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Preface  

The world's energy demand is rising steadily, mainly met by burning fossil fuels 

like coal, crude oil, and natural gas. Many developing countries rely on imports for their 

energy needs. Coal, despite its abundance, emits high levels of carbon dioxide when 

burned, making it an unsustainable option. Natural gas, a cleaner alternative, is still 

developing, leaving crude oil as the primary energy source. However, extracting crude 

oil is a complex process, involving drilling wells up to 25,000 feet deep, with reservoir 

pressures reaching 20,000 psi and temperatures hitting 250°C. Initially, wells can rely 

on natural reservoir pressure for production, known as primary production. But over 

time, as reservoir pressure decreases, only about 25% of the original oil in place (OOIP) 

can be recovered, leaving significant resources untapped. To maintain production, 

reservoir energy must be enhanced through artificial lift mechanisms or enhanced oil 

recovery (EOR) methods. Enhanced Oil Recovery (EOR) is segmented into three 

classifications: Thermal methods, Chemical methods, and Miscible gas injection. The 

primary objective of enhanced oil recovery (EOR) methods is to enhance the overall 

efficiency of displacing oil, which depends on both microscopic and macroscopic 

displacement efficiency. Chemical-enhanced oil recovery (CEOR) entails the 

introduction of a chemical slug containing various chemicals like surfactants, polymers, 

nanoparticles, alkalis, etc. CEOR operates on the principle of altering the petrophysical 

characteristics of the reservoir fluid to enhance flow and increase recovery from the 

well. This process may include reducing interfacial tension (IFT) and altering the 

preferential wetting behaviors of the reservoir rock surface. The study focuses on 

different techniques and additives that can be employed to modify reservoir properties, 

aiming to achieve a higher recovery factor while minimizing surfactant loss due to 



 

 

 

 

 

xviii 

 

adsorption. The loss of surfactant is a major problem during the surfactant polymer 

injection, which the help of various additive like nanoparticles, nanotubes and 

nanosheets can minimize. Chapter 1 provides a concise overview of Enhanced Oil 

Recovery (EOR), outlining its benefits and categorizing its methods. It also examines 

the criteria for selecting appropriate EOR techniques based on reservoir conditions. It 

also delves into the specific type of EOR implemented under varying reservoir 

conditions. Chapter 2 outlines the methodology involving several experimental 

techniques utilized in the thesis. It primarily focuses on the criteria for selecting 

surfactants, which involves conducting experiments using zeta potential, surface 

tension, and conductivity meters. Additionally, interfacial tension experiments and 

contact angle experiments were performed to modify the wetting behaviors of the 

substrate. Adsorption experiments were carried out to minimize surfactant loss with 

additives. Rheological experiments were conducted to evaluate fluid viscosity. Finally, 

core flood experiments were undertaken to improve oil recovery with additives. This 

methodology provides a comprehensive approach to understanding and optimizing 

surfactant selection and its application in enhancing oil recovery. Chapter 3 investigates 

the use of silicon carbide nanoparticles to reduce anionic surfactant loss during flooding 

experiments to enhance flooding efficiency while mitigating environmental concerns 

associated with nanoparticle application. The study examines the adsorption of anionic 

surfactants at different concentrations of silicon carbide nanoparticles (100, 200, and 

300 ppm) and varying surfactant concentrations. Additionally, surfactant adsorption is 

studied at elevated temperatures (30, 50, and 70°C), and the surfactant's critical micelle 

concentration (CMC) is evaluated across different concentrations of silicon carbide 

nanoparticles and temperatures. Following the adsorption experiments, the data is 
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analyzed using various adsorption isotherm models. Chapter 4 examined the effects of 

Advanced multi-wall carbon nanotube-optimized surfactant-polymer flooding on 

enhanced oil recovery. This study investigates the potential of multiwall carbon 

nanotubes to enhance the efficiency of oil recovery, alter the interfacial tension (IFT) 

and perform an experiment to modify the wetting characteristics of the rock surfaces. 

The adsorption studies were conducted to minimize the surfactant loss during flooding 

experiments. The adsorption data was analyzed using different adsorption isotherm 

models after the adsorption experiments. Finally, the core flooding experiments were 

conducted to maximize the oil recovery at the optimized slug, using a combination of 

1000 ppm polymer and anionic surfactant (SDS) at CMC, optimizing the concentration 

of multiwall carbon nanotube. In Chapter 5, the impact of waste plastic-derived reduced 

graphene oxide as a potential additive for surfactant polymer flooding was investigated. 

The reduced graphene oxide was synthesized with the help of waste plastic, and the 

synthesized particles were used in the field of enhanced oil recovery to maximize oil 

recovery by reducing the IFT and modifying the wetting characteristics of the rock 

surface. The surface tension was also explored at various surfactants, which are anionic 

surfactant (SDS), cationic surfactant (CTAB), and anionic surfactant (Triton X 100), 

with varying RGO concentrations. This study also investigated the influence of pH on 

surface tension and wettability at optimized concentrations of reduced graphene oxide 

(RGO). Ultimately, we performed sand-pack flooding experiments to enhance oil 

recovery. Chapter 6 examined the impact of sustainable potassium-doped graphene 

oxide from oak fruit agricultural waste as a synergistically improved nanofluid-

surfactant slug for enhancing oil recovery. The potassium-doped graphene (KGO) 

oxide was synthesized with the help of agricultural waste, and these particles were 
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further utilized in enhanced oil recovery to maximize production by altering the IFT 

and modifying the wetting behaviors of the rock surfaces. In this study, surfactant 

adsorption experiments were also explored to minimize surfactant loss, and the 

adsorption data was also fitted with the adsorption isotherm model and adsorption 

kinetics. The DLS experiments were conducted to assess the zeta potential of the fluid, 

through which we can easily evaluate the stability of the surfactant in the presence of 

KGO. The rheological properties were also investigated to evaluate the viscosity of the 

prepared sample, which contained KGO, surfactant, and polymer. Finally, core flood 

experiments were also conducted to evaluate oil recovery. In Chapter 7, the study will 

present a detailed compilation of findings from the diverse investigations conducted. 

Additionally, it will propose potential paths for future research exploring deeper into 

the practical implementation of enhanced oil recovery techniques. 
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Chapter: 1 

Introduction and Literature Review

 

1.1. Background 

Hydrocarbon recovery from reservoirs is divided into three distinct stages: primary, 

secondary, and tertiary. Each stage employs progressively more advanced techniques 

to maximize oil extraction. 

Primary Recovery: 

The initial stage, primary recovery, relies on the reservoir's natural energy sources, 

such as solution gas drive, gas cap expansion, or water influx. These mechanisms 

provide the necessary pressure differential to drive hydrocarbons towards production 

wells. However, this method typically recovers only 10-15% of the original oil in place 

(OOIP). 

Secondary Recovery: 

As reservoir pressure depletes during primary production, the natural drive 

becomes insufficient to maintain economically viable production rates. At this point, 

secondary recovery methods are implemented, primarily through water flooding or gas 

injection. In water flooding, water is injected into strategically placed injection wells, 

creating a pressure front that sweeps oil towards production wells. This technique can 

increase recovery to 20-40% of OOIP depending on reservoir characteristics and fluid 

properties. 

Tertiary Recovery (Enhanced Oil Recovery - EOR): 
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Despite the effectiveness of primary and secondary methods, a significant 

portion of oil remains trapped in the reservoir due to capillary forces and heterogeneities 

in the rock formation. Tertiary recovery, or EOR, aims to mobilize this residual oil. 

EOR techniques are broadly categorized into thermal, gas injection, and chemical 

methods, as illustrated in Figure 1.1. 

 

 

Figure 1. 1. Different types of EOR methods. 

Chemical Enhanced Oil Recovery (cEOR): 

Among EOR methods, chemical-enhanced oil recovery (cEOR) has gained 

prominence due to its versatility and effectiveness. cEOR techniques include:  

Surfactant flooding: Reduces interfacial tension between oil and water, mobilizing 

trapped oil. 

Polymer flooding: Improves sweep efficiency by increasing the viscosity of the injected 

water. 

Alkaline flooding: Reacts with acidic components in the oil to create in-situ surfactants. 

Alkaline-Surfactant-Polymer (ASP) flooding: Combines the benefits of all three 

methods for maximum oil recovery. 
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These methods target different oil mobilization and displacement aspects, often 

achieving recovery factors of up to 60-70% OOIP in favourable conditions. The cEOR 

technique increases hydrocarbon production by improving microscopic, areal, and 

vertical efficiencies, resulting in enhanced total displacement efficiency (E), which is 

mentioned in equation 1.1. 

                                                     v dE E E=                                                                            (1.1) 

Ev is the volumetric sweep efficiency, and Ed is the microscopic displacement 

efficiency. Consequently, volumetric sweep efficiency is represented by equation 1.2. 

                                                   v Areal VerticalE E E=                                                                  (1.2) 

In equation 1.2, the EAreal is the areal sweep efficiency, and EVertical is the vertical weep 

efficiency, giving information about volumetric sweep efficiency. 

As global energy demand continues to rise, there is increasing pressure on mature 

fields to enhance production. cEOR techniques play a crucial role in accessing 

previously unrecoverable oil, extending the productive life of these fields and 

contributing to global energy security. The selection and optimization of specific cEOR 

methods depend on reservoir characteristics, fluid properties, and economic 

considerations, necessitating thorough laboratory studies and field piloting before full-

scale implementation. 

Surfactants are crucial in the petroleum industry, particularly in enhanced oil 

recovery (EOR), drilling, and refining processes. These chemical compounds possess 

hydrophobic and hydrophilic properties, characterized by a long hydrophobic chain and 

a hydrophilic head group [1]. Their unique structure significantly reduces surface 

tension (ST) and interfacial tension (IFT) between immiscible fluids like oil and water. 

Surfactants are classified into four main categories based on their head group charges: 
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anionic (negative), cationic (positive), nonionic (uncharged), and zwitterionic (both 

positive and negative). Each type offers distinct advantages and is selected based on 

specific application requirements. Anionic surfactants, for instance, excel in stabilizing 

emulsions and are commonly used in sandstone reservoirs due to their reduced 

adsorption on negatively charged sand particles. Cationic surfactants, known for their 

superior cleaning power, are more effective in carbonate reservoirs with positively 

charged rocks. 

Nonionic surfactants are valued for their high salt tolerance and are increasingly 

used as cosurfactants to enhance the adsorption capabilities of other surfactants. 

Although more expensive, Zwitterionic surfactants exhibit versatile behavior and 

increased salt tolerance. They can display non-ionic-cationic, non-ionic-anionic, or 

cationic-anionic characteristics depending on the environment. 

As surfactant concentration increases, the IFT between immiscible fluids 

decreases until the critical micelle concentration (CMC) is reached. Beyond this point, 

surfactants form micelles, and further concentration increases do not significantly 

reduce IFT. Common examples of surfactants include sodium dodecyl sulfate (SDS), 

sodium dodecyl benzene sulfonate (SDBS), cetyl trimethyl ammonium bromide 

(CTAB), and polysorbate 20 (Tween 20). 

The hydrophilic-lipophilic balance (HLB) is a crucial parameter for 

categorising surfactants [2], [3]. This numerical scale, ranging from 0 to 60, represents 

the ratio of hydrophilic to lipophilic components in a surfactant molecule. Higher HLB 

values indicate greater hydrophilicity, while lower values suggest increased 

lipophilicity. Emulsions typically require surfactants with HLB values between 10 and 

18, with values below 10 indicating lipid solubility and above 10 indicating water 
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solubility. In enhanced oil recovery, surfactant flooding can typically recover around 

10% of the original oil in place (OOIP). This technique and other surfactant applications 

in the petroleum industry demonstrate these compounds' significant impact on 

improving efficiency and effectiveness in various operations throughout the sector. The 

HLB values can be determined with the help of equation 1.3 mentioned below.  

                                                     
( 45.7)

2.36
HLB

− −
=                                                          (1.3) 

Whereas in equation (1.3),   is the interfacial tension between immiscible fluids. 

Surfactant flooding improves the microscopic displacement of crude oil from 

small areas by decreasing the interfacial tension (IFT) between the crude oil and the 

fluid displacing it. The decrease in interfacial tension (IFT) may result in the creation 

of microemulsions. The salinity of the system affects the formation of the emulsion. 

Under low salinity conditions, a microemulsion of Winsor type I is created, where water 

acts as the continuous phase, and the emulsion develops as a distinct phase on the 

surface [4]. High salinity leads to Winsor type II microemulsion formation, where the 

oil acts as the continuous phase, and the emulsion settles at the bottom. At intermediate 

salinity levels, a Winsor type III microemulsion is produced, which consists of three 

separated layers: water at the bottom, an emulsion in the centre, and oil on top. 

Surfactants also decrease the capillary pressure, facilitating the movement of leftover 

oil from small areas inside the pores. Moreover, surfactants modify the wettability of 

the reservoir rock, transforming it from being oil-wet to water-wet. This phenomenon 

arises from the interaction between the crude oil's non-polar component and the 

surfactant's hydrophobic portion. As a result, the surfactant adheres to the rock's 

surface, exposing its hydrophilic head and leading to the rock becoming water wet. This 



 

 

 

 

 

6 

 

mechanism exhibits variability in response to cationic surfactants. In addition, the 

phenomenon of bubble entrapment, which occurs when stationary oil droplets get 

caught in the displacing fluid, also plays a role in enhancing oil recovery during 

surfactant flooding.  

Polymers are complex compounds with a large molecular weight that consists 

of repeating components known as monomers. When these polymers are mixed with 

water, they cause the solution to become more viscous. In the petroleum industry, 

polymer flooding increases the thickness of the injection fluid by including water-

soluble polymers. This process ultimately leads to improved oil recovery. Two main 

categories of polymers are used: natural biopolymers, such as Xanthan gum, and 

synthetic polymers, such as Polyacrylamide (PAM). Synthetic polymers are favoured 

for their cost-effectiveness and efficient performance. Polyacrylamide (PAM) is a 

commonly used industrial polymer that, when mixed with water, attains the required 

viscosity for injection fluids. To decrease the amount of adsorption on minerals found 

in reservoirs, polyacrylamide (PAM) is altered to become partly hydrolyzed 

polyacrylamide (HPAM), whereby the amide group is transformed into a negatively 

charged carboxylic group. This alteration in structure reduces the polymer's propensity 

for adsorption. The viscosity of these polymer solutions depends on the shear rate and 

decreases as the shear rate increases [5]. Salinity has an impact on viscosity as well. 

When salts are present, they decrease the viscosity of polymer solutions by reducing 

the repulsion between molecules, leading to polymer chains' contraction. Divalent salts 

have a more pronounced influence on lowering viscosity than monovalent salts. The 

molecular weights of synthetic polymers commonly used in the industry generally fall 
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within the 106 to 107 Da range. Polymer flooding may increase oil recovery by around 

10%. 

Polymer flooding improves the viscosity of the injection fluid by adding 

polymers. This increases the fluid's viscosity and decreases the relative permeability of 

the displacing fluid by causing polymer adsorption on rock surfaces. This procedure 

reduces the viscous fingering of the more mobile phase and limits the bypassing of 

crude oil, consequently enhancing the volumetric sweep efficiency. The primary 

processes involved in polymer flooding are the lowering of permeability and the control 

of fluid movement. The fractional flow equation states that water cut is directly 

proportional to the mobility ratio of water to oil. Therefore, if the viscosity of the 

injection fluid is increased, its mobility reduces, resulting in a reduced mobility ratio. 

An optimal mobility ratio should be ≤ 1. Polymer flooding and controlling the mobility 

ratio are affected by polymers' adsorption on the reservoir's mineral surfaces. This leads 

to a phenomenon called disproportionate permeability reduction, where the 

permeability in specific zones decreases, resulting in a decrease in the relative 

permeability of water and an increase in the relative permeability of crude oil. The 

augmentation in the oil's relative permeability may improve the oil cut. In addition, the 

process of polymer adsorption may slow down the velocity of the injection fluid in 

these areas, referred to as the permeability reduction effect. 

Therefore, an increased polymer viscosity enhances the regulation of the 

mobility ratio and the efficacy of polymer flooding. Nevertheless, overly long polymer 

chains might be challenging as they may struggle to enter narrower pore passages inside 

the reservoir, where oil droplets are confined. This can result in the creation of 

inaccessible pore volume (IPV). When the length of the polymer chain is greater than 
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the diameter of the pore, the oil within these pores cannot move. The simultaneous 

influence of polymer adsorption and mobility control may impede fluid flow between 

different areas, especially in reservoirs with significant variations in composition.  

Integrating two distinct additives governs surfactant polymer flooding, each 

serving a specific purpose. The primary challenge during the flooding process arises 

from the higher mobility of the displaced fluid compared to the displaced fluid. This 

disparity in mobility, characterized by higher relative permeability and lower viscosity, 

leads to the phenomenon known as viscous fingering, where the less viscous displacing 

fluid bypasses the more viscous formation fluid. Polymers are added to the displacing 

fluid to mitigate this issue and increase viscosity, enhancing mobility control. 

Simultaneously, surfactants alter wettability and reduce surface tension. This dual-

additive approach harnesses the benefits of both surfactant flooding and polymer 

flooding. Ongoing debate points to whether the surfactant and polymer should be 

premixed into a single slug or injected separately. However, most research indicates 

that premixing the additives at specific concentrations yields optimal results. This study 

focuses on surfactant polymer flooding, where the additives are premixed to form a 

single slug, which is then injected into a sand pack or core to facilitate oil mobilization 

experiments. A few literature surveys on oil recovery are mentioned in Table 1.1. 

1.2.  Challenges associated with cEOR 

 Incorporating different additives to formulate a chemical slug for Chemical 

Enhanced Oil Recovery (cEOR) is a widely recognized and established approach to 

recovering larger hydrocarbons. This technique has garnered significant attention and 

effort from numerous researchers, who have extensively studied and developed various 

additive combinations to optimize recovery. Their collective work aims to enhance the 
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efficiency and effectiveness of cEOR, ensuring that a higher volume of hydrocarbons 

is successfully extracted from reservoirs. The ongoing research in this field highlights 

the importance and potential of additive incorporation in improving oil recovery rates, 

thereby contributing to the advancement of cEOR methodologies. Their consensus is 

that the effectiveness of Surfactant-Polymer (SP) flooding can be significantly 

enhanced by adding certain chemicals to the slug. However, these chemicals' optimal 

concentration and selection require extensive laboratory studies. A prevalent issue in 

cEOR, particularly with the use of surfactants, is the loss due to adsorption onto the 

rock surface. This adsorption not only diminishes the surfactant's efficiency but also 

leads to increased costs because higher surfactant dosages become necessary. 

Researchers in the field have widely acknowledged this challenge. Another critical 

factor identified in previous studies is the slug's capacity to alter the rock's wettability, 

which is essential for effective oil mobilization. While some slugs can effectively 

reduce the interfacial tension (IFT), they often fall short in modifying the reservoir's 

wettability. Therefore, an ideal CEOR slug should not only minimize IFT but also be 

capable of changing the wettability of the reservoir while maintaining low adsorption 

losses. Considering these requirements, various researchers have endeavoured to design 

suitable slugs for the CEOR process. A thorough literature review indicates substantial 

potential for improving SP flooding by strategically applying various chemical 

additives. 

1.3. Nanoparticles as an additive for Chemical EOR 

 Nanoparticles (NPs) have gained significant attention in recent years due to their 

unique structural and thermal properties, stemming from their small size and large 

surface area. These properties enhance the efficacy of surfactant-polymer (SP) flooding 
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in oil recovery. Despite their potential, field trials have been hindered by the extremely 

high cost of NPs. Nonetheless, laboratory-scale studies have demonstrated the potential 

of NPs as additives in chemical flooding, drawing considerable interest from 

researchers. Promising results from these studies have established NPs as viable 

candidates for improving surfactant flooding efficiency. Researchers have utilized NPs 

to address the issue of surfactant adsorption losses on rock [6]–[10]. The small size of 

NPs results in a high surface area and surface charge density, enabling even a small 

quantity to reduce surfactant loss significantly. Various researchers have combined NPs 

with surfactants to enhance oil recovery. For instance, Rezk and colleagues used zinc 

oxide NPs (~50 nm) with surfactants, achieving a 25 mN/m reduction in interfacial 

tension (IFT) and an additional 8% oil recovery compared to using surfactant alone 

[11]. Similarly, iron oxide NPs were employed by Kazemzadeh et al. for asphaltene 

precipitation during carbon dioxide injection. At the same time, Ehtesabi et al. reported 

a 14% increase in oil recovery with just 0.01 wt% of titanium oxide NPs in the flooding 

slug [12], [13]. Venancio et al. successfully reduced surfactant adsorption from 28% to 

16% using silica NPs [14]. Additionally, Saxena et al. found that alumina and silica 

NPs reduced the adsorption of soap nut oil surfactants on various mineralogical surfaces 

[10]. Silica NPs have also been used by Wu et al. to minimize surfactant loss on rock 

surfaces, resulting in a 4.68% increase in oil recovery [15]. NPs not only aid in reducing 

surfactant adsorption but also lower the IFT, which would help improve the capillary 

number, indicating improved oil recovery. Yekeen et al. demonstrated that various NPs 

effectively reduced IFT between the surfactant-NP solution and n-decane [16]. 

Nanoparticles (NPs) are highly effective in reducing the interfacial tension (IFT) 

between water and oil, primarily due to their ability to position themselves at the 
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interfacial layers [17]. At low concentrations, nanoparticles lower the IFT by adsorbing 

onto the surface of the liquid. However, as the concentration of nanoparticles increases, 

they can nearly eliminate surfactants from the bulk aqueous phase, leaving no free 

surfactant available in the solution [18]. This phenomenon is particularly significant 

because surfactants are crucial in reducing IFT. Moreover, research has demonstrated 

that incorporating non-ferrous metal nanoparticles into an anionic surfactant solution 

can substantially reduce IFT, achieving reductions of 70% to 79% [19]. This highlights 

the potent synergistic effect between nanoparticles and surfactants in interfacial 

applications. Giraldo and colleagues conducted a study involving aluminium oxide 

nanoparticles (Al2O3 NPs) combined with an anionic surfactant. Their research 

highlights the potential of these nanoparticles to alter the wettability of rock surfaces. 

Specifically, the Al2O3 nanoparticles were found to transform the rock surfaces from 

being oil-wet to water-wet. This change in wettability is crucial in the context of 

enhanced oil recovery techniques. The transition to a water-wet state facilitates oil 

displacement from the rock pores, thereby enhancing the efficiency of oil extraction 

processes. The researchers demonstrated that using Al2O3 nanoparticles, along with the 

anionic surfactant, not only modifies the rock's wettability but also contributes to an 

increase in the ultimate oil recovery. This finding suggests that such nanofluids could 

significantly improve the performance of oil recovery operations, offering a promising 

approach to maximize the extraction of oil from reservoirs. Recent studies have 

indicated that the inclusion of nanoparticles (NPs) in surfactant flooding processes can 

lead to substantial rheological alterations, particularly demonstrating as increased 

viscosity. This enhanced viscosity, while beneficial in certain contexts, can have a 

profound impact on the efficiency of oil recovery processes. The presence of NPs 
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modifies the flow characteristics of the surfactant solutions, making them more resistant 

to deformation and flow. This resistance translates to a thicker, more viscous fluid that 

can influence the movement and distribution of the surfactant within the oil reservoir. 

