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ABSTRACT

PRODUCTION OF GRAPHENE OXIDE AND POLYMER BASED
NANOCOMPOSITE MICROSIEVES VIA BREATH FIGURE METHOD

Kiratli, Ayse Elif
M.S., Department of Chemical Engineering
Supervisor: Asst. Prof. Dr. Erhan Bat

Co-Supervisor: Assoc. Prof. Dr. P. Zeynep Culfaz-Emecen

August 2017, 108 pages

Porous polymer films are used in various different fields such as electronics, sensors,
biomedical, catalysis, and separation. Breath figure (BF) is a method of obtaining
porous polymers via a self-assembly process based on water condensation. In this
process condensed water droplets can be regularly arranged on surface depending on
process conditions. They continue to grow or sink until all solvent is evaporated. After
complete evaporation, honeycomb shaped porous polymeric films are obtained.
Amphiphilic copolymers or end group functionalized polymers are often used for
obtaining such structures. It is difficult to form regular honeycomb patterned films via
BF method from linear hydrophobic polymers such as polysulfone (PSF). PSF itself
is not very effective in stabilizing water droplets during the BF process even though
such films could be very useful for membrane based separation applications. In such

circumstances, a hydrophilic additive is needed for droplet stabilization. Since



hydrophilic additives reduces the interfacial tension, regular surface morphology can

be easily obtained.

In this work, poly(PEGMA) grafted graphene oxide (GO) is proposed as a stabilizer
for obtaining porous PSF films via breath figure process. GO sheets were synthesized
and then decorated with hydrophilic polymer chains of poly(PEGMA) via atom
transfer radical polymerization (ATRP). Obtained product was used as a hydrophilic-
hydrophobic additive in order to create PSF based honeycomb structures via BF
method. By the optimization of BF experimental parameters, porous PSF films were
obtained and their performance for microfiltration applications was assessed. The
results showed that poly(PEGMA) grafted GO facilitated regular pore formation
during BF process and resulted in highly uniform honeycomb patterned PSF films.
Average pore sizes of the obtained porous films could be varied from 2 to 7 microns
and the pore depth could be varied 2 to 17 microns depending on process conditions.
Filtration performance of the porous films was tested by yeast filtration and percentage

rejection was calculated as 88.2 + 5.7.

Keywords: Graphene oxide, ATRP, breath figure, porous polysulfone films,
microfiltration
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NEFES FiIGURU YONTEMI iLE GRAFEN OKSIT VE POLIMER BAZLI
NANOKOMPOZIT MiKROLEKLERIN URETIiMi

Kirath, Ayse Elif

Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Yrd. Dog. Dr. Erhan Bat

Ortak Tez Yoneticisi: Dog. Dr. P. Zeynep Culfaz-Emecen

Agustos 2017, 108 sayfa

Gozenekli polimer filmler elektronik, sensorler, biyomedikal, katalizér ve ayirma
teknolojileri gibi ¢esitli alanlarda kullanilirlar. Nefes figiirii (NF) yontemi yogusan su
damlaciklarinin kendinden Orgiitlenme esasina dayanan bir yontemdir ve gozenekli
polimer filmlerin eldesi i¢in kullanilir. Yogusan damlaciklar yiizeyde siireg
degiskenlerine bagl olarak diizenli bir bi¢imde hizalanabilir. Damlaciklar ¢oziicli
buharlasana kadar biiyiimeye ve polimer yiizeyinde batmaya devam ederler.
Coziiciiniin  tamaminin buharlagsmasindan sonra bal petegi biciminde dizilmis
gozenekli bir ylizey elde edilir. Amfifilik veya fonksiyonel uglu polimerler NF
yontemi ile diizenli bir yap1 olusturabilirler. Fakat polisiilfon (PSF) gibi dogrusal
yapili hidrofobik polimerler ile NF yonteminde diizenli bir yap1 elde etmek zordur.

Ciinkii PSF yogusan su damlaciklarini stabilize edemez. Polisiilfon gibi bir

vii



malzemenin gézenekli membran uygulamalarinda kullanimi oldukca faydali olacaktir.
Bu yiizden PSF’nin NF yontemiyle diizenli yapida gézenekli bir yiizey elde etmek i¢in
hidrofilik bir katkiya ihtiya¢ duyulmaktadir. Hidrofilik malzemeler yiizey gerilimini
diislirdiiklerinden dolayr NF yontemi ile diizenli bir yiizey yapist kolayca elde
edilebilir.

Bu c¢alismada grafen oksit (GO) tabakalar1 sentezlendikten sonra hidrofilik
poli(PEGMA) zincirleri Atom Transfer Radikal Polimerizasyon yontemi ile GO
tabakalarinin yiizeyine asilanmistir. Elde edilen {iriin hidrofilik bir katki olarak nefes
figiirii yontemiyle diizenli gézenek dagilimina sahip ylizey eldesi i¢in kullanilmistir.
Gozenekli polimer filmler NF deney siireglerinin degistirilmesi ile diisiikk maliyetli
mikroelekler olarak kullanilmistir. Sonuglara goére, poli(PEGMA) asilanmig GO
tabaklarinin gézenek olusumunu iyilestirdigi ve sonucunda diizenli yapida gézenekler
elde edilmesinde etkili oldugu goriilmistiir. Ortalama gozenek boyutu 2 ile 7 mikron
arasinda ve gozenek derinliginin 2 ile 17 mikron arasinda degistigi gozlemlenmistir.

Elde edilen gbzenekli polimer filmlerin filtrasyon performansi maya ¢ozeltisi

stizlilerek test edilmistir ve yilizde reddetme 88.2 + 5.7 olarak hesaplanmistir.

Anahtar kelimeler: Grafen oksit, ATRP, nefes figiirii yontemi, gézenekli polisulfon

film, mikrofiltrasyon
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CHAPTER 1

INTRODUCTION

Carbon and carbon-based materials play a very important role in our lives. Depending
on the bond structure carbon based materials can have various forms. Development in
nano-science and technology involves the preparation of different shapes and sizes
nanoparticles and introducing them into polymer host. [1]. Classification of carbon

derivatives with respect to their structure can be seen in Figure 1.1.

Carbon
(sp, sp?, sp°)
J/ (sp%) l
Graphite Carbon Nanotubes Fullerenes
(sp°) (sp)
Diamond \l, \l/ Carbyne

Graphene Oxide —— Graphene
(sp? - sp°) (sp°)

Figure 1.1 Carbon derivatives.



The very first known carbon materials are graphite and diamonds which are naturally
occurring minerals. The discovery of structural and physical properties that graphite
and diamond have dates back to 19" century, since then, carbon derivatives have been
studied and developed. The following discovery of fullerenes (1985), carbon
nanotubes (1991), graphene (1987) and its isolation as monolayer (2004), led to

promoting applications in various fields of advanced science and technology [2].

Very recently, a great attention has been paid to graphene and its derivatives since the
study of Andre Geim and Konstantin Novoselov ‘for groundbreaking experiments
regarding the two-dimensional material graphene’” was awarded with Nobel Prize in
2010 [3]. They achieved to isolate one single layer of graphene by micromechanical
cleavage for the very first time and demonstrated its outstanding electrical,
mechanical, physical and chemical properties. However graphene suffers from being
insoluble in agueous and organic media which inhibit the process-ability. In contrast,
graphene oxide (GO) which is obtained by oxidation of natural graphite has the ability
of forming good dispersion in aqueous media. The dispersion behavior of GO makes
it easily processable: GO can be converted to graphene by reducing the oxygen
containing groups or chemically modified for tuning its chemistry. Based on these

reasons, a rise in studies on GO has occurred.

Figure 1.2 represents schematically the current growth of publications about GO as a
subject and it was plotted by using Web of Science tool. Since 2010 total published
articles have reached up to 35,279. And almost half of it was published in 2015 and
2016. In advanced science and technology, GO has found applications in electronic
devices [4]-[7], energy storage devices [8]-[11], biosensors and biomedical

applications [12] and water purification membranes [13]-[16].



% of 35,279 publications

30%
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25%
20.62%
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0, R

2010 2011 2012 2013 2014 2015 2016 2017

Publications

Figure 1.2 Distribution of published studies on graphene oxide into years.

Water purification is an important problem. Because we are living in a populating
world and water resources are polluted due to industrialization. At this point, water
purification and recycled usage of water became important. Membrane technology is
the key for separation of contaminants from polluted water with low energy
consumption. Microfiltration, ultrafiltration and reverse osmosis membranes are
extensively studied for this purpose and commercial markets have been spreading very
rapidly throughout the world. By the help of developing science and technology,
improvements and innovations in membrane technology have been ensued especially
in morphological design of membranes, chemical tuning of the materials, fabrication

methods and module design.

One of the most important problems in membrane technology is membrane fouling.
In order to overcome this problem, some surface modification techniques or
incorporation of hydrophilic additives are available. GO has hydrophilic oxygen
containing functional groups which are bonded to hydrophobic hexagonally close
packed carbon basal plane. In virtue of this structural property, GO holds the potential

to be used in membrane production for water purification and filtration [16]. GO based



nanocomposite membranes show considerable improved performances in both fouling

resistance and mechanical strength [17]-[21].

Another problem within the membrane technology is trade-off limit between high
permeability, low selectivity materials and low permeability, high selectivity materials
[22]. Due to characteristics of polymeric materials this trade-off limit can be reduced.
Polysulfone (PSF) has been widely used as a polymeric membrane material because
of outstanding mechanical, thermal and chemical stability [20], [23]. However, as
observed for most polymers used for membrane preparation, it suffers from fouling
problem due to its hydrophobic nature. Fouling reduces flux through the membrane
and increases operation costs by requiring cleaning procedure [19]. In recent years,
carbon nanomaterials have been used as a nanoparticle to improve separation
performance, mechanical strength, and thermal stability of polymeric membranes.
However high cost production of carbon nanotubes with difficulties in scale-up
process have decreased their popularity as nanoparticles for membrane production
[24], [25].

The good dispersion behavior of GO in water and some polar organic media provides
good interface adhesion with the polymer matrix which promotes the preparation of
GO based nanocomposites with higher performance. In addition to that, chemical
functionalization of GO enables tuning in chemical and physical properties for
improved solubility in organic media and compatibility with polymer matrix. GO
based PSF membranes showed improved surface hydrophilicity and consequently

fouling problem was reduced [17]-[21].

The present study aims at fabrication of GO based nanocomposite microsieves that
may be suitable for water purification via breath figure method. Microsieves are
special kinds of membranes which have well-defined through pores of 0.1-10 um and
the pores are uniformly cover the surface [22]. The production of microsieves usually
involves expensive and complex micro-machinery of lithographic and templating

techniques. They need specially designed templates with fixed size and detaching the



membrane from template involves another tedious step. Recently, a self-assembly
method called as breath figure (BF) technique has been used for fabrication of
microsieves. Compared to other lithographic techniques, BF has following

advantages:

e Simple equipment, cost-effective and fast process.

e Condensed water droplets are used for sacrificial template with no fixed pore
size. Evaporation of water droplets eliminates the additional detaching step.

e It is versatile: various polymers can be processed into different surface

morphologies.

Self-assembly process is the spontaneous arrangement of components into regular and
stable structures without any external direction. Building blocks are generally used in
self-assembly system to facilitate the process. They are specially designed
nanoparticles having different chemistry and shapes. GO sheets were designed to be
used as building blocks in BF process. For this purpose, the lateral size of obtained
GO sheets were reduced to nano scale. Afterwards, GO was decorated with
hydrophilic poly(PEGMA) chains via atom transfer radical polymerization (ATRP).
In addition to that, owing to poly(PEGMA) chains GO became soluble in commonly

used BF solvents such as chloroform, dichloromethane and toluene.

In brief, the present work involves the preparation of PSF and GO based microsieves
via BF method. GO has two main objectives in the present work: being in charge of
pore formation during BF process and enhancing surface hydrophilicity for the final
PSF nanocomposite microsieve. To achieve this, GO was first modified with
poly(PEGMA) chains. It is hypothesized that this polymer modified GO would
facilitate the formation of ordered honeycomb patterned polymers and the preferential
assembly of poly(PEGMA) chains at the pore surface would increase the
hydrophilicity of the membranes. In addition, this modification renders GO dispersible
in solvents commonly used in BF method (i.e. chloroform, dichloromethane, and

dichloroethane).






CHAPTER 2

BACKGROUND INFORMATION AND LITERATURE SURVEY

2.1. Graphene Oxide

Graphene oxide (GO) is the oxidized form of graphene layers and produced by
oxidation of graphite. Oxygen containing groups are covalently attached to hexagonal
carbon domain. GO has become a hot topic for scientist and engineers for following

reasons [2]:

e Ease in processability enables possible numerous modifications.

e Chemical/physical properties of GO can be tunable by virtue of these
modifications.

e The reduction of GO to reduced graphene-like material is an economically
viable route toward bulk synthesis of graphene.

e Chemically modified or reduced GO have been used in many applications such
as biomedicine, electronic devices, energy storage, polymer composites,

paper-like materials, optoelectronics, sensors and environmental.

