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Abstract 

Oil spills are a major environmental concern around the world and much effort has 

gone into addressing this issue. It is crucial to remove and recover oil from sand 

contaminated by oil spills in order to return the environment to its natural state. 

Therefore, this research aims to investigate the oil recovery efficiency of microbubble 

flotation oil recovery method enhanced with dispersed graphene nanoparticle powder.  

A preliminary study on the graphene-microbubble attachment was conducted by zeta 

potential measurements. It was determined that while both are negatively charged, the 

zeta potential measurements of graphene and microbubble were small in magnitude at 

pH 6 to 7 indicating instability thus attachment was still possible. The magnitude of 

zeta potential began increasing exponentially after pH 7 causing graphene-

microbubble attachment to be more difficult. Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory was implemented to quantitatively display the inter particle forces 

between graphene and microbubble.  

Characterization of GNP dispersions was also conducted in terms of density, 

interfacial tension, viscosity and pH. It was determined that the increase in GNP 

concentration up to 0.1 wt% would impact the density and interfacial tension of 

graphene/water dispersion while effects on viscosity and pH were negligibly small. 

Oil recovery efficiency was investigated in terms of pH level, GNP concentration and 

temperature. Microbubble generation for oil flotation was done using a venturi tube. 

Results were on par with zeta potential measurements and the oil recovery rate was 

found to be 24.32% at pH 7, albeit a slightly higher recovery rate could be achieved 

due to the increase in oil-sand separation under alkaline conditions. At neutral pH, oil 

recovery benefited from both interfacial tension reduction which enhances oil-sand 

separation, as graphene-coated microbubble. Above pH 7, oil recovery only is only 

due to reduction in interfacial tension. As for GNP concentration, the optimum 

concentration of graphene was at 0.1wt%, achieving an efficiency rating of 23.7% at 

pH 7 and room temperature. However, the highest register of oil recovery efficiency 

was 70% at 80 ºC and pH 7. This proved to be the optimum conditions for graphene 

supplemented microbubble oil flotation. Although the overall efficiency was found to 

be low, this study shows that graphene supplementation could be a promising additive 

in enhancing oil recovery using the flotation technology. 
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CHAPTER 1: INTRODUCTION 

 

 

1.1 Background on oil spills 

On April 20, 2010, the Deepwater Horizon drilling rig, owned by British Petrol (BP), 

located in the Gulf of Mexico, was rocked by a massive explosion. This incident 

caused 11 casualties and sent a massive amount of oil gushing into the water. By the 

time the well was sealed months later, about 5 million barrels of oil had spilled into 

the Gulf [1,2]. The rig capsized and sank two days later leaving behind a number of 

negative effects on the environment. This incident remains one of the largest oil spills 

to occur in recent times. Oil spills have remained a common occurrence and a major 

concern to everyone involved in the industry today. It was estimated that 

approximately 400 to 600 metric tons of crude oil, per year, are leaked or spilled into 

the water and polluting the environment [3]. The Deepwater Horizon incident was 

said to be one of the worst environmental disasters the United States have faced [4]. 

The disaster contaminated beaches and marshes between 633 to 1300 miles of the 

United States coastline around the Gulf of Mexico, causing many long-lasting effects 

on the ecosystem.  

The oil spilled into the ocean eventually reached the shores and thus contaminating 

the rocks and soils. It has been reported that the oil deposited onto the sand could 

penetrate deep into the ground as far as 25cm depending on grain size [5]. 

Contamination and erosion of land have led to the death of most marsh vegetation and 

many life forms. A study indicated that the pollution caused a shift in the ecological 

food chain causing any species, like fungi, that benefit from the pollution to dominate 

and multiply exponentially; inducing harm onto the rest [1].The oil contamination 

also inhibits the structure of the sand foundation affecting the bearing capacity 

causing soil erosion and structural collapse [6]. Other such incident was during the 
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Gulf War, 1990 to 1991, which is still considered the largest oil spill in history. Iraqi 

forces attempted to prevent American soldiers from landing on their shores by 

opening valves at an offshore oil terminal and dumping oil into the ocean. This 

resulted in a thick 4-inch oil slick which spread across 4,000 square miles in the 

Persion gulf. The nearby regions, as well as the Kuwait dessert were affected by the 

massive oil spill where approximately 1.1 billion liters of crude oil were spilt [7]. 

 

1.2 Oil flotation remediation technology 

Today, much effort has gone into researching various methods of oil remediation such 

as sand washing, thermal desorption, coal agglomeration, bioremediation, chemical 

oxidation and several others [8]. However, studies indicated that most methods are 

encumbered by mediocre success rates and high implementation costs [7].  One 

method of oil recovery that possesses great prospects is the flotation, remediation 

method. The flotation system can be described as a physiochemical method that uses 

gas bubbles to separate the hydrophilic from the hydrophobic material that is acted on 

due to dissimilarities in surface properties of both materials which are affected by 

numerous factors such as mechanical, chemical and physiochemical properties [9-11]. 

The objective of this method is to separate the oil particles from the sand thus 

allowing it to float to the surface and then be removed through water treatment and 

mineral recovery [12]. The premise of this process is to achieve oil-water-sand 

separation through agitation through methods such as electrolysis, introduction of 

mechanical agitation through air injection or any other processes [13]. Studies have 

shown that the amount of agitation through the introduction of bubbles at varying 

sizes has achieved positive oil recovery efficiency [14]. At present, the flotation 

technology have been seen capable of separating liquid from solids, such as in the 

removal of paraffin oil, crude oil as well as vegetable oil from soil [15-17]. 
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1.3 Coating of bubbles 

Coated bubbles have been vastly studied in many fields, particularly in medicinal and 

environmental applications. By coating bubbles, its mechanical and chemical 

properties can be manipulated to enhance its effectiveness. For example, a recent 

study investigated the egg white protein and bovine serum albumen coated bubbles 

for copper ion removal through the flotation method [18,19]. Furthermore, it has been 

report that the use of oil-coated bubbles can be successfully employed in flotation of 

minerals [20,21]. 

 

1.4 Graphene for oil adsorption 

On another occasion, the discovery of graphene by Prof. Andre Geim and Prof. 

Kotsya Novoselov in 2004 boomed into the research field opening doors to many new 

ideas [22]. Much research has gone into the potential application of graphene due to 

its incredible physical, mechanical, electrical and chemical properties [23]. Graphene 

has a two-dimensional atomic structure with a honeycomb lattice arrangement that is 

a single atom thick [24] making it an attractive and intriguing material to experiment 

with. The simplicity of graphene also allows it to be assembled and shaped into many 

different formations resulting in a many possibilities of applications [24]. 

To date, much research has been done on graphene in terms of oil adsorption as it also 

has an exceptionally large exposed surface area and super-hydrophobic properties 

which have excellent potential in terms of oil adsorption [25]. Studies have shown 

that graphene-based sponges or gels have displayed great oil adsorption capabilities, 

along with high elasticity, porousness and recyclability [25,26]. Therefore, the 

discovery of graphene has displayed great potential to affect the efficiency of oil 

remediation technology and techniques. 
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1.5 Problem statement 

At present, there are various methods developed and tested to remove oil from 

contaminated sand, using physical, chemical, biological and other means [1]. While 

each have their benefits, their disadvantages are also largely apparent. Physical 

removal methods employ thermal or combustion techniques which produce hazardous 

fumes which affects human safety, as well as the environment. The energy 

consumption of these methods are also very large and proportionate to the sand 

sample size thus incurring a large sum of operating costs [27,28]. Chemical methods 

employs solvents and/or additives dependant on various factors such as soil 

composition and type of contaminant. Depending on these factors, hazardous 

chemicals at high concentrations may be employed thus requiring expensive safety 

measures and a large amount of clean-up work to ensure no harm is done on living 

organisms and the surrounding environment [29]. Biological methods such as 

bioremediation require a larger amount of time compared to other methods. 

Furthermore, the addition of enzymes or bacteria to address the contaminant also 

could affect the ecosystem of the surrounding environment [30-32].  

However, methods such as microbubble coating can increase the efficiency of oil 

remediation thus alleviating the burden of cost and energy consumption. Along with 

the discovery of a hydrophobic and high adsorption material such as graphene, it is 

possible to address the shortcomings of todays oil removal methods. Therefore, in 

order to increase the efficiency of oil removal from contaminated sand, this research 

employs the physical removal method of microbubble flotation method with the 

application of graphene-supplemented microbubble coating. As such, this research 

project aims to investigate the effects of graphene supplemented microbubbles for oil 

removal from oil-contaminated sand by characterizing its contributions to the flotation 

process and obtaining the optimum conditions for maximum efficiency of oil-sand 

separation.   

  



5 
 

1.6  Objectives 

The main objective of this research project is to investigate the efficiency of graphene 

enhanced bubbles in the oil flotation remediation method via venturi tube generation. 

The specific aims of this research project are as listed below: 

 To investigate the effects of pH on graphene-bubble attachment using zeta-

potential measurements and DLVO theory. 

 To characterize graphene nanoparticle powder (GNP) dispersions in terms of 

density, interfacial tension, viscosity, and pH. 

 To investigate the oil removal efficiency of graphene supplemented flotation 

technology against pH, GNP concentration and temperature. 
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CHAPTER 2: LITERATURE REVIEW 

 

 

2.1 Flotation technology 

Oil spills affect not only the safety of life forms in seawater and shorelines but also 

damage the economics and socio-economics of the surrounding regions. If left 

untreated, it will further damage to affected environment and will only increase in 

severity through time, further complicating the removal and recovery process. 

Therefore it is vital that swift and efficient action be taken to address the incident as 

quick as possible. Many different solutions have been developed in the passing years 

which utilize physical and biological means to remove oil from contaminated sand. 

