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                                                        ABSTRACT 

Membrane separation technology contributes significantly to solving the global water 

crisis due to the advances in the materials of desalination and water treatment membranes. 

Nevertheless, improving the flux, rejection, and fouling resistance of polymeric 

membranes remain important requirements to further increase their reliability and 

decrease the cost associated with their frequently required cleaning. In this thesis, 

graphene oxide (GO) was functionalized with amine (NH2) and carboxyl (COOH) 

functional groups to enhance its hydrophilicity and antifouling characteristics. 

Subsequently, nanocomposites polysulfone (PS) and different concentrations of 

functionalized graphene oxide (f-GO) were formulated and used to fabricate mixed matrix 

ultrafiltration membranes via phase inversion process. The developed membranes were 

characterized and tested for separation of water-oil emulsion. An array of characterization 

techniques was utilized to confirm GO functionalization including XPS, EDX, Raman, 

XRD, SEM, and TEM. The morphology of the fabricated membranes was also 

characterized by AFM and SEM to study the porosity, roughness and channeling structure 

of f-GO membranes. The mechanical properties of the membranes were analyzed using 

dynamic mechanical analysis (DMA) and the effect of f-GO on the membrane 

hydrophilicity was probed by contact angle measurements. Our results confirmed the 

functionalization of GO to f-GO leading to significant increase in hydrophilicity as 

indicated by ~ 13° decrease in water contact angle. Moreover, Young’s modulus of f-GO 

membranes displayed enhancement of up to 93% and 88% for GO/NH2 and GO/COOH, 

respectively. The concentration of f-GO dictates the porosity, roughness and water flux, 
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which all increase at small f-GO concentrations (0.05 – 0.2 wt. %), but then decrease with 

higher loading (0.4 and 0.8 wt. %).  An increase of 97% and 44% of the pure water 

permeability was attained for 0.2%GO/COOH and 0.2%GO/NH2 and high oil rejection 

of 97.92 % was achieved by 0.1% GO/COOH. A preliminary antifouling test using BSA 

was carried on the optimum f-GO membranes and the results indicated f-GO membranes 

have strong fouling resistance characteristics compared to control membrane with BSA 

flux recovery ratio of 0.9 and 0.72 for 0.2%GO/COOH and 0.2%GO/NH2.  BSA rejection 

was also improved from 73% for the control membrane to 79% and 87% for 0.2% 

GO/COOH and 0.2% GO/NH2, respectively. Finally, high concentration of f-GO has an 

adverse effect on the characteristics and performance of membranes, the optimal 

concentration is between 0.1 and 0.2 wt.% f-GO due to positive impacts it has on 

membrane’s flux, rejection, and fouling resistance. 
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PTFE                      Polytetrafluorethylene   

PVDF                     Poly (vinylidenefluoride)  

PVP                        Polyvinylpyrrolidone  

rGO                        Reduced Graphene Oxide  

RO                         Reverse Osmosis 

SEM                      Scanning Electron Microscopy  

TEM                     Transmission Electron Microscopy  

TOC                      Total Organic Carbon  

UF                         Ultrafiltration  

XPS                      X-ray Photoelectron Spectroscopy  
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

1.1. Introduction 

Water is the one of the basic needs in life that ensures human existence. With the large 

population growth, climate fluctuations and scarcity of freshwater, the world is suffering 

from undeniable water crisis [1].  By 2050, the world’s population is projected to increase 

from 7 to 10 billion, which would results in losing most of the available freshwater 

resources that represents only 0.5% of earth water compared to 95% of seawater [2]. 

Moreover, the occurrence of draughts will increase five-fold, thus reduced rainfall and soil 

moisture would significantly decrease groundwater and fresh water streams. Since 95% 

of world water is seawater, desalination has become one of the important purification 

techniques to overcome freshwater shortages [3].  

On the other hand, an alternative source of freshwater could be the treatment of 

domestic and industrial wastewater such as produced water. The type and concentration 

of contaminants present in produced water vary significantly according to their source, 

salts and hydrocarbons are commonly present in these wastewater streams. If treated 

properly produced water can be used in irrigation, reinjection in oil reservoirs, landscaping 

or even portable water providing a great source for freshwater, which can help in 

overcoming water scarcity [4]. 

Desalination is the process of eliminating minerals and dissolved salts from saline 

water to produce fresh water [5]. There are many desalination technologies developed over 

the years, including thermal desalination, membrane separation and freezing [6]. Thermal 
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desalination requires very high-energy consumption, while membrane separation 

technologies does not.  

Membrane separation technologies are more efficient and promising technologies in 

both desalination and various water treatment application that can help meet the world’s 

growing demands for fresh water [7]. There are a variety of membrane separation 

technologies, such as reverse osmosis (RO), forward osmosis (FO), microfiltration (MF), 

ultrafiltration (UF) and nanofiltration (NF). Species removed by these separation 

technologies are shown in the figure (1) [8].  

 

Figure 1: Typical species removed by various membrane filtration techniques, 

reprinted with permission from [8]  

 

MF membranes have small pores of 50-500 nm and they are capable of removing 

microbes and viruses. UF membranes have smaller pores compared to MF and they are 

capable of removing proteins, smaller colloids and other macromolecules. The separation 

in MF and UF membranes is mainly due to size of pores, thus molecules larger than pore 

size are rejected. MF and UF membranes are typically used in water treatment and 

desalination pretreatment.  RO membranes are nonporous membranes able of removing 
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salts i.e. ions from water thus allowing desalination of seawater.  FO membranes are very 

similar to RO, but they have different transport mechanisms. For FO membrane, osmotic 

pressure drives the water transport while for RO hydraulic pressure drives the water 

transport. Lastly, NF membranes have extremely fine pores and they can remove up to 

multivalent ions [9]. 

Wide range of materials are used in the fabrication of different membranes, which 

include organic and non-organic materials such as polymeric materials and ceramics [10]. 

Ceramics are known to have high mechanical properties and good chemical stability; 

however, they are brittle and expensive making it hard to produce in large scale [11].  On 

the other hand, polymeric materials have the advantages of ease of processability and low 

manufacturing cost, thus they are most widely used [10]. The most common polymeric 

materials used for water treatment membranes are poly(ether sulfone) (PES), polysulfone 

(PS), polypropylene (PP) , poly (vinylidene fluoride) (PVDF), polyethylene (PE) and 

polytetrafluorethylene (PTFE) [12].  In recent years, significant research works focused 

on membranes and the ways to enhance their properties and performance. These include 

incorporating nanomaterials in membranes such as graphene, nano-silica, metal and metal 

oxide nanoparticles, metal organic framework (MOF) materials, carbon nanotube and 

zeolites [13]. The inclusion of these materials gave satisfactory results in the permeability 

of membranes and the antifouling properties.  

This research focuses on the incorporation of graphene-based materials in 

conventional ultrafiltration polymeric membranes. Graphene is a two-dimensional 

material that consist of a single layer of sp2 hybridized carbon atoms connected together 



 

4 

 

with strong sigma bonds. It was that was successfully isolated for the first time in 2004 by 

Geim and Novoselov who isolated thin carbon films and finally monolayer graphene by 

simply using scotch tape [14].  Graphene is known to be one of the thinnest materials in 

the world with a thickness of only 0.334 nm. It has many remarkable properties that make 

it widely researched such as high strength, excellent thermal and electrical conductivity, 

high surface area, good elasticity and charge mobility [15].  

 

Figure 2: Structure of a) graphene, b) graphene oxide and c) Reduced graphene oxide (rGO) 

 

Graphene derivatives such as graphene oxide (GO) captured the interest of many 

researchers due to their improved physiochemical properties. Graphene oxide has similar 

structure to graphene, except that it is richer in oxygen functional groups (carboxyl, 

hydroxyl and epoxy) on the edges and planes, which allows easier chemical modification 

on the surfaces as they are prone to chemical reactions [16]. Graphene oxide also show 

good dispersibility, tunable chemistry and good antifouling properties [17]. Since the 

performance of graphene-based membranes is highly affected by the membrane’s surface 

physicochemical and spacing between the adjacent layers of GO. Crosslinking GO with 

some functional groups such as amine (NH2) and carboxyl (COOH) groups is proposed. 
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Doing so helps in decreasing the interlayer spacing between the GO layers which increases 

the stability of GO [18], [19]. 

1.2. Literature Review  

1.2.1. Global Water Situation  

Globally, water covers 75% of the earth’s surface. However, only 3% of this water is 

freshwater and 97% is saline. Figure (3) shows a rough distribution of plant earth’s water.   

Although water is abundant, it is not completely suitable for humans, animals and plants. 

In addition to that, the large increase in population and climate fluctuations would lead to 

undeniable global water crisis [1], [20].  

 

Figure 3: The composition of the planet’s water, reprinted from [23] 

 

The pressure on water resources is not only caused by the increase in population, but 

also, by the excessive usage of water. The global population expanded three times in the 

20th century; however, water usage increased six-fold. By 2050, water needs are predicted 

to rise by 130% from household use and by 400% from manufacturing [21]. All over the 

world, the daily requirement of water for an individual, which includes drinking, washing, 

cooking and hygiene, is approximated to be 20 liters. However, in the Europe and United 
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States, the most individuals consume between 200 and 600 liters of water per day. Another 

important cause of water scarcity is agriculture. This is true since cultivation is estimated 

to need water up to 70%, which is more than drinking and washing, cooking and hygiene 

for individuals. 1 liter of water is required to produce 1 calorie of food, as stated by the 

International Water Management Institute. Therefore these unjustifiable consumption 

levels, badly influenced the water scarcity around the world and affected freshwater 

ecosystem [22]. 

About 60–70% of the world’s population will get affected by water shortages either 

by living in areas with absolute water scarcity or severe water stress.  The water supplies 

around the world do not have even geographical or seasonal distribution at all; some 

regions have excess water supplies while others lack water completely. This is termed as 

physical water scarcity. It is defined as the inability of available water resources in the 

region to meet the individual’s demands. Another concept is the economic water scarcity, 

which is demonstrated by lack of ways or required infrastructure to get access to 

freshwater resources by water treatment, sanitation and recycling. The figure below 

displays the different regions that mostly experience physical water stress or scarcity. 

North Africa and the Middle East are considered the most limited water supplies as shown 

in Figure (4). Water stressed countries include India, South Africa, and Poland [23]. 
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Figure 4: Global freshwater availability, reprinted from [23] 

Focusing on Qatar, the country is expected to face extreme water scarcity in the future, 

due to lack of natural resources for freshwater, elevated rates of water consumption and 

dramatic growth of population.   Geographically, Qatar is located in the eastern part of the 

Arabian Peninsula with an area of 11,586 km2. The maximum length of country from north 

to south is 180 km and width from east to west is 65 km. Moreover, the country is surround 

by water (Arabian Gulf) from three directions i.e. east, north and west, except from south 

where it is bounded to Saudi Arabia [24].  One of the characteristics of Qatar is that it has 

an arid desert climate, where rainfall is minimal and unpredicted. The annual rainfall is 

expected to range from 50 and 80 mm each year. In addition to that, high relative humidity 

and elevated temperatures are very common. Over the past years, the population of Qatar 

has approximately increased from 600 thousand in 2000 to 2.7 million in 2019 as indicated 

in worldometres website, because of the economic development from the oil and gas 

industry [25]. In the future decades, Qatar is anticipated to have the highest water 

consumption rate per capita in the world, as the Qatari National Development Strategy 
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demonstrated in its report that the water consumption will increase approximately by 5.4% 

for Qataris and 7 % for non-Qatari residents each year until 2020 [26]. With the limited 

rainfall and groundwater resources, Qatar is depending on various water treatment 

methods to meet the demands of its growing population.  

Desalination and wastewater treatments provide the majority of country’s water 

supply.  The current available desalination plants use a highly intensive energy method 

that involve multi-stage flash process. One way to reduce the consumption of energy is 

build new plants that use advanced reverse-osmosis technologies, which involve various 

membranes. Another solution is to maximize the treatment of wastewater and utilize it to 

provide the water needed for irrigation.   

