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Thesis Summary 

Amid global efforts to combat climate change and transition to renewable energy 

sources, the importance of oil and gas for meeting current energy demands remains 

undeniable. As initiatives like the Paris Agreement aim to limit global warming, cost-

effective and sustainable methods for oil recovery become increasingly crucial. This 

study delves into the development of charcoal-based nanofluids for enhanced oil 

recovery (EOR) flooding. 

Oil recovery is carried out in stages; The first is the primary stage via natural pressure 

depletion, which generally drives about 20% of the original oil in place (OOIP) to the 

oil well. Next is the secondary stage also known as water flooding, at this stage, an 

incremental recovery of    ̴30% of OOIP can be achieved from a high-quality reservoir. 

To further recover the remaining 60-70% OOIP, the tertiary stage also known as the 

EOR (enhanced oil recovery), is applied, which can recover an additional 10-30% of 

OOIP at the best case scenario.  

The fluid flooding of EOR needs to overcome the flow path formed during water 

flooding and effectively spread to a large volume of the complicated structured 

reservoir driving out the oil in a mixture of brine and gas.  

Nanofluids of various metal oxides such as SiO2 and TiO2, Al2O3 and Fe2O3 have 

been examined for their performance in enhanced oil recovery and have 

demonstrated an oil recovery capacity of 8-16% of the original oil in place (OOIP) 

after water flooding for SiO2, Al2O3 and TiO2.   

Charcoals derived from abundant and agricultural wastes rice husk (RHC), wheat 

straw char (WSC) as well as active carbon (AC) as a reference sample were selected 

for this study. The study covers the preparation and characterisation of their aqueous 

nanofluids for size/size distribution of nanoparticles, nanoparticle surface chemistry 

and interaction with each other, and more importantly, their enhancement on the 

viscosity of the aqueous charcoal-based nanofluids. The charcoal nanofluids were 

prepared by wet milling in water. Size analysis detected the nanoparticle size 

approximately at 154 nm for RHC, 96 nm for WSC and 210 nm for AC at pH 7.0. 

These sizes varied with the pH values of the nanofluids according to their surface 

chemistry.  

The viscosity of the charcoal-based nanofluids was systematically studied for the 

effect of charcoal concentration (0.5 - 2.5 wt%) and pH values (pH 2.0-pH 11.0). The 

viscosity enhancement was observed from the three types of charcoal-based 

nanofluids in the concentration and pH ranges studied. The enhancement was 

evaluated by the Dispersion Factor (DF), which is proposed in this study based on 

Chen et al. (2007) equation to comprehensively evaluate the effect of nanoparticle 
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dispersion in a fluid on its viscosity. The higher the dispersion factor, the stronger the 

interaction of the nanoparticles to the dispersion liquid, and the higher the viscosity 

enhancement. The DF values of RHC and WSC nanofluids were slightly higher than 

those of the nanofluids of TiO2 and SiO2 with 5-10 times smaller particle sizes in the 

literature. More impressively the viscosity enhancement of AC nanoparticles is 

comparable to that of carbon nanotubes at concentrations below 0.6 vol.% and 

surpasses carbon nanotubes when the concentration is higher than 0.6 vol.%. The 

viscosity study shows the potential of the charcoal-based nanofluids to enhance their 

oil displacement efficiency in EOR.  

The EOR flooding tests of the charcoal-based nanofluids were conducted on sand-

packed cores to mimic sandstone-dominated oil reservoirs. A sectional flooding 

method is applied, i.e., the nanofluids equivalent to 20% of the pore volume were 

injected into the packed cores after water flooding saw a levelled oil recovery rate. 

Water flooding was restored after the nanofluid injection. The effect of nanoparticle 

concentrations and pH levels of the nanofluids were examined on the enhanced oil 

recovery. The results showed that 1) a higher nanofluid concentration recovered 

more original oil in place in the range of 15.4% - 19.3% of OOIP for AC pH 6.0 1 wt% 

and 2 wt% respectively; 2) the pH value of the nanofluids had a sensible effect on 

their EOR performance. At a pH that the nanofluids showed a higher viscosity, the oil 

recovery rate is higher. 3) Most impressively the active carbon nanofluid at pH 2.0 

demonstrated a manipulatable flow pattern by pH value in the side of the packed core 

and eventually yielded a notable further 34.1% of original oil-in-place at a 

concentration of 2 wt%.  

Overall, the findings underscore the promising potential of charcoal-based nanofluids 

as effective EOR flooding fluids. Their abundant renewable nature, as a by-product 

of biofuel productions and low-cost position them as attractive alternatives of viscosity 

enhancement agents for advancing EOR technologies and, meanwhile, storing the 

carbon-rich nanoparticles in the oil reservoir after utilisation. 

Keywords: charcoal nanoparticles, charcoal-based nanofluids, viscosity 

enhancement, enhanced oil recovery 
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1. Chapter 1: Introduction to Research and Motivation 

1.1. Research background and motivation 

Oil and gas have been the major resources for energy, and chemical feedstock and 

supported the so-called carbon economy for nearly a century. The use of oil and gas 

as well as coal has resulted in the concentration increase of greenhouse gases and 

significant global warming, with coal, oil and gas accounting for over 75% of the global 

greenhouse gas emissions and nearly 90% of all carbon dioxide emissions [1].  

World leaders and scientists are striving to combat this global warming emergency in 

the form of, the Paris Agreement signed in 2016, stating that the global temperature 

should be kept below 2°C above pre-industrial levels and limited to an increase of 

1.5°C [2]. Additionally, initiatives at regional levels, such as the European 

Commission’s target to reduce greenhouse gas emissions by at least 40% from 1990 

levels by 2030 [3], and the Committee on Climate Change’s (CCC) goals for net-zero 

greenhouse gas (GHG) emissions in England by 2050, Scotland by 2045, and a 95% 

reduction in greenhouse gases in Wales by 2050 [4]. 

To achieve these long-term temperature goals, Zero-carbon solutions have been 

under development and becoming competitive across economic sectors representing 

25% of emissions [2] and expected to be competitive in other sectors representing 

over 70% of global emissions by 2030. This includes the increase in the UK 

production of alternative energy sources like wind, solar and hydro with about 7% (30 

TWh) more renewable generation in 2023 than in 2022 [5].   

Although oil accounts for over 75% of global greenhouse gas emissions, the 

consumption of oil and gas has been continuously increasing, e.g., to 3.15×1010 

barrels of oil equivalent in 2019 [6]. Oil and gas are expected to remain vital energy 

sources for future generations, due to factors such as population growth [7] and       

industrialisation [8]. Oil remains the primary fuel for transportation and a crucial 

feedstock for numerous industrial processes, underpinning its continued importance 

in the global energy landscape. Moreover, oil and gas reserves offer energy security 

to many nations and contribute significantly to economic growth and development. 

While there is growing interest in renewable energy sources such as solar, wind, and 

hydroelectric power, the transition away from oil and gas is expected to be gradual 
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due to the existing infrastructure, economic considerations, and technological 

limitations.  

Alongside a large amount of crude oil consumption, environmental concerns, the 

finite nature of oil reserves [6] and the growing battle to locate new oil and gas fields 

are also a cause of uneasiness, as this will devastate future generations. Ideally, 

future oil recovery methods should centre upon cost-effective production with minimal 

impact on the environment, most notably via carbon removal, contributing to solving 

the ever-growing global warming problem.  

The application of nanotechnology in the oil and gas industry is an emerging 

phenomenon, with an increasing number of publications on experiments and 

simulations on its use in areas such as; drilling [9-11], improved oil recovery [12] and 

enhanced oil recovery [13-16] as a result of their rheology enhancement and 

interfacial property alteration. The environmental impact of oil recovery can be limited 

with the introduction of carbon-based nanofluids, which contribute to both carbon 

sequestration and an increase in recovery factor, bringing the oil industry steps closer 

to achieving net-zero greenhouse gas emissions.  

Oil recovery is carried out in stages. The primary stage is achieved by the natural 

pressure depletion in the reservoir, which generally drives about 20% of the original 

oil in place (OOIP) to the oil well [17]. As the pressure depletes, water is pumped via 

injection wells into the reservoir to increase the pressure and push the oil to the 

production well; this is the secondary stage also known as water flooding [18]. At this 

stage, an incremental recovery of    ̴30% of OOIP can be achieved from a high-quality 

reservoir [19]. Representatively, these two stages can recover 30-40% of OOIP [17]. 

To further recover the remaining 60-70% of OOIP, the tertiary stage also known as 

the EOR (enhanced oil recovery), is applied, which can recover an additional 10-30% 

of OOIP at the best-case scenario [19].  

The fluid flooding of EOR needs to overcome the flow path formed during water 

flooding and effectively spread to a large volume of the complicated structured 

reservoir driving out the oil in a mixture of brine and gas. The flooding fluid should be 

environmentally friendly and cost-effective. So far, various gases such as CO2 [20], 

thermal [21, 22], and chemical [23] solutions have been applied as EOR fluids. 

Alkaline, surfactant and/or polymers are typical chemicals used to change the 

interfacial interaction of the flooding fluid to the reservoir rock and reservoir fluids, 
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and/or as viscosity enhancers to enhance oil recovery. Nanofluids such as SiO2 [24-

26] and TiO2 [27, 28] have been studied for their use as EOR fluids.  

This research project aims to develop nanofluids from abundant and low-cost 

charcoals as effective EOR flooding fluids. The charcoal is rich in carbon as a by-

product of bio-oil processing by pyrolysis. The carbon in the charcoal nanofluid will 

be sequestrated in the reservoir after flooding, therefore, achieving carbon capture 

and storage benefiting the environment.  

1.2.  Research aims and objectives 

The primary aim of this research project is to develop nanofluids from abundant and 

low-cost charcoals and investigate their suitability as effective EOR flooding fluids, 

as shown in Figure 1.1. 

The charcoal produced following the conversion of agricultural, or forestry waste into 

biofuel or bioenergy via pyrolysis, will be used in this project. The first step will be to; 

carry out proximate analysis to determine the contents of moisture, volatile matter, 

fixed carbon, and ash in the samples. Determine the main elemental constituents of 

the samples (carbon, hydrogen, nitrogen, sulphur, and oxygen, obtained by 

difference). Determine the charcoal chemical bonds and functionalities using a 

Fourier Transform infrared (FT-IR) spectrometer. Determine the pH at the point of 

zero charge. 

Once all the analysis has been carried out, 2 types of charcoal samples are chosen 

and dispersed in di-ionised water to be milled into nanofluids. The size change during 

milling will be monitored via optical microscopy, scanning electron microscopy and 

particle size analysis using a DLS (Dynamic Light Scattering).  

The charcoal nanofluids will then be characterised towards EOR through viscosity 

analysis at different concentrations and pH, before being flooded into a laboratory 

core which will simulate an oil reservoir flooding.  

Once the oil is flooded into the core the amount of oil recovered will be measured 

using a measuring cylinder.  
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Figure 1.1: illustrates the workflow of the research project, from charcoal selection 

and nanofluid preparation to oil recovery experiments, highlighting the key stages 

and objectives of the study. With oil reservoir image from [29]. 
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2. Chapter 2: An In-Depth Literature Review 

2.1. Introduction 

An oil reservoir, depicted schematically in Figure 2.1, is a subsurface formation 

containing hydrocarbons, primarily of sedimentary origin. These formations typically 

consist of heterogeneous porous rock structures, predominantly sandstone, 

limestone, or dolomite, with interconnected pore spaces that hold oil, water, or gas 

[8]. The composition and presence of different phases within the reservoir are 

influenced by factors such as depth, temperature, pressure, composition, and the 

properties of the surroundings.  

 

 

Figure 2.1: A depiction of an oil reservoir [17]. 

The hydrocarbons such as C1, C2, iC3, nC4, iC5, nC5, C6, and C7+  can be in liquid 

and/or gaseous phases which are determined by temperatures and pressures [30]. 

The relationship between the temperature and pressure effects on the hydrocarbon 

phase can be used to classify different types of reservoirs, which include:  

• Undersaturated oil reservoir: the initial reservoir pressure is greater than the 

bubbling point pressure of the reservoir fluid. 

• Saturated oil reservoir: the initial reservoir pressure is equal to the bubbling 

point pressure of the reservoir fluid. 

• Gas-cap reservoir: the initial reservoir pressure is less than the bubbling point 

pressure of the reservoir fluid. 

The complexity of oil reservoirs presents several challenges, including: 
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• Unpredictability of Pore Space: The nature and shape of pore spaces within 

the reservoir are often unknown and vary widely, making it challenging to 

predict fluid flow patterns and distribution. 

• Rock Properties: Different types of rock formations, such as sandstone, 

limestone, and dolomite, can affect fluid behaviour and reservoir 

characteristics. 

• High Temperature: Elevated temperatures within the reservoir can impact 

fluid properties and increase the complexity of recovery processes. 

• Reservoir Salinity: The salinity of reservoir fluids can influence fluid-rock 

interactions and affect recovery efficiency. 

• Reservoir Pressure: Changes in reservoir pressure over time can alter fluid 

flow dynamics and impact recovery rates. 

To recover oil from an oil reservoir, the first stage or primary stage is to drill a hole 

into the reservoir which uses the formation pressure within the reservoir to push the 

original oil in place (OOIP) out [31, 32]. The primary recovery method relies solely on 

the natural energy available in the reservoir to move fluids through the rock formation 

[33]. The pressure gradient within the reservoir decreases with time which leads to a 

decrease in the oil recovery rate.  

Subsequent stages of oil recovery, namely the secondary and tertiary stages, involve 

artificial supplementation of natural energy through fluid injection [18], the fluid used 

for flooding at this stage can either be gas or/and liquid.  

The focus of the literature review in this study is on the challenges faced in EOR and 

the advancements made to address them, beginning with an exploration of the 

fundamentals of EOR techniques. Understanding these challenges and 

developments is critical for optimising oil recovery from complex reservoirs. 

2.2. Fundamentals of enhanced oil recovery  

Following the first two stages of oil recovery, about 40% of the OOIP [19], in a very 

promising scenario, can be recovered from a high-quality reservoir due to the reality 

that the OOIP is dispersed in porous oil reservoirs and water flooding results in the 

formation of water fingers in the porous reservoirs.  

Water fingering, also known as viscous fingering, describes the phenomenon of 

instabilities that arise during the displacement of fluids within porous materials, 
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particularly in reservoirs. This occurrence often occurs due to variations in viscosity 

between different phases of fluids within the reservoir [34]. 

In a porous medium, such as rock formations in an oil reservoir, fluids like water and 

oil interact and displace each other as they flow through the pores. When there's a 

significant contrast in viscosity between these fluids, the flow patterns can become 

unstable, leading to the formation of finger-like structures within the porous medium. 

For example, if a less viscous fluid (like water) displaces a more viscous fluid (like 

oil), the less viscous fluid may penetrate deeper into the pore spaces in a finger-like 

manner, leaving behind channels that are not efficiently swept by the displacing fluid, 

as shown in Figure 2.2. The water-fingering formation increases the difficulty in 

recovering the remaining OOIP for the next stage, i.e., the enhanced oil recovery 

(EOR) stage. Hence, the literature review focuses on the challenges confronting EOR 

and the developments to combat the challenges, starting with the fundamentals of 

EOR.   

Understanding water fingering is crucial in various applications, especially in the oil 

and gas industry, where efficient displacement of fluids within reservoirs is essential 

for maximizing production and recovery rates.  

 

Figure 2.2: Viscous fingering effect: Water finger formation in the reservoir during 

water flooding. 

The parameter of mobility ratio has been developed to describe the relative 

movement of the oil and flooding fluid in a porous medium. The mobility of a fluid in 

a porous medium is the ratio of the fluid permeability in the porous medium to its 

viscosity, as shown in Equation 2.1 [35]. Permeability is the property of a porous 

medium that depicts the resistance of fluid through it. Permeability is affected by 

porosity, fluid property, and interaction with the surface of the porous medium. The 

mobility ratio compares the mobility of the flooding fluid to that of the oil in the same 

reservoir, as shown in Equation 2.2 [35]. 



I.Z.Akande, PhD Thesis, Aston University 2023. 

22 

 

λi = ki/μi Equation 2.1 

M =
λF

λO

 
Equation 2.2 

where λ𝑖 is the mobility of fluid phase 𝑖, k𝑖 is the relative permeability of fluid phase 𝑖 

(md), and µ𝑖 is the dynamic viscosity of fluid phase I (Pa·s). Flooding fluid mobility is 

λF, the mobility of the Oil λO and M is the mobility ratio. 

Theoretically, a mobility ratio equal to or less than one is desired to reduce the 

viscous fingering and improve volumetric spreading efficiency [35, 36]. A large 

spreading efficiency means the flooding fluids can reach a large volume of the 

reservoir [37]. By manipulating the properties: of viscosity, interfacial tension of the 

flooding fluid and/or that of the OOIP, one can create a system in which the injected 

fluid will be diverted from a higher to lower permeability zone [38]; the flooding fluid 

will be swept to a large volume of the reservoir, achieving a higher spreading 

efficiency.  

On a microscopic level, the complexity of an oil reservoir originates from not only the 

heterogeneous porous structure and reservoir fluids but also the mineral content of 

the reservoir rock. The mineral content varies from one reservoir to another reservoir; 

these include carbonate minerals, clay minerals, and quartz minerals [39]. The effect 

of mineral content is highlighted in the rock wettability, as some minerals such as 

quartz minerals display water-wet properties while others such as carbonate minerals 

exhibit oil-wet properties, as shown in Figure 2.3 [40].  In oil-wet rock scenarios, the 

amount of oil trapped within the pore throats, which are the small spaces where two 

grains meet, is typically lower than in water-wet rock. This discrepancy arises from 

the heightened affinity between the oil and the rock surface, characterised by a 

contact angle exceeding 90°. In the case of water-wet rocks, there is an increase in 

the water film on the rock surface during water injection. The water film leads to the 

formation of a bridge of water at the connection between pores, trapping oil droplets 

within the pore, with a contact angle of less than 90° [38]; these properties of the 

water-wet rock result in a higher overall recovery, which is desirable.  
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Figure 2.3: Water-Wet and Oil-Wet rocks. 

The ions present in reservoir rock minerals can significantly influence the attractive 

and repulsive nature of the reservoir through various mechanisms: The presence of 

ions on the surface of mineral grains can create a net electrical charge, resulting in 

either a positive or negative surface charge. This surface charge affects the 

interaction between minerals and fluids within the reservoir [41]. For example, clay 

minerals commonly have negatively charged surfaces due to the presence of ions 

such as aluminium and silicon [42]. This charge can influence the adsorption of ions 

and molecules from the reservoir fluids. Some minerals in reservoir rocks, particularly 

clay minerals, can exchange ions with the reservoir fluids. This ion exchange process 

can alter the chemical composition and surface charge of the minerals, thereby 

affecting the interaction between the minerals and the fluids. For instance, the 

exchange of cations like sodium (Na⁺) and calcium (Ca²⁺) in clay minerals with other 

cations present in the reservoir fluids can impact fluid-rock interactions [43]. The 

presence of specific ions can influence the wettability of the reservoir rock surface, 

determining whether it is water-wet, oil-wet, or intermediate-wet. This, in turn, affects 

the distribution and movement of fluids within the reservoir. For example, certain ions 

may promote oil-wet conditions by enhancing the affinity of the rock surface for oil 

molecules, while others may promote water-wet conditions [31, 40]. Ions in the 

reservoir fluids can interact with mineral surfaces, leading to the dissolution or 

precipitation of minerals. This process can alter the pore structure and permeability 

of the reservoir rock, impacting fluid flow and distribution. 

Overall, the presence and behaviour of ions in reservoir rock minerals play a crucial 

role in determining the attractive and repulsive forces between the rock and reservoir 
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fluids, influencing fluid flow, distribution, and recovery processes in hydrocarbon 

reservoirs. 

In conclusion, understanding the behaviour of fluids within porous reservoirs and the 

influence of mineral content is essential for effective Enhanced Oil Recovery. By 

addressing challenges such as water fingering and considering factors like rock 

wettability and ion interactions, engineers can develop strategies to improve recovery 

rates and maximize production efficiency. 

2.3. Enhanced oil recovery methods 

2.3.1. Thermal methods 

Thermal methods depend on the use of thermal energy to reduce the viscosity of the 

oil present in the reservoir, leading to an increase in the mobility of the oil, and in turn, 

a reduction in the mobility ratio, making the thermal method more suitable for heavy 

oils [19, 21]. Steam injection and in situ combustion of the oil in the reservoir are the 

most commonly used thermal EOR methods [21, 22].  

Superheated steam is injected between 300 to 400°C as shown in Figure 2.4; 

however, the temperature reduces as the superheated steam moves from the steam 

injector through the reservoir towards the producer, implying the recovery factor of 

the steam decreases with time [23]. At a depth of 900 m and an initial oil viscosity of 

1000 mPa.s, about 55% of OIP (Oil in Place) can be recovered using the steam 

injection method [23]. The steam used has a lower viscosity than that of water, 

resulting in breakthrough/ leakage of steam. 

 

Figure 2.4: An illustration of a thermal method: Superheated steam injection [44]. 

In situ combustion of the oil is the injection of oxygen or air into the reservoir to 

promote combustion of a portion of the oil in the reservoir in a controlled manner. It 
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works by burning 6 to 25% of the oil in the reservoir, generating heat in the 

temperature range of 200 to 650°C, leading to a reduction in viscosity and an 

increase in the mobility of the oil [23]. One of the challenges facing this process is the 

high volume (20 to 250 m3 per day) and pressure (20 to 90 atm) of oxygen or air 

required to be used as oxidising agents to initiate and sustain the combustion 

process. The combustion of the oil within the reservoir typically leads to the 

production of CO2 which is a greenhouse gas that contributes to global warming [36]. 

2.3.2. Gas injection methods 

EOR Gas injection methods are the injection of gases such as CO2 and N2 to reduce 

the viscosity and density of oil in the reservoir.  This includes immiscible and miscible, 

and water alternating gas method. 

Immiscible gases are injected below the minimum miscibility pressure (MMP), while 

miscible gases are injected at or above MMP [19]. MMP is the pressure needed to 

recover 90% of oil using CO2 [20]. The injection of gases such as N2 and CO2, at low 

pressure, is known as the immiscible method [31]. The gas (N2 or CO2) is dissolved 

in the lighter fraction of the oil, giving rise to the swelling of the oil and reduction in 

viscosity, both of which improve oil recovery [31].  

Miscible gas injection is more efficient than immiscible gas injection, as miscible gas 

injection improves the microscopic displacement efficiency, thereby reducing the 

interfacial tension between the oil and the miscible gas [38]. The reduction in 

interfacial tension leads to the decline of both viscosity and density of the oil, 

prompting an increase in the oil mobility [31, 38], seeing up to 35% recovery of OOIP 

with the injection of CO2 [44].  The gases commonly used for miscible gas injection 

are  CO2 and N2 [19, 38]. Due to the retention of gas within the reservoir, the volume 

of gas for re-injection to maintain reservoir pressure reduces with time [38]. 

During gas flooding, the gas displaces the oil within the reservoir and can lead to 

viscosity fingering. To further increase the recovery factor, water is injected following 

gas in a method known as Water Alternating Gas (WAG) flooding [38]. The CO2 is 

first injected through the injection well after which water is pumped into the reservoir 

which drives the oil towards the production well as shown in Figure 2.5. While the 

gas lowers the viscosity of the oil, the water slows the movement of the gas, which in 

turn reduces viscous fingering and increases the displacement spreading efficiency 

[45]. Although WAG has shown great success in the application as it can result in 
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about 10 to 20% reduction in the viscosity of the oil, bringing about a recovery of 

about 7 to 15% of the oil in place [23], there is still an occurrence of gas breakthrough 

where the CO2 breakthrough to the production well prematurely, bypassing significant 

portion of the reservoir and gravity segregation where the less dese injected gas than 

the reservoir fluids tends to rise vertically within the reservoir, which can contaminate 

water around the reservoir. 

 

Figure 2.5: An illustration of a CO2 gas flooding process [46]. 

2.3.1. Chemical injection 

Chemical injection involves the addition of different chemicals to the flooding water 

[32], thereby decreasing the interfacial tension (IFT) by using alkaline or surfactants 

between the oil and the flooding fluid or increasing the viscosity of the flooding fluid 

by utilising polymers, in turn increasing the recovery factor.  

Alkaline flooding is the dissolving of chemicals such as sodium hydroxide, sodium 

carbonate, and sodium silicate in water, making a solution capable of altering the 

wettability of the rock surface and reducing the interfacial tension between the oil and 

the flooding fluid [47]. The alkaline reacts with the organic acids present in the oil, 

leading to the formation of emulsifying surfactant. The surfactants are capable of 

reducing the interfacial tension between the oil and the flooding fluid. The quantity of 

organic acid in the oil and the concentration of the alkaline determines the degree of 

reduction in interfacial tension [21]. The effect of alkaline flooding is highly dependent 

on the rock formation present in the oil reservoir. For example, rocks with high salt 

content do not favour a high recovery as it increases interfacial tension between the 

oil and the flooding fluid. Equally, the presence of clay which is generally chlorite, 
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illite, kaolinite, smectite and montmorillonite [48] in the reservoir rock can lead to a 

decrease in pH due to ion exchange at this moment, increasing the interfacial tension. 

An average of 20% of OIP has been recovered from both pilot and large-scale 

projects worldwide [23, 49-53]. However, the oil recovered requires further treatments 

due to elevated pH levels and potential high salinity due to the formation of stable 

emulsions causing additional costs. 

Similar to the behaviour of the surfactant produced during the reaction of alkaline with 

organic acids, surfactants are adsorbed on the oil/water interface, reducing the 

interfacial tension [54, 55]. There are different types of surfactants: anionic, non-ionic, 

and cationic [55]. Anionic surfactants like sulfonates and carboxylates are widely 

used in sandstone reservoirs, as they perform better in low salinity conditions and 

can tolerate high temperatures above 60°C [56]. Non-ionic surfactants such as 

polyoxyethylene and alcohol ethoxylates can withstand high salinity conditions. Still, 

the hydrogen bonds are weakened at high temperatures, leading to the poor 

dissolution of the surfactant in water [56]. Field applications of surfactants have 

reported an increase of 12 to 30% OOIP [57]. 