However, the issues of time consumption and hazardous side-effects still persist in 

methods employed today. This shows that there is a need to determine an efficient, 

effective, simple, and environment friendly method to separate oil from contaminated 

sand. 

One of the solutions in works is the use of flotation technology. This process is a 

combination of chemical and physical applications which enables the separation of oil 

from soil via a gas-liquid-solid system, utilizing the difference in surface properties of 

contaminant and soil. The mechanism of flotation lies in the usage of a medium, 

bubbles most commonly used, to dislodge hydrophobic contaminant particles from 

submerged soil and transport them to the surface for removal. The efficiency of the 

flotation process is affected by numerous factors, mechanical and chemical. The 

fundamental mechanics of flotation can be explained in four steps; a) generation of gas 

bubbles for flotation of oil contaminant, (b) bubble collision with oil contaminant, (c) 

bubble attachment with oil contaminant, (d) formation of stable bubble-particle 

attachment followed by subsequent flotation [33]. The success of oil recovery is in the 

ability of hydrophobic particles to attach to bubbles and raised to the surface thus the 
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initial attachment of bubbles and particle is crucial. When they are in close range, an 

intervening liquid film is formed, preventing the attachment, governed by the 

hydrodynamics non-contact forces that exist between them [34].  

   

Therefore, much research has gone into improving and perfecting this process. The 

nature of the hydrophobic interaction required both experimental and theoretical 

verification as the lack of a reliable model to describe the drainage process of this thin 

film between bubble and particle [35]. Therefore, much research has been put into the 

development of the flotation system. 

 

2.1.1 Methods of flotation technology 

There are many different methods to apply the flotation technology which has been 

investigated and reviewed by researchers. Each method has their advantages and 

disadvantages hence it is vital that proper analysis of the situation is conducted prior 

to selection.  

One of the methods of flotation technology is dissolved air flotation (DAF), where 

pressurized water is saturated with air and injected into a tank and with the release of 

pressure, through a relief valve, generates small air bubbles to float contaminants to 

the top [36-39]. This method has a high loading rate and produces quick results but 

suffer from high energy consumption, equipment complexity, cost and size. It is also 

capable of producing bubbles smaller than 10µm. This method is mostly employed in 

bitumen extraction [40,41]. 

Besides that, induced air flotation (IAF) is another method of flotation. The 

wastewater is saturated with air either directly in an aeration tank or induced through 

a pump or venture tube [42-44]. While this method is simplistic and energy 

consumption friendly, the inability bubble size small than mm range is a major 

drawback thus the DAF method is generally considered to be more effective than IAF 

[45,46]. 

Another method of flotation employed is the electro-flotation (EF) method, where 

electrolysis of diluted aqueous solution is used to produce gas bubbles at the electrode 
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for floating contaminants. This method has shown high removal efficiencies largely 

due to its production and uniform dispersal of extremely fine gas bubbles. However, 

this method suffers from low throughput due to rate of bubble emissions, as well as 

high long-term costs due to the depletion of electrodes [47].  

Centrifugal flotation (CF) is another commonly used method of flotation. This method 

is done by injecting air through a poruous wall in the aeration tank and is sheared into 

bubbles by high-velocity whirl flow generated by mechanical agitation or pump 

[48,49].  This method benefits from high loading rate but starts to lack efficiency as 

the size increases. Due to the agitation in the tank, the bubbles generated do not last 

long enough for a high recovery rate[50-52]. 

Lastly, column flotation is a method commonly used for oily wastewater treatment 

and particle separation. This method works by injecting air through a sparger located 

at the bottom of the column to generate bubbles while the contaminant is fed through 

an entrance at the top. This allows the bubbles to intersect with the sinking 

contaminant as it rises thus providing a high probability of bubble-particle collision 

hence a higher recovery efficiency. However, this method suffer from low throughput 

as over-flooding of contaminants will cause the bubbles to over-attach with 

hydrophobic particles and thus break before floating to the surface [53-56]. 

 

2.1.2 Flotation technology in oil remediation 

To date, flotation technology had been extensively researched for various applications 

such as paper deinking [57], mineral processing [58], and industrial wastewater 

treatment [59]. One area where flotation has shown great promise is in oil remediation 

for removal of inorganic and organic particles from contaminated soil. Therefore, 

much research has gravitated to further understanding this mechanism, and the 

development of technologies to achieve the best possible oil recovery rate. 
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2.1.3.1  Surfactant, foam and microfoams 

Early studies began with the manipulation of temperature, as usage of hot water 

during the flotation process caused the oil density and interfacial tension to drop and 

allow for better separation. Other properties such as alkalinity and acidity were also 

investigated to optimum charge for better oil separation [60]. 

Further studies then brought focus to the use of surfactants. Surfactants are 

compounds that lower the surface tension between two liquids, between a gas and a 

liquid, or between a liquid and a solid and it is known to increase contaminant 

solubility in the water phase. However, remediation with surfactants requires a great 

consumption of surfactant with low oil removal efficiency [61-63]. Furthermore, the 

cost and effort sand and surface decontamination proved an issue [64]. To improve 

the efficiency of surfactant use, soil texture and composition will have a different 

effect when flooded with different surfactants. Also, to achieve better efficiency, it is 

best to match specific surfactants to specific contaminant [63]. Several studies 

indicated that negative ionization of surfactants solutions produced better efficiencies 

due to the acidity of contaminants such as crude oil [65,66]. 

The use of foams was also investigated as method of improving contact between 

surfactant and soil, as well as reducing the interfacial tension between the 

contaminant and the aqueous phase [67,68]. In addition, foams serve as carriers to 

transport contaminants, a similar method used to carry nutrients and oxygen in 

bioremediation processes [69][70]. A laboratory study by Huang and Chang (2000) 

indicated that with foaming of surfactant at a 10/1 gas-liquid ratio, a 48% increase in 

oil removal efficiency was obtained as seen in Figure 1[67].  
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Figure 1 Total pentadecane recovery against Effluent at different gas-liquid ratio [67] 

With the success of foams, focus then turned to the use of micro-foams, defined as 

colloidal gas aphrons (CGA) comprised of microbubbles. This was initially done by 

submitting the surfactant solution to high speed stirring of 5000 rpm or more to 

generate microbubbles of sizes between 10 to 100µm [71,72]. The use of microfoams 

in surfactant flooding also caused smaller pressure drops thus relieving stress on 

pressure pumps without sacrificing efficiency [73]. 

A study comparing the application surfactant solutions, foam and aphrons was 

conducted by Couto et al (2009) in an investigation on the remediation of sandy soils 

contaminated with diesel oil. It was determined that micro-foams attained the highest 

oil recovery efficiency of 96%, followed by regular foams 88% and lastly surfactant 

solutions of 35% only, as shown in Figure 2. 
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Figure 2 Recovery efficiency against Surfactant, Foam, Microfoam volume [74] 

2.1.3.2  Additives 

One other method of improving oil removal performance is the addition of chemical 

additives to the separation process during the preparation phase. The application of 

chemical additives proved to have benefited both the separating process, but also the 

removal process after flotation [75-77]. Additives could also be used as an oil 

agglomerate to enhance particle-bubble attachment [78]. Figure 3 displays a diagram 

of agglomerate application for increasing attachment. 

 

Figure 3 Improved Flotation Effieciency with agglomerate [78] 
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A study by Morrison and Stasiuk (1998) displayed that the primary bituminous froth 

contained significant amounts of emulsified water and suspended soil and with an 

addition of some chemical additives, a higher quality of froth can be produced without 

jeopardizing froth recovery. Results indicated that a small chemical addition during 

the nascent froth process led to substantial increase in the capacity of froth handling 

and treatment [79]. Figure 4 displays the results obtained in the study. 

Table 1 Effects of different additives on froth quality [79] 

 

2.2 Microbubbles 

The usage of microbubbles has grown with the advancement of technology. Its 

potential have garnered the interest of a wide range of industries such as bio medical 

engineering, drug supplement delivery, food processing, water treatment, oil recovery 

and many others[80]. 

 

2.2.1 Microbubbles in industry 

The food processing industry is continuously growing massively day by day. There 

are many activities involving the food processing industry such as mincing, cooking, 

macerating, emulsification and many more that have benefitted from the application 

of microbubbles. Protein coated micro bubbles sonochemically generated are used to 

improve sensory performance for redesigning and formulating ingredients in low fat 
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foods [81]. Other uses for microbubbles in the food industry are residual pesticide 

flotation, gingerol extraction, and food modification by ultrasound [82,83]. 

 

Another industry where micro bubbles have taken by strides is the biomedical field 

[84]. Microbubbles enhance ultrasound energy deposition in tissues and serve as 

cavitation nuclei thus increasing intercellular drug delivery [85]. Accelerated blood 

clot dissolution in areas of insonation by cooperative action of thrombolytic agents 

and microbubbles were demonstrated in several clinical trials [86]. Other examples of 

applications for microbubbles in the biomedical industry are as a temporary blood 

substitutes, providing alleviated blood pressure by reducing exposure to donor donor 

blood [87], a fluorocarbon emulsion acting as a bridge to transfusion for stroke and 

myocardial ischemia treatment [88] and also to reversibly open the blood brain barrier 

without damaging the neurons within the cerebal microvasculature for transportation 

of molecular weight therapeutic compound [86,88]. 