However, the history of GO can be traced back in 1859 long before being a precursor
for graphene production when Brodie oxidized graphite for the very first time.
Graphite was reacted with potassium chlorate and fuming nitric acid. It was observed
that final weight of graphite was increasing and its appearance changed to light yellow
after several repeated purification and oxidizing steps. Brodie also mentioned that
yellowish gas released during the oxidation which was toxic gas releasing of NOXx.
Also formation of explosive chlorine dioxide compound makes the process hazardous

[26]. The obtained graphene oxide C/O atomic ratio was reported as 2.19 [27].



After nearly 40 years, Staudenmaier improved Brodie’s work by adding concentrated
sulfuric acid to oxidizing media and adding potassium chlorate in multiple aliquots.
Hence, acidity of the medium was increased and stepwise addition of potassium
chlorate favored the oxidation reaction. He achieved graphite oxidation in a single step
with a higher yield of C/O atomic ratio, it was nearly 2 [28]. In spite of these
improvements, Staudenmaier method was still both time consuming and dangerous:
the addition of potassium chlorate lasted over a week and formation of explosive

chlorine dioxide and NOX release was still an issue.

Nearly 60 years later Hummers and Offeman modified the graphene oxide synthesis
by replacing the oxidizing agent with potassium permanganate and reaction media
with water-free solution of sodium nitrate and concentrated sulfuric acid. Reaction
was continued for only 2 hours at 45 °C. At the end of 2 hours, oxidation was
completed and the resulting product had a higher oxidation degree with a C/O atomic
ratio of 2.1-2.9 [29].These adjustments made the process more rapid and relatively
safe (eliminating chlorine dioxide formation by replacing KCIOs to KMnOs).
However, release of toxic NOx gases was not solved. After these modifications,
Hummers method became the most widely applied method for graphene oxide
synthesis. In the following years, different versions of Hummers method were
developed such as using different ratio of graphite to oxidizing agent ratio or using
pre-treated graphite source, changing oxidation conditions and time. Recently in 2010,
Marcano et al. improved the Hummer’s method (Tour method) by using concentrated
sulfuric acid and phosphoric acid mixture as oxidizing media. Therefore they
eliminated the release of toxic NOx and they claimed H3POs increased the oxidation

degree of the obtained product [30].

Very recently, Peng et al. proposed a method which involves of using potassium
ferrate as an oxidizing agent and concentrated perchloric acid as a reaction medium.
They reported oxidation time became shorter with a higher yield in an eco-friendly

way however using ferrates make the process relatively expensive [31]. Today



graphene oxide synthesis is a very popular subject in order to obtain the product with

high oxidation degree and minimum defects in a simple and harmless way.

Apparently, synthesis routes for GO are developing day-by-day. However, the detailed
understanding of its oxidation and formation mechanisms are still burdensome.
Graphene oxide is a large molecule with a complex structure. Its structure depends on
many parameters such as oxidation time, temperature, graphite to/oxidizing agent
ratio, the source of the used graphite etc. Consequently, it results nonstoichiometric
atomic composition for GO and sample-to-sample variability [26]. In the literature,
there are some theoretical studies [32], [33] attempting to explain graphene oxide
formation mechanism. However, these simulations and methodologies are yet to be

verified with experimental data.

Today, with the help of developing technology and characterization techniques, the
knowledge regarding GO structure and its formation mechanism is building-up.
Accordingly, the number of unanswered questions is being fall out and the big picture
is shaping-up. Recently, Dimiev et. al. [34] conducted a study which brings a clear
vision into oxidation mechanism. When conducted the modified Hummer’s method,
different aliquots were taken after addition of every certain amount of KMnOa.
Oxygen content of taken samples was analyzed by Raman spectroscopy and XRD.
They proposed three independent steps regarding to oxidation and they highlighted
some important points which are discussed below and Figure 2.1.1 illustrates the all

formation mechanism of graphene oxide:

1. Formation of Sulfuric acid-graphite intercalation compound (H2SO4-GIC)
2. Formation of pristine graphite oxide (PGO)
3. Formation of graphene oxide (GO)
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Figure 2.1.1. Micrographic images with schematic representation of three main steps of
oxidation mechanism. Sulfur containing intercalate groups were represented with blue lines
while purple lines represented oxygen containing groups. Exfoliated single layers of graphene
oxide represented with dashed black lines [34].

Firstly, H2SOs-GIC intermediate was formed within 5 minutes by attacking HSO4/
HSO4 intercalate into C atoms, and this completed step-1. Then the intermediate was
transformed to PGO in step-2. This step can take several hours or days. Oxidizing
agent attacks to nearest acid intercalate and replaces with it which is a diffusion-
controlled mechanism for the formation of C-O/C=0 bonds. The rate of formation
oxygen containing groups depend on size and morphology of graphite flakes. Smaller
graphite flakes were oxidized faster. And similarly, crystalline or thermally expanded
graphite flakes were oxidized faster. Higher oxidation yield was achieved in the
situation in which after the addition of sufficient amount of KMnQa. Finally PGO was
dissolved in water and exfoliated in step-3 and resulting individual GO sheets [34].
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The first structural model for GO was proposed by Hofmann in 1939. It involved the
idea that GO consisted of only epoxide groups that were spreading across graphitic
basal plane. Later in 1946, Ruess introduced the hydroxyl groups onto basal plane and
proposed that the basal plane was in the corrugated form and sp? hybridization. And
more importantly, existence of C-H bond was stated for the first time [26], [35]. After
nearly 10 years, C=C bonds, ketone, carboxylic groups and enolic groups were added
to GO structure by Clauss and Boehm [36]. In the following years different structures
were proposed. In these studies, functional groups were identified by using basic
characterization techniques such as elemental analysis, kinetic observations, XRD
data, etc. They are not fully qualified for structural analysis of GO, since it has
complex, nonstoichiometric and alternative structure of being sample-to-sample
variability [26].

One of the most widely cited models of GO was proposed by Anton Lerf and Jacek
Klinowski in 1996. They used Solid-State Nuclear Magnetic Resonance for the first
time in characterizing structure of GO. According to Lerf-Klinowski model, GO has
epoxide, hydroxyl, orgonasulfate carbonyl, carboxyl and ester moieties [37]. The
validity of structural geometry of Lerf-Klinowski model was supported by an
experimental simulation which was conducted in 2010 [38] and this makes other
proposed structures inconsequential. Discussed geometries are illustrated in Figure
2.1.2.
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Figure 2.1.2. Proposed structure models for GO [9], [10].

In general, GO has three essential functional groups according to scientific community

in which we also are interested;

-COOH carboxylic acid,

-OH hydroxyl,
T .
-C—(C- epoxide.

Carboxylic acid moieties are bonded to edge-side carbon atoms while other groups are
bonded onto to basal plane. The most abundant groups are hydroxyl and epoxide
groups [36]. A representative structure of a single sheet of GO is given in Figure 2.1.3.

Having a structure like that provide some exclusive properties to GO.
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Figure 2.1.3. Representative structure of GO with carboxylic acid, hydroxyl and epoxide
moieties.

2.1.1. Properties of Graphene Oxide

Physical features: The appearance of GO looks brownish paper-like sheets. GO is a

2-dimensional soft material which consist of hexagonal carbon basal plane and oxygen
containing groups attached onto it. The distance between the GO layers is
interchangeable due the media be held in (ambient (dry), water, DMF, etc.). GO layers
are one atomic thickness and their lateral size can alter from nano to micro scale. It is
possible to change lateral size into nanometer scale by using ultrasonication [39] and

freeze-thaw cycles [40].

Chemical reactivity: GO consists of variable ratio of sp?/sp® hybridization network

with reactive oxygen functionalities. Controllable functionalization or removal of
these oxygen containing groups enables scientist for tailoring numerous possibilities
of the chemical structure and properties. Later, GO modification is further explained

under following title.

Thermal properties: GO is thermally unstable which provides a route for reduction and

resulting graphene production. It loses functional groups up to 600 °C.

Electrical properties: Unlike graphene, the existence of C—O bonds restrains sp?

hybridization of carbon atoms which resulting GO becomes an insulator [41].

Optical properties: GO shows electron transitions of n-n* (200-400 nm) and n-n*

(400-700 nm) in absorbance spectra. n-n* electron transition is seen from existence of
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aromatic C=C bonds and n-z* electron transition is seen from existence of C=0 bonds
[41], [42]. Also GO has photoluminescence property in the visible and near-infrared
region [43], [44].

Mechanical properties: mechanical properties of GO depend mainly on intensity of

oxygen functionalities and their arrangement in a way of ordered or disordered
(amorphous). The changing ratio of functional groups do not have major effect on the
mechanical properties [45]. This statement was illustrated in Figure 2.1.4 where R
was defined as intensity of functional groups and calculated according to formula:
number of sp3 C (bonded with —O— or —OH)/total number of C atoms x 100%.

50 50
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Figure 2.1.4. Strain-stress curves for ordered and disordered GO structures [45].

Dispersability: Unlike graphite and graphene, GO is dispersible in some media such
water, DMF, ethylene glycol and THF [46] which provides ease in process-ability.

Amphiphilicity: GO has amphiphilic character which can be self-assembly at

interfaces followed by non-covalent inter sheet interactions (van der Waal forces, H-
bonding) to form macrostructures [47]. Surfactant or surface-active agent is a material
which causes to decrease in interfacial tension between liquid-liquid or liquid-solid

mixture systems. Characteristic structure of surfactants is having both a hydrophilic
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and a hydrophobic part. Hexagonal packed carbon basal plane is hydrophobic and

hydroxyl and carboxylic acid moieties are hydrophilic parts of GO having.

Owing to above mentioned features of GO/modified-GO/reduced-GO have found to
be used in many applications in advanced science and technology. Reduced GO can
be used in electronic devices since it gained electrical conductivity by removal of
oxygen containing groups. Field-effect transistors, optoelectronic devices, transparent
conducting film, touch screens, flexible electronic devices, solar cells, and sensors can
be exemplified for this area [2]. Chemically modified-GO can be introduced as a nano-

additives into polymer matrixes in fabrication of composite materials.

2.2. Modification of Graphene Oxide with Polymer Chains

GO can be modified by means of covalent bonding and non-covalent interactions. The
present study covers only modifications that are based on covalent bonding of polymer
chains. In recent years, polymer modified GO nanomaterials have been extensively
studied for the development of novel, multifunctional nanocomposites. Polymer
modified GO sheets show better dispersion behavior in organic media and become
more compatible with various polymeric matrices. This polymer modified GO sheets
are used as nano-additives to improve engineering properties of polymeric composites.
Significant improvements in mechanical, electronic, optical and thermal properties
can be achieved by introducing only a small amount of polymer modified-GO loading
[48].

Polymer modifications of GO can be conducted in two different methods [49], [50]:

e Grafting to: End-functionalized polymer chains are grafted to the reactive
surface.

e Grafting from: Polymer chains are growing from the reactive surface.

Figure 2.2.1 illustrates grafting to and grafting from methods. Briefly, in grafting to

method pre-synthesized polymer chains with reactive end-groups are attached to
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reactive surface. Surface can be activated by plasma treatment, UV- or y-irradiation,
and chemical oxidation [49]. Only a definite portion of pre- polymers can be attached
onto substrate due to increasing steric hindrance with the increasing number of grafted
polymers [48], [49]. Grafting to method is applicable to a limited range of substrate
types and requires pre-synthesized polymer chains with functional end groups.

pre-synthesized polymers

monomers N _
with reactive end groups

e © ®
[ ] [ ] ® i
® ° Polymer Chains

®
o0 @ ®
® ...

.o (Y e ®

00 oo .0

Initiator Anchored Surface Functional Surface Reactive Surface

SN

Grafting from Grafting to

Figure 2.2.1 Schematic illustration of surface functionalization with grafting from and grafting
to methods [51].

On the other hand, grafting from method utilizes the polymerization which is initiated
from surface -therefore, it is also known as surface-initiated polymerization [49].
Initiation groups are anchored onto surface by the help of chemical reaction. Then
polymerization starts with adding monomers to media in the presence of proper
catalyst. Active polymer chains continue to grow until all monomers are consumed.
Consequently, high molecular weight of grafted polymers on surface can be achieved.
Grafting from method has advantageous over grafting to method in terms of high
grafting density and being applicable to wide range of substrate and monomers [24],
[25]. Grafting from method has been widely used for GO functionalization [48]. The
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most followed approach for grafting from is atom transfer radical polymerization
(ATRP) in the literature [52].

GO has already a reactive surface covered with hydroxyl, epoxide and carboxylic acid
groups. Polymer modification of GO is carried out in two main chemical steps. Firstly,
initiation groups are anchored to surface. Afterwards ATRP is performed for growing

polymer chains from GO surface.