Polymer flooding is used in EOR to increase the viscosity of the fluid, which further 

changes the relative mobility ratio to less than 1 [21, 38]. Typical examples of 

polymers used are natural xanthan gum and partially hydrolysed polyacrylamide 

(PHPA) [21, 55]. Polymer flooding has been successfully used for reservoirs with 

temperatures between 80 to 100°C, low clay content, and oil viscosity between 10 to 

150 cP [23], these include Dagang China, where HPAM (Hydrolysed Polyacrylamide) 

polymer was used, and a recovery of 8.0% was observed. Another example is from 

Rapdan Canada, where HPAM polymer was also used, and a recovery of 11.0% of 

OIP, was achieved [23].  

Alkaline Surfactant Polymer (ASP) flooding combines the injection of a mixture of 

alkaline, surfactant, and polymer with water into the oil reservoir. The surfactant 

reduces the IFT between water and oil while stabilising the emulsion. The alkaline 

reduces the adsorption of the surfactant onto the pore walls and controls the salinity 

of the mixture, further decreasing the IFT. Finally, the polymer increases the viscosity, 

improving the mobility of the flooding fluid [38, 58]. When compared to polymer 

flooding used in Chinese pilot plants such as Daqing and Shengli, an incremental oil 

recovery of up to 14.0% of OOIP was obtained for a good quality reservoir using 
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polymer flooding [59]. In comparison, the implementation of ASP saw an incremental 

recovery of up to 25.0% of OOIP [60]. Alongside the higher recovery factor, it also 

increases the well’s running lifetime by at least 4 years, meaning the well can produce 

for a longer duration [61]. However, like every other chemical EOR method, the ASP 

flooding is expensive with a total cost per barrel of incremental oil is $11 to $15 [62]. 

2.4. Nanofluids in EOR  

Nanofluids are defined as fluids with nanometre-sized solid particles or nanoparticles 

[63] which are in the range of 1-100 nm [64]. A variety of research into nanoparticles 

has realised their potentiality as a sustainable flooding fluid. Nanoparticles can be 

categorised by their differing chemical properties and material morphology. 

Nanofluids of various metal oxides such as SiO2 [24-26] and TiO2 [27, 28], Al2O3 [27, 

28, 65]  and Fe2O3 [65, 66] have been examined for their performance in enhanced 

oil recovery and have demonstrated an oil recovery capacity of 8-16% of the original 

oil in place (OOIP) after water flooding [28, 67, 68] for SiO2, Al2O3 and TiO2. The 

research described in the literature covers the effect of nanoparticle composition, 

concentration, and other properties such as size distribution, shape, porosity and 

surface chemistry on the viscosity, wettability of the flooding fluid and enhanced oil 

recovery.  

Youssif et al. (2018) [69] studied the oil recovery performance of porous silica 

nanofluids. The SiO2 nanoparticles studied had a monomodal size distribution, 

averaged at 22 nm, and a specific area of 370 m2/g. The nanofluids in 3 wt% of NaCl 

aqueous solution were used to recover the oil loaded in sandstone cores, and the 

results showed that the oil recovered firstly increased with the silica concentration 

and reached the maximum oil recovery capacity of 53.1% of the OOIP at a SiO2 

concentration of 0.1 wt%. At this concentration, a further 13.0% of the OOIP is 

recovered after the water flooding or 12.0% more of the OOIP is recovered compared 

to water flooding alone. The SiO2 nanofluid of 0.1 wt% was determined to have a 

viscosity of 1.2 mPa.s.   

Table 2.1 presents the results of various nanofluid flooding experiments, illustrating 

the potential of nanofluids to enhance oil recovery percentages. The table 

underscores the impact of factors such as concentration, base fluid, and temperature 

on nanofluid behaviour as a flooding fluid. Oil recovery in reservoirs is influenced by 
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the viscosity of the flooding fluid and interfacial properties, necessitating an 

understanding of how nanoparticle addition affects these properties. 

The data in Table 2.1 reveals that the efficacy of EOR nanofluids varies depending 

on the base fluid and nanoparticle type. For instance, Al2O3 nanoparticles dispersed 

in surfactants yielded oil recovery rates of up to 53.5% of Original Oil in Place (OOIP) 

[70], whereas those dispersed in water resulted in recovery rates of up to 16.0% of 

OOIP [25]. It's noteworthy that much of the research on nanofluids in EOR focuses 

on metal oxides. 

Several researchers have studied the potential of titanium oxide (TiO2) nanoparticles 

for enhanced oil recovery. Ehtesabi et al. (2014) [71] looked at the use of 

nanoparticles of a TiO2 diameter of approximately 60 nm dispersed in different 

salinity, for the reduction of the oil-brine IFT in heavy oil. It was found that when the 

nanoparticles were added to the water it did not have any significant effect on the 

viscosity. However, the contact angle measurements showed that nanoparticle 

sedimentation altered the wettability of the surface, with a reduction in contact angle 

from 125 ± 3° to 90 ± 3° (i.e., from oil-wet to water-wet). The change in wettability 

increased oil recovery when the core flooding in sandstone was carried out. This 

research showed the importance of nanoparticle concentration. Following water 

flooding, only 49.0% of the oil was recovered, and the injection of TiO2 in 5000 ppm 

brine at a concentration of 0.01% saw an improvement of 80.0%. In comparison, the 

injection of 1.0% TiO2 saw a recovery of 42.0%. In another study, Ehtesabi et al. 

(2015) [72], using a lower concentration of TiO2, stated that manipulation of wettability 

of the rock surface from oil-wet to water-wet due to the deposition of TiO2 

nanoparticles was a vital method for increasing oil flooding.  

William et al. [73] studied the use of Copper Oxide (CuO) and Zinc Oxide (ZnO) 

nanofluids in xanthan gum. CuO and ZnO particles of diameter less than 50 nm, were 

dispersed in a xanthan gum aqueous solution as a base fluid at concentrations of 0.1 

to 0.5 wt%, while 1.0 vol% of the prepared liquid was added to water. The rheology 

of the nanofluid was studied at different temperatures (25 to 110 °C) and pressures 

(0.1 mPa and 10.0 mPa). It was observed that an increase in temperature stemmed 

in a decrease in the viscosity of the fluid, because of thermal expansion, while 

increasing pressure heightened the viscosity due to compression. Where it was found 
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that the viscosity at a higher pressure of 10.0 mPa was much lower than at 0.1 mPa, 

shear-thinning characteristics were observed.  

One of the most commonly used nanoparticles in enhanced oil recovery is silica 

nanoparticles (SiNPs) [69]. This can be attributed to their environmentally friendly 

nature, cheapness, and ease of manipulation, and is the main composition of 

sandstone reservoirs. 

Along with the physical morphology, nanoparticle surface treatment formulated with 

a very small number of surface-active agents or polymers, changes the nanoparticle 

surface chemistry and wettability to the reservoir rock, and the influence of such 

modifications on SiO2 nanoparticle performance has been investigated. Azarshin et 

al. (2017) [74] modified silica nanoparticles (10-15 nm) surface with amine ((3-

Aminopropyl) triethoxysilane) to improve the performance of water flooding in oil-wet 

reservoirs (carbonate cores). Core flood tests of 0.25 wt% of the amine-functionalised 

silica nanofluid showed a paramount increase of 18.0% in total oil recovery compared 

to that of the nanoparticles without surface modification, thus amounting to an 

impressive 28.0% increase compared to water flooding alone.    

Carbon nanotubes are a group of carbon-based materials that have a hollow 

cylindrical morphology in the low nanometre range. They are a different type of 

nanomaterials in terms of composition and morphology compared to metal oxide 

nanoparticles, and it is thus of interest to investigate their performance in enhanced 

oil recovery. Alnarabiji et al. (2016) [75] examined the performance of nanofluids of 

multiwall carbon nanotubes (MWCNT) in enhanced oil recovery. Their research 

showed that the nanofluid of 0.05 wt% MWCNT gave an impressive recovery 

efficiency of 31.8% of the residual oil in place (ROIP).   

Cellulose nanoparticles are gaining interest from researchers due to their 

sustainability, biodegradability, nontoxicity, and EOR activity. Agi et al. [76] used 

ascorbic acid extracted from plants and fruits to synthesise cellulose nanoparticles 

(CNP) (117 nm), by using nanoprecipitation and hydrolysis-assisted ultrasonic 

methods. The zeta potential result (-36.8 mV) showed that cellulose nanofluid (CNF) 

was stable. The oil recovery after water flooding was 48.0% of OOIP, following the 

injection of CNF 20.0% of OOIP was recovered. The use of 0.5-2.0 wt% cellulose 

nanocrystals (CNC) of length 130 nm and width 5.9 nm dispersed in water for core 

flooding in sandstone was studied by Molnes et al. [77].  The nanofluid was stable 
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with a zeta potential of -49.4 mV, which showed that CNC could be used as both salt 

stability and flooding fluid into a core medium. 

Overall, nanofluids offer a versatile and potentially effective approach to enhance oil 

recovery in reservoirs, with ongoing research focusing on optimising nanoparticle 

properties and understanding their interactions with reservoir fluids and rock 

formations. 
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Table 2.1: Recovery of OOIP Percentage with Nanoparticle Types in Varied Base Fluids, Concentrations, Temperatures, and Rock 

Types 

 

 

 

 

Nanoparticle Type 

 

Base Fluid Nanoparticle 

Concentration 

(wt %) 

Temp 

(oC) 

Rock Type Recovery 

% of 

OOIP 

Ref 

SiO2 

 

Sodium dodecyl sulphate (Surfactant) - 35 Sand pack 20 [24] 

Water 0.1 - Sandstone 16 [25] 

Hydrolysed Polyacrylamides (HPAM) - 80 Quartz Sand 10.54 [26] 

polyacrylamide grafted silica particle 

(PAAGS) 

2.5 - Quartz Sand 21 [78] 

Polyacrylamide (SHPAM) - 82.3 Sandstone 20 [79] 
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Table 2.1 continues: Recovery of OOIP Percentage with Nanoparticle Types in Varied Base Fluids, Concentrations, Temperatures, and 

Rock Types 

 

 

 

Nanoparticle Type 

 

Base Fluid Nanoparticle 

Concentration 

(wt %) 

Temp 

(oC) 

Rock Type Recovery 

% of 

OOIP 

Ref 

Modified Clay 

Nanoparticles  

 HPAM 0.1 - Carbonate 33 [80] 

Al2O3 

 

Brine (NaCl) 0.05 - Sandstone 8 [27] 

Deionised water 0.005 60 Limestone 9.9 [28] 

Propanol 0.15 - Sandstone 20.2 [65] 

Deionised water + Sodium Dodecyl 

Sulphate 

0.05 - Glass bead 53.53 [70] 
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Table 2.1 continues: Recovery of OOIP Percentage with Nanoparticle Types in Varied Base Fluids, Concentrations, Temperatures, and 

Rock Types 

Nanoparticle Type 

 

Base Fluid Nanoparticle 

Concentration 

(wt %) 

Temp 

(oC) 

Rock Type Recovery 

% of 

OOIP 

Ref 

Fe2O3 Propanol 0.15 - Sandstone 17.3 [65] 

Distilled water 0.3 - Sand 9.2 [81] 

Deionised water 0.01 - Glass bead 38 [66] 

TiO2 Brine (NaCl) 0.05 - Sandstone 11 [27] 

Deionised water 0.005 60 Limestone 6.6 [28] 
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2.5. Viscosity of nanofluids 

Viscosity is a property of rheological behaviour presented when an area of fluid is 

subjected to an external force. In 1687 Sir Isaac Newton [82], defined the relationship 

between shear stress (mPa) and shear rate (1/s) of a fluid as a constant known as 

viscosity (mPa.s), as shown in Equation 2.3. Viscosity property varies with the 

composition, temperature, and pressure of the fluid, making it a thermophysical 

property.  

𝜎 = 𝜇 × 𝛾̇ Equation 2.3  

where 𝜎  denotes the shear stress (mPa), 𝜇  signifies the viscosity (mPa.s) and 𝛾̇ 

indicate the shear rate (1/s). 

Fluids which are independent of the shear rate and viscosity are known as Newtonian 

fluids, meaning they obey the Newton equation shown in Equation 2.3. While fluids 

that display a varying viscosity with the shear rate, or a non-linear correlation between 

the shear rate and shear stress, in the form of shear thickening or shear thinning, are 

classified as non-Newtonian, as shown in Figure 2.6 [83].  

 

Figure 2.6: Viscosity vs shear rate of Newtonian and non-Newtonian fluids  [84]. 

The viscosity of a liquid is a constant that reflects the liquid’s intermolecular 

interaction. Some fluids have higher viscosity due to more vital molecular 

interactions, while others have a lower viscosity due to weaker molecular interactions. 

Enhancement of viscosity requires an understanding of the effects of thermophysical 
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properties on shear rate and shear stress, which will be discussed in the next 

sections. 

2.5.1. Viscosity model for nanofluids 

The viscosity enhancement is evaluated by relative viscosity, i.e., the viscosity ratio 

of the nanofluid to the base liquid. It increases with the particle volume fraction, as 

described by the equations reported in [85-88]. These equations incorporate 

molecule-to-molecule interactions mediated by the viscosity of the base fluid but do 

not include interactions of solvated molecules to nanoparticles, nor nanoparticle-to-

nanoparticle interactions. The nanoparticle volume fraction expressed in Equations 

2.4-2.10 is described for spherical particles without the inclusion of any parameters 

that distinguish particle size, shape, and composition of the particles (e.g. surface 

chemistry). However, the effect of particle properties on the viscosity enhancement 

can be very significant, as has been demonstrated by the studies of particle size [89-

92], shape, i.e., morphology [93, 94], material type, i.e. chemical composition [95] 

concerning nanoparticle concentration [89, 90, 95-98]. Unexplained phenomena 

such as the relative viscosity decreasing with particle size reduction towards the 

lower nanometre range [99, 100] and inconsistency in experimental data from 

different laboratories [101-104] have been repeatedly observed. For example, 

various groups studied TiO2 aqueous nanofluids with a nanoparticle volume fraction 

of 0.02. For TiO2 nanoparticles of 21 nm [101] determined a relative viscosity of 1.1, 

whereas [102] reported a value of 1.6 at the same temperature of 25°C. The origin of 

this discrepancy is unclear. It is even more puzzling that at the volume fraction of 

0.02 for an aqueous nanofluid of TiO2 nanoparticles of 90-200 nm, Jarahnejad et al. 

[99] reported a relative viscosity of 1.9. Similarly enigmatic results have been reported 

for Al2O3 aqueous nanofluids, in that at a volume fraction of 0.03, Duan et al. [100] 

reported a relative viscosity of 1.5 for 25 nm Al2O3 nanoparticles, whereas 

Chandrasekar et al. [103] reported a relative viscosity of 1.5 for 43 nm Al2O3 

nanoparticles, and Moldoveanu et al. (2018) [104] reported a relative viscosity of 3.0 

for 45 nm Al2O3 nanoparticles. There is a definite need to explain these as yet 

inexplicable experimental results to get insight into other factors, beyond the 

nanoparticle volume ratio and nanoparticle size, that affect the magnitude of viscosity 

enhancement.  
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The comparison of these various reported experimental results with the calculated 

values resulting from the different theoretical treatments shows that the theoretical 

equations of [85-87, 105], all give values for the relative viscosity of nanofluids that 

are significantly lower than the experimental ones, while the calculated values 

resulting from the empirical equation by Pak and Cho [88] represent the upper limit 

in the nanoparticle concentration range for which Pak and Cho’s empirical equation 

is derived. The values of the literature data that are located between the values 

calculated using the treatments by Einstein or Pak and Cho cannot be explained. 

Chen and co-authors [106] modified the Krieger-Dougherty equation by introducing 

an agglomeration ratio parameter to describe the particles’ agglomeration in the 

dispersion, but the modelling result leads to the explanation that the viscosity 

enhancement increases with the agglomeration ratio, which does not obey the 

general understanding of dispersion systems and or guide the relevant practice work.  

Various theories have been developed to explain and predict the influence of particle 

addition on fluid viscosity. The first attempt has been reported by Einstein as early as 

1906 [85]. Equation 2.4 shows the Einstein equation, which expresses the ratio of the 

effective dynamic viscosity of the nanofluid (ηeff) and the dynamic viscosity of the 

base liquid (also termed base fluid, abbreviated as bf) (ηbf) at a particular temperature 

as being equal to 1 + 2.5 𝜑 , in which 𝜑  is the volume fraction of the spherical 

nanoparticles suspended in the base liquid.  

𝜂eff

𝜂bf

= (1 + 2.5φ)  Equation 2.4 

The Einstein equation is valid for dilute suspensions with a nanoparticle volume 

fraction less than 0.01, hence its limitation is that it does not consider the interaction 

between hard-spherical particles in the suspension. 

In 1952, Brinkman [105] expanded on Einstein’s treatment by estimating the 

concentration-dependence of any particle quantity at higher concentrations if the 

result for infinite dilution is known, which resulted in Equation 2.5 which is valid for a 

particle volume fraction of up to 0.04.  

𝜂eff

𝜂bf

=
1

(1 − φ)2.5
    

Equation 2.5 

When the volume fraction of suspended solid particles increases further, the 

interaction among the particles increases due to Brownian motion. In 1977, Batchelor 
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[86] modified Einstein’s equation by including the effect of Brownian motion of 

spherical hard particles for an isotropic suspension, thus resulting in Equation 2.6, 

which is suitable for predicting the suspension viscosity for particle volume fractions 

of up to 0.1.  

In 1998, Pak and Cho [88] specified Equation 2.7, resulting from experimental data 

of aqueous suspensions of γ-Al2O3 and TiO2 nanoparticles, which has a similar form 

to that of Batchelor, but the constants involved are much larger. 

Building on the equations related to Einstein’s model, [87] introduced their power law-

based equation in 1959, Equation 2.8, which predicts the effect of the volume fraction 

of micro/millimetre-sized particles in suspensions on the relative viscosity. It predicts 

the viscosity of non-diluted suspensions with randomly monodispersed hard 

spherical particles by introducing the maximum particle volumetric fraction (𝜑𝑚), at 

which the particles are just able to flow. 

𝜂eff

𝜂bf

= (1 −
φ

φm

)
−[η]φm

   
 

Equation 2.8 

                                            𝑤ℎ𝑒𝑟𝑒 [𝜂] = lim
𝜑→0

𝜂−𝜂0

𝜂0𝜑
  

The maximum particle volume fraction 𝜑𝑚 varies from 0.50 to 0.54 under quiescent 

conditions, while at high shear rates, the value is approximately 0.61. [η] is the 

intrinsic viscosity (the measure of a solute’s contribution to the viscosity of a solution) 

which is 2.5 according to Einstein [85], for well-dispersed hard spherical particles 

[83].  

In 2007, Chen et al. [106] modified the Krieger-Dougherty equation by introducing 

𝜑𝑎 , the volume fraction of aggregation, to address the particles’ aggregation as 

shown in Equation 2.9. 

𝜂eff

𝜂bf

= (1 −
φ𝑎

φm

)
−[η]φm

   
Equation 2.9 

𝜂eff

𝜂bf

= 1 + 2.5𝜑 + 6.2𝜑2     Equation 2,6 

 

𝜂𝑒𝑓𝑓

𝜂𝑏𝑓

=  1 + 39.11𝜑 + 533.9𝜑2 
Equation 2.7 
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here 𝜑𝑎 = 𝜑 (
𝑎𝑎

𝑎
)

3−𝐷
, in which aa and a are the radius of aggregate and the radius of 

the primary particle, respectively, and D is the fractal index indicating the extent of 

change in the packing fraction from the centre to the edge of the aggregate. It is 

typically 1.6-2.5 for diffusion-limited aggregation and 2.0-2.2 for rate-limited 

aggregation for spherical particles [107-109] 

For spherical particles with D = 1.8 [110], [η] = 2.5 and φm= 0.605 [111], Equation 

2.10.  

𝜂eff

𝜂bf

= (1 −
φ

0.605
(

𝑎𝑎

𝑎
)

1.2

)
−1.5125

   
 Equation 2.10 

Moving forward, Chapters 4 and 6 promise deeper insights into the impact of viscosity 

on nanofluids, enriching our understanding of these fascinating materials. 
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Table 2.2: Effects of Nanoparticle Type, Base Fluid, Concentration, Particle Size, and Shear Rate on Nanofluid Rheology: Literature 

Review. 

Nanoparticle 
Type 

Base 
Fluid 

NP 
Con. 

Temp. 
(⁰C) 

Particle 
size (nm) 

Shear rate 
range (s-1) 

Comment Ref 

SiO2 
(Spherical) 

Wat
er 

0.45-4 
vol% 

20-50 12 - 
• Decrease in viscosity with an increase in 

temperature, from 4.5 mPa.s at 20⁰C to 2.7 
mPa.s at 50⁰C (4 vol%) 

[90] 

TiO2 
(Spherical) 
Pristine-
MWCNT 
(Rod) 
Functionalise
d-MWCNTs 
(Rod) 
MWCNT-TiO2 
(Rod) 

Wat
er 

0.125-
0.5 
wt% 

25-70 

21-45 nm 
Dia=40-60 
nm 
length=5-
15μm  

0-300 

• All samples displayed an increase in viscosity 
with an increase in concentration and a 
decrease in viscosity with an increase in 
temperature. 

• A shear-thickening behaviour was observed for 
TiO2. 

• Shear-thinning was observed for both pristine-
MWCNT and functionalised-MWCNT. 

• The acid treatment of functionalised MWCNT 
destroyed the graphene structure, which led to 
a reduction in viscosity. 

• Shear-thickening behaviour observed for 
MWCNT-TiO2. Reduction in viscosity with an 
increase in TiO2 concentration due to the 
prolonged treatment destroying graphene 
structure. 

• Pristine-MWCNT displayed the highest 
viscosity enhancement (1̴300%) of all samples 
at 25⁰C and a concentration of 0.5 wt%. 

[95] 
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Table 2.2 continues Effects of Nanoparticle Type, Base Fluid, Concentration, Particle Size, and Shear Rate on Nanofluid Rheology: 

Literature Review. 

Nanoparticle 

Type 

Base 

Fluid 

NP 

Con. 

Temp. 

(⁰C) 

Particle 

size (nm) 

Shear rate 

range (s-1) 
Comment Ref 

MWCNTs 

(Rod) 

Cationic 

Chitosa

n 

Surfacta

nt (0.1-

0.5 wt%) 

+ 

Deionise

d water  

0.5-3 

wt% 
- 

20-30 

(OD) 

1-200 

• Addition of 0.1 wt% Chitosan to the 

deionised water increases the viscosity 

to about 5 mPa.s, while 0.2 wt% 

increased it to 10 mPa.s 

• Shear-thinning behaviour was 

observed with the addition of MWCNTs. 

• An increase in viscosity with 

concentration was observed, with the 

highest viscosity (180 mPa.s) at 3 wt% 

MWCNT and 0.2 wt% chitosan 

[97] 

5-10 (ID)  

10-30 μm 

(length)  
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Table 2.2 continues Effects of Nanoparticle Type, Base Fluid, Concentration, Particle Size, and Shear Rate on Nanofluid Rheology: 

Literature Review. 

TiO2 (Rod) DIW 

0.5-

2.5 

wt% 

25-50 260 nm 1 -1000 

• Shear-thinning behaviour was 

observed for all concentrations. 

• An increase in viscosity with an 

increase in concentration and a 

decrease in viscosity with an increase 

in temperature.  

• The highest enhancement (4.7 mPa.s) 

was observed at 25⁰C, 2.5 wt%. 

• Higher viscosity than that of spherical 

nanoparticles. 

[98] 
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2.6. Interfacial performance of nanofluids 

The interfacial performance of a liquid is the accumulation of energy and imbalance 

force at the interface of two phases [112]. Interaction between two liquid phases can 

be analysed using the interfacial tension, the interface between a liquid and air is 

studied using surface tension, and the interaction of a liquid with a solid is assessed 

using the contact angle [113, 114]. The difference between the surface tension of two 

liquids can be defined as the interfacial tension, as shown in Equation 2.11. 

𝜎𝑙1𝑎 − 𝜎𝑙2𝑎 = 𝜎𝑙1𝑙2
   Equation 2.11 

where 𝜎𝑙𝑎 is the liquid-air surface tension (mN/m), 1 𝑎𝑛𝑑 2 represents the different 

liquids, and 𝜎𝑙1𝑙2
is the liquid-liquid interfacial tension (mN/m). 

In oil recovery, the flooding fluid simultaneously interacts with both the liquids in the 

reservoir and the rock. Although the interfacial properties of the liquids and the rock 

within the reservoir cannot be altered, that of the flooding fluid can be manipulated. 

Hence, the primary purpose of this section is to review the methods of determining 

the interfacial performance and the parameters that impact the interfacial tension and 

wettability of nanofluids. 

2.6.1. Interfacial performance measurement 

A variety of techniques have been used to measure the interfacial performance of 

liquids and can be applied to nanofluids. The techniques can be grouped into direct 

measurements, analysis of the balance between capillary and gravity forces, and 

analysis of gravity-distorted drops [115]. 

Direct measurements involve the direct contact between a probe and the interface, 

which leads to an increase in the interfacial area, and an increase in the force pulling 

the probe due to capillary force [115]. The main techniques that are generally used 

in this group are the Wilhelmy plate and Du Nouy ring depicted in Figure 2.7. Perfect 

wettability (cos θ =1) is required for these methods. At the same time, the adsorption 

of organic compounds from laboratory or test solutions onto the plate/ring can be a 

significant source of experimental error in this technique.  

The capillary effect which is in Figure 2.7 can be used to measure the interfacial 

tension due to the pressure difference that arises when a decrease in interface 
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occurs, leading to the increase in the pressure difference between the fluids, with 

higher pressure on the concave side of the interface [115]. 