 

One of the most prominent fields of application for microbubbles is in the engineering 

industry where the usage of microbubbles, particularly in waste water treatment and 

oil removal sector, have been significantly studied in recent times. In waste water 

treatment plants, microbubbles have help dissolute the oxygen supply to 

microorganisms in waste water thus improving the rate of water treatment [89]. Aside 

from that, the implementation of microbubble coagulation to enhance the pretreatment 

effect of dyeing waste water for coloring and oil displayed significantly 

improvements [90]. A schematic diagram of microbubble flotation wastewater 

pretreatment setup is shown in Figure 5. 
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Figure 4 Schematic of microbubble flotation setup for wastewater pretreatment [90] 

The oil removal sector is where the applications of microbubble technology have truly 

shined. Using various methods of generating microbubbles, oil removal and bitumen 

extraction from contaminated emulsions, soils and other mediums were greatly 

improved [91,92] Hence, the key to successful oil removal is to employ an efficient 

method of microbubble and a flotation setup that provides maximum contact between 

bubble and contaminant. 
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2.2.2 Methods of microbubble generation 

In 1985, Ahmed and Jameson performed an investigation to study the effects of 

bubble size on the flotation recovery on fine particles. From the study result, it is 

shown that the bubble size greatly affect the recovery rate where a high recovery rate 

was obtain using small bubble size of 75µm as opposed to large bubble of 655µm 

[93]. It became apparent that using a suitable method of microbubble generation could 

greatly improve the oil flotation system. 

One method of micro bubble generation is through membrane emulsification. This is 

done with the use of Shirasu Porous Glass (SPG) membranes which can be prepared 

by phase separation of the mother glass Na2O–CaO–MgO–Al2O3–B2O3–SiO2, and 

subsequent acid leaching. It is then subjected to heat treatment within the 

temperatures ranging from 923K to 1023K for several tens of hours, causing phase 

separation of the glass to give the acid-insoluble Al2O3–SiO2 and acid soluble 

Na2O–CaO–MgO–B2O3 phases. The specimen is then submerged into a hydrochloric 

acid solution resulting in the formation of a porous membrane [94]. The pore size of 

the membrane can be controlled by adjusting the conditions during the heat treatment 

phase [95]. Figure 6 displays a schematic for membrane emulsification microbubble 

generation. 

 

Figure 5 Schematic for membrane emulsification microbubble generation [95] 
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Another technique of microbubble generation that produces microbubbles with high 

throughput and improved uniformity is through ink jet printing. The microbubbles 

are formed by forcing a polymer solution through piezo-driven inkjet nozzles of 

varying diameters, typically between 20 to 50 µm. Then, by supplying different 

levels of voltages across the piezoelectric crystal, the pressure generated creates 

pulses in the solution which leads to the formation of droplets at the nozzle. The 

inkjet method has advantage over the SPG method due to its ability to vary the 

bubble size more easily [96]. A diagram of microbubble production via inkjet 

printing is shown in Figure 7. 

 

Figure 6 a) Inkjet printing microbubble generation. b) Close-up view [96] 

 

One of the more commonly method of microbubble generation is through sonication. 

This method involves using high intensity ultrasound to agitate a liquid in a 

suspension of a suitable coating material [97]. The size of microbubbles generated can 

be varied by adjusting the frequency of the ultrasound. The sonication method of 

microbubble generation has proven to be the most cost effective and environmentally 

friendly method [98,99].  Figure 8 displays steps of paclitaxel-coated microbubble 

production. 
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Figure 7 Flow diagram of microbubble generation via sonication for paclitaxel 

transportation [99] 

 

There are also newly developed methods for microbubble generation such as coaxial 

electrohydrynamic atomization (CEHDA). This method is an improved approach 

from the conventional electrohydronamic atomization, where a coaxial jet of two 

fluids is focused and atomized to form uniform droplets instead of the conventional 

single stream of liquid, under the influence of an electric field. Provided that the fluids 

are immisicible, it is then possible to encapsulate one fluid inside the other [100]. For 

microbubble generation, the two coaxially arranged needles are supplied, one with gas 

and the other with a liquid of desired coating material, by a pair of precision syringe 

pumps. An electrical voltage is then applied between the needles and an earthed ring 

electrode placed a small distance below the tip of the needles [101]. Figure 9 displays 

a schematic for CEHDA microbubble generation, as well as a diagram on 

microbubble generation at the needle. The size of microbubbles is adjusted by varying 

a range of combinations between the needle flow rates and applied voltage [102].  
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Figure 8 Schematic of CEHDA microbubble generation and flow diagram of 

microbubble formation [103] 

 

Lastly, another method to generate microbubbles is through micro fluidic devices. 

Microfluidics is a technology of systems that manipulate small amounts of fluids 

using channels with dimensions as small as tens to hundreds of micrometers. 

Microfluidics offers a number of useful capabilities such as the ability to use very 

small quantities of samples and reagents, and also to produce separations and 

detections at high resolution and sensitivity. They are also low cost, have short 

analysis times and small-sized [104,105]. The essential feature of a microfluidic 

device is an orifice where a column of gas impinges over a liquid flow and is focused 

into a jet. The gas–liquid interface then becomes unstable upon passing the orifice and 

form bubbles [106,107]. The formation of microbubble via a microfluidic device is 

shown in Figure 10, along with a schematic diagram of microbubble generation via a 

3-way microfluidic device in Figure 11. 
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Figure 9 Process of microbubble formation via microfluidic device [108] 

 

 

 

Figure 10 Microbubble generation via 3-way microfluidic device [106] 

2.2.3 Coating of microbubbles 

 Micro bubbles usually consist of 2 components, which is a gas inner core, enclosed 

by an outer shell [109]. By coating a microbubble, it provides stability, reduction in 
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surface tension and surface strength of the bubble hence increasing its lifespan [110]. 

This then allows the bubble to travel and transport the coating substance, a feature 

that has been widely used in the biomedical field [109]. Studies report that coated 

microbubbles provide longevity and slick movements throughout the human vascular 

system thus aiding applications such as ultrasound imaging and drug delivery 

[111,112]. The increase strength of the bubbles also aid in therapy studies due to its 

increase tolerance to acoustic response [103] 

Therefore, this is a potential application that could significantly benefit the oil 

removal and remediation of contaminated soil via flotation technology. The increased 

stability, strength and lifespan will increase the rate of successful particle flotation. 

Furthermore, the coating substance used could assist in the oil-sand separation phase 

to further aid the process. 

 

2.3 Graphene 

Since the discovery of graphene, it has become the material of much focus for the 

science and technologies of today. As a two-dimensional atomic structure and a single 

atom thick arrangement material, graphene exhibits exceptionally high crystal and 

electronic quality and has already been a source of new physics and potential 

applications due to its great physical properties and chemical tunability [113]. It also 

possesses great physical properties and chemical tunability thus becoming a great 

interest for industrial applications. 

 

2.3.1 Graphene in oil adsorption 

The large exposed surface area and super-hydrophobic properties of graphene 

displays excellent potential in terms of oil adsorption [25]. Many studies have 

investigated the oil adsorption capabilities of graphene and applications in the field of 

oil adsorption. Cote et al (2010) did a study to investigate the possibility to use 

graphene oxide (GO) as surfactant sheets. Previously considered hydrophilic, it was 

revealed that GO sheets are actually amphiphilic with an edge-to-center distribution 

of hydrophilic and hydrophobic domains. Therefore, GO can adhere to interfaces and 

lower interfacial energy thus acting as a surfactant. In addition, it was also determined 
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that GO can be used to emulsify organic solvents with water and also disperse 

insoluble materials such as graphite and nanotubes (CNT) in water [114]. 

The unique microstructure of graphene also be shaped into a sponge-like structure 

capable of absorbing oils and organic solvents. Its unique structure and toughness 

provide high efficiency and recyclability [115]. An investigation by Bi et al (2012) 

displayed that a graphene sponge could absorb not only petroleum products and fats, 

but also toxic solvents such as toluene and chloroform, without the requirement of any 

further treatment. Furthermore, the graphene sponge could be regenerated by simple 

heat treatment. Graphene could also be shaped into foam for better dispersion hence 

better contact with contaminants [116,117]. This can be attributed to strong 

electrostatic repulsion between graphene particles allowing for uniform and 

homogenous dispersions. The viscosity and surface of graphene-water fluid could also 

be manipulated as they react inversely proportional to temperature [118]. 

He et al (2013) also investigated the fabrication of graphene oxide foams in search for 

an environmentally friendly method to produce reduced graphene oxide (RGO) foam 

with a high oil absorption capacity. Three different fabrication methods were 

employed; unidirectional freezing drying (UDF), non-directional freezing drying, and 

air freezing drying. The absorption rate of both GO foams and its reduced forms were 

tested and it was determined that RGO foams were hydrophobic and displayed 

significantly higher absorbing capabilities. The absorption capacity of the RGO foams 

made by UDF was higher than 100       for all the oils tested (gasoline, diesel oil, 

pump oil, lubricating oil and olive oil) and registered the highest value of about 122 

     for olive oil. The oil absorption capacity of the GO foams was found to be lower 

than that of the RGO foams [117]. Results obtained can be seen in Figure 12. 
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Figure 11 Oil adsorption capacity of GO against gasoline,diesel oil, pump oil, 

lubricating oil and olive oil [117] 

Graphene can also be magnetized in order to be easily handled with a magnet. This 

would allow graphene foam or dispersed graphene to adsorb oil and solvent particles 

and then be collected using a magnet [119]. Yang et al (2014) conducted an 

experiment with this method using graphene oxide foam loaded with magnetite 

nanoparticles (Fe3O4).The graphene foam manifested outstanding oil adsorption 

capacity, high restoration for absorbates and excellent recyclability and stability under 

cyclic conditions. Figure 13 displays oil absorption using magnetic graphene and then 

graphene foam removal using a magnet. 
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Figure 12 Oil absorption using magnetic graphene [119] 

Graphene could also be manipulated in aerogel form or nanosheet form depending on 

the required shape thus making it easy to use. Graphene in aerogel form exhibit 

outstanding adsorption efficiency with low density and thermal conductivity [120]. In 

nanosheet form, graphene was able reduce surface tension between oil and water. The 

graphene was also able to form a layer in between the oil phase and water phase thus 

separating them from one another [121,122] 

Many studies improve on graphene oil adsorption by manipulating the structure of 

graphene particles, but also other factors involved, such as pH levels and oil-sand 

separation rate. Studies have shown that zeta potential measurements can be used to 

measure the attractive forces between solid particles immersed in a liquid [123] and 

the ability to manipulate these values through the variation of pH levels [124]. These 

studies were then used to investigate interactions between contaminants and bubbles 

used in flotation technology [125,126]. In 1995, Dai and Chung showed that under 

alkaline conditions, bitumen-sand separation rate was higher as this counteracts the 

natural acidity of oil [127]. With this, the efficiency of graphene in oil flotation could 

be further improved [126,128].  