2.2.1. Attachment of ATRP Initiator on Graphene Oxide

Hydroxyl, carboxylic acid or epoxide groups can be treated with different ATRP
initiators to obtain initiator modified-GO (macro initiator) such as GO-Br, GO-ClI,
GO-bromoisobutyrate, and GO-bromomethylpropionate for the polymerization of
different monomers [52].

Hydroxyl groups on GO can be converted directly initiation groups without any pre-
treatment by the reaction with alpha-bromoisobutyryl bromide. Afterwards, polymer
chains can be grafted from initiator functionalized GO. The approach was reported by
Lee et al. [53] in 2010. After immobilization of alpha-bromoisobutyryl bromide to —
OH groups following polymerization of styrene, methyl methacrylate, or butyl
acrylate were performed. They observed that solubility properties of the resulting
materials significantly improved when compared to pristine GO. Mrlik et al.
performed similar one-step modification of GO with alpha-bromoisobutyryl bromide
followed by ATRP of glycidyl methacrylate. Their resulting p(GMA) grafted GO
nanocomposite showed tuned electro-responsive properties that can be effectively
applied for electrorheological suspensions [54]. Rajender et al. and Kumar et al. used
ATRP to obtain initiator functionalized GO [55], [56].

Carboxylic acid groups can be modified by initiation groups. However they must be
converted to amine groups (-NH). Yang et al. converted -COOH groups to -NH>
groups by reacting with diaminopropane in the presence of EDC/NHS. Then —OH and

-NH> groups were treated with ATRP initiator of alpha-bromoisobutyryl bromide.

17



Finally DMAEMA monomers were polymerized from the surface to obtain GO-
p(DMAEMA) with improved dispersity in solvents [57]. Kavitha et al. used same
modification methodology and grafted poly(acrylic acid) to GO surface. Resulting
GO/PAA has found to be a promising application as protein carrier with a feature of
being biocompatible and hosted protein drugs [58]. Goncalves et al. prepared PMMA
grafted GO surface via similar method. The -COOH groups of the GO were first
converted to acyl chloride groups by reacting thionyl chloride, then it was treated with
ethylene glycol to obtain —OH rich GO. Later, GO was introduced by attachment of
ATRP initiator moieties in order to be grafted from PMMA brushes [59].

Initiation groups can be attached by reacting with epoxide groups of GO. In order to
accomplish a reaction between epoxide group and initiator, initiator should contain
amine groups. Qi et al. used an modified ATRP initiator N-(2-aminoethyl)-2-bromo-
2-methylpropanamide, and the primary amine groups of the initiator reacted with
epoxide groups of GO by means of nucleophilic ring opening reaction to obtain
initiator functionalized GO. Resulted final product of PMMA grafted GO
nanocomposite was used as corrosion protective coating [60]. Another epoxide group
functionalization with ATRP initiator was conducted by Roghani-Mamagani et al.
They firstly modified alpha-bromoisobutyryl bromide treating with ethylenediamine
to become suitable for reacting epoxide groups. Resulting initiator functionalized GO

can graft styrene monomers from its surface [61].

Modification of carboxylic acid and epoxide groups involves more than one chemical
reaction. Multi-step modification of GO is not only complex and time consuming
procedure but also it may lead to problematic issue of GO stacking which results in
obtaining non-dispersible clusters. GO sheets tend to form clusters/agglomerates due
to molecular interactions. Yang et al. reported that attachment of amine groups effect
electrostatic interaction between GO sheets negatively and forming GO agglomerates
[57].
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2.2.2. Atom Transfer Radical Polymerization of Graphene Oxide

ATRP is one of the most powerful and versatile living radical polymerization
techniques which has been widely used to prepare several polymeric functional

nanomaterials. It provides [62], [63]:

e Precise control over molecular weight

e Narrow range of molecular weight distribution

e Tailoring structure of polymers (functionality)

e To work with various monomers (MMA, tBA, DMAEMA, GMA, PNIPAM,
St, so on) and initiators (linear, flat surface or nanoparticle) (diversity)

e Tunable reaction condition

ATRP was first reported in 1995 by two independent groups: Sawamoto [64] and
Matyjaszewski [65]. Sawamoto et al. reported the use of ruthenium metal catalysts
with aluminum activators while Matyjaszewski used a transition-metal halide and

2,2’-bipyridine as catalyst system with a initiator et al. of alkyl halide.

ATREP is controlled by a dynamic equilibrium between propagating active chains and
dormant species. The mechanism for ATRP is shown in Figure 2.2.2. There are four

main species in the reaction medium:

e GO-Br: as initiator

e Cu(h/L: as activator which is a transition metal complex in lower
oxidation degree

o Cu(Il/L: as deactivator which is a transition metal complex in higher
oxidation degree

e GO-Re: as radicals

GO-Br and Cu(l)/L are denoted as dormant species and GO-Re and Cu(ll)/L are

denoted as propagating active species. The mechanism of ATRP is based on the
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persistent radical effect in between propagating active species and dormant species
[63], [66], [67].
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Figure 2.2.2 ATRP mechanism which initiated from GO surface.

Basically it includes, activation of GO-Br by the activator and resulting in the
generation of radicals. Monomers are propagating by addition to generated radicals.
Then growing radicals are deactivated by the help of the deactivator to form dormant
species (Br-capped pre-polymer chains). This cycle are continued until no monomers
left in the media or exposed to air [63]. Termination reactions also occur in ATRP
which accounted for mainly radical coupling and disproportionation. However, a very
small portion of active polymer chains undergo termination in a well-controlled
successful ATRP. This phenomena is occurred due to the low concentration of active
propagating radicals and higher concentration of dormant species. When the
deactivation of propagating radicals into dormant species is fast, the concentration of
radicals can be maintained at small amounts. Consequently, it results in minimum

termination reactions [63], [66].
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The polymer modified-GO can be found in many applications such as optoelectronics,

supercapacitors, biomedical engineering and membrane technology [68].

2.3. Graphene Oxide based Membranes

Separation processes are essential elements of our lives from biological level to
industrialization. Every cell in our body process a separation on which molecule pass
into cell or retain. In industry, products are separated and purified for improved quality
and more importantly they provide opportunities for recycling, waste reduction and
more efficient use of resources. Among the separation processes membrane separation
and technology has stood out with low energy consumption and efficient separation

performance.

Membrane is a semi permeable, selective barrier between two phases which allows to
some molecules pass while other molecules cannot due to different size of particles or
affinity of molecules. Separation processes via membranes can be classified according
to their structure, separation mechanisms or separation size range, as it can be seen

from Figure 2.3.1.
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Figure 2.3.1 Membrane classification according to different categories.

Water is the most valuable source in our world and it is rapidly consumed due to
urbanization and population growth. Membrane technologies for water purification
have been actively pursued for decades. Increasing demand for clean water makes it
necessary to make innovations in novel membrane materials, fabrication methods and
processes [69]. Researchers are focused on new materials to enhance water
purification performance of the current processes. GO holds a great potential to
assemble a brand new membrane material for water purification due to high
hydrophilicity, unique 2D structure with mono-atom thickness, outstanding
mechanical strength and good flexibility as well as facile production [70]. These
features provide improved membrane performance in water permeance, selectivity,

antifouling property, etc.
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GO can be used in membrane applications as:

e A main material to produce vacuum assisted free-standing membranes,
e A selective layer on the top surface of the membranes

e Polymer incorporated composite/nanocomposite membranes.

In the first technique, it is benefited from GO dispersibility in water. The prepared GO
aqueous solution was vacuum filtered on a support layer and the thickness of the
membranes can be easily tuned. Obtained GO films show a good mechanical strength
and flexibility [71]. Another approach is benefited from self-assembled behavior of
GO sheets to form free-standing GO membrane [72]. The hydrosol of GO was heated
and with the evaporation of hydrosol GO was self-assembled at liquid/air interface to
prepare macroscopic GO membranes. Free-standing GO films are feasible candidates
for reverse osmosis (RO) membranes to be utilized in desalination. Because they are
fully capable of 100% of salt rejection without any loss from water permeation during

process [73].

d

Figure 2.3.2 Sample images of (a) free-standing GO membrane [15], (b) immobilization of
GO onto membrane surface [74], (c) and (d) polymer-GO nanocomposite membranes [75],
[76].

Membrane surface modification with GO provides improvements in many aspects:
antimicrobial effect, chlorine resistant, anti-fouling, higher water permeation and
higher selectivity [73]. Due to 2D structure of GO sheets, GO can be deposited on
membrane surfaces by means of electrostatical immobilization and act like a selective

skin layer. The selective layer of GO provides to reduce surface pore diameter and

23



narrow the pore size distribution of nanofiltration membranes [68]. High hydrophilic
property and fast water transport through the GO sheets enables it as a barrier coating
to enhance both fouling and chlorine rejection for desalination membranes. Choi et al.
produced a polyamide thin-film composite membrane via layer-by-layer deposition of
GO sheets for desalination applications [77]. The produced membrane showed a great
performance in chlorine rejection and protein foulant. In another study it was observed
that the improved water permeation through the GO layered polyacrylonitrile
composite membrane and it performed an excellent pervaporation separation of a 70%

isopropyl alcohol/water mixture (99.5% water in permeate) [74].

GO can be incorporated with polymer composite. Besides, GO can be further modified
in order to enhance compatibility with polymer host as mentioned previously.
Modified-GO or pristine GO are added to polymer solutions and then prepared
solutions are casted by the common phase-inversion method. GO based composite or
nanocomposite membranes show improve water permeance, antimicrobial properties,

antifouling properties and mechanical strength.

Isocyanate-treated GO was employed in polysulfone ultrafiltration membrane by Zhao
et al. in order to improve hydrophilicity, water flux and antifouling property [78]. In
literature, there are few studies related to polymer decorated GO incorporated
nanocomposite membranes. Mansourpanah et al. prepared polyethylene glycol
modified GO based polyamide thin film nanocomposite membranes by phase
inversion method in order to enhance rejection and antifouling properties of membrane
[79]. They resulted that the rejection capability of obtained membranes against NaCl
and Na>SO4 and contact angle measurements depending on the surface hydrophilicity
were increased. The flux recovery ratio, which refers to the antifouling properties of
membranes was also increased. Another polymer modified-GO included study was
conducted by Kochameshki et al. [18]. Poly(diallyldimethylammonium chloride)
chains were attached onto GO chains by means of reversible addition fragmentation
chain transfer (RAFT) polymerization, and then obtained product was utilized as nano

fillers in PSF nanocomposite membrane. Results show that these modified membrane
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had better properties including pure water flux, water uptake, hydrophilicity and

antifouling.

Using GO-poly(PEGMA) in membrane applications which is also subjected in the
present study has been reported to be effective on ati-fouling property and higher water
permeance. Very recently, hydrophilic poly(ethylene glycol) methyl ether
methacrylate chains grafted on GO sheets were first synthesized via surface-initiated
atom transfer radical polymerization method. Afterwards, poly(PEGMA) grafted GO
was used as nanofiller in PSF ultrafiltration membrane in order to enhance antifouling
property based on the high hydrophilicity of poly(PEGMA) chains. Obtained
nanocomposite membrane showed significant improvements in water flux and flux
recovery rate. The excellent filtration and antifouling performance were resulted
which was attributed to the segregation of GO-g-poly(PEMGA) nanofillers toward

the membrane surface and the pore walls [80].

2.4. Microsieves

Membranes can be utilized in a wide range of application due to the versatility of
structure and separation performance. Microfiltration holds a very important role in
water purification, food industry and biological applications. Microfiltration is a
process in which suspended particles in liquid are filtered due to size differences in
between 0.1 um and 10 um. For this purpose, porous membranes are being used and

they are specially named as microsieves.

Microsieves have isoporus surface morphology with open pores throughout the
membrane cross-section. They can perform accurate size separation. Their thickness
is small and the porosity is high in which resulted in higher fluxes. Their operation
involves relatively low transmembrane pressure depending on pore size and

membrane thickness.

The liquid flow of through the microsieve can be calculated by using Hagen—Poiseuille

equation [22]:
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Where J is flux, d is the diameter of pores, p is viscosity, AP is the transmembrane
pressure, L is cross-sectional length, and € is porosity. N is the number of pores per
square centimeter of membrane. The ability of microsieves to separate particles can
be expressed by a term which is called the rejection coefficient, R, which is defined as
[22]:

R=<1_M>_100%
feed

For a perfectly selective microsieve the permeate concentration Cpermeqte = 0 and R

= 100%, and for a completely unselective microsieve the permeate concentration

is equal to the feed concentration, and R = 0.

