In the chemical reduction method, reducing agents are employed to restore the sp?
network. This method can result in a small surface area aerogel since graphene layers
restack through a m-m interaction during the synthesis’®. Within the chemical
reduction methods, hydrazine and hydriodic acid (HI) are the most commonly used
reducing agents. Aradilla et al.®! employed a single step process to produce graphene
hydrogels using hydrazine, ethylenediamine, and 1,4 diamino butane as reducing
agents at 80 °C for 24 h. Hydrogels prepared with hydrazine exhibited high electrical

conductivity and excellent supercapacitor properties.
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Furthermore, in their study Zhang et al.®? produced graphene aerogels reduced with
L-ascorbic acid. Aerogels showed high electrical conductivity, large surface area, and
hierarchically porous structure. The authors also stated that, contrary to other
reducing agents, including hydrazine, NaBH4, and LiAIH4, L-ascorbic acid
reduction resulted in no gaseous by-products. Photographs of the final products,

graphene hydrogel and graphene aerogels, can be seen in Figure 2.6.
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Figure 2.6 (a) GO dispersion, (b) graphene hydrogel after L-ascorbic acid
reduction, (c) graphene aerogels prepared via (left) supercritical CO2 and (right)
freeze-drying, (d) 7.1 mg graphene aerogel supporting more than 14000 times its

weight®?
Finally, cross-linking methods can be employed for template-free GO-based aerogel
production. These methods can include cross-linking agents strengthening the
hydrogen bonds between the GO sheets or divalent and trivalent ions. For instance,
Jiang et al.® produced gel-like products by employing both hydrothermal treatments
at 120 °C for 10 hours and divalent atoms Ca*2, Co*® and Ni*2. Photographs of the

final products can be seen in Figure 2.7.
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Figure 2.7 (a) GO before (1) and after hydrothermal reduction (2). rGO mixed with
Ca?" (3) and rGO cylinders assembled by Ca?* with various Ca to GO weight ratios
(4,5,6,7). (b) rGO cylinders assembled by (8) Ni?* and (9) Co?* (c) Ca2+ linked
rGO samples dried by (10) natural evaporation and freeze-drying (11) without and
(12) with PVA strengthening®

From Figure 2.7, it can be seen that aerogel formation was only observed after the

addition of polyvinyl alcohol (PVA) as an additional cross-linker.

Common cross-linking agents employed to promote gelation are hydroxyl, oxygen-
containing, and nitrogen functional groups. For example, in the study of Dogan®®
1,3-diamino propane (1,3-DAP) was employed to promote gelation. Although
gelation was not observed for pure GO dispersion at 95 °C for 6 h, hydrogel

formation was observed after the addition of 1,3-DAP.

Template assisted methods are usually preferred due to their simplicity and ability to
produce uniform macropores and tailorable microstructure’. These methods
typically include freezing of homogeneous GO dispersions and later freeze-drying
of the cryogels®. Unidirectional freezing can create larger pores and a more ordered
structure than non-directional freezing. Additionally, while the pore diameter is
independent of GO concentration for unidirectional freezing, it increases with

decreasing GO concentration in non-directional freezing®®. Since with small GO
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concentrations (<10 mg/mL) resulting in aerogel tends to be fragile, the addition of

polymers or curing treatments is generally employed®.

It should also be noted that hydrothermal and chemical reduction after template-free
or template-assisted methods are also commonly applied to increase final structures'
strength. For example, Giannelis et al.®” produced hydrogels with GO, Nafion, and
chloroplatinic acid. After unidirectional freeze-drying, aerogels were reduced with
hydrazine and monosodium citrate to secure the structure. Produced aerogels are

found to be promising candidates for fuel cell and biosensor applications.

Shi and Zhang®® have also researched reducing treatments after aerogel production.
They fabricated graphene hydrogels reduced via hydrothermal treatment followed
by hydrazine and HI reduction, aiming to increase the final products' conductivity.
Hydrogels were found to have great potential in supercapacitor applications and have
shown improvements in their retention capacity compared to hydrogels that are not
reduced. In their study, Lin et al.®® further reduced GO aerogels under Argon
atmosphere at 1050 °C. Hydrophobicity of the resulted aerogels has increased

remarkably.

2.3.2 Graphene Oxide Based Aerogels for Pollutant Removal

Understanding of the removal process and mechanism of different pollutants is vital
to produce GO-based aerogels with enhanced adsorption and absorption capacities.
Nevertheless, due to GO-based aerogels' particular characteristics, investigation of
oil and dye removal mechanisms is a complex issue that requires a detailed analysis
of adsorption parameters. Determined by the different functional groups of GO-
based aerogels, contaminant chemistry, and adsorption parameters such as solution
pH, contaminant concentration, and temperature, electrostatic interactions,
hydrophobic interactions, and n-r interactions take place®®. The removal mechanism
of GO-based aerogels can generally be described as combining these interactions

that occur simultaneously®?.
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2.3.2.1 Mechanisms of Pollutant Removal by GO Aerogels

Their nature determines the removal process of contaminants by GO aerogels. While
dyes and heavy metals are separated via adsorption on the exterior of GO aerogels,
oil and organic solvents are separated via absorption in the pores of GO aerogels®.
As a result of their large pore volumes, GO aerogels have much higher removal

capacities toward oil and organic solvents than dyes and heavy metals.

Adsorption is a physicochemical process commonly applied for water and
wastewater treatment. During adsorption, a molecule or an ion in a gaseous or liquid
bulk attaches onto a solid's surface. Adsorption is a surface process where only the
adsorbent surface is concerned. In absorption, on the other hand, adsorbate diffuses

into the adsorbent structure®®. Sorption, in general, occurs in four steps®:

e Bulk diffusion from fluid to the boundary layer of the adsorbent,
e External film diffusion from the boundary layer to surface sites of adsorbent,
e Internal mass transfer within the particle pores, and

e Physical attachment to the adsorbent surface

Adsorption occurs when the adsorbate's potential energy is below the potential
energy of the adsorbate at the bulk liquid phase. Therefore, adsorption can be
classified as physical adsorption or chemisorption based on the adsorbent's surface
forces. In physical adsorption, electrostatic forces, together with Van der Waals
forces, are present at the adsorbent surface. These are weak interactions that ease the
desorption process. On the other hand, the forces governing chemisorption are much
stronger and involve electron transfer or sharing interactions. Therefore,

chemisorption usually requires greater adsorption energy than physical adsorption®*.

2.3.2.1.1 Adsorption Isotherms

The adsorption isotherm is required to understand the interaction between the

adsorbate and the adsorbent. It can also provide insights about the distribution of
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adsorbate molecules between the liquid and solid phases at the equilibrium®. It is
also crucial to optimize the use of adsorbent. Isotherm models, including Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevic, can be employed to understand the
adsorption mechanism. The two most common models among these are Langmuir

and Freundlich, isotherm models.

Langmuir adsorption model assumes monolayer adsorption at or before reaching a
relative pressure unity. Even though isotherm was initially proposed by Langmuir to
describe the chemisorption process, the model can also describe systems with
moderately low coverage®. The non-linear form of the Langmuir isotherm model is
given in Equation 1.

r QmKL Ce

= 1
1+K,C, M

Qe

Where Qe is adsorption capacity at equilibrium (mg/g), Ce is the solute concentration
at equilibrium (mg/L), Kp is Langmuir adsorption constant (L/mg), and Qm is the

theoretical maximum adsorption capacity (mg/qg).

Freundlich adsorption model assumes that the adsorbent surface is heterogeneous,
and multilayer adsorption occurs on the surface. Freundlich's model also assumes
that adsorption capacity changes proportional to adsorbate concentration. The non-

linear form of the Freundlich isotherm model is given in Equation 2.

1
Qe = KpCpn 2)

Kr is Freundlich adsorption constant (L/mg), and 1/n is constant for adsorption

intensity.