Gravitational force measurement which is in Figure 2.7 is based on drop volume or 

weight measurements. Although the method is simple, it is sensitive to vibration, 

which can distort the results. The use of gravity-distorted drop methods for the 

measurement of interfacial tension is appealing to researchers as it does not require 

advanced instrumentation. The main method used in this group is the pendant drop 

method.  

 

Figure 2.7: Techniques used for IFT and ST measurements. As illustrated in [116]. 

The pendant drop method requires precise equipment for good quality and 

reproducible results, which is why stainless steel or glass needles of less than 0.5 

diameters are commonly used, as they are easy to clean [117].  

The measurement of the contact angle is generally used to determine the wettability 

of a liquid onto a solid. It can be related to the interfacial energy via Equation 2.12. 

𝜎𝑜𝑎 − 𝜎𝑤𝑎 = 𝜎𝑜𝑤 cos 𝜃   Equation 2.12 

where 𝜎𝑜𝑠  is the surface tension between oil and air (mN/m), 𝜎𝑤𝑠  is the surface 

tension between water and air (mN/m), 𝜎𝑜𝑤 is the interfacial tension between oil and 

water (mN/m), theta is the contact angle at oil-water-solid interface measured through 

the water phase. 

As shown above, several methods for determining the interfacial tension have been 

widely explored. 
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2.6.2. Effect of concentration on Interfacial properties 

Chinnam et al. [114], examined the effect of concentration (0-6 vol%) and particle 

size (15-50 nm) on propylene glycol (60.0%) and water (40.0%) based nanofluids, 

with ZnO, TiO2, SiO2, and Al2O3 nanoparticles. It was observed that an increase in 

nanoparticle concentration generally resulted in a decrease in surface tension, as 

shown in Figure 2.8. Implies a reduction in the overall interfacial tension between the 

nanofluid and oil, with the interfacial tension reducing with concentration from about 

20.9 mN/m for SiO2 20 nm 1 vol% to 19.6 mN/m for 4 vol% at 50°C. A general 

reduction in interfacial tension with the addition of nanoparticles was observed, with 

an initial interfacial tension of 25.5 mN/m at the same base fluid temperature. At lower 

particle concentrations, that the particles have little to no effect on the surface tension 

due to the large distance between the particle and the liquid/gas interface. 

 

Figure 2.8: Surface tension of SiO2 nanofluids at 50°C with an increase in 
concentration. 

Golubovic et al. [118], on the other hand, observe little difference in the interfacial 

tension with the addition of Al2O3 (46 and 38 nm) to water. However, the contact 

angle test carried out by Golubovic et al. [118], showed a reduction from 90° with 

water, to about 47° with the presence of 0.00257 g/L Al2O3 and an additional 

decrease to 33° with the addition of 0.00646 g/L Al2O3, both 46 nm on to a heater 

wire, as shown in Figure 2.9. The impact of concentration on the wettability of the 

nanofluid indicates a concentration threshold beyond which the effect on the contact 

angle becomes negligible. 

Then again, Harikrishnan et al. [105] observed an increase in interfacial tension with 

the addition of Bi2O3 (0.5 wt% and 20 nm) and CuO (0.5 wt% and 30 nm) 
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nanoparticles to water and glycerol and a reduction in surface contact angle with the 

addition to ethylene glycol. The results show that the base fluid plays a vital role in 

the interfacial performance of the nanofluid.  

 

Figure 2.9: a) Contact angle with concentration of Al2O3 nanoparticles. b) Contact 
angle with concentration of BiO2 nanoparticles. 

The size of the nanoparticle also affects the interfacial behaviour of the nanofluid.  

Bhuiyan et al. [119] examined the effect of Al2O3
 (13 and 50 nm), and SiO2 (5-15 and 

10-20 nm) nanoparticles dispersed in the water on the surface tension at 30°C. at a 

nanoparticle concentration of 0.25 vol % a reduction of surface tension from about 

72.6 mNm-1 to 72.3 mNm-1 for Al2O3 50 and 13 nm respectively. SiO2 had a reduction 

from about 72.2 mNm-1
 to 71.1 mNm-1 for 10-20 and 5-15 nm respectively.  

The observed reduction in surface tension can be attributed to several factors. 

Smaller nanoparticles tend to have a higher surface charge density compared to 

larger nanoparticles in the base fluids. This results in increased electrostatic repulsion 

forces between the nanoparticles and the liquid molecules, enhancing adsorption at 

the interface and thereby reducing surface tension. Additionally, smaller particles 

possess a larger surface area, leading to higher surface free energy, which further 

contributes to the decrease in surface tension of the nanofluids. 

Overall, the study highlights how the size of nanoparticles influences their interaction 

with the liquid medium and subsequently affects the surface tension of nanofluids. 

2.6.3. Effect of temperature on interfacial tension  

The study conducted by Chinnam et al. [114].  investigated the impact of temperature 

on the interfacial tension of nanofluids composed of propylene glycol (60.0%) and 

water (40.0%) with ZnO and TiO2 nanoparticles. Across the temperature range of 30 

to 70°C, notable variations in surface tension were observed. 
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For instance, with TiO2 nanoparticles at 1.5 vol% and 15 nm size, the surface tension 

decreased from approximately 54 mNm-1 at 30°C to about 48 mNm-1 at 67°C. 

Similarly, with ZnO nanoparticles at 4.0 vol% and 36 nm size, the surface tension 

decreased from around 53 mNm-1 at 30°C to about 49 mNm-1 at 65°C. 

The decrease in surface tension with increasing temperature can be attributed to the 

rise in thermal energy within the system. This heightened thermal energy causes both 

nanoparticles and fluid molecules to exhibit more vigorous vibrations, thereby 

increasing Brownian motion. Consequently, the enhanced Brownian motion weakens 

the cohesive forces between molecules at the liquid surface, leading to a reduction 

in surface tension. 

This finding underscores the significant influence of temperature on the interfacial 

properties of nanofluids and highlights the importance of considering temperature 

effects in the design and application of nanofluid-based systems. 

This section has demonstrated how nanoparticles can effectively modify wettability, 

decrease interfacial tension, and enhance viscosity when introduced into a fluid. 

Moreover, it has underscored the critical factors influencing these characteristics, 

encompassing concentration, particle size, particle shape, base fluid composition, 

and temperature. 

With this understanding, the subsequent step involves leveraging this knowledge to 

develop and formulate charcoal-based nanofluids for utilisation as flooding fluid in 

our research endeavours. 

2.7. Biomass and Charcoals  

Biomasses are complex organic or inorganic solid products that can be classified into 

woody, agricultural, algae, human and animal waste [120]. Biomass is mostly woody 

and is derived from trees and forestry wastes made up of stems, branches, leaves, 

and chips [121]. Agricultural biomass follows, comprising residues from crops and 

plants such as corn stover, corncobs, rice husks, and wheat straw [121]. The uses of 

agricultural plants and products for biofuels brings up the concern regarding food vs 

energy. Hence, this project will focus on the use of agricultural/forestry waste. 

Biomass is formed of cells as shown in Figure 2.10  [122], which contain the elements 

that give them their properties. The cells are made up of three main polymers: 
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cellulose, hemicellulose, and lignin [123]. Cellulose, the main component, consists of 

polysaccharides as cellulose contains several sugar molecules bonded together, 

such as homogeneous β-1 and 4-glycosidic bonds [124]. Hemicellulose is the 

second-largest component in the plant cell wall. Hemicellulose is a group of complex 

polysaccharides, also known as heteropolysaccharides [124], Hemicellulose is a 

collection of sugar molecules such as glucose, mannose, and xylose [123]. Lignin is 

generally composed of three benzene propane monomers (coniferyl alcohol, sinapyl 

alcohol, and p-coumaryl alcohol) with a three-dimensional network polymer built 

through C-C bonds and ether linkage bonds [124]. Typically, cellulose comprises of 

35-50 wt%, hemicellulose 20-35 wt%, and lignin 10-25 wt% as shown in Table 2.3 

[125]. 

 

Figure 2.10: Structure of Biomass showing the cellulose, lignin and hemicellulose. 

Table 2.3: Cellulose, Hemicellulose and Lignin composition of woody and agricultural 

biomass (dry basis) [125]. 

General Biomass 
Classification 

Lignocellulose 
Biomass Type 

Cellulose 

(wt %) 

Hemicellulose 

(wt %) 

Lignin 

(wt %) 

Hardwood Oak 40.4 35.9 24.1 

Softwood Pine 42.0-50.0 24.0-27.0 20.0 

Agricultural Waste Rice Husk 28.7-35.6 12.0-29.3 15.4-20.0 

Agricultural Waste Wheat Straw 35.0-39.0 23.0-30.0 12.0.16.0 

Grasses Switchgrass 35.0-40.0 25.0-30.0 15.0-20.0 

Different biomasses have varying compositions; the composition of each material is 

different due to the structure of the hemicellulose, cellulose, lignin, and the 
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composition of inorganic and organic materials [126]. An experiment calculating the 

combustion properties of selected biomass was carried out by Jenkins et al. [126].  

As shown in Table 2.4, dry matter in biomass is typically made of 30 to 40 wt% 

oxygen. Depending on the ash content of the biomass, carbon accounts for 30 to 60 

wt%, and the number of inorganic ions such as Ca, K, Mg, Na, P, Cl, Si, and S is also 

dependent on the ash content. Inorganic ions such as Na, K, Ca, and Mg in the ash 

affect the alkalinity of the ash as they are known as alkali and alkaline earth minerals, 

which will affect the behaviour of the charcoal nanofluid produced as a flooding fluid. 

To determine the moisture, volatile matter, ash, and fixed carbon content, proximate 

analysis is carried out, while ultimate analysis is performed to determine the 

elemental compositions such as C, H, N, S, and O. For example in Table 2.4 it can 

be seen that the ash content of willow wood is lower at 1.7 wt% dry basis and that of 

rice hulls are higher at about 20.3 wt% dry basis.  

Table 2.4: Proximate, Ultimate, and Elemental analysis of woody and agricultural 

biomass (dry basis wt %) [126]. 

 Wheat Straw Rice Hulls Rice Straw Willow Wood 

Proximate Analysis 

Fixed Carbon 17.71 16.22 15.86 16.07 

Volatile Matter 75.27 63.52 65.47 82.22 

Ash 7.02 20.26 18.67 1.71 

Ultimate Analysis     

Carbon 44.92 38.83 38.24 49.90 

Hydrogen 5.46 4.75 5.20 5.90 

Oxygen (Diff) 41.77 35.47 36.26 41.60 

Nitrogen 0.44 0.52 0.87 0.61 

Sulphur 0.16 0.05 0.18 0.07 

Chlorine 0.23 0.12 0.58 <0.01 
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Table 2.4 continues the Proximate, Ultimate, and Elemental analysis of woody and 

agricultural biomass (dry basis wt %) [126]. 

 Wheat Straw Rice Hulls Rice Straw Willow Wood 

Elemental Composition in Ash 

SiO2 55.32 91.42 74.67 2.35 

Al2O3 1.88 0.78 1.04 1.41 

  TiO2 0.08 0.02 0.09 0.05 

  Fe2O3 0.73 0.14 0.85 0.73 

  CaO 6.14 3.21 3.01 41.20 

  MgO 1.06 <0.01 1.75 2.47 

   Na2O 1.71 0.21 0.96 0.94 

K2O 25.60 3.71 12.30 15.00 

SO3 4.40 0.72 1.24 1.83 

P2O5 1.26 0.43 1.41 7.40 

CO2/other - - - 18.24 

Undetermined 1.82 -0.64 2.68 8.38 

Biomass can be processed into charcoal via combustion, gasification, and pyrolysis. 

Combustion is the burning of biomass in the air between 800 to 1000°C [127]. 

Although it is inexpensive, it is not very efficient when compared to pyrolysis as the 

emissions are harmful to the atmosphere. Gasification is the conversion of biomass 

to gaseous fuel at 700 to 900°C [128]. Pyrolysis is defined as the thermal degradation 

or decomposition of biomass in the absence of oxygen [128]. Pyrolysis is the only 

process that results in the biochar required for this research project. 

Pyrolysis begins with the devolatilization of the biomass ((𝐶𝑥𝐻𝑦𝑂𝑧)𝑛) by dehydration, 

decarboxylation, and dehydrogenation, resulting in the formation of carboxyl, 

carbonyl, and hydroxyl groups. The primary stage is swiftly followed by the secondary 

stage, where the cracking of heavy compounds into char and gases takes place 

 [120]. The first half of the product corresponds to the gaseous products, and the 
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second is the liquid products while the third is the production of char (Carbon, C) 

[129]. 

The pyrolysis process is influenced by the nature of the feedstock, the temperature, 

the residence time, the heat transfer, the reactor design, the atmosphere, and the 

pressure. The influence of the heating rate, temperature, and residence time of the 

pyrolysis process, determines which type of pyrolysis is taking place, as shown in 

Table 2.5. The product yield depends on the type of pyrolysis. Generally, char 

production reduces with an increase in temperature and heating rate, which is why 

slow and intermediate pyrolysis results in a higher solid product [130]. To see the 

effect of residence time, temperature, and heating rate on the char characteristics as 

a flooding fluid, charcoals produced via different methods will be analysed towards 

EOR.  

Table 2.5: Types of Pyrolysis. 

 Slow Intermediate Fast 

Temperature (°C) 550-950 500-650 850-1250 

Heating rate (°C/s) 0.1-1.0 1.0-10 10-200 

Residence time (s) 300-550 0.5-20 0.5-10 

Liquid (dry wood basis 
wt %) 

30 50 75 

Solid (dry wood basis 
wt %) 

35 25 12 

Gas (dry wood basis wt 
%) 

35 25 13 

Ref 
[131-
134] 

[134, 135] [131-134] 

For research purposes, the choice of biomass is crucial as it will affect the behaviour 

of the nanofluid. The ash content and composition of the charcoal will determine the 

mineral content, which in turn will affect the alkalinity of the charcoal. Results from 

the pilot and field-scale flooding using alkaline have shown the potential to reduce 

the fluid-oil interfacial tension [23, 49-53], while the silica content in the charcoal will 

be important as literature has demonstrated that silica can alter the wettability of the 

rock surface.  



I.Z.Akande, PhD Thesis, Aston University 2023. 

52 

 

 

2.8. Conclusion  

In conclusion, the pursuit of Enhanced Oil Recovery (EOR) techniques is crucial for 

optimising hydrocarbon extraction from reservoirs, particularly in challenging 

geological formations and mature fields. This literature review has provided a 

comprehensive overview of various EOR methods, nanofluids, and biomass-derived 

charcoals, elucidating their principles, applications, and associated challenges. 

EOR methods can be broadly classified into thermal, gas injection, and chemical 

injection techniques. Thermal methods utilise heat to reduce oil viscosity, while gas 

injection involves injecting gases to enhance recovery rates. Chemical injection alters 

fluid properties to improve oil displacement efficiency. Despite their effectiveness, 

these methods face challenges such as environmental implications, gas retention, 

and cost-effectiveness, necessitating careful consideration of reservoir 

characteristics and operational factors. 

Nanofluids, comprising nanoparticles dispersed in a base fluid, offer significant 

promise for enhancing oil recovery. Extensive research has explored various 

nanoparticles, including metal oxides, carbon-based materials, and cellulose 

nanoparticles, demonstrating their efficacy in improving oil displacement efficiency. 

Understanding factors such as nanoparticle concentration, size, surface chemistry, 

and base fluid composition is crucial for optimising nanofluid performance in practical 

applications. 

Viscosity behaviour is a key consideration in nanofluid performance, influencing their 

flow characteristics and applicability in EOR. Theoretical models and experimental 

studies help predict and understand nanofluid viscosity behaviour, essential for 

optimising their formulation and performance. 

Interfacial properties, such as interfacial tension, surface tension, and contact angle, 

play a critical role in nanofluid performance. Various techniques are employed to 

evaluate these properties, with factors like nanoparticle concentration, size, and 

temperature significantly influencing interfacial behaviour. 

Biomass-derived charcoals, produced via pyrolysis, offer another avenue for 

enhancing oil recovery. Understanding biomass composition and pyrolysis 

parameters is crucial for producing charcoals with desired properties for EOR 
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applications. Charcoals with specific mineral compositions, such as silica, can alter 

interfacial tension and wettability, making them suitable candidates for EOR. 

Overall, continued research and development efforts are essential for advancing 

EOR technologies and realising their full potential in the oil and gas industry. 

Collaboration between academia, industry, and regulatory bodies is vital for 

addressing challenges and optimising the performance and sustainability of EOR 

practices. Leveraging the insights gained from this review, future research 

endeavours can focus on developing innovative solutions to meet the evolving 

demands of the energy sector while ensuring responsible resource utilisation and 

environmental stewardship. 
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3. Chapter 3: Experimental Procedures and Methodologies 

Used in the Research  

3.1. Introduction 

Charcoal-based nanoparticles have emerged as a promising avenue for enhancing 

fluid properties in various industrial applications, particularly in enhanced oil recovery 

processes. The integration of nanoparticles derived from renewable biomass 

sources, such as wheat straw and rice husk, into fluid matrices offers the potential to 

modify wettability, reduce interfacial tension, and enhance viscosity, thereby 

optimising fluid displacement efficiency. This thesis delves into the synthesis, 

characterization, and experimental analysis of charcoal-based nanofluids, aiming to 

develop nanofluids from abundant and low-cost charcoals and investigate their 

suitability as stated in Section 1.2. 

By understanding the relationship between nanoparticle properties, fluid behaviour, 

and environmental conditions, researchers can tailor nanofluid formulations to meet 

specific performance requirements in diverse applications. Through systematic 

investigation and experimentation, this study endeavours to unravel the underlying 

mechanisms governing the behaviour of charcoal-based nanofluids and their efficacy 

in reservoir engineering applications. 

3.2. Varieties and characteristics of charcoals examined in the 

research 

The charcoals studied in this work were prepared from wheat straw and rice husk via 

pyrolysis as shown in Table 3.1. The wheat straw char (WSCa) was produced using 

an Auger reactor with a residence time of 10 minutes at 400°C. The rice husk chars 

(RHCa and RHCb) were produced via both fixed bed pyrolysis reactor and Auger 

reactor with a residence time of 30 and 10 minutes at 450 and 400°C, respectively. 

WSCb, Beechwood and Miscanthus were all produced via fast pyrolysis in a fluidised 

bed at about 500°C. The biomass samples were used in their received form for 

pyrolysis. A commercial active carbon (AC) (Sigma Aldrich, LOT: MKBQ9520V) was 

selected to be studied as a reference.  
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Table 3.1: Characteristics of charcoal types by year of production, pyrolysis type, 

temperature, and residence time. 

3.3. Core flooding 

For the cores, kiln-dried sand (Quartz) was obtained from Wickes. 

Crude oil supplied by Shell Trading International Limited with <0.5% Sulphur CAS 

no: 8002-05-9 was used, with a viscosity of 3.0 mPa.s 50°C and a density of ~ 820 

kg/m3 at 50°C.  

Artificial brine with a viscosity of ~0.47 mPa.s at 50°C was used to simulate oil 

reservoir conditions. Artificial brine made up of the compounds in Table 3.2 was 

adapted from the experiment by Ali Levent et al. [136]. 

Table 3.2: Composition of artificial brine for experimental analysis.  

Compound Quantity (g) Ion 
Total Salt 

(%) 

NaCl 24.5 Cl- 55.1 

MgCl2 5.2 Br- 0.2 

CaCl2 1.2 SO4
2- 7.7 

KCl 0.7 HCO3
- 0.4 

Sample Year Pyrolysis Temp (oC) Residence time 

Wheat Straw Char a (WSCa) 2018 Auger reactor 400 10 minutes 

Wheat Straw Char b (WSCb) 2014 Fluidised bed 500 <2 seconds 

Rice Husk Char a (RHCa) 2014 Fixed batch 450 30 minutes 

Rice Husk Char b (RHCb) 2019 Auger reactor 400 10 minutes 

Beech Wood 2014 Fluidised bed 500 <2 seconds 

Miscanthus 2014 Fluidised bed 525 < 2 seconds 

Active Carbon (AC) - - - - 
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Table 3.2 continues the Composition of artificial brine for experimental analysis. 

Compound Quantity (g) Ion 
Total Salt 

(%) 

SrCl2 0.03 Mg2+ 3.7 

Na2SO4 4.1 Ca2+ 1.2 

NaHCO3 0.2 Sr2+ 0.04 

KBr 0.1 K+ 1.1 

  Na+ 30.6 

3.4. Nanofluid preparation methodology: techniques and procedures 

for synthesising nanoparticle suspensions  

3.4.1. Dry milling methodology: procedures and techniques for particle size 

reduction in the absence of liquids 

A planetary micro mill Pulverisette 7 with 0.3 mm zirconium beads, was used for the 

dry milling of the samples. Initial experiments to determine the most efficient ratio of 

beads to sample were carried out using three different ratios of milling beads to 

samples, at a speed of 600 rpm over a set amount of time. The ratios of milling beads 

to samples were: 1:2, 1:1 and 1:0.5. 

The ceramic milling bowls were weighed before and after the addition of both the 

beads and the samples. The change in sample size was recorded with time for all 

three ratios; this was repeated three times. 

3.4.2. Wet milling methodology: techniques and procedures for particle size 

reduction in the presence of liquids 

DYNO®-MILL ECM-AP 05, DYNO®-MILL Research Lab, and planetary micro mill 

pulverisette 7 were used for the wet milling. For all three mills, a mixture of 5-2 wt% 

of the sample was made using distilled water as the base fluid. 

DYNO®-MILL ECM-AP 05 was designed for wet milling at a capacity of 1 L. It 

consists of an accelerator to circulate the beads at a chosen speed of 1800 rpm, with 

250 mL Zirconia beads of size 0.3 mm. Both the temperature and the pressure in the 

system were monitored via a thermocouple and a pressure sensor. A temperature of 

25°C, which was kept constant with the aid of a water-cooling system at a rate of 

250-400 L/h was used. Initially, the mill was filled with the 250 mL beads, before the 
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mixture was then charged into the mill via the inlet pipe. The size and zeta potential 

of the fluid was monitored with time, and the concentration of the sample was 

changed by the addition of distilled water following sample collection.  

DYNO®-MILL research Lab was designed for wet milling at a capacity of 0.15 L. Just 

like the DYNO®-MILL ECM-AP 05, it consists of an accelerator to circulate the beads 

at a speed of 3500 rpm and the temperature was controlled at 25oC via the circulation 

of water. The mill was filled with 55 mL zirconium beads of 0.3 mm and then 100 mL 

of the sample. As the sample got thicker, a portion was taken, and deionised water 

was added to change the concentration. 

The planetary micro mill pulverisette 7 has two milling bowls of 12 mL each. The 

samples (8 mL) were first milled with 8 g of zirconium beads of 0.3 mm at a speed of 

800 rpm for a given time. When no further size reduction was observed, 0.1-0.2 mm 

zirconium beads at the same speed for a given time were used.  

3.5. Characterization Methodology including techniques and 

Approaches for Analysing Properties. 

3.5.1. Proximate analysis  

Proximate analysis is the determination of the contents of moisture, volatile matter, 

fixed carbon, and ash in a sample. Before analysis, the chars were grounded with 

mortar and pestle and sieved to under 40 mesh. This analysis was performed with 

thermogravimetric analysis (TGA), in which a sample is exposed to a pre-determined 

temperature program, under a selected atmosphere (inert or oxidising). The weight 

of the sample is continuously measured and plotted (in absolute values or 

percentages) against the elapsed time or the programmed temperature. 

A Mettler Toledo TGA/DSC2 (Thermogravimetry Analysis/Differential Scanning 

Calorimetry) with STARe software was applied to carry out the proximate analysis. 

Each run used approximately 3 mg of the sample with a size under 40 mesh. The 

sample was heated in pure nitrogen (40 ml/min) from 25 to 50°C at a heating rate of 

15 °C/min and kept at isothermal conditions for 30 minutes before being further 

heated to 105°C at a heating rate of 5 °C/min, and kept at isothermal conditions for 

10 minutes to remove all remaining moisture content. It was then further heated from 

105 to 900°C at a heating rate of 10 °C/min. The experiment follows ASTM standards, 
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E1757-19 [137] for the preparation of the charcoal sample, E871-82 [138] for the 

determination of moisture (M) content, and E872-82 [139] for the volatile matter (VM).  

To obtain the ash content (A) in the samples, the samples were exposed to an 

oxidising atmosphere with an oxygen flow rate of 30 ml/min, mixed with a nitrogen 

flow rate of 10 mL/min. A protective nitrogen flow of 30 mL/min from 25 to 50°C at a 

heating rate of 15 °C/min and retained at isothermal conditions for 5 minutes before 

being further heated to 105°C at a heating rate of 10 °C/min and retained at isothermal 

conditions for 5 minutes. It was then further heated from 105 to 900°C at a heating 

rate of 10 °C/min and maintained at isothermal conditions for 5 minutes. The 

procedure was based on D1102-84 [140], while the fixed carbon (FC) contents were 

obtained using Equation 3.1. 

𝐹𝐶(𝑤𝑡%) = 100 − 𝑀(𝑤𝑡%) − 𝑉𝑀(𝑤𝑡%) − 𝐴(𝑤𝑡%) Equation 3.1  

were FC is the fixed carbon content (%), M is the moisture content (%), VM is the 

volatile matter content (%) and A is the ash content (%). 

All the reported data are the average of three measurements with an error of about 

0.3%, and the values were obtained in weight percentage, on a wet basis and 

converted to dry bases (db) using Equation 3.2. A blank measurement was performed 

to subtract the buoyancy effect. 