Besides pH level manipulation, other research has gone into investigating the effects 

of interfacial tension, density, viscosity and temperature with respect to graphene. The 

introduction of graphene to the oil-bubble interface would reduce interfacial tension 

thus improving the separation of oil particles [118,129]. An increase of temperature 

would also benefit graphene supplemented flotation as the density and viscosity 

decreases [130,131]. A study by Schramm et al (2002) displayed the effects of 

interfacial tension on the recovery of bitumen by water-based conditioning and 

flotation, and displayed that optimal recovery was found when the bitumen/aqueous 
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interface had maximum interfacial electric charge and minium interfacial tension [66]. 

Therefore, there is still much potential in graphene to further improve the oil flotation 

process. 

 

 

 

  



25 
 

 

 

CHAPTER 3: MATERIALS AND METHODOLOGY 

 

 

3.1 Materials 

The Graphene Nanoparticle Powder (GNP) used in this experiment is Nanostructured 

Graphite-250 purchased from Graphene Supermarket online store. The properties of 

the graphene purchased are listed in the Table 2. 

 

 

MFO 180 crude oil (viscosity of 180 cst) was obtained from KIC Terminal, Port 

Klang. This oil was mixed with sand samples to the prepared contaminated sand used 

in this experiment. 

The sand samples used in this experiment was obtained from the shores of Port Klang, 

Malaysia. The sands procured will be mixed with crude oil to prepare the 

contaminated sand samples used in this experiment. 

Sodium hydroxide pellets (NaOH, Sigma Aldrich, ≥ 98%) were obtained from 

Monash University Laboratory. These were used to obtain different pH levels 

required for this experiment.  

 

Table 2 GNP specifications 

Specific surface area 250 m
2
/g 

Lateral size 100-500 nm 

Thickness 10-300 nm 
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3.2 Methodology 

3.2.1 Preliminary tests – Zeta Potential Measurements 

The aim of this phase is to determine the effects of pH levels on the graphene 

nanoparticles and microbubbles attachment. In the graphene supplemented oil 

recovery flotation method, the hydrophobic graphene nanoparticles is suggested align 

themselves around the hydrophobic microbubbles, thus enhancing the oil attachment 

to the graphene adsorbing microbubbles and subsequently flotation of oil to the 

surface. At the same time, the GNP dispersion is also suggested to accelerate the 

dislodging and separating of oil from sand particles through reduction of interfacial 

tension between the oil and GNP dispersion. 

3.2.1.1 GNP dispersions preparation 

0.5 g of GNP was mixed with 0.5 litre of distilled water to obtain a 0.01 wt% 

concentration. The GNP samples were then sonicated for 20 minutes to disperse the 

graphene nanoparticles inside the distilled water in order to obtain homogenous pure 

graphene dispersion. The samples were then allowed to sit and cool down for an hour 

in order to bring the sample to room temperature and eliminate any presence of 

microbubbles in the graphene solution. 

 

3.2.1.2 Microbubble solution preparation 

Distilled water was sonicated for 20 minutes, and instantaneously brought into the 

zeta sizer for zeta potential measurements without cooling.  

 

3.2.1.3 Heavy crude oil droplets preparation 

0.5 g of oil was mixed with 0.5 litre of distilled water to obtain a 0.1 wt% 

concentration. The oil droplet sample was then sonicated for 20 minutes to disperse 

the graphene nanoparticles inside the distilled water in order to obtain homogenous 

pure oil dispersion. The samples were then allowed to sit and cool down for an hour 

in order to bring the sample to room temperature and eliminate any presence of 

microbubbles in the graphene solution. 
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3.2.1.3 Titration level control 

Sodium hydroxide pellets were mixed with distilled water and shaken vigorously to 

dilute the NaOH. Once this is done, the graphene and microbubble solution samples 

with pH levels 6 to 11 were prepared. This is done by using a dropper to introduce 

NaOH and monitoring the titration levels through a pH probe meter. Titration level 

control setup is shown in Figure 14. 

 

Figure 13 Titration level control setup 

 

3.2.1.4 Zeta potential measurements process 

Zeta potential is known as the potential difference that exists between the surface of a 

solid particle immersed in a conducting liquid and the bulk of the liquid. The zeta 

potential of the graphene and microbubble solutions at varying pH levels were 

measured using the Zeta Sizer Nano S90 (Model: Malvern Instruments Ltd., UK). 

Once the graphene and oil droplet solution has cooled for 30 minutes to eliminate the 

presence of microbubbles in the solution, a sample was injected in the zeta sizer cell, 

displayed in Figure 15, which would then be placed in the reader,displayed in 

Figure 16, in order to obtain a zeta potential measurement. This was repeated 3 

times for each sample. Aside from the cool down period, the process was repeated 

for in order to obtain the zeta potential measurements for the microbubble solutions. 
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Figure 14 Zeta sizer sample cell 

 

Figure 15 Zeta sizer  

 

3.2.1.5 Analysis of Zeta potential measurements 

Zeta potential measurements are a key indicator of the stability of colloidal 

dispersions. It is used to indicate the degree of electrostatic repulsion between 

adjacent, similarly charged particles in dispersion. Therefore, it is key to determine 

the rate of attachment of graphene to microbubbles against pH levels. Once all the 

zeta potential measurements from both the graphene solutions and microbubble 

solutions were completed, the results would be analyzed to verify the interaction 

between graphene nanoparticles and microbubbles once they come into contact. 

Particles can only be positively charged or negatively charged therefore only 3 types 

of outcome would be possible and they are:- 

1. Both graphene and microbubble solutions are positively charged. 

2. Both graphene and microbubble solutions are negatively charged. 
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3. Graphene and microbubble solutions are oppositely charged. 

When they have opposite charges, this would signify attraction between one another 

and would help graphene particles attach to microbubbles and assist in the oil 

recovery process. The level of repulsion between microbubble and graphene can be 

observed by the magnitude difference of zeta potential between the charges. 

When both graphene solution and microbubble solution have the same type of charge, 

they will repel from one another and therefore not a wanted quality to enhance the oil 

recovery efficiency. However, for molecules and particles that are small enough, with 

a low zeta potential, Van Der Waals attractive forces may exceed this repulsion and 

the dispersion can break and clump together in a floc, known as flocculation 

[123,124]. The behaviour of the colloid at different levels of zeta potential is 

displayed in the Table 2. 

Table 3 Stability behaviour of colloid at different zetapotential levels [124] 

Zeta Potential, mV Stability behaviour of colloid 

from 0 to ±5, Rapid coagulation or flocculation 

from ±10 to ±30 Incipient instability 

from ±30 to ±40 Moderate stability 

from ±40 to ±60 Good stability 

more than ±61 Excellent stability 
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3.2.1.6 DLVO Theory 

The Derjaguin-Landau-Verwey-Overbeek theory (DLVO theory) is named after Boris 

Derjaguin, Lev Landau, Evert Verwey and Theodor Overbeek and explains the 

aggregation of aqueous dispersions quantitatively and describes the forces between 

charged surfaces interacting through a liquid. This is done by combining the effects of 

the van der Waals attraction as well as electrostatic repulsion.  

The DLVO theory would be used to confirm the behaviour of GNP and microbubble 

solution at different pH levels. The DVLO theory used to measure inter particle forces 

was calculated assuming a silica water bitumen system. This theory states that the 

sum of total energy of a system,    equals to sum of electrical double layer repulsive 

force, and sum of Van Der Waals force of attraction,    [127] . 

FT = FR + FA          (1) 

    
   

  
 

        

         
   

 
 
 
       

 
   

 
         (2) 

    
   

  
 

           

            
        (3) 

     
  

    
      

             (4) 

Where, 

  = Permittivity of a medium  

a = Radius of the micro bubbles (1 ×    m)  

A = Combined Hamaker constant for graphene/water/microbubble (1.565 ×      )  

   = Measured zeta potential for micro bubbles (mV)  

   = Measured zeta potential for graphene (mV)  

  = Characteristic wavelength of interaction (100nm)  

H = Separation distance  

  = Deybe constant  

e = Elementary charge (1.602 ×      )  

k = Boltzman constant (1.381 ×     )  

NA = Avogadro number (6.022×    )  

T = temperature in Kelvin  

   and    is molar concentration in mol/    
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The combined Hamaker constant for two different particles interacting in a third 

medium was obtained following Hamaker’s pair-wise summation procedure. The 

Hamaker constants for graphene, microbubbles and water in vacuum were determined 

and combined using the following formula [132]:- 

 

                                              (5) 

 

Where, 

    = Hamaker constant of graphene,                 [133] 

    = Hamaker constant of microbubbles,               [134]   

    = Hamaker constant of water,               [133]  

 

3.2.2 Characterization of GNP dispersions 

The characterization studies were conducted with GNP concentration of 0.001 wt%, 

0.005 wt%, 0.01 wt%, 0.025 wt%, 0.05 wt% and 0.1 wt% mixed with 1litre of 

distilled water. To homogeneously disperse the GNP into the distilled water, the 

GNP/water mixture was sonicated for 5 minutes. Density, interfacial tension, 

viscosity and pH measurements were taken. Every test was replicated at least three 

times. 