The accuracy of the isotherm model to express the adsorption process is often
decided by comparing the correlation coefficients, R?, of the respective linear fits.
The linear form of the Langmuir isotherm model is given in Equation 3.

c, 1 G

St_-_- _-° 3
Qe KLQm Qm ( )
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The values of Qm and K. can be found from the slope and intercept of the plot for
Ce/Qe vs. Ce. To detail the characteristics of Langmuir isotherm, dimensionless
separation factor R can be calculated. The value of R explains if the adsorption is

favorable or unfavorable and linear or irreversible. Ry is represented as:

1

R, = TTK.C, (4)
Where Co is the initial adsorbate concentration in solution.
For the Freundlich isotherm model, the linear form is given in Equation 5.
InQ, = anF—%lnCe (5)

The intercept and slope of In (Qe) vs. In (Ce) give Kr and 1/n. The values of 1/n
explain the surface heterogeneity. While values below 0 indicate heterogeneous
adsorption, the values between 1 and O indicate Langmuir isotherm. The values

above 1, on the other hand, hints at cooperative adsorption®”.

2.3.2.1.2 Adsorption Kinetics

The study of adsorption Kinetics is necessary to determine the adsorption rate. To
describe adsorption kinetics, several models have been developed. The most
common kinetic models used for adsorption processes are pseudo-first and pseudo-

second-order models.

The pseudo-first-order model can be presented as:

k1
2.303

log(Qe - Qt) = log(Qe) - t (6)

Where Q is the adsorption capacity at time t, and k1 is the rate constant of pseudo-
first-order. The values of k1 and Qe can be calculated from the slope and intercept of
linear fittings of log (Qe — Q) versus t. Meanwhile, the pseudo-second-order model

is given by:
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(7

Where k> is the rate constant of pseudo-second-order. Similarly, ko and Qe values
can be determined from the slope and intercept of linear fittings of t/Q: versus t. In
addition to these models, modified Freundlich and intra-particle diffusion models
can be used for kinetic studies. The linear form of the modified Freundlich equation

is given as®:

1
In(Q;) = In(kCy) + Eln(t) (8)

Where Cy is the initial concentration of the dye, m is the Kuo—Lotse constant and k
is the apparent adsorption rate constant. The rate parameter for intraparticle diffusion

is determined using the following equation®:

1
Qe = kitz+C 9

Where C is the intercept and k; is the intraparticle diffusion rate constant. The plot
of the intra-particle diffusion model may exhibit multilinearity. Generally, it can
show three steps: a sharp increase due to the diffusion of adsorbate through the
solution, intra-particle diffusion where gradual adsorption occurs and finally, the

equilibrium stage®.

2.3.2.2  Graphene Oxide Based Aerogels for Dye Adsorption

Dye adsorption on GO aerogels is governed by a mix of electrostatic forces and m—n
interactions. Due to the deprotonation of oxygen-containing functional groups of
GO, it has been extensively documented that GO-based aerogels have high negative
surface charge density at environmentally relevant pH*%1%, As a result, GO-based
aerogels have proven to have the potential for cationic dyes' adsorption and

positively charged contaminants.
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In their study, Du et al*** prepared graphene melamine aerogels for methylene blue
(MB) and orange G (OG) removal from water with maximum adsorption capacities
of 286.5 mg/g and 80.51 mg/g, respectively. Aerogels showed excellent
recyclability potential for MB maintaining their removal efficiency by 98% after the
5t cycle and 95% after the 10" cycle and potential applications for fast MB removal,

which can be seen from Figure 2.8.
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Figure 2.8 (a) Photographs of MB solution before and after adsorption. (b) The UV
spectrum of MB solution at different contact times. (c) Photographs of fast-
compressible test for MB-water separation%

Moreover, in the study of Zhao et al'*® carboxylated GO aerogels were prepared for
MB removal with maximum adsorption capacities of 780 mg/g. They concluded that
the reason for the increase in adsorption capacity is the strong electrostatic
interaction between carboxyl groups and MB molecules, which was the governing
adsorption force. However, aerogels showed poor recyclability losing 80% of their
original adsorption capacity after the first cycle. While the strong interaction
increased the removal performance, it also hindered the recyclability performance
since after the first cycle MB covered most adsorptive sites of the aerogels and could

not be washed away with acidic water a pH of 3, which made recycling difficult'%.
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In their study, Sarkar et al*®® produced sponge-like materials with GO functionalized
with chitosan(CS)/poly(methacrylic acid) and in situ-developed FesO4 nanoparticles.
Materials achieved a maximum adsorption capacity of 2478 mg/g, and their
adsorption and recyclability performance can be seen in Figure 2.9. The use of Fe3O4

nanoparticles eased the separation of sponges from the solution.
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Figure 2.9 (Left) Photographs of MB before and after adsorption (Right)
Adsorption-desorption cycles of MB dye adsorbed cl-CS-p(MA/GO-Fe304) NPs'%

However, aerogels showed inadequate adsorption capacity for OG due to
electrostatic repulsion. While the high negative surface area provides GO-based
aerogels with adequate adsorption capacity for cationic dyes, it also hinders their
adsorption capacity for anionic dyes due to the electrostatic repulsion between the
anionic dyes and GO, Their adsorption capacity toward anionic dyes can be
enhanced by grafting positively charged functional groups or incorporating

positively charged polymers into their structure.

In their study, Li et al.’?®® produced GO-CS hydrogels via the self-assembly method.
They used CS to overcome the electrostatic repulsion between GO and Eosin Y, an
anionic dye. Since both GO and CS have multiple charges, some of their charges
canceled each other. Nevertheless, as the results showed, there were still sufficient
free charged sites to promote adsorption. Hydrogels were proved to be broad-
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spectrum adsorbents achieving maximum adsorption capacities of 320 mg/g and 300

mg/g for Eosin Y and MB.

Moreover, in their study, Han et al.’® fabricated GO and polyethyleneimine (PEI)
aerogel for Amaranth, Orange G (OG), and Rhodamine B (RhB) adsorption.
Aerogels achieved maximum adsorption capacities of 800 mg/g and 300 mg/g for
Amaranth and OG, both anionic dyes. However, they were unable to adsorb cationic
dye RhB. It was also observed that with increasing PEI, adsorption capacities of

aerogels toward the anionic dyes also increased.

Other than electrostatic interactions, as a result of its sp? hybridized structure, GO
can form n—n bonding with the aromatic rings of dyes. Therefore, bare GO aerogels
can adsorb anionic dyes via m—m interactions, and their capacity can be further
enhanced after functionalization with positively charged groups. For instance, in
their study Duan et al.3* produced polydopamine functionalized graphene hydrogels
for heavy metal and dye adsorption. Hydrogels achieved a maximum adsorption
capacity of 325 mg/g for p-nitrophenol at low pH values since, in its neutral form,
adsorption occurred via m—m interactions and hydrogen bonding. However,
increasing pH caused the formation of phenolate anions, which significantly reduced
the adsorption capacity of hydrogels due to electrostatic repulsion. Efficient
adsorption of neutral dyes proves that m—m interactions also play a role in the dye

removal mechanism.

Finally, hydrogen bonding can also help the adsorption of dyes containing carboxyl
and hydroxyl groups such as Eosin Y, RhB, and Direct Red 80 (DR80). In their study
Nemade et al.'’® fabricated methylimidazolium ionic-liquid-functionalized GO
(mimGO) aerogels. At pH values between neutral to low, mimGO aerogel exhibited
positive charge due to protonation of imidazolium ionic liquid, amide linkages, and
carboxyl groups, which formed intense electrostatic interactions with sulfonic acid
groups of anionic dye DR80. Additionally, hydrogen bonding and n—nx interactions
between mimGO and DR80 also contribute toward adsorption. A combination of

these three mechanisms significantly increased the adsorption rate compared to
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unfunctionalized GO. Removal performance and mechanism of mimGO aerogel

toward DR8O0 can be seen in Figure 2.10.
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Figure 2.10 Removal performance of mimGO aerogel and adsorption mechanism
for DR80

Table 2.3 gives a systematic comparison of the adsorption properties of GO-based
aerogels for dyes. As shown from the table, adsorption of GO-based aerogels toward
dyes often followed the Langmuir Isotherm model, which indicates that active sites

were evenly distributed, and monolayer adsorption took place. Moreover, pseudo-
second-order kinetic was the most common model proposed.
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Table 2.3 The adsorption performance of GO-based aerogels for dyes

Adsorbent Dye Kinetic Isotherm Ref.