As a result, the altered rheology due to NPs can either improve or impede the 

displacement of oil, depending on the specific conditions and properties of the 

reservoir. The overall effect on oil recovery is thus a complex interplay of factors, 

including the concentration and type of nanoparticles used, the surfactant's nature, and 

the oil-bearing formation's geological characteristics. Consequently, while NPs have 

the potential to enhance certain aspects of surfactant flooding, careful consideration and 

optimization are required to harness their benefits without inadvertently compromising 

the efficiency of the oil extraction process [17], [18]. Additionally, Suleimanov et al. 

made a substantial discovery by observing that adding nanoparticles to a surface-active 

agent solution induced a transformation in the fluid's flow behavior, shifting it from 

Newtonian to non-Newtonian characteristics. This modification was accompanied by a 

notable doubling of the solution's viscosity. This breakthrough holds substantial 

promise for enhanced oil recovery, specifically in surfactant flooding processes. The 

increased viscosity achieved through this innovative nano-surfactant solution plays a 

crucial role in effectively controlling the mobility ratio. By enhancing the ability to 

manage this ratio, the nano-surfactant solution can potentially improve the efficiency 

and effectiveness of surfactant flooding, thereby optimizing oil extraction and recovery 

processes [19]. These studies collectively suggest that NPs can significantly enhance 

surfactant flooding performance in the oil industry by improving oil recovery because 

of IFT reduction, spontaneous emulsion formation, wettability alteration and Flow 

characteristics modification. However, the primary challenge remains the cost-
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effectiveness of applying NPs on a large scale. The literature review of some utilized 

NPs in the field of EOR is mentioned in Table 1.2. 

1.4. Research Gap 

One of the significant challenges in Chemical Enhanced Oil Recovery (CEOR) is 

the loss of surfactants and polymers, primarily due to adsorption onto reservoir rock 

surfaces, degradation, or chemical reactions with reservoir fluids. These processes 

reduce the effectiveness of the injected chemicals, resulting in diminished oil recovery 

and increased operational costs. Consequently, minimizing these losses is crucial for 

improving the efficiency of CEOR operations and ensuring the economic viability of 

the recovery process. To address these challenges, further research is necessary to 

develop more efficient surfactants and polymers that exhibit lower adsorption rates, 

enhanced thermal stability, and reduced interaction with reservoir minerals. This can 

involve the incorporation of nanomaterials, such as nanoparticles and nanosheets, 

which have shown potential in improving the performance of surfactant-polymer 

systems. By minimizing surfactant loss and enhancing the overall efficiency of the 

Chemical Enhanced Oil Recovery (CEOR) process, these advanced materials can 

contribute to improved oil recovery while mitigating associated environmental 

concerns. Nanomaterials have gained significant attention in the field of Enhanced Oil 

Recovery (EOR) due to their ability to improve oil displacement and recovery. 

However, despite the successful incorporation of various nanomaterials, carbon-based 

nanomaterials (such as carbon nanotubes, graphene, and fullerenes) have not been 

extensively utilized in EOR applications. This lack of integration is largely due to 

several research gaps that need to be addressed to fully harness their potential. Bridging 

these gaps could lead to more efficient and sustainable oil recovery techniques. 
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1.5. Objective   

          According to the literature survey, researchers have predominantly concentrated 

on surfactant-polymer (SP) flooding because of its high recovery efficiency and ease of 

controlling its parameters. This has consequently guided the focus of our work. 

Although SP flooding is notably effective in extracting a significant portion of the 

residual oil from reservoirs, it has drawbacks. One major issue is surfactant adsorption, 

which remains a vital challenge during the process. To address this, the study has 

shifted towards enhancing SP flooding by incorporating various chemical additives, 

aiming to improve its effectiveness in maximizing the recovery factor. NPs have been 

employed in this study to minimize surfactant loss and IFT, which helps improve the 

capillary number by enhancing recovery efficiency. It also modifies the wetting 

behavior of the rock surfaces by which the untouched hydrocarbon can be recovered, 

which also helps to increase the recovery factor. We employed different types of 

nanomaterials and precise procedures to achieve this objective, as outlined below. 

1. Silicon carbide nanoparticles are utilized to reduce surfactant loss during 

chemical enhanced oil recovery (cEOR). 

2. Modified multi-walled carbon nanotubes (mMWCNTs) are employed in 

cEOR to mitigate surfactant loss. These nanotubes effectively modify 

interfacial tension (IFT) and wettability, enhancing the efficiency of the 

injection slug and improving oil recovery. 

3. Reduced graphene oxide (RGO) derived from waste plastic is applied in 

cEOR to optimize the recovery factor. 
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4. Potassium-doped graphene oxide, sustainably synthesized from 

agricultural waste oak fruit, exhibits a synergistic effect when combined 

with a nanofluid-surfactant slug, maximizing oil recovery. 

1.6. Thesis Organization 

This thesis is composed of seven chapters, each addressing a specific objective related 

to the research work. Chapter 1 provides a brief overview of Enhanced Oil Recovery 

(EOR), emphasizing its advantages and categorizing the various EOR methods. It also 

discusses how to choose the most suitable EOR techniques based on reservoir 

conditions and explores the specific types of EOR applied in different scenarios. 

Chapter 2 focuses on the methodology employed throughout the thesis, highlighting the 

experimental techniques used. The chapter concentrates on selecting appropriate 

surfactants, conducting experiments such as zeta potential, surface tension, and 

conductivity measurements. Interfacial tension and contact angle experiments were 

performed to modify the substrate’s wettability, while adsorption experiments were 

aimed at reducing surfactant loss with the addition of various additives. Rheological 

studies were conducted to assess fluid viscosity, and core flood experiments were 

carried out to enhance oil recovery using additives. This methodology offers a 

comprehensive framework for optimizing surfactant selection in EOR applications. 

Chapter 3 examines the use of silicon carbide nanoparticles to reduce the loss of anionic 

surfactants during flooding experiments, improving efficiency and addressing 

environmental concerns. The study investigates surfactant adsorption at various 

concentrations of silicon carbide nanoparticles (100, 200, and 300 ppm) and surfactants, 

as well as at different temperatures (30, 50, and 70 °C). The critical micelle 

concentration (CMC) of the surfactant is also evaluated in relation to nanoparticle 
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concentration and temperature. The adsorption data is analyzed using multiple 

adsorption isotherm models. Whereas Chapter 4 explores the impact of multi-wall 

carbon nanotubes in optimizing surfactant-polymer flooding for enhanced oil recovery. 

It investigates how these nanotubes improve oil recovery efficiency by reducing 

interfacial tension (IFT) and altering the wetting characteristics of rock surfaces. 

Adsorption studies aimed at minimizing surfactant loss are conducted, and the data is 

analyzed using different adsorption isotherms. Core flooding experiments are 

performed with an optimized slug consisting of 1000 ppm polymer and an anionic 

surfactant (SDS) at CMC, along with multi-wall carbon nanotubes. However, Chapter 

5 investigates the use of reduced graphene oxide (RGO), synthesized from waste 

plastic, as an additive in surfactant-polymer flooding to enhance oil recovery. This 

chapter examines how RGO reduces IFT and modifies rock wettability. Surface tension 

experiments are conducted with different surfactants, including SDS, CTAB, and 

Triton X 100, at varying RGO concentrations. The influence of pH on surface tension 

and wettability at optimized RGO concentrations is also explored. Sand-pack flooding 

experiments are performed to evaluate oil recovery. Where Chapter 6 focuses on the 

use of potassium-doped graphene oxide (K-GO), synthesized from oak fruit agricultural 

waste, as a nanofluid-surfactant slug to enhance oil recovery. The chapter covers 

experiments aimed at optimizing surfactant performance and assessing the efficacy of 

this novel fluid system. Surfactant adsorption experiments are conducted and fitted to 

adsorption isotherm models and kinetics. Dynamic Light Scattering (DLS) experiments 

are used to measure the zeta potential and evaluate the stability of the surfactant in the 

presence of K-GO. Rheological studies assess the viscosity properties of the K-GO, 

surfactant, and polymer sample. Core flooding experiments quantify the oil recovery 
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potential of the developed fluid system. Finally, Chapter 7 presents a comprehensive 

summary of the findings from the research. It also suggests future research directions 

for further exploring the practical application of enhanced oil recovery techniques.  
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Table 1. 1. Literature of performed oil recovery experiments on various polymeric 

nanofluids. 

 

NPs 

Type 

Polymer 

Type 

Polymeric 

NPs 

Conc(ppm) 

Porous 

Media  

Temperatur

e(°C) 

IOR 

(%) 

Ref. 

SiO2 PEOMA 10,000 Berea 

Sandstone 

30 19.80 [20] 

SiO2 HBPAM 1500 Berea 

Sandstone  

90 16.35 [21] 

SiO2 Prop-2-

enamide/A

M 

8000 Quartz 

Sand 

80 21.0 [22] 

SiO2 AMPS 50,000 Quartz 

Sand 

80 23.30 [23] 

SiO2 HPAM 600 Quartz 

Sand 

80 10.54 [24] 

SiO2 

Clay 

HPAM 1500 Sandstone NS 13.0 [25] 

SiO2 HPAM 1000 Glass 

Micromode

l 

25 10.0 [26] 

SiO2 HPAM 800 Glass 

Micromode

l 

- 10.0 [25] 

SiO2 AM/AA 1500 - - 18.90 [27] 

SiO2 PA-S 3000 - 25 12.82 [28] 

SiO2 AA/AM 2000 Sandstone 65 20.0 [29] 

SiO2 AMC12S 1100 Sandstone 110 24.0 [30] 

SiO2 MeDiC8AM 1500 Sandstone 82.3 20.0 [31] 

SiO2 PEG 10,000 Glass 

Micromode

l 

80 20.0 [32] 

TiO2 HPAM 800 Sandstone - 4.0* [33] 

MM

T 

Clay 

HPAM 1000 Quartz sand 90 33.10 [34] 

* For heavy oil 
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Table 1. 2. Literature survey of utilized nanomaterials in the field of EOR and 

their findings. 

 

Type of NPs 

 

Ref. Experiment type Study 

MgO [35] Core Flood  Oil recovery and stability of the 

nanofluid. 

TiO2 [13] Core Flood Transport and retention of NPs 

and sweep efficiency of TiO2 

with heavy oil. 

Hydrophobic and 

hydrophilic silica 

NPs 

[36] Wettability Index 

measurement  

Impact of NPs adsorption on 

wettability. 

ZnO [37] Core Flood  Impact of ZnO on IFT reduction 

in surfactant flooding. 

MgO [38] Core Flood Study of fines migration and 

sweep efficiency. 

Fe3O4 [39] IFT measurement  Study of NPs on the asphaltene 

precipitation. 

Fe, Fe3O2, Cu [40] Viscosity measurement 

using a viscometer  

Impact of microwave radiation 

on NPs to minimize the viscosity 

of the heavy oil. 

TiO2, Al2O3, and 

Cu 

[41] Thermal cubical vessel 

apparatus  

Impact of various nanofluids on 

critical eat flux. 

SiO2 [42] Contact angle and core 

flood 

Studied the impact of NPs on the 

wettability modification by 

spontaneous imbibition process, 

which helps to recover more oil. 

Non-ferrous metal [43] Contact angle and core 

flood measurement  

Using these particles reduces the 

IFT and alters the rock surface's 

wetting behavior to improve oil 

recovery. 

Al2O3 [44] Contact Angle and 

Imbibition Tests 

Altering the wetting behavior of 

the rock surface by which more 

oil is recovered from the core. 

ZrO2 [45] Conduct micromodel 

test for oil recovery  

Altering the surface's wettability 

minimized the IFT and 

recovered more oil by 

micromodel test. 

mMWCNT [46] Adsorption study, IFT, 

and Wettability 

measurement  

Minimize the surfactant loss, 

which helps reduce the IFT and 

modify the surface's wetness to 

recover more oil. 
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Chapter: 2 

Methodology

 

2.1. Materials 

This study utilized various surfactants, which were anionic, cationic, and non-

ionic. The anionic surfactant used was SDS (sodium dodecyl sulfate), with a purity 

greater than 94% and a molecular weight of approximately 289 g/mol, procured from 

Rankem Chemicals. The cationic surfactant employed was CTAB (cetyl trimethyl 

ammonium bromide), which had a purity exceeding 98% and a molecular weight of 

around 364 g/mol, sourced from Molychem Chemicals. The non-ionic surfactant Triton 

X-100, obtained from Sigma Chemicals, was also used. Sodium hydroxide (NaOH) and 

hydrochloric acid (HCl) were also employed to study the impact of pH on various 

nanomaterials. These chemicals were obtained from SD Fine-Chem Limited and Merck 

Life Science Private Limited. The research included different carbon-based 

nanomaterials to evaluate their effectiveness in enhanced oil recovery. These 

nanomaterials included SCN/SiC (silicon carbide nanoparticles), mMWCNT (modified 

multiwall carbon nanotube), RGO (reduced graphene oxide nanosheet), and K-GO 

(potassium-doped graphene oxide nanosheet). For sample preparation and cleaning 

purposes, deionized (DI) water with a resistivity value of 18.2 MΩ·m was used. The 

thoroughness of our research process should reassure you about the reliability of our 

findings. 
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2.2. Experiment Performed  

2.2.1 Conductivity measurement 

 Conductivity measurements were conducted using a Labman Multiparameter 

LMMP-30 (Figure 2.1 (a)) conductivity meter to evaluate the surfactant's critical 

micelle concentration (CMC) and examine surfactant loss on the sand surface during 

recovery. This comprehensive analysis enabled the precise determination of the CMC, 

ensuring an accurate understanding of the surfactant's behavior in the solution. 

Additionally, the assessment of surfactant loss on the sand surface provided valuable 

insights into the efficiency and effectiveness of the recovery process, highlighting 

potential areas for optimization and improvement. 

2.2.1.1 Critical micelle concentration determination 

 To determine the critical micelle concentration (CMC), surface tension 

measurement and a conductivity meter can be utilized. Begin by preparing a surfactant 

solution with varying concentrations using deionized (DI) water and the surfactant. 

Once the solutions are ready, measure the conductivity of each solution with a 

conductivity meter. After each measurement, carefully clean the probe of the 

conductivity meter with DI water, then gently dry it with tissue paper to ensure that no 

surfactant molecules remain attached to the probe during the experiments. After 

recording all samples' conductivity, plot a conductivity graph versus surfactant 

concentration. By observing the inflection point on this graph, the value of the CMC 

can be determined. As the surfactant concentration increases, the conductivity initially 

rises linearly until it reaches a specific point, after which the slope changes, and the 

conductivity continues to increase but at a lower rate. This point on the graph, where 

the slope changes, is identified as the Critical Micelle Concentration (CMC). The CMC 
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signifies that a further increase in surfactant concentration beyond this point does not 

lead to additional surfactant adsorption onto the interface. Instead, the excess surfactant 

contributes only to micellization in the solution. 

2.2.1.2 Adsorption Studies  

 Surfactant loss occurs when surfactant molecules accumulate on a reservoir 

rock surface from the bulk liquid solution, which is crucial in many industrial and 

scientific applications. This retention at the solid-liquid interface can lead to significant 

technical and financial issues. Thus, surfactant retention is crucial in surfactant-based 

chemical EOR processes, including surfactant flooding, surfactant-polymer flooding, 

and alkaline/surfactant/polymer (ASP) flooding. Adsorption studies were performed to 

assess surfactant loss and the effectiveness of various additives in minimizing this loss. 

Initially, 40 ml surfactant solutions of varying concentrations were prepared for the 

studies. The conductivity of each prepared sample was carefully measured using a 

conductivity meter. Surfactant loss was monitored over five or three successive days, 

and a characteristic graph showed conductivity as a function of surfactant 

concentration. After measuring the conductivity of the sample, 10 wt% sand particles 

were added to the bulk phase of the surfactant solution and left undisturbed for 24 hours. 

Following this period, the sand particles were separated from the surfactant solution 

using a centrifuge operated for 20 minutes at 3000 RPM. The conductivity of the 

recovered sample was then examined. The loss of surfactant on the sand particles was 

determined by measuring the change in surfactant concentration before and after 

adsorption. The adsorption was evaluated with the help of Equation 2.1 below. 

                                                   3( ) 10sol
i f

sand

m
A C C

m

−= −                                    (2.1) 
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Where A denotes surfactant loss on the adsorbent (mg/g). Ci represents the initial 

surfactant concentration in the absence of sand particles, while Cf stands for the final 

surfactant concentration after adding sand particles to the bulk phase. Also, msol and 

msand refer to the sample's total mass and the sand particles' mass in grams, respectively. 

Several additives, including nanomaterials, were employed to reduce surfactant 

loss. Nanomaterials were introduced into the bulk phase of the solution after surfactant 

adsorption was assessed. We mixed surfactant samples of varying concentrations with 

different concentrations of the nanomaterials. The solution was then sonicated with a 

probe sonicator (Figure 2.1 (b)) to ensure better nanomaterial dispersion. The same 

procedure was followed to measure the conductivity of each sample, both with and 

without sand particles. The initial and final values were used to determine the difference 

in surfactant concentration, with the expected difference indicating the surfactant loss. 

 

Figure 2. 1: (a) Conductivity measurement setup, (b) Probe Sonicator  

2.2.1.3 Adsorption isotherm model  

 To understand its mechanisms or characteristics, the adsorption data was 

analyzed using the most employed models, Langmuir, Freundlich, Temkin, and the 

Redlich-Peterson (R-P) isotherm. 
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 The Langmuir adsorption isotherm assumes a finite number of adsorption sites, 

with no interactions between adsorbed surfactant molecules. It treats adsorption as a 

monolayer process, permitting only one surfactant molecule to bind to each site. 

Additionally, it presumes all adsorption sites are identical and energetically equivalent, 

with no interaction between adjacent adsorbed atoms. Equations 2.2 and 2.3 give 

information regarding the Langmuir isotherm model, shown below. 

                                         max

1

e l

l e

q C K
q

K C
=

+
                                                                                       (2.2) 

Or                                  
max max

1 1 1 1

l eq K q C q

 
= + 
 

                                                         (2.3) 

Here, q represents the equilibrium adsorption of the surfactant, and qmax denotes the 

maximum adsorption capacity. Meanwhile, Ce is the equilibrium adsorbate 

concentration, and Kl is the Langmuir constant, which is associated with the adsorption 

capacity and depends on the surface area and pore volume. 

 The Freundlich adsorption isotherm deviates from the assumption of monolayer 

adsorption, suggesting that the total adsorption across different layers determines the 

amount of material adsorbed. The Freundlich isotherm model is recognized for 

describing particle adsorption on heterogeneous surfaces. It characterizes surface 

heterogeneity and the distribution of active sites and their energies. The mathematical 

expression of the Freundlich isotherm is represented below in equations 2.4 and 2.5. 

                                                        
1/( ) n

f eq K C=                                                          (2.4) 

Or                                                  
1

ln lnf eq K C
n

 
= +  

 
                                                (2.5) 
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Kf and 1/n are known as the Freundlich constants, providing information about the 

adsorption capacity and intensity. 

The Temkin Adsorption isotherm model is valid for a moderate range of ion 

concentrations. This model assumes that as adsorption progresses and the surface 

becomes increasingly covered, the heat of adsorption of the adsorbate molecules 

decreases linearly. Equation 2.6 represents the mathematical form of the Temkin 

isotherm model. 

                                                     ln lnT T T eq B K B C= +                                              (2.6)      

   The Redlich-Peterson (R-P) isotherm combines aspects of the Langmuir and 

Freundlich models, utilizing three parameters to describe adsorption. Unlike ideal 

monolayer adsorption assumptions, its unique mechanism sets it apart. Equations 2.7 

and 2.8 demonstrate the mathematical expression of the R-P isotherm model, as shown 

below. 

                                                     
1

R e

e

k C
q

C
=

+
                                                              (2.7) 

Or                                           ln 1 ln lne
R e

C
k C

q
 

 
− = + 

 
                                           (2.8) 

In the Redlich-Peterson isotherm equation (8), kR (L/mg) and α [(L/mg)β] are constants. 

The parameter β, which ranges from 0 to 1, characterizes the behavior of the adsorption 

isotherm model. A value of β = 1 corresponds to the Langmuir model, whereas β = 0 

represents the linear isotherm model. 



 

 

 

 

 

26 

 

2.2.2 Dynamic light scattering  

Dynamic light scattering (DLS) accurately measures particle size and zeta 

potential in suspensions and emulsions. It relies on the Brownian motion of particles, 

where smaller particles move faster, and larger particles move more slowly in liquids. 

The light scattered by these suspended particles provides information on their diffusion 

speed and size distribution. DLS analysis covers particle sizes ranging from 0.3 to 

10,000 nm, making it suitable for analyzing and characterizing nanomaterials dispersed 

in solutions. The particle size distribution of nanomaterials was analyzed via DLS tests, 

while its zeta potential determined the nanofluid's stability. The Malvern Zetasizer 

Nano-ZS (Figure 2.2) instrument measured the nanomaterial's mean diameter and zeta 

potential in aqueous dispersion. About 1.5 ml of the batch of nanomaterials were added 

to the cuvette at 30°C for particle size measurement. The samples were exposed to a 

laser beam with a wavelength of 635 nm to observe particles undergoing Brownian 

motion in a liquid phase. Particle sizes were determined using the Stokes-Einstein 

equation 2.9 mentioned below. 

                                                 
3

kT
D

d
=                                                       (2.9) 

D represents diffusion coefficients, T denotes temperature, k is the Boltzmann constant, 

η stands for viscosity, and d indicates hydrodynamic diameter. The cuvette was rinsed 

twice with methanol to remove any contaminants, and the instrument's 120-second 

equilibrium period was set to stabilize the temperature for the experiment. Zeta 

potential was measured using the Malvern Zetasizer Nano-ZS instrument, indicating 

the potential stability of the colloidal system. Particles with significantly positive or 

negative zeta potentials will repel each other, preventing agglomeration. Conversely, 



 

 

 

 

 

27 

 

particles with low zeta potentials lack forces to avoid flocculation. Stability is typically 

observed with zeta potential values exceeding +30 mV or more negative than -30 mV. 

 

Figure 2. 2: Dynamic light scattering Setup  

2.2.3 Surface tension and Interfacial tension 

 The surface tension of the formulated surfactant mixture in aqueous solution 

was assessed using the KYOWA DY-500 tensiometer to determine the critical micelle 

concentration (CMC). The surface tension of differing surfactants was initially 

measured to explore their respective CMCs. Surfactant solutions of varying 

concentrations (40 mL) were prepared in deionized water to observe changes in surface 

tension. Surface tension measurements were conducted using the Du'Nouy ring method, 

which had a 14.5 mm diameter and 0.4 mm thickness, or Wilhelmy plate, with the ring 

and plate heated before each test to prevent contamination. In the Wilhelmy plate 

method for surface tension determination, the plate makes contact with the sample's 

surface, allowing the liquid to wet the plate and form a lamella around its perimeter. 

The force needed to break this lamella defines the surface tension of the sample. 
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In contrast, when using the Du'Nouy ring method, the ring is first submerged in the 

solution, causing the sample to form a film around the ring. The force required to break 

this film represents the surface tension of the sample. Figures 2.3 (a and b) illustrate the 

Wilhelmy plate and Du'Nouy ring setups, respectively. Each surface tension 

measurement was repeated three times to ensure accuracy and consistency. Solvents 

such as acetone, hexane, and deionized water were tested to validate the precision of 

the equipment. The assessment of CMC involved plotting a graph depicting the 

decrease in surface tension as the concentration of the surfactant mixture increased. 

 

Figure 2. 3: (a) Wilhelmy plate (b) Du'Nouy ring  

After finding the CMC of the surfactant, nanomaterials were added into the bulk phase, 

and the solution was sonicated for better dispersion. Then, the surface tension of the 

surfactant with nanomaterials was measured. Similarly, the interfacial tension between 

surfactant and crude oil with and without nanomaterials was measured using a 

KYOWA DY-500 tensiometer at ambient pressure and room temperature. The IFT 

experiments employed a platinum Du-Nouy ring with a precision of 0.02 mN/m and 

also with the help of a Wilhelmy plate. After each experiment, the sample holder was 
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cleaned with toluene to remove any residual crude oil, followed by acetone to eliminate 

surfactant remnants, and then dried. Similarly, the ring and plate were cleaned using a 

burner to remove any traces of crude oil or surfactant from its diameter. 