1.2.2. Desalination 

As stated by Merriam Webster, the root of the word desalination is desalt which means, 

“remove salt from”. Generally, desalination is defined as the process of removing solids, 

such as salt and minerals from seawater [27]. Desalination is considered the future of 

freshwater for several reasons, high demands for freshwater due to population growth with 

finite, low quality and high salinity water. Moreover, expanded urbanizations and large-

scale industries that surpass availability of high-quality water. Consequently, research on 

the development of more efficient and economically acceptable desalination technologies 

has increased significantly over the past years [28]. There are variety of desalination 

technologies that can be grouped into three main categories. Thermally and chemically 

activated, membrane and adsorption desalination technologies. The thermally activated 

technology depends on evaporating and condensing the water to remove all salts. Heat 
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transfer is employed in this system to boil seawater, turning it into vapor, so salts are 

separated. Thermally activated technologies include multi-stage flash distillation (MSF), 

multiple-effect distillation (MED), vapor compression distillation (MVC) and solar 

distillation (SD). Membrane desalination technology uses applied pressure across a 

membrane to facilitate the separation, forcing water through membrane and leaving salts 

behind. This technology includes microfiltration (MF), ultrafiltration (UF), reverse 

osmosis (RO), forward osmosis (FO), and nanofiltration (NF). Another promising 

technique is the adsorption technology, where an adsorbent material with strong affinity 

to water is used to remove salts from water. An example of a useful adsorbent is silica gel. 

The Chemically activated desalination comprise of a variety of systems such as gas 

hydrate (GH), ion exchange (IE) and liquid–liquid extraction (LLE) [29].  

1.2.3. Wastewater Treatment  

Wastewater treatment is defined as the process of removing different types of 

pollutants from water to obtain a useful effluent, which can go under water recycle. 

Wastewater can be divided into three major types: industrial, municipal and agricultural 

wastewaters. These include human and domestic wastewater, infiltration and animal 

waste. Commonly the composition of wastewater has a PH of 6.8, total solids of 270 mg/L, 

phosphorus 40 mg/L and Biochemical oxygen demand of 250 mg/L and other materials.  

Disposing wastewater with such characteristics into the environment, would cause 

unacceptable damage and harm to earth’s ecosystem. As these pollutants are toxic to 

humans, animals and plants. Thus, removing such pollutants from water before disposal 

is an absolute concern [30]. The main aim of wastewater treatment is to decrease the above 
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common compositions of wastewater to a level at which the water disposed is not going 

to disturb the environment negatively. The treatment process of wastewater includes three 

main steps, which are primary, secondary and tertiary treatments depending on the 

purification level required.   

Primary treatment is the first step in any wastewater treatment process after the 

collection of various types of wastewater. It is a physical process where most suspended 

and settled solids are removed followed by chemical additions and sedimentation. Primary 

treatment gets rid of about 60% of the suspended solid. Primarily all solids are removed 

by means of gravity, where heavy solids settle at the bottom of tank used. Primary 

treatment also involves chemical dosages to reduce the odors, BODs and balance the 

acidity and basicity of water [31]. Moreover, small sized particles and are separated from 

water by filtration through semipermeable physical barriers such as membranes, allowing 

water to pass while rejecting others [30]. Following the primary treatment, a more 

homogenous wastewater is obtained, however it still has high-energy molecules that 

dissociate by microbial actions producing BOD. 

 Secondary Treatment aims to discard about 90% of BOD found in wastewater by 

biological processes. The secondary treatment involves oxidation of wastewater stream, 

where most pollutants are converted into compounds such as carbon dioxide, ammonia, 

water or bio-solids. In particular, aerobic biological treatment is executed where 

microorganisms i.e. bacteria metabolize pollutants into the above compounds. When these 

microorganisms are used up, they are separated from wastewater stream into a settling 

tank that is reused again. This process is commonly termed as activated sludge. Other 
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aerobic treatments include trickling filtration, oxidation ponds, lagoons and aerobic 

digestion [32]. 

 Tertiary treatment is the last polishing step in wastewater treatment, where it 

removes all the nutrients and harmful substances that remained after the primary and 

secondary treatment. Primarily, tertiary treatment focuses on the removal of organics and 

inorganics, heavy metals, phosphorus and nitrogen to meet the specific standards for either 

discharge or reuse [33]. Part of the reuse may be in refrigeration systems, process water 

and feed boiler as industrial applications, agriculture or in groundwater recharge. 

Membrane technologies, adsorption, ion exchange and coagulation are the main processes 

implemented in the tertiary wastewater treatment. The final step in each of the three main 

steps involve disinfection, where chlorine or ozone are mostly used to get rid of all the 

pathogenic microorganisms that could potentially cause health issues if present in water 

discharged to beaches or rivers [34].   

1.2.3.1. Oily-water Treatment   

Production of oily wastewater has increased over the past few years due to fast 

industrial growth in oil and gas, food industry, petrochemical and pharmaceuticals. 

Therefore, the need to treat oily water is for certain a challenge. Since the demands for 

clean water has expanded due to large population growth and other aspects [35]. 

Discharging oily water into the environment has adverse effects on aquatic life and 

agriculture. Since, disposing oily water with high organic content into water bodies’ 

results in elevated consumption of oxygen by microorganisms [36]. There are variety of 
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methods used for the treatment of oily water. A detailed analysis of the main methods is 

discussed, these methods include flotation, coagulation and membrane technology.  

Flotation mechanism involve bubbling gas into the oily water to change the overall 

density of oil/solid particles and reduce it greatly by aggregating them with gas bubbles. 

These aggregates will immediately rise up and finally skim off. Induced and dissolved gas 

floatation systems are the most commonly used techniques. They are usually employed 

with streams containing an oil concentration of less than 1000 mg/l [37].  

Coagulation is a process that neutralizes the charges and produce large enough oil 

particles to settle, so that they are easily removed. It involves the addition of chemical type 

coagulants [38]. Recently coagulation has been widely used due to it adaptability and 

ability to remove emulsified and dissolved oil from water. It is used to improve the 

removal ability of preceding treatment processes.  

Membrane separation is another efficient technique for oily water treatment and it 

has become one of the most significant techniques over the past years as it has already 

demonstrated improved efficiency compared to conventional techniques.  

1.2.4. Membrane Technology   

In the 1960s, membranes have evolved as a valuable mean for water treatment after 

the synthesis of high performance membranes from variety of materials and applied in 

different configurations [39]. A membrane is a semi-permeable material that allow certain 

substances to pass through while reject others, when applying enough driving force across 

the membrane. The separator can be any state whether liquid, solid, or gas, and it possess 

this semipermeable characteristic to assure separation. The diameter of molecules, 
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permeability coefficients, level of solubility and charge  are the characteristics that dictate 

the retaining capabilities of different membranes [13]. Water treatment membranes are 

mainly used for removal of bacteria, colloidal, microorganisms and organic materials that 

would change the smell, color and taste of water. Various types of membranes have been 

commercially employed depending of the size of particle they reject, such as 

microfiltration (MF), ultrafiltration (UF), reverse osmosis (RO), forward osmosis (FO), 

and nanofiltration (NF) [40].   

1.2.4.1. Membrane Classification 

Membranes can be classified according to their pore size or materials.  

 Classification According to Membrane Pore Size  

Microfiltration membranes (MF) have the largest pore size among all other 

membranes, with a pore size of approximately 50  to 500 nm. It usually operates at feed 

pressure of 100 to 400 kPa. MF membranes are capable of extracting various materials 

from produced water including macromolecules, sand, bacterial organisms, silt, clays, 

cysts and algae. Using MF along with disinfections may result in controlling the presence 

of viruses in water, however using it alone does not guarantee removal of viruses [40]. 

Ultrafiltration (UF) membranes have smaller pore size than MF membranes. 

They can have symmetric or asymmetric structure with a much denser top layer, thus 

higher hydrodynamic resistance [41]. UF are capable of extracting even the finest particles 

found in water supply, where the pore size of active layer is what determines the rate of 

removal. The pore size range for UF is approximately 2-50 nm. Mostly, all of 
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commercially available ultrafiltration membranes are fabricated using Loeb–Sourirajan 

process or phase inversion. A finite number of materials are usually used mainly 

polyacrylonitrile, poly (vinyl chloride)–polyacrylonitrile copolymers, polysulfone, poly 

(ether sulfone), poly (vinylidene fluoride), some aromatic polyamides, and cellulose 

acetate [42].  

 Nanofiltration (NF) membranes  fall in the transition region between pure 

ultrafiltration and reverse osmosis membranes [42]. NF membranes are considered a type 

of pressure-driven membranes with pore sizes are less than 2 nm [10]. They can 

completely remove viruses, salts, organic molecules and multivalent salts. Normally, 

nanofiltration membranes have a salt rejection of sodium chloride that varies between 20 

and 80% and 200–1000 Dalton as molecular weight cutoffs for dissolved organic solutes 

[42]. Most nano-filtration membranes remove hardness from water, which gave NF 

membranes the name of softening membranes [40]. 

Reverse osmosis (RO) membranes are no porous membranes that operates on reverse 

osmosis principle: Reverse osmosis is a process of cleaning water, using membranes that 

only allows water to pass but impermeable to salt. High pressure feed water with salts is 

in contact with membrane; water drained of all salts and contaminants leaves as a low-

pressure permeate. RO can almost remove all inorganic substances from water such as 

sodium, organic containments, pesticides, cysts, bacteria, and viruses [39].  
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 Classification According to Membranes’ Material 

In general, many parameters such as operating conditions, separation efficiency and 

the type of structure needed for the membrane affect the selection of the material for 

membrane fabrication. The most common materials used for membrane fabrication are 

divided into two main categories, organic and inorganic. Inorganic materials include 

ceramics, aluminum, high-grade steel and glass. They are used for extreme temperature 

operation conditions and with chemically reactive streams. The advantages of inorganic 

materials for membrane fabrication are summarized as having high heat resistance and 

uniform pore distribution. However, they suffer from several drawbacks that that limit 

their industrial applications. These disadvantages include being significantly brittle, 

difficult to manufacture and much heavier compared to organic membranes [43]. Organic 

materials for membrane fabrication are primarily polymers. The most common polymeric 

materials used are poly (ether sulfone) (PES), polysulfone (PS), poly (vinylidene fluoride) 

(PVDF), polyethylene (PE), polypropylene (PP) and polytetrafluorethylene (PTFE). As 

can be seen from variety of applicable polymers, suitable polymers are selected for 

specific separation problems.  Polymeric membranes are very widely used compared to 

others, as they exhibit many advantages. For instance, polymeric membranes are easy to 

synthesis, have high selectivity, low cost, flexible configuration and low energy 

requirements. However, they have few disadvantages that include inadequate heat and 

corrosion resistances and short duration of use because of fouling [44]. 
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1.2.4.2. Membrane Modification 

Despite the fact that pure polymeric membranes are very economical, have high 

separation efficiency and easy to fabricate, they have limitations with room for 

improvement.  As mentioned earlier, these limitations include fouling and low thermal 

stability.  One way to mitigate these limitations is through membrane modification. One 

of the earliest technique used to modify membranes is annealing as illustrated by Hoehn 

and Kusuki, where high temperature (heat) treatment of the membrane used in gas 

separation increased selectivity, because thermal annealing removes most of the micro-

defects in the thin active separation layer [45]. Recently, the incorporation of 

nanomaterials into the polymer matrix has become an attractive method to modify 

membranes. By incorporating nanomaterials into conventional membrane materials, it is 

possible to create, customize and optimize the membranes to effectively provide good 

permeability, heat resistance, rejection and antifouling performance [13]. The most 

common nanomaterials used in the modification are divided into two main groups; carbon- 

based nanomaterials, metals and metal oxides.  