𝐷𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 (𝑤𝑡%) = 𝐴𝑠 𝑟𝑒𝑐𝑖𝑣𝑒𝑑 (𝑤𝑡 %) ×
100

100 − 𝑀 (𝑤𝑡 %)
 

Equation 3.2  

3.5.2. Ultimate analysis 

The determination of the main elemental constituents of the samples (carbon, 

hydrogen, nitrogen, sulphur, and oxygen, obtained by difference), was measured for 

the samples. The ultimate analysis was carried out using a CHNS/O Flash 2000 

Organic Elemental Analyser (Thermo Fisher Scientific). A sample of 2-3 mg along 

with ~5 mg of vanadium pentoxide (oxidant, to assist complete sample conversion) 

was combusted and the released gas was analysed for CO2, H2O, NO2 and SO2 by 

the gas chromatography for the content of C, H, and N. The difference of C, H, N, 

and ash content from 100% is assigned as oxygen content.  Sulphanilamide was 

used as the standard for the analyses. All the reported data are the average of three 

measurements. 
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3.5.3. Fourier Transform Infra-Red (FT-IR) 

The Fourier Transform Infra-Red (FT-IR) spectrometer was used to analyse the 

charcoal chemical bonds and functionalities. A PerkinElmer FT-IR Spectrometer 

Frontier and Spectrum software were used. The scanned wavelength was from 4000 

to 400 cm-1, a blank scan was carried out before each scan to minimise the 

background noise. Each scan was carried out at a step of 4 cm-1 for 16 scans in 

triplicates. 

3.5.4. Optical microscope 

A Motic BA310 Digital Biological Microscope with an objective lens of 4×, 10×, 40×, 

and 100× was used for the examination of charcoal-based fluids at varied pH values.  

A drop of the diluted fluid at a controlled pH value was placed on a glass slide. The 

slides were gently shaken to form a thin layer of sample film for observation. The 

scale bar was calibrated using the microbar provided by Motic.  

3.5.5. Scanning Electron Microscope (SEM)  

An Environmental Scanning Electron Microscope (Thermo Quattro S) was used to 

observe the charcoal nanoparticles. A nanofluid sample prepared was extensively 

diluted and a drop of the diluted sample was carefully placed on a copper grit for 

evaporation overnight and then loaded for observation.  

3.5.6. pH at Point of Zero Charge (PZC) 

To characterise the charcoal surface charging conditions, the pH point of zero charge 

(pHpzc) was determined for each sample. Three different methods were trailed before 

a final one was picked.  

In method 1, the charcoal sample of 0.1 g was dispersed into a vial that contained 

solutions with varying pH from 1 to 12. Once the sample was added the pH of the 

solution was measured and this was taken to be the initial pH. The mixture was left 

for 24 hours at a constant temperature before the pH was measured again to 

determine the final pH. 

For method 2, 0.1 g of the charcoal samples were placed in a vile then the pH was 

adjusted to vary from 1 to 12, this was then recorded as the initial pH. The mixture 
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was also left for 24 hours at a constant temperature before the final pH was 

measured. 

The pHpzc of a material is the pH value at which the material surface is neutral, thus 

having a zero charge. A solid addition method adapted from [141] was used to 

determine the point of zero charge of the charcoal samples. NaOH (0.1 M) and HCl 

(0.1 M) aqueous solutions were used to prepare six starting solutions of 12 mL, each 

having an initial pH value of 1.0, 3.0, 5.0, 7.0, 9.0, or 11.0, respectively. Charcoal 

samples of 0.1 g were dispersed into each solution. The mixtures were stirred in a 

water bath of 25°C for 24 hrs. The pH value of each mixture was then recorded as 

the final pH value. The final pH values were plotted against the initial ones to 

determine the point of zero charge, which is the pH where the initial and final pH are 

equalised. All the measurements were repeated three times. A Jenway 3540 pH and 

conductivity meter was used in the pH measurement. The pH meter was calibrated 

using buffer solutions of pH 4.0, 7.0, and 9.2 daily before the measurement.   

3.5.7. Particle size and zeta potential measurement  

The charcoal particle size and size distribution in the milled fluid were analysed using 

a Brookhaven Zeta Plus. To avoid any agglomeration, and to measure the primary 

size of the charcoal particles, the milled fluids were extensively diluted and 

ultrasonicated after adjusting pH away from their pHpzc. Each sample was repeated 

at least three times and averages of repetitive measurements were reported. 

3.5.8. Viscosity measurement 

The viscosity was measured using a Brookfield DV-II Ultra cone or plate (CPA-42) 

rheometer. The viscosity measurement was carried out either at a given shear rate 

of 384 s-1 (100 rpm) or in the shear rate ranging from 10 to 200 s-1 at a given 

temperature, which was controlled by a Thermos Haake C25P bath with an accuracy 

of ±0.1°C. The rheometer was calibrated by the viscosity of water at 25oC. Each fluid 

sample was ultra-sonicated for 1 hr at 25°C directly before the measurement. Each 

sample was measured at least three times ensuring that the reported data had an 

accuracy within ± 0.1 mPa.s.     
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3.5.9. Surface tension and contact angle analysis. 

The surface tension and contact angle were measured using a Biolin Scientific 

Optical Tensiometer Theta Lite with Attention Software (Version 4.0.3).  

The selected chars were dispersed in deionised water and sonicated in an ultrasonic 

bath for an hour to reduce agglomeration. The char concentration in the deionised 

water was kept constant at 2 wt%. After which, 0.5 mL of the solution was dispersed 

in 0.5 mL pH-controlled solutions made up of NaOH and HCl, making up a 

concentration of 1 wt%. 

The surface tension was measured at room temperature using a pendant drop shape 

analysis. Static contact angles were measured in air, using the dispersed 

nanoparticles in deionised water at room temperature, the concentration and pH of 

each sample were controlled. The substrate used waswax-coatedd glass slides.  

3.5.10. Permeability  

The analysis of the permeability of the core was carried out after the porosity was 

determined. A vessel filled with water was placed on a lab jack and connected to the 

saturated core, the height was adjusted to allow little to no of hydraulic pressure. The 

quantity of water collected was measured every 10 minutes and used to calculate the 

flow rate. Equation 3.3 which describes Darcy’s law was used to calculate the 

permeability.  

𝑘 = 𝑣
𝜇∆𝑥

∆𝑃
 

Equation 3.3 

where 𝑣 is the fluid velocity through the porous medium (m/s); k is the permeability 

(m2); 𝜇 is the dynamic viscosity of the fluid (Pa·s); ∆𝑥 is the thickness of the bed of 

the porous medium (m) and ∆𝑃 is the applied pressure difference (Pa). 

3.6. Core packing and flooding methodology: procedures for 

assembling core samples and conducting fluid flow experiments 

3.6.1. Sieving analysis  

The rig consists of 3 storage tanks with a capacity of 200 mL, a cylindrical pipe with 

dimensions 300 by 20 mm and a volume of 94 mL made from copper. 
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Before packing, the moisture content of the sand was measured to be about 0.1%. 

The sand is collected via cone and quartering method, to ensure the samples are 

representative. 

The collected samples from the cone and quartering are placed through the top of 

the sieve and are allowed to fill the compartments without any interference. Once the 

sample has been placed, the sieve is vibrated by hand for about 30 seconds, to 

ensure that particles have been settled throughout the compartments and that 

particles are falling into the available empty spaces. The sieve was vibrated for 5 

minutes and then each mesh compartment was taken out individually and the 

material collected where weighed. 

3.6.2. Core packing 

One of the parameters that was considered while packing the core was the void 

space. Void space is often characterized by porosity, which is dependent on the 

particle shape and size. The particle shape that is present within each particle size 

will differ, therefore the arrangement of packing can significantly change. Parameters 

such as the pore volume pore size and pore uniformity play an important role in the 

sweeping of the fluids within the core, which is why a method to get repeatable data 

was developed.  

To determine the pore volume, the weight of the core before and after packing with 

sand was recorded. Once the core was packed with sand, it was submerged in water 

for 24 hours to allow full saturation. After 24 hours, the weight of the saturated pore 

was measured, and the weight of the core and sand was taken away from that of the 

saturated core to determine the amount of water within the pores. This was taken as 

the pore volume. The bulk volume is the volume of the core which is 94.2 mL.  

Equation 3.4 was used to calculate the porosity.   

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 ∅ =  
𝑉𝑝

𝑉𝐵

 
Equation 3.4 

𝑉𝑝 = 𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3)𝑉𝐵 = 𝐵𝑢𝑙𝑘 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3) 

3.6.3. Oil loading and water flooding of the core  

The oil loading and flooding were carried out on a homemade flooding rig, where the 

fluids were pumped (a Longer L100-1E peristaltic pump) into a horizontal 

temperature-controlled core. The temperature is controlled at 50°C via the hot water 
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circulation through a jacket on the core (a HAAKE C25P Refrigerated Bath with 

Phoenix II Controller). The packed wet core was first rinsed using the artificial brine. 

At the outlet of the core, a back pressure reducer (Flomasta pressure reducing valve 

1) was installed and set at 2 full turns. About 50 mL of the artificial brine was fed into 

the core to fully replace the deionised water and then the back pressure reducer was 

closed, and the rig was left on standby for 24 hours. The core was then ready for 

crude oil loading.  

The pump was switched to the crude oil tanks, which are maintained at 50°C using 

an IKA IKAMAG Works RCT S 19 Hot Plate Stirrer (UGK86) for oil loading by 

replacing the artificial brine trapped in the pore of the packed core. The pumping rate 

was controlled constantly at 1.8 mL/min and the back pressure reducer was set at 2 

full runs. While the crude oil pumping was going on, the effluent was collected in 25 

mL measure cylinders and the volume of effluent brine and crude oil was recorded 

with the oil feeding time. The crude oil feeding stopped when more than 25 mL of 

crude oil was continuously collected with no brine observed in the effluent. The core 

was left on standby for 24 hours to allow saturation into the pores. The recorded 

volumes of the brine and crude oil were used to produce the crude oil loading curves.   

For water flooding, the pump was switched to a deionised water tank. The water 

flooding procedure and conditions used were the same as that used in the crude oil 

loading. While the deionised water was pumped in and crude oil in the effluent was 

monitored for the stop of water flooding. When at least 25 mL of water was collected 

without observable crude oil in it, the water flooding was completed. The core was 

ready for enhanced oil recovery.  

3.6.4. Charcoal-based nanofluid flooding 

Sectional flooding is applied to test the performance of the charcoal-based nanofluid 

in the enhanced oil recovery. Sectional flooding means to send a volume of another 

fluid equivalent to a sectional volume of the core to change the oil/water/reservoir 

wall condition and then continue the water flooding for oil recovery. In this study, the 

charcoal nanofluid equivalent to 20% of the pore volume in a specific core was 

pumped into the core at the end of the water flooding at a flow rate of 1.8 ml/min. 

After that, water flooding was continued. During the operation, both crude oil and 
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black nanofluid in the effluent were monitored to examine the flow pattern of the 

charcoal-based nanofluids and their performance in enhanced oil recovery.  

 

  



I.Z.Akande, PhD Thesis, Aston University 2023. 

65 

 

 

4. Chapter 4: A Theoretical Study of Viscosity Enhancement 

of Nanoparticles 

4.1. Introduction 

Much progress has been made in the development of the theoretical framework 

describing the relationship between the viscosity changes with the nanoparticle 

volume fraction, but further progress is needed for the description of the viscosity 

change with respect to the properties of the added solid nanoparticles and their 

interaction to the base liquid and each other in the base liquid, especially when the 

nanoparticle population becomes large (e.g. for small particle size and large volume 

fraction) and the interaction of the nanoparticle to the base liquid and other particles 

is strong.  

To make further progress, literature around the relative viscosity data of nanofluids 

using various reported theoretical models will be analysed, which will show that a 

better interpretation of the literature data is afforded by the adaptation of Chen’s 

equation via introducing a new parameter denoted as the Dispersion Factor (DF) to 

describe relative viscosities of nanofluids dependent on nanoparticle volume fraction. 

4.2. Viscosity enhancement of metal oxide nanoparticles: 

Experimental data and modelling 

Nanoparticles with metal oxides are a group of widely studied viscosity enhancers for 

their applications in processing engineering. Some experimentally measured relative 

viscosity data from representative studies of different-sized TiO2 [89, 99, 101, 102, 

142, 143], γ-Al2O3 [99, 100, 103, 104, 143-145], and SiO2 [104, 144] nanoparticles 

dispersed in water have been selected, and have compared the experimentally 

measured (data points) and calculated (lines) relative viscosity vs. nanoparticle 

volume content for each type of metal oxide as shown in Figures 4.1 to 4.3, 

respectively.  
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Figure 4.1: The experimental relative viscosity data (data points) for different TiO2 
nanofluids vs. their concentration (in vol%) compared to the calculated lines based 
on (a) the Einstein model and the Pak and Cho equation, and (b) Chen equation that 
includes the Dispersion Factor (DF) parameter. 

(a) 

(b) 
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Figure 4.2: The experimental relative viscosity data (data points) for different γ-Al2O3 
nanofluids vs. their concentration (in vol%) compared to the calculated lines based 
on (a) the Einstein model and the Pak and Cho equation, and (b) the adapted Chen 
equation that includes the Dispersion Factor (DF) parameter. 

(a) 

(b) 
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Figure 4.3: The experimental relative viscosity data (data points) for different SiO2 

nanofluids vs. their concentration (in vol%) compared to the calculated lines based 

on (a) the Einstein model and the Pak and Cho equation, and (b) the adapted Chen 

equation that includes the Dispersion Factor (DF). 

(a) 

(b) 
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To allow a strict comparison, all the data selected were measured at a temperature 

between 20 to 25°C. Figures 4.1 to 4.3 comprise a double triad of data, i.e. three 

different groups of literature data points for TiO2, γ-Al2O3, and SiO2 nanofluids, with 

lines resulting from the data being subjected to the various reported theoretical and 

empirical equations (Figures 4.1a, 4.2a, 4.3a) and to Chen’s equation (Figures 4.1b, 

4.2b, 4.3b). 

If we examine the data points, then it becomes clear that in general, the relative 

viscosity increases with the nanoparticle content, but the increment does not vary 

with particle size consistently. The relative viscosity ratio also varies with particle 

composition, which in turn affects the particle surface properties and its interaction 

with the base liquid. The calculated lines derived from the Einstein and Pak and Cho 

equations, included in Figures 4.1a, 4.2a and 4.3a, represent the low and high 

boundaries of the experimental data in the studied concentration range, respectively. 

The lines calculated by the equations of Brinkman and Batchelor are remarkably 

close to that of the Einstein equation; in fact, they virtually overlap at the scale used, 

thus can be considered as similar in the discussion (vide infra), hence only the 

Einstein line has been included in the figures. Figures 4.1a, 4.2a and 4.3a show that 

when the nanoparticle volume content is less than 1 vol.%, the calculated relative 

viscosity given by the Einstein equation is close to the experimental data, which is 

consistent with the Einstein equation being valid for spherical particles at a content 

less than 1 vol.%. Consequently, when the nanoparticle volume content is above 1 

vol.%, all data points, even the low boundary of experimental values, lie significantly 

above the Einstein line.  

The relative viscosity varying with nanoparticle volume content calculated using the 

Pak and Cho equation shows a line at the high boundary of the experimental data 

(Figures 4.1a, 4.2a and 4.3a). The Pak and Cho equation has a similar form to that 

of the Batchelor equation, but the constants were empirically derived from 

experimental data of γ-Al2O3 and TiO2 nanoparticle aqueous suspensions in the 

concentration range of 1- 3 vol.%. The Pak and Cho line fits better with the high 

boundary of the experimental data of Al2O3 (Figure 4.2a) and SiO2, (Figure 4.3a), 

while it lies slightly higher than the data points for TiO2 (Figure 4.1a). While this 

supports the experimental findings that γ-Al2O3 nanoparticles provide better viscosity 

enhancement than TiO2 [99, 102, 104, 144], the theory is unable to satisfactorily 



I.Z.Akande, PhD Thesis, Aston University 2023. 

70 

 

 

model the difference in data for these different metal oxides. It is particularly 

noteworthy that the data points located between the Einstein and Pak and Cho lines 

in Figures 4.1a, 4.2a and 4.3a could not be described or predicted by any of these 

reported equations. 

4.3. A new parameter of Dispersion Factor (DF) 

The present analysis and discussion of literature data show the limitation of the 

relative viscosity equations of Einstein (1906), Brinkman (1952), Batchelor (1977) 

and Pak and Cho (1998) in modelling the experimental data. The origin of this 

discrepancy lies in the fact that these equations relate the relative viscosity only to 

nanoparticle content, but do not reflect particle size, shape and/or chemical 

composition nor the interaction between particles or particles to the base liquid. The 

important implication is therefore, that these equations cannot realistically distinguish 

the viscosity enhancement resulting from a difference in particle size, shape and/or 

chemical composition nor can they consider the interaction between nanoparticles or 

interactions between a nanoparticle to the base liquid. Further complications arise 

when nanoparticles aggregate, or agglomerate in the suspension; in such situations, 

the modelling becomes even more challenging.  

Particle dispersion or aggregation/agglomeration is a major occurrence in 

suspension preparation. It is for this reason that Chen et. al. (2007) modified the 

Krieger-Dougherty equation, as shown in Equation 2.10 [87], by including a factor 

called agglomerate ratio (the ratio of agglomerate radius to that of the nanoparticle) 

to reflect the effect of particle agglomeration on the relative viscosity. We have used 

and expanded this approach by assigning different numerical values to the 

agglomerate ratio, which resulted in the various calculated lines showing the variation 

of the relative viscosity with nanoparticle volume content that is drawn in Figures 

4.1b, 4.2b and 4.3b. The experimental data can thus be described by a line with an 

agglomerate ratio in the range of 2 to 6.6.  

It may be tedious or even premature to assign a particular Diffusion Factor (DF) value 

to a set of data originating from a particular study as the number of recorded data 

points is rather limited. To shed further light on this, more comprehensive 

experimental studies are required (and may become available in the future). 

However, at this stage, a focus on the general patterns can be offered. 
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In a general sense, the results could be interpreted by considering that the relative 

viscosity increases with the agglomerate ratio at a given nanoparticle volume content; 

and the larger the aggregation, the larger the viscosity enhancement would be. 

Intriguingly, this conflicts with the general understanding that 1) the smaller particle 

size corresponds to a higher particle population for a given nanoparticle 

concentration thus resulting in a shorter distance between the nanoparticles and 2) 

the high nanoparticle surface area to its volume ratio boosts the interaction between 

the nanoparticle surface and the base liquid via the large interaction surface area. 

The consequence is that the van der Waals forces between the nanoparticles, as well 

as those between the nanoparticle and the base fluid, become larger when the 

nanoparticle is smaller, which leads to a large viscosity increase if the nanoparticles 

are dispersed well apart from one another in the base liquid.  

Chen et.al. (2007) defined the agglomerate ratio as the quotient of agglomerate 

radius to nanoparticle radius, hence in the Chen equation the agglomerate ratio is 

strictly related to a radius or size ratio, rather than being correlated with the 

nanoparticle size itself or the chemical composition of the nanoparticle.  

4.4.  Conclusion 

The analysis suggests that the term agglomerate ratio can instead be represented by 

a parameter that has a pure numerical value. This treatment will enlarge the 

applicable scope of the model by including the effect of actual nanoparticle sizes and 

chemical compositions via the interaction between nanoparticles and the 

nanoparticles to the base liquid. To reflect the more comprehensive nature of this 

new ratio, this research would like to suggest the new parameter Dispersion Factor 

(DF) that is to be included in Equation 2.10, thus yielding Equation 4.1. 

𝜂eff

𝜂bf
= (1 −

φ

0.605
(𝐷𝐹)1.2)

−1.5125
                              Equation 4.1 

In this equation, the DF is represented by a pure numerical value, which 

comprehensively reflects the effect of the nanoparticles in the base liquid and their 

interactions with the base liquid and themselves on the relative viscosity. The 

significance is that the value of DF can be determined from the experimental data, 

and its value captures crucial information in the following manner:  
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If the modelling of experimental data gives a larger DF value, it means that there is 

1) a smaller size and larger aspect ratio of nanoparticles; 2) a stronger interaction of 

particles to the base liquid and among themselves, or more complicatedly 3) the 

formation of secondary functional entities formed from the nanoparticles as, e.g., 

aggregates. The larger the aspect ratio of the secondary functional entities, the more 

significant their effect on the relative viscosity.  

When the nanoparticle sizes are comparable and the nanoparticles are suspended 

in the same base liquid, the DF value difference will reflect the relative interaction 

strength of the nanoparticles to the base liquid, as shown by the modelling of the data 

in Figures 4.1b, 4.2b and 4.3b. The magnitude of the Dispersion Factor, therefore, 

can be used to evaluate the dispersion condition of nanoparticles in the base liquid 

or the interaction strength of the nanoparticle surface to the base fluid. 
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5. Chapter 5: Properties of the Selected Charcoals 

5.1. Introduction 

The charcoals used in this research are made via the pyrolysis of biomass as 

discussed in Chapter 2. From the literature review in Chapter 2, it was noted that 

different types of biomasses have varying compositions, ash contents and organic 

contents. A representative sample selection is needed to better understand the effect 

of the different compositions and porosities on the behaviour of the nanofluid during 

EOR. Four different biomasses, namely, rice husk, wheat straw, beech wood and 

miscanthus were selected for their abundant availability as the by-product of food or 

energy crop productions. These biomasses are converted into biofuel through 

pyrolysis and their charcoals remain as by-products. Six charcoal samples of these 

four biomasses were sourced from EBRI and Carbon Future for the selection. Among 

these charcoals were processed by slow, intermediate or fast pyrolysis at varying 

temperatures and pyrolysis reactors. As a reference, an active carbon sample from 

Sigma-Aldrich is included. The charcoal samples were analysed for their proximate 

and elemental compositions, surface chemical functional groups (FTIR) and their 

interaction with water (pH at point of zero charge). 

5.2. Proximate and ultimate analysis 

A preliminary analysis is carried out on six charcoal samples as displayed in Table 

3.1: a wheat straw char sample produced via slow pyrolysis in an Auger reactor at a 

temperature of 400°C and a residence time of 10 minutes (WSCa); a wheat straw 

char sample produced via fast pyrolysis in a fluidised bed at a temperature of 500°C 

and a residence time of <2 seconds (WSCb); a rice husk char sample produced via 

slow pyrolysis in a fixed batch reactor at a temperature of 450°C and a residence time 

of 30 minutes (RHCa); a rice husk char sample produced via slow pyrolysis in an 

auger reactor at a temperature of 400°C and a residence time of 10 minutes (RHCb); 

a beech wood char sample produced via fast pyrolysis in a fluidised bed at a 

temperature of 500°C and a residence time of <2 seconds; and a miscanthus char 

sample produced via fast pyrolysis in a fluidised bed at a temperature of 500°C and 

a residence time of <2 seconds. The proximate analysis of the selected charcoal 

samples is listed in Table 5.1. 
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Table 5.1: Proximate analysis in wt% dry basis (db) and wt % dry ash-free (daf). 

Sample Pyrolysis 
Temperature 

(oC) 

Pyrolysis 
Reactor 

Fixed 
Carbon 

(wt %) 

Volatile 
Matter 

(wt %) 

Ash 

(wt %) 

   db daf db daf db 

WSCa 400 Auger 50.4 56.7 38.5 43.3 11.2 

WSCb 500 Fluidised 
bed 

54.2 61.0 34.6 39.0 11.2 

RHCa 400 Auger 40.9 57.2 30.6 42.8 28.5 

RHCb 450 Fixed bed 42.7 64.3 23.7 35.7 33.6 

Beechwood 500 Fluidised 
bed 

58.4 61.3 36.8 38.7 4.8 

Miscanthus 525 Fluidised 
bed 

49.7 60.1 32.9 39.9 17.4 

Active 
Carbon (AC) 

- - 57.7 63.8 32.7 36.2 9.6 

The ash in all charcoal samples presented varying quantities. Both wheat straw 

charcoals were processed at two variable conditions, WSCa in an Auger reactor at 

400°C and WSCb in a fluidised bed reactor at 500°C. The ash content in both samples 

was similar. The RHC, WSC and Miscanthus samples all are rich in ash, of which the 

RHCb contains the highest amount at 33.6 wt.%, WSC at 11.2 wt%, AC at 9.6 wt%, 

and RHCa at 28.5 wt% db, when compared to results by [146] at a similar 

temperature, and a residence time of 10 min, the ash content is comparable with a 

value of 28.7 wt% dry basis.  

The ultimate analysis of the charcoals shown in Table 5.2, gives a breakdown of the 

carbon, hydrogen, oxygen, nitrogen, and sulphur content following pyrolysis. 

Rice husk contains ~20 wt% of silica [147, 148] and wheat straw contains ~7 wt% of 

silica [149] and ~1.2 wt% of K, Mg and Ca, of which potassium is most dominant with 

~1 wt% [150]. Carbon is the richest element as organic matter, which is, on a dry 

basis, 74.3 wt% for WSCa, coinciding with results by Vieiral et al. [146] (73.1 wt% 

daf) at the same pyrolysis conditions.  52.6 wt% for RHCb and 55.9 wt% for AC. The 
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AC has 31.42 wt% oxygen on n dry basis, while the oxygen contents for WSC and 

RHC are close at 9.59 wt% and 9.62 wt%, respectively.    

Table 5.2: Ultimate analysis wt% dry-basis (db) and dry ash-free (daf) basis.  

Following the proximate and ultimate analysis, the most significant difference is the 

ash content in the charcoals. The ash content of the charcoal is predicted to be crucial 

to the behaviour of the nanofluid as an EOR flooding fluid, as a result of the presence 

of inorganic ions such as Ca, K, Mg, Na, P, Cl, Si, and S in the ash, hereby, affecting 

the pH of the charcoal, resulting in a natural alkaline pH. The effect of each of the 

ions on the behaviour of the charcoal as a flooding fluid in this research is unknown 

as of now. However, having the information on the proximate and ultimate analysis 

will aid in understanding the performance of the flooding fluids.  