 

3.2.2.1 Density and interfacial tension measurements 

The density of GNP dispersions and 180 cst crude oil was measured using the force 

tensiometer (Model: Attension Sigma 702), shown in Figure 17, using a density 

probe. The density of GNP concentration at 0.001 wt%, 0.005 wt%, 0.01 wt%, 0.025 

wt%, 0.05 wt% and 0.1 wt% was obtained. Similarly, the density for 180 cst crude oil 

at different temperature levels was measured. A hot water bath was used to maintain 

the temperature levels at 25 °C, 40 °C, 60 °C and 80 °C. 

The interfacial tension between the 180 cst crude oil and GNP/water mix was also 

measured. Using the Du Noüy ring method, this is done by measuring the force 

required to slowly lift a ring, usually made of platinum, from the surface of the liquid 

to measure the surface tension of a liquid. To measure the interfacial tension between 
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180 cst crude oil and GNP/water mix, the starting position of the ring is placed at the 

interface between both liquids. The interfacial tension between the 180 cst crude oil 

and GNP water was measured at different temperatures of 25.6 °C, 40 °C and 60 °C 

and 80 °C at 0.1 wt% GNP water only, using a temperature bath. 

 

 

Figure 16 Force Tensiometer (Model: Attension Sigma 702) 

 

3.2.2.2 Viscosity measurements 

The viscosity of the GNP/water mix was also measured using a rheometer (Model: 

AMETEK Brookfields), shown in Figure 18. The viscosity at different temperature of 

25.6 °C, 40 °C and 60 °C and 80 °C at 0.1 wt% GNP/water mix was measured.  
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Figure 17 Rheometer (Model: AMETEK Brookfields) 

 

3.2.2.3 pH measurements 

The Effects of the GNP on pH levels was also measured in this study. A pH meter 

(Model: Mettler Toledo Five Easy Plus),shown in Figure 19, was used to measure the 

pH values at different GNP concentration levels and also at different temperature 

levels. The pH levels of GNP concentration at 0.001 wt%, 0.005 wt%, 0.01 wt%, 0.02 

5wt%, 0.05 wt% and 0.1 wt% and at temperature levels of 25 °C, 40 °C, 60 °C and 

80 °C were measured.  

 

Figure 18 pH meter (Model: Mettler Toledo Five Easy Plus) 

 

3.2.3 GNP supplemented microbubbles oil flotation efficiency studies 

The efficiency of GNP supplemented microbubbles oil flotation against pH levels, 

GNP concentration, and temperature were investigated. A laboratory scale oil 
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flotation setup, using a venture tube for microbubble generation was built to 

investigate the effects of GNP concentration, pH and temperature on oil removal 

efficiency.  

3.2.3.1 Contaminated sand sample preparation 

2kg of raw sand was first washed in a 5 litre beaker using 2 litre of distilled water to 

remove dust particles and debris from the sample. This process was repeated 3 times 

to ensure that all dust particles and debris were removed from the sand sample. The 

wet-sands are then transfer beakers and dried in the oven for 2 hours at 130 ℃ to 

remove any moisture from the sand and then allowed to cool down back to room 

temperature. The sand was sieved using the Retsch AS 200 sieve shaker in order to 

separate them into different sizes. Sieves of 1mm, 500 µm, 250 µm and 125 µm 

opening mesh size were used to distribute the sand into different particle sizes.  

The contaminated sand samples for this experiment were prepared by mixing the sand 

with the crude oil according to the ratio of 5:2; 125 g of sand is mix with 50 g of 180 

cst crude oil in a 500 ml beaker. Sand samples are prepared using 1mm, 500 µm, 250 

µm and 125 µm sand sizes at ratio of 6:2:1:1 to mimic actual soil as summarised in 

Table 3. The Retsch AS 200 sieve shaker, which employs the American Society for 

Testing and Materials standards (ASTM), was used in this experiment.  

Table 4 Sand diameter composition for contaminated soil 

1 mm 1 mm – 2 mm 6 75 

500 µm 500 µm – 1 mm 2 25 

250 µm 250 µm – 500 µm 1 12.5 

125 µm 125 µm – 250 µm 1 12.5 

       125 

 

3.2.3.2 Laboratory scale microbubbles oil flotation setup 

The microbubble flotation rig used in this study is a laboratory scale flotation column. 

It consists of a reservoir tank, a flotation column, a venturi tube, a centrifugal pump, a 

peristaltic pump, a ball valve and a rotameter as seen in the schematic show in Figure 

20. The reservoir tank serves as storage and supplies water which is pump throughout 

the system by the centrifugal pump. Water is pumped in a close loop where the 
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peristaltic pump will return water back to the water storage tank. This flotation 

column design was adopted from a study conducted by Lim et al (2015). The 

microbubbles are generated by inducing air into the throat of the venture tube through 

a syringe needle using hydrodynamics cavitation venture tube method while water is 

pumped through the venture tube. The level of water in the water tank can be 

controlled by adjusting the inlet flow rate, controlled by the ball valve, and the outlet 

flow rate, adjustable via the peristaltic pump. 

 

Figure 19 Schematic of laboratory scale flotation setup 

 

3.2.3.2 Effects of GNP concentration 

To investigate the effects of GNP concentration, a total of six different levels of 

weight concentration were used. These levels were measured in weight percent (wt %) 

where the weight of GNP applied was calculated based on the percentage of 

contaminated sand weight. Levels of GNP concentrations used were 0.01 wt%, 0.05 

wt%, 0.1 wt%, 0.25 wt%, 0.5 wt% and 1 wt%. The mass of the GNP are weighted 

using the analytical balance (Model: METTLER TOLEDO) balance that has an 

accuracy of ±0.0001 g.  

Components 

1 – Water Reservoir Tank 

2- Centrifugal pump 

3- Valve 

4- Rotameter 

5- Venturi tube 

6- Flotation Column 

7-Peristaltic pump 
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The GNP was then dispersed into 8 litre of distilled water and transferred to the 

reservoir tank. The mixture of GNP and water would then be circulated throughout 

the system via pumps. The contaminated sand sample was placed on a fine mesh sieve 

and then on to a platform elevated 10 cm tall was placed at the bottom of the flotation 

column. The hose exiting the centrifugal pump was connected to the venturi tube 

which was connected to the bottom inlet of the flotation column. This will allow the 

GNP/water mix to be pumped through to the bottom of the flotation column. 2 litres 

of distilled water is then from above the flotation column to submerge the 

contaminated sand sample. This will add up to a total of 10 litres of distilled water in 

the system. Another hose is attached to the middle exit of the flotation column to the 

peristaltic pump in order to cycle the GNP/water mix back to the reservoir tank.  

For this test, the centrifugal pump is switched on and the flotation process was 

allowed to run for 30 minutes. The oil that floats up when the GBP/water mix is 

cycled through the contaminated sand sample was collected. The test was conducted 3 

times to achieve the best possible results. 

3.2.3.3 Effects of pH levels on oil removal efficiency 

The aim of this phase is to determine the effects of pH levels on graphene 

supplemented microbubble flotation method for oil removal. As oil particles are 

naturally acidic and negatively charged, they tend to attract sand particles which are 

positively charge albeit in small amounts. Therefore, under alkaline conditions, the oil 

particles will become positively charged and begin to repel sand particles hence 

improving oil-sand separation and recovery [125,126,127]. 

Samples with the optimum GNP concentrations obtained from the previous phase 

were used in this experiment. Using the similar setup and procedure, the samples were 

prepared and tested against pH levels from 6 to 11. 5 samples were prepared and the 

experiment was repeated 5 times for each pH level. A pH probe meter was used to 

monitor the pH levels throughout each experimental run.  

 

3.2.3.4 Effects of temperature 

Based on the GNP concentration and pH level experiment, the optimum amount of 

graphene determined was used for this test at the optimum pH level. Using the similar 

1 – Water Reservoir Tank 

2- Centrifugal pump 

3- Valve 

4- Rotameter 

5- Venturi tube 

6- Flotation Column 

7-Peristaltic pump 
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setup, the oil removal efficiency at water temperatures of 40°C, 60°C and 80 °C was 

tested to determine an optimum temperature for oil recovery. In this investigation, the 

water was heated up until the desired temperatures before being poured into the tank 

reservoir. A mercury thermometer was used to monitor the water temperature in the 

reservoir. The experiment was repeated 3 times. 

3.2.3.5 Oil recovery efficiency 

Once an experimental run is completed, oil floated to the surface of the container is 

skimmed and pumped out, along with a portion of water remaining, into a beaker and 

disposed. The remains of the sample are then heated in an oven overnight to remove 

any remains of water. This leaves only sand and unfloated oil remaining. This weight 

is then measured and compared with the original weight of the sample of oil/sand to 

dertermine the amount of oil removed by flotation. Therefore, the oil recovery 

efficiency was calculated using equation (5):- 

                            
                                

                             
       (5) 
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CHAPTER 4: RESULTS & DISCUSSIONS 

 

 

4.1 Zeta potential measurements 

4.1.1 Zeta potential measurement of GNP dispersions 

 

Figure 20 Zeta potential measurement of GNP dispersion 

 

Based on Figure 21, it can be seen that the zeta potential of GNP solution decreases 

exponentially as the pH level increases. Similar studies also indicated that the zeta 

potential of graphene dispersion was negative under neutral conditions and only 

increase in magnitude due to the increase in pH [118]. GNP solution between pH 

levels 6 to 9 are at moderate stability zeta potential levels, 30.6 mV at pH6 and 39.1 

mV at pH 9. However, from pH levels 9 onwards, the zeta potential magnitude 

increases and thus becomes more stable and increasing in repulsion of other particles 

[123,124]. This makes it more difficult for graphene particles to attach to 

microbubbles which would result in lower oil recovery efficiency.  
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4.1.2 Zeta potential measurement of microbubble solution 

 

Figure 21 Zeta potential measurement of microbubble solution 

 

In Figure 22, microbubbles solution via sonication displays similar characteristics. 