 Modification Using Metals and Metals Oxide 

These include silver and iron metals and metal oxides such as titanium oxide, zinc 

oxide, and aluminum oxide. These non-organic nanomaterials have very small particle 

sizes, therefore they are among the first materials to be tested for water purification [46]. 

Zodrow et al. reported the effect of incorporating silver nanoparticles (nAg) into a 

polysulfone (PS) mixed matrix composite. Various composites of (1-70 nm) nAg, PS and 

polyvinylpyrrolidone (PVP) with different compositions were used to fabricate the 
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membranes. Zodrow et al. reported that all composite membranes exhibited lower contact 

angles than pristine, indicating higher hydrophilicity. In addition, the nAg modified 

membranes showed improved anti-bacterial activity observed by the decline in quantity 

of P. mendocina grown on the surface of membranes as estimated by the count of colony 

forming units as shown in figure(5). Although, nAg composite membranes achieved better 

antibacterial characteristics and hydrophilicity, few drawbacks were noticed by 

conducting inductively coupled plasma (ICP) and transmission electron microscopy 

(TEM). It was observed that nAg leached out of membranes, where 10% loss of nAg was 

attained [47].  

            

Figure 5: Inhibition of P. mendocina KR1 biofilm by nAg–PSf was prevented by 27 mg/L 

cysteine. This graph depicts biofilm growth after 4 h incubation in MD medium, 

reprinted with permission from [47] 

 

Another metallic nanoparticle investigated in this field is nano-sized Al2O3.  In a study by 

Xiang and others. UF PVDF membranes were modified by embedding small amounts (0-

4wt.%) of Al2O3 into the polymer composite and utilizing phase inversion method to 
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fabricate the membranes. The effect of concentration on morphology, hydrophilicity, 

permeation flux and antifouling were studied. The results indicated that the incorporation 

of nano-sized Al2O3 has led to increase in the flux as shown in figure (6). This result can 

be explained by the fact that small amounts of Al2O3 increased the hydrophilicity of the 

PVDF membranes, showing higher fluxes. However, increasing the amount of   Al2O3   

more than a certain amount, the flux is not affect, as the Al2O3 particles aggregate at higher 

loadings [48] .     

        

Figure 6: Distilled water fluxes of membranes prepared using dopes with different Nano sized 

Al2O3 particles, reprinted with permission from [48].  

 Modification Using Carbon-based Nanomaterials 

Carbon is considered the basic element in life as it is the building block of organic 

chemistry [49]. Generally, carbon-based materials include; carbon nanotubes, graphite, 

graphene, graphene oxide and reduced graphene oxide. 

Graphene is a 2D nanomaterial with a unique structure and remarkable properties. 

More details on graphene is presented in section 1.1. Many derivatives of graphene exist 
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such as, graphene oxide, graphene quantum dots and graphene nanoribbons. In this 

research, we mainly focus on graphene oxide and its applications. The incorporation of 

graphene oxide (GO) or functionalized graphene oxide (f-GO) into a polymer matrix to 

prepare membranes has been studied by many researchers in order to enhance the 

antifouling properties, permeability and mechanical strength. The membranes tested 

usually have different ratios of GO and f-GO to investigate the optimum concertation of 

GO or f-GO to be added 

1.2.5. Graphene Oxide (GO)  

Graphene oxide (GO) is 2D material that is formed by the oxidation of graphene. 

Where an oxygen (O) containing functional groups such as epoxy, hydroxyl, carbonyl and 

carboxyl groups is incorporated into the sp2 carbon structure of graphene. Graphite Oxide 

is considered an intermediate materials in the most favorable and cost-effective process 

for the conversion of graphite into graphene or reduced graphene. [50]. GO has similar 

but unstacked structure as graphite oxide, since it can be easily obtained from graphite 

oxide by solution exfoliation as indicated in figure (7). The presence of oxygen groups on 

GO surface makes hydrophilic, unlike the very hydrophobic graphene [51],[52].  

 

 
Figure 7: Synthesis of GO from graphite, reprinted with permission from [52]  
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Graphite oxide can be synthesized using various method such as, Brodie method, 

Staudenmaier method, Hofmann method, and Hummers method and also their modified 

and improved forms [53]. Generally, those methods involve firstly the reaction between 

graphite powder and acids (HCl, H2SO4 and HNO3 etc.) then, the intercalation of alkali 

metals (KClO3, KMnO4, NaNO3) into graphite enhances the opportunity of exfoliation 

of the graphene layers. A summary of the synthetic methods is illustrated in figure (8).  

 
Figure 8: Synthesis methods of graphite oxide, reprinted with permission from [53] 

1.2.5.1. Properties of Graphene Oxide 

As the structure of GO has many functional groups on its surface, they act as perfect 

active sites for binding other species, thus it increases the reactivity of GO. This property 

is confirmed by the late illustration of photoluminescence (PL) from GO. This 

luminescence was found to appear from the near-UV-to-blue visible (Vis) to near-infrared 

(IR) wavelength range. Therefore, it should be widely used on applications such as 

optoelectronics, biosensing, fluorescence tags [54], [55].  In general, based on the 
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concentration, the color of GO suspensions in water ranges from dark brown to bright 

yellow. Furthermore, the optical transmittance of GO films can be adjusted by changing 

the thickness of the film [56]. The peaks in the absorption spectrum of GO usually lies 

between 225 and 275nm (4.5–5.5eV), thus it is mainly controlled by the π–π* transitions 

[57]. 

Moreover, GO has an incredible electronic property, which is associated with bonding 

and anti-bonding (the valance and conduction bands) of 𝜋 orbits in graphene structure. 

Most of the GO sp3 hybridized carbon atoms in graphene oxide are linked to an oxygen- 

containing groups, thus GO is considered to be insulating with a sheet resistance of 

approximately 1012 Ω sq-1.  However, upon reduction using a variety of chemical and 

thermal treatments, the material transforms into a semiconductor material because the 

sheet resistance decreases significantly. Where it can about ∼1000 S/m [58]. 

Another important property that graphene oxide possess is the strong anti-biofouling 

characteristic. Biofouling is defined as the accumulation of microorganisms such as 

bacteria or viruses or any living organism on a complete wet surface. Recently, some 

researchers found that GO and rGO are toxic to bacteria such as Gram-positive 

(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria [59]. Outstanding 

antifouling property of rGO was observed during the application of highly sensitive 

electrode for the determination of insulin. Noorbakhsh et al. investigated the antifouling 

property of rGO electrode surface which dictate the performance of electrode [60]. The 

study compared between bare glassy carbon (GC), GO modified glassy carbon (GO/GC) 

and rGO/GC electrodes by the consecutive cyclic voltammograms of various electrodes 
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dipped in insulin solution.  Comparing the three electrodes GC, GO/GC and rGO/GC, the 

GC and GO/GC were deactivated immediately after few cycles due to accumulation of 

molecules resulted from insulin oxidation thus high fouling tendencies are observed. 

While rGO/GC electrode showed a very steady uniform response through all the cycles, 

indicating the antifouling characteristics of rGO [60]. Moreover, the antifouling property 

of GO is very useful in water purification applications. Therefore, the use of graphene 

oxide as an organic filler in mixed matrix membranes for anti-biofouling activities has 

increased significantly. The anti-biofouling behavior of GO in the graphene oxide 

membranes can be explained due to its strong hydrophilic property, surface smoothness 

and negative charge which gives repulsive behavior [61]. Wansuk Choi and other 

researchers studied this behavior by coating multilayers GO on polyamine thin film 

composite using layer-by-layer assembly method. The results indicated enhancements in 

the hydrophilicity and antifouling properties as well as reduction in the roughness of 

modified membranes [62].  

One of the important tests that should be carried out upon approving any application 

is mechanical testing. Applying undesirable strains and stresses influence the performance 

and durability of the application. On crystalline materials, the interatomic distances are 

affected by the external stresses, which may lead to redistributing the local charges in the 

structure. Usually in GO, the mechanical properties depend on the state of the sample that 

is tested. For example, the oxidation degree i.e. the thickness and amount of carboxyl, 

epoxy, carbonyl and hydroxyl groups [63]. In literature, the values of intrinsic strength 

and young’s modulus of graphene oxide vary widely in a range of 76–293 Pa and  6–42 
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GPa and, respectively [64].  In addition to that, the oxygenated groups in the GO surface, 

make the surface further ready to be modified such that the properties of GO are enhanced 

[65]. 

1.2.5.2. Chemical Functionalization of Graphene Oxide  

Recently, the study of chemically modified GO has capture the interest of the research 

community due to its excellent mechanical, electrical and thermal properties that can be 

applied in many applications. Figure (9) shows the number of publications in the area of 

functionalization of graphene oxide. 

           

Figure 9: Number of annual publications on “functionalization of graphene oxide”, 

Source ScienceDirect. 

As mentioned earlier, GO has number of reactive oxygen functional groups, which 

renders it as a good candidate for chemical functionalization [66]. The functionalization 

can be defined as the addition of any other functional group to the structure of graphene 

oxide using various chemical reactions. For example, GO can be functionalized with 
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nanoparticles, organic compounds, polymers and biomaterials.  The functional group is 

either chemically bonded to graphene oxide via a covalent bond or not [58]. Commonly, 

GO may be covalently functionalized by using some functional groups through activation, 

amidation or esterification of hydroxyl or carboxyl in GO through reactions that depend 

on each other [67]. For instance, thionyl chloride (SOCl2) was used to activate the GO 

carboxylic acid groups and then octadecylamine is coupled by the formation of amides. 

This result in an enhanced version of GO where it is soluble in common organic solvents 

[68]. Not only carboxyl acid groups can be covalently functionalized but also, the epoxy 

groups by reactions that involve ring-opening where the α-carbon undergoes a 

nucleophilic attack [66]. Regarding, noncovalent functionalization. It is accomplished by 

π−π stacking, cation−π, van der Waals interactions, or hydrogen bonding in graphene 

oxide [69]. Comparing both non-covalent and covalent functionalization of graphene 

oxide, the ability to transfer loads is anticipated to be low in non-covalent as the force 

between the adjacent molecules and the surface of graphene is weak, thus covalent 

functionalization show improved property in this area. On the other hand, one of the 

disadvantages of covalent functionalization on graphene  is the decline in the properties 

associated with movement of electrons as a results of the change in hybridization of 

orbitals from sp2 carbon into sp3 carbon [70]. 

1.2.5.3. Applications of Graphene Oxide in Water Purification 

Water pollution is an important issue that faces our environment just as air pollution; 

it is considered one of the critical crises that face our world and could lead to water 

scarcity. Various techniques are used to treat water in order to reuse it. For instance, 
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Adsorption or conversion of contaminates and water desalination. Here comes the role of 

graphene oxide, where it can used in variety of ways. GO/RGO based composite showed 

strong binding capabilities with most pollutants (mainly heavy ions and organic dies) 

found in wastewater [71]. Experiments of GO nanosheets as an adsorbent for heavy metal 

demonstrated high ability of adsorption for Cd (II), Co(II), Au(III), Pd(II),and Pt(IV) ions 

because their structures show better stability compared to other metals [72], [73]. However 

lower adsorption capacity was noticed in Cu2+ ions due to aggregation caused by GO and 

Cu2+ ions interacting together [74]. On the other hand, conversion of contaminants is either 

done by chemical or photo reduction. For chemical reduction, Hui-Ling Ma tested 

reducing Cr (VI) at low pH to a lower toxicity Cr (III) specie by using ethylenediamine 

coated with reduced graphene oxide. The results approximately presented high conversion 

rate with the support of the pi- electrons in the ring structure of reduced graphene oxide 

[75]. Alternative GO based composites like porous Co3O4 nanorods-RGO displayed high 

catalytic capabilities toward the degradation of methylene blue [76]. Another important 

widely used technique for water treatment is desalination.  There are many desalination 

technologies developed over the years, such as thermal desalination, membrane separation 

and freezing [6]. Focusing on membrane separation, research on the incorporation of GO 

in membranes for water treatment has increased rapidly in recent years as represented by 

figure (10).  
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Figure 10: Number of annual publications on “graphene oxide and membranes”, 

source ScienceDirect 
 

 GO could be potentially applied to free standing membranes or graphene oxide 

/surface modified GO composite membranes. The first technique uses graphene oxide 

directly as a standalone layer to separate contaminants and the second one is though 

incorporating graphene oxide or surface modified GO where some functional groups are 

added to surface of GO into polymer matrixes [77].  