GO/Melamine Aerogel | MB Pseudo second order Langmuir | 104
0G Pseudo second order Langmuir

CS/GO/Carboxymethyl | MB Pseudo second order Langmuir |

Cellulose

Aerogel Globules

Sodium Alginate/GO MB Pseudo second order Langmuir | 112

Aerogel

CS/p(MA)/GO Aerogel | MB Pseudo first order Sips 106

CS/GO Aerogel MB Pseudo second order Langmuir 13

Polyacrylamide/GO MB Pseudo second order Langmuir 114

Aerogel Rh6G Pseudo second order Langmuir

CS/GO Microspheres MB Pseudo second order Langmuir | 115

Polyacrylamide/GO MB Pseudo second order Langmuir 116

Aerogel

Proanthocyanidin/GO MB Pseudo second order Langmuir 17

Aerogel

Carboxylated GO MB Intra-particle model Freundlich | 105

Aerogel

Silk Fibroin/GO MB Pseudo second order Langmuir 18

Aerogel

MimGO Aerogel DR80 Pseudo second order Langmuir | %0

MgO/GO Microspheres | Congo Red | Pseudo second order Langmuir 19

Polyaniline/Fe;04/GO Congo Red | Pseudo second order Langmuir 103

Nanocomposite

Polyethersulfone/GO MB Pseudo first order Langmuir | 120

Core/Shell Particles
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2.3.2.3  Graphene Oxide Based Aerogels for Oil and Organic Solvent
Absorption

Oil spills, as well as organic solvent spills, are detrimental to the environment. To
achieve efficient clean-up of spills, lightweight oleophilic sorbents with high surface
areas are needed. However, most of the conventional sorbents used in these
applications suffer from compact pores that hinder the diffusion of high-viscosity
fluids, including crude 0il®2. Therefore, GO-based aerogels with their high surface
area, tunable pore formation, and versatile surface chemistry have gained attention.
Several properties of GO can be altered to enhance its pollutant removal
performance. After partial reduction of oxygen-containing functional groups,
hydrophobic and oleophilic sp? domains of GO can be re-established®. Moreover,
GO-based aerogels can be chemically or hydrothermally reduced to obtain more sp?
domains, enhancing their interaction with oil and organic solvents. Many researchers
have reported an increase in contact angle for water and oil removal capacity after

partial reduction of GO-based aerogels.

For example, in their study, Jiang et al.1?! fabricated polyurethane/GO aerogels via
hydrothermal self-assembly method at 95 °C for 6 hours, which exhibited high
capability (99.5% efficiency) for removal of oils from water even after 50 cycles
because of the robust interconnected network and stable porous structure.
Hydrophobic n—r interactions were crucial for the adsorption process. Photographs

depicting continuous diesel-water separation can be seen in Figure 2.11.
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Figure 2.11 Photographs of the diesel-water system before and after continuous
adsorption'?!

In their study, Liu et al®® prepared an aqueous dispersion of GO, which was
chemically reduced with ethylenediamine (EDA). They reduced the mixture at 90
°C for 5 h, and produced hydrogel was further reduced with ammonia. Aerogels
achieved adsorption capacities towards oil up to 130 g/g. The mechanism of EDA-

ammonia reduction of GO and SEM images of the aerogel is given in Figure 2.12.

NH,
N, TR
DR E TR p
TEE 3 ~;ZC:::-/‘ OH
%, GO in EDA solution
”[z
Ny
Partially reduced GO
~_  in EDA-ammonia solution

—
NH,

Figure 2.12 EDA-ammonia reduction of GO (left) and SEM image of the aerogel
(right)®3

In the study of Dogan®, aerogels were prepared using 1,3-DAP and GO. 1,3-DAP
successfully reacted with GO's functional groups and led to hydrogel formation at

95 °C after 6 hours. As can be seen from Figure 2.13, aerogels were able to absorb
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chloroform from the water quickly. In batch absorption experiments, they achieved

the maximum absorption capacity of 550 g/g for chloroform.
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Figure 2.13 Photographs of methyl-red dyed chloroform adsorption from the water
with DAP/rGO aerogel (top), absorption capacities of aerogels for chloroform
(bottom)®®

In their study, Sun and coworkers!! fabricated GO aerogel via freeze-casting method
followed by hydrothermal reduction at 1000 °C for 20 minutes. Aerogels exhibited
a significant increase in their absorption capacities with respect to previously
reported GO aerogels produced by the same team via liquid-phase reduction
followed by freeze casting'?2. A comparison of the absorption capacities of the

aerogels is given in Figure 2.14.
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Figure 2.14 Absorption performance of aerogels towards various organic
chemicals®!

Another commonly employed method is the incorporation of oleophilic components.
For example, Chen et al*?® produced ultralight and fire-resistant lignin-modified
graphene aerogels (LGA), a potential candidate for oil and toxic organic solvent
clean-ups with high efficiency and recyclability while at the same time utilizing
biomass waste. After hydrothermal reduction at 180 °C for 12 h, produced aerogel
maintained its shape after the compressive-recovery process and exhibited excellent

oil and organic solvent absorption capacity'?3, shown in Figure 2.15.
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Figure 2.15 Photographs of an LGA during the compressive and recovery process
(left), Absorption capacities of aerogels for different oils and organic solvents
(right)123
In the study of Li et al.®*, aerogels were covalently assembled by pyrrole and via
hydrothermal reduction. As a result of the n-n interactions, aerogels could absorb
aromatic compounds such as toluene and benzene. Additionally, the absorption of
hydrocarbons like kerosene and diesel on polypyrrole/GO aerogel van der Waals
forces played an important role. Yang et al.'?® produced monolithic graphene
aerogels modified with 1H,1H,2H,2H-perfluorooctyltriethoxysilane. Aerogels
displayed superhydrophobic and super oleophilic properties. Absorption capacities

of aerogels varied between 109 g/g and 236 g/g, as shown in Figure 2.16.
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Figure 2.16 Removal performance of the aerogels for organic solvents and oils?®

Chemistry of oils and organic solvents is also involved in the absorption process.
Properties such as density, volatility, and viscosity can also influence absorption.
GO-based aerogels can exhibit higher absorption capacities for high-density oils
since more oil can be absorbed into the pores. Moreover, absorption capacities for
volatile oils, including gasoline and diesel oil, are usually lower since they can
quickly vaporize. Finally, if the viscosity of oil or organic solvent is high, diffusion

can decelerate, decreasing the absorption capacity of the aerogel’*.

Although numerous research has been conducted for the production of GO-based
aerogels for pollutant removal, the production of GO-based adsorbents with high
structural stability while preserving its high adsorption/absorption capacity remains
a challenge. Therefore, there is still a need to develop new GO-based aerogel production

methods, which can offer good recyclability and good pollutant removal performance.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

Physical properties of the chemicals used in experimentations are given in Table 3.1,

along with information about the compound's source.

Table 3.1 Physical properties of chemicals used in experiments

Material p (g/mL) Mw (g/mol) Purchased from
Graphite - 12.01 Asbury Carbons”
KMnO4 - 158.03 Yenilab

H2SO4 1.84 98.08 Honeywell
H3PO4 1.74 98.00 VWR

H20: 1.11 34.02 Merck

HCI 1.20 36.46 Sigma-Aldrich
APTES 1.02 179.29 Alfa Aesar
Acetone 0.791 58.08 Sigma-Aldrich
Chloroform 1.492 119.38 Sigma-Aldrich
DMF 0.944 73.09 Sigma-Aldrich
Toluene 0.87 92.14 Merck

“ Graphite flakes with an average size of 300 um were kindly supplied from Asbury Carbons.