Microsieves can be made of ceramic and polymeric materials by using different
fabrication methods which clean room included expensive machinery steps. Different

examples of microsieves are given in Figure 2.4.1.
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Figure 2.4.1 SEM images of (a) a polymeric microsieve, whereas pore diameter is about 10
pm and the thickness of the microsieve is 30 um [81], (b) the silicon nitride microsieve,
whereas pore diameter is 260 nm and the thickness of the microsieve is 100 nm [82], (c) a
mould with 0.4 um diameter posts and (d) the resulting membrane.

Silicon nitride microfiltration membranes with a definite pore size have been
fabricated by using laser-interference lithography and silicon micromachining
technology. In these methods, silicon wafer is coated with silicon-rich nitride layer by
means of chemical vapor deposition, and then this layer is perforated using
photolithography. Finally the silicon substrate is removed by KOH-etching to form a
support for obtained microsieve. It is possible to obtain well-defined surface
morphology and pore size with these techniques and also they are resistant to extreme
chemical conditions. However, they are brittle and expensive. In addition to that,
membrane release from the silicon substrate is crucial. Alternatively, polymers are
cheaper materials than silicon nitride. These materials can be processed into porous
structures by moulding technology or UV-induced photolithographic techniques.
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Polymeric membranes may be durable, cheap and disposable but the high cost of

fabrication and releasing from the mold still remain as drawbacks.

Recently, Breath Figure method can be utilized for the fabrication of microsieves
under proper conditions in a very cost-effective and easy way, which is covered in

detailed for the following section.

2.5. Breath Figure Method

Breath Figure (BF) method is basically based on condensation of water vapor on cold
surfaces - we observe that phenomenon in our daily life without even noticing it.
However, the first scientific observe related to water condensation on solid surfaces
was conducted by Aitken in 1893 [83] and later by Rayleigh in 1911 [83]. Until 1994
in which Frangois obtained polymeric porous films with honeycomb structure (see
Figure 2.5.1), BF method had not been used in any practical application [84]. The
pioneer work of Francgois led up BF method, today it is being used as a producing

method of porous polymer films [85].

Figure 2.5.1 Hexagonal structured polymeric Bf film obtained by Francois [85]. A drop of
poly(para-phenylene)-block-PS solution in carbon disulfide was exposed to humid air flow
('a-b top view, ¢ cross-section of obtained BF films).

BF method is easy to conduct, time and energy saving process which equipped with
simple apparatus for the fabrication of strictly ordered pores within the range of
nanometer to micro scale. Well-defined micro or nanoscale porous polymeric surfaces
are needed in vast range of applications in membrane technology, templating, sensors,

photo-electric materials and functional surfaces [86]. Figure 2.5.2 shows BF process.
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In general, it includes a substrate, a polymer-solvent system in which solvent is

immiscible with water and humid air flow.

interface of
solution/water

water drople

evaporative cooling leads to
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% droplets
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of solvent
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Figure 2.5.2 An illustration of honeycomb porous polymeric film formation mechanism via
BF method [87].

BF method is a self-assembly process which is controlled by complex mass and heat
transfers processes. In addition to that, stability of condensed water droplets and
interactions between the condensed water droplets and both polymer and solvent affect
the pore formation mechanism. Therefore the mechanism cannot be explained in terms
of thermodynamic and kinetic manner [88]. Hence detailed mechanism of ordered
pore formation is still not fully understood. However, generally accepted features of
the process involves 4 main steps which were discussed in reviews [84], [86], [88]—
[93] and published studies [94]-[99]:

(1) Casting of polymer solution to substrate and it is placed under controlled
humid air flow. With the evaporation of volatile organic solvent, the polymer
solution surface become colder.

(2) Condensation of water droplets occur on cold polymer/air interface when they
contact to it.

(3) Afterwards, droplets are growing and serve as a sacrificial template for shaping
on polymer surface in a way to form ordered hexagonal arranged pores

(4) Finally, evaporation of whole volatile organic solvent and water is resulted in

obtaining BF porous films.

In order to obtain a hexagonal packing and defect-free surface, water droplets should

not coalesce to each other. This phenomenon is explained by Marangoni convection
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and thermocapillary flow [100], [101]. Evaporation of solvent ends up with surface
getting colder which resulted in local temperature gradient on surface. Due to
subsequent temperature gradient, thermocapillary flow of water droplets are occurred.
Because colder surface regions hold higher surface tension energy which drives
movement of water droplets to minimize the surface energy until the surface is
completely covered by water droplets in order. Water is a precipitator for polymer,
hence solidified polymer forms a thin protective layer at the air/water interface. Then
the protective layer stabilizes the water droplets by attractive interaction and prevent
their coalescence. After reaching equilibrium, water droplets start to grow until the
time when all solvent is evaporated. Thus, the size of pores is related to growth time
which is determined by the evaporation time [84]. Consequently, a highly uniform
sized pores that arranged in hexagonal packing on surface is obtained after the water
droplets evaporated completely [102], [103]. Stabilization of water droplets and
preserving them by a protective layer are directly relating with physical and chemical
properties of polymer and solvent. The rate of evaporation and the rate of polymer
precipitating should be balanced. The concentration of the protective layer should be
high enough to stabilize water droplets without coalesces. Also polymer should be not
have hydrophilic character [84]. Many researchers have reported that amphiphilic
polymers [104], [105] and polymers with polar groups at the chain ends [106], [107]

easily stabilize water droplets and form regular porous films.

BF process is effected by various experimental parameters such as [84], [86], [88]-
[93]:

e Temperature and relative humidity of environment, time

e Flow rate of humid air,

e Casting volume

e The physical properties of the solvent (vapor pressure, interfacial tension),

e The physical and chemical properties of the polymer, (structure, molecular
weight
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e And the hydrophilicity of the substrate.

The nature of BF process is very dynamic which resulted in low repeatability and
inconsistent data in literature led to confusion. A slight change of any of these
experimental parameters may be resulted in the change of obtained surface properties.
Bai et al. gave an example for this situation in their review. They noticed that two
groups resulted different conclusions on investigating effect of molecular weight on
pore diameter [88].

Different kinds of pores in terms of shape, size and length is possible to fabricate by
tuning of these parameters. Polysulfone (PSF) is useful as a main component in
membrane technology and microfiltration/ultrafiltration applications due to its
outstanding properties such as high mechanical, thermal and chemical stability [108],
[109]. Fabrication of porous PSF films by conventional BF method are available in
literature [94]-[99].

It is difficult to form regular honeycomb patterned PSF films via BF method as PSF
itself is not very effective in stabilizing water droplets during BF process even though
such films could be very useful for membrane based separation applications. After
setting optimal experimental parameters, subsequent evaporation of the volatile
organic solvent and water result in various surface morphologies: Some of the
obtained surfaces have highly ordered pores, while others changing pore size which
formed in irregular pattern. Factors affecting pore size and distribution along the
surface are: humidity, concentration of polymer solution, humid air flow rate, polymer
molecular weight, storage time of prepared solution. Besides that, regularity of pores
can be facilitated by adding surface active agent due to the fact that surface active
agents are decrease the surface tension between interfaces (polymer/air or
polymer/water). The following Table 2.5.1 summarizes the changing characteristic of

porous films with changing parameters.
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Table 2.5.1 Response of the surface morhopoloogy due to changing experimental BF
parameters [110]-[112].

Parameter Observation

Solution Concentration t Poresize v

Relative humidity 4 Pore size 4 ; regularity -

Boiling point of solvent 4 Pore formation  ; pore diameter 4
Air flow rate t Poresize v

Storage time of solution 4 Pore formation 4

Surfactant addition [98], [113], [114] 4 Pore formation and regularity +4

One of the application areas of BF method is a size-selective separation by the
utilization of porous media. Literature includes several studies about fabrication of
size-selective porous polymer films (Microsieves) by BF method [94], [115]-[119].

Microsieves are special kind of membranes that having ordered through pores within
the range of 0.1 to 10 um pore diameters [23]. Formation of through pores is a
prerequisite for fabrication of microsieves. In literature, formation of through pores
can be associated with the interaction in between water droplets and substrate. It was
reported that using of hydrophilic substrates ended up formation of through pores.
Hydrophobic surfaces like glass cannot utilize through pores along with membrane
[115], [118].

In order to obtain through pore membranes on various hydrophobic solid substrates, a

thin interlayer of water-soluble hydrophilic polymers (poly(acrylic acid) (PAA),
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polyvinylpyrrolidone (PVP), polyethyleneimine (PEI), and poly(vinyl alcohol)
(PVA)) was introduced by utilizing spin coater. This hydrophilic interlayer can induce
the formation of through pores on hydrophobic solid substrates. Furthermore, this
water-soluble interlayer makes the microsieve easy to be detached from the substrate
and transferred to macro-porous supports to form a composite membrane or separation
device. Wu et al. prepared microsieves on different interlayered substrates by using
an amphiphilic copolymer solution (PS-b-PDMAEMA) [118]. SEM images of both
sides of obtained membranes on different hydrophilic surfaces can be seen in Figure
2.5.3.
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Figure 2.5.3 SEM images of microsieves prepared from 1.5 mg/mL PS-b-PDMAEMA
solution on PET substrates coated with (a) PVP, (b) PEI, and (c) PVA [118].

In another study, a highly permeable ordered porous microfiltration membrane of

brominated poly(phenylene oxide) (BPPO) was produced by casting on an ice
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substrate as illustrated in Figure 2.5.4 [115]. It was concluded that a higher

permeability can be achieved by using an ice substrate rather than glass.
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Figure 2.5.4 Schematic illustration of the formation of ordered porous films (a) on glass with
lower permeability and (b) ice surface with higher permeability [115].

Water flux of obtained microsieve was calculated by using Hagen—Poiseuille equation
Comparison of experimental and theoretical water flux values can be seen from Figure

2.5.5. Experimental results were fitted the Hagen—Poiseuille equation very well [115].
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Figure 2.5.5 Relationship between pressure and water flux, the dotted line shows the
theoretical prediction according to the Hagen—Poiseuille equation [115].
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Wan et al. prepared highly uniform ordered membranes with average pore diameter
was about at 3 um for size-selective separation [116]. They used an amphiphilic block
copolymer. Polymer solution was cast at an ice substrate and they obtained a
membrane with regular patterned through pores which can be seen from Figure 2.5.6-
a. Separation performance of obtained membrane was tested by filtration of
polystyrene microspheres having diameter of 2-5 um. Figure 2.5.6-b,c shows size
distribution of polystyrene microspheres before and after filtration. It can be seen that

larger microspheres than 3 microns were retained.
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Figure 2.5.6 (a) SEM images of the obtained membrane by Wan et al. (b) Size distribution of
the feed polystyrene microspheres with bimodal distribution at 2.and 5 um. (¢) Size
distribution of the microspheres after filtration by obtained membrane [116].

Another fabrication study of microsieve was conducted by Du et al. in 2013 [117].
They modified conventional BF by introducing subsequent cold vulcanization, a
representative illustration of modified BF method can be seen in Figure 2.5.7 A
commercially available triblock copolymer, polystyrene-b-polyisoprene-b-
polystyrene (SIS) was used to fabricate microsieve with pore diameters of from 1 to 7
um, on glass substrate. In modified Bf method, excess casting of polymer solution was

done and then, the excess solution underneath the surface is sucked out from the edge
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by a syringe equipped on a microinjection pump in order to provide through pores by

sinking of templating water droplets.

(a) solvent -
evaporation condensation
conventional modified
BF method / BF method
(b) (d) N
suck out

4
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dead-end pores membrane l

solidfication

U

water
evaporation

through pores

Figure 2.5.7 Tllustration of the formation of honeycomb structured polymer films with (a—c)
dead-end pores and (d—f) through pores [117].

The separation behavior of obtained microsieve with an average pore diameter of 2
um were utilized by filtering of aqueous solution mixing of 3 pm and 500 nm
polystyrene particles. The results can be seen from Figure 2.5.8. The filtration
experiments were carried out without additional pressure. In the following
vulcanization, polyisoprene block is cross-linked, endowing the porous membranes
with improved mechanical properties and chemical and thermal stability [117].
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Figure 2.5.8 Size distribution of (a) the feeding particles including of 500 nm and 3 pm PS
microspheres and (b) the filtrate obtained by filtering the feeding aqueous dispersion through
the SIS microsieve. The corresponding SEM images of the particles (c) before and (d) after
filtration [117].

The microsieve production with a large area based on modified BF method was
utilized by Tripathi et al. in 2014 [94]. Figure 2.5.9 shows top surface image (a) of
obtained microsieve and the size of it (c). The pore formation was facilitated by the
addition of hydrophilic internal non-solvent in concentrated PSF solutions. Top
surface of the obtained microsieve is given in Figure 2.5.9-a. Obtained microsieve
with pore size 1.5 pm was capable of retaining all particles above 8 um. The calculated
neat water flux at 35.5 psi trans-membrane-pressure was calculated as 64.38 L/m? /min
[94].
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Figure 2.5.9 (a) SEM image of top surface of obtained microsieve, (b) casting polymer
solution was appeared cloudy due to exposure of humidity , (c) physical picture of obtained
microsieve and the coin has a diameter of 2.4 cm [94].