Free standing GO membranes are most commonly fabricated via continues 

vacuum filtration techniques as reported by Xu et al. [78].  The same group fabricated NF 

membranes using GO/TiO2 composite with pore size of 3.5 nm. The incorporation of TiO2 

in GO nanosheets lead to widening of gaps between the sheets forming more channels. 

The fabrication of NF membranes was so successful; it resulted in a 100 % rejection of 

various dies from water. Another study of Sun et al. group made free standing GO NF 

membranes using drop casting technique with pore size of 0.82 nm capable of removing 

small sodium salts from organics and cobalt salt [79]. GO membranes were reported to be 

very efficient desalination membranes by Nicolai’s group who studied the morphology 
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and dynamics of the freestanding graphene oxide membranes using molecular dynamics 

simulations. They proved that the prepared membranes were able to reject 100 % of salt, 

while maintaining outstanding pure water flux [80]. 

Graphene oxide/surface modified GO composite membranes are made via 

incorporation of GO or f-GO into a polymer mix, typically to enhance the antifouling 

properties, permeability and mechanical strength. The tested membranes usually have 

different ratios of GO or f-GO to investigate the optimum concertation of GO or f-GO 

[77].  Xu et al.  examined the effect of functionalized GO on polyvinylidene fluoride 

(PVDF) polymer mix. First GO was functionalized with 3-aminopropyltriethoxysilane 

(APTS), mixed with PVDF and casted via phase inversion method. The prepared 

membranes demonstrated the ability remove about 57% of bovine serum albumin (BSA). 

Moreover, APTS f-GO/PVDF membranes showed higher mechanical properties by 

having 48.38% and 69.01% improvement in tensile strength and elongation at break 

respectively as shown in figure(11) [81].  

 

Figure 11: a) Stress–strain curves of nascent membranes and 1 wt.% additive mixed PVDF 

membrane b) BSA flux, pure water flux and BSA rejection of various membranes, 

reprinted with permission from [81] 
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On the other hand, unfunctionalized GO captured the eyes of other researchers such 

as Zinadini who demonstrated the preparation of innovative fouling resistance mixed 

matrix membranes by incorporating graphene oxide nanoplatelets. It was stated that the 

GO/dimethyl acetamide (DMAc)/poly ether sulfone (PES) membrane achieved good 

results in rejecting dye molecules by 99% with water flux 65.2 kg/m2 h [82]. Perreault et 

al further explored the antibacterial activity of surface modified membranes. Polyamide 

(PA) thin film composite membranes were modified by, crosslinking GO nanosheets into 

its surface. The performance of the membrane improved greatly as it became more 

hydrophilic. This was proved by the decrease in the contact angle from 81 ⁰ for the control 

to 47 ⁰ for the cross-linked membrane. Also, 65% of bacterial cells were successfully 

inactivated after 1 hour only, without any decrease in the water permeability or salt 

rejection [83]. The effect of polyamine chain grafted on GO was studied by group of 

researchers at the institute of chemical technology- India. GO was functionalized with 

ethylenediamine, diethylenetriamine and triethylenetetramine. Rahul et al. reported that 

the performance of functionalized GO (f-GO) membranes was significantly enhanced by 

the addition of f-GO, where water flux increased to 170.5 LMH/bar compared to pristine 

polymer of 56.1LMH/bar. Moreover, lower contact angles were observed with all 

polyamine used, with the lowest being at 1 wt.% of f-GO [84].  
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CHAPTER II  

RESEARCH OBJECTIVES 

Despite the fact that membrane technology has attracted the interest of researchers 

over the past few decades resulting in great advances in water desalination and water 

treatment membranes, further development is possible by the use of graphene-based 

membranes, as previous studies on molecular simulations and some initial experimental 

results showed that they are the next generation membranes. Consequently, research on 

graphene-based membranes is a broad and an attractive area of interests for many 

researchers.  

This thesis research aims to improve the performance of ultrafiltration polysulfone 

membranes commonly used in water treatment applications by developing mixed-matrix 

composite membranes with functionalized graphene oxide.  

The main goals of this research can be summarized as follows:  

1. Functionalization of GO with amine and carboxylic groups. 

2. Characterization of f-GO.  

3. Fabrication of ultrafiltration, mixed-matrix polysulfone membrane containing 

various concentrations of f-GO. 

4. Characterization of the developed membranes. 

5. Testing the developed membrane for separation of hydrocarbon/oil from water. 

6. Correlating the membrane structure and performance with the type and 

concentration of f-GO. 

7. Studying the antifouling characteristics of fabricated f-GO membranes.  
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CHAPTER III  

METHODOLOGY 

A specific strategy is used which includes three main sections as shown in figure (12). 

In the first part, graphene oxide is functionalized with an amine and carboxyl functional 

groups. The functionalization is confirmed through variety of characterization techniques. 

In the second part, nanocomposites of f-GO and polysulfone with different loadings of f-

GO are synthesized, then used for ultrafiltration membrane fabrication. In the last part, the 

performance of the fabricated graphene-based membranes is characterized and evaluated 

for removal of organics from water.  

 

Figure 12: Proposed methodology for research project 

3.1  Materials 

The following materials were used as received. Graphene oxide (GO; SE2430) was 

purchased from sixth element, Ethylene diamine (EDA) (Sigma Aldrich), Aspartic Acid 

(AA), Hydrochloric Acid (HCL) (Sigma Aldrich), Methanol (MeOH) (Sigma Aldrich).  

Dimethylacetamide (DMAc) (Sigma Aldrich), Polysulfone (PS) (Sigma Aldrich), 

Polyvinylpyrrolidone (PVP) (Sigma Aldrich), Acetone (Sigma Aldrich), Deionized water 

GO Functionalization and 
Characterization

(f-GO)

Fabrication of f-GO-
polysulfone ultrafiltration 
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(DI), Bovine Serum Albumin (BSA) (Sigma Aldrich), Sodium Hydroxide (Research-Lab) 

and diesel obtained from Woqod petrol station 

3.2  Functionalization and Characterization of Graphene Oxide  

Graphene oxide has abundant functional groups on its surface that include hydroxyl, 

carboxyl and epoxy, which provide active sites for covalent functionalization. Two 

functional groups (amine and carboxyl) were covalently attached to the graphene oxide 

structure through a chemical reaction using Aspartic acid (AA) and ethylene diamine 

(EDA). These two reagents were chosen, due to their unique structure that consist of two 

carboxyl and amine groups each. Therefore, the number of amine and carboxyl functional 

groups in graphene oxide is maximized for improved results.  

3.2.1 Synthesis of Amine and Carboxylic Functionalized GO 

The GO functionalization of amine (NH2) and carboxyl (COOH) groups were carried 

out as follows: 

 GO (NH2):  900 mg of GO were dispersed in 300 ml of DI water by sonication in a 

bath sonicator for 4 hours. GO solution with required amount of EDA were mixed, 

then the reaction content was carried under reflux at 85° C heated oil for 4 hours. The 

reaction mixture was then repeatedly washed with DI water or MeOH until PH 7 

 GO (COOH): 900 mg of GO were dispersed in 90 ml of DI water by sonication in a 

bath sonicator for 4 hours. Then a solution of 3 g AA, 36 ml of 1M NaOH and 90 ml 

of DI water was added to GO solution. The mixture was stirred at 24° C for 5 days. 

After that, the mixture was centrifuged at 10,000 RPM for 2 hours. The remaining 

solid was washed with DI water several times before mixing it with 5% HCL by 1-
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hour bath sonication and 5 minutes probe sonication to convert the carboxylate groups 

into carboxylic acid groups.  

Figure (13) summarizes the functionalization methodology used for both amine and 

carboxylic functionalization.  

 

Figure 13: Illustration of the reaction between Graphene Oxide (GO) and a) ethylenediamine 

(EDA), b) aspartic acid (AA). 

AA and EDA were used are in excess to ensure complete functionalization. Finally, 

the synthesized GO/NH2 and GO/COOH materials was freeze-dried. Calculations for the 

exact amounts of EDA and AA needed can be found in Appendix A.  
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3.2.2 GO and f-GO Characterization 

In order to confirm the amine or carboxyl functionalization of GO, the following 

characterization techniques were performed. 

3.2.2.1 Chemical Structure of f-GO 

 X-ray Photoelectron Spectroscopy (XPS) 

Surface engineering is an important field that help studying modern high-performance 

materials. Many problems linked to the new promising materials can be explained by 

understanding the physical and chemical interactions that occur at the surface of materials. 

This is primarily done by using X-ray Photoelectron Spectroscopy (XPS) to characterize 

the materials. XPS studies the surface chemistry of a material by measuring the elemental 

composition, empirical formula, chemical state and electronic state of the elements within 

a material. It can also determine the degree of functionalization. XPS uses a beam of X-

rays to irradiate a 1-10 nm solid surface, resulting in kinetic energy and electrons being 

emitted. The latter is used to produce the XPS spectrum of the material being analyzed. 

The ejected electrons are specified over a range of kinetic energies to produce the 

photoelectron spectrum. Each peak in the spectrum corresponds to a particular atom, each 

atom has specific emitted electrons with distinct characteristic energy. All the surface 

elements except hydrogen and helium are identified and quantified by knowing the 

energies and intensities of the photoelectron peaks [85].  
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 Energy-dispersive X-ray spectroscopy (EDX) 

EDX is a standard technique for distinguishing and estimating chemical and elemental 

compositions in a very localized portion of the sample (few cubic micrometers). EDX is 

a built inside an SEM, as an energy dispersive detector. In a decently functioning SEM, 

an electron beam is used to excite the atoms on the surface of sample, emitting 

wavelengths of X-rays with specific characteristic of the atomic structure of each element. 

Here comes the role of energy dispersive detector, which identify these x-ray emissions 

and discriminates among their energies. Appropriate elements are designated, yielding the 

sample’s surface compositions [86]. 

3.2.2.2 Raman Spectroscopy 

Raman spectroscopy is a vibrational technique where bonding between molecules and 

geometric structure are highly sensitive. In this technique, a laser light source is used to 

irradiate a sample, which in turn produces insignificant amount of scattered light that is 

detected by a CDD camera as Raman spectrum. Raman spectroscopy is useful in 

determining unknown substances, tracking changes in molecular and crystal structure and 

measuring the magnitude of residual stresses. It has been observed that each Raman 

spectrum of a molecule is extremely affected and changed by very small differences in 

geometric structure. This sensitivity to geometric structure comes in hands mainly during 

the study of carbon allotropes such as diamond, carbon nanotubes and carbon nanoribbons, 

etc., where they only differ in the orientation of carbon atoms and the nature of bonds 

connecting them. Graphene and its derivatives Raman spectra often display a relatively 

simple plot characterized by three principle bands termed as the G, D and 2 D bands.  G 
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band is known as a sharp peaked band that appears around 1587 cm-1 and is defined as an 

in-plane vibrational mode involving the sp2 hybridized carbon atoms that comprises the 

graphene sheet. While D band is known as the disorder/defect band and it represents the 

contraction and expansion of sp2 carbon rings. The 2D band is the second order of the D 

band that is formed due to the two phonon lattice vibrational process, however the 2 D 

band does not represent any defects and is not activated by proximity to a defect [87]. 

Raman spectroscopy is carried on all synthesized samples. and the IG/ID ratio is 

calculated to analyze the presence of defects associated with functionalization. Moreover, 

the of any new functional groups are identified and confirmed by appearance of new peaks 

in the Raman spectrum. 