3.2 Methods

321 Synthesis of Graphene Oxide

Graphene oxide was synthesized from graphite flakes by Tour method**. Graphite
(2.05 g) was mixed with potassium permanganate (KMnQs) (6.3 g) to prepare a 6:1
graphite/KMnQO4 mixture. 9:1 mixture of concentrated sulfuric acid/orthophosphoric
acid (H2SO4/H3PO4) (126:14 mL) solution was added to the mixture while stirring in

a water bath to prevent sudden temperature increase. The reaction mixture was
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successfully transferred to a 50 °C oil bath for 12 h, forming a thick paste. After the
reaction was cooled to room temperature, 140 g ice was added. In order to remove
the excess MnO4 ions*, 30% hydrogen peroxide (H202) was added, turning the
color of the solution to bright yellow. The reaction is illustrated in the scheme

provided in Figure 3.1.

H,SO4, H3PO,
—_—
50°C, 12h

Figure 3.1 Schematic representation of GO synthesis from graphite

Then, the reaction mixture is centrifuged, and the highly acidic supernatant of the
product was decanted away. The reaction mixture was then washed with 3.4 wt %
hydrochloric acid (HCI) three times*?® and acetone-ethanol mix 4 times. The final
product was dried under vacuum and stored at -20 °C to minimize the environmental

effects.

3.2.2 Production of Reduced Graphene Oxide and Stearic Acid Based

Aerogels

Before aerogel production, experiments were performed to find the optimum GO
concentration and gel formation temperature for oil and organic solvent absorption.
Optimization results can be seen in Figure D. 1. GO concentration of 5 mg/mL was
selected instead of 3 mg/mL since higher GO concentration yielded aerogels with
higher shape stability. The reaction temperature of 145 °C was selected, and further
thermal reduction at 150 °C was employed since they yielded aerogels with higher

absorption capacity. GO dispersions of 5 mg/mL and stearic acid (SA) solutions were
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prepared in DMF. These were then mixed in desired SA weight ratios (0%, 20%,
50%, 60%) and transferred into vials. Samples were then sonicated in an ice bath to
achieve homogenization and remove bubbles in the solutions. After sonication,
bottles were then placed into an oven at 145 °C for 5 h. After being removed from
the oven, organogels were washed with ethanol, ethanol-water mixtures, and water
to remove unreacted components. Obtained hydrogels were freeze-dried at -53 °C.
Subsequently, aerogels were thermally reduced at 150 °C for 4 h after being
subjected to argon flow for 15 minutes. Aerogels were denoted as rGO, SG20, SG50,
and SG60 based on the weight ratios. The reaction between GO and SA is illustrated
in Figure 3.2.

——
' H " CHg(CHz)15CH>

o oH Aerogel

O
1
GO-OH + CH3(CH3)16COOH = GO-0O-C(CH»)16CH3 + H,O

Figure 3.2 Schematic representation of GO and SA reaction to produce aerogels and
the proposed reaction mechanism

3.2.3 Production of Graphene Oxide and (3-Aminopropyl)

triethoxysilane Based Aerogels

Bare GO aerogels were prepared with the method mentioned earlier at 130 °C. The
higher reaction temperature and further thermal reduction were avoided to preserve

the hydrophilic character of the aerogels. After freeze-drying, resulting aerogels were

35



treated with APTES via vapor-phase deposition. Vapor-phase deposition of APTES
was conducted inside a vacuum desiccator. Bare GO aerogels were placed in Petri
dishes, and 100 uL APTES was injected in a small bottle cap. The desiccator was
connected to a vacuum pump and evacuated for 30 min. Aerogels were left in
vacuum overnight to provide enough time for APTES deposition and removed after
24 h. Aerogels were used for dye adsorption application after at least one day left at

room temperature. Aerogels were denoted as GO-NHo.

3.24 Oil Absorption Experiments

Aerogels were weighed before absorption and adsorption experiments. Then they
were placed into bottles containing 15 mL chloroform and sunflower oil. After
reaching equilibrium, gels were removed, and absorbate on the surface was removed
by using paper towels. Gels were then weighed. The experiments were repeated two
times, and the mean of 3 experimental data was reported. The absorption capacity of

the aerogel was calculated using Equation 7.

m, —m

Qe = (7

m

3.25 Dye Adsorption Experiments

Methylene blue (MB) and methyl orange (MO) were chosen as the model
compounds for cationic and anionic dyes to investigate the produced aerogels'

adsorption performance. Their structures are given in Figure 3.3 and Figure 3.4.
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For the accuracy of experimental data, a specific concentration of MB and MO stock
solutions were prepared. The desired MB and MO concentration solutions were
obtained from the diluted stock solutions. The standard calibration curves presented
in Figure C. 1 were plotted between absorbance and dye solutions concentration.
The unknown dye concentration was calculated using the standard calibration curve
and the measured absorbance value. For MB and MO solutions, the concentrations
were calculated by the absorbance at 664 nm and 464 nm, respectively, in the UV-
vis spectrum. Necessary dilution was performed in order to guarantee that the dye

concentration was within the calibration curve range.

The kinetic experiments were performed with 10 mL MB (or MO) solution of
concentration 100 ppm and pH of 7.8 £ 0.1 in the presence of GO-based aerogel (5.3
+ 0.1 mg) as the adsorbent in 50 mL bottles while varying contact time from 1 h to
108 h (or one h to 96 h). The bottles were placed in a water bath thermostatic
oscillator shaker at 25.0 + 1.0 °C and 120 rpm. To determine the adsorption kinetics,
pseudo-first-order, pseudo-second-order, modified Freundlich, and intra-particle
diffusion models were employed, given in Equation 6, 7, 8, and 9, respectively. For
pseudo-first-order, ki and Q. were determined from linear fittings of log (Qe — Q1)

versus t where, k; = —2.303-slope and Q, = 10™t€7¢ePt For pseudo-second-order,
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ko and Q. were determined from the plot of t/Q: versus t where, k, =
slope? /intercept and Q, = 1/slope. For modified Freundlich model, from the log
(Qy) versus log (t) plot, m = 1/slope and k = e'™tercert / ¢, were obtained. Finally,
for the intra-particle diffusion model, Q: versus t? was plotted, and ki and C were

obtained from the fitting as slope and intercept, respectively.

A range of MB (or MO) concentrations between 100 — 400 mg/L (or 10 — 100 mg/L)
for isotherm study were examined at pH 7.8 + 0.1. To investigate the adsorption
mechanisms, Langmuir and Freundlich's models were employed to fit the adsorption
isotherms. Linear expressions for the Langmuir and Freundlich equations are given
in Equation 3 and 5, respectively. For Langmuir isotherm, K. and Qm are determined

from the plot of C¢/Qe versus Ce where Q,,, = —1/slope and K, = 1/(intercept *
Qm)-

The initial pH effect was examined by varying the pH of 100 ppm MB and MO
solutions between 2 and 12 using 1 M NaOH and HCI at 25.0 = 1.0 °C. The
adsorption kinetic curves determined the time required to achieve the equilibrium

adsorption state.

The effect of temperature on the MB adsorption was examined for a range of MB
concentrations between 40 — 400 mg/L at constant pH of 7.8 + 0.1 and temperatures

25, 37.5, and 50 °C. The thermodynamic behavior was examined using Equation 10.

In(Ko) = ——— —— (10)

Where AS® and AH? are the enthalpy change (kJ/mol) and entropy change (J/mol K),
respectively, R and T are the universal gas constant (8.314 J/mol K) and absolute
temperature (K). Ko is the thermodynamic equilibrium constant which is defined as:

_ Qs
Ce ve

(11)

0

Where vs is defined as the adsorbate's activity coefficient and ve is the activity

coefficient of adsorbate in solution. Their ratio (vs/ve) can be assumed to be constant
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in the dilute solutions'?’

. As the dye concentration in the solution reaches 0, the
activity coefficient ratio is nearly constant, and the limit of Qe/C. approaches to Ko.
Therefore Ko values were obtained from the plot of In(Qe/Ce) versus Qe where K, =

intercept.