Hierarchical structure provides a support for enhancement mechanical stability of
obtained membrane. Through pore formation was associated with using air/water or
air/ice interface which was supported by hierarchical structure of glass beads [119]
and TEM grid [120].
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

Graphite (44 um of lateral size) was kindly supplied by Asbury Carbons. Potassium
permanganate was obtained from Yenilab Kimya San. Tic. Ltd. Sti. Hydrochloric acid
(fuming 37%), Hydrogen peroxide (30%) and Toluene were obtained from Merck.
Orthophosphoric acid (85%), Acetone (technical grade) were obtained from VWR
Chemicals. Sulfuric Acid (95-97%) was obtained from Honeywell. N-
Hydroxysuccinimide (98+%), Ethyl 2-bromoisobutyrate (98%), Copper (I) Chloride
(97%), 2,2'-Bipyridine (99+%) were obtained from Alfa Aesar. 1,3-Diaminopropane,
Poly(ethylene glycol) methyl ether methacrylate (average Mn=300), Triethylamine
(99+%), Hexane (95+%), Methanol (99.9+%), Chloroform (99-99.4%), N, N-
Dimethylformamide (99+%) were obtained from Sigma-Aldrich. 2-Bromo-2-
methylpropionyl bromide (98%) and Polysulfone (pellets, MW 75000) were
purchased from Acros Organics.

3.2. Graphene Oxide Synthesis

GO was prepared according to Tour method. Briefly, a mixture of graphite flakes (1
g, 1 wt. equivalent) and KMnOg4 (6 g, 6 wt. equivalent) were placed into a reactor flask.
An acid mixture containing H2SO4 and H3PO4 with a volume ratio of 9:1 (120:13.3
ml) was slowly added to the reactor. The used amounts of reactants were decided by
considering that the final volume of reaction mixture not to be exceed 250-270 ml
which is the maximum volume that can be centrifuged at once. After complete mixing,

the reaction flask was placed into an oil bath kept at 50 °C. The reaction mixture was
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stirred for 16 h by using a magnetic stirrer. Then, the reaction mixture was let cool to
room temperature and ice with the same volume of acid mixture (133.3 ml) was added
into reactor. After obtaining a homogeneous mixture, 30% H>O, was added until the
color of reaction mixture turned to bright yellow. Finally, reaction mixture was
centrifuged and the supernatant was decanted away. Remaining graphite oxide flakes
and reactants were washed with hydrochloric acid solution (3.4%) 3 times to remove
salts, then washed with acetone for 3 times. Excess acetone was evaporated using
rotary evaporator and dried in a vacuum oven. Finally, brownish yellow graphite oxide
flakes were obtained. Schematic representation of Tour method is given in Figure
3.2.1.
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Figure 3.2.1. Schematic representation of graphite oxidation synthesis via Tour method.

3.3. Size Reduction of Graphene Oxide

Dried graphite flakes were dispersed in distilled water at a concentration of 5 mg/ml.
A volume of 50 ml GO solution per batch was subjected to ultrasonication (Bandelin
Sonopuls HD 2200, 200 W-20 kHz, power value of 37% with 3 cycles) for 2 hours at
0 °C. Then, the dispersion was centrifuged (8000 rpm for 20 minutes) and the
precipitated part was decanted away. Exfoliated graphene oxide sheets in the
supernatant part were dried by lyophillization. Obtained nano-sized graphene oxide
was stored at -20 °C as a precaution against water absorption and reduction due to

environmental effects.
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3.4. Synthesis of Graphene Oxide Based ATRP Initiators

In this method, ATRP initiators were conjugated to the GO surface by esterification
of hydroxyl groups. 100 mg of nano-GO was dispersed in 25 ml dry DMF and
ultrasonicated about 20 minutes at 0 °C. Obtained clear solution was placed in an ice
bath and kept under Argon atmosphere. Under vigorous mixing, 2.6 ml of TEA was
added then, 2 ml of 2-Bromo-2-methylpropionyl bromide was added drop-wise. The
reaction mixture was stirred for 2 hours in ice bath under Ar atmosphere. After 24
hours of mixing at room temperature, the reaction was completed and the obtained
product (GO-Br) was purified by washing with DI water and EtOH via centrifugation.
GO-Br was dried in a vacuum oven for 10-12 hours and stored at 4 °C. Schematic

representation of the GO modification can be seen in Figure 3.4.1.
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Figure 3.4.1. Synthesis scheme of GO based ATRP initiator.

3.5. Synthesis of poly(PEGMA) Grafted Graphene Oxide by ATRP

Poly(ethylene glycol) methyl ether methacrylate grafted GO was synthesized in the
presence of sacrificial initiator. Initiator modified GO was used to perform grafting of
polymer chains from GO surface. The procedure for surface initiated ATRP was as
follows. 40 mg GOBr and 4 ml of MeOH/H20 mixture (volume ratio of 4:1) were
added into a vial then it was exposed to ultrasonication at O °C until obtaining a
homogenous solution. PEGMA and sacrificial initiator were added to obtained

homogeneous solution. 20 mg CuCl powder and 62 mg 2,2’-Bipyridine were weighed
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in another vial. All vials were sealed with a rubber septum and bubbled with Ar gas to
evacuate oxygen. 4 ml of MeOH/H>O mixture was added into CuCl and 2,2’-
Bipyridine with a syringe and resulting dark reddishbrown catalyst solution. Finally,
polymerization was initiated by the addition of catalyst solution into GO-Br containing
vial and it was carried out for 2 hours at 30 °C. The resulting poly(PEGMA) grafted
GO was precipitated by centrifuge then it was purified by washing with EtOH.
Supernatant part was also purified by dialysis to obtain free poly(PEGMA) chains
grown from the sacrificial initiator. Schematic representation of surface initiated

ATRP was given in Figure 3.5.1.
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Figure 3.5.1. Synthesis scheme of surface initiated ATRP of GO.

3.6. Production of Graphene Oxide and Polysulfone Based Nanocomposite

Microsieves by Breath Figure Method

BF porous films were prepared by using the experimental set-up which is given in
Figure 3.6.1. As illustrated in Figure 3.6.1, the relative humidity of the inflowing air
is controlled by mixing streams of dry air (< %35 RH) and humid air (>95% RH). The

flow rate of air is controlled with two rotameters.

Solutions having different concentrations of PSF (75 kDa), GO-poly(PEGMA) and
chloroform were prepared and mixed for at least 24 hours. An aliquot from the
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prepared solution was dropped onto the substrate and spread in a way to cover surface
of the substrate. During the BF process, the substrate was rotated with the help of a
spin coater to enable even distribution of the polymer solution on the substrate surface.
Depending on experimental conditions, process time could be varied from 2 to 5
minutes. After evaporation of the solvent, obtained porous films were examined by

optical microscopy and scanning electron microscopy.
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Figure 3.6.1 Schematic illustration of BF experimental set-up.

Investigated experimental parameters of BF process were: Concentration of PSF,
concentration of GO-poly(PEGMA), air flow rate, relative humidity, substrate type.

3.7. Water Permeation and Yeast Filtration Tests

Permeation tests of obtained microsieves were measured in a dead end filtration unit.
Feed pressure was maintained between 0.5 and 2.5 bars. The permeate volume was

measured and the elapsed time was recorded.

43



A yeast solution of 0.24 mg/ml concentration was prepared and filtrated through the
obtained microsieves. The permeate volume was measured and elapsed time was
recorded. Absorbance of permeate was also recorded via UV-Vis spectrophotometer
Permeate concentration was calculated based on the relationship between absorbance
and concentration. The calibration curve can be found in Appendix A.

3.8. Instrumentation

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
spectroscopy measurements were done by using Shimadzu IRPrestige-21
spectrophotometer with a scan number of 64 and a range of 550-4000 cm™. Raman
spectroscopy analysis was performed by using Renishaw inVia equipment with a laser
wavelength of 532 nm. X-ray photoelectron spectroscopy (XPS) measurements were
performed with an overall scan and Al-monochromatic X-ray anode equipped with
using monochromatic XPS (SPECS EA 300). Curve fitting of Cls spectrum was
performed using Gaussian-Lorentzian correlation after a Shirley background

correction by using OriginPro 2016 Peak Fitting software.

UV-Visible spectrophotometry measurements was done by using Shimadzu UV-2550
spectrophotometer. The sample of GO-water solution in quartz cuvette was used for
UV-Vis analysis. X- Ray Diffractometer measurements were done with thin films of
specimens at 1.54 A wavelength and equipped with Cu anode. The interlayer spacing

for GO can be calculated by using following equation of Bragg’s law.
A = 2d.sinf

Where A is the wavelength of the X-ray beam, d is the distance between layers and 6

is the diffraction angle.

Thermal gravimetric analysis (TGA) of samples was done using Shimadzu DTG-60H
thermal analyzer and each analysis was performed from room temperature to 600 °C,

under nitrogen atmosphere with a scanning rate of 10°C/min.
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Size analysis was done with dynamic light scattering (DLS) method and the used
equipment was Malvern nanosizer Z series. Solution with the concentration of 0.5

mg/ml GO-DI water was analyzed.

Surface morphology of obtained BF films was examined by field emission scanning
electron microscope (FE-SEM, FEI Quanta 400), operated at acceleration voltage of
20 kV. Samples of BF films were coated with a very thin layer of a gold-palladium
(Au-Pd) alloy. And surface morphology of GO sheets was examined by FEI Nova
NanoSEM 430 Field Emission SEM equipped with a secondary electron detector
(Everhart-Thornley detector), operated at acceleration voltage of 10 kV. Atomic Force
Microscopy (AFM) analyses of GO sheets were performed with AFM Veeco
MultiMode V equipment on tapping mode.

Molecular weight and molecular weight distribution (PDI) were obtained by Gel
Permeation Chromatography (GPC) using with Polymer Laboratories-GPC 220. THF
was used as the mobile phase (1.0 ml/min), and results were evaluated with triple
detection method (UV, refractive index, viscosity). The structural characterization of
poly(PEGMA) was performed by Proton Nuclear Magnetic Resonance (*H NMR)
with a Bruker Advanced 400 MHz spectrometer at room temperature using deuterated
chloroform as solvent. MestReNova NMR Analysis software was used for integral
calculations of the results. Based on the integral volume on the NMR spectra,

percentage conversion of PEGMA monomer was calculated as follows:

) [polymer]
%COTlUQT'SlOTlZ W x100
0

Relative humidity of breath figure chamber was measured by using a hygrometer
(Extech Instruments IR Thermometer and Humidity Meter RH101).
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CHAPTER 4

RESULTS AND DISCUSSION

This study includes two main steps in fabrication of microfiltration membranes:

Firstly, GO based additive was synthesized and later, it was incorporated to membrane

fabrication via BF method. There are three main reasons for using poly(PEGMA)

grafted GO as follows:

It is considered that GO-poly(PEGMA) enhances the pore formation by
reducing the surface tension between air/polymer and water/polymer
interfaces. Droplet stabilization in BF method using polymer grafted GO has
been demonstrated for the very first time within the scope of this study.

In addition to that, using GO-poly(PEGMA) in membrane structure enhances
the mechanical stability and integrity of desired membrane due to the
interaction between poly(PEGMA)-GO and PSF matrix.

Hydrophilic character of PEG chains improved the anti-fouling property of
desired membrane. GO-poly(PEGMA) sheets migrated toward the edge of
water droplets during BF process and cover the pore walls which inhibits the
attachment of hydrophobic organic molecules and sequent water permeability

loss.

The experimental route for this purpose was explained in previous section and,

obtained results and observations were given and discussed in detail in this section.
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4.1. Synthesis and Size Reduction of Graphene Oxide

GO was prepared via Tour method as described earlier [30]. Graphite was oxidized by
KMnOj in the mixture of H,SO4 and H3PO.. Graphite has layer structure in which sp?
bonding of C atoms which are arranged in a hexagonal close-packed lattices. During
the reaction, oxidizing agents penetrate between these graphite layers and form C-O

bonds. Formation of oxidizing agents are given in following reactions:

KMnO, + 3H,S0, » K* + MnOF + H;0% + 3HSO,
MnOF + MnO; - Mn,0,

Figure 4.1.1 (a) Graphite/acid and KMnO4 mixture t=0, (b) GO mixture in reaction media t=16
hours, and (c) after addition of water and H,O, to GO mixture.