3.2.2.3 Morphology and Crystal Structure of f-GO 

 X-ray diffraction (XRD)  

XRD is an accomplished nondestructive technique used in the characterization of 

various materials. It gives information about the crystal structures and orientation, phases, 

and other structural parameters, such as lattice (d) spacing, mean grain size, crystallinity, 

strain, and crystal defects. A monochromatic beam of x-rays interacts with the lattice 

planes of each sample to produce scattered x-rays at specific angles. When these x-rays 

are detected, x-ray diffraction peaks are produced. The intensity of the peaks is estimated 

by the position of the atoms within the lattice planes [88]. Hence, the X-ray diffraction 

pattern shows the uniqueness of periodic atomic arrangements in a given material and it 

is represented by plot of the intensity of x-rays scattered against different angles by the 
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material. XRD was done by, Ultima IV X-RAY DIFFRACTOMETER, Cu (Alpha) 

(0.15418nm) radiation at 40kV and 20 mA. Bragg’s law gives the geometrical 

interpretation of the XRD pattern, the interlayer d-spacing is found by:  

                                             𝐧𝛌 = 𝟐 𝐝 𝐬𝐢𝐧 𝛉                      (1) 

Where, n is the order of diffraction, λ the wavelength of the incident beam in nm, d 

is the lattice spacing in nm and θ the angle of the diffracted beam in degree [89]. 

 XRD is mainly used to analyze commercial GO, treated GO and functionalized GO 

i.e. GO (NH2) and GO (COOH).  The analysis mainly demonstrates the difference in d- 

spacing between the GO/f-GO layers. 

 Imaging techniques 

 Scanning electron microscope (SEM) and transmission electron microscopy 

(TEM) are utilized to understand the morphology of different graphene oxide samples and 

compare the size and stacking of sheets before and after functionalization [90].  

Scanning electron microscope uses a finely focused beam of electrons to precisely 

show the surface properties of a specimen, and provide a connection between the surface 

and its three-dimensional structure through an image. While fine beam of electrons 

focuses on the surface of a specimen, secondary and backscattered primary electrons are 

emitted as a result of different interactions between the specimens and electrons. When 

these electrons are collected and narrowed down, an image that shows the surface 

topography of a specimen is produced.  Magnification is accomplished when the electron 

beam scans a very tiny area of the same specimen. Mostly, modern scanning electron 

microscopes have magnifications that range from 720 X, up to more than 300 000 X, and 
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resolution in the order of 1 nm or better. The most frequently used form of imaging is the 

images that come from the detection of secondary electrons. In ordinary SEMs, heated 

tungsten filament is generally known to be the source of electrons, which have many 

advantages compared to others such as ease of operation and low price. Other sources 

include field emission guns and lanthanum hexaboride (LaB6) tips, which are more 

intense, in order to provide greater brightness.  Typically, the accelerating voltages used 

vary from less than 1 kV until 40 kV. Using higher voltages provide stronger resolving 

power, however at the risk of extra penetration into many specimens which damages them. 

Lower voltages are used to show fine structure on sample surfaces [91]. 

In transmission electron microscope (TEM), an electron beam with constant current 

density passes through a thin specimen. The acceleration voltage of regular instruments 

ranges from 100–200 kV. Other medium-voltage instruments produce improved 

transmission and resolution by working at 200–500 kV. High-voltage electron microscopy 

(HVEM) work at acceleration voltages that may reach 500 kV–3 MV. Usually, electron 

beams are emitted by electron gun, that uses thermionic, Schottky, or field emissions. 

Then, these electrons interact strongly with atoms by elastic and inelastic scattering. 

Which leads to the condition that all specimens must be very thin, ranging between 5–100 

nm for 100 keV electrons, according to the preferred resolution, elemental composition 

and density of them. The main difference between SEM and TEM, is that SEM imaging 

is based on scattered electrons while TEM imaging is based on transmitted electrons. 

Therefore, SEMs mainly focuses on the morphology and surface composition of the 
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specimen while TEMs focus on all morphology, crystallization, stress or even magnetic 

domain [92]. 

3.3 Fabrication of f-GO Membranes  

Asymmetric ultrafiltration PS, PS/ (GO/NH2) and PS/ (GO/COOH) membranes were 

fabricated via phase inversion method. The control polymer solution was made by mixing 

80% DMAc, 5% PVP and 15% PS. Moreover, polymer solution containing 0.8 wt.% f-

GO (relative to PS) is made by adding the required quantity of f-GO to the control polymer 

solution (48 mg of f-GO to 40 g polymer solution). Full dispersion of f-GO is achieved by 

first bath sonicating for 60 minutes, probe sonicating for 10 minutes, and degassing for 15 

minutes. Other f-GO-polymer compositions are made by serial dilution of the 0.8 wt. % 

using the control polymer solution to make samples with 0.4, 0.2, 0.1, and 0.05 wt. % f-

GO making 6 polymer solution samples for each set (GO/NH2 and GO/COOH) with the 

composition shown in Table (1).  

Table 1: Composition of the f-GO-PS nanocomposite solution used for the 

membrane fabrication 

GO(NH2) or 

GO(COOH),  

wt.% 

Sample 

Mass, 

 g 

GO(NH2) or 

GO(COOH), 

mg 

PS, g PVP, g DMAc, 

g 

0 20 0 3 1 16 

0.05 20 1.5 3 1 16 

0.1 20 3 3 1 16 

0.2 20 6 3 1 16 

0.4 20 12 3 1 16 

0.8 20 24 3 1 16 

Next, the six well dispersed polymer solutions are casted on a clean glass plate using 

membrane casting machine with 150 𝜇m casting knife operating at a speed of 4 m/min. 

The film was left on the glass plate, undisturbed and exposed to air for 30 seconds before 
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immersing it on coagulation water bath for 5 minutes. Due to the fast interchange between 

the solvent and anti-solvent, the polymer film coagulates producing ultrafiltration 

membranes with different f-GO loadings. The produced membrane sheets are then washed 

with DI water and stored in DI water that was changed daily for five days to ensure 

complete phase inversion and removal of any traces of the pore-forming polymer (PVP). 

Membranes specimens for characterization and testing were cut at the required shape and 

dimension from the prepared membrane sheets.  

3.4 Membrane Characterization 

Membrane characterization is essential, since it allows in depth understanding of the 

membrane structural properties such as pore size, surface topography and morphology, 

surface chemistry, and mechanical reliability and resistance to deformity [93]. The 

following characterization techniques are utilized:   

3.4.1 Membrane Surface and Pore Structure 

High resolution SEM imaging of the membrane surface and cross section of provide 

information about the impact of functionalized graphene oxide (GO/NH2) and 

(GO/COOH), size and structure of channels and pores (porosity), as well as thickness of 

membranes.  All the membranes were prepared for the analysis by slicing them into small 

strips. For cross-section images, liquid nitrogen (LN) was used to fracture the membranes 

by first socking the membrane strip into water and then placing it in LN for few seconds 

until it cracks.  This procedure sustains the shape of membrane’s cross section to obtain 

good morphology images. After that, all the samples were sputter coated by gold to 

prevent the charging of samples, which would occur because of the accumulation of static 
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electric fields. The analysis was conducted in a FEI Quanta 400 SEM (Thermo Fisher 

Scientific), with a chamber pressure of 1.3 mbar, very high vacuum conditions and a 

voltage of 30 kV. 

Atomic Force Microscopy (AFM) is a high-resolution technique used to study the 

surface topography of the fabricated membranes. It provides 3D images of the membrane 

surface, unleashing clearer and more accurate surface structure of the fabricated 

membranes. In addition, it is more commonly used to measure the surface roughness of 

the membranes and relating roughness to fouling [94]. Two measurements are taken for 

each membrane sample and the average is taken as final value for more accurate result.  

3.4.2 Membrane Hydrophilicity 

Contact angle (CA) is defined as the angle formed at the interface between 

liquid/solid or liquid/vapor surfaces. The surface interaction between three phase systems 

such as solid, liquid and air can be easily understood by contact angle measurements. CA 

takes an important part in analyzing membrane properties and performances during the 

separation process such as permeate flux, rejection, and fouling properties. This is due to 

the interrelation between contact angle and hydrophilicity of membrane [95]. As, lower 

contact angles corresponds to higher hydrophilicity and vice versa. (Kruse drop shape 

analyzer DSA25) that uses sessile drop technique was used to conduct CA measurements 

on different membrane samples. Sample preparations include cutting the membranes into 

small strips, tapping them into a microscope slide and making sure that the surface is flat 

as possible.  A 2 µl sessile DI water drop is placed on top of the membrane surface and 

measurements of the contact angle of the water drop on the membrane were recorded at 



 

41 

 

room temperature. Three CA readings were taken for each membrane and the average 

value of the three was the final CA to give most accurate result.  

3.4.3 Mechanical Properties  

One of the essential parameters to asset, when manufacturing and analyzing a 

polymeric membrane is the mechanical properties through stress-strain relationships. This 

is done by subjecting the tested membrane to managed tensile loads along a single axis; 

the variation in dimensions and load can be recorded to calculate a stress-strain profile 

[96]. The DMA tests were carried out using Q 800 DMA (TA Instruments, USA). Sample 

preparation include drying and cutting three rectangular samples of f-GO membranes. The 

three samples were subjected to uniaxial load while displacement sensors measure force, 

strain and amplitude. Young’s modulus and other mechanical parameters are obtained 

from stress (MPa) vs. strain (%) graphs.  

3.4.4 Membrane Porosity by wet-dry Weight Method  

In addition to SEM images, that would show pore and channel sizes. Overall porosity 

measurements were conducted by utilizing the wet-dry weight of membranes method. The 

(%) porosity was calculated as a function of weight using the following equation:  

                                     𝐏𝐨𝐫𝐨𝐬𝐢𝐭𝐲(%) =
𝐖𝐰−𝐖𝐝

𝛒𝐰𝐀 𝛅
× 𝟏𝟎𝟎              (2) 

Where 𝑊𝑤 and  𝑊𝑑 are the weight of wet and weight of dry membrane (g) respectively. 

𝜌𝑤 is the density of pure water (g/m3), A is the membrane active area (0.00146 m2) and 

𝛿 is the membrane thickness (m).  
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3.5 Membranes Performance Testing  

3.5.1 Pure Water Flux 

The water permeability of the membranes was assessed by pure water flux measurements. 

The test was carried out in a Sterlitech™ HP4750 dead-end cell under certain pressure and 

at room temperature. Figure (14) shows the complete setup and the cell used; from the top, 

it water was connected to a nitrogen (N2) gas cylinder to provide the necessary pressure 

to press the water through membrane. Mainly, the pressure for N2 gas was set to two bars 

for all runs. From the other side, deionized water leaves the cell into a beaker placed on 

top of a scale that records the mass of water as time passes and saves it into a computer. 

The time interval used for recording is different from membrane to another, depending on 

how fast is the water flux for each sample.  The following equation was used to calculate 

the pure water flux:  

                                               𝐉 =
𝐌∗𝟔𝟎

𝐭∗𝐀∗𝟏𝟎𝟎𝟎
         (3) 

where, J is the pure water flux ((L/m2hr),(LMH)), M represents the mass of water 

permeated (g), t is the operating time (minutes) for experiment, and A represents the active 

surface area of the membrane (14.6 cm2). 

3.5.2 Water-oil Emulsion Separation  

One of the main aims of this research is to provide membranes that could reject the 

highest amounts of containments from produced water, which is mainly contaminated with 

high quantities of oils. Therefore, oil rejection test is done in order assess the efficiency of 

the membrane from that prospective.   