The experiments were repeated two times, and the mean of 3 experimental data was

reported. Adsorption capacities of the aerogels were calculated using Equation 12.

G-C),
m

Q¢ = (12)

Where C; is the dye concentration at time t. Blank adsorption experiments were
conducted without adsorbent addition to secure the accuracy of experiments. MB
and MO removal efficiency (R) was also calculated at the same time, according to

Equation 13.

_CO_Ce

100% (13)

3.2.6 Aerogel Regeneration

To evaluate the recycling ability of the produced aerogels, after chloroform
absorption experiments, aerogels were left in room conditions to evaporate
chloroform. After 3 hours, when the dry weights of aerogels stabilized, the
absorption experiment was repeated. For the dye adsorption experiments, desorption
was performed for adsorbate-loaded aerogel using ethanol. Then the aerogel was
washed with ethanol-water mixtures, and finally, water and then freeze-dried, and

the adsorption process was repeated.
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3.3 Characterizations

3.3.1 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 a nitrogen environment. Shimadzu

DTG-60H was used for analyses.

3.3.2 Scanning Electron Microscopy (SEM)

Aerogels were analyzed with TESCAN VEGA3 SEM using an acceleration voltage
of 30 kV. Samples were placed onto holders and coated with gold-palladium using
LEICA EM ACE200 sputter coater before imaging.

3.3.3 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 scans. Solid

samples were used for the analysis.

3.34 Ultraviolet-visible Spectroscopy (UV-Vis)

The analysis was conducted for graphene oxide using Shimadzu UV-2550 in a
wavelength range of 200-800 nm for GO characterizations. GO was dispersed in
water with a concentration of 1 mg/mL Wavelength range of 300-700 nm was

employed for MB and MO adsorption experiments.
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CHAPTER 4

RESULTS AND DISCUSSION

Two paths were proposed in order to develop GO-based aerogels for pollutant
removal. For the first path, thermal reduction and stearic acid addition to the structure
were employed to decrease the hydrophilicity and increase the oleophilicity of the
aerogels, respectively. GO and stearic acid were mixed in desired amounts and
incubated for five hours at 145 °C to form organogels. After washing and freeze-
drying, aerogels were thermally treated for four hours at 150 °C to obtain reduced
GO-based aerogels. Chloroform and sunflower oil were used to evaluate the oil
absorption capacity of the prepared aerogels. For the second path, bare GO aerogels
and (3-Aminopropyl) triethoxysilane (APTES) deposited GO aerogels were
produced. APTES deposition was performed, aiming to increase the adsorption
capacity of the aerogel for anionic dyes. For the bare GO aerogels, GO dispersions
were incubated for five hours at 130 °C to form organogels. After washing and
freeze-drying, aerogels were obtained, and they were used in dye adsorption
experiments as prepared. For APTES deposited GO aerogels, the previously
mentioned method for bare GO aerogel production was employed and followed with
APTES deposition at room temperature overnight. Aerogels were left it room
temperature at least one day before dye adsorption experiments. The prepared
aerogels' dye removal performance was investigated for methylene blue (MB) and

methyl orange (MO) as the model compounds.

4.1  Graphene Oxide Synthesis

Intercalation and oxidation are crucial while converting graphite to GO. In GO
synthesis acid mixture of H.SO4 and H3PO4 is employed to increase the graphene

layer spacing so that the oxidizing agent KMnQOj4 can oxidize graphite. HsPOg, as the
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second acid, is essential to secure the structure of carboxylic acid rings*?®

and prevent
excessive oxidation'?®. As can be seen from Figure 4.1, the reaction mixture
experiences several color changes throughout the reaction. Firstly, after the addition
of acid mixture, Mn2Oy is formed, and a dark-green color is observed. After 12 h of
reaction at 50 °C, the reaction mixture's color becomes brownish-purple due to
excess KMnO; in the reaction mixture. The addition of H2O2 removes the excess
KMnQg4, and the reaction mixture turns into a bright yellow color. After H>O»

addition, the reaction mixture must be washed thoroughly to remove the risk of

graphene oxide contamination due to excess permanganate ions*°.

Figure 4.1 Photographs showing the changes of the reaction mixture during the GO
synthesis (initial reaction mixture (a), after 12 h (b), after ice and H>O> addition (c))

ATR-FTIR analysis is a potent tool to investigate the functional groups in a molecule
by differentiating the bonds based on their different absorption frequencies. For this
reason, it was employed to confirm the oxidation of graphite. In Figure 4.2, FTIR
analysis results of graphite and GO are given. This figure demonstrates the oxygen-
containing functional groups of GO. As a result of oxidation of graphite, —OH stretch
peak at 3159.21 cm™, C=0 peak at 1693.66 cm™, C-O-C peak at 1225.09 cm™ and
finally, C-OH stretch peak at 991.75 cm™ was observed.
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Figure 4.2 ATR-FTIR Analysis of Graphite and GO

A comparison of the experimental data with previously reported literature values can

be seen in Table 4.1.

Table 4.1 ATR-FTIR peak positions (in cm™) of GO from literature and

experimental data

Functional Group

Wavenumber

(Literature valuest™)

Wavenumber

(Experimental values)

O-H streching vibrations 2500-3600 3159
C=0 streching vibrations 1720-1750 1694
C=C from unoxidized sp?
1400-1680 1419
carbon to carbon bonds
C-O vibrations 1050-1250 1225
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Thermal gravimetric analysis is a useful method to analyze the thermal stability of a
material. In general, TGA is used to determine the weight loss due to decomposition
or oxidation. TGA results of graphite and GO were interpreted to observe weight
loss as a function of increasing temperature. The resulting graphs are given in Figure
4.3. For GO, significant weight loss was observed between 100 and 200 °C due to
CO, COy, and steam release from unstable functional groups. The weight loss
observed before 100 °C was due to the humidity present in the sample. For
temperatures below 600 °C, total weight loss for GO was about 60%. In contrast,
graphite showed very high thermal stability, losing only 0.40% of its total weight for

temperatures below 600 °C.
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Figure 4.3 TGA Results of Graphite and GO

Ultraviolet spectrophotometry can be used to determine the concentration of
molecules in solution or identify a component by using the absorption of light in the
visible or ultraviolet region. UV/vis analysis results of graphene oxide are given in
Figure 4.4. Around 210 nm graphene oxide has the maximum absorbance due to

n—m* transitions, consistent with previously reported results**. Moreover, around
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300 nm graphene oxide exhibited shoulder due to n—n* transitions of the carbonyl

groups*.
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Figure 4.4 UV-vis Analysis Result of GO

Morphology of synthesized GO was examined via SEM images given in Figure 4.5.
From the SEM image, it can be seen that GO sheets have a broad size range.
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SEM HV: 8.0 kV WD: 15.00 mm L VEGA3 TESCAN
View field: 138 ym Det: SE 20 ym
SEM MAG: 2.00 kx Date(m/d/y): 10/26/18 Performance in nanospace

Figure 4.5 SEM image of GO
4.2  Reduced Graphene Oxide Based Aerogels

The ATR-FTIR spectra of rGO/SA aerogels shown in Figure 4.6 exhibits both the
characteristic peaks of stearic acid and GO. The O-H stretching vibration can be
observed in the broad bands around 3000 cm™. The peaks around 2910 cm™ and
2860 cm™ are due to the stretching vibrations of -CH3 and -CH.. At the same time,
the peak around 1240 cm may be due to C-O vibrations*!. C=0 stretching vibration
observed around 1740 cm™ for SGAs was much less intense than pure stearic acid
(1660 cm™). Frequency shifts of the main groups of rGO/SA are likely due to
interface interactions between the carboxylic acid group of SA and the GO's
hydroxyl groups.