Photographs of the reaction mixture at different stages of oxidation reaction can be
seen from Figure 4.1.1. KMnOsmoleculesare dissociated in H2SO4and formed a dark-
green colored solution due to the formation of manganese heptoxide (Mn20-). With
the consumption of Mn.Oy, the color of the reaction mixture turned to dark-brown
which is an indicator of oxygen containing groups attached onto graphitic layers. In
addition to that, the viscosity of the reaction mixture was increased with time due to

increase in plane spacing of graphite. The color change and viscosity increment
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through the reaction are important observations for the successful completion of
reaction. Another physical observation is given in Figure 4.1.2 by dispersing the
product in water. Neither graphite nor graphene can be dispersed in water. The
complete dispersion of graphene oxide sheets indicate the presence of hydrophilic
groups in the structure of the product meaning successful graphene oxide production.

Figure 4.1.2 Obtained GO in the bulk form (left) and an aqueous dispersion of GO (right).

The further chemical analyses were performed in order to investigate oxidation degree
of GO and to identify its oxygen containing functional groups. Within this scope,

ATR-FTIR, Raman, XPS and XRD spectroscopy analyses were performed.

FTIR spectroscopy is a powerful and easy technique for investigating the structure and
functional groups of material. Figure 4.1.3 shows ATR-FTIR spectra of graphite and
GO. Graphite is composed of carbon atoms that are arranged in hexagonal lattice and
it has no functional groups. Hence, no peaks are visible in its spectrum. Unlike
graphite, GO spectrum has different absorption peaks which are assigned to hydroxyl,
carboxylic acid and epoxide groups. Detailed examination of functional groups and

their corresponding absorption bands are given in Table 4.1.1.
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Figure 4.1.3. ATR-FTIR spectra of (a) graphite and (b) obtained GO and their structural
representations.

Observed peaks from GO spectrum are in a good agreement with literature according
to Table 4.1.1.

Table 4.1.1. FTIR absorption bands of functional groups

Functional Group Wavenumber (cm™) | Literature (cm™) [30]
C=C sp? vibrations 1620 1590-1620
C=0 stretching vibrations 1740 1720-1740
C-O vibrations 1225 1250
-OH stretching vibrations 3000-3690 3420
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Raman spectroscopy is a commonly used method for characterization of carbon based
materials. It is useful in the analysis of the defects on the graphitic domain. Defects
can be naturally occurred disorders on the graphitic domain, misarranged or missing
carbon atoms and chemical functionalization of sp? carbon atoms. For the case of GO,
most defects are due to chemical functionalization by means of oxidation. The typical
Raman spectra of GO shows two characteristic peaks D band (1340 cm™) and G band
(1580 cm™) [42]. D band represents defects, in other words oxidation of C atoms, and
G band represents graphitic domain. Figure 4.1.4 shows Raman spectrum of pristine
graphite and the obtained GO. Only G band was observed at 1573 cm for graphite
while both G and D bands were observed at 1588 and 1347 cm™ for GO.

87.59
1347.1 1587.3

157287

Intensity (a.u.)

1000 1500 2000

Raman Shift (cm™)

Graphite GO

Figure 4.1.4. Raman spectra of graphite and obtained GO.
The intensity ratio of D band to G band (Ip/lg) indicates the quality of obtained GO.
In/lc was calculated as 0.953 where higher values indicate higher oxidation degree

since D band has higher intensity than graphite. In literature, Ip/lg reported as 0.94 for
GO and 0.17 for graphite [121].
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XPS analysis was performed to further investigate surface chemistry and degree of
oxidation of the synthesized GO. XPS is the most widely used surface analysis
technique because it reveals elemental content of the material and identifies the
relative composition of the present functional groups on the surface. XPS
measurements were done for both graphite and GO as seen from Figure 4.1.5.
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Figure 4.1.5. XPS spectra of graphite and obtained GO

The increased intensity of O1s peak of GO spectrum verifies the existence of gained
oxygen containing groups. Detailed quantitative analyses for oxygen containing
functional groups was done by examination of C1s core level spectrum of GO and

graphite. Curve fitting of C1s spectra of graphite and obtained GO is given in Figure
4.1.6.

There is not a clear agreement how to address functional groups between 284 and 290
eV of Cls core level spectrum in literature. A little shifts can be occurred due to
environmental and instrumental variation. The assigned binding energies of different
peaks from literature were listed in Table 4.1.2.
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Table 4.1.2 Assigned binding energy values of some functional groups.

C=C C-0 C=0 0=C-0 Ref.

284.8 286.3 287.2 288.4 [122]

284.6 285.8 287.1 289.1 [123]

Binding Energy (eV) 284.8 286.4 287.8 289.9 [124]

284.8 286.2 287.8 289.0 [125]

284.4 286.2 286.2 288.0 [126]

284.6 286.6 287.8 288.9 [127]

Figure 4.1.6 shows C1s core level spectra of GO and graphite. Dashed line represents
cumulative peak and it was curve-fitted into two peak components for graphite and
four components peaks for GO. Graphite spectra showed a characteristic peak of sp?
hybridization C bonding at 284.8 eV, as expected. Also a shoulder was observed due

to & to ©* transition at 209.2 eV.
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2 2
= =
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Figure 4.1.6. C1s core level spectra of graphite and GO
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For GO spectrum, the binding energy of the C=C bonding was assigned to 284.6 eV
and then, hydroxyl group, epoxide groups and carboxylic acid groups were assigned
to 286.7 eV, 288.5 eV and 289.7 eV respectively. The area under each curve is
proportional to the amount of corresponding bond in the structure. Hence, the most
abundant groups in GO structure was found to be hydroxyl groups followed by
epoxide groups. Elemental composition and C/O ratio of graphite and GO can be seen
from Table 4.1.3 is present. The oxidation degree can be varied according to
production method and many other parameters such as oxidant to graphite ratio or
time which are discussed earlier. The obtained GO high oxidation degree when
compared to literature. The results of XPS are consistent with literature and also they

corroborated with FTIR results.

Table 4.1.3 Elemental analysis pristine graphite and obtained GO based on XPS analyses.

%C %0 | %Other C/O

Graphite 85.9 10.7 34 8.0

GO 60.8 38 1.2 1.6

XRD was performed to measure distance between graphitic layers before and after
oxidation. It is expected that an increment at the distance between layers due to the
presence of oxygen containing groups. The XRD spectra for graphite and obtained
GO can be seen in Figure 4.1.7. It shows a characteristic peak around 24° for graphite.
After oxidation this peak disappeared and a new diffraction peak occurred at about
10°. Interlayer spacing was calculated as 0.37 nm for graphite and 0.88 nm for GO.
Layer spacing of GO layers increased due to the attachment of oxygen containing
groups onto layers as expected. In the literature, the interlayer spacing of GO samples
vary from 0.6 nm to 1 nm depending on oxidation degree of graphite [128]. The
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interlayer spacing for the obtained GO is consistent with literature with a relatively

high interlayer spacing due to good oxidation degree.
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Figure 4.1.7. XRD spectra of graphite and GO

For GO, it is very important to be fully dispersed in polar media (i.e. water, DMF) and
to yield a clear dispersion. Obtained graphite oxide can easily be dispersed in water
and DMF by the help of mixing. The optical transparency of aqueous dispersion of
GO (2.5 mg/ml) can be observed with bare eyes as in Figure 4.1.8. Nonetheless UV-
Vis spectrophotometry was performed and characteristic absorbance peaks of GO can
be also seen from Figure 4.1.8. The observed maximum peak at 230 nm is attributed

to t-r* transition of C-C bonds and the observed shoulder around 300 nm is attributed

to n-7* transition of C=0 bonds [30].
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Figure 4.1.8. UV-Vis spectrum of obtained GO (GO solution was diluted to 0.05 mg/ml for
UV-Vis measurements).

The behavior of GO upon heating was monitored by TGA which was conducted under
N2 atmosphere. The weight lost occurred in the range of 30-50 °C was likely caused
by the evaporation of adsorbed water from environment. GO lost its functional groups
and was reduced upon heating. According to Figure 4.1.9, the decomposition
temperature was observed at about 200-210 °C which is in good agreement with the
literature. Hence, Marcano et al. reported in their study decomposition temperature of
GO was about at 200 °C [30]. In the end of TGA run, 77% weight lost occurred and
remaining 23% of it was referred to graphitic domain. Figure 4.1.9 also shows TGA
curve of graphite, it was recorded under the same conditions and no weight loss can

be observed since it was composed of only carbon atoms.
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Figure 4.1.9. TGA curve of graphite and obtained GO.

Ultrasonication is a powerful technique for preparing dispersions or for particle size
reduction. GO sheets are broken into sub-micron sizes when they are subjected to
ultrasonic cavitation. Sound waves propagate pressure cycles that oscillate between
high and low pressure points in liquid agueous media. Between this cycles bubbles
form, grow and explode when they reach to their critical sizes. This phenomenon is
called as ultrasonic cavitation. Explosion causes to jet flows in liquid media,
consequently GO sheets collide at high speeds. Ultrasonic cavitation depends on many
parameters such as concentration of the solution, sonication time and ultrasound
frequency. Lower frequencies (20-30 kHz) provide more time for bubble growing
which results in higher destructiveness to GO sheets. Thus, size reduction process was
done with the same concentration of GO solution which was placed in an ice bath.

Size reduction of GO was monitored with DLS measurements. Figure 4.1.10 shows
particle size distribution of pristine GO and nano-GO. DLS instrument measure the
scattered light from moving suspended particles. It determines mean particle size and

particle size distribution in regard to principle of Brownian motion and Doppler shift.
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Doppler shift occurs due to the movement of particles and larger values of the shift
indicates smaller particles.
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Figure 4.1.10. Particle size distribution of (a) pristine GO and (b) nano-GO.

The same concentration of two aqueous solutions of GO were prepared and one of
them was subjected to ultrasonication and then centrifuge processes as described in
section 3.2. Figure 4.1.10-a shows the size distribution of pristine GO solution which
was dispersed by only few minutes of sonication in an ultrasonic bath. Thus, its
distribution was observed in a large scale with a mean particle size of 1265 nm. The

mean particle size of used graphite was 44 um. So it can be said that during oxidation
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graphite flakes were violently divided into different sizes and size reduction was
occurred in a wide range. Controllable size reduction was achieved by following
ultrasonication and centrifuge processes. Dispersed GO sheets were divided into nano-
scales under optimum ultrasonication. Afterwards larger particles of GO were
decanted away with the help of centrifuge. A uniform distribution of nano-GO sheets

with a mean particle size of 135 nm was obtained as seen from Figure 4.1.10-b.

In order to examine surface morphology of GO sheets and further investigate of size
analyses, SEM and AFM microcopy imaging techniques were performed. SEM

images are given in Figure 4.1.11.

Figure 4.1.11 SEM images of (a) pristine GO at 20000x (b) nano-GO sheets at 50000x.

The sheet-like morhology of GO was verified by SEM images. Figure 4.1.11-a
includes wide range of GO sheets from nano scale to >5 micrometers. The diversity
in lateral size of GO sheets in SEM images is consistent with DLS multimodal
distribution however, in DLS measurements larger particles than 5 micrometers are
not detected. Most of GO sheets are presented as single sheets. On the other hand
Figure 4.1.11-b shows nano-GO SEM images and the size reduction within the GO
sheets can easily be seen. In Figure 4.1.12 AFM results are given.
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Figure 4.1.12 AFM images of (a) pristine GO at 20000x (b) nano-GO sheets.

According to Figure 4.1.12, morphology and the thickness of obtained pristine GO
and nano-GO were verified by AFM analysis. The highlighted areas represent
increasing vertical height which indicates imbricated GO sheets. However, for nano-
GO images it indicated impurities or agglomerated GO clusters by combining several
nano-GO sheets during ultrasonication. And these GO clusters were not precipitated
by centrifuge because of their nano dimensions. The further height analyses were done
with Image Processing and Analysis software and the results are given in Figure
4.1.13.
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Figure 4.1.13 Height profiles of obtained nano-GO sheets.

As it can be seen from Figure 4.1.13, Majority of nano-GO sheets are present as single

sheets and the height of them is changing in a range of 0.7-1.0 nm.

4.2. Modification of Graphene Oxide

After characterizing the obtained GO, the modifications of it were performed in two
steps as described in part 3.3. The first one is attachment of ATRP initiator to —-OH
groups on GO surface. The esterification reaction took place in between Br-C=0
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groups of initiator and — OH groups in the presence of excess TEA. TEA was added
an acid scavenger to prevent pH changes due to formed HBr. The reaction was
conducted under Ar atmosphere and at low temperatures to suppress the side reactions.
The obtained black product is abbreviated as GO-Br which is a polymerization
initiator for the next step. The schematic representation of the GO-Br synthesis is

given in Figure 3.4.1, section 3.4.