The zeta potential decreases, increasing in magnitude exponentially, as pH level 

increases. This trend was found to be similar with findings in [125]. The zeta potential 

of microbubble solution remains in the moderate stability region of ±30 to 40 mV 

from pH levels 6 to 9. The zeta pontential at pH6 was at -34 mV and slowly decreases 

to -37.2mV at pH 9 before increasing drastically into the exceptional stability range, 

60.6 mV at pH 11.  

Therefore, based on Figures 21 and 22, as pH levels increase, the zeta potential 

magnitude of both graphene and microbubbles increase, hence the repulsion between 

them will also increase. This will cause the rate of attachment between microbubble 

and graphene to drop thus reducing their effectiveness in assisting oil flotation.  
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4.1.3 Zeta potential measurement of heavy crude oil droplets 

 

Figure 22 Zeta potential measurement of heavy crude oil droplets 

 

Similar to the zeta potential measurements of GNP dispersions and microbubble 

solution, the zeta potential of heavy crude oil droplets in Figure 23 displays a 

negative zeta potential value decreasing exponentially with pH levels. The lowest 

registered zeta potential value measured for heavy crude oil was -21.8 mV at pH 6. 

The zeta potential value decreases exponentially and measures at -69.77 mV at pH11. 

Unlike the zeta potential of GNP dispersions and microbubbles, the zeta potential of 

heavy crude oil droplets is within the incipient instability range (-10 to -30 mV) 

between pH 6 and 7. This indicates that the pH level for graphene and microbubbles 

to attach with oil particles is at pH 6 to7.  Hence, the optimum pH level for graphene 

supplemented microbubble oil flotation would be at a neutral pH. 

In essence, this indicated that oil particles would inherently attach to the microbubbles 

at pH 6 to 7 due to hydrophobicity, with or without the addition of graphene 

nanoparticles. Therefore, further experimentations were conducted to verify the 

effects of GNP supplementation in the oil flotation process. 
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4.1.4 DLVO Theory 

DLVO theory was used to quantitatively display the effects of pH levels on the 

graphene-microbubble attachment. Based on the measured zeta potentials of GNP 

dispersions and microbubble solutions, it was concluded that graphene-microbubble 

attachment difficulty increases with pH. Using DLVO theory, the van der Waals 

attraction and the electrostatic repulsion between charged graphene and microbubbles 

surfaces were calculated to determine the  total inter particle force that occur [135]. 

This force will determine the degree of attachment between graphene particles and 

microbubbles. 

 

Figure 23 Total inter particle force against separation distance at different pH levels 

 

Using DLVO theory, the total inter particle force (FT) was tabulated against particle 

separation distance (H) at respective pH levels as seen in Figure 24. Positive FT 

values indicate repulsive forces while negative values display an attraction force. Also, 

it can be seen that pH 6 and pH7 were the optimum pH levels as they had attractive 

forces at low separation distances. Furthermore, at larger separation distance, the 
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repulsive forces were minimal at pH 6 and 7.  This suggests that pH 6 to pH 7 is the 

preferential region for optimum graphene-microbubble attachment. 

 

Figure 24 Total inter particle force against pH at separation distance of 0.05 nm 

 

According to Figure 24, FT values peak around the separation distance (H) of 0.05 

nm and then begins decreasing as the separation distance increases. Figure 25 shows 

the FT between graphene and microbubbles at separation distance of 0.005 nm. From 

pH 6 to 7, FT values remain around 0.0002 dyne. The FT increases drastically once it 

passes pH 9 indicating strong repulsive forces not ideal for graphene-microbubble 

attachment. Therefore, this result correlates with findings in 4.1.2 and 4.1.3, that 

graphene-microbubble attachment becomes more difficult as pH levels increase, and 

attachment to oil droplets is strongest at neutral pH levels. 
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4.2 Characterization studies 

4.2.1 Density measurements 

 

Figure 25 GNP dispersion density against graphene concentration 

 

Figure 26 shows the density of GNP dispersions at room temperature in water (pH 7) 

at different levels of GNP concentration. It can be seen that concentration of graphene 

in water increases, the density of the mixture increases. As density is a function of 

mass per volume, this is proven to be true. 
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4.2.2 Interfacial tension measurements 

In order to further understand the interactions between the crude oil and GNP 

dispersions, the interfacial tension (IFT) between both liquids were investigated. The 

interfacial tension between GNP dispersions and crude oil against GNP concentration 

levels and temperature levels were investigated and the results obtained were 

tabulated and plotted. 

 

Figure 26 Interfacial tension against GNP concentration 

 

Results demonstrated in Figure 27 indicated that the interfacial tension reduces to a 

minimum of 8.385 mN/m when the GNP concentration to 0.1 wt%. This shows that at 

0.1 wt% of GNP, the presence of graphene would accumulate at the crude oil/water 

interface, causing a reduction of the interfacial area which resulted in a lower 

interfacial tension [116].  This was especially beneficial for oil recovery, as the low 

interfacial tension indicates that there are weaker forces that hold the liquid phases 

together [127,129]. According to Schramm et al (2003), a minimum interfacial 

tension at the oil/solution interface was found to have the maximum oil recovery 

efficiency. Furthermore, oil can easily encapsulate the microbubble at lower 

interfacial tension thus increasing attachment and therefore flotation of oil particles 

[13]. Therefore, the GNP addition could assist in the detachment of oil from 

contaminated sands, while improving the flotation of oil contaminants. 
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However, further increase in the GNP concentration above 0.1 wt% led to a gradual 

increment of interfacial tension. In accordance to [121], this is due to the high 

concentrations of GNP which leads to the over-diffusion of graphene into the 

interface and the possible formation of a new graphene film dividing almost the whole 

interfacial area into a 3 phase layer with graphene in the middle of oil and water. The 

strength of this newly form graphene film is stronger than the initial film layer thus 

resulting to increase in interfacial tension.  

 

Figure 27 Interfacial tension against temperature 

 

The interfacial tension against change in temperature at GNP concentration of 0.1 wt% 

is shown in Figure 28. It can be seen that the interfacial tension decreases as 

temperature increases. This is due to the weakening of molecular attractions between 

GNP particles and the fluid molecules as temperature increases thus resulting in a 

weaker interfacial strength [118]. Studies [16,66,127] have all indicated that 

interfacial lower interfacial tension was beneficial for oil recovery and was achieved 

with an increase in temperature. A study by Chou et al (1998), investigating the 

removal of non-volatile paraffin oil from contaminated soils via counter-current 

column flotation, found that an increase in temperature from 22 
o
C to 45 

o
C showed 

an increase in flotation efficiency from 62% to 78% which was attributed to the 

decrease molecule attraction and interfacial tension. 
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4.2.3 pH and viscosity measurements 

The GNP dispersions were also characterised by viscosity and pH measurements. The 

effects of GNP concentration levels on pH and viscosity are summarized in Figure 29. 

It can be seen that the pH of water is inherently reduced with the addition of GNP, 

thus suggesting that graphene is acidic in nature. Nonetheless, there are no significant 

changes to pH levels and viscosity with the increase of GNP concentration in the 

solution. The lack of change in pH levels proves beneficial to soil remediation as it 

eliminates the need for chemical reduction of pH levels when graphene is 

supplemented. 

 

Figure 28 viscosity and pH against GNP concentration 

 

The effects of temperature on pH levels and viscosity are also shown in Figure 30. 

Similarly, only small variations to the pH and viscosity were observed. From room 

temperature to 80 ºC, pH levels only increased from 5.58 to 5.89 while viscosity 

decreased by 0.3 mPa.s. The small change in viscosity is attributed to weakening of 

intermolecular bonds due to the increase of energy [118]. However, these changes are 

deemed too small to be significant and are considered to be negligible. 

0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
1.6 
1.8 
2 
2.2 
2.4 
2.6 
2.8 
3 

4 
4.2 
4.4 
4.6 
4.8 

5 
5.2 
5.4 
5.6 
5.8 

6 
6.2 
6.4 
6.6 
6.8 

7 

0 0.01 0.05 0.1 0.25 0.5 1 

V
is

co
si

ty
, m

P
a.

s 

p
H

 

Graphene, wt% 

pH Viscosity 



47 
 

 

Figure 29 pH and viscosity against temperature 

 

 

4.3 Graphene supplemented microbubble oil flotation efficiency 

4.3.1 Oil recovery efficiency against GNP concentration 

The effects of GNP concentration against oil recovery efficiency of graphene 

supplemented microbubbles oil flotation was conducted using the laboratory scale 

flotation setup. This was done to determine the optimum GNP concentration to 

achieve the highest recovery rate from oil contaminated soil at neutral pH.  

0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
1.6 
1.8 
2 
2.2 
2.4 
2.6 
2.8 
3 

4 
4.2 
4.4 
4.6 
4.8 

5 
5.2 
5.4 
5.6 
5.8 

6 
6.2 
6.4 
6.6 
6.8 

7 

25.6 40 60 80 

V
is

co
si

ty
, m

P
a.

s 

p
H

 

Temperature, °C 

pH Viscosity 



48 
 

 

Figure 30 Oil recovery efficiency against GNP concentration 

 

In Figure 31, the oil recovery efficiency increases until the concentration of GNP is at 

0.1 wt% and starts to decrease as the concentration of graphene increases. At GNP 

concentration of 0.1 wt%, the oil recovery efficiency was at the maximum of 23.7%. 