2.2.4 Contact Angle Measurement  

 Contact angle experiments were conducted to study the wetting behavior of rock 

surfaces using an Acam-NSC series goniometer from Apex Instruments, India. The 

goniometer features a flat stage, a backlight, a needle or pipette for dispensing solution 

onto the rock surfaces, and a recording device for capturing drop images for analysis. 

The sessile drop method was used to determine contact angles. Based on the contact 

angle values, the wetting behavior of the rock can be categorized: 0–75° indicates water 

wet, 75–105° indicates mixed wet, and above 105° indicates oil wet. The instrument's 

contact angle range is 0 to 180°, with an accuracy of ± 0.05°. Varying concentrations 

of different surfactant solutions were prepared to study the wetting behavior of the rock 

surfaces. Initially, the core was saturated with crude oil for 24 hours, followed by a 2-

day soaking period. Experiments were conducted using instruments to measure the 

contact angle of the surfactant solution on the saturated core. Subsequently, 

nanomaterials were added to the bulk phase of the surfactant solution for further studies. 

After each experiment, the syringe attached to the instruments was thoroughly cleaned 

with DI water to ensure no residue remained. The experiments were repeated three 

times to verify the repeatability of the instruments and schematic of the instruments 

mentioned below in Figure 2.4. 
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Figure 2. 4: Contact angle measurement instrumental schematic. 

2.2.5 Rheological analysis  

 Rheological analysis was performed to examine the flow behavior and 

deformation of the prepared slung in response to applied forces, considering factors 

such as shear rate and temperature. Rheology examines how material shape changes 

under various forces or stresses, revealing their viscoelastic properties and flow 

behavior by measuring the applied force and resulting deformation. A modular 

rheometer (MCR-302e) from Anton Paar (Figure 2.5) determined the samples' 

viscosity. The rheometer's bob and cup assembly system analyzed the rheological 

properties of the slug with different polymer and nanomaterial concentrations. After 

each test, the apparatus was cleaned with DI water and dried. The chemical slug was 

formulated with the help of polymer and varying nanomaterial concentrations with and 

without surfactant. 
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Figure 2. 5: Scientific Rheometer. 

2.2.6 Recovery test  

2.2.6.1 Sand pack flooding test  

 Flooding tests were conducted using sand pack flooding equipment purchased 

from D-CAM Engineers, Ahmedabad, India. This setup includes a sand pack holder, 

four accumulator cells for chemicals, crude oil, water, and toluene, and a syringe pump 

maintaining a constant flow rate of 2 mL/min. A heating jacket on the sand pack holder 

enables experiments at elevated temperatures. A pressure transducer monitors the fluid 

pressure at the beginning of the sand pack holder. The components are connected with 

1/8-inch tubing. The sand pack holder measures 3.81 cm in diameter and 30.48 cm in 

length. Beach sand (400-500 μm) was cleaned with DI water to remove clay, then dried 

in an oven at 105°C for 24 hours to eliminate moisture. The sand was manually packed 

into the holder to create an artificial porous medium. Using Darcy's law, water was first 

injected to estimate porosity and absolute permeability. Crude oil was then injected, 

displacing some water to establish initial oil saturation and connate water. Post-
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experiment, toluene cleaned the flow lines, and the porous medium was left for five 

days to become oil-wet. Secondary oil recovery was achieved by injecting water with 

the syringe pump. The initial oil and irreducible water saturation were obtained using 

the formula (equations 2.10 and 2.11). 

                                                      100oi

OOIP
S

PV

 
=  
 

                                              (2.10) 

                                                          1wi oiS S= −                                                                  (2.11) 

Soi represents the initial oil saturation, while Swi represents the irreducible water 

saturation. Oil volume is collected at the opposite end of the sand pack holder. 

Displacing oil via water injection continues until the water cut is nearly 100% achieved. 

The recovery of oil and water cuts from water flooding was determined using the 

following formula (equations 2.12 and 2.13). 
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Where the OOIP is the original oil in place, PV is pore volume, Wcut % is the water cut 

percentage, Wv and Nv are the produced water volume and the oil volume 

correspondingly, OR is the oil recovery factor. The instrumental representation of the 

sand pack flooding provided below in Figure 2.6. 
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2.2.6.2 Core flooding test  

 Core flooding studies evaluated the effectiveness of surfactant polymer flooding 

for chemical-enhanced oil recovery (CEOR) using nanomaterials. Numerous core 

displacement tests were conducted at ambient temperature and pressure to assess the 

efficiency of surfactant and nanomaterial/surfactant slugs in enhancing oil recovery 

under reservoir conditions. The setup included two transfer accumulators (one for oil 

and one for nanofluid), a core holder, and an HPLC constant rate syringe pump for 

injecting water or nanofluid at high pressure. A back-pressure regulator (BPR) 

maintained the system's pressure at the core's output, while a differential pressure 

transducer (DPT) measured the pressure drop across the core. First, select the core for 

the recovery test. Measure its dimensions using vernier calipers and weight using a 

weighing machine. Then, the porosity of the core was determined using a helium 

porosity meter provided by D-CAM Engineers, Ahmedabad, India. After assessing 

porosity, conduct a gas permeability test to estimate the gas permeability of the core. 

After these experiments, saturate the core with DI water and leave it for one day. Next, 

saturate the core with crude oil, leave it for two days, and start the experiment. The core 

flooding setup mentioned below in Figure 2.7. 
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Figure 2. 6: Sandpack Flooding experimental setup. 

 

 

 

Figure 2. 7: Core flooding instrumental setup. 
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Chapter: 3 

Evaluation of Silicon Carbide Nanoparticles as an Additive to 

Minimize Surfactant Loss during Chemical Flooding

 

Abstract 

Surfactant flooding is a prolific enhanced oil recovery technique. It alters the 

rock fluid interfacial interactions between reservoir fluids and rocks. However, a pair 

of impeding factors often limit the economic viability of the process and need to be 

optimized. The first is surfactant loss on the adsorbent surface due to adsorption, a 

potential environmental problem. The second is the Critical Micelle Concentration 

(CMC), which governs the amount of surfactant pumped. This study aimed to minimize 

the surfactant loss and the CMC, thereby optimizing the flooding efficiency and 

reducing the environmental concerns for nanoparticle applications in the field. To 

achieve this, Silicon Carbide nanoparticles (SCN) were employed as additives to the 

surfactant solution. It was observed that using SCN reduces the surfactant adsorption 

by as much as 44% and the critical micelle concentration by 14%. The studies also 

observed that the concentration of SCN required to get these results is dramatically 

(more than 25 times) lower than previously reported literature on other nanoparticles. 

Adsorption isotherm studies provide insight into the type of adsorption. The adsorption 

isotherm follows the Langmuir model. 

3.1. Introduction 

The mature oil fields are witnessing a decline in production with lesser 

exploration. This has led the energy industry to focus on increasing production using 



 

 

 

 

 

37 

 

alternative techniques from the mature fields. The onus is on chemical or other methods 

to augment the slowing oil production as speculation surrounds oil sustainability [47]. 

Surfactant flooding is a popular EOR technique that can improve tertiary production 

[48]–[51]. Surfactants have found their way into numerous industrial applications due 

to their foam capabilities, reducing the surface/interfacial tension, altering wettability, 

etc. Sodium dodecyl sulfate is a widely used anionic surfactant for oil field applications.  

The surfactant in EOR applications alters the reservoir's solid/liquid and 

liquid/liquid interactions to improve oil recovery. The charged surface of reservoir 

rocks tends to adsorb the ionized surfactants onto their surfaces [52]. This adsorption 

occurs as the liquid-solid interface often provides better thermodynamic stability than 

the bulk of the liquid phase. Initially, the surfactant adsorption is in the form of a 

monolayer. However, at higher surfactant concentrations, micelles form, which adsorb 

in mono or bilayer. To reduce surfactant adsorption, we tend to use surfactants that 

possess a charge similar to the surface [6]. The surfactant adsorption is affected by 

many other factors, including salt concentration and pH [53]. Adsorption of surfactant 

hinders the oil recovery process. It reduces the effective surfactant concentration and 

restricts the impact of the flood on oil recovery. This also poses an imminent concern 

for the subsurface environment being polluted by surfactants that are hard to degrade 

naturally [52]. Numerous studies have been performed to decrease the tendency of the 

surfactant to get adsorbed on the surface. Al Hashim et al. studied alkali additives at 

low salinity & recognized the mechanism to be through the change of charge density 

on the rock surfaces [54]. Wang et al. experimented with polymers to reduce surfactant 

adsorption in carbonate reservoirs. They ascertained that polymers reduce active 

adsorption sites by forming a layer on the rock surface [55]. However, other studies 
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have ended with opposing results, rendering polymers and alkalis ineffective for the 

desired purpose [15], [56]. Thus, interest has now turned towards studies of 

nanoparticles and their effects on surfactant adsorption. The use of Silica nanoparticles 

reduces surfactant adsorption significantly [15], [57]. Wu et al. attributed this to the 

nanoparticle's adherence to the sand wall. They also studied dynamic adsorption and 

concluded that the constant friction and collisions between the nanoparticles and the 

sand wall reduce dynamic surfactant adsorption [15]. In the context of oil and gas 

recovery, research focusing on nanoparticles like SiO2, TiO2, Graphene, etc., has gained 

traction [48], [58], [59]. However, studies on Silicon Carbide Nanoparticles (SCN) 

have not yet been conducted in the field of EOR to the best of our knowledge. SiC is a 

promising material in the nanotechnology domain. It has numerous desirable properties, 

such as excellent mechanical strength at high temperatures, good heat resistance, good 

oxidation resistance, low expansion coefficient, and high biocompatibility [60]. Its 

chemically inert and biocompatible nature also reduces concerns from a formation 

damage point of view. 

The end goal of injecting any surfactant into the reservoir rock is to reduce 

interfacial tension (IFT). Critical Micelle Concentration (CMC) is the surfactant 

concentration beyond which the IFT practically remains constant [61], [62]. Injecting 

concentrations higher than the CMC is deemed unnecessary. Thus, the reduction of any 

surfactant by CMC enhances the economic viability of the flood. This study aims to 

test the effects of SCN on SDS adsorption onto the sand surface and its impact on its 

CMC. 
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3.2. Experimental section 

3.2.1 Materials 

SDS, known as Sodium Dodecyl Sulfate of purity ~93%, was acquired from 

Rankem Chemicals. Silicon Carbide nanoparticles (SCN) of size ~50nm were obtained 

from Sisco Research Laboratories Pvt. Ltd. Locally procured beach sand was used as 

the adsorbent surface in the adsorption experiments. The 400 to 500 μm sand was first 

washed with deionized water and dried at 105℃ using a vacuum oven for 24 hours to 

remove its moisture content. The experimental methodology shown in Figure 3.1. 

 

Figure 3. 1: Experimental Methodology 

 

3.2.2 Characterization of Nanoparticles and Adsorbent 

Nanoparticles attract the attention of researchers because of their smaller size 

and high surface area-to-volume ratio. The size of the nanoparticles dispersed in water 

was measured by Dynamic Light Scattering (DLS) using the Malvern Zetasizer Nano 

ZS equipment. Brunauer Emmett Teller (BET) analysis using the Belsorp Max II 



 

 

 

 

 

40 

 

Analyzer determined the specific surface area of the nanoparticles. DLS is based on the 

interference of the light scattered by the particles dispersed in a liquid phase. In contrast, 

the BET is based on the principles of adsorption and desorption to calculate the specific 

surface area. It assumes the adsorption of gas molecules on the solid surface occurs in 

layers that do not interact with one another [7]. Apart from this, the mineralogical 

content of the adsorbent also affects the surfactant's adsorption. Hence, the XRD 

analysis helped study the mineralogical composition of the sand particles.  

3.2.3 Critical Micelle Concentration (CMC) Study 

The surfactant CMC was obtained by measuring the conductivity of solutions 

of various surfactant concentrations and observing the inflection point on the graph. 

The surfactant concentration was varied from 500 ppm to 4000 ppm. The issue at which 

a distinct change in the conductivity versus concentration plot slope occurred was noted 

[9], [63]. Surfactant solutions were prepared in deionized (DI) water using magnetic 

stirring at 1000 rpm for 15 minutes at room temperature. The Labman Multiparameter 

LMMP-30 conductivity meter measured the conductivity of the surfactant solution. The 

instrument was calibrated with the standard solutions. After each measurement, the 

probe of the conductivity meter was cleaned carefully with DI water and wiped with 

the help of Kim wipes tissue paper to remove moisture content. The conductivity of the 

DI water was measured after every measurement to ensure that no surfactant 

contamination on the probe was present. The measurements were performed at 

atmospheric pressure and 30°C, 50°C, and 70°C. 
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3.2.4 Adsorption Experiments 

The method of calculating surfactant adsorption on the rock surface was similar 

to that of past researchers [7], [64]. First, 40 ml surfactant solutions of different 

surfactant concentrations (500 ppm to 4000 ppm) were prepared. The conductivity of 

each sample was measured cautiously with the help of a conductivity meter. Surfactant 

loss was monitored for five consecutive days, and a characteristic curve was generated 

for the conductivity as a function of surfactant concentration. Adsorbent (sand particles 

of 400 μm, 10 wt% or 4 grams) was added to every surfactant solution and kept 

undisturbed for 24 hours. After 24 hours, a centrifuge extracted the sand particles from 

the surfactant solution by rotating it for 15 min at 3000 RPM, and the conductivity was 

measured. The remaining surfactant was calculated by using the previously generated 

characteristic curve. The surfactant adsorption on the sand particles was calculated by 

evaluating the variation of surfactant concentration before and after adsorption. The 

surfactant solution's adsorption (Ad) was determined by equation 3.1 [7], [65]. 

                      ( ) 3. 10totalsol
d i f

sand

m
A C C

m

−= −                            (3.1) 

Where Ad represents surfactant adsorption on the sand (mg/g), Ci is the initial 

concentration of surfactant solution with no added sand. Cf is the final concentration of 

the surfactant solution after the sand particle is added to the solution (ppm), mtotal sol. 

represents the total mass of the sample(grams), msand is the mass of the sand particle in 

grams used in the solution. Various adsorption isotherm models, including Langmuir, 

Freundlich, and Temkin models, described the surfactant adsorption on the adsorbent. 

These models are known to determine a relationship between adsorbate (surfactant 
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concentrations) on different adsorbent surfaces. The effect of temperature was studied 

with the same adsorption experiments at temperatures of 50 °C and 70 °C. 

3.2.5 Impact of SCN on Surfactant Adsorption  

 Surfactant samples of different concentrations (500-4000 ppm) were mixed with 

100 ppm, 200 ppm, and 300 ppm of SCN. The mixture was sonicated using a probe 

sonicator for better dispersion. A similar routine was followed to measure the 

conductivity of the sample with and without sand particles. The initial and final 

conductivity values were used to deduce the difference in the surfactant concentration. 

The estimated difference in surfactant concentration determines the loss of surfactant 

in the presence of SCN with the help of the equation. 1.     

3.2.6 Impact of Time on Surfactant Adsorption 

 Surfactant loss was monitored for five days at an interval of 24 hours. The 

conductivity measurement evaluated the surfactant solution's final concentration after 

sand particles were isolated using a centrifuge. The measured value was compared with 

the initial conductivity value, revealing the remaining surfactant concentration. The 

conductivity measurements of the surfactant solution were performed over 24-hour 

intervals for five consecutive days. 

3.3. Results & Discussion 

3.3.1. Characterization Studies 

3.3.1.1 BET Analysis 

The number of gas molecules that get adsorbed on a surface is a reflection of its 

surface area. BET analysis relies on measuring the rate of dissolution. In the BET 

theory, this adsorption rate is assumed to be proportional to the specific surface area 

[10]. It was observed that the specific pore volume of the SCN was 0.25 cm3/g, and the 
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BET-specific surface area was 33.4 m2/g. This surface area value lies in the typical 

nanoparticle range (20 to 60 m2/g) [7]. This high surface area to volume ratio makes 

nanoparticles special and gives them their unique properties [66]. This increased 

surface area is crucial for adsorption as the number of adsorption sites drastically 

increases. 

3.3.1.2 DLS and Zeta Potential 

The hydrodynamic particle size measures the nanoparticle's size and the 

surrounding layer's size, influencing its movement [67]. Nanoparticles possess a surface 

charge owing to which an electrical double layer exists at its surface. This phenomenon 

gives rise to an electrical potential known as the Zeta potential, which indicates the 

solution's stability [67]. SCN in an aqueous solution was observed to have a 

hydrodynamic size of 483 nm. The polydispersity index was found to be 0.28, whereas 

its zeta potential was -33 mV, showing better system stability.  

3.3.1.3 XRD study of the adsorbent 

For an adsorption study, it is crucial to understand the surface characteristics of 

the adsorbent. Generally, owing to the adsorbent's mineralogy, a surface charge is 

present. This charge gives rise to a coulombic force of attraction/repulsion between the 

adsorbent and the adsorbate [10]. Thus, an XRD study was conducted to identify the 

mineralogical composition of the adsorbent. Table 3.1 shows the characteristic peaks 

that were obtained along with what they indicate. Distinct peaks were observed at 

22.39°, 26.97°, 27.80°, 46.06° & 68.44°, which corroborates the presence of quartz 

[10]. The adsorbent had a high quartz content with a small quantity of Kaolinite as an 

impurity. Thus, the adsorbent used in this study was clean sand (quartz arenite).   
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Table 3. 1. Characteristic XRD Peaks and Inference 

Serial Number 

Major Characteristic 

Peaks 

Inference 

1 22.39 Quartz 

2 26.97 Quartz 

3 27.80 Quartz 

4 46.06 Quartz, Kaolinite 

5 68.44 Quartz, Kaolinite 

 

3.3.2 Effect of SCN on Critical Micelle Concentration and its variation with 

temperature (CMC) 

The presence of surfactants in an aqueous solution decreases the surface tension 

because of the micelle's adsorption on the air-water interface. Below CMC, a rise in the 

surfactant concentration leads to a surge in micelles at the surface. However, the 

interface gets saturated with micelles at the CMC, resulting in the lowest surface 

tension. Further increment in the surfactant concentration does not lead to any 

significant change in the interfacial forces. Thus, CMC is the minimum surfactant 

concentration, yielding the lowest surface tension. CMC was found by identifying the 

point of inflection in the conductivity versus concentration plots (Figure 3.2), and 

Figure 3.3 demonstrates the impact of SCN concentration on the CMC of the surfactant. 

The CMC of SDS was 2219 ppm at 30 °C and atmospheric pressure. The CMC was 

reduced to 2035 ppm upon adding 100 ppm CSN to the solution. The CMC decreased 

to 1905 ppm when the solution contained 200 ppm SCN. The drop in the CMC value 

is attributed to the decrease in electrostatic repulsion between the like-charged 



 

 

 

 

 

45 

 

surfactant head groups. The presence of SCN offers additional repulsive force to the 

negatively charged surfactant particles due to its negative surface charge [68]. This 

leads to micellization even at lower concentrations. Another possible reason for the 

decrease in the CMC is the increase in the ionic strength of the solution in the presence 

of nanoparticles, which could enhance the surfactant micellization [69]. However, 

when the NPs concentration was raised to 300 ppm, an increment in the CMC value 

was noted to 2172 ppm. The sudden increase in the CMC at higher SCN concentrations 

could be due to the advent of nanoparticles' agglomeration. The aggregation of 

nanoparticles reduces the Coulombic interaction between the charged surfactant head 

group and nanoparticles. This interaction causes an increase in surfactant micellization 

concentration. 

On conducting the same experiments at elevated temperatures (Figure 3.4), it 

was found that the CMC increased from 1905 ppm at 30°C to 2638 ppm at 50°C and 

2746 ppm at 70°C. These rises in CMC occur due to the increased repulsion among the 

ionic heads [70]. For this study, carrying out studies at temperatures below the 

atmospheric temperature was not deemed necessary. However, Tennouga et al. have 

shown that the CMC increases even at reduced temperatures. The CMC of SDS is 

observed to be minimal at the atmospheric temperature. They explained this behavior 

by stating that the hydrophobic tails confirm at atmospheric conditions, minimizing the 

occupied volume [70]. 
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Figure 3. 2: Determination of the CMC using conductivity method 
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Figure 3. 3: Variation of CMC with the concentration of SCN 

 

 

Figure 3. 4: Effect of temperature on the CMC of surfactant in the presence of 200 

ppm SCN 
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3.3.3 Influence of surfactant concentration on the extent of adsorption  

 Some researchers discussed the surfactant concentration's impact on the anionic 

surfactant's adsorption onto reservoir rocks. According to the rock type, some rock 

surfaces are negatively charged, like sandstone, and some are positively charged, like 

carbonate. There are several mechanisms regarding surfactant adsorption on the sand 

particles, i.e., ion exchange, ion association, hydrophobic bonding, adsorption by the 

polarization of π electrons, and adsorption by dispersion forces [71]–[73]. The 

surfactant adsorption on the sand surface above a specific limit is an unfavourable 

phenomenon in oil recovery. It is governed by the difference in thermodynamic stability 

between surface-liquid and surface-water interactions [61]. The surfactant's tendency 

to escape an aqueous solution, known as the hydrophobic effect, plays a vital role in its 

adsorption process. The results (Figure 3.5(a)) illustrate that the surfactant loss rose 

with an increase in the surfactant concentration from 0.86 (mg/g) to 3 (mg/g) at 500 

ppm to 6 (mg/g) to 19 (mg/g) at 4000 ppm from a period of day 1 to day 5. However, a 

plateau was reached after the CMC of surfactant. As the surfactant concentration 

increases, more surfactant molecules are available in the bulk phase, which enhances 

the likelihood of interactions between the surfactant molecules and the sand surface. 

And, at CMC, agglomeration begins, and keeping the surfactant in the solution no 

longer reduces the system's free energy. 

3.3.4 Impact of time on surfactant adsorption 

Adsorption of an adsorbate over a surface is a time-dependent phenomenon. 

The extent of adsorption (surfactant over sand particles) was studied over five days at 

intervals of 24 hours. Figure 3.5(c) shows that surfactant loss increased with the contact 

time. The increase from 5 mg/g to 11 mg/g was linear in our study period. However, it 
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is known that the rate of adsorption declines after a certain period. This decline is 

because of the steric repulsion from existing surfactant molecules adsorbed on the 

sand's surface [73]. 

 

Figure 3. 5: Surfactant adsorption variation with different parameters (Time, 

Surfactant Concentration, SCN Concentration) at 30° C. 

3.3.5 Effect of SCN on surfactant adsorption 

As shown by Figure 3.6, for SDS near the CMC, the adsorption at the end of 

the five days was 16 mg/g. The results of introducing 100 ppm SCN to the solution 

demonstrate that surfactant adsorption at the end of 5 days was reduced to 12 mg/g. 
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Increasing the SCN concentration to 200 ppm resulted in the surfactant loss, which 

further plunged to 9 mg/g (44% reduction). The results are better than most reported 

literature using silica-based nanoparticles of similar applications.  The silicon dioxide 

nanoparticles have more hydrogen bonding than SCN nanoparticles with the surfactant 

molecules and the sand surface due to the presence of oxygen atoms. This hydrogen 

bonding is the primary reason for reducing the surfactants' adsorption on the SCN 

surface [74], [75]. A lower dosage of SCN means that it has a massive edge over Silica 

nanoparticles in terms of economic viability for the same purpose. As the experiments 

were extended to test the effect of 300 ppm SCN, adsorption rose to 15 mg/g. The initial 

decrease in the adsorption of up to 200 ppm SCN is because of surfactant adherence on 

the nanoparticles. The surfactant adsorption on the nanoparticle in place of the sand 

surface enables the surfactant molecules to stay in the solution and participate in the 

EOR process. It is known that nanoparticles tend to agglomerate at higher 

concentrations [15], [68]. This aggregation is the reason behind the change in the 

experimental trends at 300 ppm or above. Thus, 200 ppm of SCN was deemed the ideal 

concentration to minimize the adsorption of surfactants. The mechanism for this 

reduction in surfactant adsorption is preferential surfactant adsorption on the SCN 

surface. Since the SCN nanoparticles remain mobile and suspended in the solution, loss 

of surfactant does not occur. This is not the case when high surfactant adsorption occurs 

on the sand surface. Singh et al. showed that SCN possesses a net negative charge in 

environments with a pH over 4.9 [76]. Hence, electrostatic repulsion between the SCN 

(negatively charged) and anionic surfactant particles is vital in altering adsorption.  