 

43 

 

Oil emulsions were prepared by mixing 1 g of diesel in 1000 ml of DI water to make 

1000 ppm of oil emulsion. Then, this concentration was diluted to 100 ppm to carry out 

the test. The same setup used in pure water flux analysis was used again to test the oil 

rejection. The only difference is the use of a stirrer inside the dead-end cell, to keep the 

oil emulsion homogenous during the analysis. The procedure includes, collecting three 

samples of permeate from each membrane at 2 bar. After that, the permeate samples were 

analyzed by measuring the total organic carbon (TOC).  Total organic carbon is a 

technique used to measure the quantity of carbon presented in an organic compound. It is 

usually used as a non-specific indicator of water quality or cleanliness of pharmaceutical 

manufacturing equipment. The oil rejection percentage was calculated by comparing the 

TOC of permeates and feed through the following equation:  

                                              𝐑(%) =
(𝐂𝟎−𝐂𝐩)

𝐂𝟎
∗ 𝟏𝟎𝟎                 (4) 

Where Cp and C0 are the TOC concentrations of oil permeate and feed, respectively. 

The TOC was measured using a combustion type TOC analyzer (TOC-L, Shimadzu). 

Along with rejection, the oily fluxes for all membranes were recorded.  

The separation factor (SF) was also calculated to study the tradeoff between the 

selectivity of membrane for oil-diesel with permeability. The following equation was 

used:  

                                                 𝑺𝑭 =
𝟏

𝟏−𝐑
                                                                 (5) 

Where 𝑅, is indicated in equation (4).  
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3.5.3 Antifouling Performance   

The membrane resistance to organic fouling was assessed through filtration of a 

model fouling protein BSA. Selected membranes were tested; 1500-ppm BSA stock 

solution was prepared for the test by dispersing 0.75 g of BSA 500 ml of DI water. To 

ensure complete dissolution and removal of bubbles, the solution was bath sonicated for 

3 hours and degassed for 45 minutes. The BSA solution was further diluted to 500 ppm 

before testing. The same step up as in oil rejection was used again in fouling test. The 

antifouling properties of membranes were studied by first checking the BSA flux decline   

and recovery over two fouling cycles.  BSA cleaning included rinsing with DI water and 

chemical cleaning with 0.05M NaOH. The complete antifouling test procedure is 

summarized in table (2).  

 

 

Figure 14: Membrane testing setup 
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Table 2: Operating conditions of fouling test. 

 

The BSA rejection percentage was calculated by comparing the TOC of permeates 

and feed through the following equation:  

                                              𝐑(%) =
(𝐂𝐁𝐒𝐀(𝟎)−𝐂𝐁𝐒𝐀(𝐩))

𝐂𝐁𝐒𝐀(𝟎)
∗ 𝟏𝟎𝟎                       (6) 

Where C BSA (p) and CBSA (0) are the TOC concentrations of BSA permeate and feed, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

Step Pressure (bar) Volume (ml) Feed Stream 

Fouling 2 200 BSA Solution 

First rinsing 2 300 DI water 

Second rinsing 2 300 DI water 

Chemical Cleaning 4 200 0.05 M NaOH 

Fouling 2 200 BSA Solution 
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CHAPTER IV  

RESULTS AND DISCUSSION 

4.1  Functionalization of Graphene Oxide 

4.1.1 Crystal Structure of f-GO 

XRD was used to estimate the stacking characteristics of GO and functionalized GO 

(GO/COOH) and (GO/NH2) samples in 2 range from 5° to 70° and the XRD patterns are 

shown in Figure (15) shows. A sharp and dominant peak at 2 = 9.42° on the XRD pattern 

of GO is consistent with literature [97].  A similar but broader peak was observed for the 

f-GO samples.  Another minor and broad peak was observed at 42°, but disappear from 

the patterns of the f-GO samples.  

By solving Bragg’s equation, the d spacing of the four XRD patterns is calculated. A 

clear shift to the right from dominated peak in f-GO is observed, proving a decrease in the 

d-spacing from 9.38 Å in GO to 7.23 Å and 8.50 Å in GO/COOH and GO/NH2, 

respectively. Moreover, a clear difference among the four patterns is noticed where 

various intensities and peak shifts are obtained. GO treatment with Aspartic acid and 

ethylenediamine showed a decrease in the d-spacing, indicating the cross linkage of amine 

and carboxyl groups in the interlayer space between GO sheets bringing them closer, 

increasing the stability of GO.  

Another important change among all the four patterns is the significant reduction in 

the intensity for rGO, GO/COOH and GO/NH2 compared to GO. This reduction may be 

attributed to the removal of oxide functional groups such as epoxy groups and the high 

temperature treatment.  
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4.1.2 Raman Spectroscopy  

In order to investigate the effect of amine and carboxyl functionalization on the 

structure of GO, Raman spectroscopy was employed. It is usually used to study the ordered 

and discorded crystal structures of GO. Figure (16) shows the Raman spectrum of GO, 

GO/NH2 and GO/COOH. Comparing the four spectrums given below, all spectrums have 

peaks at 1350 cm-1 (D band) and 1595 cm-1 (G band).  The G band is the first-order Raman 

band of all sp2 hybridized carbon materials and the D band is the local defect-activated 

band in sp2 hybridized carbon materials. Hence, the values of the ratio of intensities 

between IG/ID represents the degree of disorder in the structure. The IG/ID for GO, 

GO/COOH and GO/NH2 are 1.40, 1.36 and   1.41 respectively.  The values of IG/ID Is 

almost the same for all samples, indicating very minor defect density after 

Figure 15: XRD patterns of GO, GO/COOH and GO/NH2 solid samples 
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functionalization hence similar structure and the functionalization didn’t ruin the structure. 

One major change after functionalization of GO for both GO/COOH and GO/NH2 can be 

seen at peak 3200 cm-1 where a new more intense peak is observed, which may have 

resulted from the appearance of  NH2 groups, as this peak corresponds to the amine/amide 

groups in the Raman band correlations in literature [98]. Thus, the functionalization of 

GOCOOH and GO/NH2 is confirmed through this technique. As both would include 

amine or amide groups coming from aspartic acid and ethylenediamine respectively.  

    

 

Figure 16: Raman Spectrum of GO, GO/NH2 and GO/COOH 
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4.1.3 Elemental and Chemical Structure Analysis of GO and f-GO 

 

In order to study the chemical composition of the GO samples before and after 

functionalization, EDX was utilized. Table (3) shows the elemental compositions of GO, 

GO/NH2 and GO/COOH. It is shown that GO is composed only of carbon and oxygen 

with 63.15% and 36.85% respectively. While GO/COOH and GO/NH2 contains 1.15% N 

and 7.35%N in addition to C and O. The presence of nitrogen in the composition of content 

confirms the successful functionalization of GO into GO/COOH and GO/NH2. Since the 

reactants used for functionalization i.e. ethylenediamine and aspartic acid both have 

nitrogen. The percentage of nitrogen present in GO/NH2 is more than GO/COOH, because 

ethylenediamine has two amine functional groups while aspartic acid has only one amine 

group.  Complete EDX spectrums for all samples are found in Appendix A.  

Moreover, the homogenous distribution of the organic functionality on the surface of 

GO is clearly observed in Figure (17) that provides elemental mapping of different 

elements on the surface of GO/NH2, where the homogenous distribution of carbon, 

oxygen and nitrogen is clearly demonstrated.  

Table 3: Energy-dispersive X-ray spectroscopy (EDX) results of GO, GO/NH2 and GO/COOH 

 

 
Sample 

Compostion, atomic % 

%C %O %N 

GO 63.15 36.85 0.00 

GO/NH2 77.58 15.07 7.35 

GO/COOH 67.44 31.41 1.15 
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Figure 17: SEM image of GO-NH2 (upper left) and the EDS elemental mapping of carbon, 

oxygen and nitrogen on the surface GO (NH2). 

 

XPS was also employed to further investigate the elemental composition of GO, 

GO/NH2 and GO/COOH and confirm functionalization of GO/COOH and GO/NH2. 

Figure (18-20) show the XPS surveys and high resolutions scans for GO, GO/NH2 and 

GO/COOH. Table (4) shows a summary of the atomic compositions of all samples. All 

the samples are explored for C1s, O1s and N1s spectra. For the C1s, O1s and N1s 

spectrum, the deconvolution of the high resolution C1s shows sp2 carbon (C1s graphene, 

283.63 eV) (C-C, 284.74 eV) groups, epoxy (C-O, 286.75 eV) groups and carbonyl (C=O, 

288.3 eV) groups. O1s show (C=O, 532.8 eV) and (C-O, 534.4 eV) groups. N1s show 

amine (C-NH2, 399.79 eV) and (N (?), 402.2 eV) groups.  

The GO results confirmed that it is composed only of carbon and oxygen with 

negligible amount of nitrogen probably introduce during synthesis. In addition to that, GO 
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showed the lowest C/O ratio of 1.75, indicating that it is the most oxidized sample. This 

ratio is consistent with GO’s C/O ratio found in literature [99].  For GO/NH2, the amine 

functionalization is confirmed by the major change in the N1s content, where it is notably 

increased from 0.5% in GO to 7.21% in GO/NH2 with the appearance of C-NH2 bond, 

indicating the presence of nitrogen in the sample. An extreme decrease in the intensity of 

epoxy peak is observed, which corresponded to a decrease in atomic composition from 

55.04% in GO to 26.78% in GO/NH2.  This could be associated with the replacement of 

epoxy with amine groups. Moreover, the increase in C/O ratio i.e. 3.4 for GO/NH2 

indicates much less oxidation state compared to GO, thus the GO/NH2 is reduced. 

Similarly, for GO/COOH the carboxylic functionalization is confirmed by the presence of 

small amount 1.18% of nitrogen coming from aspartic acid. Again, the atomic 

composition of epoxy group decreased from 55.04% in GO to 34.19% in GO/COOH, 

indicating the opening of epoxy groups to covalently attach to either amine or carboxyl 

groups. The C/O ratio for this sample slightly increased 1.9 compared to GO, implying 

small oxygen reduction. Comparing GO/COOH and GO/NH2, GO/COOH is expected to 

show higher hydrophilic characteristics due to higher oxygen content. To confirm the  
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Table 4: XPS atomic composition of GO, GO/NH2, and GO/COOH 

 
Atomic % 

GO GO/NH2 GO/COOH 

C1s 64.2 75.6 69.5 

C1s graphene, C-C 38.3 51.5 51.9 

C1s C-O (epoxy) 55.1 26.8 34.2 

C1s C=O (carbonyl) 6.7 7.4 7.2 

C1s C-N - 14.4 - 

O1s 35.2 17.2 28 

O1s C-O 85.5 60.3 - 

O1s C=O 14.2 13.8 - 

O1s (?) - 25.9 - 

N 0.5 7.2 1.18 

N1s C-NH2 - 89.3 - 

N1s (?) - 10.7 - 

C/O Ratio 1.8 3.4 1.9 



 

53 

 

 

 
Figure 18:XPS spectra results of GO (a) C1s spectrum (b) O1s spectrum (c) survey spectrum 

and (d) N1 spectrum 
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Figure 19: XPS spectra results of GO/NH2 (a) C1s spectrum (b) O1s spectrum (c) survey 

spectrum and (d) N1 spectrum 
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Figure 20: XPS spectra results of GO/COOH (a) C1s spectrum (b) O1s spectrum c) N1 

spectrum and (d) survey spectrum 

The nitrogen content of the functionalized samples depends on the grafting density of the 

organic molecules on GO surface, the number of N atoms in each organic molecule, and 

the size of each organic molecules. Table (5) shows the method used to convert the atomic 

of XPS to weight % and experimental ratio of %N in amine to carboxyl functionalized 

GO  and Table(6) shows the method used to calculate theoretical ratio of %N in amine to 

carboxyl functionalized GO. 