At 0 wt% graphene concentration, where as a controlled study, the experiment was 

carried out complete graphene-free resulted in an oil recovery efficiency of 15%. This 

indicates a significant 10% increase in efficiency when graphene is supplemented at 

its optimum amount. From 4.2.2, it determined that the addition of graphene causes a 

drop in interfacial tension (IFT) between water and crude oil and also attaching to 

microbubbles which starts to dislodge crude oil particles from the sand particles thus 

resulting in the increase in oil recovery efficiency [118,121]. However, when GNP is 

added over the optimum amount, the efficiency begins to decrease, to as low as 9%. 

This can be attributed to the saturation of graphene particles in the water mixture. The 

overloading of graphene particles attaching to a microbubble, increasing the weight 

carried and thus destabilizing the bubble as it ascends [121]. Also, as noted in 4.1.2, it 

was noted that the over presence of graphene causes the formation of a new graphene 

film at the interface between crude oil and water which has a higher IFT thus 

becoming a hindrance towards removing the crude oil particles [121]. The trend oil 
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recovery rate against GNP concentration can be seen to display an inverse trend of the 

IFT against GNP concentration in Figure 26. 

4.3.2 Oil recovery efficiency against pH 

 

Figure 31 Oil recovery efficiency against pH for oil flotation with 0.1 wt% graphene 

and distiller water 

 

Figure 32 indicates that the oil recovery efficiency of the flotation method with and 

without 0.1 wt% graphene against alkaline pH levels. At pH 6, graphene 

supplemented flotation has a recovery rate of 24.32 % while distilled water flotation 

has a recovery rate of 13.18 %. The graph indicates that both oil recovery efficiencies 

increase as pH levels increase until pH 9, with 0.01wt% graphene flotation at 34.92 % 

and distilled water flotation at 30.58 %. Under alkaline conditions, oil-sand bonds are 

weaker and thus separation becomes easier, therefore oil recovery increases [127]. 

Similar to [125], as pH levels increase pass pH9, the oil recovery rate becomes 

constant, where oil-sand separation efficiency is at its maximum. 
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Figure 32 Difference in oil recovery efficiency of oil flotation with and without 

graphene against pH 

 

The contributions of graphene to the oil recovery of the flotation method are 

displayed in the Figure 33. It can be seen that the difference in oil recovery decreases 

as pH levels increases. This indicates that the supplemented graphene becomes less 

effective as pH levels increase, which acts in accordance to Figure 24 which indicates 

the total interparticle forces between graphene-microbubble increases with pH. 

Nonetheless, it was observed that oil recovery was still high at pH 9. This is largely 

contributed by the better separation/detachment of oil from sand due to alkaline 

conditions, as stated in [125]. As previously determined in 4.1.4, graphene-

microbubble attachment becomes significantly more difficult as pH levels increase 

pass pH 9. This is displayed in [125], where the efficiency with graphene begins to 

decrease pass pH9 while the efficiency without graphene remains constant. 

Therefore, it is determined that the optimum pH level for graphene supplemented 

flotation is pH9. However, the supplemented graphene is most effective at a neutral 

pH level with an efficiency rate of 24.32 %. Hence, it is a better choice to use GNP at 

neutral pH levels as a substitute for increasing alkaline conditions. 
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4.3.3 Oil recovery efficiency against temperature 

 

Figure 33 Oil recovery efficiency against temperature at 0.1 wt% GNP concentration 

The effects of temperature against oil recovery efficiency of graphene supplemented 

microbubbles oil flotation was also conducted using the laboratory scale flotation 

setup. Figure 34 displays the effects of temperature at the optimum GNP 

concentration of 0.1 wt% and neutral pH. From the results, it can be seen that the oil 

recovery rate increases as temperature increases. Oil removal efficiency of 70 % was 

achieved at 80 ºC as compared to the 24 % at room temperature. This significant 

increase is attributed to the decrease in oil density as temperature increase [130]. This 

is shown in Figure 35. 
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Figure 34 Oil density against temperature 

The adhesive forces that hold the crude oil to sand particles become weaker as the 

temperature increases resulting in easier detachment of the oil particles [84].  Lower 

density equates to higher buoyancy forces thus crude oil particles with higher 

temperature are easier to float [125,130]. A change in density of crude oil will also 

affect the viscosity, as discussed in [131], where a decrease in density would result in 

a decrease of viscosity thus allowing for crude oil particles to float more easily. 

Furthermore, the adhesive forces of sand particles would also become weaker with 

increasing temperature thus resulting in higher oil-sand separation [125]. Overall, 

temperature is seen to play an important role in oil removal efficiency of the system. 
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4.3.4 Standard deviation of results for oil recovery rates 

During the experiments to determine oil recovery rates of graphene supplemented 

microbubble flotation, the tests were repeated several times in order to obtain an 

accurate set of results.  

 

Figure 35 Standard deviation against graphene concentration 

A maximum standard deviation of oil recovery rate of graphene supplemented 

microbubble flotation was displayed at ± 4.001 in Figure 35. This test was conducted 

3 times and the fluctuations in the standard deviation would be attributed to the 

difficulty in obtaining an accurate measurement of graphene concentration. 

 

Figure 36 Standard deviation against temperature 
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During the oil recovery rate tests against temperature, discrepancies in the results 

obtained is due to the ability to maintain a constant temperature through the duration 

of the tests. Similarly, the tests were conducted 3 times to obtain accurate results. The 

standard deviation against temperature is displayed in Figure 36 and it can be seen 

that the highest standard deviation was ± 6.1 thus indicating the effects of temperature 

control on the accuracy of this test. 

 

Figure 37 Standard deviation against pH 

The oil recovery rate against pH levels were conducted 4 times due to the difficulty of 

achieving an accurate level of pH in the flotation column.  It can be seen in Figure 37 that the 

highest standard deviation measured was ± 4.282.   
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CHAPTER 5: CONCLUSIONS 

 

 

5.1 Conclusions 

The objective of this experiment was to determine the effects of supplementing 

graphene to the flotation oil recovery method and the effects of factors such as GNP 

pH levels, GNP concentration, and temperature on the oil recovery efficiency. 

Microbubble generation via venturi tube, for the effects of GNP concentration and 

temperature, and pH levels, was investigated in this experiment.  

From previous literature, it was determined that oil/sand separation increases under 

alkaline conditions, and this research aimed to determine the effects of graphene 

added into the process. However, zeta potential measurements indicated that repulsion 

between graphene and microbubbles increases with pH levels thus the optimum pH 

for graphene-bubble attachment was at pH 7. An oil recovery rate of 24.32% was 

obtained. Therefore, it was concluded that the optimum pH for graphene 

supplemented microbubble oil flotation was at pH 7, albeit optimum oil-sand 

separation is higher under heavy alkaline conditions of pH 12 and above [125]. This 

was determined as the highest graphene-bubble attachment was found to be at neutral 

pH.  

Next, the optimum GNP concentration was investigated to determine the highest oil 

recovery efficiency at pH 7. At GNP concentration of 0.1wt%, the oil recovery 

efficiency was at a maximum of 23.7%. Increasing GNP concentration further will 

result in lower oil recovery as the graphene particles will cause microbubbles to 

collapse due to overweighting before floating to the surface. Furthermore, over supply 

of graphene tend to form a thin layer in between oil and water thus becoming a 

hindrance to oil recovery. It was also determined that increase in temperature results 

in decrease of density and viscosity of oil hence an increase in oil recovery as it 

require less effort from the graphene/microbubbles to detach oil from sand. A 

maximum efficiency of 70% was obtained at 80˚C. 
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In conclusion, the addition of graphene provided an increase to the oil recovery rate 

from oil contaminated sand via the flotation method under specific conditions such as 

graphene concentration, temperature and pH level. 
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APPENDIX 

 

 

Appendix A: Characterization Studies 

Appendix A.1 Density measurement 

Density vs Graphene concentraion 

graphene wt% trial 1 trial 2 trial 3 trial 4 AVERAGE STDEV 

0.01 0.991 0.9911 0.9916 0.9916 0.9913 0.00032 

0.05 0.9916 0.9914 0.9913 0.9917 0.9915 0.000183 

0.1 0.9918 0.9922 0.9922 0.9921 0.992075 0.000189 

0.25 0.9925 0.9923 0.9928 0.993 0.99265 0.000311 

0.5 0.9927 0.9916 0.9931 0.9934 0.9927 0.000787 

1 0.9928 0.9924 0.9931 0.9932 0.992875 0.000359 

 

Density vs Temperature 

Temperature ˚C trial 1 trial 2 trial 3 trial 4 AVERAGE STDEV 

25.6 0.9918 0.9922 0.9922 0.9921 0.992075 0.000189 

40 0.9885 0.9898 0.9893 0.9892 0.9892 0.000535 

60 0.9787 0.9817 0.9805 0.983 0.980975 0.001828 

80 0.9776 0.9789 0.9809 0.9802 0.9794 0.001458 

 

Oil density vs Temperature 

Temperature trial 1 trial 2 trial 3 trial 4 AVERAGE STDEV 

25.6 0.9735 0.9744 0.9731 0.9736 0.97365 0.000545 

40 0.9694 0.9683 0.9669 0.9664 0.96775 0.001363 

60 0.9537 0.953 0.9508 0.9556 0.953275 0.001982 

80 0.9449 0.9447 0.9447 0.9446 0.944725 0.000126 



72 
 

Appendix A.2 Interfacial Tension Measurement 

IFT vs grapheme concentratin 

graphene 

wt% trial 1 trial 2 trial 3 trial 4 AVERAGE STDEV 

0.01 20.82 15.83 19.11 18.59 18.5875 2.070497 

0.05 12.1 11.32 10.69 10.59 11.175 0.696204 

0.1 6.87 8.43 8.39 9.85 8.385 1.217032 

0.25 4.88 10.45 10.11 13.55 9.7475 3.595204 

0.5 32.88 19.94 10.05 15.19 19.515 9.782564 

1 8.61 10.67 10.39 15.33 11.25 2.868914 

 