 

 

 

 

 

51 

 

 

Figure 3. 6: Effect of SCN concentration on surfactant adsorption 

3.3.6 Effect of temperature on surfactant adsorption 

Since oil reservoirs are often found at high temperatures, it is crucial to 

understand the impact of temperature variation on surfactant loss. The optimum 

concentration of SCN was 200 ppm, and thus, solutions containing 200 ppm of SCN 

were used as subjects for studying the effects of temperature. For five days, the 

surfactant adsorption for a solution containing 2500 ppm and 4000 ppm SDS and 200 

ppm SCN was studied at three different temperatures: 25°C, 50°C, and 70°C. Figure 

3.7 illustrates that adsorption decreased with increased temperature, which aligns with 

previous studies [77], [78]. 
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Figure 3. 7: Effect of temperature on adsorption of 200 ppm SCN with anionic 

surfactant solutions at (a). 30° C temperature, (b). 50° C temperature, and (c). 70° 

C temperature. 

3.3.7 Study of adsorption isotherm models 

To comprehend the mechanisms or characteristics of the adsorption, the 

adsorption data was fitted into the most widely used adsorption models, namely 

Langmuir, Temkin, and Freundlich. 

3.3.7.1 Langmuir Adsorption Isotherm 

The Langmuir adsorption isotherm assumes a limited number of adsorption sites 

and a lack of interaction between adsorbed surfactant molecules. It also considers 

adsorption a monolayer phenomenon and allows only one surfactant molecule to adsorb 

on a specific adsorption site [79]. Langmuir adsorption assumes all adsorption sites to 
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be identical and energetically equivalent. There is no interaction between neighboring 

adsorbed atoms [80]. Equations 3.2 and 3.3 are used to plot the Langmuir isotherm 

model.  

                                          max
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e L
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L e

q C K
q

K C
=

+
        (3.2) 
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max max

1 1 1 1
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             (3.3)                                                                        

Where qe represents equilibrium adsorption, qmax adsorption capacity, Ceq is the 

adsorbate concentration at equilibrium, and KL is the Langmuir constant related to 

adsorption capacity. The adsorption capacity depends on the surface area and pore 

volume, implying a greater surface area and pore volume increase. 

 Table 3.2 shows the correlation coefficients of the data with the Langmuir 

isotherm. The extremely high values of the correlation coefficients indicate surfactant 

adsorption on the clean sand, which follows the Langmuir model. Interestingly, the 

highest correlation coefficient was obtained when the SCN concentration was 200 ppm, 

at which the lowest surfactant loss was obtained. This observation confirms the 

selection of 200 SCN as an optimized system. Figure 3.8 illustrates the fit between the 

actual data and the Langmuir isotherm. 

3.3.7.2 Freundlich Adsorption Isotherm 

This isotherm does not stick to the assumption of monolayer adsorption. It states 

that the sum of adsorption in the different adsorption layers gives the amount of material 

adsorbed. The Freundlich isotherm model is known to explain particle adsorption on 
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the heterogeneous surface. Freundlich isotherm characterizes dynamic sites' surface 

heterogeneity and distribution and their energies [81]. The linearized and nonlinearized 

Freundlich isotherm is mathematically demonstrated by equations 3.4 and 3.5 [7]; 

                                                       ( )
1/n

e f eq K C=                                          (3.4) 

         Or           

                                       log (1/ ) loge f eq K n C= +              (3.5) 

Where given constants Kf and 1/n are the Freundlich constant, which provides 

adsorption capacity and intensity information.  

 For deciding the most extreme adsorption capacity, it is essential to work with 

constant initial concentration Ci and variable weight of adsorbent; accordingly, ln(qm) 

is the extrapolated value of ln(qe) for C = Ci. According to Halsey, equation 3.6 can be 

used to determine the value of qm. [82]. 

                                          1/

m
f n

i

q
K

C
=                                                                    (3.6) 

where Ci is the initial concentration of the solute in the bulk solution (mgL-1). qm is the 

Freundlich maximum adsorption capacity (mg/g). Table 3.3 represents the observations 

of the data fitted into the Freundlich model. The Freundlich parameters 1/n and Kf relate 

to the adsorption intensity and adsorption strength, respectively. The value of n greater 

than one demonstrates good adsorption [83]. The adsorption intensity measures the 

heterogeneity of adsorption sites [81]. The correlation coefficients indicate that the 
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Freundlich isotherm does not describe the adsorption being studied as accurately as the 

Langmuir isotherm. 

Table 3. 2. Langmuir adsorption parameters 

SCN Conc. 

(ppm) 
Correlation KL(L/mg) 

qmax 

(mg/g) 
R2 

0 1/qe = 500.668 /Ce + 0.0027 5.273E-06 378.789 0.9734 

100 1/qe = 662.661/Ce + 0.0228 3.430E-05 43.995 0.9941 

200 1/qe = 712.091/Ce + 0.0822 0.0001155 12.166 0.9983 

300 1/qe = 451.563/Ce + 0.1859 0.0004117 5.381 0.9780 

 

Table 3. 3. Freundlich adsorption parameters 

SCN 

Conc.(ppm) 
Correlation Kf(L/mg) 1/n R2 

0 qe = 0.00291(Ce)
0.9533 0.00291 0.9533 0.93749 

100 qe = 0.00825(Ce)
0.8220 0.00825 0.8220 0.92134 

200 qe = 0.00239(Ce)
0.9813 0.00239 0.9813 0.94895 

300 qe = 0.00235(Ce)
1.0122 0.00235 1.0122 0.91753 

 

3.3.7.3 Temkin Adsorption Isotherm 

This isotherm assumes that as adsorption occurs and the surface continues to 

get covered, the heat of adsorption of the adsorbate molecules decreases linearly. The 

Temkin Adsorption isotherm model is legitimate for an intermediary range of ion 

concentrations [84]. The mathematical expression of Temkin isotherm is given by 

equation 3.7 [7], [81]  

                                                ln lne T T T eq B K B C= +       (3.7) 
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Where the above constants KT and BT are the Temkin constants. Table 3.4 shows 

the Temkin constants, and the correlation coefficients of the experimental data fitted 

into the Temkin adsorption isotherm. KT and BT are Temkin Constants relating to the 

equilibrium binding constant and the heat of adsorption, respectively. As can be seen, 

the values of R2 are not as high as they were for the Langmuir Isotherm. Thus, the 

Temkin isotherm fails to describe the surfactant adsorption onto the sand as well as the 

Langmuir isotherm does. 

Table 3. 4. Temkin adsorption parameters 

SCN Conc. 

(ppm) 
Correlation KT(L/mg) BT (J/mol) R2 

0 qe = 2.94149 ln (Ce) –17.755 0.002391 2.94149 0.8883 

100 qe = 2.49755 ln (Ce) –14.371 0.003169 2.49755 0.9632 

200 qe = 3.01146 ln (Ce) –18.338 0.002267 3.01146 0.9334 

300 qe = 3.65746 ln (Ce) –22.151 0.002343 3.65746 0.8863 

 

3.4. Conclusion 

A comprehensive study of the adsorption of SDS surfactant enriched with 

silicon carbide nanoparticles (SCN) onto the sand surfaces was done. The addition of 

SCN resulted in a 44% reduction in surfactant adsorption. The nanoparticles reduce the 

surface area of sand for adsorption by preferentially adsorbing the surfactant on its 

surface. Preferential adsorption on the nanoparticle surface allows the surfactant to 

remain in the solution instead of getting lost on the rock surface. Above the pH of 4.9, 

SCN is known to possess a slight negative charge in aqueous solutions. An increase in 

the electrostatic forces of repulsion in the system also plays a role. This reduction 

intensifies with increasing concentration of SCN till it reaches a value of 200 ppm. 
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Above 200 ppm, aggregation of the SCN nanoparticles begins. SCN can lower SDS 

adsorption by a greater degree than previously used nanoparticles at dramatically lower 

concentrations. Only 200 ppm SCN reduces the surfactant adsorption by a higher 

percentage than 5000 ppm Silica nanoparticles do. The introduction of 200 ppm SCN 

also reduced the anionic surfactant's CMC by over 14%, making it practical and 

economical.  

 

Figure 3. 8: The best-fit model (Langmuir Isotherm Model) for adsorption 

isotherm study. 
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Chapter: 4 

Advanced multi-wall carbon nanotube-optimized surfactant-polymer 

flooding for enhanced oil recovery

 

 

Abstract  

In this captivating study, we explored the fascinating potential of carbon 

nanotube-based nanofluids in improving oil recovery efficiency and transforming 

interfacial tension. To accomplish this, we acquired high-purity multi-walled carbon 

nanotubes from Plasma Chem Gmbh, ensuring a purity level exceeding 95%, which 

underwent additional functionalization and experimentation to explore their impact. 

The Functionalization of multi-wall carbon nanotubes with ammonium hydroxide and 

hydrogen peroxide generated diverse surface groups, reduced van der Waals 

interactions, and increased carbon nanotube dispersibility through enhanced 

interactions with polymers or solvents. The modified multi-wall carbon nanotubes were 

characterized using Raman analysis, HRTEM, and zeta potential. Varying 

concentrations of modified multi-wall carbon nanotube-based fluids were prepared to 

study their impact on surface tension using a Surface tensiometer. 

Additionally, conducted adsorption studies to minimize surfactant loss and 

performed contact angle experiments using a Goniometer to alter the wetting 

characteristics of the rock surface. Finally, a core flooding experiment was carried out 

using two pore volumes of the nanofluid with the optimal concentration of mMWCNT 

with SDS and 1000 ppm of polymer, and the oil recovery factor was calculated. The 
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study's findings revealed that the modified multi-wall carbon nanotubes significantly 

reduced surface and interfacial tension by approximately 59% and 56%, respectively, 

at the optimum concentration. Moreover, the nanotubes successfully minimized 

surfactant loss by approximately 49.3%. The contact angle experiments demonstrated 

that the modified nanotubes transformed the rock surface from oil-wet to water-wet, as 

evidenced by a substantial reduction of roughly 54% in the contact angle value. In 

conclusion, the core flooding experiment, employing a chemical slug composed of SDS 

at CMC, modified multi-wall carbon nanotubes, and industrial-grade polymer, yielded 

a remarkable oil recovery factor of approximately 70% of the original oil in place. 

4.1. Introduction 

Primary oil recovery extracts oil using natural or artificial lift devices, bringing 

hydrocarbons to the surface. The primary methods have limitations in extracting oil, as 

they focus on pay zones with good oil saturation. The conventional recovery method 

can only extract about 30% of the oil reserves. Various enhanced oil recovery (EOR) 

approaches are employed to recover the remaining oil after primary methods. The EOR 

procedures comprise thermal recovery, gas injection, and chemical injection. Chemical 

infusion is a frequently used EOR method that mobilizes the oil trapped in the 

microporous structure. This mobilization occurs due to lowering surface tension (ST), 

enhancing water-flooding efficiency [85]–[88]. Chemical EOR involves mixing several 

chemicals into the infused water. Different chemical-based EOR approaches involve 

polymer flooding, alkaline flooding, surfactant flooding, foam flooding, and a grouping 

of alkaline, surfactant, and polymer flooding. The efficiency and techno-economic 

viability have made it a widely accepted technique throughout the industry. 

Nanoparticle (NPs) uniqueness and exciting features have recently aroused much 
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interest in EOR applications [1], [89]. Nanoparticles tend to reduce surfactant 

adsorption on solid surfaces and improve oil recovery. They improve the EOR process's 

overall efficiency when used in synergy with the surfactant. Surfactants are substances 

that contain hydrophilic and hydrophobic parts. Including surfactants lowers the 

interfacial tension (IFT) among the infused aqueous solutions and oil and alters the 

wettability of the rock surface. Also, an increasing amount of attention is being given 

to anionic and cationic surfactants as they are now widely recognized for their ability 

to alter the surface of biochar. This modification aims to enhance the biochar's capacity 

to adsorb pollutants [90]. Besides surfactants, chemical slug-displacing oil contains 

highly viscous fluids known as polymers. Polymers boost the viscosity of injected water 

[91], [92]. Hence, it controls water mobility and improves sweep efficiency. Mobility 

is the relationship between the competence of a fluid to flow [93] via a porous medium 

and its resistance to deformation or flow, also known as apparent viscosity. In other 

words, mobility refers to how easily a fluid can move through a substance of its 

thickness or resistance to flow. Reduced mobility of water leads to improved sweep 

efficiency. The sweep efficiency is the ratio between the flood pattern in contact with 

the displacing fluid and the total flood pattern [55], [94]. The surfactant utilized in EOR 

applications modifies the interactions between the reservoir's liquid and solid phases 

[52]. When surfactants are ionized, they tend to stick to the charged surfaces of rocks 

found in reservoirs. This phenomenon happens because the point where the liquid and 

solid meet often offers greater thermodynamic stability than the larger body of the 

liquid phase. In other words, the favorable energy conditions at the liquid-solid 

interface compared with the bulk liquid phase lead to the adsorption of ionized 

surfactants onto charged surfaces of rocks in reservoirs [7]. Surfactants with identical 
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surface charges decrease surfactant adsorption [10], [55], [95], [96]. Other properties 

like pH and salt concentration also impact surfactant adsorption [53], [97]. The impact 

of the flood on recovery reduces due to a decrease in the effective surfactant 

concentration [52]. In addition, surfactants' poor natural degradability raises an urgent 

concern about the pollution of the subterranean environment [94]. 

  Research has been conducted to lessen the surfactant's propensity to adsorb on 

the surface [10], [54], [55], [96]. Al Hashim's study investigates the efficacy of the ASP 

technique in recovering oil from carbonate reserves. At lower surfactant concentrations 

(1% by wt.), it was discovered that the combined effect of NaHCO3 and Na2CO3 

considerably lowered the loss of surfactant on carbonate rock. The effect is desirable 

for creating a practical ASP slug [54]. To decrease surfactant adsorption in carbonate 

reservoirs, Wang et al. experimented with polymers. Polymers were discovered to form 

a coating on the rocks' surface, reducing active adsorption sites [55]. Alkali can be 

utilized to minimize surfactant loss, according to Seethepalli et al. [96]. Saxena et al. 

experimented to explore the impact of various factors, including minerals, alkalinity, 

salinity, and NPs, on the loss of surfactants. Their findings indicated that silica NPs 

were more efficacious than alkali in promoting surfactant adsorption [10]. Ma et al. 

explored the characteristics of interfacial tension with negatively charged hydrophilic 

silica nanoparticles in various surfactant solutions. They reported that including 

nanoparticles enhances sodium dodecyl sulfate (SDS) molecule performance [98]. 

Ahmadi and the group utilized the nanoparticles on carbonate and sandstone rock 

samples, noticing reduced surfactant loss and improved oil recovery. Chemical slugs 

for EOR are designed using them because they decrease adsorption and interfacial 

tension, making them a preferred option [8], [99], [100]. 
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On the other hand, some studies have yielded contradictory results regarding the ability 

of polymers and alkalis to achieve the intended objective, suggesting that they may not 

be effective [55]. Therefore, the current focus is on nanoparticles and their potential 

influence on the adsorption of surfactants. Research focusing on nanoparticles like 

SiO2, TiO2, Graphene, Silica carbide nanoparticles, etc., has acquired an interest in oil 

and gas recovery [48], [58], [59]. Nanotechnology encompasses various disciplines, 

including science, engineering, and technology. The utilization of nanotechnology in 

applied science and engineering is extensive and includes a vast array of applications 

[88]. The study of nanoparticles has been a prominent area of research that has boosted 

oil recovery throughout the past several years [88]. A carbon nanotube is a cylinder 

with a nanoscale diameter created by coiling a graphene nanosheet. MWCNTs (multi-

walled carbon nanotubes) are a group of concentric SWCNTs (single-walled carbon 

nanotubes) [101], [102]. It is produced using concentrically layered sheets of 

cylindrically rolled graphene [103]. Carbon nanotubes have a variety of advantageous 

and distinctive qualities, including better mechanical strength, good thermal 

conductivity, and high surface-to-volume ratios (length/diameter = 1000) [104]. They 

tend to diminish the interfacial tension and modify the surface wettability [105]. Carbon 

nanotubes (MWCNTs) unique quality of interfacial activity has demonstrated a 

comparatively strong ability to boost sweep efficiency among nanoparticles [15], [58], 

[64]. 

This leaves a research gap between the nanoparticles synthesized (MWCNT) in 

the lab and their application and behavioral patterns regarding how they will suit the oil 

displacement. This motivated the authors to investigate this NP for its application in the 

EOR by performing various studies such as IFT, ST, CA, and oil recovery as a goal of 
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the current study. The current research subjected a modified multiwall carbon nanotube 

(mMWCNT) solution to surface/interfacial forces, contact angle, and loss of surfactant 

studies. The impact of carbon nanotubes (mMWCNTs) on an SP solution's ST/IFT and 

wettability is studied using surface tensiometer and contact angle experiments. These 

tests are executed to establish the CMC of the surfactant and to conclude the optimal 

concentration of mMWCNT for improving oil recovery. The influence of the 

mMWCNT concentrations on surfactant loss on the sandstone surface in the SP solution 

was examined at various concentrations. Reviewing prior studies on the application of 

NPs in SP flooding reveals that the impact of mMWCNT has yet to be studied, implying 

that no research has been reported on determining the effect of mMWCNT on SP 

solution. 

4.2. Methodology 

4.2.1 Materials 

This investigation utilized sodium dodecyl sulfate (SDS), an anionic surfactant 

procured from Rankem Chemicals with a purity of >94% and a molecular weight of 

~289 g/mol. The MWCNT purchased from Plasma Chem Gmbh with >95% purity was 

used for further functionalization and experimentation. Deionized (DI) water has been 

employed for sample formulation and cleaning, with a resistivity measurement of 18.2 

MΩ-m. The sand pellets utilized in the CA investigation have been created by taking 

ordinary beach sand, washing it, and then drying it in an oven at 385 Kelvin to remove 

any moisture content. 
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4.2.2 Methods 

This section outlines the procedures utilized to optimize surfactant formulations 

that can be employed for enhanced oil recovery. Figure 4.1 provides a succinct 

illustration of these techniques for the EOR application. 

4.2.3 Modification of MWCNT 

 The MWCNT purchased from Plasma Chem Gmbh with >95% purity was used 

for further functionalization and experimentation. The MWCNT purchased were 

further activated by using ammonium hydroxide and hydrogen peroxide. The MWCNT 

was mixed thoroughly with NH4OH+H2O2 in the ratio 1:1 and ultrasonicated for 6 

hours. Then, they were vacuum filtered and dried under vacuum for 12 hours. The 

functionalized MWCNT exhibited different groups on the surface, a reduced long-

range van der Waals interaction, and increased interaction between carbon nanotube 

and polymer or solvent [106]. This functionalization further helps in increasing the 

solubility of the carbon nanotube. This modified MWCNT (mMWCNT) was 

characterized by Raman analysis, HRTEM, and zeta potential. The 0.005 g of modified 

MWCNT was dispersed in 50 ml toluene and was characterized by RENISHAW Micro 

Raman Spectrometer. The excitation was carried out at 785 nm with an Argon laser. 

The TecnaiTM G220 high-resolution electron microscope (HRTEM) was utilized for 

imaging modified carbon nanotubes. The Malvern Zetasizer Nano ZS was employed to 

evaluate the zeta potential of the modified MWCNT. 
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Figure 4. 1: Flow chart for experimental methodology.  

4.2.4 Dynamic light scattering (DLS) studies 

The distribution of particle sizes for mMWCNT was examined using DLS tests, 

while the stability of the nanofluid was assessed by measuring its zeta potential. The 

Malvern Zetasizer Nano-ZS instrument evaluated the average diameter and zeta 

potential of the NPs dispersed in water [7]. About 1.5 mL of the batch of mMWCNTs 

were placed into the cuvette to measure particle size, and a 30 °C was maintained 

throughout the experimentation. The samples are irradiated to a laser beam with a 

wavelength of 635 nm for analysing the movement of particles undergoing Brownian 

motion in a liquid phase. The particle sizes are determined using the Stokes-Einstein 

equation. The zeta potential and particle size of the mMWCNTs with and without 

surfactants were determined using dynamic light scattering. The cuvette was cleansed 

twice, utilizing methanol after every test to eliminate impurities. Additionally, the 

instrument's equilibrium period was set to 120 seconds to ensure a suitable temperature 
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for the measurement. The average particle size and zeta potential findings reveal the 

dispersed nanofluids' average hydrodynamic size and stability. 

4.2.5 Critical micelle concentration measurement 

The conductivity of the surfactant solution at differing concentrations helps 

identify the surfactant's critical micelle concentration (CMC) [64]. During conductivity 

measurement, the ions in the bulk solution dissociate, causing the surfactant's electrical 

conductivity to increase until the concentration reaches the CMC value. After reaching 

the CMC value, micelle formation starts, causing a reduction in the conductivity. A 

surfactant solution was prepared in deionized water with and without mMWCNT by 

stirring the mixture utilizing a magnetic stirrer at 700 rpm for one hour and sonicating 

the prepared samples for 30 minutes. A total of ten solutions were formulated, with 

differing concentrations ranging from 500 ppm to 5000 ppm. A LABMAN 

Multiparameter LMMP-30 has been utilized to evaluate the conductivity of the 

samples. The equipment was calibrated using a provided solution before measuring the 

surfactant solution's conductivity. Following each measurement, the instrument's probe 

was cleansed thoroughly using DI water and then gently dried using Kim-wipes tissue 

paper. The conductivity of the subsequent sample was estimated after the conductivity 

of deionized water, ensuring no surfactant adsorption on the probe. The investigations 

were executed at 30°C temperature and atmospheric pressure [7]. The CMC findings 

of the dispersed nanofluid solution tell us about the minimum concentration at which 

the values are obtained. 
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4.2.6 Loss of surfactant experiment 

 The researchers used the same approach as earlier studies to evaluate how the 

surfactant adheres to the rock's surface. [64], [107]. The surfactant was mixed in 30 mL 

of solutions at 500 to 5000 ppm concentrations. The conductivity meter precisely 

measured the conductivity of each solution. The prepared solution was supplemented 

with 3 grams of 400 μm sand particles and left undisturbed for 24 hours. After 24 hours, 

the electrical conductivity of each sample was examined again after removing the sand 

grains from the sample with the centrifuge. After removing the sand particles, the 

surfactant left in the solution phase was determined by comparing the conductivity data 

to a standard conductivity curve. This procedure aids in estimating the discrepancy 

between the initial and final amounts of surfactant. The electrical conductivity of the 

250-ppm surfactant solution determines the conductivity reduction compared to 500 

ppm of solution. The trials were operated at room (30°C) temperature and atmospheric 

pressure, and the mass of the sand grains introduced within the surfactant solution was 

kept constant for each concentration. The surfactant molecules that adhered to the sand 

surface were isolated from the solution via centrifugation. The quantity of surfactant in 

the solution has been reduced because of the surfactant being adsorbed onto the surface 

(sand particles). Surfactant loss has been calculated via equation 4.1. [7] 

                            𝐴 =
[(𝐶𝑖−𝐶𝑓)×

𝑀𝑠
𝑀𝑟

]

1000
                                                                               (4.1) 

 The amount of surfactant that will be absorbed in the presence of mMWCNTs 

is calculated using Equation 4.1 (Rahimi and Adibifard 2015). In this equation, the 

variables represent the following: Ms is the weight of the solution in grams, Mr is the 

weight of the sand particles combined with the surfactant solution in grams, surfactant's 
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initial amount in the solution is Ci, and its ultimate amount in the solution is Cf (in parts 

per million), and A is the quantity of surfactant loss (in milligrams/gram). The present 

work also examines the effect of mMWCNT on surfactant loss due to adsorption. Ten 

samples of surfactant solution with 500 to 5000 ppm concentrations were made, and 

concentrations of mMWCNTs varied from 0 to 500 ppm. Before utilizing the solutions, 

the conductivity was assessed before and after sand particles were added and removed 

to examine the variations in conductivity.  