Table 5: Conversion of XPS atomic % to weight% 

Element Atomic 

Mass  

(g/mol) 

XPS analysis %𝑵𝑮𝑶/𝑵𝑯𝟐

%𝑵𝑮𝑶/𝑪𝑶𝑶𝑯
  

Atomic% Weight % 

GO/NH2 GO/COOH GO/NH2 GO/COOH 

N 14 7.2 1.2 7.9 1.3 6.2 

C 12 75.6 69.5 70.7 64.2 

O 16 17.2 28.0 21.4 34.5 
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Table 6: Calculation of the %N (wt. %) in EDA and Aspartic acid 

 Sample  Mw (H 

Excluded) 

N, wt.% %𝑵𝑬𝑫𝑨

%𝑵𝑨𝑨
 

EDA 52 53.8 4.8 

AA 126 11.1 

 

The ratio measured by XPS (6.2) is higher than the theoretical ratio (4.2) that assumes the 

number of grafted organic molecules are the same and indicating the grafting of EDA is 

more efficient due to the higher reaction temperature for the EDA-GO reaction (85 C) 

compared to the aspartic acid-GO reaction that was carried at room temperature. 

4.1.4 f-GO Structure and Morphology Characterization 

Figure (21) shows SEM images of GO, GO/COOH and GO/NH2. These images 

provide the detailed three-dimensional (3D) topographical of the GO solid samples. All 

images show wrinkled structure of GO with unique edges and many folds. Moreover, 

multiple Layers of sheets can be seen from the images, confirming the structure of GO. 

Comparing GO and f-GO samples, the f-GO samples showed more wavy, wrinkled and 

folded structures than GO.  

Figure (22) shows the TEM images of GO, GO/COOH and GO/NH2. Dark areas 

found in the images represent areas where the stacking nanostructure of some graphene 

oxide is thick including several oxygen functional groups. Areas where the images are 

almost transparent present much thinner films of a few-layer graphene oxide or reduced 

graphene oxide because of exfoliation of stacked nanostructure. The single layer of GO 
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can be clearly seen in figure (22-b) for the carboxylic functionalization. More SEM and 

TEM images are found in appendix A.  

 

Figure 21: SEM images of a) GO, b) GO/COOH and c) GO/NH2 
 

 
Figure 22: TEM images of a) GO, b) GO/COOH and c) GO/NH2 

4.2  Membrane Fabrication  

As described in section 3.3, the membranes were fabricated by first preparing f-GO 

polymer solutions with varying concentrations as shown in figure (23). Increasing the 

concentration of f-GO changes the color from transparent to complete black solutions. PS 

was used due its applicability in a wide range of pH and temperature stability. Upon 

casting these solutions and utilizing phase inversion method, membranes were formed and 

stored in plastic bottles. The variation in color from control membrane from 0 to 0.8wt.% 

f-GO membrane is clearly seen by the circular cuts of membranes shown in figure (24). 

Although 0.8% f-GO mixed polymer solution is completely black, when casted the film 

turned out to be white with slightly grey color due to low concentration of f-GO compared 

(a) (b) (c) 

(a) (b) (c) 
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to 15% PS that is white. Increasing the percentage of PS more than 15% reduces the pure 

water flux due to smaller pore size associated with high viscosity (kinematic hindrance) 

of polymer solution. Moreover, high concentration of PS would increase the 

hydrophobicity of membranes, resulting in high fouling. Comparing 0% and 0.8% 

membranes, the change in color is very prominent.   

 

 

 

 

  

Figure 23: PS polymer solutions with varying f-GO 

concentration 

Figure 24: Circular f-GO membranes used for flux and rejection measurements. The 

membranes have different with different GO/NH2 loading from left to right: 0, 0.05, 

0.1, 0.2, 0.4, and 0.8 wt.%    
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4.3  Membrane Characterization  

4.3.1 Membrane Hydrophilicity 

 The surface hydrophilicity of membranes is an important parameter that has 

numerous effects on the performance of membranes. It is commonly expressed in terms 

of contact angle of a water droplet at the surface of membrane to examine the ability of 

membrane to attract water. Low contact angles indicate high hydrophilicity of membranes, 

hence enhanced permeability and wettability. Figure (25) shows some of CA 

measurements for selected membranes and figure (26) summarizes the contact angle 

results of control and f-GO membranes.  

The control membrane (0 wt.%) exhibited the highest contact angle of 77° revealing 

the hydrophobic characteristics of the pristine membrane and is consisting with previously 

reported [84], [100].  The CA of the f-GO membranes decreased notably compared to that 

of the control membrane, indicating improved hydrophilicity of the mixed matrix 

membranes. Generally, a trend can be seen in Figure (26) where the CA angles decreased 

to a minimum at lower concentrations of f-GO and then increased again at higher 

concentrations. This is explained by the fact that f-GO demonstrates high affinity for water 

during the phase inversion method, thus f-GO rapidly immigrates toward the membrane/ 

water interface reducing the interface energy, which derives the high hydrophilicity.  

Comparing the two f-GO membrane sets, GO/COOH showed lower contact angles 

than the GO/NH2 at concentrations, since GO/COOH is more oxidized. particularly, the 

lowest value between the two sets was 64° found at 0.2 wt.% of GO/COOH. The lowest 

value for the GO/NH2 membranes was also found at 0.2 wt.% as can be seen from figure 
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(25-b). The change in contact angles among the f-GO membranes is not significant; 

however, comparing the contact angles to control membrane is major. More images of CA 

measurements are in appendix A.  
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Figure 26: Variation of contact angles for control and all f-GO membranes. 

Figure 25: Contact angles of a) control, b) 0.2%GO/COOH and c) 0.2% GO/NH2 

membranes 
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4.3.2 Membrane Morphology and Porosity 

In order to study the morphology of f-GO modified membranes, the surface 

topography and cross section of those membranes were observed through SEM. 

Understanding the morphologies of f-GO membranes is very crucial since they highly 

affect the performance and characteristics of fabricated membranes. The SEM images 

were taken at various magnifications to fully understand the morphology.  Figure (28) 

shows the surface and cross section SEM images of selected membranes. All images 

presented an asymmetric porous structure with thin active layer on top of porous sub-layer 

with diverse macro-voids and sponge like structure at the bottom.  

 The surface of control membrane as seen in figure(28-a) is to appear smooth with 

uniform pore size, while the cross section showed number of voids in the sub-layer and 

revealed a thickness of around 125μm with almost no active top layer. All membranes 

were casted on a 150μm knife; however, the thickness appears to shrink after the phase 

inversion process.  The addition of small amounts of f-GO resulted in increasing the pore 

size and channels (rougher) of both GO/COOH and GO/NH2 membranes to a maximum 

and then decreased at high amounts of f-GO. This is clearly seen in figure (28-d, g, e ), 

where the sub-layer of membranes changes to wider and stretched along the thickness 

finger like voids compared to control membrane, the same phenomena occurred in 

previous studies [81]. It can be explained by the presence of many types of hydrophilic 

groups in f-GO, which result in enhanced and rapid transfer between the solvent and non-

solvent during phase inversion. Thus, the increase in pores and channels size would form 

due to fast mass exchange. Comparing the two sets of membranes GO/NH2 and 
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GO/COOH, figure (28-d) clearly shows that GO/COOH set exhibited larger pore size than 

GO/NH2 demonstrated in both the surface and cross section SEM images. The presence 

of more hydrophilic groups i.e. carboxyl groups in the GO/COOH yielded such results. 

The rest of SEM images for all the f-GO membranes can be found in appendix A.  

Figure (27) shows the porosity of f-GO membranes with varying concentrations. The 

porosity was calculated by wet-dry weight method as mentioned in section 3.4.5. As the 

concentration of f-GO increases, the porosity of the membranes increases from 57.52% 

for the control membrane to maximum and then decrease at higher loadings reaching a 

minimum of 60% and 76.92% for GO/NH2 and GO/COOH respectively. Comparing the 

two sets of GO/COOH and GO/NH2, GO/COOH showed greater porosity values 

compared to GO/NH2, with maximum porosity of 82.91 % reached at 0.2%GO/COOH 

loading. These porosity results are consistent with the SEM images and contact angle 

results.  
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Figure 27: Porosity of f-GO membranes 
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Figure 28: Surface SEM images (a) control (c) 0.2%GO/COOH (e)0.2% GO/NH2 (g) 0.05% 

GO/NH2 and cross section SEM images (b) control (d) .2%GO/COOH (f) 0.2% GO/NH2 (h) 

0.05% GO/NH2 
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4.3.3 Membrane Surface Roughness  

The membrane surface roughness, which can be defined as abnormality in the 

smoothness of surface i.e. texture, plays important role in the membrane performance and 

fouling as it affects both the permeability and fouling characteristics. As high roughness 

increases the fouling potential because more pollutants can attach to the membrane surface 

and decreases the permeability. Figure (29) shows the roughness results for the control 

and f-GO membranes measured using AFM under tapping mode of a 50 x 50 µm scan 

area. As shown in  Figure (29), a clear trend is observed where the roughness increases to 

a maximum at lower f-GO loadings and then start to decrease back at higher loadings. 

This is explained by the direct relationship between the membrane porosity, f-GO loading 

and roughness. The addition of small amounts of f-GO increases the pore size as discussed 

in section 4.3.2. Therefore, the larger membrane pores, the rougher they membrane surface 

and vice versa.  This trend is consistent with what reported in the literature [101]. 

Comparing the two sets of GO/COOH and GO/NH2, the GO/COOH membranes exhibited 

higher roughness than GO/NH2 at all f-GO loadings indicating that GO/COOH 

membranes are more porous than GO/NH2 membranes. As can be seen from figure (30, c 

and d), 0.2 % GO/COOH membrane has the highest roughness among all other membrane, 

confirming highest porosity of 82.91% and hence highest pure water fluxes followed by 

0.4 % GO/COOH. Surface and 3D AFM images of selected membranes are shown in 

Figure (30), where the bright regions represent highest points and darker regions represent 

lowest points i.e. pores, as indicated by the color-height scale on the right of surface 

images. The AFM images for remaining membranes are provided in Appendix A.  
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Figure 30: AFM surface images of a) control c) 0.2%GO/COOH and e) 0.2% GO/NH2 and 

3D AFM images of b) control d) 0.2%GO/COOH and f) 0.2% GO/NH2 
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4.3.4 Effect of f-GO on the Mechanical Properties of the Membranes  

In order to study the mechanical properties of fabricated f-GO membranes, dynamic 

mechanical testing was carried out. DMA revealed not only the highest stress (MPa) and 

strain (%) that the f-GO can handle before rupturing, but also Young’s modulus which 

represent the stiffness of material. Young’s modulus was evaluated by calculating the 

slope of stress (MPa) vs. strain (%) graphs for each sample.  Figure (31) shows the stress 

vs. Strain for the GO/NH2 set of membranes. It can be seen that 0.2% GO/NH2 has the 

highest young’s modulus among all membranes, as it has the steepest slope. Three runs of 

stress-strain graphs conducted on 0.2% GO/NH2 membrane for reproducibility check are 

presented in Appendix A. Figure (32) shows the variation in Young’s modulus as the 

concentration of f-GO changes. The averaged values of three runs were taken for each 

membrane. Generally, a trend is noticed in both GO/COOH and GO/NH2 sets, where the 

young’s modulus increases with adding small amounts of f-GO and then decrease back at 

higher concentrations. The same trend is seen in literature by lee et al.  [102]. This trend 

is attributed to high aspect ratio of f-GO at low loading, however at high loadings the 

stiffness declines due to aggregation of f-GO in polymer mix. The aggregates limit the 

reinforcement ability of f-GO due to weak polymer /f-GO matrix interface. Importantly, 

all the modified f-GO membranes exhibited higher young’s modulus compared to control 

membrane; hence, the decline did not reach the baseline of control membrane.  Comparing 

the two sets of GO/COOH and GO/NH2, amine functionalized membranes showed higher 

young’s modulus compared to carboxyl-functionalized membranes. The breakage strength 

for the two sets of membranes was also evaluated from the stress/strain graphs. Figure 
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(33) shows the variation of breakage strength with f-GO concentration. It has the same 

trend as Young’s modulus, where it was enhanced at small concentrations reaching a 

maximum and then decreased back again at higher concentrations. The highest breakage 

strength for GO/NH2 and GO/COOH were 3.28 and 2.27 MPa, respectively.  