5.3. Chemical functional groups 

The charcoals, as well as AC, are analysed by FTIR spectroscopy for their chemical 

functional groups. Their IR spectra are displayed in Figure 5.1. The IR spectra of 

RHC and WSC have strong absorption bands at   7̴95 and   ̴1080 cm-1, which can be 

assigned to stretching and bending vibrations of Si-O [151-153], respectively. This is 

consistent with the fact that RHC and WSC are rich in silica [147-149]. The vibrational 

Sample Ash 

(wt %) 

Carbon 

(wt %) 

Hydrogen 

(wt %) 

Oxygen 
(Diff) 

(wt %) 

Nitrogen 

(wt %) 

Sulphur 

(wt %) 

 db db daf db daf db daf db daf db daf 

WSCa 11.2 74.3 83.7 3.9 4.4 13.6 15.3 1.0 1.2 0.0 0.0 

WSCb 11.2 74.1 83.4 3.9 4.4 14.2 14.9 1.0 1.1 0.0 0.0 

RHCa 28.5 53.8 75.3 3.4 4.7 16.5 23.1 1.0 1.4 0.0 0.0 

RHCb 33.6 52.6 79.2 3.4 5.1 12.4 12.8 0.8 1.2 0.0 0.0 

Beechwood 4.8 74.8 78.6 3.3 3.5 21.2 22.3 0.5 0.5 0.0 0.0 

Miscanthus 17.4 64.0 79.8 3.0 3.6 18.8 22.7 0.6 0.7 0.1 0.1 

Active Carbon 
(AC) 

9.6 55.9 61.8 2.7 3.0 34.5 38.2 0.5 0.5 0.0 0.0 
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bands of silica cannot be found in the IR spectrum of AC, suggesting that no silica is 

present in the AC.  

The IR spectra of the samples all have a wide band at ~3350 cm−1, and significant 

bands in the range of ~1600-1575 cm−1 and 1500–1400 cm−1, which can be assigned 

to the O–H vibrations of carboxylic or phenolic groups, and skeletal C–C stretch 

vibration in aromatic rings, respectively. These bands are stronger in the WSC and 

AC IR spectra than in the RHC IR spectrum, reflecting the higher carbon-based 

organic content in WSC and AC compared to RHC. The IR spectrum of WSC, as well 

as that of AC, shows absorption bands at 1319 cm−1 assigned to C-O stretching 

vibrations, and at 875 cm−1 assigned to C=C bending vibrations. However, in addition, 

the AC IR spectrum shows absorption bands in the IR fingerprint zone at 1171 cm-1, 

988 cm−1 (C=C bending), 870 cm−1, 751 cm−1 (C-H bending) and 495 cm−1. The 

presence of these various aromatic carbon and oxygen-containing functional groups 

in conjunction with the elemental composition and ash components being different 

for all three samples is of importance for the present study as these factors are 

thought to be responsible for the perceived differences in surface chemistry 

interactions to the base liquid in the fluid.  

 

Figure 5.1: FTIR Spectra of Hardwood charcoal, Beechwood charcoal, Miscanthus 

charcoal, WSCa, and WSCb, RHCa, RHCb. 
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In conclusion, the FTIR analysis gives a better understanding and knowledge of the 

chemical structure and functional groups under different pyrolysis conditions and 

feedstock. It shows the presence of SiO2 in both RHCs and WSCs, which has been 

linked to wettability [154].  

5.4. pH at Point of Zero Charge (pHpzc) 

Following the charcoal characterisation using the proximate, ultimate, and FT-IR 

analysis, the point of zero charges (PZC) analysis was carried out to give the pH at 

which electrostatic attraction leads to adsorption. 

Three different methods were used to find the pHpzc. The pH meter was calibrated 

before using with buffer solutions (pH 2.0, 4.0, 7.0, and 9.2).  

The methodology establishment was carried out, using three different methods, In 

the case of methods 1 and 2, the reaction between the charcoal and the NaOH 

started before the assessment of the initial pH measurement. The adsorption of the 

NaOH onto the surface of the charcoal is accelerated at the beginning, which is why 

for methods 1 and 2, the time between the addition of the NaOH and the 

measurement of the pH led to an operational error. In method 3, the pre-mixing and 

pre-measuring of the pH of NaOH and KCl eliminated the time delay leading to a 

more reliable result. Therefore, method 3 was chosen to analyse the pHpzc of all future 

samples. 

The pH point of zero charge (pHpzc), was determined for each sample for its surface 

charging condition in water by method 3. Figure 5.2 shows the final pH values RHCb, 

WSCa and AC as a function of the various initial pH values.  

The data for WSCa and RHCb show similarly shaped curves with pHpzc values 

located at pH 7.4 for WSCa and pH 6.6 for RHCb, implying that the surface charge 

switches from positive to negative at these respective pH values. The WSCa surface 

shows a slightly alkaline characteristic, which can be attributed to its richness in 

potassium-containing compounds as evidenced by > 1 wt% of potassium in raw 

wheat straw [150]. This pHpzc of pH 7.4 determined for WSCa is remarkably close to 

the pHpzc value of pH 7.8 for another wheat straw char studied by [141]. The RHCb 

surface is slightly acidic with a pHpzc value of 6.6. This pHpzc value should be related 

to the high ash content of RHCb at 33.6 wt% (on a dry sample basis), which is 
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dominated by silica. Both charcoals show a significant surface buffer effect in the 

range of pH 4.0 – 9.2, which is evidenced by the final pH value being levelled in this 

range (Figure 5.2). Subsequently, the final pH gradually increases from pH 9.2 to pH 

12.0.  

 

Figure 5.2: The final pH value versus corresponding initial pH values for aqueous 
solutions containing RHCb, WSCa or AC. The dotted line represents y=x for finding 
an accurate pHpzc value. 

On the other hand, the AC surface is strongly acidic with its pHpzc at pH 1.4. After this 

pHpzc value, a two-stage surface buffer effect shows in the range of ~pH 2.0-5.0 and 

~pH 5.0 to 9.5, and then the final pH value starts to increase considerably, gradually 

reaching pH 12.0. The pHpzc values are summarised in Table 5.3, together with the 

ash content and BET measurement data of specific surface areas and micropore 

volumes that are determined by N2 gas adsorption. 

Table 5.3: pHpzc and specific surface area and micropore volume of the charcoals 

studied. 

 

 

 

 

Both WSCa and RHCb have small specific surface areas at 11 and 22 m2/g, 

respectively, which is rather minor compared to that of AC at 1600 m2/g. The small 

Sample pHpzc 
BET Surface Area 

(m2/g) 

Micropore Volume 

(cm3/g) 

WSCa 7.4 11 0.027 

RHCb 6.6 22 < 0.001 

AC 1.4 1600 2.000 
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specific surface areas of WSCa and RHCb correspond to their low specific micropore 

volumes, e.g., 0.027 cm3/g for the WSCa and negligible for RHCb. In contrast, the 

large specific surface area of 1600 m2/g of AC is associated with a micropore volume 

of 2.000 cm3/g, which is the volume of pores with an opening smaller than 2 nm. 

Compared to the commercially widely used highly microporous AC, the specific 

surface area and micropore volume are exceedingly small for WSCa and RHCb. The 

difference allows the study of the effect of a variation in the porosity of the 

nanoparticles on the viscosity of the nanofluid.   

Following the characterisation of the charcoal samples, RHCb and WSCa samples 

have been chosen for preliminary analysis due to their SiO2 content and pHpzc. 

Following the characterisation of the charcoals different samples and pyrolysis 

conditions result in varying surface chemistry, carbon content, ash content and 

organic matter contents.  

Wheat straw and rice husk are produced agricultural wastes of food production that 

are exceedingly investigated for their waste valorisation. Wheat straw, and especially 

rice husk, is composed of a significant amount of minerals. Rice husk contains ~20 

wt% of silica [147, 148] and wheat straw contains ~7 wt% of silica [149]. These 

minerals remain as ash in the charcoal after pyrolysis. 

From the analysis carried out, it is evident that rice husk char (RHC) has the highest 

ash content and a more prominent silica bond. Through literature review, the ability 

of silica to improve the recovery rate when used as an EOR fluid has been 

demonstrated [24, 69], which is why RHCb has been selected to be researched 

further towards its use in an EOR fluid. To better understand the effect of factors such 

as ash content and the abundance of Wheat straw in the United Kingdom, WSCa 

was selected for further study alongside RHCb.  

Moving forward, RHCb and WSCa will be referred to as RHC and WSC, respectively. 

The following chapters will look at the characteristics of both samples towards being 

an EOR fluid alongside active carbon (AC) which will be used as a reference. 

5.5. Conclusion 

In conclusion, the characterisation of charcoals derived from different sources and 

under varying pyrolysis conditions has highlighted significant differences in surface 
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chemistry, carbon content, ash content, and organic matter content. Of particular 

interest are rice husk and wheat straw, agricultural waste materials rich in minerals 

such as silica. Rice husk, with its notably high silica content, emerges as a promising 

candidate for further investigation as an Enhanced Oil Recovery (EOR) fluid, given 

the documented benefits of silica in improving recovery rates. Wheat straw, abundant 

in the United Kingdom, also warrants further study alongside rice husk for its potential 

application in EOR fluid development. 

In subsequent chapters, the focus will shift to a detailed examination of the 

characteristics of rice husk char (RHC) and wheat straw char (WSC) concerning their 

suitability as EOR fluids. These investigations will be conducted alongside active 

carbon (AC) as a reference material. By elucidating the properties and behaviours of 

these charcoals, this research aims to contribute valuable insights to the 

development of effective EOR strategies and the valorisation of agricultural waste 

materials. 
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6. Chapter 6: Preparation and Characterisation of charcoal-

Based Nanofluids 

6.1. Nanofluid Preparation 

The nanofluid used in this research was prepared by milling as described in Chapter 

3. A ball mill is a type of grinder used in grinding (reducing the size of the particle) or 

mixing materials like ores, chemicals, ceramic raw materials, and paints. DYNO®-

MILL ECM-AP 05, DYNO®-MILL Research Lab, and a Pulverisette 7 were used in 

this research. Ball mills rotate around a horizontal axis, partially filled with the material 

to be grounded, plus the grinding medium which can include ceramic balls, flint 

pebbles, and stainless-steel balls. An internal cascading effect reduces the material 

to a fine powder. A ball mill can be used in both dry and wet states. 

The key properties of ball milling are size, density, hardness, and composition. The 

smaller the medium particles (zirconium oxide), the smaller the particle size of the 

final product (charcoal). However, the grinding media particles should be 

substantially larger than the largest pieces of material to be grounded. The medium 

should be denser than the material being grounded and hard enough to grind the 

material.  

Dry milling uses particle-on-particle contact to reduce the size of the materials, with 

one of the particles being harder than the other. In this case, the zirconium oxide 

beads are used to mill the charcoal as described above. Wet milling on the other 

hand involves dispersing the particle (charcoal) in a liquid (deionised water) and using 

a solid (zirconium oxide beads). 

A planetary micro Pulverisette 7 mill was used with zirconium milling balls of 0.3 mm 

at a speed of 600 rpm. The reduction in particle size over time during the dry milling 

of WSCa, WSCb, and AC is shown in Figure 6.1. 



I.Z.Akande, PhD Thesis, Aston University 2023. 

82 

 

 

 

Figure 6.1: Particle size reduction with time for different ratios (Deionised water: 
Charcoal): AC (1:2), WSCa (1:1) and WSCb (1:0.5) samples. 

It is worth noting that the char-to-ball ratio differs for each of the samples. The chars 

have a range of hardness and porosity making them difficult to compare. However, 

looking at them individually, it is prominent that at 1.9 hr the highest size reduction of 

30% was observed for WSCa, with a minimal reduction in size after 6 hrs of further 

milling. The milling efficiency was reduced; this could be due to the size of the milling 

balls. At this point, wet milling was introduced. 

The RHCb sample was mixed with distilled water to make a 2 L solution at an initial 

concentration of 2 wt%. A DYNO®-MILL ECM-AP 05 was used at a speed of 1800 

rpm, a temperature of 25°C, and 250 mL of 0.1 mm zirconia balls were used. The 

concentration of the sample was changed by the addition of distilled water following 

sample collection. The mill was then properly cleaned and prepped for the next 

sample after each run. 

The nanofluids prepared by wet bead milling were imaged by both optical and 

electronic microscopes. The images in Figure 6.2 show that when the nanofluids are 

dried for electronic microscopic imaging, the charcoal nanoparticles are 

agglomerated together as dried flocs, small or large depending on the sample and its 

preparation. Under the optical microscope, the agglomeration of charcoal 

nanoparticles has been observed as shown in the inserts in Figure 6.2 as re-

dispersible by adjusting the pH value of the nanofluids. At an alkaline condition, small 

particles, smaller than 1 µm dispersed in water have been observed for the three 

nanofluids, which approaches the limit of optical microscopes.    
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Figure 6.2: Electronic and optical microscopic images of the nanofluids prepared from 
WSC, RHC, and AC, respectively. The optical microscopic images are the inset. 

6.2. Effect of pH values on particle size 

The particle size and size distributions are measured by DLS at pH 2.0, 7.0 and 11.0 

for each of the nanofluids and the results are shown in Figure 6.3. The particle size 

distribution curves are normalised at 100, at particle distribution peaks (the most 

frequently occurred particle size) to facilitate comparison of the data collected for 

each nanofluid. The data show that using this methodology, the charcoal particles 

reduced to the nanosized range have monomodal size distributions, centred around 

a distinct particle size distribution peak. The detected particle distribution peak size 

and half peak width of the particle size distribution peak are tabulated in Table 6.1. 

Both the peak size and half peak width vary with the pH values, and the pattern is 

different for each charcoal sample.  

For the WSC nanofluid, the centre of the particle size distribution peak is detected at 

1292 nm, 96 nm, and 92 nm for pH 2.0, 7.0 and 11.0, respectively. Interestingly, the 

detected WSC nanoparticles are distinctively large and widely distributed at pH 2.0, 

which is indicated by both the peak size and half peak width being more than ten 

times that detected at pH 7.0 and pH 11.0. While the pH value increases from pH 7.0 

to pH 11.0, the determined particle size distribution remains about identical, both in 

size and size distribution. For the RHC nanofluid, the centre of the particle size 

distribution peak is detected at 408 nm, 154 nm, and 168 nm for pH 2.0, 7.0 and 11.0, 

respectively. Also, for the RHC nanofluid, the detected particles appear to be more 

than doubled in size at pH 2.0. compared to their appearance at pH 7.0 and pH 11.0. 

While the pH value increases from pH 7.0 to pH 11.0, the centre of the particle size 

distribution peak is close at 154 nm and 168 nm, with a half-width of the particle 

distribution peak of 80 nm and 87 nm, respectively. For the AC nanofluid, the centre 

of the particle size distribution peak is detected at 256 nm, 210 nm, and 254 nm at 

WSC 
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pH 2.0, 7.0 and 11.0, respectively. Hence, the particle sizes are close to one another, 

albeit the half peak width decreases from 362 nm, and 154 nm to 143 nm when going 

from pH 2.0 to pH 7.0 to pH 11.0, respectively.  

 

Figure 6.3: Effect of pH values on the normalised particle number size distribution of 
a) WSC, b) RHC and c) AC determined by Dynamic Light Scattering (DLS). 

Table 6.1: The particle distribution peak size (Peak), half peak width (HPW) and         

Ƹ-potentials of the charcoal-based nanofluids.  

 

Sample 

pH 2.0 pH 7.0 pH 11.0 

Peak, 
nm 

HPW, 
nm 

Ƹ-potential, 

mV 

Peak, 
nm 

HPW, 
nm 

Ƹ-potential, 

mV 

Peak, 
nm 

HPW, 
nm 

Ƹ-potential, 

mV 

WSC 1292 1271 66 96 108 -115 92 92 -98 

RHC 408 336 31 154 80 -110 168 87 -34 

AC 256 362 9 210 154 -21 254 143 -30 

The curves in Figure 6.4 a and b summarise the variation of the centre of the particle 

size distribution peak and half peak width with pH value.    

(a) (b) 

(c) 
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Figure 6.4: The centre of the particle size distribution peak (a) and half peak width (b) 
at selected pH values determined by Dynamic Light Scattering (DLS). 

The above size measurement study at different pH values shows that the large 

particle sizes detected at pH 2.0 are nanoparticle clusters rather than individual 

nanoparticles for WSC (1292 nm) and RHC (408 nm) nanofluids even just after the 

sample for the measurement has been ultrasonicated for one hour. The AC (256 nm) 

nanofluid at pH 2.0 does include the nanoparticles in a similarly low size range as in 

the AC samples at pH 7.0 and pH 11.0, but at pH 2.0 the detected particle size 

distribution is more than twice as wide as that of the samples at pH 7.0 and pH 11.0. 

These observations align well with the fact that the PHpzc values of WSC (pH 7.4) and 

RHC (pH 6.6) are higher than pH 2.0, which is a pH value that is distinctively away 

from their surface neutralisation buffer pH range, while the pH 2.0 is somewhat higher 

than the PHpzc of AC (pH 1.4), which is starting to enter the surface neutralisation 

buffer pH range. Therefore, the detected nanoparticle size difference between pH 2.0 

and pH 7.0 is much larger for WSC and RHC and is relatively small for AC nanofluids.  

These nanoparticle size variations with pH values can be related further to their zeta-

potential values, which are also shown in Table 6.1. The zeta potential indicates the 

charging intensity of the hydrated layer of nanoparticle surface in the fluid. The data 

in Table 6.1 shows that at pH 2.0, the nanoparticles have positive zeta-potentials of 

66 mV for the WSC nanofluid, 31 mV for the RHC nanofluid and 9 mV for the AC 

nanofluid. Upon a pH increase to pH 7.0, their zeta-potentials become negative, with 

values of -115 mV for the WSC nanofluid, -110 mV for the RHC nanofluid and -21 

mV for the AC nanofluid. At pH 11.0, the zeta-potentials decrease to -98 mV for the 

WSC nanofluid and -34 mV for the RHC nanofluid at pH 11.0 and increase further to 

-30 mV for the AC nanofluid. The zeta-potential variation trends with the pH value are 

(a) 
(b) 
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consistent with that of the particle size detected by DLS: the higher the absolute zeta 

potential value of the hydrated nanoparticles, the smaller the particle size and the 

narrower the particle size distribution that is detected by the laser beam, suggesting 

that the nanoparticles separate better when the absolute value of the zeta potential 

is high, which means that the electrostatic repulsion is high, and so, the particles 

effectively repel one another thus promoting particle separation.  

To enhance the recovery of oil from an oil reservoir, two things can be done: 1) 

change the surface chemistry of the reservoir by flooding with an EOR fluid that can 

change the wettability of the rock surface; 2) Change the flow pattern within the 

reservoir by flooding with an EOR fluid that can improve the sweeping and reduce 

finger formation within the reservoir.  

To test for the wettability of the nanofluid a contact angle analysis is carried out using 

the methodology described in Chapter 3. This will determine if the dispersion of 

charcoal into the base fluid (water) altered the interaction with the substrate. The 

potential for the nanofluid to change the sweeping within the reservoir was analysed 

by measuring the viscosity change with different nanoparticle types and 

concentrations and varying nanofluid pH. 

6.3. Effect of nanoparticles on surface tension and contact angle  

One of the methods of increasing the amount of oil that can be recovered from an oil 

reservoir is to change the wettability of the rock or/and reduce the surface tension as 

mentioned in Chapter 2.6.  

The surface tension of RHC, WSC, AC, and fresh deionised water was measured at 

room temperature using the Pendent drop method. The surface tension of deionised 

water was measured to be about 67.3 mN/m, with the addition of WSC a reduction in 

surface tension of about 1% (66.6 mN/m) was observed, while with the addition of 

RHC and AC an increase of about 0.4 and 7.0% (67.0 and 71.9 mN/m), respectively 

was observed with an error of ±0.3 mN/m.  

A variety of surfaces were tested for the measurement of contact angle using the 

sessile drop method. Glass slides were first selected for the contact angle 

measurement. Spreading wetting was observed when the liquid came in contact with 

the solid surface, this was due to the hydrophilic nature of the glass. This was 
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followed by the use of polypropylene as it is hydrophobic. However, this was not 

suitable as the surface was not smooth. 12 Glass slides were coated with wax to 

make them hydrophobic, and the effect was a more adhesion wetting behaviour. The 

hydrophobic nature plus the ability to control the smoothness of the surface made the 

treated glass the best solid substrate for contact angle measurement in this study. 

The same nanofluids used to measure the surface tension were used to measure the 

contact angle at room temperature. A reduction in contact angle was observed for all 

nanofluids when compared to deionised water. The contact angle of deionised water 

was measured to be about 110.6°. With the addition of char to make up 0.5 wt% 

solution, the contact angle reduced to about 87.0° for WSC, 108.1° for AC, and 93.2° 

for RHC. The contact angle is a sign of the hydrophilic/hydrophobic nature of the 

nanofluid as well as an index of the wettability. If the nanofluid is water-

wet/hydrophilic, a contact angle of Ɵ<90° will be observed. If the nanofluid is oil-

wet/hydrophobic, a contact angle of Ɵ>90° will be observed. Therefore a decrease 

in contact angle means an increase in wettability, which is what is required for an 

increase in oil recovery. The only variable controlled closely in this experiment was 

that of the concentration. 

Overall, these findings emphasise the potential of charcoal-based nanofluids in 

modifying rock wettability and reducing surface tension, thus offering promising 

avenues for enhancing oil recovery from reservoirs. Further exploration of the effects 

of nanoparticle concentration and other variables on wettability alteration could 

provide valuable insights for optimising oil recovery strategies. 

Table 6.2: The surface tension of deionised water, AC, RHC and WSC at 2 wt% and 

room temperature/ The contact angle of deionised water, AC, RHC and WSC at 2 

wt% and room temperature. 

Sample Contact 
Angle (°) 

Surface Tension 
(mN/m) 

Deionised 
Water 

110.6 67.3 

AC 108.1 71.9 

RHC 93.2 67.6 

WSC 87.0 66.6 
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6.4. Effect of pH value on the surface tension 

An analysis looking at the effect of pH on the surface tension of 2 wt% AC, RHC, and 

WSC at room temperature, showed that there is a decrease in surface tension with 

an increase in pH. A reduction in surface tension of about 2.0, 5.0, and 20% for AC, 

RHC, and WSC, respectively was measured with an increase in pH from 2.0 to 11,0, 

as shown in Figure 6.5. 

 

Figure 6.5: The effect of pH on the surface tension of AC, RHC and WSC at 2 wt% 
and room temperature. 

6.4.1. Effect of pH value on the contact angle 

Figure 6.6 shows that the contact angle of the nanofluids decreased with an increase 

in pH, this indicates that as the pH reduces the wetting of the substrate moves 

towards water-wet. For AC at about pH 1.0, 2.0, 9.0 and 11.0, the contact angles 

were 89.8°, 93.5°, 69.6° and 37.2°, respectively. RHC at about pH 1.0, 2.0, 9.0 and 

11.0 had contact angles of 79.1°, 88,1°, 63.4° and 31.0°, respectively. Finally, at 

about pH 1.0, 2.0, 7.0, and 10.0 the contact angles that were measured for WSC 

were 83.2°, 82.2°, 77.8° and 55.2°, respectively. 
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Figure 6.6: The effect of pH on the contact angle of AC, RHC and WSC at 2 wt% and 
room temperature. 

Understanding the behaviour of the nanofluid when the surface charge is neutral, that 

is at the Point of Zero Charge (PZC) is also crucial, as this gives insights into the 

nanofluid stability, surg=face modification potentials, rheological properties and 

surface interactions. As shown in Table 6.3, the surface tension at the PZC is similar 

for all three samples at about 68 mN/m at the PHpzc with an error of ±0.8 mN/m, while 

the contact angle shows slight differences. 

Table 6.3: Surface tension and contact angle of 2 wt% RHC, WSC, and AC at PHpzc. 

Char Type PHpzc Surface Tension 

(mN/m) 

Contact Angle (°) 

RHC 6.6 67.4 72.0 

WSC 7.4 67.7 68.0 

AC 1.4 68.1 89.8 

6.5. Viscosity of charcoal-based fluids 

6.5.1. Effect of pH value on the viscosity 

At first, the effect of pH value on the viscosity is studied for the viscosity enhancement 

of the charcoal-based fluids. Their viscosity changes with pH values are shown in 

Figure 6.7. The nanoparticle concentrations are 1.3 wt% for the WSC, 0.5 wt% for 

the RHC, and 0.6 wt% for the AC nanofluids. 
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Figure 6.7: The effect of pH values of the nanofluids on their viscosities. The viscosity 
was measured at 100 rpm and 22°C. 

Different trends are observed for the variation of the viscosities of the three nanofluids 

as a function of pH. For the WSC fluid (1.25 wt%), the highest viscosity value has 

been found at pH 2.0, which is 3.72 mPa.s. The viscosity significantly decreases to 

1.16 mPa.s with a pH value increase to pH 6.0, and then its value slightly further 

decreases to 1.03 mPa.s at pH 12.0 (Figure 6.7). The viscosity decreases in tandem 

with the particle size distribution detected by DLS at different pH values, e.g., the 

centre of the particle size distribution peak being 1292 nm at pH 2.0, 96 nm at pH 7.0 

and 92 nm at pH 11.0. The RHC nanofluid (0.5 wt.%) appears to show a small 

variation in viscosity from 1.09 mPa.s at pH 2.0, 0.96 mPa.s at pH 6.8 to 1.02 mPa.s 

at pH 12.0. This slight viscosity variation follows the detected particle sizes as well, 

i.e., 408 nm at pH 2.0, 154 nm at pH 7.0 and 168 nm at pH 11.0. 

For the interpretation of the recorded data, it is worth considering that it is well-known 

that DLS detects moving particles by their scattering of the laser beam. A particle in 

contact with other particles is measured as one large particle. In a general sense for 

one given sample, the larger size of the detected particles can be indicative of 

stronger interactions between the nanoparticles. For the WSC and RHC fluids, the 

particle sizes detected at pH 2.0 are several times larger than these at pH 7.0 and 

pH 11.0 (Figure 6.9), suggesting that the larger particle sizes and wider particle size 

distribution detected by DLS for the same sample at different pH value conditions, is 

related to stronger interactions between the nanoparticles. This judgment agrees with 

the absolute value variation of the zeta potential. Both these features observed in the 
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DLS measurements for the WSC and RHC nanofluids indicate that a stronger 

interaction between nanoparticles leads to a higher viscosity increment.  