For a successful ATRP it is crucial to evacuate all oxygen atoms in the media because
the catalyst is sensitive to oxygen. The oxidized level of catalyst (Cu(ll)) is not able
to convert the dormant polymer chains to active forms. Consequently, the growing
chain remains in dormant form and the polymerization stops. The instantaneous color
change of the reaction is an important observation for oxygen presence. Used Cu(l)Cl
and 2,2’-Bipyridine formed dark red colored solution in MeOH/water mixture, if the
media is completely oxygen-free. Otherwise the color of solution turned to vivid
green. The sacrificial initiator, EBiB, was added to reactor for characterizing the
grafted polymer chains. GO-Br and EBIB are assumed to have same initiation
efficiency, consequently the resulting polymer chains that originates by each of them
have the comparable length in virtue of ATRP [129]. The schematic representation of

surface-initiated polymerization of GO is given in Figure 3.5.1, section 3.5.

The photographs of modified GO derivatives can be seen from Figure 4.2.1. At the
end of modifications, GO became fully dispersible in chloroform and the formed
dispersions were stable for months. The improved solubility behavior of GO indicated

that polymer grafting to GO was accomplished.
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Figure 4.2.1 (a) nano-GO (b) GO-Br, (c) poly(PEGMA) grafted GO, and (d) improved
solubility of poly(PEGMA) grafted GO in chloroform.

The chemical characterizations of modified GO derivatives were done by ATR-FTIR,
XPS and TGA analyses. The chemical changes that occurred at every step of
modifications can be easily seen from Figure 4.2.2. The peak that is caused by the
presence of —OH groups was diminished after the esterification reaction in GO-Br
spectrum. In this manner, the attachment of ATRP initiator was achieved. However,
C-Br peak could not be observed due to the complex and massive structure of GO and

low concentration of C-Br bond.

The green curve indicates free chains of poly(PEGMA) that propagated from EBIB,
the sacrificial initiator. Therefore, the characteristic peaks of poly(PEGMA) were
identified. Three important peaks are available for poly(PEGMA) O-C-O ether peak
in 1000-1320 cmt, -C=0 ester peak in 1750-1735 cm*, and C-H alkyl groups in 2750-
3000 cm™t,
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Figure 4.2.2 FTIR spectra of (a) obtained GO, (b) initiator modified GO, (c) poly(PEGMA)
grafted GO and (d) free chains of poly(PEGMA).

All mentioned peaks were observed in GO-poly(PEGMA) spectrum (blue line). FTIR

analysis confirmed that polymer grafting from GO surface was successful.

In order to investigate Br presence of GO and further chemical characterization, XPS
measurements were performed and the results are given in both Figure 4.2.3 and Table
2.5.1. The changing intensities of C1s and O1s for two derivatives of GO can be
observed from the given results. The most important point is the presence of Br3d

peak which verified attachment of ATRP initiator to GO surface.
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Figure 4.2.3 XPS spectra of obtained GO, initiator modified GO, poly(PEGMA) grafted GO.

Elemental content of related products is given in Table 4.2.1. The nitrogen source is
likely due to environmental impurities. The atomic weight percentage of Br was
calculated as 0.6. The changing amount of functional groups was also examined by

curve fitting of C1s peaks.

Table 4.2.1 Elemental analysis of GO derivatives based ox XPS measurements.

%C | %0 | %N | %Br | % Other C/O

GO 608 | 38 | - - 1.2 1.60
GO-Br 51.7 | 38 | 2 | 06 7.6 1.36
GO-poly(PEGMA) | 81.7 | 15.7 | 2.1 | - 05 5.20
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Figure 4.2.4 C1s core level spectra of initiator modified GO and poly(PEGMA) grafted GO

Figure 4.2.4 shows Cls core level spectrum of obtained GO-Br and GO-
poly(PEGMA). The obvious decrease can be seen in —OH groups when compared to
GO spectra. For poly(PEGMA) grafted GO, an increase can be seen in ester peak
which came from poly(PEGMA) chains.

Thermal response of GO-Br and GO-poly(PEGMA) was recorded upon controllable
heating of samples by using TGA. The result is given in Figure 4.2.5 and Table 4.2.2.
With the additional content of poly(PEGMA), GO gained thermal stability of from
200 °C to about 350 °C decomposition temperatures. In addition to that, the increased
weight loss from GO sample to GO-poly(PEGMA) sample is related to increase in
percentage weight of carbon content.
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Figure 4.2.5 TGA curves of obtained GO, initiator modified GO, poly(PEGMA) grafted GO.

Table 4.2.2 TGA results for GO, GO-Br and GO-poly(PEGMA)

GO GO-Br GO-poly(PEGMA)
156.51 236.62
Tdecomp., °C 208.65
218.87 363.23
% Weight Loss 77 54 87

NMR provides the information about chemical structure. Thus, the structural feature
of grafted poly(PEGMA) was verified with tH-NMR measurement and the results are
given in both Figure 4.2.6 and Figure 4.2.7.

Figure 4.2.6 show the results of the solution of monomer and polymer while Figure

4.2.7 includes only polymer solution. %Conversion was calculated based on the ratio
of PEGMA concentration to initial PEGMA concentration.
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Figure 4.2.6 NMR spectrum of the solution includes poly(PEGMA) and PEGMA

The peaks of caused by vinyl protons (1,2) were observed at 5.8 and 6.15 ppm for only
PEGMA monomer. And also, the intense peaks that were observed in between 3.0 and
4.5 ppm were assigned to protons of methylene groups (4,5) for poly(PEGMA). By
using the area under the peaks, %conversion of monomer was calculated as about
70%. The ideal conversion is present in the range of %70-80 for terminating the
polymerization without losing end group functionality. In this manner, reaction

conditions in ATRP is suitable.

When compared to Figure 4.2.7 with Figure 4.2.6, the diminish of peaks 1 and 2 was
observed due to polymerization and new peaks (6,7) were arisen at 0.5-2.0 ppm caused
by the protons in the polymer backbone. In addition to that, the increased intensity of

the peaks in between 3.5-4.5 ppm was observed.
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Figure 4.2.7 NMR spectrum of the solution including only poly(PEGMA)

GPC is a powerful instrumental analysis tool for molecular weight determination of
polymers. The polymer solution is fed into a packed-column, and polymer chains are
moving through the column at different rates according to their chain length (i.e. size).
Resulting signal is shaped due to molecular weight of polymer chains and its
distribution. The molecular weight of obtained poly(PEGMA) was determined using
GPC and the result is given in Figure 4.2.8. The output signal is sharp and unimodal
due to narrow distribution of molecular weight of polymer chains as expected since
ATRP provides higher control over molecular weight compared to conventional free
radical polymerization. It was found that M,,value of poly(PEGMA) was 40000 g/mol
and M,, was about 45000. The PDI value of obtained poly(PEGMA) was calculated
as 1.13. PDI values lower than 1.2 is usually accepted as an indicator of controlled

polymerization.
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Figure 4.2.8 GPC output signal of obtained poly(PEGMA)

4.3. Development of Microsieve Production by Optimization of Breath Figure

Parameters

Chloroform is a proper solvent for PSF and also it is one of most commonly used
solvents in the BF process. Hence PSF-Chloroform system was chosen for BF studies.
The work flow for the fabrication methodology of microsieves is given in Figure 4.3.1.
Firstly, pore formation on the polymer surface was obtained by optimizing
concentration of PSF and GO-poly(PEGMA) under suitable evaporation rate. Then
adjustment of pore size was achieved by changing relative humidity. Finally, obtained
pores were forced to become through pores by the help of interaction between a
hydrophilic substrate and water droplets. For this purpose, PVA coated glass, dextran
coated glass and water were used as hydrophilic substrates. Besides, it was observed
that, the evaporation rate of the solvent is also affected on obtaining through pore
structures. Investigated parameters and their effects were discussed in detailed as

follows.
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PSF concentration in solution (mg/ml), GO-poly(PEGMA) concentration in solution
(mg/ml) (or it can be mentioned as the weight ratio of PSF to GO-poly(PEGMA)
(mg/mgq)), air flow rate of incoming air (LPM) (L/min), relative humidity (%RH),
Casting volume (V) and humid air flow time (t) were investigated as parameters on

pore formation.

Starting point Porous films Microsieves
Substrate
S oo | Experimental - &
Chloroform poly(PEGMA) > > _
solutions addition parameters Evaporation
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Adjustment of
No regular . ! Throush
. Pore formation ----» poresize and ----+ g

pore formation pores

distribution

Figure 4.3.1 The methodology for obtaining microsieves via BF method.

Concentration is the most important parameter for the pore formation. Obtained

surfaces by using only PSF-Chloroform solution were given in Figure 4.3.2.

Figure 4.3.2 Microscopic images of PSF films of (a) 20 mg/ml (b) 40 mg/ml and (c) 60 mg/ml
PSF-Chloroform solutions. Experimental conditions; RH: 70-75%, LPM: 0.1, V: 200 ul, t:
200 s. (50x magnification).

Only PSF itself was not able to stabilize water droplets and arrange them in order to

form regular honeycomb patterns due to its hydrophobic nature and linear structure.
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Locally formed pores with different sizes were present in Figure 4.3.2. It was observed
that increased concentration of PSF has a little influence on pore formation. On the
other hand, after the addition of a little amount of GO-poly(PEGMA) to solution very
regular pore structures were obtained under same conditions. The effect of GO-
poly(PEGMA) addition can be seen from Figure 4.3.3.

Figure 4.3.3 Microscopic images of polymeric films of GO-poly(PEGMA)-Chloroform with
different concentrations of PSF-Chloroform: (a) 20 mg/ml (b) 40 mg/ml. The weight ratio of
GO-poly(PEGMA) to PSF was set to 100/1. Experimental conditions; RH: 70-75%, LPM:
0.1, V: 200 pl, t: 200 s. (20x and 100x magnifications).

The same weight ratio of GO-poly(PEGMA) to PSF (100/1) was not enough for
obtaining uniform honeycomb BF films in the case of 20 mg/ml concentrated PSF
solution. On the contrary, Figure 4.3.3-b shows very regular surface properties for 40
mg/ml PSF-Chloroform solution. Formed pores were uniformly distributed on the
surface with an average pore size of 2-2.5 um. This indicates that the concentration of
PSF in the solution is more effective than the weight ratio of PSF to GO-
poly(PEGMA) on pore formation.

The effect of GO-poly(PEGMA) concentration for 20 mg/ml solution was examined
and the results are given in Figure 4.3.4. It was observed that higher amounts of GO-
poly(PEGMA) is needed for lower concentrated solutions of PSF to obtain regular
honeycomb patterns.
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Figure 4.3.4 Effect of GO-poly(PEGMA) amount in 20 mg/ml PSF-Chloroform solution with
weight ratio of PSF/GO-poly(PEGMA) (a) 100/1 and (b) 100/5 mg/ml. Experimental
conditions: RH: 70-75%, LMP: 0.1, V: 200 ul, t: 200 s (100x magnification).

The regular pattern for 20 mg/ml PSF-Chloroform solution was obtained with GO-
poly(PEGMA) having a concentration of 1 mg/ml. The surface which is given in
Figure 4.3.4-b shows higher average pore size when compared to Figure 4.3.3-b due

to decreasing concentration of PSF.
This situation can be explained with Raoult’s law.
P, = Py. (1 —X,)

Where P; is the partial pressure of solvent in gas phase, Po is the vapor pressure of
pure solvent, and X; is the mole fraction of the polymer. According to that, more
concentrated solutions have lower partial pressures. Formation of water droplets on
the polymer surface and their merging into bigger droplets are directly related to the
temperature difference between the surface temperature and ambient temperature.
Since low vapor pressure leads to slow evaporation of the solvent, temperature of the
surface remains high which results in obtaining smaller droplets. Evaporation rate of

the solvent is a key factor on determining pore morphology.
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Air flow rate is the most important parameter for optimizing evaporation rate of the
solvent. It provides the necessary time for stabilization of water droplets packed into
regular structures. The higher flow rates facilitate fast evaporation and consequently,

polymer solidifies in a way to form irregular surface properties in both macroscopic
and microscopic levels.

Figure 4.3.5 and Figure 4.3.6 show the effects of air flow rate on surface morphology.
Figure 4.3.5 -a,b represent the samples of fast evaporation (above 0.5 L/min). Polymer
solidified before pore formation and resulted in white opaque polymer films.
Conversely, Figure 4.3.5 -c shows a slowly evaporated sample which formed a
transparent film that was well dried without leaving evaporation marks. Besides,
addition of GO-poly(PEGMA) enhances the homogeneous film formation with well
coverage behavior. Figure 4.3.5-d shows a sample which includes GO-poly(PEGMA).

Appearance of the film (d) looks more homogeneous and fully covered on substrate
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Figure 4.3.5 Effect of air flow rate on physical properties of surface. Only sample (d) includes
GO-poly(PEGMA) with a concentration of 0.4 mg /ml. (Casting volume was 200 pl).

Figure 4.3.6 shows the effect of evaporation rate on pore formation. The regular

structure was only obtained under the slow evaporation rate. Therefore, 0.1 L/min was
chosen as optimal humid air flow rate of the current system.
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Figure 4.3.6 Effect of air flow rate on pore formation (casting volume was 200 pl).