46



Transmittance (a.u.)

rGO

SG20
= SG50
== SG60
1 : 1 . 1 . 1 . 1 . 1 .
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.6 ATR-FTIR Analysis of rGO/SA aerogels

TGA curves for GO based aerogels and stearic is given in Figure 4.7. For rGO
aerogel, three stages can be observed for weight loss. The first stage is the 15%
weight loss below 100 °C, due to the sample's moisture content. The second stage is
approximately 30% weight loss between 200 °C and 300 °C and due to the reduction
of oxygen-containing functional groups. On the other hand, weight loss for SA starts
at about 200 °C, and at 450 °C SA is wholly decomposed. The TGA curve of the
rGO/SA aerogel follows a similar weight loss trend. Under 100 °C, weight loss
occurs due to the evaporation of moisture. Majority of the weight loss at temperatures
of 100-250 °C is due to the removal of SA in rGO/SA aerogel. After incorporating
stearic acid, aerogel's decomposition temperature shifted to the right, which implies

better thermal properties®2.
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Figure 4.7 TGA Results of rGO/SA aerogels and pure SA

421 Absorption Performance of Reduced Graphene Oxide Based

Aerogels

Comparisons of chloroform and sunflower oil absorption capacities of the produced
aerogels can be seen in Figure 4.8. After observing the swollen mass change of the
aerogels, 2.5 hours was selected as the absorption time. As can be seen from the
figure, with increasing SA content, the aerogels' oil absorption capacities decreased.
SA was incorporated into the aerogel structure, aiming to increase its oleophilic
property; however, the opposite was observed. This might due to that stearic acid
bonded to sites where oil molecules are absorbed. SA might have formed strong

interactions with GO, which lowered the porosity of the aerogels.
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Figure 4.8 Absorption capacities of rGO and rGO/SA aerogels

The absorbent regeneration is an important issue that can reduce the operating costs
and hence should be evaluated. After the absorption tests, aerogels were removed
from chloroform, and after the chloroform in the aerogel structure completely
evaporated, absorption tests were repeated. During the regeneration studies, rGO
aerogels were very brittle, while rGO/SA aerogels exhibited no shape change even
after the 15" cycle. As shown in Figure 4.9, rGO/SA aerogels could be recycled and
reused at least 15 times without losing much of their absorption capacity. The sharp
decrease of the absorption capacity of rGO aerogel is likely due to a collapse in its

structure after chloroform evaporates.
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Figure 4.9 Recyclability of rGO and rGO/SA aerogels for chloroform absorption

4.2.2 Structure Analysis of Reduced Graphene Oxide and Stearic Acid

Based Aerogels

In Figure 4.10, SEM images for rGO/SA aerogels with weight ratios 20%, 50% and
60% are provided. While SG20 showed an open pore structure with interconnections,
in SG50, aerogel closed pores were observed. While the addition of SA increased
the aerogels' mechanical performance, further increasing the SA inhibited the pore
formation and led to a dense and compact structure, as can be seen from the SEM
image of SG60. The open-pore structure is crucial for oil absorption””. As a result,
SG20 exhibited better chloroform and sunflower absorption capacity than SG50 and
SG60.
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Figure 4.10 SEM images of rGO/SA aerogels, SG20 (a,b), SG50 (c,d) and SG60
(e.f)
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4.3  Graphene Oxide Based Aerogels

ATR-FTIR spectra for the produced GO and APTES functionalized GO aerogels are
given in Figure 4.11. New bands were observed at 1024 and 676 cm™ after the
functionalization of GO with APTES. These new bands are due to the Si—-O—C bands
between GO and APTES!3. Moreover, the existence and overlap of Si—-H and NH;
vibrations bands at 810 cm™ validate the chemical functionalization of GO with
APTES®*. Moreover, the location of vibration bands of GO, including C-OH (at
3420 cm™), C=C (at 1590 cm™?), and C-O (at 1257 cm™?), shifted slightly, and the
intensity of these peaks became sharper as a result of the overlapping of the C-OH,
C=C, and C-O bands with N-H, NH,, and C—N vibration bands, respectively'*,
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Figure 4.11 FTIR spectra of GO and GO-NH: aerogels
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4.3.1 Adsorption Performance of Graphene Oxide Based Aerogels
toward Dyestuff

The batch adsorption studies were conducted to evaluate GO and GO-NH aerogels'
performance for dyestuff removal from aqueous solutions. For GO aerogel,
adsorption Kinetics and isotherms for MB and MO were investigated. Moreover, the
effect of initial solution pH and temperature on the adsorption of MB were

investigated. For GO-NH> aerogel, adsorption isotherm for MO was investigated.

4.3.1.1  Adsorption of Dyestuff onto Bare Graphene Oxide Aerogels

4.3.1.1.1 Effect of Contacting Time on Adsorption of Dyestuff

Adsorption of MB and MO onto GO-based aerogels is governed by a mix of
electrostatic forces and m—x interactions. Adsorption Kinetic tests were performed to
determine the adsorption rates of MB and MO on the GO aerogels. The relationship
between the contact time and adsorbed amount of MB and MO on aerogels are
portrayed in Figure 4.12 and Figure 4.13, respectively. For both MB and MO,
adsorption capacity increased moderately with increasing contact time.
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Figure 4.12 Change of adsorbed amount (Qt, mg/g) of MB and removal efficiency
(R%) with increasing adsorption time at 298 K and pH=7.8. Data represent mean +
SD (n=3)

MB adsorption on GO aerogels reached equilibrium after 96 h since by applying
Duncan multiple comparisons method, it was concluded that there was no
statistically significant change between 96 h and 108 h. On the other hand, for MO
time needed to reach the adsorption equilibrium was observed as 48 h. This is
reasonable since the adsorption capacity at equilibrium for MB (178.0 mg/g) is more
significant than that of MO (85.1 mg/g). As reflected by the more significant initial
slope of MB adsorption kinetic, MB's adsorption rate on GO aerogels is faster than
that of MO. However, aerogels showed slower kinetics for both of the dyes than
other adsorbents®1%8111 qye to the low diffusion of adsorbate molecules into the
aerogels. Vigorous mixing of the solution or reducing the size of aerogels could

accelerate the diffusion.
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Figure 4.13 Change of adsorbed amount (Qt, mg/g) of MO and removal efficiency
(R%) with increasing adsorption time at 298 K and pH=7.8. Data represent mean +
SD (n=3)

MB's adsorption process on GO aerogels could be well described by the pseudo-first-
order model (R?=0.987) with a ki value of 1.159 x 10 min™. For MO, the adsorption
process can be described by the modified Freundlich model with a K value of 4.288
x 10 L-gt-min* and R? of 0.988. For the pseudo-first-order model, the calculated
Qe values were 191 mg/g and 143 mg/g for MB and MO, which were higher than the
experimental Q. values (178.0 mg/g and 85.1 mg/g). For the pseudo-second-order
model, both dyes showed poor fits. The R? values were calculated as 0.693 and
0.799, and the calculated Qe values were 382 mg/g and 234 mg/g for MB and MO,
respectively. The corresponding k. were 4.422 x 10" mg/(g-min) and 7.675 x 1077
mg/(g-min). Corresponding fits are given in Figure 4.14, Figure 4.15, and Figure

4.16.
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Figure 4.14 The pseudo-first-order model for batch adsorptions of MB and MO at
298 K and pH=7.8
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Figure 4.15 The pseudo-second-order model for batch adsorptions of MB and MO
at 298 K and pH=7.8
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Figure 4.16 The Modified Freundlich model for batch adsorptions of MB and MO
at 298 K and pH=7.8

Pseudo-first-order, pseudo-second-order and modified Freundlich models were
employed to understand the adsorption process. At the same time, the intraparticle
diffusion model was utilized for the investigation of the diffusion mechanism. As
shown in Figure 4.17, MB and MQ's adsorption process can be separated into three
stages. The fitted lines in stage | and stage 11 corresponds to boundary layer diffusion
and intra-particle diffusion influence on the adsorption mechanism respectively*!®.
The final stages correspond to near equilibrium®. For both MB and MO, the majority

of the adsorption capacity was achieved within the first 36 hours, in stage II.
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Figure 4.17 The intra-particle model for batch adsorptions of MB and MO at 298
K and pH=7.8
Examination of the slopes of steps can reveal the rate of adsorption. From Table 4.2,
it can be seen that MB molecules can diffuse faster into the external surface than
MO, which can be explained by the electrostatic repulsion between MO molecules
and carboxylic acid and hydroxyl groups on the aerogel surface. Moreover, intra-

particle diffusion is the fastest stage for both dyes.