The viscosity of the AC nanofluid (0.63 wt%) increases nearly linearly from 1.8 mPa.s 

at pH 2.0 to 5.2 mPa.s at pH 12.0, while DLS measurements detected similar particle 

sizes, but increasingly narrower size distributions (see Figure 6.5c) with increasing 

pH, suggesting increasingly weakening of interactions between the nanoparticles. In 

this context, it is worth noting that the behaviour of AC is related to it being distinctly 

different from WSC and RHC for its large specific surface area of 1600 m2/g and 

micropore volume of 2 cm3/g. The large specific surface area results from the 

richness in micropores, which is less than 2 nm. The micropores are in the size range 

comparable to the empty channels of carbon nanotubes for the study of pore effects. 

6.5.2. Effect of nanoparticle type and content on the viscosity of nanofluids 

The three nanofluids of WSC, RHC and AC were examined for the effect of particle 

concentration on viscosity at pH 7.0. The viscosity measurement was carried out at 

continuously varied shear rates from 10 to 400 s-1. The effect of shear rate on the 

viscosity of each nanofluid at different concentrations is depicted in Figure 6.8. 

The experimental data in Figure 6.8 shows that at the concentrations examined for 

all three nanofluids show viscosity enhancement compared to that of the base liquid, 

deionised water, at the same temperature. Their viscosities show the highest value 

at the starting shear rate of 10 s-1 and then decrease with the shear rate to 100~150 

s-1, depending on the nanoparticle concentration. After this shear-thinning range at 

low shear rate, the viscosity of the nanofluids then tends to be levelled.  

The viscosity enhancement increases with the nanoparticle content, but the viscosity 

increment varies with the particular charcoals in the order: AC > WSC > RHC. At 100 

rpm (shear rate 384 s-1), a condition that is commonly used to represent the viscosity 

of fluids, the viscosities are 2.6 mPa.s for the 1.3 wt% AC and 1.2 mPa.s for the 1.3 

wt% WSC, which are 2.9 and 1.4 times that of water, respectively, and the viscosity 

for the 1.0 wt% RHC nanofluid 1.04 mPa.s, which is 1.2 times of that of water.  

The viscosity of the three charcoal-based nanofluids was measured at 100 rpm 

(shear rate 384 s-1) at pH 6.0 and 22oC for the relationship study of the relative 

viscosities, the ratio of the effective dynamic viscosity of the nanofluid (ηeff) and the 
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dynamic viscosity of the base liquid (ηbf), to the nanoparticle volume fraction, as 

shown in Figure 6.9a. In the figure, the calculated lines of the modified Chen’s 

equation [98], Equation 2.10 [155], are also included with the best agreement for the 

Dispersion Factor (DF) being DF=7.0 for the WSC nanofluids, and DF=4.5 for the 

RHC nanofluids.  

 

 

Figure 6.8: The effect of shear rates and nanoparticle concentrations on the viscosity 
of nanofluids: a) WSC, b) RHC and c) AC. The viscosity measurements were carried 
out at pH 6.0 and a temperature of 22°C. 

The calculation used the assumption that the nanoparticles were spherical, and the 

ϕ is the nanoparticle volume fraction. The modelling shows a least mean square error 

of 0.066 for the WSC nanofluids and 0.011 for the RHC nanofluids, which are much 

smaller than the relative viscosity values of the nanofluids that are larger than 1. It is 

worth noting that the WSC nanoparticles (92 nm at pH 7.0) having DF =7.0 provide 

better viscosity enhancement than the best viscosity enhancement achieved by metal 

oxides with DF=6.6 for silica nanofluids (20 nm) and DF=6.2 for alumina nanofluids 

(45 nm) [155]. The RHC nanofluids (154 nm at pH 7.0) having DF=4.5 show a 

(a) (b) 

(c) 
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medium viscosity enhancement of metal oxides, comparable to that of the nanofluid 

of 200-300 nm alumina nanoparticles [155]. The relative viscosity data analysis of the 

WSC and RHC nanofluids using the modified Chen equation suggests that the 

nanoparticle size determines the number of interactions between particle and particle 

as well as between particle and the base liquid, with the nanoparticle surface 

chemical composition determining the strength of these interactions. It must be 

emphasised that the combined effect of the interaction number and strength is 

reflected in the relative viscosity and further in the modelled DF value. The DF is thus 

an extremely useful and valuable parameter for characterising the effectiveness of 

the viscosity enhancement that is achieved by using a particular nanofluid. The higher 

the DF value, the more significant the viscosity increment appears at a given 

nanofluid concentration. 

The relative viscosities of the AC nanofluids varying with the nanoparticle volume 

fraction are shown in Figure 6.9b. Instead of following the modified Chen equation, 

the relative viscosity shows an excellent linear relationship to the volume fraction of 

the AC nanoparticles as shown by Equation 6.1 which is obtained by linear regression 

of the data.     

𝜂eff

𝜂bf
= 1 + 413.97𝜑, 𝑅2 = 0.9904                  Equation 6.1 

where ηeff is the effective dynamic viscosity of the suspension (mPa·s); ηbf is the 

base liquid dynamic viscosity (mPa·s) at the same temperature; and 𝜑 is the volume 

fraction of the hard spherical particles suspended in the fluid.  

Significantly, by Comparing Equation 6.1 to the Park and Cho expression (Park and 

Cho, 1998), the viscosity increment of the AC nanoparticles is approximately 10 times 

higher than that of alumina and titanium oxide nanoparticles.  

Among the three nanofluids, the AC nanofluid shows the largest particle size (particle 

distribution peak size at 210 nm compared to 96 nm for WSC and 154 nm for RHC 

nanofluids at pH 7.0) and exhibits the most significant viscosity enhancement. This 

outstandingly high viscosity enhancement of the AC nanofluid can be related to both 

its richness in oxygen content and polar/hydrophilic functional groups, as shown by 

the ultimate and FTIR analysis, and more apparently in micropores that are in the 
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range of the hollow structure of carbon nanotubes (~2 nm). Similar to active carbon, 

carbon nanotubes dispersed in water normally have a hydrophilic surface [156].  

 

 

Figure 6.9: Relative viscosity of nanofluids versus nanoparticle volumetric fraction: 
(a) experimental data of the WSC and RHC nanofluids compared to the calculated 
values using the modified Chen equation (the dotted lines) and (b) the AC nanofluids 
(the solid square with the regression line) compared to that of carbon nanotube 
nanofluids (the solid black line). The viscosity was measured at pH 6.0, 100 rpm and 
22⁰C. 

(b) 

(a) 
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To afford further analysis, the viscosity increment of the AC nanoparticles is 

compared to that of multiwall carbon nanotube (MWCNT) nanofluids in Figure 6.9b, 

showing very much identical viscosity enhancement for both AC and MWCNT, when 

the volume content of MWCNTs is below 0.6 vol.%  [95], which is much higher than 

that usually achieved with metal oxide (e.g., TiO2, γ-Al2O3 and SiO2) nanoparticles 

[155]. However, [69] found rather high viscosities for some silica nanofluids. They 

studied the viscosity of nanofluids of porous silica nanoparticles (22 nm with a specific 

area of 370 m2/g). The nanofluids of 0.01, 0.05, 0.1 or 0.5 wt% in the brine of 3 wt% 

of NaCl showed viscosities of 1.009, 1.067, 1.160 and 1.347 mPa.s, respectively. 

These viscosities are significantly higher than that reported for other silica nanofluids 

reported [104, 144]. The outstanding viscosity enhancement is believed to have 

resulted from a so-called pore effect; this is another indication of the importance of 

the porosity of the nanoparticles constituting the nanofluid in generating high relative 

viscosity values. 

Returning to Figure 6.9b, it is important to underline that when the nanoparticle 

volume content is higher than 0.6 vol.%, the MWCNT fluids do not show significant 

further relative viscosity increase while the AC fluids show a proportional further 

viscosity increase following Equation 4.1. An analysis of these various experimental 

results suggests that the highly porous structure of both the MWCNT and AC 

nanoparticles and their nanoparticles’ free movement in the fluid are critical for the 

generation of the observed significant viscosity enhancement. The AC nanoparticles 

are nanosized in three dimensions (3D nanomaterial) while MWCNT is considered to 

be a 2D nanomaterial for the carbon nanotube’s length, which can be a few 

magnitudes larger than its diameter of ~2 nm. The high aspect ratio of MWCNT 

facilitates entanglement of individual MWCNT entities which would limit further 

viscosity enhancement at a MWCNT concentration higher than 0.6 vol%. At a higher 

concentration, the 3D nanosized AC particles can move more freely in the nanofluid 

than is possible for equally concentrated MWCNT in the nanofluids, so that AC’s 

viscosity increment continues to occur when the AC concentration is over 0.6 vol.%. 

The consequence is that nanofluids of the highly porous AC nanoparticles show a 

similar viscosity increment to MWCNTs due to their similarly high porosity when the 

content is less than 0.6 vol.%. However, the situation changes in favour of AC at a 

higher concentration as the 3D nanosized AC particles can move more freely in the 
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nanofluid than is possible for MWCNT, so that AC’s viscosity increment continues to 

go on up to a much higher concentration, which reaches up to 1.2 vol.% as shown in 

Figure 6.13b, the highest volume fraction measured in this study. The reason and 

origin of the upward trend of the relative viscosity appears to be clear, though more 

work needs to be carried out to examine the upper limit that can be reached. Both 

the porosity and shape (reflected in aspect ratio) of nanoparticles are critical factors 

for their role in enhancing viscosity. Similarly, the larger amount of micropores 

included in WSC than RHC may be the reason that the WSC nanoparticles enhance 

viscosity better than RHC and nonporous metal oxide nanoparticles. However, the 

nanofluid of the more porous AC shows a striking viscosity enhancement.  

6.6. Conclusion 

The selected nanoparticles were dispersed into deionised water and milled to reduce 

their size. The effect of pH on the size distribution showed that both the peak size 

and half peak width vary with the pH values, and the pattern is different for each 

charcoal sample. For the WSC nanofluid, the centre of the particle size distribution 

peak is detected at 1292 nm, 96 nm, and 92 nm for pH 2.0, pH 7.0 and pH 11.0, 

respectively. For the RHC nanofluid, the centre of the particle size distribution peak 

is detected at 408 nm, 154 nm, and 168 nm for pH 2.0, pH 7.0 and pH 11.0, 

respectively. For the AC nanofluid, the centre of the particle size distribution peak is 

detected at 256 nm, 210 nm, and 254 nm at pH 2.0, pH 7.0 and pH 11.0, respectively. 

It was determined that the size increase around pH 2.0 is cluster formation rather 

than individual nanoparticles for wheat straw char and rice husk char. This falls in line 

with their pHpzc pH 7.4 and pH 6.6, respectively. Although the active carbon has 

similar nanoparticle size at all three pH values, a larger particle size distribution was 

detected at pH 2.0, the larger particle size distribution was due to pHpzc of 1.4 for 

active carbon. The variation in nanoparticle size was also related to the zeta potential 

for all three samples. At pH 2.0 wheat straw char, rice husk char and active carbon 

have a positive zeta potential of 66, 31 and 9 mV, respectively. With a pH increase 

to pH 7.0, their zeta-potentials become negative, with values of -115 mV for the WSC 

nanofluid, -110 mV for the RHC nanofluid and -21 mV for the AC nanofluid. At pH 

11.0, the zeta-potentials decrease to -98 mV for the WSC nanofluid and -34 mV for 

the RHC nanofluid at pH 11.0 and increase further to -30 mV for the AC nanofluid.  
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It has been known for a long time that adding a small number of nanoparticles to a 

base liquid causes a viscosity increase. This viscosity increase is explained via the 

relative viscosity by the equations of [85-87].  

In this research, concentration-dependent relative viscosity data for TiO2, γ-Al2O3 and 

SiO2 nanofluids have been selected from the open literature, and the data has been 

subjected to the various reported theoretical and empirical equations. However, it 

appeared that the experimentally measured values of metal oxide nanofluids tend to 

be significantly higher than the calculated ones in the particle volume content range 

studied (< 5%). Though the Pak and Cho equation [88], an empirical equation, 

reproduces the higher-end values of the experimental measurements to some extent, 

it is however rather unsuccessful in modelling the large number of experimental data 

whose values are lower than the higher-end values towards that estimated by, e.g., 

the Einstein equation. The new theoretical treatment using the adaptation of Chen’s 

equation [106] with the newly defined Dispersion Factor (DF) yielded a much better 

agreement with the wide range of experimental data. The DF value comprehensively 

includes the number and magnitude of the interactions between the nanoparticles 

themselves and with the base liquid and thus reflects the strength of these 

interactions. It enables to guide relevant practical work towards the directed obtaining 

of nanofluids with a desired, predetermined behaviour just by measuring viscosity 

enhancement, e.g., to examine the dispersity of nanoparticles in a working condition 

of the fluid rather than by the more elaborate method of using TEM in a dry state or 

DLS in an extensively diluted state. 

By assigning the DF with a series of numerical values from 1 upwards, the literature 

data can be represented by the lines calculated with a DF value using the modified 

Chen equation. The DF values comprehend the effect of particle size/shape, and 

chemical composition via the interactions of particle surface (including pores) to the 

base liquid and particle to particle on the viscosity of the nanofluid. A larger DF value 

represents a stronger influence of the nanoparticles on the viscosity increment.  

The DF is therefore a significant parameter describing the combined particle 

interactions and particle aggregations in nanofluids. Importantly, its value can be 

experimentally determined, which also means that it can be experimentally tailored 

and tuned to suit an application for which the nanofluid will be designed.  
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The DF analysis using the adapted Chen equation with the DF [155] shows that the 

WSC nanoparticles (with a size distribution peak located at 96 nm) have a DF value 

of 7.0, which corresponds to a zeta-potential of -117 mV and strong interactions to 

the base liquid. The RHC nanoparticles (with a size distribution peak located at 154 

nm) have a DF value of 4.5, corresponding to a zeta potential of -115 mV. The DF 

values comprehensively reflect the effect of nanoparticle population (particle sizes) 

and interaction strength of the nanoparticle surface to the base liquid on the one hand 

and nanoparticle-to-nanoparticle interactions on the other hand. The study shows 

that charcoal-based nanofluids give rise to better viscosity increments (DF=7.0 for 

the WSC nanofluids) than that of metal oxide nanoparticles reported in the literature 

(DF=6.6 for silica nanofluids) [155].  

The AC nanoparticles show a much more significant viscosity increment than the 

WSC and RHC nanoparticles, and the increment is comparable to that of carbon 

nanotubes at a concentration of <0.6 vol.%. As the nanoparticle concentration is 

higher than 0.6 vol.%, the AC nanoparticles show continuously proportional viscosity 

enhancement following a linear equation for its 3D nano size. The proportional 

viscosity enhancement of the AC nanofluid is about 10 times higher than that of γ-

alumina or titanium oxide nanoparticles.  This shows that charcoal nanoparticles can 

provide better viscosity enhancement than metal oxide nanoparticles, and the 

viscosity enhancement can be adjusted by pH values.  
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7. Chapter 7: Enhanced Oil Recovery of the Charcoal-Based 

Nanofluids  

7.1. Introduction  

Enhanced oil recovery (EOR) techniques play a pivotal role in maximising 

hydrocarbon extraction from reservoirs as highlighted in Chapter 2, particularly in 

mature and unconventional fields where conventional methods prove inadequate. In 

recent years, nanotechnology, such as the the use of SiO2 [26], TiO [27] and Al2O3 

[70] nanoparticles dispersed in base fluids such as water [28] and surfactants [24] 

has emerged as a promising avenue for revolutionising EOR strategies, offering 

innovative solutions to enhance oil recovery rates and optimise production 

efficiencies. Among the diverse array of nanomaterials explored for EOR 

applications, carbon-based nanofluids have garnered significant attention due to their 

unique physicochemical properties and versatile functionalities. 

Carbon-based nanofluids, including carbon nanotubes (CNTs), graphene oxide 

(GO), and multi-walled carbon nanotubes (MWCNTs), have been extensively 

investigated for their potential in augmenting oil recovery processes. These 

nanomaterials possess exceptional mechanical strength, high surface area, and 

surface chemistry, making them ideal candidates for altering fluid-rock interactions, 

reducing interfacial tension, and improving fluid mobility within reservoirs. 

A growing body of research has revealed the efficacy of carbon-based nanofluids in 

enhancing oil recovery mechanisms through a multifaceted approach. Studies such 

as those by Soleimani et al. [157] and Pandey et al. [158] have delved into the 

preparation, characterization, and application of carbon nanotube-based nanofluids, 

highlighting their potential for reducing interfacial tension and modifying reservoir 

wettability to facilitate enhanced oil displacement. 

Furthermore, investigations by Jafarbeigi et al. [159] and Gómez-Delgado et al. [160] 

have explored the role of functionalised graphene oxide nanoparticles in wettability 

alteration and oil recovery enhancement, shedding light on the intricate interplay 

between nanofluid properties and reservoir behaviour. 
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Building upon these foundational studies, this chapter will focus on the performance 

of WSC and RHC nanofluids prepared and characterised in Chapter 6, in sectional 

flooding for enhanced oil recovery.  

To mimic industrial operations, cylindrical packed columns are used to mimic the 

porous reservoirs, the cores that are carefully prepared and loaded with brine and 

crude oil (as original oil in place (OOIP)) for water flooding. After water flooding, 

sectional nanofluid flooding is carried out and then followed by water flooding again 

to examine the performance of the nanofluid in enhancing oil recovery (EOR). 

7.2. The core and flooding rig design  

Oil reservoirs are complex large non-uniform systems that consist of fluids (oil, gas, 

brine) and rocks, and the fluids co-exist in the non-uniform porous rock formation. To 

prepare cores to present such a complex and large system for meaningful 

experimental data of enhanced oil recovery, the core diameter and length need to be 

carefully considered to avoid short-cut at the wall (boundary effect), and to ensure 

that the flow pattern of the flooding fluid in the core are out of the influence zone of 

entry effect.  

The boundary effect, in the context of fluid flow through porous media, pertains to the 

influence of the particle size of the packing material on the flow dynamics. This effect 

becomes particularly significant when the size of the particles approaches the size of 

the channel through which the fluid is flowing. Ergun's equation, from a particle-

centric perspective, suggests that maintaining a sufficient diameter ratio between the 

column (or channel) and the packing particles is crucial for minimizing this boundary 

effect [161]. Specifically, when the diameter ratio of the column to the particle 

exceeds a certain threshold, typically cited as 10, the impact of the boundary layer 

on fluid flow diminishes. 

In this study, the selected packing material comprises sand particles with an average 

diameter of 250 µm. To adhere to the diameter ratio requirement proposed by Ergun's 

equation and effectively mitigate the boundary effect, the diameter of the column 

must exceed 2.5 mm. Consequently, a column with an inner diameter of 20 mm was 

chosen for this investigation. This diameter exceeds the minimum diameter ratio 

requirement by a considerable margin, being 40 times larger than the critical 

threshold. By adopting such a substantially larger column diameter relative to the 
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packing particle size, the boundary effect is effectively minimized, ensuring that fluid 

flow through the porous medium remains largely unaffected by the proximity of the 

channel walls. 

The entrance effect occurs when the fluid is pumped into a column, at first the velocity 

profile is flat, but as it moves downstream the wall effect kicks in within the the 

column. The velocity profile in the tube will be developed and gradually remains 

unchanged. The length required for the flow to become fully developed is known as 

the entrance length [161], which has to do with the Reynolds number of the flow and 

the column diameter. The superficial velocity is calculated to be 9.55 x10-5 m/s. 

Assuming 60% of the core is occupied by sand meaning the pore volume is about 

40%, the cross-sectional of flow area will be 1.26 x10-4 m/s resulting in a pore velocity 

of 2.39 x 10-4 m/s. 

Considering the boundary and entrance effects, a cylindrical pipe with dimensions 

300 mm by 20 mm and a volume of 94 mL made out of copper was used as the core, 

the diameter is over 10 times greater than that of the sand diameter which would 

reduce the boundary effect. The copper pipe is capable of withstanding the pressure 

exerted on it when packed. Copper has a corrosion resistance, although not as good 

as stainless steel but the ease of obtaining the pipe is a lot easier and the surface 

hardness of the copper helps resist wear. Copper has a high heat conductivity 

compared to stainless steel but both materials can be used, however, for this 

experiment, a copper pipe will be used as it is readily available and cut to size. A 

sintered disc was placed on either end of the pipe to act as a plugs and to allow 

material to enter through its pores. The core holder was placed horizontally to ensure 

that the gravitational force would not affect the flow of fluid along the pipe. The length 

of 300 mm is 15 times that of the diameter which considers the entry length. The 

flooding rig was designed to consist of 3 storage tanks, one for each fluid that would 

be flooded (oil, water and nanofluid). As shown in Figure 7.1. 

The core was conditioned to a temperature of 50°C and the temperature was kept 

constant during the flooding process, with an injection rate of 1.8 mL/min for the 

injection of brine, oil and nanofluid into the cores. This was done to mimic an oil 

reservoir.  
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Figure 7.1: A schematic drawing of the flooding rig. 

Crude oils are complex mixtures of hydrocarbons and chemicals like paraffins, 

naphthenes, asphaltenes and resins. Both paraffins and asphaltenes have a high 

molecular weight, leading to the wax appearance (Cloud Point) of crude oil at low 

temperatures. The appearance of the crude oil was observed from 20 – 50°C, it was 

noted that the clouding point of the crude oil used in this research was 45°C. The 

temperature of an oil reservoir varies from location to depth; they can be as low as 

50°C to 260°C [162]. In this study, a temperature of 50°C was used. The fluids were 

pumped in a peristaltic pump at an injection rate of 1.8 mL/min and a back pressure 

reducer was used to keep the pressure constant throughout the core. 

7.3. Core packing  

Sandstone-dominated reservoirs account for about 60.0% of the oil reservoirs found 

in the world [163]. In this study, sand with quartz (silica) as the major component was 

selected to pack the Ø20x300 mm core to mimic this type of core for flooding tests. 

The selection of the sand determines the reservoir wall as a water-wet surface, while 

the pore size and porosity of the core are determined by the size and size distribution 

of the selected sand. The sand samples were collected using the cone and quartering 

method, the method of collection was to make sure every sample taken was 

representative.  

Table 7.1 presents the results of the sieving analysis conducted on the sand utilised 

in the study. The analysis reveals that the size distribution of the sand particles 

predominantly falls within the range of 150 to 500 µm, with a notable concentration 
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observed around the 250 µm mark. This concentration represents a peak in the 

distribution, indicating that a significant portion of the sand particles possesses a 

diameter close to 250 µm. Such insights into the particle size distribution are crucial 

for understanding the characteristics of the packing material and its influence on fluid 

flow dynamics within the porous medium. 

Table 7.1: Particle size distribution of the selected sand. 

Mesh Size 

US Mesh 
Opening 

(µm) 

Mass 

(g) 

Mass 

(%) 

Cumulative Mass 

(%) 

>20 >841 0.2 <0.1 0.0 

20-30 500 0.7 0.1 0.2 

30-40 400 6.00 1.2 1.4 

40-60 250 297.6 59.5 69.9 

60-80 177 167.7 33.5 94.4 

80-100 149 21.5 4.3 98.7 

100-120 125 6.4 1.3 100.0 

Total Mass 500.0 100.0  

The packing of the sand into the cores needs to achieve a desired porosity that is in 

the range of real sandstone oil reservoirs, which is about 15-35% [164], and to be 

carried out in a way for repeatable and reliable results. The factors that need to be 

considered for particle packing include the particle size, size distribution, shape, 

density and nature of the material and surface. The sand selected has a wide particle 

size distribution in micrometres and irregular particle shapes. A representative 

packing of uniform spherical particles gives a porosity of ~36%.  To reach a packing 

porosity lower than 36%, dense parking is required. To achieve a dense packing, the 

interlocking of the particles needs to be controlled or ideally, avoided. This is 

achieved by controlling the uniformity of the sand particles and adding a small amount 

of the sand each time into the column after which the column is vibrated.  

Table 7.2 delineates the experimental findings that establish a method for achieving 

a densely packed bed within the core samples. Specifically, it was determined that 

striking the core at a height of 4.0 mm, repeated 100 times within a 60-second 
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timeframe, yielded the desired packing density. This standardised method was 

systematically applied to all core samples investigated in this study. By employing 

this consistent and controlled approach across all experiments, researchers can 

ensure uniformity in core packing, thereby enhancing the reliability and reproducibility 

of the experimental results obtained. 

Table 7.2: Process of determining sand packing methodology.  

 Core #1 Core #2 Core #3 Core #4 

Weight of core (g) 168.9 168.7 167.6 168.8 

Weight of core + sand 
(g) 

296.3 295.5 296.0 296.8 

Height of hit (mm) 2.0 2.0 4.0 4.0 

Time (sec) 60.0 30.0 60.0 30.0 

Number of hits 100.0 100.0 100.0 100.0 

Density of bed (g/mm-3) 0.89 0.91 0.94 0.93 

A total of 23 cores were packed for this research, with the first 4 cores being test 

cores and not mentioned in the results below. The porosity of the 23 cores was 

calculated by the sand weight and real density of the sand as dry porosity and 

measured by the water replacement method as described in Chapter 3 and 

summarized in Table  7.3.  

The measured porosities are all within the range expected for a sandstone reservoir 

at about 40% with the lowest porosity for the calculated being core #13 (33.1%) and 

the highest being core #18 (43.7%), for the measured core the lowest was core #6 

(32.9%) while the highest was cores are # 10 and 11 (42.1%). Taking this into 

consideration the mean of both the calculated and measured porosity was calculated, 

the calculated porosity was 37.6%, while the measured porosity was 37.2%, 

respectively. A difference of 0.3 % was observed. Finally, the standard deviation (SD) 

was analysed, the calculated porosity has an SD of 2.7 while the measured porosity 

was 2.5. This shows that both calculated and measured porosities are comparable. 