So far, the effects of concentration and air flow rate (i.e. evaporation rate) on pore

formation and homogeneous film formation were investigated. Based on the results,

the following observations have been made and conclusions were drawn:

Polymer concentrations lower than 40 mg/ml of PSF were not able to fully
cover the substrate surface after evaporation process, which resulted in
obtaining insufficient membrane area for the module. Higher casting volumes
than 200 pl of diluted solutions led to irregular surface properties. Therefore,
it can be said that there exists a tradeoff between surface morphology and the
membrane surface area.

For microsieve applications, it is considered that having small average pore
size is the best for getting efficient filtration performance. Therefore, 40
mg/ml concentration of PSF-Chloroform which includes GO-poly(PEGMA)
concentration of 0.4 mg/ml was chosen for microsieve production. Besides
that, best coverage performance while drying of polymer film was observed

with that solution.

In the literature, the relation between relative humidity and pore diameter have been

shown in several studies [109]-[112]. Higher amount of relative humidity resulted in

surfaces covered with larger pores due to the higher content of water in the

environment. Figure 4.3.7 shows the change in average pore sizes by increasing

relative humidity.
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As previously mentioned, considering the filtration performance of microsieve, the
smallest average pore size is preferred. By holding the relative humidity between 70-
75% the smallest possible average pore size was obtained. It is possible to obtain larger
average pore size by increasing humidity for different applications. Average pore size
of 4-4.5 micrometers was obtained under 80-85% relative humidity while average pore

size of 6-6.5 micrometers was obtained under 90-95% relative humidity.
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Figure 4.3.7 Effect of relative humidity on average pore size: (a) 2-2.5 um at RH=70-75%,
(b) 4-4.5 um pm at RH=80-85%, and (c) 6-6.5 um um at RH=90-95%.

The final step for the fabrication of microsieves is converting the formed pores into
open pores throughout the membrane cross-section. Hydrophilicity of the used
substrate is directly related to pore shape as previously mentioned. Condensed water
droplets on the polymer surface are attracted by hydrophilic surface and it facilities
the movement of water droplets downward through the membrane. Besides,
evaporation rate of the solvent is also a decisive parameter for resulting through pores.
Water droplets can be move downward before polymer solidifies. 40 mg/ml PSF-
Chloroform solution which includes 0.4 mg/ml concentrated GO-poly(PEGMA)
solution was casted onto PVA coated glass, dextran coated glass and water with 200
ul aliquots under 70-75% relative humidity and with air flow rate of 0.1 L/min.
Prepared membranes are listed on Table 4.3.1 according to different used substrates.

Afterwards, surface and cross section area of obtained membranes were examined by
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SEM analysis. Filtration performances were tested with water and yeast solution (0.24

mg/ml).

Table 4.3.1 List of prepared microfiltration membranes

% Conc. (Wtv) Weight ration of
Membrane ' Psf/GO-poly(PEGMA) Substrate
PsF-Chloroform
(wt/wt)
A 4 100/1 PVA-Glass
B 4 100/1 Dextran-Glass
C 4 100/1 Water

Figure 4.3.8 shows the physical appearance of obtained membranes and they were

able to easily be transferred into filtration module.

Figure 4.3.8 Photographs of obtained membranes from casted on (a) PVA coated, (b) dextran
coated glasses and (c) water. (d) Membrane was transferred into filtration module.

Figure 4.3.9 illustrates the SEM images of obtained Membrane-A from casted on PVA
coated glass with a 200 ul casting volume. The surface morphology shows a very
regular structure which has well-arranged pores with uniformly distributed through
the surface area. The average pore diameter was approximately 2.5 um and the film
thickness was 10 pm. Formed pores on the top surface could not reached through the
bottom surface. The depth of the pores was almost 2.5 um. Bottom surface of the film
looks like a non-porous surface. Although Membrane-A has a dead-end pore structure
according to SEM images, in the present case, water permeation and yeast filtration

experiments could not be performed with these membranes due to very low flux.
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Figure 4.3.9 SEM images of (a), (b) top surface, (c) cross-section and (d) bottom surface of
Membrane-A which was casted on PVA coated glass with a volume of 200 ul SEM images.

A similar situation was observed for the case of dextran coated glass as it can be seen

from Figure 4.3.10.
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Figure 4.3.10 SEM images of (a), (b) top surface and (c) cross-section of Membrane-B which
was casted on dextran coated glass with a volume of 200 ul SEM images.

Using water as substrate was considered for obtaining better results. However, it was
harder to cast on water and spread the solution than glass surface. Since chloroform
has higher density than water and hydrophobic nature of PSF. A volume of 200 pl of
the solution was dropped on water, it immediately soaked into water and formed a
bubble. Then the excess water was sucked which led to bubble popped out and spread.
It was considered that a very thin layer of water was remained underneath of the casted
solution. SEM images of the obtained membrane is given in Figure 4.3.11.
Membrane-C shows varying pore size from 6 micrometer to 8 micrometer and a lower
thickness. The water permeance of Membrane-C has been improved. However, the

yeast filtration through the Membrane-C resulted with very low rejection.
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Figure 4.3.11 SEM images of (a), (b) top surface, (c), (d) cross-section and (e), (f) bottom
surface of Membrane-C which was casted on water with a volume of 200 pl.
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When the results of Membrane-A, Membrane-B and Membrane-C were taking into

consideration, two different routes could be followed to obtain through pore structure:

- Film thickness can be decreased by decreasing concentration of the solution or
reducing casting volume. However, these suggestions lead to obtaining films
having small surface area as mentioned earlier. And changing concentration of

PSF would lead to readjustment of all decided parameters.

- Evaporation rate of the solvent can be slowed down by decreasing air flow rate
or decreasing the vapor pressure of the solvent. But the lower values of air flow
rate also influence the relative humidity adversely. Therefore, it was decided

to decrease the vapor pressure of solvent to slow down the evaporation.

Hence, 1,2-Dichloroethane ( Tpp= 83.5 °C) which has higher boiling point than
chloroform (Twp= 61.2 °C) was added to solution with a volume ratio of 1:1. Obtained
membrane was named as Membrane-D and the surface morphology and the cross
section were examined by SEM. Water permeation and yeast filtration were also

performed. The results related to Membrane-D were given in Figure 4.3.12.
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Figure 4.3.12 SEM images of (a), (b) top surface, (c), (d) cross-section and (e), (f) bottom
surface of Membrane-D which was casted on water with a volume of 200 nl.
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From Figure 4.3.12, average pore size for Membrane-D was about 2.1-2.3 um. Pore
depth increased from 2-3 micrometers to about 17 micrometers due to slow
evaporation of solvent. Water droplets were able to move downward through the
cross-section of membrane before PSF solidifies. The huge increment in thickness
may be explained with increasing pore depth per unit area within the membrane. A
great improvement was obtained on larger pore depth which resulted better water

permeation performance and yeast filtration through the membrane was achieved.

Table 4.3.2 contains the theoretical and measured water permeance results and Table
4.3.3 contains yeast filtration performance by calculating percentage rejection for both

Membrane-C and Membrane-D.

Table 4.3.2 Measured and calculated water permeance values for membrane C and D.

(L/h.m?.bar)

Water Permeance

Water Permeance

Yeast Permeance

(measured) (calculated)
Membrane C 27681 + 7830 51.8 x 10° 235+ 177
Membrane D 305 + 277 1.9 x 108 43+22

According to measured and theoretical water permeance results, Membrane-C has
higher permeability due to smaller thickness and bigger average pore size than
Membrane-D. For both membranes, theoretical permeance is much larger than
experimental ones which is caused by all formed pores were not in through pore

structure.
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Table 4.3.3 Yeast filtration performance and percentage rejection for membrane C and D.

Permeate Concentration (mg/ml)
Feed
Concentration #1 #2 #3 #4 %R
(mg/ml)
18.9 +
Membrane C 0.24 0.195 | 0.208 | 0.192 | 0.184 49
Membrane D 0.24 001 | 0.028 | 0.043 | 0.032 885'27i

Four different membranes were produced in the same way for both Membrane-C and
Membrane-D. They were tested by filtering 0.24 mg/ml yeast solution. Figure 4.3.13
shows the filtration performance of Membrane-D. Collected permeate was a quite
clear solution due to high rejection to yeast. Membrane-C was not effective for yeast
filtering due to larger average pore size than yeast particles. Table 4.3.3 shows
concentration of collected permeates for each test. A calibration curve was drawn to
illustrate the relation between yeast concentration and absorbance at 600 nm which

can be found in Appendix A.

Figure 4.3.13 Digital photographs of feed yeast solution to be filtered and collected permeate
with Membrane-D.
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CHAPTER 5

CONCLUSION

In this study, it is intended to fabricate PSF microsieves via breath figure self-assembly
method by using poly(PEGMA) grafted GO as a droplet stabilizer in the breath figure

process.

To achieve this, first GO was synthesized and performed spectroscopic
characterizations confirmed that GO has three main functional groups of hydroxyl,
epoxide and carboxylic acid. Nano-sized GO sheets were obtained by the utilization
of ultrasonication and centrifuge processes. It was observed that ultrasonication and
followed by centrifuge is an efficient method for reducing lateral size of GO sheets in

nano-scale with a unimodal distribution.

Nano-sized GO sheets were decorated with hydrophilic poly(PEGMA) chains for
improved solubility and hydrophilicity by means of ATRP. Obtained GO-
poly(PEGMA) product showed high dispersibility in chloroform. No precipitation was
observed for months indicating that the dispersions were highly stable. Benefiting
from its hydrophilic nature, poly(PEGMA) grafted GO sheets were used as a
hydrophilic additive for the stabilization of water condensation during BF method. It
was observed that the addition of GO-poly(PEGMA) into PSF solution resulted in
obtaining highly uniform porous structures. Decreasing PSF concentration or
increasing relative humidity resulted in obtaining larger average pore size. Besides
using a hydrophilic substrate, slower evaporation rates of the solvent affected
obtaining open pore structures. Increasing boiling point of used solvent by the addition

of 1,2-Dichloroethane resulted in larger pore depth.
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As a conclusion, GO based nanocomposite PSF microfiltration membranes were
obtained via BF self-assembly method. Their filtration performance was measured by
filtering a yeast solution. Results showed that obtained membranes can be used for
yeast filtration. It was observed that Membrane-D has a great potential in
microfiltration applications with a percentage rejection of 88. It can be further
improved by decreasing the film thickness. More importantly this study holds a great
potential to fabricate cost effective and efficient microsieves by further optimizing the

experimental parameters.
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APPENDIX A

Raw Data for Water Permeation and Yeast Filtration Tests

Pure water permeation test results were tabulated in Table A-1 and Table A-3 while

yeast filtration results were tabulated in Table A-3 and Table A-4 for Membrane-C

and Membrane-D, respectively.

Table A-1 Pure water permeation test results for 3 different Membrane-C

Transmembrane

pressure (bar)

Permeate volume (ml)

Elapsed time (s)

0.01 4.4 110
0.01 2.2 68
0.01 2.0 90

Table A-2 Yeast filtration test results for 3 different Membrane-C

Transmembrane

pressure (bar)

Permeate volume (ml)

Elapsed time (s)

1.25 1.5 278
1.0 2.6 60
1.5 2.1 43
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Table A-3 Pure water permeation test results for 3 different Membrane-D

Transmembrane

pressure (bar)

Permeate volume (ml)

Elapsed time (s)

0.69 2.9 60
1.5 2.2 60
13 1.5 120

Table A-4 Yeast filtration test results for 3 different Membrane -D

Transmembrane

pressure (bar)

Permeate volume (ml)

Elapsed time (s)

1.6 1.0 817
1.7 0.9 1200
1.7 1.0 2364

Figure A-1 shows the calibration curve for yeast solution at 600 nm. Measurements

were done in between 0.2 and 0.8 absorbance values. Interferences may occur due to

dilution or concentration issues at out of the given absorbance range.
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Figure A-1 Calibration curve showing yeast concentration vs. absorbance for yeast filtration
studies

Table A-5 shows UV absorbance values for collected permeate solutions for
Membrane-C and Membrane-D. With the help of Figure A-1, corresponding

concentrations can be calculated at measured absorbance value.

Table A-5 Measured absorbance values for collected permeate (Yeast concentration of the
feed solution=0.24 mg/ml).

Permeate Absorbance
Feed
Absorbance #1 #2 #3 #4
Membrane-C 0.65 0.544 0.573 0.538 0.518
Membrane-D 0.65 0.114 0.156 0.190 0.164
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APPENDIX B

TGA Thermograms for GO, GO-Br and GO-poly(PEGMA))

The raw data that were collected from TGA software are given in Figure B-1, Figure
B-2 and Figure B-3 for GO, GO-Br and GO-poly(PEGMA).
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Figure B- 1 TGA Thermogram of GO
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Figure B- 3 TGA Thermogram of GO-poly(PEGMA)
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