 

Figure 31: Stress (MPa) Vs. Strain (%) for GO/NH2 membranes 

 

0

1

2

3

4

0 2 4 6 8 10

S
tr

es
s 

(M
P

a)

Strain(%)

Control

0.05%

0.10%

0.20%

0.40%

0.80%



 

69 

 

 

 

 

Figure 33: Variation of breakage strength with f-GO concentration 
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Figure 32: Variation of Young's Modulus with f-GO concentraion 
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4.4 Membrane Performance  

4.4.1 Pure Water Flux 

The permeability of membrane was tested by running 300 ml DI water through a 

dead-end cell. First, the two set of membranes (GO/COOH) and (GO/NH2) were 

compacted by running DI water at varying pressures from 1-7 bars, in order to assure 

steady state experimental runs during the actual test. The permeability of membranes was 

assessed at three different Trans pressures i.e. 1-3 bars. Figure (34) shows the pure water 

fluxes as the pressure changes for GO/COOH set.  It is very clear that applying more 

pressure results in higher pure water fluxes hence a linear relationship is found.   Figure 

(35) shows the results of pure water fluxes as the concentration of f-GO varies for the two 

sets of membranes. All f-GO membranes displayed increased pure water fluxes compared 

to control membrane that had a stable pure water flux at 685 LMH/bar. The GO/COOH 

and GO/NH2 membranes exhibited the same trend where the pure water flux increases to 

a maximum at low loadings (0.05 - 0.2 wt. %) and then decrease at higher loadings (0.4-

0.8 wt. %).  This is due to the agglomeration and irregular dispersion of f-GO nanoparticles 

at higher loadings, decreasing the porosity and increasing the contact angle. Generally, the 

GO/COOH membranes showed higher pure water fluxes compared to GO/NH2, since 

those membranes demonstrated lower contact angles and higher porosities compared to 

GO/NH2 as shown in section 4.3.1 and 4.3.2. Particularly, the highest pure water flux of 

1375 LMH/bar between the two sets was achieved at a loading of 0.2%GO/COOH, more 

than 100% increase over corresponding control membrane.  
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Figure 35: Results of pure water fluxes of fabricated f-GO membranes 
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Figure 34: Pure water fluxes of GO/COOH membranes with varying pressures 
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4.4.2 Water-Oil Separation  

In order to study the selectivity of f-GO membranes, oily fluxes and oil rejection 

experiments were conducted. The oily flux and rejection were tested by running 100-ppm 

oil emulsion in a dead-end cell. Figure (36) shows the results of oil fluxes for all f-GO 

membranes. A trend is observed, where the oily fluxes increases at very low concentration 

of 0.05% f-GO, decrease as the concentration increases to a minimum and then increases 

back again at higher concentrations. The values of oily fluxes for all f-GO membranes are 

much lower than pure water flux for the same membranes. This is explained by the fact 

that oil particles are blocking the pores of membranes. The highest oily fluxes of 376.15 

and 320.46 LMH/bar are attained at 0.05%f-GO for both GO/COOH and GO/NH2 

respectively. Generally, GO/COOH membranes showed higher oily fluxes than GO/NH2, 

expect for higher concentrations.  

The oil rejection was measured by comparing the TOC of three sets of permeates with 

TOC of feed for tested membranes.  Figure (37) shows the percentage of oil rejection for 

all f-GO membranes. The percentage of oil rejection was improved for all f-GO 

membranes compared to control membrane that displaced percentage rejection of 90.56% 

with exceptions for 0.05%GO/COOH and 0.8% GO/NH2. These membranes showed 

lower rejections due to their high oil-emulsion flux compared to the control membrane. 

Therefore, an inversely relationship between the oily flux and rejection is observed. The 

highest oil rejection for the two sets was attained at    0.1%GO/COOH and 0.2%GO/NH2 

with 97.92 % and 95.64% % rejection respectively. Yet, the improvement in the oil 

rejection is only by almost 3%. 
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Figure 36: Oily fluxes of f-GO membranes 
         

 

Figure 37: Percentage of oil rejection of f-GO membranes 
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The tradeoff between the selectivity and permeability was also studied by plotting the 

separation factor for the oil diesel versus permeability.  Figure (38) shows the results of 

separation factor vs permeability for all the membranes tested.  A trend is noticed with 

membranes, which are more permeable to pure water, they tend to be less able to separate 

oil from water and vice versa. The highest separation factor was achieved by 0.1%GO 

(COOH) with somewhat low permeability compared to 0.2% of f-GO membranes. The 

high permeability of these membranes is traded with a decrease in their separation 

abilities; however, this decrease is not significant. The optimum membranes in this case 

are selected to be 0.1% GO (COOH), 0.2%GO (COOH) and 0.2%GO (NH2) as 

highlighted in figure (38). 

 

Figure 38: Correlation between the septarion factor and permeability of the two sets of f-GO 

membranes 
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4.4.3 Anti-fouling Characteristics 

The performance of membranes is greatly limited by fouling; a good quality a 

membrane usually possesses high antifouling characteristics. One way to study the fouling 

resistance is via subjecting the membrane to an aqueous solution of BSA through it 

followed by cleaning the membrane to remove physically adsorbed protein molecules, and 

repeating the cycle while measuring the flux of the BSA during each fouling step and the 

pure water flux after each step. Figure (39) shows the results of two BSA fouling cycles 

for control, 0.2% GO/NH2 and 0/2%GO/COOH membranes. The modified f-GO 

membrane exhibit much slower BSA flux decline compared to control membrane. This 

result illustrates that the incorporation of f-GO into the PS matrix efficiently reduces the 

impact of BSA on the membrane performance as revealed by the lower degree of flux 

decline, due to higher hydrophilicity of the functionalized membranes. Moreover, the 

second BSA fouling step that is primarily carried to investigate the flux recovery ratio 

indicates that the recovery ratio for the f-GO membranes is clearly higher than that of the 

control membrane as shown in Table (7). The 0.2 % GO/COOH membrane shows the 

highest recovery of ~90% consistent with having the lowest contact angle among the tested 

membranes.   

Moreover, the percentage of BSA rejection was evaluated at each BSA fouling run 

and the results for the control, 0.2% GO/NH2 and 0.2% GO/COOH membranes are shown 

in Figure (40). During the first fouling run, the control membrane showed higher rejection 

of ~ 90% followed by GO/COOH (84.1%) and GO/NH2 (84.01%). Since the control 

membrane exhibited the slowest BSA flux, it resulted in the highest rejection, indicating 
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the inverse relationship between flux and rejection. Although the GO/COOH and GO/NH2 

had high BSA fluxes compared to control, the percentages of rejection were considerably 

high. For the second fouling, the rejection of the control membrane significantly 

decreased, implying that the first fouling affected the control membrane significantly and 

that was not the case for the f-GO membranes.  

 

Table 7: Recovery of BSA fluxes for control, 0.2%GO/NH2 and 0.2%GO/COOH 
 

Membrane 

Sample 

First BSA 

fouling at 

150 ml 

(LMH) 

Second BSA 

fouling at 

150 ml 

(LMH) 

Second BSA 

fouling at 

300 ml 

(LMH) 

BSA 

Flux 

Recovery 

Ratio 

Control 66.97 113.89 70.12 0.69 

0.2% GO(COOH) 91.82 147.95 85.26 0.90 

0.2%GO(NH2) 130.45 172.60 103.80 0.89 
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Figure 39: Results of BSA flux vs volume for control, 0.2% GO/COOH and GO/NH2 
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Figure 40: Percentage of BSA rejection of selected membranes 
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CHAPTER V 

                                                   CONCLUSIONS 

In this research, GO was functionalized with two different functional groups i.e. 

carboxylic and amine groups in order to enhance its hydrophilicity and antifouling 

characteristics and these functionalization were confirmed via several characterization 

techniques such as XPS, EDX, XRD and Raman spectroscopy. PS-f-GO polymer 

nanocomposite containing varying f-GO concentrations (0.05 – 0.8 wt. %) was prepared 

by solution blending and used to fabricate ultrafiltration mixed matrix membranes via 

phase inversion method.  The membrane morphology, surface chemistry, and mechanical 

properties of the fabricated f-GO membranes were analyzed. 

Moreover, the performance of the fabricated membranes was tested for separation of 

oil-water emulsion. The incorporation of f-GO into the PS membranes significantly 

enhanced the permeability of the membrane by 90% for GO/COOH based membranes and 

44% for GO/NH2 based membranes due to the increase in the hydrophilicity of all f-GO 

membranes demonstrated by the decrease in contact angle measurements. The 

incorporation of f-GO in PS membranes has positively impacted the membrane antifouling 

characteristics, which is confirmed by the lowered affinity of BSA to attach to surface of 

the membrane as demonstrated by the higher flux recovery of f-GO membranes after 

fouling with BSA.  In addition, the Young’s modulus of f-GO membranes showed 

significant improvement when compared to control membrane. An improvement of about 

98% and 74% was attained for both the GO/NH2 and GO/COOH. The breakage strength 
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displayed slight increase from 2.18 MPa for control membrane to a maximum of 3.28 and 

2.27 for GO/NH2 and GO/COOH respectively.  

The optimal concentration of the prepared f-GO membranes is between 0.1% and 

0.2%, since these concentrations displayed the optimum for the various tests and 

characterizations conducted as can be seen in table (8). In details, the highest permeability 

of 1357 and 986 LMHB was attained at 0.2%GO/COOH and 0.2%GO/NH2 respectively. 

The 0.2% GO/NH2 showed the highest oil rejection and Young’s modulus of 95.64% and 

116 MPa respectively for the amine functionalized set, while the 0.1% GO/COOH showed 

the highest oil rejection and Young’s modulus as well of 97.92% and 105 MPa, 

respectively. Furthermore, these small loadings of f-GO are more economically favorable 

knowing the elevation in membrane’s performance.  

Table 8: Comparison between the optimum membranes 

Sample Control  0.2%GO(COOH) 0.2%GO(NH2) 

Water flux (LMH/bar) 689 1357 986 

Water flux (Normalized) - 100% 45% 

Rejection (%) 91.7 95.74 95.64 

BSA Recovery Ratio   0.69  0.90 0.89  

Contact angle (°) 77 64 65 

Young’s modulus (MPa) 60 99.9 116 

This research work can be further expanded by carrying out  a detailed antifouling 

study on the full set of f-GO membranes to study the effect of f-GO on BSA fouling, 

followed by optimizing the washing mechanism. Furthermore, dead-end filtration could 

be replaced by cross flow filtration in order to reduce the effect of fouling.  
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APPENDIX A 

 Calculations of the required amounts of ethylene diamine and aspartic acid 

for GO functionalization:  

 

1. Ethylene diamine (EDA):  

Mw (GO) = 41 g/mol, Mw (EDA) = 60.1 g/mol, 𝜌(EDA) = 0.899 g/ml  

1 g GO→ 
16

41
 g O → 

16

41
×

60.1

16
= 1.46 g EDA  

To scale:  

Mass (EDA) = 
900×10−3×1.46

1
= 1.314 g EDA  

Volume (EDA) = 
1.314

0.899
=1.461 ml → excess   1.6 ml EDA 

2. Aspartic Acid (AA):  

Mw (GO) = 41 g/mol, Mw (AA) = 133.11 g/mol    

1 g GO→ 
16

41
 g O → 

16

41
×

133.11

16
= 3.244 g AA  

To scale:   

Mass (AA) = 
900×10−3×3.244

1
= 2.9196 g AA → excess 3 g AA  

3 g of Aspartic acid was dissolved in 40 ml of 1 M HCL.  
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 EDX results:  
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2. GO(NH2)  
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3. GO(COOH) 
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 SEM images of solid graphene oxide samples:  
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 Contact Angle images:  
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 Surface and Cross section images of f-GO membranes: 
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2- GO/COOH membranes  
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 AFM images of f-GO membranes: 
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 Mechanical testing: 
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