IFT vs Temperature 

Temperatur

e trial 1 trial 2 trial 3 trial 4 AVERAGE STDEV 

25.6 6.87 8.43 8.39 9.85 8.385 1.217032 

40 7.3 2.93 5.55 5.12 5.225 1.797155 

60 7.27 3.47 12.61 7.12 7.6175 3.763645 

80 5.74 7.27 6.54 6.6 6.5375 0.626225 

 

Appendix A.3 Viscosity Measurements 

Viscosity vs grapheme concentration 

graphene wt% trial 1 trial 2 trial 3 trial 4 AVERAGE STDEV 

0.01 0.98 0.97 0.96 0.97 0.97 0.008165 

0.05 0.95 0.95 0.93 0.96 0.9475 0.012583 

0.1 0.95 0.94 0.95 0.95 0.9475 0.005 

0.25 0.97 0.95 0.97 0.963 0.96325 0.00943 

0.5 0.98 0.97 0.97 0.97 0.9725 0.005 

1 0.97 0.95 0.95 0.97 0.96 0.011547 
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Viscosity vs Temperature 

Temperature trial 1 trial 2 trial 3 AVERAGE STDEV 

25.6 1.02 1 1 1.007 0.011547 

40 1 1 1 1 0 

60 0.98 0.98 0.97 0.976667 0.005774 

80 0.97 0.98 0.97 0.973333 0.005774 

 

Appendix A.4 pH measurements 

Graphene concentration vs pH 

 Graphene 

concentration pH' 

0.01wt% 

graphene 5.7 

0.05wt% 

graphene 5.65 

0.1wt% graphene 5.62 

0.25wt% 

graphene 5.71 

0.5wt% graphene 5.84 

1wt% graphene 5.64 

 

Temperature of GNP solution vs pH  

Temp pH' 

T = 

25.6 5.58 

T = 40 5.65 

T = 60 5.79 

T = 80 5.89 
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Appendix B: Graphene supplemented microbubble oil recovery flotation method  

Appendix B1 Graphene concentration vs Oil recovery rate 

Graphene wt% Test 1 Test 2 Test 3 Avg STDEV 

0 11.2 12.26 13.96 12.47333 1.392312 

0.01 16.6 13 14.8 14.8 1.8 

0.05 14.8 17.8 16.4 16.33333 1.501111 

0.1 25.7 25.6 19.62 23.64 3.481781 

0.25 20.6 24.8 16.8 20.73333 4.001666 

0.5 11.36 9.94 10.942 10.74733 0.729741 

1 11.4 9.3 6.8 9.166667 2.302897 

 

Appendix B2 Temperature vs Oil recovery rate 

Temperature Test 1 Test 2 Test 3 Avg STDEV 

25.6 25.7 25.6 19.62 23.64 3.481781 

40 27.8 25.2 29.8 27.6 2.306513 

60 48.6 42.4 36.4 42.46667 6.100273 

80 73.2 68.4 70.2 70.6 2.424871 
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Appendix C: Analysis of zeta potential measurements  

Appendix C1 Zeta potential measurement of graphene vs pH 

ZETA 

AVG 

ZETA STDEV PH 

AVG 

PH 

-30 

-30.6333 0.929157 

6.1 

6.123333 

-30.2 6.12 

-31.7 6.15 

-30.8 

-28.9667 4.630695 

7.05 

7.073333 

-23.7 7.07 

-32.4 7.1 

-33.1 

-36.5 2.95973 

8.11 

8.17 

-38.5 8.21 

-37.9 8.19 

-38.3 

-39.1 1.058301 

9.09 

9.06 

-40.3 9.1 

-38.7 8.99 

-49.2 

-49.1333 2.200757 

9.9 

9.88 

-46.9 9.88 

-51.3 9.86 

-60.4 

-63.7667 3.172276 

10.82 

10.9 

-64.2 10.97 

-66.7 10.91 
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Appendix C2 Zeta potential measurements of microbubble vs pH 

ZP pH Avg ZP STDEV Avg PH 

-33.1 6.13 

-33.9667 4.759552 6.153333 

-29.7 6.15 

-39.1 6.18 

-31.5 7.18 

-34.5 3.160696 7.24 

-34.2 7.24 

-37.8 7.3 

-41.9 8.09 

-36.6667 5.577036 8.18 

-30.8 8.18 

-37.3 8.27 

-34.5 8.99 

-37.2 4.08534 8.966667 

-35.2 8.97 

-41.9 8.94 

-47 9.92 

-52.1667 4.474744 9.906667 

-54.8 9.91 

-54.7 9.89 

-56.2 10.9 

-60.5667 3.821431 10.9 

-63.3 10.9 

-62.2 10.9 
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Appendix C2 Zeta potential measurements of oil droplets vs pH 

 

ZETA 

AVG 

ZETA STDEV PH 

AVG 

PH 

-19.389 

-21.804 2.091632 

6.1 

5.956667 

-22.984 5.8 

-23.039 5.97 

-30.8 

-

28.9667 4.630695 

7.01 

7.023333 

-23.7 7.07 

-32.4 6.99 

-35.1 

-37.5 2.227106 

8.11 

8.013 

-39.5 8.01 

-37.9 7.919 

-45.32 

-

45.3867 2.270734 

9.09 

9.11 

-43.15 9.1 

-47.69 9.14 

-53.3 

-

55.3933 2.065583 

10.23 

10.12333 

-57.43 10.34 

-55.45 9.8 

-64.4 

-69.1 4.13884 

10.82 

10.9 

-72.2 10.97 

-70.7 10.91 
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Appendix C3 DVLO Theory 

 

Total Force (pH) pH 

Separation 

distance (H), 

nm 

Separation 

distance (H), m 6 7 8 9 10 11 

0.01 1E-11 -0.0003 -0.00098 0.000153 5.58E-05 0.000116 0.000376 

0.05 5E-11 0.000153 1.18E-05 0.000295 0.000297 0.000509 0.000794 

0.1 1E-10 0.000192 0.000119 0.000295 0.000309 0.000536 0.00082 

0.2 2E-10 0.000205 0.000166 0.000286 0.000305 0.000534 0.000811 

0.3 3E-10 0.000204 0.000176 0.000277 0.000298 0.000522 0.00079 

0.4 4E-10 0.000201 0.000179 0.000268 0.000289 0.000507 0.000767 

0.5 5E-10 0.000196 0.000177 0.00026 0.00028 0.000492 0.000744 

0.6 6E-10 0.00019 0.000174 0.000251 0.000271 0.000477 0.00072 

0.7 7E-10 0.000185 0.000171 0.000243 0.000263 0.000462 0.000698 

0.8 8E-10 0.00018 0.000167 0.000235 0.000254 0.000448 0.000676 

0.9 9E-10 0.000174 0.000162 0.000227 0.000246 0.000433 0.000654 

1 0.000000001 0.000169 0.000158 0.00022 0.000238 0.00042 0.000633 

2 0.000000002 0.000122 0.000116 0.000158 0.000172 0.000303 0.000456 

3 0.000000003 8.82E-05 8.42E-05 0.000114 0.000124 0.000218 0.000328 

4 0.000000004 6.35E-05 6.07E-05 8.18E-05 8.89E-05 0.000157 0.000236 

5 0.000000005 4.57E-05 4.38E-05 5.88E-05 6.39E-05 0.000113 0.00017 

6 0.000000006 3.28E-05 3.15E-05 4.23E-05 4.59E-05 8.09E-05 0.000122 

7 0.000000007 2.36E-05 2.27E-05 3.04E-05 3.3E-05 5.82E-05 8.77E-05 

8 0.000000008 1.7E-05 1.63E-05 2.19E-05 2.37E-05 4.18E-05 6.3E-05 

9 0.000000009 0.000 1.17E-05 1.57E-05 1.71E-05 3.01E-05 4.53E-05 

10 0.00000001 8.78E-06 8.43E-06 1.13E-05 1.23E-05 2.16E-05 3.26E-05 
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Appendix D: Oil removal efficiency vs pH 

Appendix D1 Oil Recovery rate with graphene vs pH 

ph 

test 1 

(%) 

test 2 

(%) 

test 3 

(%) 

test 4 

(%) 

test 5 

(%) 

Average 

(%) STDEV 

6 27.4 21.6 29.3 24.6 18.7 24.32 4.282172 

7 29.4 23.4 22.7 27.2 23.8 25.3 2.874022 

8 23 26.8 27.5 28.1 31.9 27.46 3.180094 

9 34.6 35.6 34.9 36 33.5 34.92 0.967988 

10 34.6 34 32.5 33.7 28.5 32.66 2.44806 

11 29.4 30.2 31.4 32.4 33.1 31.3 1.523155 

 

Appendix D2 Oil Recovery rate with distilled water vs pH 

ph 

test 1 

(%) 

test 2 

(%) 

test 3 

(%) 

test 4 

(%) 

test 5 

(%) 

Average 

(%) STDEV 

6 15.4 14.2 11.6 10.8 13.9 13.18 1.913635 

7 17 11.7 14.5 15 14.9 14.62 1.89921 

8 22.7 23 22.7 23.4 21.5 22.66 0.709225 

9 33.4 30.8 29.8 29.7 31.2 30.98 1.497331 

10 30.4 30.6 29.4 29.1 28.4 29.58 0.917606 

11 30.1 28.6 29.4 30.1 29.4 29.52 0.622093 

 

 

 

 