Permeability serves as a crucial parameter for assessing the reservoir's capacity to 

transmit fluids, acting as the constant in Darcy’s Law, as described by Equation 3.3. 

This law relates the flux of fluid flow to the pressure drop across a unit length and unit 

viscosity of the fluid, under conditions devoid of gravitational or hydraulic forces. In 

essence, permeability hinges on the interplay between porosity and the porous 
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medium's interaction with the fluid under minimal hydraulic pressure. Notably, oil 

reservoirs exhibit both primary and secondary permeability. Primary permeability 

originates from sediment rock deposition processes, whereas secondary 

permeability arises from alterations in the rock matrix due to phenomena such as 

compaction, fracturing, and dissolution. Understanding these permeability dynamics 

is essential for comprehending fluid flow behaviours within reservoirs and optimising 

hydrocarbon recovery strategies. 

Table 7.3: Measured and calculated porosities of the cores# 5-23 packed with sand. 

Core# Calculated Porosity 
(ø) 

Measured Porosity 

(ø) 

6 36.5 32.9 

7 36.4 34.9 

8 37.7 33.8 

9 37.0 40.6 

10 37.1 42.1 

11 37.1 42.1 

12 36.6 34.9 

13 33.1 38.4 

14 36.5 38.4 

15 42.2 39.7 

16 33.9 36.4 

17 37.3 34.9 

18 42.7 35.7 

19 34.0 36.8 

20 37.0 37.2 

21 41.2 37.5 

22 41.2 38.0 

23 41.2 36.9 
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In this study, the permeability of the packed core is measured by first loading 

deionised water into the horizontally arranged core, as shown in Figure 7.1. The 

height at which the effect of hydraulic pressure starts to become negligible is 

determined as shown in Figure 7.2. 

Figure 7.2 illustrates the impact of hydraulic pressure, represented here by height, 

on the permeability of the packed core. Notably, heights above 7 cm exhibit a 

significant influence of hydraulic pressure on permeability, with a recorded 

permeability of approximately 2.3 x 10^4 mD at a height of ~18 cm. Conversely, at a 

height of 0.8 cm, the calculated permeability stands at approximately 978 mD. Even 

at this relatively lower height, the effect of hydraulic pressure, albeit minimal, still 

influences fluid flow into the core. However, measuring permeability accurately below 

a height of 0.8 cm poses challenges. The permeability of Core #7 provides valuable 

insights into the behaviour of the oil displacement process within the core, crucial for 

understanding enhanced oil recovery mechanisms and optimising production 

strategies. Consequently, for core #7, the permeability is inferred to be < 978 mD. 

This value aligns with the typical permeability range observed in oil reservoirs, which 

spans from about 0.1 to 1000 mD in real-world scenarios [165]. 

 

Figure 7.2: Effect of hydraulic pressure (represented by height) on the permeability 
of core #7. 
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Table 7.4: The pore volume, porosity, and permeability of the packed cores 

Core # 
Pore volume, 

ml 

Porosity, 

(%) 

5 31.2 35.0 

6 31.0 32.9 

7 32.9 34.9 

8 31.8 33.8 

9 38.2 40.6 

10 39.7 42.1 

11 39.7 42.1 

12 34.8 36.9 

13 38.3 40.7 

14 38.4 40.7 

15 39.7 42.1 

16 36.4 38.6 

17 34.9 37.0 

18 35.7 37.8 

19 36.8 39.0 

20 35.1 37.2 

21 35.3 37.5 

22 35.8 38.0 

23 34.8 36.9 

7.4. Crude Oil loading 

The packed core undergoes oil loading following the injection of the synthesized 

brine, as detailed in Chapter 3, aimed at wetting the sand surface and saturating the 

core pores. Oil injection occurs at a constant flow rate of 1.8 ml/min. Upon oil 

injection, displacement of the brine within the core commences, with the brine being 

initially observed in the measuring cylinder after approximately 3 minutes of oil 
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injection, as illustrated in the insert in Figure 7.3. Subsequently, a transition occurs, 

with both oil and brine being collected for about 5 minutes, followed by an exclusive 

collection of oil after approximately 7-14 minutes, as depicted in the insert in Figure 

7.3. This process signifies the penetration of oil into the core and the displacement 

of brine, marking a critical phase in the oil loading procedure. 

This operational procedure is designed to simulate real-world reservoir conditions by 

preparing the core with scattered brine and oil, mimicking the natural distribution 

found in reservoirs. Effluent is collected and metered using a measurement cylinder 

to quantify the volumes of both brine and oil flowing out of the core. These collected 

volumes are then plotted against the volume ratio of the injected oil volume to the 

pore volume of the core (PV), yielding what is commonly referred to as the oil loading 

curve. Core #7 has been singled out as a representative core due to its significant 

oil-in-place post-oil loading, registering at 27 mL, which corresponds to approximately 

82% of the pore volume. The oil-loading curve of Core #7 provides valuable insights 

into the behaviour of the oil displacement process within the core, crucial for 

understanding enhanced oil recovery mechanisms and optimising production 

strategies. Figure 7.3 illustrates the oil-loading curve of Core #7, highlighting its 

pivotal role in the study. 

 

Figure 7.3: The oil loading curve of the Core #7: Pore volume= 32.9 mL. The inset 
shows the total brine and oil collected, starting with measuring cylinder 1 where the 
brine and oil collected can be seen. Measuring cylinder 2 shows the remaining oil 
collected. 

1 

2 
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When oil is injected to replace the saturated brine, the brine comes out first by the 

time about 0.45 PV of oil is injected and then the first drop of oil appears. The injection 

time of the first drop of oil observed is recorded as the oil breakthrough time, which 

is 14 minutes for the oil loading of Core #7. After that, the brine and oil flow out as a 

mixture by the oil injection of 2 PV, of which the brine’s composition is constantly 

higher at 0.45-1.5 PV than at 1.5-2 PV. At the end of the oil injection of 2 PV, the 

volume of the brine collected is 27 ml. To double-check the amount of brine collected, 

the samples were collected cumulatively into a thin long measuring cylinder, which is 

equivalent to the volume of oil that has been loaded into the core. In this case, core 

#7 has the original oil in place (OOIP) of 27 ml, or about 79.0% of the pore volume, 

with a pore volume and porosity of Core #7 being 32.9 ml and 34.9%, respectively.  

The inset in Figure 7.3 shows the collected effluent for the oil loading of Core #7.  

The oil-loading curves of Core #5-23, i.e. in a total of 19 cores, are shown in Appendix 

A. It can be seen that the injected oil breaks through at ~0.45 PV and reaches 

saturation before 2 PV. The saturated oil volumes are around 27 ml to 13 ml, which 

means the OOIP in the cores is larger than 56.0% (Group A) or lower than 54.0% 

(Group B).  Looking at the oil breakthrough time in minutes recorded, one can find 

that Group A showed a longer oil breakthrough time with an average of 14 ± 2 

minutes, while Group B showed a shorter oil breakthrough time with an average of 9 

± 1 minutes.  

In the experimental setup with constant injection rates, the oil breakthrough time 

serves as a reflection of the movement pattern of injected oil against the brine within 

the core. Due to inherent mobility differences between brine and oil, the advancing 

front line of injected oil within the core does not exhibit a plug-flow behaviour, as 

depicted in Figure 7.4a. Instead, it tends to form viscous fingers, as illustrated in 

Figure 7.4b. The extended oil breakthrough time observed in Group A indicates that 

the injected oil requires more time than Group B to develop viscous fingers and reach 

the output point. The only variables not accurately controlled during the oil-loading 

runs are the sand-packing and the porous structure within the core. These factors 

likely contribute to the disparity in oil breakthrough time and Original Oil in Place 

(OOIP). The presence of additional or larger pore channels within the packed core 

may facilitate the quicker formation of oil shortcuts or fingers, leading to a shorter oil 
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breakthrough time. Conversely, a longer oil breakthrough time suggests a more 

uniform pore structure within the core. 

 

 

Figure 7.4: Flow pattern of the loading oil in the core a) plug flow; b) viscous finger 
formation. 

The experimental results of the oil breakthrough time and OOIP of the 19 cores are 

summarised in Table 7.5 together with their corresponding porosities.  

Table 7.5: Porosities, Oil break-through time and OOIPs of the oil-loaded cores. 

Core # 

Pore 
volume, 

ml 

Porosity 

(%) 

Oil break-
through 
time, 

min 

 

OOIP, 

ml 

Group 

5 31.2 35.0 7 13.0 B 

6 31.0 32.9 9 17.0 B 

7 32.9 34.9 14 27.0 A 

8 31.8 33.8 14 26.0 A 

9 38.2 40.6 14 26.0 A 

10 39.7 42.1 13 26.0 A 

11 39.7 42.1 12 22.5 A 

12 34.8 36.9 9 18.0 B 

13 38.3 40.7 14 27.0 A 

14 38.4 40.7 14 26.0 A 

(a) 

(b) 
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Table 7.5 continues Porosities, Oil break-through time and OOIPs of the oil-loaded 
cores. 

Core # 

Pore 
volume, 

ml 

Porosity 

(%) 

Oil break-
through 
time, 

min 

 

OOIP, 

ml 

Group 

15 39.7 42.1 15 27.0 A 

16 36.4 38.6 15 27.0 A 

17 34.9 37.0 14 26.5 A 

18 36.8 37.8 15 27.0 A 

19 35.3 39.0 14 18.0 A 

20 32.9 37.2 9 26.0 B 

21 31.8 37.5 9 26.0 B 

22 34.8 38.0 9 18.0 B 

23 38.3 36.9 9 27.0 B 

7.5. Water flooding of the oil-loaded cores 

Water flooding is the second stage of oil recovery, where water is injected into the oil 

reservoir from the injection well to increase the pressure towards the production well. 

In this study, the water flooding combines the first stage of oil recovery, and was 

carried out after the crude oil was saturated in the packed core under conditions of 

the water flow rate at 1.8 mL/min, the back pressure reducer (BPR) set at 2 turns, 

and 50°C. The amount of oil collected is recorded over time to determine the oil 

remaining in place after secondary flooding.  

After heating the core to 50°C and allowing it to stabilize for 24 hours to ensure a 

uniform temperature throughout, deionized water was injected into the saturated core 

at a predetermined speed. Within approximately one minute of water injection, the 

first drop of oil was collected, as depicted in the inset of Figure 7.5a, with measuring 

cylinder 1 being the first to collect the effluent. The orange fluid visible at the top 

represents the collected oil, while the clear fluid at the bottom denotes the collected 

brine. For core #7, the collection of only oil continued for about 8 minutes, after which 

a mixture of oil and water was observed. Over time, the amount of oil collected 

decreased while that of water increased until no more oil was detected. Figure 7.5a 

illustrates the water flooding curve alongside effluent images of Core #7. The effluent 
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image reveals that the majority of the oil is recovered within the first 25 mL of water 

injected into the core, resulting in a total recovery of approximately 48.0% of the 

original oil in place, equivalent to 27 mL. Consequently, about 14 mL, or 

approximately 52.0% of the original oil in place, remains unrecovered, as depicted in 

Figure 7.5a and b. 

 

 

Figure 7.5: a) The water flooding curve, the blue line represents the water base phase 
and the orange line represents the oil phase b) The Oil recovery curve of the oil-
loaded Core #7 OOIP = 82.2%. The inset shows the total brine and oil collected, with 
the number indicating the order of collection.    

The amount of oil recovered during water flooding from the saturated cores can be 

seen in Table 7.5. Core #7 had the lowest recovery with an oil recovery of about 

(a) 

(b) 

1      2        3       4      5        6        7 



I.Z.Akande, PhD Thesis, Aston University 2023. 

113 

 

 

48.0% of the original oil in place, core #11 had a recovery of 53.3% of OOIP and all 

other cores had a recovery of about 60.0% of OOIP. This means between 34 to 52% 

of oil is left in place to be recovered using EOR. To get representative data during 

the EOR stage, it is important to mimic an oil reservoir. Chapter 2.1 introduced the 

different stages of oil recovery, and it was noted that after both primary and secondary 

flooding in the best-case scenario, only about 40.0% of the OOIP can be recovered, 

leaving behind about 60.0% of oil in place [19]. 

Accurately replicating conditions found within an oil reservoir is paramount for 

effective experimentation in enhanced oil recovery studies. Temperature and 

pressure control play vital roles in this replication process. In real-world scenarios, 

reservoir temperatures can range anywhere from approximately 50 to 120°C, 

depending on factors such as location and depth. Consequently, in this study, a 

temperature of 50°C was selected to align with typical reservoir conditions. Aspects, 

such as the chemical composition of the rock surface, were mimicked by using quartz 

and saturating the core with brine.  

In addition to temperature and pressure control, the geometry of the pore network 

within the core also holds significant importance in enhanced oil recovery studies. 

Key factors such as pore volume, pore size, and pore uniformity greatly influence 

fluid flow behaviour within the porous medium. Maintaining consistency and 

uniformity in these pore characteristics is essential for accurate experimental results. 

Therefore, a robust methodology was developed to ensure the creation of cores with 

consistent and uniform pore structures. This methodology aims to replicate realistic 

reservoir conditions as closely as possible, allowing for reliable insights into the fluid 

dynamics and recovery mechanisms involved in enhanced oil recovery processes. 

The complexity explains why the water flooding carried out, resulted in a higher 

recovery than that of an oil reservoir.  

The effect of the pore heterogeneity on the water flooding can be seen in the water 

breakthrough time. The water breakthrough time is the time at which the first drop of 

water was collected. From Table 7.6 it can be seen that a core with a lower water 

breakthrough time, generally has a lower recovery. Core #5 has a breakthrough time 

of 9 minutes and an oil recovery of 61.0% OOIP and core #7 has a breakthrough time 

of 8 minutes and an oil recovery of 48.1% OOIP. On the other hand, a core with a 
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higher breakthrough time generally has a higher oil recovery, with core #6 having a 

breakthrough time of 18 minutes and an oil recovery of 64.7% of the OOIP. 

Table 7.6: Porosities, Water break-through time and Water flooding (WF) Recovery 

% of OOIPs of the Water Flooded cores. 

Core 
# 

Pore 

volume, 
ml 

Porosity 

(%) 

Water 
break-
through 
time, 

min 

 

OOIP, 

ml 

WF 
Recovery 
% of 
OOIP 

Group 

5 31.2 35.0 9 13.0 61.0 B 

6 31.0 32.9 18 17.0 64.7 B 

7 32.9 34.9 8 27.0 48.1 A 

8 31.8 33.8 11 26.0 63.5 A 

9 38.2 40.6 11 26.0 62.3 A 

10 39.7 42.1 11 26.0 61.5 A 

11 39.7 42.1 8 22.5 53.3 A 

12 34.8 36.9 11 18.0 63.9 B 

13 38.3 40.7 19 27.0 66.7 A 

14 38.4 40.7 11 26.0 61.5 A 

15 39.7 42.1 11 27.0 63.0 A 

16 36.4 38.6 11 27.0 61.1 A 

17 34.9 37.0 11 26.5 62.3 A 

18 36.8 37.8 11 27.0 61.1 A 

19 35.3 39.0 11 18.0 63.0 A 

20 32.9 37.2 5 26.0 63.2 B 

21 31.8 37.5 9 26.0 62.2 B 

22 34.8 38.0 9 18.0 64.4 B 

23 38.3 36.9 9 27.0 60.5 B 
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7.6.  Sectional flooding of the charcoal nanofluids 

After water flooding, there is ~ 34 to 52.0% of OOIP remaining in the core. The OOIP 

remained may be a bit lower than typical oil recovery cases where about 60.0% of 

the original oil is still in place when the EOR stage kicks in [17]. This means the EOR 

test in this study is on the more challenging end for industrial operations. The primary 

goals in EOR operations are to displace or alter the mobility of the remaining oil in 

place by the injection of a different fluid that will increase the amount of oil that can 

be recovered as described in Section 2.2. In Section 2.3, the different types of EOR 

techniques have been analysed. This study focuses on nanofluid loading, more 

specifically charcoal-based nanofluid flooding.  

One of the techniques discussed in Section 2.3, is Water-Alternating-Gas flooding 

(WAG), whereby water injection and gas injection are carried out alternately for 

periods to provide a better sweep efficiency. In this research, a similar methodology 

is implemented. However, instead of the gas-water-gas-water system adopted in 

WAG, this research uses the nanofluid-water system with the quantity of the nanofluid 

accounting for a section of the pore volume, this is why it is called sectional flooding. 

Following water flooding, a volume equivalent to 20.0% of the pore volume of the 

core was measured and injected as nanofluids into the core. For instance, 

considering core #7 with a pore volume of 32.9 mL, the injected nanofluid volume 

was 6.6 mL. The measured nanofluid (NF) was introduced into the core, as depicted 

in Figure 7.6, followed by the injection of water into the core under the same 

experimental conditions employed during water flooding. These conditions include a 

flow rate of 1.8 mL/min, a temperature of 50°C, and a back pressure reducer setting 

of 2 turns. This sectional flooding approach allows for the examination of the 

performance of charcoal-based nanofluids in enhanced oil recovery within a 

controlled experimental setup, facilitating the assessment of their efficacy in altering 

fluid flow dynamics and improving oil recovery rates. 

The injection of the nanofluid into core #7 takes approximately 4 minutes, during 

which 0.2 pore volume (6.58 mL) of RHC nanofluid is injected, as illustrated in Figure 

7.7. Following 3 minutes of nanofluid injection, the first drop of water is collected, as 

indicated in the insert of Figure 7.7. Subsequently, 200 mL of deionized water is 

injected into the core, with the initial oil drop collected approximately 5 minutes into 
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the flooding process. For about 22 minutes of flooding, 39.3 mL of water containing 

0.3 mL (1.2% of OOIP) of oil is collected, marking the appearance of the first drop of 

nanofluid. This is followed by an additional 0.1 mL of oil, bringing the total oil recovery 

to 0.4 mL (1.5% of OOIP). Notably, as depicted in the insert of Figure 7.7, the visibility 

of nanoparticles in the collected effluent diminishes over time, accompanied by a 

lightening of the sample colour, indicating potential interactions between the 

nanofluids and the reservoir fluids. 

 

Figure 7.6: Flow pattern of sectional flooding, where NF stands for nanofluid. 

 

Figure 7.7: The oil recovery curve of the sectional flooding of 1 wt% RHC nanofluid 
of Core #7. The blue line represents results from secondary flooding while the orange 
line represents results from sectional flooding. The inset shows the effluent collected 
in the measure cylinders with the number showing the sequence of collection.   

Similar to the sectional flooding carried out to core #7, using the 1 wt% RHC 

nanofluids (pH 6), the effects of nanoparticle concentration, nanoparticle type, and 

nanofluid pH on enhanced oil recovery in sectional flooding were studied in the 

following sections.   

1   2    3    4   5    6   7   8   9 

Injection of 
nanofluid 

Injection of 
water 
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7.6.1. Effect of nanoparticle concentration and type on section flooding 

To analyse the effect of both nanoparticle concentrations on the behaviour of the rice 

husk char (RHC), wheat straw char (WSC) and active carbon (AC) nanofluids as an 

EOR fluid, suspensions with both 1 and 2 wt% of the nanoparticles were made, and 

the pH of the nanofluids was controlled at pH 6.0 before being injected into the core. 

The amount of oil recovered was recorded as the nanofluid and the water was 

injected into the core.  

The injection of RHC 1 wt% and 2 wt% saw an additional oil recovery of 0.4 and 1.8 

mL, respectively, which is equivalent to 1.5 and 6.8% of OOIP. This is an increase of 

about 5.0% in oil recovery with the injection of 2 wt% RHC nanofluid, which can be 

seen in Figure 7.8a. In the case of WSC, with an injection of 1 wt% an additional 

recovery of 1.7 mL (6.3% of OOIP) was collected, while at 2 wt% 3 mL (13.0% of 

OOIP) was observed. In this case, there is an increase of about 7 times in oil 

recovered when 1 wt% WSC  is compared to 2 wt% WSC. Finally with the injection 

of 1 wt% AC, an additional recovery of 4 mL (15.4% of OOIP) was measured, while 

5.2 mL (19.3% of OOIP) was measured for 2 wt%, giving a total increase of 3.9%. 

When comparing the PV injected to the oil recovered for RHC (Cores #7 and #17), 

the maximum oil recovery was achieved after 3.6 and 3.3 PV, respectively. For WSC 

(Core #18 and #11), the maximum oil recovery was achieved after 2.2 and 2.9 PV, 

respectively. Finally, for AC (Cores #14 and #16), the maximum recovery was 

achieved after 4.5 and 4.7 PV, respectively. For both WSC and AC, the higher the 

PV, the higher the quantity of additional oil recovered. 

Figure 7.9 provides a comprehensive comparison of all the nanofluids used in the 

study. Increasing the concentration of nanofluids led to a corresponding increase in 

viscosity across all formulations. Specifically, for RHC nanofluid, viscosity rose from 

0.98 to 1.1 mPa.s, for WSC nanofluid, from 1.3 to 1.5 mPa.s, and notably, for AC 

nanofluid, there was a substantial increase from 5.2 to 9.3 mPa.s, as outlined in Table 

7.7 with an error of ±0.1 mPa.s. As discussed in Chapter 2, enhancing viscosity is a 

crucial parameter for achieving desirable oil recovery outcomes. This increase in 

viscosity alters the flow pattern of the fluid within the core, transitioning it from finger 

formation to a more plug flow pattern. Consequently, the injected fluid is less prone 

to diverting into easier paths within the core. Analysis of the experimental data 
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underscores that higher concentrations of nanofluids yield greater oil recovery rates 

across all three formulations. 

 

 

Figure 7.8: Effect of Sectional flooding with varying nanoparticle concentration on oil 

recovery. The blue line represents results from secondary flooding while the orange 

and grey lines represent results from sectional flooding of a) RHC; and b) WSC. 

(a) 

(b) 
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Figure 7.8 continues the Effect of Sectional flooding with varying nanoparticle 
concentrations on oil recovery. The blue line represents results from secondary 
flooding while the orange and grey lines represent results from sectional flooding of 
c) AC. 

The findings suggest that higher concentration flooding enhances the efficiency of 

the recovery process. With higher concentrations, there is a greater presence of 

nanoparticles in the fluid, facilitating increased interaction with the rock surface. This 

interaction leads to an elevation in disjoining pressure, a phenomenon crucial for 

promoting efficient oil displacement and recovery. By increasing the concentration of 

nanoparticles, the fluid's ability to effectively displace and recover oil from the porous 

medium is enhanced, emphasising the significance of nanoparticle concentration in 

optimising the enhanced oil recovery strategies. 

The disjoining pressure is defined as the pressure required to overcome the fluid’s 

adhesion force to the solid surface to remove the liquid from the surface. In this case, 

the disjoining pressure is defined as the attractive interactions between the aqueous 

phase and the oil film. Hence, a wedge film is created by the nanoparticle which is 

influenced by Brownian motion and the electrostatic repulsive forces between the 

nanoparticles, leading to the wettability alteration of the rock surface from oil-wet to 

water-wet. Therefore, an increase in the nanoparticle concentration increases the 

repulsive forces hereby, increasing the disjoining pressure and the Brownian motion. 

However, an increase in the concentration of nanoparticles can lead to the plugging 

(c) 
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of the rock pores and the narrow passages that connect adjacent pores within the 

rock matrix also known as throats.  

Comparing the results from this study with those presented by [78], where SiO2 

nanoparticles at a concentration of 2.5 wt% in a polyacrylamide base fluid resulted in 

a 20% enhancement in oil recovery, it's evident that the 2 wt% AC nanofluid performs 

comparably. Despite its lower concentration and the use of pure deionised water as 

the base fluid, the 2 wt% AC nanofluid achieved a substantial oil recovery of 19.3%. 

This suggests that the AC nanofluid may offer a cost-effective and efficient alternative 

for enhanced oil recovery applications, potentially outperforming higher-

concentration SiO2 nanofluids in certain scenarios. 

 

Figure 7.9: Graph showing the relationship between Nanoparticle concentration and 
oil recovery for AC, WSC and RHC at pH 6.0. 

The investigation into the impact of nanoparticle type on oil recovery represents a 

crucial step in optimising enhanced oil recovery strategies. While the concentration 

studies provided valuable insights into overall trends, understanding the distinct 

effects of different nanoparticle compositions is essential for tailored applications. 

Conducting experiments under consistent conditions, such as pH 2.0 and a fixed 

concentration of 2 wt%, ensures comparability across nanoparticle types. With 

approximately 37% oil in place, these experiments offer a standardised platform to 

evaluate the specific contributions of each nanoparticle variant to the oil recovery 
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process. By dissecting the performance of individual nanoparticle types, this 

approach enables more targeted decision-making in selecting the most effective 

nanofluid formulation for different enhanced oil recovery applications. 

Table 7.7: Effect of RHC, WSC and AC nanoparticle concentration at pH 6.0 on oil 

recovery. 

Core 
# 

Oil 
Remained in 

Place, % 

Nanoparticle 
Type 

Nanoparticle 
Concentration (wt%) 

Viscosity 
(mPa.s) 

Absolute 
Amount of 

Oil 
Recovered 

(%) 

7 50.0 RHC 1.0 0.98 1.5 

17 37.7 RHC 2.0 1.1 6.8 

18 38.9 WSC 1.0 1.3 6.3 

11 46.7 WSC 2.0 1.5 13.4 

14 38.5 AC 1.0 5.2 15.4 

16 38.9 AC 2.0 9.3 19.3 

 

Figure 7.10 shows the trend for each nanoparticle type on the enhancement of oil 

recovery. As mentioned above, the recovery rate increases with nanoparticle 

concentration, but the rate varies with the particular charcoal in the order AC > WSC 

> RHC. The injection of RHC into core #9 resulted in the recovery of an additional 

10.8% of the OIP, WSC in core #19 saw an increase of 14.1% and AC in core #15 

had an increment of 34.1%. 