4.2.7 Effects of Time on the Loss of Surfactant    

The conductivity of solutions with distinct surfactant concentrations was 

determined after regular intervals. A standard conductivity versus concentration curve 

assessed the surfactant concentration left in the solution after the removal of sand 

particles via centrifugation. The amount of surfactant loss has been assessed after 1, 2, 

and 3 days. The surfactant loss data was incorporated into the Langmuir, Freundlich, 

and Temkin adsorption models to understand the mechanisms or properties of 

adsorption. Both duration and surfactant concentration variations were used to measure 

the surfactant's adsorption. The data was plotted between 1/qeq and 1/Ceqi, where Ceqi is 

the equilibrium concentration, and qeq is the equilibrium adsorption. The correlation 

factor was determined to establish the best-fitting model for adsorption data. 

4.2.8 Surface Tension Experiment  

The cohesive nature of water molecules results in the surface tension (ST) 

property, which enables a liquid's surface to withstand an exterior force. Surface forces 

were investigated with the help of a surface tensiometer using the Du Nouy ring 

technique. The technique involves applying a controlled force to an object with a 

specific shape on the surface of the liquid and measuring the resulting force required to 
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pull it away, thereby determining the surface tension. The KYOWA DY-500 

tensiometer utilizes Du Nouy's ring system to determine the surface forces of different 

samples. The ring technique employed a platinum ring owing to its excessive heat 

conductivity, which instantaneously wipes all the moisture from its surface when 

heated. The experiment's repeatability was ensured by performing each experiment 

thrice. The amount of force denoted as Fc, which is needed to lift the ring off the surface 

of the liquid, is determined, and this measurement connects to the surface tension s

of the liquid and the weight of the ring, Wring. The tensiometer measures this pull force 

Fc, which is calculated by equation 4.2. 

                                              4 ( )c ring i o sF W r r = + +                                     (4.2) 

The difference in the size and shape of the inner & outer surfaces of the ring 

requires a meniscus correction factor for correct measurement. In this experiment, 

surface tension acts on the inward and exterior of the ring, so both radii are considered 

[108], [109]. The SDS's ST value ensures the anionic surfactant's CMC (SDS). The ST 

value of varied concentrations of mMWCNTs (ranging from 100 ppm to 500 ppm) was 

evaluated in the presence of SDS at its critical micelle concentration (CMC). The 

surface tension results gave information regarding the surface activity of the prepared 

nanofluids. 

4.2.9 Analysis of Wetting Behavior  

 The goniometer setup, shown in Figure 2.2, provided by Apex Instruments, 

India (Acam–NSC series), measures the contact angle in an evacuated chamber to 

determine any changes in the wetting behavior of the rock surface [7]. The setup has a 

flat stage, a light source, and a high-speed camera to record the photos of the drops. 
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The range of the goniometer setup is from 0° to 180° along with a precision of ± 0.05°. 

The liquid under examination was added to the syringe and infused at a flow rate of 

(~0.0012 mL/min) onto a surface placed in a chamber. The liquid emerged from the 

needle as a pendant drop and attached to the surface, which was recorded by the camera. 

An imaging instrument (camera) takes continuous photos of the liquid as it forms a 

sessile drop on the surface. An oil-soaked glass slide was the surface, treated to 

determine the contact angle. The glass slides were submerged in crude oil for one week 

to test their ability to moisten surfaces. All measurements were made at a pressure of 

14.7 psi and 25 °C. The sample was made using deionized water mixed with various 

mMWCNT concentrations of anionic surfactant at the CMC. The flow lines underwent 

two rounds of cleaning procedures using deionized water, and the pendent drop of the 

DI water confirmed that there were no traces of impurities left behind. The experiments 

were performed three times to ensure the apparatus's consistency. 

4.2.10 Viscometry measurements 

The rheological parameters of the chemical slug were identified by viscometry 

analysis utilizing an Anton Paar rheometer cup and bob geometry. The outside radius 

of the cup is 32.00 mm, the bob's length is 60.00 mm for the bob & cup assembly, the 

external dimension of the bob is 35.120 mm, and the internal dimension is 32.800 mm. 

The shear rate was changed from 1 to 1000 s-1 to comprehend the fluid's shear-

dependent characteristics better. The investigations were implemented at 30°C, 60°C, 

and 90°C. After the temperature reached the appropriate level, a 3-minute stabilization 

period was allowed for the samples before viscosity measurement. Viscosity fluctuation 

with shear rate comprehends the chemical slug behavior and how temperature and shear 

rate affect its deformation. The range of ambiguity for three experimental 
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measurements was around ± 0.8 and 8% of the reported value. Before and after every 

examination, the equipment's components were all thoroughly cleaned with deionized 

water and dried. The various mMWCNT concentrations, ranging from 100 to 500 ppm, 

were added to a 1000 ppm polymer at intervals of 100 ppm to formulate the chemical 

slug. 

4.2.11 Core Flooding Experimentations 

 Core flooding studies determined the efficacy of surfactant polymer flooding 

for chemical-enhanced oil recovery (CEOR) in the presence of mMWCNT 

nanoparticles (NPs). An extensive set of core displacement tests has been performed 

under ambient temperature & pressure to measure the efficacy of the slugs (surfactant, 

nanotube/surfactant) in increasing the recovery rate under reservoir circumstances. The 

core used during the flooding experiments had dimensions of 7.7 cm long and 3.8 cm 

in diameter. The helium porosity meter estimates the core sample's porosity and the 

core sample's pore volume. The operational configuration (Figure 4.3) comprises two 

transfer accumulators, one for oil and the other for the nanofluid and a core holder. The 

core holder also housed an HPLC constant rate syringe pump for high-pressure 

injection of water or nanofluid. A back-pressure regulator (BPR) maintains the system's 

pressure at the core's output. A differential pressure transducer (DPT) measured the 

pressure drop throughout the core. The core was primarily saturated by water and again 

by light oil at a minimal flow rate (0.5 ml/m). This process continued until the connate 

water saturation was achieved under the reservoir conditions. D-CAM Engineering 

India provided the syringe pump and core flooding setup shown in Fig. 2.4. 
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4.3. Results and Discussion 

4.3.1 Characterization of modified MWCNT (mMWCNT) 

 The HRTEM image of the modified MWCNT in Figure 4.2 validates the 

presence of multiwalled carbon nanotubes after modification. It shows that the modified 

carbon nanotubes entangle with each other. It can be noted from Figure 4.2 (a) that the 

diameter of the tubes is around 0.34 nm. The image in Figure 4.2 (b) also confirms the 

presence of a few aggregates.  

The zeta (ζ) potential was evaluated for both the pure and modified MWCNT 

by Malvern Zetasizer Nano ZS at room temperature. The zeta potential for pristine 

MWCNT is -8.34 mV, and that for modified MWCNT (mMWCNT) is -21.2 mV [106]. 

The zeta potential is symptomatic of the stabilization of the colloidal system. It was 

noted that zeta potential changes with the attachment of the functional group on the 

surface of the MWCNT. Thus, the modification enhances the stability property of the 

MWCNT, which leads to better dispersibility. Various variations in ionic mechanisms 

in the surface properties also led to changes in zeta potential and stability. 

 The modified MWCNT was analyzed with Raman spectroscopy, RENISHAW 

Micro Raman Spectrometer, and the excitation was produced by a 785 nm Argon laser. 

For pure MWCNT, the Raman allowed a G band corresponding to the stretching mode 

of the graphitic plane, which was noted to be around 1582 cm-1 [110]. However, this 

band is highly affected by strain or modification. Thus, it can be seen that there is a 

shift due to surface modification leading to a blue shift with the G band at 1564 cm-1 

[110]. The second-order dispersive Raman feature, the G' or 2D band, is observed for 

pristine and modified MWCNT at around 2600 cm-1 [110]. The D-band, the defect-

activated Raman mode, is around 1350 cm-1 [110] and is found in both cases, as 
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observed in Figure 4.3. The other bands corresponding to D+D' corresponding to the 

disorder were observed in pristine and modified MWCNT [106]. The higher intensities 

in the case of modified MWCNT (mMWCNT) confirm the presence of modifications 

and attachment of functional groups on the surface of MWCNT. Carbon nanotubes 

(CNTs) have a crystalline structure, according to X-ray diffraction (XRD) 

examinations. From the attached Figure 4.4, it can be observed that mMWCNT displays 

the characteristic peak at 2θ approximately 26.09° and 43.13°, correspondingly, which 

corresponds to the regular structure of graphite (002) and (100) reflections (Joint 

Committee for Powder Diffraction Studies (JCPDS) No. 01-0646)[101], [111], [112]. 

Similar outcomes were reported by Oh et al.[113], Gupta et al.[114], Chen et al.[115] 

and Chen & Oh [116]. 

 

 

Figure 4. 2: HRTEM images of modified MWCNT (mMWCNT) 
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Figure 4. 3: Raman Spectroscopy of (A) Pristine CNT (B) Modified MWCNT 

(mMWCNT) 

 

Figure 4. 4: XRD analysis of mMWCNT 

4.3.2 Particle size and ζ-potential of mMWCNT 

Investigating the size distribution of the mMWCNT introduced to the chemical 

slug is critical because the particle size considerably influences the interfacial 

characteristics that affect oil recovery. The mMWCNT's average hydrodynamic 

diameter was 139.8 nm without an anionic surfactant, and it was 228 nm with an anionic 

surfactant, as shown in Figure 4.5. According to Wang et al. (2018), the surfactant 

sodium bis(2-Ethylhexyl) sulfosuccinate (AOT) boosted the ζ-potential and the 
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electrostatic potential between silica nanoparticles, which stabilized the nanofluid. Al-

Anssari et al. (2017) assessed the impacts of SDS and CTAB surfactants on stabilising 

silica nanofluids in salty environments (NaCl, up to 5 wt%). They concluded that SDS 

provided more stability than CTAB. 

Consequently, applying an appropriate anionic surfactant may restore the 

unstable nanofluid's stability [117]. One main characteristic of estimating a colloidal 

dispersion's stability is its ζ-potential. Ultimately, stability is indicated by a stronger 

electrostatic repulsion. The colloidal dispersion will be stable if the particles have a 

repulsion coefficient that is high enough to prevent flocculation. In contrast, 

flocculation or coagulation will eventually occur without the repulsion mechanism [67]. 

For colloidal dispersions to be stable, the ζ-potential must be equal to or greater than 

±30 mV [117], [118]. The zeta potential of the prepared mMWCNT dispersion in DI 

water was obtained to be -21.2 mV without surfactant. However, adding an anionic 

surfactant (Figure 4.5) increased the potential to -39.4 mV, making the dispersion 

solution more stable. 
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Figure 4. 5: Particle and zeta size of the mMWCNT with anionic surfactants. 

4.3.3 Effect of mMWCNT on CMC  

 Critical micelle concentration is a fundamental characteristic of surfactants. The 

surfactant concentration above which the micelles spontaneously developed is called 

CMC [119], [120]. Surfactants are dispersed in the bulk liquid phase and separated on 

the interface. This separation lessens the free energy of the bulk phase via diminishing 

surface tension / interfacial tension and reducing hydrophobic components of the 

surfactant from water contact. The surfactants aggregate into micelles as the surfactant 

molecule concentration at the surface increases. This phenomenon reduces the surface 

free energy (surface tension) by decreasing the contact area of the hydrophobic sections 

of the surfactant with water. Any additional surfactant additions will only increase the 

number of micelles once the CMC is reached [121]. Figure 4.6 (b) represents 

mMWCNT's impact on the anionic surfactant's CMC value. As mentioned in Fig. 4.6, 

the anionic surfactant's CMC was observed to be 2337 ppm at 0 ppm mMWCNT 
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concentration via the conductivity method, whereas using a tensiometer, it would be 

found to be 2500 ppm. 

 

Figure 4. 6: (a) CMC determination of SDS through conductivity measurement 

(b) Effect of mMWCNT concentration on the CMC of the surfactant. 

4.3.4 Impact of mMWCNT on ST 

   The surface tension (ST) of surfactants determines their capacity to reduce the 

disparity in the forces playing at the air/liquid interface. Surface active compounds or 

nanoparticles can be added to a liquid to lower its surface tension [122], [123]. By 

adsorbing at the liquid surface, surfactants tend to stabilize the forces at the interface. 

Surface tension is another crucial attribute when evaluating the effectiveness of a 

thermal system. The surface tension of fluids has an extensive range of applications, 

like improved boiling heat transfer, oil recovery efficiency, and the ability to clean up 

oil spills [123]. Vafaei et al. examined the ST value of the Bi2Te3/water nanofluids and 

observed that the ST value reduced as particle concentration rose in the prepared 

solution. Surface tension decreased up to surfactant CMC. However, after CMC, 

increasing the particle concentrations in the bulk solution, surface tension rose again, 

but the slope of the trend was not more prominent [124]. The addition of nanoparticles 
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rises along with the volume fractions, which causes the ST of the nanofluids to rise. 

The increasing nanoparticle concentration renders more nanoparticles actively 

dispersed and interacting with each other. The present molecule in the dispersed 

solution imposes a cohesive force that increases the ST of the dispersed nanofluids 

[125]. In addition, the mean distance between molecules and nanoparticles decreases 

with increasing concentration. The electrostatic repulsion force among the molecules is 

replaced by an attractive Van der Waals attraction, increasing the nanofluid's surface 

tension [125]. Fig. 4.7 represents the surface tension behavior with surfactant and 

mMWCNT concentrations. The water's surface tension value was measured at 70.83 

millinewtons per meter (mN/m). However, it decreased to 33.98 mN/m when 2500 parts 

per million (ppm) of SDS (sodium dodecyl sulfate) was added to the deionized (DI) 

water. The surface tension further reduces to 29.23 mN/m after adding 100 ppm 

mMWCNT to the surfactant solution, illustrated in Figure 4.7. The prepared surfactant 

solution reduced the ST value by ~52%, Whereas after introducing 100 ppm 

mMWCNT in the surfactant solution, the ST value was reduced by ~59%. Further 

raising the mMWCNT concentration to 200 ppm in the SDS solution, the ST value 

lessens by ~50%, represented in Fig. 4.7 (a, b). 
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Figure 4. 7: (a) Surface tension vs varied surfactant concentration (SDS), (b) the 

effect of surface tension using mMWCNT with SDS surfactants (CMC). 

4.3.5 Impact of mMWCNT on IFT 

One of the critical functions of chemical EOR in the oil industry is to diminish 

the interfacial tension (IFT) between the oil phase and the aqueous phase [52], [68], 

[126], [127]. The capillary number (CN) is a dimensionless parameter that describes 

the ratio of viscous forces to capillary forces. Usually, the CN value for water flooding 

is around 10-7. When the CN value is higher, ranging from 10-4 to 10-2, a less significant 

volume of residual oil saturation remains in the reservoir [128]. To reach such a large 

figure, it is necessary to reduce the IFT to an extremely low value of 10-3 mN/m [53]. 

Therefore, the IFT among crude oil and mMWCNT were measured in the presence and 

absence of SDS surfactant to investigate how the mMWCNTs can affect and potentially 

further decrease the IFT. The decrease in interfacial tension (IFT) usually happens when 

both SDS and NPs are absorbed at the interface between two fluids [129], [130]. Figure 

4.8 shows the process of IFT with or without the SDS (sodium dodecyl sulfate) solution 
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and the oil phase while using mMWCNT (modified MWCNT) at various 

concentrations. Figure 4.8 (b) indicates that when the concentration of mMWCNT 

added to the SDS solution was raised, the IFT among the SDS solution and oil phase 

decreased significantly. Specifically, when 100 ppm mMWCNT was introduced to the 

solution containing 2500 ppm SDS, the IFT decreased by 55%. The primary 

explanation for the considerable decrease in IFT in the presence of nanoparticles (NPs) 

is their capability to transport surfactant molecules to the interfacial region through 

Brownian motion [131]. If additional surfactant molecules are present at the interface 

between two liquids, then IFT between those two liquids will decrease. The data shown 

in Figure 4.8 (b) show no further decrease in IFT beyond the concentration of 100 ppm 

of mMWCNT. One possible explanation for this observation is that at concentrations 

higher than 100 ppm, the nanoparticles (NPs) start to aggregate, which hinders their 

ability to act as carriers of surfactant molecules. This, in turn, could lead to no further 

improvement in interfacial tension (IFT) reduction [132]. Thus, from ST and IFT 

results, it was found that 100 ppm concentration is the optimum concentration. 

 

Figure 4. 8: (a) Interfacial tension of varying SDS concentration, (b) effect of 

interfacial tension with and without SDS (at CMC). 
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4.3.6 Impact of the SDS on the Degree of Adsorption 

The phenomenon of loss of surfactants involves the accumulation of surfactant 

molecules from the bulk liquid solution on a reservoir rock surface [133]. The loss of 

surfactant at the solid-liquid interface is vital in various industrial and scientific 

applications, which has adverse technical and financial effects. Consequently, 

surfactant retention is a fundamental concern in surfactant-based chemical EOR 

procedures, surfactant flooding, surfactant polymer flooding, and 

alkaline/surfactant/polymer (ASP) flooding [134]. Adsorption, phase entrapment, and 

precipitation lead to the retention of surfactants throughout the chemical EOR 

procedure. The migration of surfactants into microemulsions or the oil phase causes 

phase entrapment. Phase trapping is mainly due to high salinity, temperature, and the 

presence of highly divalent ions. The process of reaching ultralow IFT is hampered by 

this collective action, resulting in surfactant loss [135]. 

Several authors have investigated how surfactant loss onto reservoir rocks 

affects surfactant concentration. Sandstone surfaces are charged negatively, whereas 

carbonate rocks have a positive charge at their surface, depending on the kind of rock. 

Ion exchange, ion association, hydrophobic bonds, adsorption by electron polarization, 

and adsorption by dispersion forces are a few of the processes involved in surfactant 

adsorption on sand particles [61], [71], [72], [120], [136]. The solid substrate, solvent, 

type of surfactant, and the nature of its polar head groups and tail part all play a distinct 

role in the adsorption [137]. Beyond a specific limit, surfactant loss on the sand grain 

damages oil recovery, which is controlled by the disparity in thermodynamic stability 

among interactions between surfaces of liquid and water [61]. The hydrophobic effect 

describes a substance's propensity to elude an aqueous solution, which is crucial to 
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adsorption. The result (Figure 4.10) shows that the surfactant (SDS, anionic) adsorption 

increased with increasing concentration from 0.93 to 3.73 (mg/g) at 500 ppm to 7.9 to 

12.6 (mg/g) at 5000 ppm from day one to day three. The increase in surfactant 

adsorption with rising surfactant concentration is attributed to the higher availability of 

surfactant molecules in the bulk phase, which enhances the likelihood of interactions 

between the surfactant molecules and the sand surface. However, when surfactant 

adsorption reached its saturation point, a maximum adsorption plateau was attained, 

indicating that adding more surfactant would have no further impact on adsorption [65], 

[133]. SDS molecules were free and readily adsorbed when the SDS concentration was 

below CMC because they were negatively charged. 

Consequently, the adsorption rose as the surfactant concentrations rose above 

2500 ppm. As the concentration of SDS increased beyond 2500 ppm, the individual 

surfactant molecules began to aggregate into micelles with other SDS molecules. This 

prevented them from adhering to the sand particles and explained why there was no 

discernible change in the SDS adsorption values beyond 2500 ppm. According to this, 

the loss of surfactants is only impacted via the surfactant-free molecules available in 

the aqueous phase [68]. 

4.3.7 Time effect on adsorption 

For the static adsorption experiment, the impact of surfactant loss over time on 

adsorption density was examined beforehand to certify symmetry throughout the 

studies. The experiments were performed for three days at 24-hour intervals to ensure 

surfactant adsorption. The plot represents the impact of time from 24 h to 72 h over the 

adsorption, as shown in Figure 4.9. The graph illustrates that surfactant loss increased 
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with contact time. The steric repulsion of surfactant molecules already adsorbed on the 

surface of the sand accounts for this drop. However, it is well known that the adsorption 

rate slows down after a while [53] because most of the sites are occupied early, leading 

to a plateau in adsorption curve. 

 

Figure 4. 9: Impact of the duration of ageing on the process of surfactant 

adsorption 

4.3.8 Impact of mMWCNT on surfactant loss  

The approach to computing the surfactant loss on the rock's grain was the same 

as earlier studies [50], [61], [64], [68], [120]. Figure 4.10. illustrates that after three 

days, the adsorption for SDS at the CMC was 8.74 mg/g. The results show that after 3 

days, the surfactant adsorption decreases to 4.77 mg/g by adding 100 ppm mMWCNT 

to the prepared sample. The surfactant loss minimizes ~46% on introducing 100 ppm 

mMWCNT to the sample, which is better than the significant studies employing silica-

based nanoparticles for comparable treatments. While the loss of surfactant diminishes 

as the solution's mMWCNT concentration rises, this reduction is not as impressive as 

the 100 ppm mMWCNT solution. Many possible reasons could explain the lessening 
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surfactant loss with nanoparticles, nanotubes, and nanosheets. The primary methods 

surfactants bind to rock surfaces are typically through electrostatic and van der Waals 

interactions. These interactions involve the attraction of oppositely charged particles 

and the attractive forces between molecules. Conversely, the process of surfactant loss 

onto the surface is complex and influenced by a range of factors, including surfactant 

properties and environmental conditions such as temperature and pH [50], [61], [68], 

[120]. Therefore, altering the adsorption process depends on electrostatic repulsion 

among the negatively charged mMWCNT particles and the SDS [15], [138], [139]. 

Preferential SDS adsorption on the mMWCNT surface decreases SDS adsorption on 

the rock surface. SDS loss reduces as the mMWCNT stays movable and suspended in 

the solution. After adding 100 ppm mMWCNT, the surfactant loss decreased to 4.77 

mg/g at the CMC of SDS; however, when 200, 300, 400, and 500 ppm mMWCNT were 

introduced to the bulk solution, the SDS loss was minimized but increased in 

comparison to the 100 ppm mMWCNT solution. The sudden increment in adsorption 

is responsible for the desorption mechanism. After introducing 100 ppm mMWCNT 

into the prepared surfactant solution at CMC, the loss of surfactant was minimized ~ 

49.3% after 3 days. Minimizing surfactant loss ensures that less surfactant is needed for 

Enhanced Oil Recovery (EOR) operations, effectively reducing interfacial tension 

(IFT) and altering the rock surface's wetting characteristics. This optimization 

significantly lowers EOR operational costs while maximizing the recovery factor. 
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Additionally, it minimizes the amount of residual surfactant left in the subsurface, 

thereby reducing the ecological impact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 10: Surfactant adsorption variation with different parameters (Time, 

Surfactant Concentration, mMWCNT Concentration) at 30°C.  
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4.3.9 Adsorption isotherm model 

Surfactant loss is a surface phenomenon where particles (adsorbate) get 

adsorbed on a solid surface (adsorbent). The solid particle gets attached to the 

adsorption sites on the adsorbent due to electrostatic attraction between the charged 

adsorbent and adsorbate. Three primary adsorption models help to understand the 

mechanisms or characteristics of the adsorption data, namely, the Langmuir, Temkin, 

and Freundlich adsorption isotherm model [57,58]. Adsorption isotherm models offer 

data on the adsorption process mechanism crucial for adsorption system design. The 

adsorption equilibrium data modelling, the adsorbent's characterization before and after 

adsorption, and other methods have been used to examine the adsorption mechanisms. 