Table 4.2 Intraparticle diffusion parameters for the adsorption of MB and MO

Dye Stage | Stage I

k1 R1? ko R2?
MB 1.398 0.9663 4.346 0.9808
MO 1.027 0.9995 2.902 0.9653
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4.3.1.1.2 Effect of Initial Solution pH on Adsorption of Dyestuff

Solution pH is a crucial factor affecting cationic or anionic dyes since it can
remarkably influence the surface charge of adsorbents and dissociation of surface
functional groups’. An appropriate adsorbent should be able to perform in severe
environmental conditions. At lower solution pH, H* ions compete with cationic dyes
for adsorption sites, and protonation of hydroxyl and carboxyl groups causes
electrostatic repulsion between cationic dyes and aerogel surface, which creates a
decrease in adsorption capacity’t. As pH increases, carboxyl and hydroxy groups on
GO aerogel's surface become more deprotonated to generate negative charges,
increasing MB adsorption. The effect of initial solution pH on MB and MO can be

seen in Figure 4.18.
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Figure 4.18 Effect of initial pH on MB and MO adsorption at 298 K. Data
represent mean + SD (n = 3)

As shown in Figure 4.18, MB adsorption by GOA increased with increasing pH as
expected. However, the increase in adsorption capacity was not significant. For
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example, when the solution pH varied from 2.0 to 12.0, adsorption capacity only
increased by 15%. The slight change in GO aerogel's adsorption capacity for MB in
a wide range of pH can hint that n-n interaction between MB molecules and GO
aerogel is the interaction controlling the MB adsorption. As a result, MB removal
could be performed successfully at a wide pH range. On the other hand, pH
difference significantly affected MO adsorption. From pH of 12.0 to 2.0 adsorption
capacity of GO aerogel almost doubled (66.8 mg/g at pH=12.0 and 130.9 mg/g at
pH=2.0). Unlike MB adsorption, the effect of electrostatic interactions on MO
adsorption was observed much prominently. UV-vis spectra for MB and MO
solutions after adsorption by GO aerogels at different pH values are given in Figure
B. 1.

4.3.1.1.3 Effect of Temperature on Adsorption of Methylene Blue

Temperature is an essential parameter in the adsorption process since it can change
the adsorbent's adsorption capacity. Figure 4.19 represents the adsorption isotherms
for MB at 298, 311 and 323 K. The plot shows the effect of concentration and
temperature on GO aerogel's adsorption behavior. As expected, Qe increases with
increasing MB concentration. Moreover, higher temperatures facilities the MB
adsorption on GO aerogel, which hints that MB adsorption is an endothermic
process. The adsorption capacity of GO aerogel increased from 539 mg/g to 803
mg/g when temperature increased by 25 K for an initial MB concentration of 400
ppm. This may be due to an increase in the number of active sites for the adsorption
with increasing temperature'®® or a possible swelling effect, which might have

enlarged the pores.
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Figure 4.19 Effect of MB concentration and temperature at pH=7.8. Data represent
mean + SD (n = 3)
Corresponding Langmuir and Freundlich simulation plots are shown in Figure 4.20
and Figure 4.21. For all of the solution temperatures, the Langmuir adsorption model
gives higher R? than the Freundlich adsorption model. This is expected since, at
higher oxidation degrees, GO aerogel exhibits monolayer adsorption via electrostatic
interactions with MB!®. Moreover, as seen from Table 4.3, with increasing
temperature, K. values for MB adsorption also increased, which indicates that the
interaction between MB and the surface of GO aerogels was stronger at higher

temperature®,
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Figure 4.21 Freundlich isothermal adsorption models at pH=7.8

62



Table 4.3 Adsorption isotherm parameters for MB by GO Aerogel

Langmuir Adsorption Model Freundlich Adsorption Model
Temperature
K) QOnm KL R? Kr (L/mg) n R?
(mglg) | (L/mg)
298 588.2 0.076 0.988 102.6 2.584 | 0.955
311 909.1 0.070 0.991 152.2 2.461 | 0.952
323 1111.0 0.111 0.986 200.1 2.184 | 0.952

The thermodynamic study can provide insight into inherent energy changes
regarding the adsorption process. Moreover, information about the feasibility of the
adsorption process can be obtained. Therefore, the thermodynamic behavior was
observed, and the calculated thermodynamic parameters are provided in Table 4.4.

Table 4.4 Thermodynamic parameters of MB adsorption by GO Aerogel

Temperature (K) AG? (kJ/mol) AH? (kd/mol) AS® (J/mol K)
298 -3.520 7.65 37.5
311 -3.988 7.65 37.5
323 -4.456 7.65 37.5

From the table, it can be seen that for all temperatures, AG® is negative, which
indicates that MB adsorption by GO aerogel is a spontaneous process. Furthermore,
the adsorption is more available at higher solution temperatures. Positive AH® and
AS® values indicate that the adsorption process is slightly endothermic and

randomness on the solid/solution surface®.

4.3.1.1.4 Reusability Study

Recycling and regeneration experiments were conducted since the reusability of
adsorbents is very crucial for practical applications. For this purpose, desorption
experiments were carried out in ethanol. Ten consecutive adsorption cycles were

performed under the same conditions. As shown in Figure 4.22, GO aerogels could
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be reused at least ten times for MB removal, with a more than 90.2% removal rate.
This result indicates that GO aerogel is a promising adsorbent with excellent

regeneration for MB adsorption from aqueous solutions.
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Figure 4.22 Recyclability of GO aerogel for MB adsorption at 298 K, pH=7.8 and
initial dye concentration of 100 ppm. Data represent mean + SD (n = 3)

Compared with the literature values of various aerogels presented in Table 4.5,
produced bare GO aerogels are better alternatives than most of them in terms of

adsorption capacity, availability and reusability performance.
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43.1.2

The effect of initial dye concentration for MO adsorption on GO and GO-NH:
aerogels was observed for initial MO concentration ranging from 10 to 100 ppm.
Figure 4.23 represents the adsorption isotherms for MO at 298 K and pH=7.8. The
plot describes the relationship between aerogels' adsorption capacities and the
equilibrium concentration of dye in the solution. For both GO and GO-NH: aerogels,
adsorption capacity increased dramatically in the first stage due to the improved

driving force deriving from the concentration gradient?. The adsorption capacity of

Table 4.5 Comparison of various aerogels for MB adsorption

Adsorbent Maximum Reusability Performance Ref.
Adsorption
Capacity
GO/Melamine Aerogel 286.5 mg/g 2% loss in removal 104
efficiency after 10 cycles
CS/GO/Carboxymethyl 3824 mglg 50% loss in adsorption 1
Cellulose capacity after 5 cycles
Aerogel Globules
Sodium Alginate/GO 833.3 mg/g N/A 12
Aerogel
CS/p(MA)/GO Aerogel 2478 mgl/g N/A 106
CS/GO Aerogel 275.5 mglg 25% loss in removal 13
efficiency after 4 cycles
Polyacrylamide/GO 292.8 mglg N/A 114
Aerogel
CS/GO Microspheres 584.6 mg/g 15% loss in adsorption 15
capacity after 6 cycles
Proanthocyanidin/GO 460.8 mg/g N/A =y
Aerogel
Silk Fibroin/GO 1322.7 mglg N/A 18

Aerogel

Adsorption of Methyl Orange onto Graphene Oxide Based Aerogels
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GO and GO-NHz> for MO increased from 14.3 mg/g to 85.1 mg/g and from 18.9 mg/g
to 110.3 mg/g, respectively, as the initial concentration increased from 10 to 100
ppm. For 100 ppm initial MO concentration, GO-NH. exhibited approximately 30%
higher adsorption capacity than GO aerogel.
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Figure 4.23 Adsorption isotherm of MO at 298 K and pH=7.8 Data represent mean
+SD (n=3)