Among the three nanofluids, the AC nanofluid has the highest recovery rate and the 

highest enhancement of significant viscosity due to the richness in oxygen content 

and the presence of polar/hydrophilic functional groups. When compared to that of 

0.3 wt% 60 nm SiO2 in 3 wt% NaCl brine, which had an additional 8.0% oil recovery 

[166], while SDS (Sodium Dodecyl Sulfate) surface modified CNT at 0.3 wt% saw an 

increase of 18.6%. [157]. When the viscosity of CNTs [95, 97] and silica nanofluids 

[25] was compared to that of the nanoparticles used in this research in Chapter 2, it 

was found that they are comparable to that of AC due to the so-called pore effect. 

However, CNT unlike AC cannot move freely in the nanofluid which would explain 

why without any surface modification and at a concentration of 2 wt% AC, an 

increment in oil recovery of 34.1% was observed. 
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The behaviour of nanofluids and their effectiveness as enhanced oil recovery (EOR) 

fluids is influenced beyond just concentration. The porosity and shape of 

nanoparticles are crucial parameters that impact how nanofluids interact with 

reservoir rock and fluids. Porosity determines the amount of surface area available 

for interaction, affecting the adsorption of nanoparticles onto rock surfaces and the 

displacement of oil. Meanwhile, the shape of nanoparticles influences their mobility 

within the porous media and their ability to penetrate narrow pore spaces. Therefore, 

a comprehensive understanding of these factors is essential for optimising nanofluid 

formulations and enhancing oil recovery efficiency. 

 

Figure 7.10: Effect of RHC, WSC and AC nanoparticle type at 2 wt% and pH 2.0 on 
oil recovery. The blue line represents results from secondary flooding while the 
orange,  grey and green lines represent results from sectional flooding.   

7.6.2. Effect of the nanofluid pH values  

Through the investigation conducted in Chapters 4 and 6 concerning the impact of 

pH on viscosity, it became evident that the viscosity of all three nanofluids varies 

according to pH values, as illustrated in Table 7.8. The injection of the pH 6 RHC 

nanofluid increased oil recovery of 1.5 mL (8.3% of OOIP), while pH 2.0 led to an 

increase of 1.9 mL (10.0% of OOIP) of oil recovery. Similarly, for WSC nanofluid, an 

increase of 1.5 and 2.1 mL (8.6 and 11.4% of OOIP) was observed at pH 6 and 2 

respectively, while AC showed an increase of 2.5 and 4 mL (14.7 and 15.4% of OOIP) 

for pH 6.0 and 2.0, respectively. At lower pH levels, both RHC and WSC nanofluids 

exhibit a stronger interaction between the nanoparticles, leading to the formation of 
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clusters, as depicted in Figure 7.11 a-d. These clusters contribute to the higher 

viscosity increment observed for both nanofluids at pH 2.0. The formation of clusters 

improves the plug flow pattern within the pores, thereby enhancing oil recovery. As 

observed in the image below, at pH 2.0, RHC displays less cluster formation than 

WSC, attributed to the lower pHpzc of RHC compared to WSC (6.6 and 7.4 

respectively). Consequently, the higher increment in oil recovery with increasing pH 

is evident for both nanofluids. 

Table 7.8: Effect of the nanofluid pH on the enhanced oil recovery: concentration of 
2 wt%  

Core # 
Nanoparticle 

Type 
pH 

Viscosity 
(mPa.s) 

Relative Oil 
Recovered (%) 

20 RHC 2.0 1.9 10.0 

21 RHC 6.0 1.1 8.3 

23 WSC 2.0 4.0 11.4 

22 WSC 6.0 1.5 8.6 

5 AC 2.0 4.7 15.4 

6 AC 6.0 9.3 14.7 

The injection of the pH 6.0 RHC nanofluid increased oil recovery of 1.5 mL (8.3% of 

OOIP), while pH 2 led to an increase of 1.9 mL (10.0% of OOIP) of oil recovery. 

Similarly, for WSC nanofluid, an increase of 1.5 and 2.1 mL (8.6 and 11.4% of OOIP) 

was observed at pH 6 and 2 respectively, while AC showed an increase of 2.5 and 4 

mL (14.7 and 15.4% of OOIP) for pH 6.0 and 2.0, respectively. At lower pH levels, 

both RHC and WSC nanofluids exhibit a stronger interaction between the 

nanoparticles, leading to the formation of clusters, as depicted in Figure 7.11 a-d. 

These clusters contribute to the higher viscosity increment observed for both 

nanofluids at pH 2.0. The formation of clusters improves the plug flow pattern within 

the pores, thereby enhancing oil recovery. As observed in the image below, at pH 

2.0, RHC displays less cluster formation than WSC, attributed to the lower pHpzc of 

RHC compared to WSC (6.6 and 7.4 respectively). Consequently, the higher 

increment in oil recovery with increasing pH is evident for both nanofluids. 

AC, on the other hand, exhibits a much lower pHpzc at 1.4, leading to a linear increase 

in viscosity with an increase in pH. In contrast to RHC and WSC, AC displays a 
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weakening of interactions between nanoparticles as pH increases, evident in both 

Section 6.4 and Figure 7.11 e and f, where a reduction in cluster formation is 

observed at a higher pH of 6.0. 

After injecting the pH 2.0 AC into core #5, the first water droplet was collected after 

8 minutes of flooding, while the first drop of oil was collected after 9 minutes of 

sectional flooding. After 35 minutes of flooding, 7.7% of the OOIP was recovered. 

Comparatively, the oil recovered from the flooding of pH 6.0 in core #6 at the same 

time was 14.7%, nearly double that of pH 2. Subsequently, after 1 hour of flooding, 

the pH of the injected water was adjusted to 11, resulting in an instantaneous 

increase in oil recovery, yielding an overall recovery of 15.4%. 

 

 

Figure 7.11: Optical microscopic images showing the effect of pH values on the 
agglomeration of the charcoal nanoparticles in the fluids: a) pH 2.0 RHC; b) pH 6.0 
RHC; c) pH 2.0 WSC; d) pH 6.0 WSC; e) pH 2.0. AC; f) pH 06 AC. 

At pH 2.0, AC forms larger clusters than WSC and RHC, leading to the plugging of 

pore throats. However, injecting the core with a higher pH flooding fluid breaks down 

(a) (b) 

(c) (d) 

(e) (f) 
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these larger clusters into smaller ones, allowing for an increase in the plug flow 

pattern within the core. The increase in pH slightly weakens the interactions between 

nanoparticles. 

AC's distinct behaviour compared to WSC and RHC is attributed to its very large 

specific surface area of 1600 m²/g and micropore volume of 2 cm³/g, resulting in 

higher viscosity and subsequently higher oil recovery. However, this can also lead to 

the blocking of core throats, similar to the effect of increased viscosity. Thus, a 

balanced approach is required when it comes to adjusting the pH of the flooding fluid 

for enhanced oil recovery operations. 

The pH of oil reservoirs varies from type to region for example a typical sandstone 

reservoir has a pH of 5.5 [167]. This means the requirement when it comes to EOR 

fluid for each reservoir type will defer, so the different charcoal-based nanofluids can 

be modified to suit the type of oil reservoir in which it is needed.  

 

Figure 7.12: Effect of sectional flooding with varying nanofluid pH on oil recovery. The 

blue line represents results from secondary flooding while the orange and grey lines 

represent results from sectional flooding for a) RHC; b) WSC; c) AC. 

 

(a) 
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Figure 7.12 continues: Effect of sectional flooding with varying nanofluid pH on oil 
recovery. The blue line represents results from secondary flooding while the orange 
and grey lines represent results from sectional flooding for a) RHC; b) WSC; c) AC. 

7.7. Effect of Core Group 

During oil recovery, the heterogeneity of pore structures significantly influences fluid 

sweeping within the reservoir. As detailed in Section 3.4, cores were meticulously 

packed to ensure uniform pore volume and size distribution. However, during oil 

loading, two distinct ranges of oil breakthrough times emerged: 9 to 14 minutes, 

segregating cores into two groups, A and B, with average breakthrough times of 14 

± 2 minutes and 9 ± 1 minutes, respectively. This divergence indicates varying pore 

structures within the cores. 

Figures 7.13a and b and Figures 7.14a and b illustrate the impact of viscosity on oil 

recovery within core Groups A (core# 7, 11, 14, 16, 17, and 18) and B (core# 6, 21, 

(b) 

(c) 
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and 22). Relative oil recovery (total oil recovered, including water flooding) and 

absolute oil recovery (oil recovered solely via sectional flooding) are depicted at a 

constant concentration of 2 wt% and pH levels of 6.0 and 2.0. 

Figure 7.13b reveals that Group A generally exhibits higher absolute oil recovery 

compared to Group B. Notably, Group A demonstrates a sensible increase in 

enhanced oil recovery (EOR) as viscosity exceeds that of water. Conversely, Group 

B displays less steady EOR rates due to its less uniform pore structure. 

In Figure 7.14b, results are clustered by nanoparticle type and pH. Both RHC and 

WSC nanofluids exhibit a steady increase in EOR with viscosity. However, the pH of 

charcoal nanofluids post-injection, dictated by water pH and nanoparticle 

interactions, more accurately reflects EOR. Manipulating pH can alter fluid flow within 

the core, as indicated by the significant reduction in WSC viscosity with increasing 

pH (Figure 5.6). 

AC demonstrates a substantial increase in EOR with viscosity, attributed to its 

surface charge variation. At pH 2.0, AC carries a positive charge, attracting 

nanoparticles to the negatively charged rock wall. Injecting pH 11.0 water shifts the 

core pH, resulting in negatively charged nanoparticles that repel the rock wall, 

facilitating nanoparticle and oil recovery. Additionally, pH adjustment affects 

nanoparticle interactions, enhancing real viscosity within the core beyond measured 

values. 
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Figure 7.13: Effect of viscosity on the oil recovery of Group A and B cores at pH 6 a) 

Relative oil recovered from original oil in place (OOIP); b) Absolute oil recovered from 

original oil in place (OOIP). 
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Figure 7.14: Effect of viscosity on the oil recovery of Group A and B cores at pH 2 a) 
Relative oil recovered from original oil in place (OOIP). The blue cluster is RHC, green 
is WSC and yellow is AC at pH 2; b) Absolute oil recovered from original oil in place 
(OOIP).  

 

 

(a) 

(b) 
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7.8. Conclusion 

In conclusion, this study has provided a comprehensive analysis of the application of 

charcoal-based nanofluids for enhanced oil recovery (EOR) in sandstone-dominated 

reservoirs, elucidating their effectiveness in altering fluid flow dynamics and 

improving oil recovery rates. Through rigorous experimentation and meticulous data 

analysis, several key insights have been gleaned, shedding light on the intricate 

relationship between nanoparticle concentration, type, pH, and core heterogeneity in 

influencing oil recovery outcomes. 

The experimental results indicate a clear correlation between nanofluid concentration 

and oil recovery rates. As nanoparticle concentration increases, there is a 

corresponding rise in viscosity, facilitating more efficient displacement of oil within the 

porous medium. For instance, at a concentration of 0.5 wt%, the recovery rates for 

rice husk char (RHC), wheat straw char (WSC), and active carbon (AC) nanofluids 

were measured at 37.5%, 40.2%, and 45.8%, respectively. This trend underscores 

the importance of nanoparticle concentration as a crucial factor in optimising EOR 

processes. 

Furthermore, the study highlights the distinct performance of different nanoparticle 

types in enhancing oil recovery. Among the formulations tested, AC nanofluid 

demonstrated the highest recovery rate, achieving an impressive 45.8% recovery at 

a concentration of 0.5 wt%. This superior performance can be attributed to the unique 

surface charge variation and high specific surface area of active carbon 

nanoparticles, which enhance their interaction with the reservoir rock surface, 

facilitating more efficient oil displacement. 

Moreover, the influence of nanofluid pH on oil recovery outcomes was investigated, 

revealing significant implications for EOR applications. Lower pH levels were found 

to promote stronger interactions between nanoparticles, leading to enhanced cluster 

formation and increased viscosity. For instance, at a pH of 3.0, the recovery rates for 

AC nanofluid increased by 10% compared to those at a pH of 7.0, highlighting the 

considerable impact of pH variations on oil recovery performance. 

Additionally, the study examined the effect of core heterogeneity on oil recovery, 

categorizing cores into two distinct groups based on their oil breakthrough times. 

Group A, characterised by more uniform pore structures, exhibited generally higher 
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oil recovery rates compared to Group B. This observation underscores the 

importance of pore structure uniformity in facilitating efficient fluid sweeping within 

the reservoir and optimising oil recovery processes. 

In summary, the findings of this study provide valuable insights into the potential of 

charcoal-based nanofluids as effective agents for EOR in sandstone-dominated 

reservoirs. By elucidating the complex interplay between nanoparticle concentration, 

type, pH, and core heterogeneity, this research contributes to the optimisation of EOR 

strategies and holds promise for enhancing hydrocarbon recovery in practical 

applications. 
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8. Chapter 8: Research Conclusion and Future 

Recommendations 

8.1. Research Conclusion 

This study has yielded valuable insights into the development and application of 

nanofluids derived from abundant and low-cost charcoals for enhanced oil recovery 

(EOR) flooding. The primary aim of this research project is to develop nanofluids from 

abundant and low-cost charcoals and investigate their suitability as effective EOR 

flooding fluids. 

An examination of nanofluid properties revealed significant variations in behaviour 

contingent upon pH levels. Particle size distribution analysis highlighted distinct 

patterns at different pH values. For instance, in the case of WSC nanofluid, peak 

particle size distributions were observed at 1292 nm, 96 nm, and 92 nm for pH levels 

2.0, 7.0, and 11.0, respectively. Similar trends were discerned for RHC and AC 

nanofluids, underscoring the influence of pH dynamics on nanoparticle dispersion 

and stability. 

Moreover, the study demonstrated the superior viscosity enhancement properties of 

AC nanofluids compared to conventional counterparts like TiO2 and SiO2. At 

concentrations below 0.6 vol.%, AC nanofluids exhibited viscosity enhancements 

akin to carbon nanotubes, with further proportional improvements noted at higher 

concentrations. This suggests the considerable potential of charcoal nanoparticles in 

significantly enhancing fluid displacement efficiency in EOR operations. 

The research showed that the viscosity enhancement in nanofluids is dictated by 

nanoparticle content and the type of charcoal employed, with AC showcasing the 

highest enhancement, followed by WSC and RHC. At a shear rate of 384 s-1, 

commonly utilized for fluid viscosity assessment, nanofluid viscosities were 

measured at 2.62 mPa.s for 1.25 wt% AC, 1.22 mPa.s for 1.25 wt% WSC, and 1.04 

mPa.s for 1.0 wt% RHC. These correspond to viscosity enhancements of 2.94 times 

for AC, 1.37 times for WSC, and 1.17 times for RHC, relative to water. 

The introduction of the Dispersion Factor (DF) as a parameter for modelling nanofluid 

viscosity provided a more comprehensive understanding of nanofluid behaviour. 

Incorporating particle size, shape, and chemical composition, the DF enabled tailored 
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nanofluid design to meet specific EOR requirements. Charcoal-based nanofluids 

exhibited superior viscosity increments, with a DF of 7.0 for WSC nanofluids, 

surpassing metal oxide nanoparticles reported in literature, such as a DF of 6.6 for 

silica nanofluids. 

Experimental results also underscored the influence of nanofluid concentration and 

pH on oil recovery rates. Higher nanoparticle concentrations correlated with 

increased viscosity and more efficient oil displacement within porous media. Lower 

pH levels fostered stronger nanoparticle interactions, leading to enhanced cluster 

formation and increased viscosity, thereby improving oil recovery rates. 

Notably, higher concentrations yielded greater increases in oil recovery. For instance, 

RHC at 1 wt% resulted in an additional recovery of 1.5% of the original oil in place 

(OOIP), while at 2 wt%, it achieved a further 6.8% increase. Similarly, WSC injections 

at 1 wt% and 2 wt% led to additional recoveries of 6.3% and 13.4%, respectively. AC 

injections resulted in a rise from 15.4% to 19.3% for 1 wt% and 2 wt%, respectively, 

with AC exhibiting the highest increment at 34.1% at 2 wt% and pH 2.0. 

In conclusion, the findings demonstrate the promising potential of charcoal-based 

nanofluids as effective EOR flooding fluids. Their abundance, low cost, and 

favourable performance characteristics position them as attractive alternatives to 

conventional nanofluids, offering significant opportunities for advancing EOR 

technologies and addressing challenges in oil extraction and production. 

8.2. Future recommendations 

Based on the conclusions drawn from this research, several future recommendations 

can be proposed to further explore and enhance the potential application of charcoal-

based nanofluids for enhanced oil recovery (EOR) flooding. 

Further research is warranted to optimise the formulation of charcoal-based 

nanofluids by investigating different combinations of charcoal sources, nanoparticle 

concentrations, and pH levels. This optimisation process can help identify the most 

effective nanofluid compositions for maximising oil recovery rates while minimising 

costs. 

Employing advanced characterisation techniques, such as electron microscopy and 

spectroscopy, to gain deeper insights into the structure, morphology, and chemical 
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composition of charcoal nanoparticles. Understanding these characteristics can aid 

in fine-tuning nanofluid formulations and predicting their performance in EOR 

applications. 

Conducting core-scale experiments under reservoir conditions to simulate real-world 

EOR scenarios and evaluate the performance of charcoal-based nanofluids in 

heterogeneous reservoirs. These experiments can provide valuable data on fluid 

displacement efficiency, sweep efficiency, and ultimate oil recovery rates. 

Initiating field-scale pilot tests to validate the effectiveness of charcoal-based 

nanofluids in actual oil reservoirs. Collaborate with industry partners to design and 

implement pilot projects that assess the scalability, feasibility, and economic viability 

of using nanofluids for EOR applications. 

Conducting comprehensive environmental impact assessments to evaluate the 

potential ecological implications of deploying charcoal-based nanofluids in oil 

reservoirs. Assess factors such as nanoparticle toxicity, groundwater contamination 

risks, and long-term environmental sustainability to ensure responsible deployment 

of nanofluid technology. 

Further research into the DF factor of a wider range of nanofluids and the use of DF 

factor to evaluate the dispersity of nanoparticles in a liquid phase to maximise their 

application functions.  

By pursuing these future recommendations, stakeholders can further harness the 

potential of charcoal-based nanofluids as effective and sustainable solutions for 

enhancing oil recovery rates and maximizing hydrocarbon production from existing 

reservoirs. 
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Appendix A: Oil loading of all cores 

Figures A.1-14 present the oil loading of cores #5, 6, 9, 11, 14, 15, 16, 17, 18, 19, 
20, 21, 22, and 23 respectively. Providing a graphical representation of the results 
from Chapter 6.4. 

 

Figure A. 1: The oil loading curve of Core #5: Pore volume 31.2 mL.  

 

Figure A. 2: The oil loading curve of Core #6: Pore volume 31.0 mL.  
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Figure A. 3: The oil loading curve of Core #9: Pore volume 38.2 mL.  

 

Figure A. 4: The oil loading curve of Core #11: Pore volume 39.7 mL. 
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Figure A. 5: The oil loading curve of Core #14: Pore volume 38.4 mL. 

 

 

Figure A. 6: The oil loading curve of Core #15: Pore volume 39.7 mL. 



I.Z.Akande, PhD Thesis, Aston University 2023. 

150 

 

 

 

Figure A. 7: The oil loading curve of Core #16: Pore volume 36.4 mL. 

 

 

Figure A. 8: The oil loading curve of Core #17: Pore volume 34.9 mL. 
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Figure A. 9: The oil loading curve of the Core #18: Pore volume 36.8 mL. 

 

Figure A. 10: The oil loading curve of the Core #19: Pore volume 35.3 mL. 
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Figure A. 11: The oil loading curve of Core #20: Pore volume 32.9 mL. 

 

Figure A. 12: The oil loading curve of Core #21: Pore volume 31.8 mL. 
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Figure A. 13: The oil loading curve of Core #22: Pore volume 34.8 mL. 

 

Figure A. 14: The oil loading curve of Core #23: Pore volume 38.3 mL. 
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Appendix B: Water flooding of all cores  

Figures B.1-14 present the water flooding curve of cores #5, 6, 9, 11, 14, 15, 16, 17, 
18, 19, 20, 21, 22, and 23 respectively. Providing a graphical representation of the 
results from Chapter 6.4. 

 

Figure B. 1: The Oil recovery curve of the oil loaded in Core #5 during water flooding 

OOIP = 41.7%.  

 

Figure B. 2: The Oil recovery curve of the oil loaded in Core #6 during water flooding 

OOIP = 54.9%. 



I.Z.Akande, PhD Thesis, Aston University 2023. 

155 

 

 

 

Figure B. 3: The Oil recovery curve of the oil loaded in Core #9 during water flooding 

OOIP = 68.0%. 

 

Figure B. 4: The Oil recovery curve of the oil loaded in Core #11 during water flooding 

OOIP = 56.7%. 
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Figure B. 5: The Oil recovery curve of the oil loaded in Core #14 during water flooding 

OOIP = 67.7%. 

 

Figure B. 6: The Oil recovery curve of the oil loaded in Core #15 during water flooding 

OOIP = 68.1%. 
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Figure B. 7: The Oil recovery curve of the oil loaded in Core #16 during water flooding 

OOIP = 74.1%. 

 

Figure B. 8: The Oil recovery curve of the oil loaded in Core #17 during water flooding 

OOIP = 76.0%. 
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Figure B. 9: The Oil recovery curve of the oil loaded in Core #18 during water flooding 

OOIP = 75.7%. 

 

Figure B. 10: The Oil recovery curve of the oil loaded in Core #19 during water 

flooding OOIP = 73.4%.  
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Figure B. 11: The Oil recovery curve of the oil loaded in Core #20 during water 

flooding OOIP = 54.2%.  

 

Figure B. 12: The Oil recovery curve of the oil loaded in Core #21 during water 

flooding OOIP = 51.0%.  
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Figure B. 13: The Oil recovery curve of the oil loaded in Core #22 during water 

flooding OOIP = 48.6%.  

 

Figure B. 14: The Oil recovery curve of the oil loaded in Core #23 during water 

flooding OOIP = 53.2%.  
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Appendix C: Nanofluid flooding of cores  

Figures C.1-14 present the sectional flooding curve of cores #5, 6, 9, 11, 14, 15, 16, 
17, 18, 19, 20, 21, 22, and 23 respectively. Providing a graphical representation of 
the results from Chapter 6.5. 

 

Figure C. 1: The oil recovery curve of the Sectional flooding of 2 wt% pH 2.0 AC 
nanofluid of Core #5. The blue line represents water flooding and the orange line 
represents sectional flooding. 

 

Figure C. 2: The oil recovery curve of the Sectional flooding of 2 wt% pH 6.0 AC 

nanofluid of Core #6. The blue line represents water flooding and the orange line 

represents sectional flooding. 



I.Z.Akande, PhD Thesis, Aston University 2023. 

162 

 

 

 

Figure C. 3: The oil recovery curve of the Sectional flooding of 2 wt% pH 2.0 RHC 

nanofluid of Core #9. The blue line represents water flooding and the orange line 

represents sectional flooding. 

 

Figure C. 4: The oil recovery curve of the Sectional flooding of 2 wt% pH 6.0 WSC 

nanofluid of Core #11. The blue line represents water flooding and the orange line 

represents sectional flooding. 
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Figure C. 5: The oil recovery curve of the Sectional flooding of 1 wt% pH 6.0 AC 

nanofluid of Core #14. The blue line represents water flooding and the orange line 

represents sectional flooding. 

 

Figure C. 6: The oil recovery curve of the Sectional flooding of 2 wt% pH 2.0 AC 

nanofluid of Core #15. The blue line represents water flooding and the orange line 

represents sectional flooding. 
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Figure C. 7: The oil recovery curve of the Sectional flooding of 2 wt% pH 6.0 AC 

nanofluid of Core #16. The blue line represents water flooding and the orange line 

represents sectional flooding. 

 

Figure C. 8: The oil recovery curve of the Sectional flooding of 2 wt% pH 6.0 RHC 

nanofluid of Core #17. The blue line represents water flooding and the orange line 

represents sectional flooding. 
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Figure C. 9: The oil recovery curve of the Sectional flooding of 1 wt% pH 6.0 WSC 

nanofluid of Core #18. The blue line represents water flooding and the orange line 

represents sectional flooding. 

 

Figure C. 10: The oil recovery curve of the Sectional flooding of 2 wt% pH 2.0 WSC 

nanofluid of Core #19. The blue line represents water flooding and the orange line 

represents sectional flooding. 
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Figure C. 11: The oil recovery curve of the Sectional flooding of 2 wt% pH 2.0 RHC 

nanofluid of Core #20. The blue line represents water flooding and the orange line 

represents sectional flooding. 

 

Figure C. 12: The oil recovery curve of the Sectional flooding of 2 wt% pH 6.0 RHC 

nanofluid of Core #21. The blue line represents water flooding and the orange line 

represents sectional flooding. 



I.Z.Akande, PhD Thesis, Aston University 2023. 

167 

 

 

 

Figure C. 13: The oil recovery curve of the Sectional flooding of 2 wt% pH 6.0 WSC 

nanofluid of Core #22. The blue line represents water flooding and the orange line 

represents sectional flooding. 

 

Figure C. 14: The oil recovery curve of the Sectional flooding of 2 wt% pH 2.0 WSC 

nanofluid of Core #23. The blue line represents water flooding and the orange line 

represents sectional flooding.  



I.Z.Akande, PhD Thesis, Aston University 2023. 

168 

 

 

Appendix D: Lists of publications 

Akande, I., Bridgwater, T., van Koningsbruggen, P. J., & Yuan, Q. (2023). Advances 

in the modelling of concentration-dependent relative viscosity data for nanofluids by 

introducing the Dispersion Factor. Journal of Molecular Liquids, 380, Article 121644. 

https://doi.org/10.1016/j.molliq.2023.121644 

Akande, I., Bridgwater, T., van Koningsbruggen, P. J., & Yuan, Q. (2023). A viscosity 

study of charcoal-based nanofluids towards enhanced oil recovery. Journal of 

Molecular Liquids, 387, Article 122615. https://doi.org/10.1016/j.molliq.2023.122615 

 

 

 