Additionally, the adsorption isotherm models offer data on the maximal adsorption 

capacity, which is essential in assessing the adsorbent's efficacy. 

 As per the Langmuir adsorption isotherm, the surfactant loss process occurs 

linearly at low densities of adsorbate and eventually reaches a maximum surface 

coverage as the concentration of adsorbate increases. It is a widely used model for 

calculating the extent of adsorbate on an adsorbent as a function of partial pressure or 

concentration at a specific temperature. The Langmuir adsorption isotherm model 

postulates that a finite number of adsorption sites are available, and it does not consider 

any interaction among the surfactant molecules that are already adsorbed. It also 

believes that adsorption is a single-layer process, and only one surfactant molecule can 

be adsorbed at a time on a particular site. The Langmuir adsorption model proposes that 

all adsorption sites are alike and have the same energy. According to this model, 

neighboring adsorbed atoms do not affect each other in any way. It describes how 
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chemisorption works. Langmuir adsorption isotherm (equation 4.3) provides better 

quantitative explanations; hence, it is the most widely used adsorption model [140]. 

                                                                                                 (4.3) 

 Where qeq represents equilibrium adsorption, qm is the maximum capacity of 

adsorption. Ceqi is the equilibrium concentration of adsorbate. Klang is the Langmuir 

constant, that is associated with the capacity of adsorption. The parameters are 

mentioned in below Table 4.1. 

Table 4. 1. Model parameters of Langmuir isotherm model. 

(a) Langmuir mathematical parameters  

mMWCNT 

Conc. (ppm) 

Linear relation Klang(L/mg) qm(mg/g) R2 

0 1/qeq = 522.56 /Ceqi - 0.0066 -1.26E-05 -152.21 0.9912 

100 1/qeq = 663.17 /Ceqi + 0.032 4.83E-05 31.26 0.9905 

200 1/qeq = 662.39/Ceqi + 0.002 3.05E-06 500 0.9725 

300 1/qeq =508.87 /Ceqi + 0.0415 8.18E-05 24.09 0.9711 

400 1/qeq = 324.79/Ceqi + 0.0839 2.58E-04 11.94 0.9411 

500 1/qeq = 182.45/Ceqi + 0.0785 4.30E-04 12.74 0.9863 

 

  The Freundlich adsorption is a model that depicts how the amount of gas that is 

adsorbed by a specific amount of solid adsorbent varies with changes in the pressure of 

the system at a constant temperature. It is related to multi-molecular layer adsorption 

and assumes that the surface of the solid adsorbent is heterogeneous for this purpose. 

The adsorbent's surface is not uniform. Certain limitations to this model make it 

undesirable. This model fails to explain chemisorption. The Freundlich adsorption 
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isotherm does not provide a quantitative explanation. It gives a comparatively less 

satisfactory explanation of the gas adsorption on solids [141], [142]. Freundlich 

adsorption model is given by equation 4.4.  

                                                                                                           (4.4) 

 Kfrad & 1/n is the constant, providing info about adsorption intensity and 

capacity, which is represented in equation 4. When n is larger than 1, this indicates 

effective adsorption [120]. The adsorption intensity determines the degree of 

heterogeneity present at the adsorption sites [81]. Table 4.2 contains the constants for 

the Freundlich adsorption isotherm as well as the correlation coefficients. 

Table 4. 2. Parameters of Freundlich isotherm model. 

(b)  Freundlich model parameters 

mMWCNT 

Conc.(ppm) 

Mathematical relation Kfrad (L/mg) 1/n R2 

0 qeq = 0.098234(Ceqi)
0.907 0.098234 0.907 0.9774 

100 qeq = 0.054573(Ceqi)
1.030 0.054573 1.030 0.9889 

200 qeq = 0.057509(Ceqi)
1.035 0.057509 1.035 0.9662 

300 qeq = 0.089117(Ceqi)
0.914 0.089117 0.914 0.9653 

400 qeq = 0.179281(Ceqi)
0.721 0.179281 0.721 0.9587 

500 qeq = 0.223398(Ceqi)
0.667 0.223398 0.667 0.9681 

 

 Temkin isotherm is a modification of Langmuir that considers adsorbate-

adsorbate interaction and changes in adsorption enthalpy. This statement suggests that 

the heat of adsorption for all molecules in the layer reduces linearly as the coverage 

increases. The decrease in heat is attributed to synergies among adsorbent and adsorbate 

[81]. The Temkin model is linearly represented as an equation and usually applied in 

the form given in equation 4.5. 
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                                                                                                (4.5) 

 Where the constants mentioned above Ktem & Btem are the Temkin constants. 

Ktem and Btem relate the equipoise binding constant and the heat of adsorption, 

respectively. Table 3 contains the Temkin adsorption isotherm constants and the 

empirical observations' correlation coefficients. The coefficients of R2 in the Freundlich 

and Temkin models are not as impressive as they are for the Langmuir isotherm, as 

shown in Tables 4.1, 4.2 and 4.3. As a result, the Langmuir isotherm better captures the 

surfactant loss onto the sand than the Freundlich and Temkin isotherm, which is 

illustrated in Figure 4.11. 

Table 4. 3. Temkin model parameters  

(c) Temkin mathematical parameters 

mMWCNT 

Concentration 

(ppm) 

Linear correlation Ktem (L/mg) Btem 

(J/mol) 

R2 

0 qeq = 7.44 ln (Ceqi) -19.15 0.076167 7.44 0.9683 

100 qeq = 6.13 ln (Ceqi) -16.44 0.068287 6.13 0.9151 

200 qeq = 6.99 ln (Ceqi) -18.67 0.069362 6.99 0.9179 

300 qeq = 6.73 ln (Ceqi) -17.56 0.073582 6.73 0.9163 

400 qeq = 7.44 ln (Ceqi) -19.15 0.084531 6.18 0.9135 

500 qeq = 7.44 ln (Ceqi) -19.15 0.088295 6.38 0.9042 
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Figure 4. 11: Langmuir adsorption isotherm model fit in mMWCNT data at 

ambient pressure and temperature.  

4.3.10 Contact Angle Analysis 

 The purpose of the contact angle (CA) experiments is to assess the wetness 

characteristics of the surface and gain an understanding of its surface properties. The 

composition and type of the rocks, crude oil, and mineral composition influence the 

rock surface wetting characteristics. Several physiochemical processes, including 

multi-ionic exchange, salting, fine migration, electric double-layer expansion, mineral 

dissolving, and pH variation govern wettability alteration. Several theories apply to 

sandstone, while others correspond to carbonate reservoirs [133], [143], [144]. 

Nanoparticles are used as potential agents to modify the wetness behavior of rocks. The 
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wettability modification is influenced by nanoparticle concentration, size, and salinity. 

Researchers have observed the CA between crude oil and a solution containing 

nanoparticles at various concentrations on silica pellets. They concluded that 

amplifying the NPs concentration in the fluid enhances the hydrophilic nature of rocks. 

Roustaei and Bagherzadeh examined the impact of SiO2 (Silicon dioxide) nanoparticles 

on the wetness attributes of a carbonate reservoir rock, showing that SiO2 nanoparticles 

are prone to change the wetting characteristics of carbonate reservoir rock [145]. 

According to Hendraningrat et al., dispersing Al2O3 solution can modify the wetting 

characteristics of sandstone rocks from strongly oil wet (above 90°) to strongly water-

wet (below 75°) [146]. The CA investigation was performed at 2500 ppm surfactant 

concentration with varying mMWCNT concentrations (100, 200, 300, 400, and 500 

ppm). This observation shows that the CA values were demoted to more water-wet after 

increasing mMWCNT concentration. Because adsorption is a time-dependent 

phenomenon, thus the frequency of the adsorption process accelerates with contact 

time. Over time, contact angles between the polar surfactant component and the 

nonpolar crude oil part decrease [126], [147]. Because NPs are smaller and have higher 

surface free energy, they tend to attach to the surface. After rising NPs concentrations, 

the contact angles become smaller, which is explained by disjoining pressure. The 

nanoparticles form a self-assembled film with a wedge-like shape that comes into 

contact with the base using the crude oil phase [125], [148], [149]. As the concentration 

of NPs in the solution rises, more NPs aggregate at the wedge film, improving the 

disjoining pressure that causes the angle to decrease. A similar trend in the CA was 

found subsequently augmenting NPs in the DI water, implying that nanoparticles tend 

to alter the wetness behavior of the oil-wet sand pellet. The adsorption of NPs on the 
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rock forms a nanotextured surface, which changes the rock's morphology to semi-

homogeneous. Thus, a fine layer of the NPs formed on the rock surface leads to a 

modification in the wetting characteristics of the surface to strong water-wet from oil-

wet, resulting in an improvement in oil production. Figure 4.12 & 4.13. illustrates that 

the CA of the SDS was 57° on the oil-wet surface, which reduced to 53° after 

introducing 100 ppm mMWCNT in the bulk phase. When the mMWCNT concentration 

increases to 200, 300, 400, and 500 ppm, the wettability reduces to 50°, 46°, 41°, and 

36°. This change indicates that the wetness characteristic of an oil-wet surface would 

change to that of a water-wet surface. Modified MWCNTs (mMWCNTs), being highly 

hydrophobic with a large surface area, strongly interact with both surfactants like SDS 

and the rock surface. They act as carriers for surfactants, enhancing their distribution 

and effectively converting oil-wet or mixed-wet rock surfaces to water-wet, thereby 

improving water displacement efficiency and oil mobility. 

 

Figure 4. 12: Contact angle measurement using various mMWCNT concentration 

in the presence of anionic surfactants at CMC and polymer. 
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Figure 4. 13: Contact angle measurement by goniometer. 

4.3.11 Viscometry Analysis 

 The rheological examination for viscosity measurements was performed to 

support the analysis of nanofluid stability. The measurement aids in understanding the 

nanofluid's flow properties during operation [94], [118], [150]. Nanoparticles, 

nanotubes, and nanosheets affect the solution's flow characteristics, including the 

surfactant and polymer. The fluid's rheology is influenced by nanoparticle size, shape, 

and concentration [50], [67], [68], [131]. Figure 4.14 (a) shows that the rheological 

investigations quantify the nanofluids' viscosity at various shear rates between 1 and 

1000 s-1. The rheological properties of a slug with a fixed amount of 1000 ppm of 

polymer and varying mMWCNT concentrations (100 ppm, 200 ppm, 300 ppm, 400, 

and 500 ppm) were determined using a rheometer. When the shear rate was changed 

from 4.2 to 1000 s-1, it was observed that the viscosity of the fluid with 2500 ppm of 

the surfactant and 1000 ppm of PAM decreased from 298.75 mPa s to a value of 3.1 

mPa s. This demonstrated the fluid's shear-thinning characteristic, which Meyer et al. 
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had reported in their earlier investigations [151]. When mMWCNTs were added to the 

chemical slug, viscosity improved. At a shear rate of 4.2 s-1, the addition of mMWCNT 

raised the fluid's viscosity from 298.75 mPa s (0 ppm) to 348 mPa s (100 ppm), 435.12 

mPa s (200 ppm), 470 mPa s (300 ppm), 500 mPa s (400 ppm), and 540 mPa s (500); 

The outcomes are compatible with the results of Mahbubul et al., [152]. Because of the 

reduced mobility ratio and viscous fingering caused by the increased viscosity, more 

oil would be swept, increasing the volumetric sweep efficiency [48], [68]. Table 4.4 

represents the rheological analysis of the prepared chemical slug. 

Table 4. 4. Rheological analysis of chemical slug 

Chemical (Surfactant + Polymer + mMWCNT) slug viscosity measurement 

S. 

N 

Shear 

Rate 

(s-1) 

Viscosity (m Pa.sec) Temp. 

(°C) 
0 ppm 

 

100 

ppm 

200 

ppm 

300 

ppm 

400 

ppm 

500 

ppm 

1 4.2 298.75 348.10 435.12 470 499.96 539.35 26.8 

2 20.8 73.37 92.58 115.72 162 198 223.63 27.1 

3 102 15.28 24.90 29.29 35.38 40.56 47.11 27.3 

4 347 4.79 7.41 8.38 8.57 9.28 9.9 27.2 

5 653 3.99 4.21 4.68 4.75 4.82 5.16 27.5 

6 1000 3.10 3.38 3.55 3.60 3.68 3.77 27.4 

 

It is crucial to investigate the viscosity of the slug at higher temperatures because 

the reservoir's temperature is high. When the temperature rises, the viscosity of the 

polymer in the slug tends to diminish; therefore, it is essential to study its behavior 

under these conditions. The slug was composed of a polymer (1000 ppm), surfactant 

(2500 ppm) and mMWCNT (100 ppm) and was studied at varying temperatures. At a 

shear rate of 1000 s-1, the slug's viscosity decreased from 3.373 to 2.698 and then to 
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2.294 mPa·s as the temperature rose from 30 to 60 and 90 °C, subsequently (Figure 

4.14 (b)). This drop in viscosity could be attributed to the degradation of the polymer 

chains at higher temperatures, resulting in a reduction in viscosity. The findings of 

previous studies support these results. 

 

 

Figure 4. 14: (a) Rheological trends of the chemical slug at various concentrations. 

(b) Temperature effect at optimized slug concentration (100 ppm mMWCNT+ 

SDS+ PAM). 

4.3.12 Dimensional measurement of core  

The porosity of the core was assessed using the Helium porosity meter. Bulk 

volume, matrix volume, and pore volume are required to evaluate the porosity of the 

core sample. A parametric (dimensional) study of the core was performed to assess the 

porosity of the core, and the findings are illustrated below in Table 4.5. The porosity of 

the core sample can be evaluated via the below-mentioned mathematical equations 4.6 

and 4.7. 

                              
pore

bulk

V

V
 =                                                                                  (4.6) 
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Or                     bulk mat

bulk

V V

V


−
=                                                                              (4.7) 

Where φ is the porosity, Vbulk, Vpore, and Vmat are the bulk, pore, and matrix volumes of 

the core sample, respectively.  

Table 4. 5. Parameters of the core  

 

4.3.13 Core Flooding Analysis 

 The surfactant and polymer activities cannot be seen as two distinct 

processes occurring concurrently in the reservoir. The synergy of both 

chemicals influences the recovery factor. So far, the movement of one of these 

chemicals affects the other to varying degrees and vice versa. Several 

researchers have shown this compatibility in computational models and 

experimental studies [5], [153]–[156]. The polymer serves as a "sacrificial 

agent" to avoid utmost adsorption or promote conformity if injected before the 

surfactant. 

On the other hand, if the injection approach is reversed, the surfactant slug is 

spared from the water-fingering phenomena. Both chemicals may not be infused 

simultaneously, but dispersion and diffusion processes will lead them to interact 

during the sweeping process; therefore, this interplay must always be 

considered in porous media [157]. Core flooding experiments were carried out, 

                                               Parameter of the core 

Diameter Length Dry weight Bulk volume 

3.80 cm 7.70 cm 185.40 gm 87.362 ml 

Matrix Volume Pore volume Porosity Gran density 

71.299 ml 16.062 ml 18.39 % 2.60 g/ml 
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as well as oil recovery tests. The efficacy of PAM + SDS + mMWCNT for 

CEOR was evaluated and compared with SDS and water flooding by 

implementing three flooding tests. Figure 4.15 illustrates the percentage of 

ultimate oil recovery and pressure drop with the injected fluid volume, which 

includes water, SDS solution, and PAM + SDS + mMWCNT nanofluid. In the 

flooding test, consistent values were used for specific parameters, such as the 

amount of fluid injected and the rate at which it flowed. The same volume of 

fluid, equivalent to ~2 pore volumes (PV), was infused into the core for all 

flooding processes. According to Figure 4.15, the water flooding process 

resulted in the most significant amount of oil recovery when 1.3 pore volumes 

(PV) of fluid were infused into the core. However, there was no further 

improvement in oil recovery beyond ~34% of the original oil in place (OOIP) 

after this amount of fluid injection. Subsequently, the core was flooded with a 

solution containing 2500 ppm SDS and PAM + mMWCNT nanofluids with an 

optimal concentration. The outcomes of these procedures are displayed in 

Figure 4.15. Comparing the results of different flooding tests, it was found that 

using mMWCNT nanotubes in SDS + polymer solution led to higher recovery 

of oil compared to other methods. More specifically, when utilizing the SDS 

solution without mMWCNT, only 46% of the oil was recovered, but the 

addition of mMWCNT in the SDS + polymer solution caused almost 70% of 

the oil to be recovered. The reason for the superior performance of the PAM + 

SDS + mMWCNT nanofluid is that nanoparticles can significantly limit the loss 

of surfactants onto the rock formation. Additionally, the friction generated 

through the nanoparticles on the adsorbent removes the adsorbed molecules 
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from the surface of the rock, which ultimately decreases the adsorption of 

surfactants [15]. In addition, NPs increase the effectiveness of reducing IFT, 

which significantly improves the efficiency of chemical flooding. In Figure 4. 

15, the graph illustrates the variation in pressure drop throughout the injection 

process. Water injection increases the pressure, reaching a peak at 

approximately 1.4 to 1.5 pore volumes (PV) of injection. Subsequently, the 

pressure drop starts to decline, indicating the occurrence of brine breakthrough 

in the core sample. The high breakthrough PVs suggest the displacement 

procedure is stable [158]. When emulsion droplets are much smaller than the 

pore-throat width, there is a negligible increase in pressure drop. However, as 

surfactant flooding continues, some emulsion droplets adhere to the pore-throat 

walls, reducing the effective width. 

Consequently, the emulsion droplets become blocked, causing them to merge 

into larger droplets and resulting in a higher pressure drop. Nevertheless, the 

larger droplet size also means a decrease in the total number of droplets since 

the overall oil content in the core system remains constant. As a result, pressure 

drop decreases after reaching its peak value, occurring once the emulsion 

droplet size surpasses a specific diameter [155], [158], [159]. 
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Figure 4. 15: Displacement efficiency and pressure drop of water, SDS and PAM+ 

SDS+ mMWCNT (P+S+C), where P stands for polymer, S for SDS and C for 

mMWCNT. 

4.4. Conclusion 

 This study aimed to explore the effectiveness of mMWCNT in enhancing the 

efficiency of surfactants. Before conducting flooding experiments, the study examined 

how mMWCNT affects surfactant properties such as Surface tension (ST) /interfacial 

tension (IFT) and adsorption behavior on sand grains. The findings show that the 

inclusion of mMWCNT in a solution of SDS (sodium dodecyl sulfate) causes an abrupt 

decline in the IFT between the prepared solution and oil. The mMWCNT minimizes 

the IFT up to 56% at 100 ppm concentration. The mMWCNT also reduces surfactant 

loss, which was assessed through adsorption experiments, and alters the wetness 

characteristics of the rock surface from oil wet to water wet, which helps achieve better 
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recovery. The improved oil recovery tests were done using core flooding experiments 

that recovered ~ 70% cumulative oil via surfactant polymer flooding using mMWCNT 

particles. 
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Chapter: 5 

Waste Plastic Derived Reduced Graphene Oxide as A Potential 

Additive for the Surfactant Polymer Flooding: A Sustainable 

Solution 

 

Abstract 

 The twenty-first century's major problems are the demand for sustainable green 

energy and the eco-friendly upcycling of plastic waste. The solutions to these problems 

should have an alluring, cost-effective industrial synergy. Tackling these issues 

addresses the concerns of clean energy generation and the long-term preservation of the 

economy and environment from plastic waste. This study focuses on upcycling waste 

plastics into reduced graphene oxide (RGO) and their application in enhanced oil 

recovery. Raman and TEM analysis confirmed the successful synthesis of RGOs. In 

addition, FTIR helps study the presence of functional groups and TGA for thermal 

stability analysis. 

The RGO improves the oil recovery by altering wettability, reducing surface tension / 

interfacial tension, and minimizing surfactant loss. The surface / interfacial property 

and wetting attributes of the RGO-based prepared solution were examined by surface 

tension and contact angle measurement. The surface tension and contact angle 

reduction using RGO were ~25% and ~20% without surfactant. Whereas with 

surfactant (anionic, cationic, and nonionic) and RGO, the reduction in surface tension 
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was ~55%, ~57%, and ~57%, respectively. Also, the reduction in contact angle with 

surfactant was ~83%, ~46%, and ~80% for anionic, cationic, and nonionic surfactant 

with RGO particles. The chemical slug's viscosity was then examined at elevated 

temperatures. The viscosity results follow the power law model to comprehend fluid 

flow behavior. Finally, the chemical slug consisting of a surfactant mixture, RGO 

particles, and an industrial-grade polymer was used in the sand pack flooding studies, 

recovering ~71% of the original oil in place.  

5.1. Introduction 

Worldwide hydrocarbon production from functional reservoirs is on the decline. 

The increasing reservoir energy depletion restricts the oil recovery to around 50% of 

the original oil in place (OOIP) [158], [160]. The oil majors are doing their best to 

maximize the recovery of OOIP by utilizing different enhanced oil recovery (EOR) 

techniques [161]. Thus, EOR techniques help recover the non-producible oil from the 

reservoirs. The EOR techniques include gas injection, chemical flooding, surfactant 

flooding, low-salinity water injection, thermal methods, and many more [162]. EOR 

involves various mechanisms, including interfacial tension (IFT) reduction, wettability 

alteration, mobility control, and gravity drainage [161]–[165]. These mechanisms 

govern oil mobilization using chemical, thermal, and gas injection methods for oil 

recovery. The chemical flooding process, categorized under the EOR technique, 

requires the addition of one or more chemicals to an injecting fluid to reduce IFT 

(interfacial tension)/ surface tension (ST) or amplify the volumetric sweep efficiency 

of the injecting fluids. Surfactant, polymer, and their individual and combined 

injections help extract oil from a reservoir via chemical processes. Surfactant flooding, 

a chemical flooding process, decreases the IFT/Surface tension and alters the wetness 
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to increase oil recovery. Surfactants weaken the surface or interfacial forces when it 

adsorbs on the surface. Surfactants have a hydrophobic hydrocarbon chain or nonpolar 

group (tail) and a polar hydrophilic group (head). This structure makes them readily 

soluble in water and organic solvents [133]. Significant challenges associated with 

surfactant flooding include surfactant loss due to absorption, which reduces efficacy. 

The development of novel approaches to improve oil recovery is expanding along with 

the demand for oil production in the global energy market.   

Nanoparticles (NPs) are the most effective and widely utilized chemicals for 

extracting residual oil from reservoirs [148], [166]–[168]. However, the chemicals are 

expensive and can lead to possible formation damages and chemical loss during the 

chemical injection [11]. For example, during the gas injection process, injection gas 

often instantly invades reservoirs from injection to producing wells because of the high 

mobility ratio of injected gas and oil, leaving a large amount of oil untouched [125]. 