Langmuir and Freundlich isotherm models were applied to investigate the adsorption

data. Respective plots can be seen in Figure 4.24 and Figure 4.25.
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Figure 4.24 Langmuir adsorption isotherm of MO at 298 K and pH=7.8

48 F
| | Intercept 3.600 £ 0.105
4.6 | |Sore 0.326 + 0.047
" | |R-Square(COD) 0.923
44+
42
4.0
~5 3.8 |
g L
g 3.6
34
32 F
3.0
23 [ Intercept 3.074 £ 0.201 GO
e Slope 0.402 + 0.082
26 i R-Square(COD) 0.826 GO—NH2
' [P B R RS S BRI S S

-05 00 05 10 15 20 25 30 35 40 45
In(C)

Figure 4.25 Freundlich adsorption isotherm of MO at 298 K and pH=7.8
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Parameters for Langmuir and Freundlich isotherms are tabulated in Table 4.6. Based
on the comparison of the two correlation coefficients (R?), it can be said that the
obtained isotherm data fit the Langmuir model better than the Freundlich model,
which indicates that the adsorption of MO on GO and GO-NH> aerogel is monolayer
adsorption. For GO-NH_, R? was observed to be higher, which might be because the
aerogel and MO's electrostatic forces were much more prominent. The maximum
adsorption capacities of GO and GO-NH> for MO were obtained as 99.01 mg/g and
117.65 mg/qg, respectively, which approach the experimental data of 85.10 mg/g and
110.27 mg/g.

Table 4.6 Adsorption isotherm parameters for MO by GO and GO-NH>

Langmuir Freundlich
Aerogel
Qmax (Mg/g) | KL (L/mg) R? n Ke (L/mg) | R?
GO-NH: 117.7 0.293 0.994 | 3.066 36.6 0.923
GO 99.0 0.196 0.986 | 3.777 32.0 0.766
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CHAPTER 5

CONCLUSION

In this study, graphene oxide (GO)-based aerogels were prepared for water treatment

applications.

The oil absorption performance of the prepared aerogels was examined for
chloroform and sunflower oil. In order to improve the oleophilic character of GO

aerogel, stearic acid (SA) was employed.

e The incorporation of stearic acid into the aerogel structure lowered the
absorption capacity of the aerogels. rGO aerogels exhibited absorption
capacities of 155 g/g and 118 g/g for chloroform and sunflower oil,
respectively. While, rGO/SA aerogels exhibited maximum absorption
capacities of 102 g/g and 77 g/g for chloroform and sunflower oil,
respectively.

e However, rGO/SA aerogels exhibited high potential in reusability studies,
exhibiting no apparent change in chloroform absorption capacities even after
15 cycles.

e Although it increased the shape stability of the aerogels, SA addition into GO
aerogel structure inhibited the open pore formation; hence, it decreased its oil

absorption performance.

The aerogels' dye adsorption performance was examined for methylene blue (MB)
and methyl orange (MO). The effects of adsorption time, temperature, pH, dye
charge and dye concentration on dye removal from aqueous solutions by GO-based

aerogels have been studied systematically.
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e Adsorption behavior results collectively suggested that GO aerogels were
promising in treating MB, a cationic dye. They exhibited a maximum
adsorption capacity of 588 mg/g at 298 K and environmentally relevant pH.

e Adsorption of GO aerogels toward MB was found to be slightly endothermic,
pH-independent and spontaneous. GO aerogels showed excellent reusability
performance for MB, maintaining its original capacity after ten adsorption
cycles.

e However, GO aerogels showed less performance toward MO adsorption,

exhibiting a maximum adsorption capacity of 99 mg/g.

APTES modification was employed to improve its adsorption performance toward

MO, an anionic dye.

e GO-NH: aerogels showed a 30% higher adsorption capacity toward MO than

GO aerogels, exhibiting a maximum adsorption capacity of 118 mg/g.
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CHAPTER 6

OUTLOOK

Considering this study, several recommendations can be made for future work;

e rGO/SA aerogels can be tested for their mechanical and thermal stability,
and their potential as phase change materials can be explored.

e Oleophilic ingredients with smaller chain size than stearic acid can be used
for aerogel production.

e To increase the rate of adsorption onto GO-based aerogels, routes that can
produce GO-based aerogels with smaller sizes can be explored.

e Microwave reduction can be used for the reduction of GO aerogels.

e Different amine sources can be used to increase the adsorption capacity of

GO-based aerogels toward anionic dyes.
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APPENDICES

A. TGA Thermograms
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Figure A. 1 TGA thermogram of graphite
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Figure A. 3 TGA thermogram of rGO aerogel
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Figure A. 4. TGA thermogram of rGO/SA aerogel
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B. Dye Adsorption Experiment Results

Table B. 1 Kinetic study experimental results for MB adsorption

Adsorbate/Adsorbant MB/GOA Adsorbate/Adsorbant MO/GOA
t(h) Ct(ppm) t(h) Ct(ppm)
2 96.1414 2 97.8313
3 95.4185 3 96.4224
6 90.4480 6 93.4137
12 78.2102 12 90.0518
16 67.1647 16 80.2134
24 47.2341 24 72.9317
30 43.5063 30 62.2134
36 26.5157 36 56.8675
48 20.9909 48 56.3154
60 16.1858 60 56.3320
72 13.9951 72 51.5127
84 9.7108 96 57.1213
96 5.2408
108 5.4845

Table B. 2 Isotherm study experimental results for MO adsorption

Adsorbate/Adsorbant | Temperature (K) | Adsorbate/Adsorbant | Temperature (K)
MO/GOA 298 MO/AGO 298
Co (ppm) Ce (ppm) Co (ppm) Ce (ppm)
10 0.8630 10 0
20 2.8259 20 1.4742
30 4.1963 30 2.5467
40 6.1074 40 4.2147
50 18.5259 50 8.5548
70 28.3164 70 18.1765
100 51.5127 100 41.5548




Table B. 3 Isotherm study experimental results for MB adsorption

Adsorbate/ | Temperature | Adsorbate/ | Temperature | Adsorbate/ | Temperature
Adsorbant (K) Adsorbant (K) Adsorbant (K)
MB/GOA 298 MB/GOA 311 MB/GOA 323
Co(ppm) | Ce(ppm) | Co(ppm) | Ce(ppm) | Co(ppm) | Ce(ppm)
40 0.2511 100 0.3061 100 0
50 2.6026 200 9.4150 200 4.6007
100 5.7013 250 14.2591 250 5.7764
150 10.6598 300 18.5825 300 8.5322
200 24.6131 325 22.5182 350 10.8218
250 35.8692 350 30.1015 400 15.7937
280 40.5432 400 43.9026 450 24.2970
300 49.4994
320 55.5461
350 72.5492
400 95.4108
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Figure B. 1 UV-Vis spectra of the MB (a) and MO (b) solutions after being



C. Standard Calibration Curve

Calibration curves for MB and MO were obtained for dye concentrations between 1
and 10 ppm. Calibration curves are given in Figure C. 1. Fitting results of the plots

are given in Table C. 1.
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Figure C. 1 Calibration curve for MB and MO

Table C. 1 Calibration curve fitting parameters for MB and MO

Slope Intercept R?
MB, pH=7.8 0.2424 0.0118 0.9993
MO, pH=7.8 0.0451 -0.0010 0.9968
MO, pH=2.0 0.1854 -0.0942 0.9955
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D. Preliminary Absorption Experiments

Optimization studies were conducted to investigate the effect of GO concentration,
the temperature during gel formation and thermal reduction of the prepared aerogels
at 150 °C on their absorption capacities. Results were given in Figure D. 1.
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Figure D. 1 Effect of gel formation temperature and thermal reduction on
chloroform absorption capacities of GO-based aerogels
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