Thus, techno economically viable and environment-friendly traditional EOR 

techniques are desirable. Pore plugging is one of the most challenging problems to solve 

throughout the chemical injection process [11], [125]. Also, trapping injected chemicals 

in porous media increases the skin factor (reduction in formation permeability), 

resulting in lower oil recovery and increasing the injection cost [149]. Nanoparticles 

with an average particle size smaller than the pore throat radius can be employed to 

reduce formation permeability, aiding oil recovery. The nanoparticles also improve 

well drilling by modifying fluid characteristics and boosting trapped oil mobility [162], 

[167]. NPs have piqued attention in the application of thermal and chemical EOR. As 

additives or nanofluid flooding processes, NPs have the potential to augment traditional 

recovery techniques [149], [169]. Nanoparticles are also beneficial in EOR 
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applications. The wetting behavior of the rock surface changes by NPs addition to the 

injected fluid [170]. Micro and nanospheres lower the capillary force and relative 

permeability of injection fluid. These alterations change the fluid injection path, helping 

to recover the immobile oil [171]. In the last decade, several researchers have studied 

the impact of nanoparticles on EOR processes [65], [162], [168]. In addition to NPs, 

some researchers are investigating the effect of the surfactant on oil recovery in harsh 

reservoir conditions. NPs have unique properties with sizes ranging from 1–100 nm. 

Due to the smaller particle sizes, NPs have a higher surface-to-volume ratio. NPs 

influence drilling operations, production evolution, limiting formation damage, 

improving oil recovery, and improving heat transfer [162]. They have been investigated 

from various perspectives to tackle the current issues regarding pore plugging and 

formation damage in the oil and gas industry [172]. 

Another critical parameter in the EOR process is the mobility ratio (MR), which 

should always be kept to a minimum to enhance the recovery process. Injected fluids 

such as water, CO2, and chemicals have a lower viscosity than oil. Hence, the MR of 

the displacing phase is high. An elevated MR causes viscous fingering, poor 

conformance, and poor sweep efficiency. The MR reduces by lowering the oil phase 

viscosity or increasing the injected fluid viscosity. To overcome the abovementioned 

issues, NPs can be added to conventional fluids to enhance the effective viscosity of 

injection fluids, which can help alleviate the problems [95], [120], [149], [173]. Many 

researchers have used nanoparticles in their studies and stated that introducing NPs 

lowers IFT and surface tension while altering wettability. Surfactant adsorption on the 

sand surface decreases by adding nanoparticles [15], [57], [68]. Many studies have 

demonstrated wettability changes with nanoparticles from oil-wet to highly water-wet 
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by injecting nanofluids. The contact angle experiments on even surfaces by injecting 

nanofluids validate the above claims [148]. Anderson (1986) defined wettability as "the 

ability of a liquid to spread or hold fast to the rock surface within sight of another 

immiscible liquid" [174]. Several factors influence reservoir rock's original wettability, 

including oil composition, temperature, mineral surface, pH, brine chemistry, initial 

water saturation, and pressure. Several researchers stated that crude oil composition is 

critical in controlling the rock surface's wettability alteration [175]. The crude oil polar 

component adsorbs on the rock's surface, causing wettability reduction. These surface-

active agents have functional groups containing oxygen, nitrogen, and sulfur. 

Moreover, acid and base were the most active compounds of components with 

charged groups [176]. At pH below 9.5, the negatively charged acidic compounds get 

adsorbed on the positively charged carbonate rocks due to electrostatic attraction. Many 

researchers believed that wettability modification towards oil wet increased due to an 

increment in crude oil acidic components [177], and some literature reviews mentioned 

this in Table 5.1.   

In this paper, reduced graphene oxide synthesized using waste plastic as a 

precursor (carbon source) has aided the EOR process. Graphene (2-dimensional, one 

atom thick single layer of sp2 hybridized carbon atoms) and its derivatives like 

graphene oxide and reduced graphene oxide, have wonderful electrical, mechanical, 

and thermal properties. Graphene oxide (GO) is produced by the oxidation of graphene, 

containing abundant oxygen-functional carbonyl, epoxide, hydroxyl and carboxyl 

groups. At the same time, thermal or chemical reduction leads to the formation of RGO. 
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The presence of these oxygenated functional groups is less in RGO. RGO has sheet-

like structure and high surface area, providing more interacting sites for the reactions.   

Table 5. 1. Review of different literature outcomes demonstrating NP (with/ 

without surfactant) effect on wettability modification, IFT reduction, and EOR. 

Base Fluids 
Oil 

Type 

Surface 

Type 

Affected 

Properties 

Studied the 

effect of NPs 
Measurement 

Technique 
Ref 

SiO2/brine 
Light 

Oil 
Sandstone 

Wettability 

Alteration 

NP size Amott Test, 

Contact angle 

measurement 

[146] 

ZrO2 + 

Surfactants/ 

distilled water 

Heavy 

Oil 
Carbonate 

Wettability 

Alteration 

Type of non 

ionic 

surfactants, 

Effect of 

time 

Amott Test, 

Contact angle 

measurement 

[178] 

SiO2/brine 
Light 

Oil 
Glass 

Wettability 

Alteration 

NPs 

concentration 

Contact angle 

measurement 
[179] 

PAM 

1000 ppm 

Medium 

Oil 
Sandstone 

IFT 

Reduction 

and 

Wettability 

Alteration 

NPs 

concentration 

& SDS 

concentration 

Contact angle 

method & 

Pendant drop 

technique 

[131] 

HPAM 

3150 ppm 

Heavy 

Oil 
Sandstone 

Mobility 

Control 

NPs & 

surfactant 

concentration 

Viscosity 

measurement 
[25] 

SiO2 - 

biomaterial/water 

Heavy 

Oil 
Shale 

Wettability 

Alteration 

NPs 

concentration 

Contact angle 

measurement 
[180] 

  The synthesized nanosheets (graphene) exhibit more surface area than 

conventional metal oxide nanoparticles, providing higher surface activity for the 

nanosheets. Usually, other synthesis methods for graphene nanosheets are complex and 

involve using toxic chemicals. However, this study involves the use of waste plastic 

material as the sole raw material for the synthesis of reduced graphene oxide. Waste 

plastic is a universal problem affecting our environment and human health indices 

worldwide and has harmful consequences on the ecosystem [181]–[183]. The 

astounding expansion of the global economy and productivity are the leading causes of 

solid plastic waste overproduction. The growth of the human population is directly 

proportional to the demand for plastic production. Out of the various plastic waste, 

single-use plastic covers a significant portion of the plastic waste. These factors raised 
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the requirement for waste plastic management. Converting solid waste into precious 

carbon-based nanomaterials (CNMs), like CNT, graphene, and carbon quantum dots 

(CQDs), is a moral option to improve solid waste management [184]–[187].  

5.2. Methodology 

5.2.1 Materials 

Cationic surfactants Cetyl trimethyl ammonium bromide (CTAB) [(C16H33) 

N(CH3)3 Br] of analytical grade purity > 99% were acquired from Molychem 

Chemicals. In liquid form, nonionic Surfactant Triton X-100 (extra pure for 

scintillation), [ C14H22O(C2H4O)n] ethanol. Sodium dodecyl sulfate, 

[CH3(CH2)11OSO3Na] also known as SDS, having a purity >94%, was obtained from 

Rankem Chemicals. Sodium hydroxide (NaOH) and hydrochloric acid (HCl) have been 

utilized to study the variation in pH obtained from SD Fine-Chem limited and Merck 

Life Science Private Limited, respectively. Deionized (DI) water was used for sample 

preparation and cleaning purposes, having a resistivity value of 18.2 MΩ-m. Reduced 

graphene oxide used in this study was synthesized in the lab, and the synthesis part has 

been reported in our earlier work [181]. Experimental methodology of this chapter 

shown in Figure 5.1. 

5.2.2 Synthesis of graphene oxide from waste plastic  

Reduced graphene nanosheets (RGO) were produced according to our 

previously reported method [181]. The waste plastics were purchased from the flea 

markets and the local municipalities. The gathered waste plastic was chopped in the 

cutting chamber and washed in the washing unit to remove the dirt and other impurities. 

Further, this material was dried in a drying unit and placed in a mixing chamber where 

bentonite nano clay was added as a degradation agent. In this chamber, the waste plastic 
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and nano clay are mixed. A stainless-steel pyrolysis chamber with a horizontal hollow 

cylindrical shape was then used to contain this mixture. Slow pyrolysis with a heating 

rate of 5 °C/min was done in an inert nitrogen gas environment at 400°C. The slow 

pyrolysis at this temperature resulted in the nucleation of an amorphous, porous, and 

lustrous black charred residue. The amorphous black charred residue is obtained in the 

initial stage and added to the ball mill unit to get the ultrafine powder to boost its 

productivity. This powder was placed inside the secondary vertical cylindrical reactor 

at 750 °C with a heating rate of 10 °C/min in an inert nitrogen gas environment. The 

final black-coloured RGO obtained in the second reactor was cleaned with 5% HCl and 

distilled water, improving the graphene oxide's purity. 

 

Figure 5. 1: Experimental methodology  
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5.2.3 Dynamic Light Scattering (DLS) 

 Dynamic light scattering is the technique to measure the precise value of the 

particle size and zeta potential in the suspension and emulsions. It depends on the 

Brownian movement of the particles, which states that the smaller particles tend to 

move faster, while the bigger ones move slowly in the liquids [188]. The light beam 

from the suspended particles contains diffusion speed and size distribution information. 

DLS analysis has a particle size range from 0.3 to 10000 nm, and this technique is best 

suited for the analysis and characterization of the nanoparticles dispersed in a solution. 

DLS experiments aim to study various surfactants like anionic, cationic, and nonionic 

with and without RGO dispersed in DI water by the Malvern Zetasizer of model Nano-

ZS instruments. The cuvette was washed twice with methanol to eliminate any 

contaminants, and the instrument's equilibrium duration of 120 seconds was adjusted 

to stabilize the temperature for the experiment. The Stokes-Einstein relation, shown in 

equation 5.1, computes the particle size [68].  

                                              
3

c

kT
D

d
=                                                                                 (5.1) 

Dc is the diffusion coefficients, T is the temperature, k is the Boltzmann constant, 

viscosity, and d is the hydrodynamic diameter.  

5.2.4 Surface tension measurement 

 Surface tension (ST) is the distinctive property of the fluid to oppose the 

external forces acting at the liquid surface [49], [136]. The tensiometer model KYOWA 

DY-500 measures the ST of the different samples using the Du-Nouy ring system. The 

ST of different surfactants was measured before and after adding RGO nanosheets 

(100-1000 ppm). The mixture was sonicated before ST measurement using a probe 
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sonicator for better dispersion. In the supporting information of methodology section 

1.1, the experimental technique of the surface tension must be covered in more detail 

in Figure 5.2. 

 

Figure 5. 2: The Surface tension measurement with the help of Du-Nouy ring. 

5.2.5 Contact Angle Experiments 

 The contact angle (CA) test characterizes the wettability modification. The 

experiments were conducted using an Acam-NSC series goniometer provided by Apex 

Instruments, India Figure 5.3. The equipment is composed of a flat stage with a light 

source at the back, a needle or a pipette to dispense the solution, and a recording device 

to obtain the image of the drops. The sessile drop technique determines the contact 

angle. The range of the contact angle of the instruments is from 0° to 180° with an 

accuracy of ± 0.05°. The surfactant samples were prepared at CMC using deionized 

water with the subsequent addition of RGO nanosheets. After every measurement, the 

syringe attached to the equipment was cleaned with deionized water. The experiments 

were repeated thrice to ensure their repeatability. 
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Figure 5. 3: Measurement setup of the goniometer instruments. 

5.2.6 Viscosity Measurement  

 Rheology analysis studies a sample's flow behavior and deformation 

considering the shear rate and temperatures under the applied force [48]. Viscosity was 

measured with the help of Anton Par's modular compact rheometer (MCR-52). The 

rheological properties of the slug, which had different concentrations of polymer and 

nanoparticles, were found utilizing the rheometer's bob and cup assemblage system. 

After each measurement, the instrument components were washed and dried using DI 

water and the dryer. The slug was prepared using a 1000 ppm polymer and differing 

concentrations of RGO ranging from 100 to 1000 ppm. The rheological studies were 

performed on the prepared chemical slug at ambient and elevated temperatures to study 

the slug's degradation. 

5.2.7 Flooding Experiments  

 Flooding tests were conducted using a sand pack flooding assembly. D-CAM 

Engineers, Ahmedabad, manufactured the sand pack flooding equipment to study the 
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displacement test. The instrument contains a sand pack holder and four accumulator 

cells holding the chemicals, crude oil, water, and toluene for flooding experiments. 

Previously, many researchers had used a similar setup for sand pack flooding [53], 

[189]. The chemical slug included a combination of 1000 ppm of polymer. Different 

concentrations of RGO nanosheets from 100, 250, 500, and 1000 ppm and anionic 

surfactant at CMC values were used during the experiments. After water flooding, half 

the pore volume of the ASP slug was injected into the porous media through the flow 

lines at the same flow rate of 2 ml/min. Additionally, chase water was infused through 

the flow lines into the porous media till no oil drop eluded from the sand pack. The sand 

pack flooding experiments were performed at 60 °C temperature, and the flooding setup 

is shown in Figure 2.3. 

5.3. Results and Discussion  

5.3.1 Characterization of RGO 

Raman spectroscopy determines the number, layer orientation, defects, and 

material quality, as represented in Figure 5.4. The C-C bond stretching gives the E2g 

vibrational mode, providing the graphite peak (G Band). The A1g vibrational mode 

provides the disorder peak (D-band). The Raman spectra of the synthesized graphene 

show the D band at 1360 cm-1 and the G bands at 1577.8 cm-1. Also, the 2D peak shows 

few layers in the material. The intensity ratio of the D and G bands, i.e. (ID/IG ratio) 

estimates the structural defects of graphene-based samples. The higher ratio ensures 

more defects in graphene-based materials. SP2-bonded carbon atoms in-plane vibration 

generates the G Band. However, the out-of-plane vibration generates the D Band, 

responsible for structural defects. Scanning electron microscopy (SEM) and transition 

electron microscopy (TEM) evaluate the morphology of plastic-derived RGO. SEM 



 

 

 

 

 

114 

 

and TEM images illustrate the sheet-like morphology of the RGO, shown in Figure 5.5. 

Fourier transformation infrared spectroscopy (FT-IR) helps identify the functional 

group's presence on RGO, which is represented in Figure 5.6 (a). FT-IR Spectra showed 

peaks at 1029 cm-1, 1421 cm-1, 1560 cm-1, 3294 cm-1, 2916 cm-1, 2092 cm-1, 2304 cm-1 

corresponding to carbon-oxygen, C-O stretching vibration, carbon-carbon double bond, 

hydroxyl group respectively [190], [191]. The peak at 1575 cm-1 shows that the carbon-

carbon double bond (aromatic) supports the graphene structure. The carbon-oxygen 

exhibits partial oxidation of the graphene nanosheets during the purification process. 

Further Thermogravimetric analysis (TGA) evaluates the groups containing oxygen 

and the graphitic nature of RGO, as shown in Figure 5.6 (b). The first stage of weight 

loss in the temperature range of 50°C to 100°C was due to moisture and chemically 

adsorbed water on RGO [181], [182], [185]. In the second stage, significant weight loss 

in the temperature range between 400°C and 580°C results from removing oxygen-

associated functional groups in the RGO. 

 

Figure 5. 4: Characterization of RGO using Raman spectroscopy. 
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Figure 5. 5: TEM and SEM analysis of the reduced graphene oxide. 

 

Figure 5. 6: (a) FTIR analysis of reduced graphene oxide, (b) TGA analysis of 

reduced graphene oxide. 

5.3.2 Particle size and Zeta potential 

 The nanoscale range particles are chemical slug additives that change the 

surface's wettability and aid oil production. The RGO exhibit an average particle size 

of 295 nm in deionized water. The smaller-size NPs easily penetrated the pore throat of 

the rock. The NPs get adsorbed onto the water-oil interface, reducing the IFT of the 

fluids. This effect helps in improving the oil recovery from the formation. 

Further, this study examines the particle size of the nano-assisted surfactant solution. 
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According to Figure 5.7, the RGO particle size approaches 390 nm in nonionic 

surfactant, 375 nm in cationic surfactant, and 380 nm in anionic surfactant. Due to their 

small sizes, NPs agglomerate and block the path of least resistance. This obstruction 

allows the slug to move through the oil-filled pores by altering its wetting behavior and 

sweeping out the trapped oil via a disjoining pressure mechanism [7], [62], [192]. The 

ζ-potentials of the RGO on adding anionic, cationic, and nonionic surfactants were also 

measured, as shown below in Figure 5.7. The ζ-potential of RGO dispersed in DI water 

ensured the stability of the nanofluids [67]. The ζ-potential of the RGO was -24 mV, 

indicating the electrophoretic stability of RGO [67], [96].  

 

Figure 5. 7: Particle size and zeta potential of the RGO. 

5.3.3 Surface Tension  

 The ST significantly influences residual oil mobilization. Surfactants get 

attached to form micelles into the solutions up to their critical micelle concentration 

(CMC) [119]. Beyond CMC, the surface tension remains constant irrespective of the 
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increase in concentration. The adsorption of surfactants at the liquid-air interface 

produces the balancing force at the interface, causing lower surface tension [45–48]. 

Initially, the tensiometer measured the ST of DI water to be 71.2–71.5 mN/m at ambient 

conditions. The surfactant introduction into the DI water resulted in a sudden reduction 

in the ST. The surface tension of the DI water decreased when a surfactant solution 

containing nanoparticles was added. This is because an electrostatic repulsive force 

between the nanoparticles would be reduced by an ionic surfactant's adsorption on the 

nanoparticles' surface [193]. Now, a higher number of surfactants and nanoparticles 

would be adsorbed at the liquid-gas interface, and therefore, a lower surface tension 

value of the nanofluid would be observed [133], [194]. Further, the influence of RGO 

on the ST for differing concentrations of the nanoparticles (100 ppm, 250 ppm, 500 

ppm, and 1000 ppm) in DI water was studied. The addition of RGO to DI water reduces 

surface tension. The surface tension for DI water was reduced from 61 mN/m at 100 

ppm of RGO to 53.5 mN/m at 250 ppm RGO. Further addition of 500 ppm RGO to the 

deionized water increased the ST values. The sudden increment in ST value is due to 

an increment in the surface free energy, which increases the kinetic energy of the 

particles. Thus, the particle is not retained in the stationary phase and will move into 

the bulk phase through desorption. After introducing 1000 ppm RGO, the surface 

tension values further increase. The rise in ST with increasing NPs concentration is due 

to the increasing nanofluids particle size, resulting in a reduction in surface area and 

surface free energy [9], [63], [125]. Therefore, the above results illustrate that the 

surface tension reduction was most prominent at 250 ppm RGO. Thus, the optimized 

concentration of the RGO is up to 250 ppm, and increasing the RGO concentration 

above 250 ppm was not favored. The study of the surface-acting forces using RGO is 
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shown in Figure 5.8. 

5.3.3.1 Impact of Surfactant on the ST 

  The ST studies of surfactants optimized the surfactant concentration. The ST 

reduces the addition of surfactants into the DI water. ST values reduce up to CMC of 

surfactant, beyond which it does not exhibit any appreciable change in its properties 

[55], [62]. The ST studies helped estimate the CMC of anionic, cationic, and nonionic 

surfactants. The ST of deionized water was measured initially, and subsequently, 

surfactants were added to the DI water. The CMC for cationic, anionic, and nonionic 

surfactants was 300 ppm, 2500 ppm, and 170 ppm, respectively. RGO was added to the 

emulsion after measuring the surface tension of the surfactant solution. The nano-

assisted surfactant solution diminished ST more prominently than the surfactant 

solution. ST of the surfactant solutions are demonstrated in Figure 5.8. The 

experimental results suggest that the ST of the nanofluid decreases at lower particle 

concentrations. The ST increases at higher nanoparticle concentrations. The observed 

trend is due to modifying the liquid air ST in the presence of NPs. This modification 

also affects the surface energy of the liquid-air interface [124]. 
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Figure 5. 8: Effect of RGO concentration with surfactant on Surface Tension 

whereas G is graphene nanosheets, S is SDS, C is CTAB, and T-is Triton X100. 

 

5.3.3.2 Impact of pH on the Surface Tension 

 The surface-acting force of the prepared solution mainly depends on the surface 

charge. The pH influences the surface-acting forces of the prepared solution. The rising 

hydroxyl ion (OH-) increases the pH value, making the solution basic. The increasing 

hydrogen ions (H+) in a solution reduces the pH, making the solution acidic. ST of the 

solutions is affected by the imparity in charge of the solutions. Thus, it is essential to 

investigate the impact of pH on nano-assisted solutions [195]–[197]. The influence of 

pH on surface tension was studied at the optimized concentration of the RGO. The ST 

reduced from 54.95 mN/m to 34.41 mN/m as the pH of the nano-assisted solution 

decreased from 7 to 2 towards acidic at 250 ppm of RGO, illustrated in Figure 5.9. A 
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similar trend was observed when the pH of the solution rose from 7 to 12.  

Figure 5. 9: Effect of pH on the ST at optimized RGO concentration (100 ppm), 

whereas W stands for water, G is RGO, A is acid, and B is base. 

5.3.4 Study of the wetting behavior 

 The contact angle (CA) measurement assessed the surface's wetting behavior, 

helping to understand surface properties. Rock compositions and their nature, crude oil 

composition, and mineralogy govern the wetting behavior of the rock surfaces [50], 

[51]. Wetting behavior plays an essential role in understanding surface properties. The 

physiochemical mechanisms supporting wettability reduction are the multi-ions 

exchange, salting, fine migration, electric double-layer expansion, mineral dissolution, 

and pH fluctuation [144], [174]. Some mechanisms are valid in sandstone and others in 

carbonate reservoirs [143], [144], [174]. The CA experiments using the sessile drop 

method were performed at the CMC of the various surfactants. Dynamic contact angles 

were measured for up to 300 seconds to study the wetting nature of the rock surface. 

The wetting nature of the rock categorizes them as water-wet (0 −75°), intermediate-

wet (75 - 105°), and oil-wet (105 - 180°) [158], [198]. Nanoparticles are promising 

wettability-altering agents [148]. NP concentration, size, and saltiness influence the 

modification of wettability. Researchers determined the contact angle of crude oil 
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alongside nanoparticle solution with differing concentrations of the nanoparticles on 

silica pellets. They also deduced that increasing the nanoparticle concentration in the 

solution amplifies the hydrophilic character of rocks [149], [199]. As the size of the 

nanoparticles decreases, the aqueous phase's contact angle also reduces. The reduction 

in contact angle is due to a significant amount of nanoparticles in the solution. The 

nanoparticle's electrostatic repulsion force is inversely proportional to its size [62], [69], 

[73]. This study uses RGO to perform the contact angle experiments at 100 ppm, 250 

ppm, 500 ppm, and 1000 ppm. The variation in the contact angle value of different 

RGO concentrations is illustrated in Figure 5.10.  

5.3.4.1 Impact of Surfactant type on Wetting behavior 

  The contact angle tests (CA) were carried out at different surfactant 

concentrations to study the impact of the wetting characteristics of the surface. The CA 

and surfactant concentrations exhibit an inverse relationship. On the water-wet surface, 

the CA of the DI water was ~51°, which reduced to ~21° at the CMC of the SDS 

(anionic) surfactant. In comparison, CA dropped to ~49° at the CMC of the CTAB 

(cationic) surfactants and up to 25° at the CMC of the nonionic surfactants. The rate of 

the adsorption process increases with contact duration because adsorption is a time-

dependent phenomenon. Thus, the interaction possibilities between the polar part of the 

surfactants and the nonpolar parts of the crude oil increase with time, diminishing the 

contact angles with time [126], [147]. NPs get adsorbed onto the surface due to their 

smaller size and more considerable surface-free energy. The contact angles reduce after 

increasing NP concentrations, easily explained by disjoining pressure. The NPs form 

the self-assembled wedge-shaped film touching base using the crude oil phase 

[4,9,10,51,67]. Increasing the NPs concentration in the solution causes more significant 
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NP aggregation at the wedge film, leading to an improved disjoining pressure that 

reduces the contact angle. A comparable shift in the contact angle occurred after adding 

nanoparticles into the deionized water, suggesting that NPs tend to change the wetting 

phase of the oil-wet sand pellet. The NPs adsorption onto the rock surfaces leads to the 

formation of a nanotextured surface, which changes the rock's morphology to semi-

homogeneous [79], [148]. Therefore, a thin layer of the NPs is created on the rock 

surface, leading to a change in the wetting behavior of the surface to strong water-wet 

from oil-wet and an increment in oil production.  

The synergistic effect of varying surfactant concentrations (anionic, cationic, 

and nonionic) at CMC and distinct NPs concentrations was studied. The CA 

measurement for various surfactants and RGO concentrations illustrates the favourable 

result for anionic surfactants and RGO combinations. The contact angle of the anionic 

surfactant reduced from 21° to 15° after introducing 100 ppm NPs into the anionic 

surfactant solution. The CA values reduce to 13° after adding 250 ppm RGO into the 

solution. Increasing the RGO concentration to 500 ppm resulted in a further reduction 

in CA values up to 10°. 
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Figure 5. 10: Wetting characteristics of RGO using contact angle measurements, 

G is reduced graphene oxide nanosheets, S is SDS, C is CTAB, T is Triton X100. 

In contrast, the same for 1000 ppm was found to be 8.5°, as shown in Figure 

5.10. Similar decreasing trends of the CA occurred for cationic and nonionic 

surfactants. Roustaei and Bagherzadeh studied the effect of SiO2 NPs on the wetting 

characteristics of a carbonate reservoir rock. The findings revealed that SiO2 NPs act as 

wetness modifiers in carbonate rocks [145]. Hendraningrat, et al. observed that 

diffusing Al2O3 nanofluids can modify the wetting behavior of the sandstone rock 

surface from a strongly oil-wet to a strongly water-wet [146]. A similar result of the 

wetting behavior has been found using RGO particles, which modified the wettability 

from oil-wet to water-wet. The combination of the RGO and various surfactants 

changed the wetness of the surface from oil-wet to strong water-wet, favoring better 

conditions for the movement of the oil from pore spaces. 

5.3.4.2 Synergistic effect of RGO concentration and different surfactants on the 

dynamic contact angle of the mixture 

Dynamic CA measurements determined the contact angle while spreading the 
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drop over time. Water drops were placed on sand surfaces, and the drop shape was 

monitored with time to determine the contact angle of the prepared solution with time. 

The loss of chemicals onto the sand surfaces modified the drop's shape and size, 

reducing wettability with increasing time [200]. The reduction in contact angle 

confirms the wetting modification of the oil-soaked sand pellet. The sessile drop 

techniques performed the contact angle measurement. The technique accurately 

measures the contact angle from the shape of a water droplet. The contact angle 

experiments were conducted for 300 sec to observe the wetting behavior with time 

dependency shown in Figure 5.11. The time-dependent CA experiments were 

performed for various surfactants with or without differing RGO concentrations. 

5.3.4.3 Impact of pH on wetting behavior 

Wettability is one of the imperative studies for formulating any chemical slug 

to be applicable for residual oil mobilization. Conventionally the CA experiments 

characterize the wetting nature of a surface. The contact angle formed on a solid surface 

by a liquid drop (sessile drop method) was used in this study. The angle thus formed on 

the surface is highly dependent on the net charge of the system. The presence of 

minerals on the solid surface or the ionic concentration of the liquid solution governs 

the system's charge [201]. In this study, the effect of hydronium and hydroxyl ion was 

explored for the same graphene concentration (100 ppm) on the water Figure 5.12. The 

graph illustrates that the contact angle for the deionized water reduced from ~51° to 

~12° and ~23°, corresponding to the system of hydronium ions (pH~2) and hydroxyl 

ion (pH~12), respectively. The significant reduction in the contact angle with increasing 

ions contributes to strong electrostatic interactions between the solid surface and the 

liquid phase [202]. The interaction of H+ ions with the negatively charged quartz 
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surface results in lower contact angles. The lowering of the CA for higher pH results 

from the interaction between the quartz's silica and the liquid phase's hydroxyl ion [68]. 

These interactions would lead to the adsorption of the few ions on the solid surface, 

leading to a lower contact angle. 

 The addition of RGO to deionized water slightly reduces the contact angle from 

51° to 48° due to the hydrophobic nature of the graphene. Reduced graphene nanosheets 

that are hydrophobic get adhered to the solid surface, leading to slightly lower CA 

values. Conversely, it is worth mentioning that reduced graphene oxides in the acidic 

or basic solution led to a significant increase in the contact angle compared to the 

respective solution without reduced graphene oxides. The contact angle increased to 

28° and 45°, corresponding to the acidic and basic solutions. The interaction between 

the ions and graphene illustrates the change in the contact angle. Without RGOs 

nanosheets, ions (H+ and OH-) only had a solid surface as available adsorption sites for 

the interaction. Our hypothesis proposes that this interaction can be slightly hindered 

by the presence of graphene nanosheets in the liquid phase. This diminishes the 

interaction between the ions and the quartz surface, providing a relatively higher contact 

angle. 
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Figure 5. 11: Study of the wetting behavior of varying RGO concentration of (a) 

Cationic surfactant (CTAB), (b) Anionic surfactant (SDS), and (c) Nonionic 

surfactant (Triton X-100) versus time. 

5.3.5 Rheological analysis  

 Viscosity measurement is a part of the rheological investigation that validates 

the study of nanofluid stability. The measurement helps understand the flow behavior 

of the nanofluids in many aspects of industrial applications [150], [168], [203]. The 

rheological studies measure the viscosity of the nanofluids at varying shear rates of 1-

1000 s-1, shown in Figure 5.13(a). The combination of the NPs and a PAM changes the 

viscosity of the prepared solution. The viscosity analysis of the prepared solution is 

affected by the type of NPs, shape, and size of the nanoparticles[53], [117], [118]. Using 
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a rheometer, we measured the viscosity of a slug with a fixed 1000 ppm of polymer and 

different RGO concentrations (100 ppm, 250 ppm, 500 ppm, and 1000 ppm) with the 

shear rate. The measured viscosity of the slug at a shear rate of 10.5 s-1 increased from 

50.78 mPa.s to 58.29 mPa.s, 66.54 mPa.s, 80.56 mPa.s, and 95.67 mPa.s after 

introducing 100 ppm, 250 ppm, 500 ppm, and 1000 ppm of the NPs with the polymer. 

The increasing viscosity trend of the solution is due to the presence of solid particles in 

the slug, leading to more friction among long polymeric chains [12], [152], [204]. The 

NPs increase the viscosity of the injecting fluids, reducing MR and preventing viscous 

fingering during the flooding process, increasing the displacement efficiency. The 

decreasing trend of the viscosity with the shear rate up to certain values is explained by 

the shear-thinning properties of the non-Newtonian fluids. The viscosity of the prepared 

slug having 250 ppm NPs concentration as well as 1000 ppm polymer was reduced 

from 49.13 mPa.s to 10.86 mPa.s, 6.03 mPa.s, and 2.09 mPa.s with an increasing shear 

rate from 16.6 s-1 to 68.2 s-1, 120 s-1, and 993 s-1 respectively. 

  

Figure 5. 12: Study of pH on optimized RGO concentration (100 ppm), although 

legend W stands for water, G is RGO, A is acid, and B stands for the base. 
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The viscosity reduces because the temperature of the slug rises from 30 °C to 

60 °C, as shown in Figure 5.13(b). The decrease in viscosity with increasing 

temperature is due to the degradation of the polymeric chain. When the temperature 

increases, the molecules get excited, and the kinetic energy amplifies, leading to bond 

breakage and reduction in viscosity [53]. 

Figure 5. 13: (a). Rheological study of RGO with PAM (b). Rheological study of 

RGO at elevated temperature. 

5.3.6 Flooding Results 

4.3.6.1 Pressure Drop Studies 

Sand pack flooding experiments help study the oil displacement from the sand 

pack holder using a polymer slug with RGO. The sand pack was porous and permeable, 

so the fluids easily flowed from the sand pack without becoming trapped in the medium. 

The pressure difference between the inlet and outlet of the sand pack during the 

flooding process reflects the fluid flow inside the accumulator. The pressure difference 

helps calculate the absolute permeability of the sand pack using Darcy's equation, 

shown below in Equation 5.2.          

. .

.

k A p
Q

l


= −                                                                                         (5.2) 
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Or            
0.001127kA p

Q
l


=


                                                                    (5.3) 

Where Q is the total discharge (m3/s), k is the permeability (m2), Δp is the differential 

pressure (Pa), µ is the dynamic viscosity (Pa. s), A is the cross-sectional area (m2), and 

l is the length of the sample (m). Where Darcy law in FPS unit in Equation 5.3, in which 

Q is in bbl/day, k is in mD, A in ft2, Δp is in psi, µ in cP and, l is in ft. 

 Initially, the water flooding was initiated with a pressure drop of ~1.27 psi, 

while the pressure drop reached ~18.3 psi after injecting the slug through the sand pack. 

Differential pressure during the flooding experiments increases as the viscosity of the 

injecting fluid rises. The viscous slug is more resistant to flow and maintains a steady 

flow rate to increase pressure. The pressure drop increased during the chemical slug 

injection, then progressively decreased upon injecting the chase water into the sand 

pack. Infusing displacing (highly viscous) fluid into the sand pack triggered a pressure 

drop, providing more oil recovery. Again, the pressure drop declines and stabilizes at 

~2.05 psi due to the viscosity of the injection fluid after chase water injection. The 

pressure drop versus various pore volumes of the injected fluids is illustrated in Figure 

5.14 (a). The pressure drop changes the chemical composition of the slug. The pressure 

drops increase after increasing the RGO concentrations in the prepared chemical slug. 

The pressure drops of a 0ppm chemical slug were 18.3 psi, while it was 20.6 psi after 

raising the RGO concentration to 100 ppm and 24.4 psi after increasing the RGO 

concentration to 1000 ppm. 

4.3.6.2 Oil Recovery studies 

 Oil recovery was investigated for water and different RGO concentrations, 

shown in Figure 5.14 (b). NPs affect surfactant characteristics and increase their 
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influence on the oil recovery process. The NPs presence at the interfacial layer changes 

the IFT between the oil and water [11], [17]. At lower NPs concentrations, a 

considerable IFT reduction occurs. The IFT reduction occurs because the NPs get 

adsorbed onto the liquid surface. However, increasing NPs concentration removes the 

surfactant from the bulk aqueous phase, minimizing free surfactants' availability in the 

aqueous phase [18]. Surfactant adsorption reduces by generating a layer with a charge 

similar to micelles, which repels SDS micelles and leads them to move forward, 

decreasing crude oil IFT. Thus, nanoparticle addition reduces surfactant adsorption and 

increases oil recovery in sandstone media. Also, the rock wetness alters from more oil-

wet to more water-wet by using NPs with anionic surfactants, ultimately enhancing the 

oil recovery [44]. Several researchers have examined the rheological properties that 

also change with using NPs, which increases viscosity and impacts oil recovery from 

surfactant flooding [17], [18]. NPs additions modify IFT/ST, encourage spontaneous 

emulsion formation, reduce wetting behavior reduction, and modify flow 

characteristics, which helps in oil recovery. 

The nano-assisted surfactant solution efficiently controls the mobility ratio during the 

surfactant flooding. The flooding experiments help in optimizing the chemical slug 

composition. The flooding experiments were performed at optimized surfactant 

concentration, selected from previous studies [50], [53], [117], [149]. The flooding 

experiments were conducted at 60℃, and the heating jackets temperated the sand pack 

holder and the crude oil accumulator. The SDS surfactant and polymer concentration 

were fixed at 2500 ppm and 1000 ppm during the flooding process, and the RGO 

concentration in the slug was 100 ppm, 250 ppm, 500 ppm, and 1000 ppm used during 

the flooding experiments. The oil recovered from the secondary recovery process with 
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water flooding during the experiment was ~ 34 to 39%. After secondary recovery, the 

surfactant polymer (SP) chemical slug with RGO was injected into the sand pack to 

recover the residual oil left behind in the sand pack. Additional oil recovered from the 

sand pack without RGO concentration in the SP chemical slug was ~64%. The oil 

recovery increases after adding RGO concentration to the prepared SP slug. When 100, 

250, 500, and 1000 ppm RGO particles were added to the 2500 ppm anionic surfactant 

and 1000 ppm polymer solution, oil recovery increased by 65.93, 67.63, 69.69, and 71 

%, as shown in Figure 5.14 (b).  

4.3.6.3 Water cut studies 

 The water volume fraction turns out from cumulative fluid represented by water 

cut. The produced water volume was constantly monitored during the experiment to 

estimate the water cut. The percentage of water cut versus pore volume (PV) was noted 

and represented in Figure 5.14 (c). Initially, during the water flooding experiments, a 

lower % water cut value of 55 % was achieved, indicating the presence of connate 

water, as represented in Figure 5.14 (c). Furthermore, excessive connate water can 

dilute the infused polymer mixture. This dilution creates a mobility imbalance between 

the polymer and oil [117], [149]. The increment in water cut was observed constantly 

with the pore volume (PV) till the values reached 100%. 

The SP slug of 0.5 PV was introduced after 1.5 PV of water flooding, and the reduction 

in water cut occurred. The delayed reduction in water cut depends on the duration of 

slug displacement from the sand pack injection end to the production end. The sudden 

reduction in the water increases the oil recovery at the production end, as indicated in 

Figure 5.14 (b). Following the injection of 0.5 PV slugs, water flooding resumes, 
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revealing a delayed increase in the water cut, as shown in Figure 5.14 (c). The chemical 

slug's movement would mobilize the remaining oil, building an oil bank ahead of the 

chemical slug's front. As this oil bank approached the sand pack's production end, the 

oil recovery performance improved, and the water cut declined. The water cut increased 

again, terminating the flooding as the water level stabilized at 100%. The water-cut 

graphs showed the same pattern when the chemical slug composition changed during 

the experiments. 

 

Figure 5. 14: Sand pack flooding experiment result. (a) Pressure drops, (b) Oil 

recovery, & (c) Water cut. 
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5.4. Conclusion 

 The feasible environmental conservation from plastic waste was accomplished 

by its conversion through upcycling processes rather than the conventional recycling 

processes, offering better economic and ecological benefits. This is the first research to 

employ waste plastic-derived reduced graphene oxide in the field of improved oil 

recovery for surfactant polymer flooding. The major problem remains techno-economic 

viability. The process described in this paper allows waste plastic to be converted into 

reduced graphene oxide nanosheets (RGO), with its application in enhancing oil 

recovery. FT-IR and EDX confirm the synthesis of RGO, and Raman spectroscopy 

establishes the layered structure of RGO. The thermogravimetric analysis assesses 

groups containing oxygen and the graphitic nature of RGO. The RGO effectively 

decreased the surface tension and contact angle by ~ 25% and ~ 20%, respectively, 

which was further reduced up to ~ 55% and ~ 83%, correspondingly using surfactants 

with RGO. The oil mobilization potential of the RGO was explored by carrying out 

flooding experiments, which recovered ~71% cumulative oil through the ASP slug with 

the help of RGO particles. 
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Chapter: 6 

Sustainable potassium-doped graphene oxide from oak fruit 

agricultural waste for a synergistically improved nanofluid-

surfactant slug for enhancing oil recovery 

 

 

Abstract 

This study presents an eco-friendly solvothermal method for synthesizing 

potassium-doped graphene oxide (K-GO) from agricultural waste, specifically oak 

fruit. Various spectrographic analyses, including XRD, FTIR, Raman, and UV-Vis, 

confirmed the successful synthesis of graphene oxide. The synthesized K-GO was then 

combined with different surfactants to create nanofluids to enhance oil recovery. 

Anionic sodium dodecyl sulfate (SDS) demonstrated the best performance among the 

surfactants tested. When 250 ppm of K-GO was added to a 2500 ppm SDS solution, 

the surface tension was reduced by over 10%. The study of zeta potential experiments 

validated that the K-GO-SDS nanofluid is compatible with sandstone reservoirs. 

Furthermore, the interfacial tension between the K-GO-SDS nanofluid and crude oil 

decreased by approximately 40%. Batch adsorption studies showed that the 

combination of SDS and K-GO significantly reduced surfactant loss to reservoir 

surfaces, reducing up to 32%. Additionally, incorporating K-GO resulted in a notable 

improvement in wettability alteration, with contact angle measurements showing an 
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improvement of over 20°. The sustainable synthesis of potassium-doped graphene 

oxide (K-GO) facilitates synergistic interactions with sodium dodecyl sulfate (SDS), 

thereby optimizing the formulation of nanofluids for enhanced oil recovery 

applications. This combination demonstrates superior efficacy in accessing trapped oil 

compared to using surfactants alone, highlighting the significant potential of K-GO-

SDS nanofluids in advancing oil recovery techniques. 

6.1. Introduction  

  Worldwide energy demand is rising due to population growth and economic 

development. The International Energy Agency (IEA) projects a 30% increase in global 

energy requirements by 2040, driven by developing nations in Asia, Africa, and the 

Middle East. Meeting higher demand necessitates significant investments in energy 

infrastructure and technology, improved efficiency, and reduced emissions [205]. 

Fossil fuels remain the planet's most reliable energy source, though few new 

hydrocarbon reserves have been discovered recently. Surfactant flooding, an enhanced 

oil recovery (EOR) technique, helps address the gap between energy consumption and 

production by improving recovery from existing reserves. Surfactants injected into 

reservoirs adhere at the oil-water interface, reducing interfacial tension among pore 

fluids and altering solid substrate wettability from hydrophobic to hydrophilic states. It 

also lowers the capillary forces trapping oil, which mobilize and displace residual oil, 

significantly increasing overall recovery [133], [205]–[208]. Surfactant adsorption 

deficits on solid substrates are prevalent when charges are incompatible with reservoir 

minerals, escalating costs to mobilize trapped oil through flooding. Moreover, field 

implementation of surfactant flooding has proven less effective than expected based on 

laboratory findings, chiefly attributable to the inability of conventional surfactants to 



 

 

 

 

 

136 

 

withstand downhole environmental extremes of high temperature and salinity. 

Mitigating these limitations necessitates customized formulations with optimized 

compatibility with reservoir conditions, thereby achieving cost-effective enhancement 

of oil recovery [85].  

There has been growing research focusing on using nanoparticles to enhance 

the stability and efficacy of surfactants in subsurface conditions [209]. Nanoparticles 

exhibit greater resilience and stability when exposed to high temperatures and in brine 

formation. The small size of nanoparticles results in a larger surface area, which can 

effectively control their wettability. This property enables greater versatility and 

improved macroscopic and microscopic sweep efficiency during fluid flooding that 

combines nanoparticles and surfactants. Prior research has examined the potential use 

of nanotechnology in enhancing oil recovery (EOR) methods, which included 

investigating the use of nanofluids, synthesizing and producing nanoemulsions using 

nanoparticles and surfactants, and utilizing active metals as nanocatalysts to improve 

heavy oil recovery in situ. According to Yang et al. [210], modifying the surface of 

titania nanoparticles with oleic acid improved the ability of the nanoparticles to enhance 

the hydrocarbon recovery from the low permeability reservoirs. Additionally, this 

modification led to a reduction in injection pressure. In general, nanomaterials refer to 

materials that have outer dimensions or internal frameworks that are 100 nanometres or 

less in size. Nanomaterials can be classified into three main categories: nano clays, nano 

emulsions, and nanoparticles. They can also have different structures, such as spherical, 

tubular, irregular, or cylindrical, and can be classified as organic or inorganic. Examples 

of inorganic nanomaterials include nano silica (which consists of SiO2 nanoparticles) 

and nano alumina (which consists of Al2O3 nanoparticles), while carbon nanotubes are 
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an example of an organic nanomaterial [211]. Surfactants tend to be unstable under 

reservoir conditions, while nanoparticles are not as surface-active as surfactant 

molecules. As a result, nanoparticles cannot reduce contact angles or the interfacial 

forces among the oil and water to the same ultralow levels that can be achieved with 

surfactants [212]. The combination of NPs and surfactants is recognized as an efficient 

method for attaining optimal hydrocarbon recovery. Surfactants decrease interfacial 

tension (IFT) between oil and water and alter the wetting properties of the rock. NPs 

reinforce surfactant performance and withstand high salinity and temperatures, 

enabling effectiveness despite harsh subsurface conditions. The synergies between NPs 

and surfactants optimize interfacial properties and wettability for improved oil recovery 

[213]. Previous research has shown that the combination of typical surfactants, 

including sodium dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate 

(SDBS), with NPs such as SiO2 and Al2O3, has a more significant potential for 

enhanced oil recovery (EOR) than surfactant solutions or nanofluids alone [132], [214], 

[215]. SiO2 nanoparticles are commonly employed for enhanced oil recovery (EOR) in 

sandstone reservoirs, while Al2O3 nanoparticles are advantageous for EOR in carbonate 

reservoirs. SiO2 carries a negative charge similar to sandstone, while Al2O3 has a 

positive charge similar to carbonates. The charge match between nanoparticles and 

reservoir rocks allows the injected nanofluids to target the trapped oil rather than adsorb 

onto the rock surfaces [216], [217]. Prior studies have indicated that the presence of 

SiO2 and Al2O3 nanoparticles reduces the surfactant loss on the rock surfaces. The 

surfactant molecules compete with the nanoparticle surfaces for adsorption, reducing 

the surfactant molecule's loss onto the rock surfaces [119], [122], [217], [218]. Lower 

surfactant concentrations are needed for nanoparticle (NP) flooding as SiO2 and Al2O3 
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NPs reduce surfactant loss to rock surfaces. NP shape affects EOR effectiveness - 

cylindrical multiwalled carbon nanotubes (MWCNTs) differ from near-spherical SiO2 

and Al2O3 NPs. Beyond NP size and concentration, shape and geometry impact 

adsorption and orientation at liquid-liquid and solid-liquid interfaces [219]–[221]. 

  The article describes the synthesis of environmentally safe potassium-

doped graphene oxide (K-GO) particles using oak fruit waste from the lesser 

Himalayas. This raw material, considered waste, significantly reduces initial material 

costs and can provide cost savings through waste disposal credits. Oak fruit waste was 

selected due to its abundance, availability, cost-effectiveness, and ease of access. 

Utilizing this biocompatible and biodegradable waste minimizes environmental 

pollution and promotes the valorisation of agricultural by-products, aligning with green 

chemistry principles by reducing reliance on synthetic chemicals. Unlike previous EOR 

methods that used hazardous commercially procured or synthesized nanomaterials, the 

eco-friendly K-GO nanomaterials are derived from agricultural waste. Following the 

synthesis of K-GO, experiments were performed to determine the critical micelle 

concentration with the help of the surface tension technique. Zeta potential was 

measured to evaluate the stability of particles treated with various surfactants. After 

selecting a surfactant that met specific criteria, interfacial tension measurements were 

conducted, followed by analysing the loss of surfactant through adsorption 

experiments. Furthermore, alterations in the wetting characteristics of rock surfaces 

were investigated through the measurement of contact angles. The study also examined 

the viscosity of slugs using rheological experiments and performed core flooding 

experiments to improve recovery efficiency. The use of KGO derived from oak fruit 

waste for EOR demonstrates strong economic feasibility due to the negative valuation 
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of the raw material, efficient and eco-friendly synthesis, significant performance 

improvements, and reduced environmental and operational expenses. This combination 

offers a cost-effective and sustainable solution for enhancing oil recovery. 

6.2. Methodology 

6.2.1 Materials  

  CTAB, a cationic surfactant with a purity exceeding 99%, was procured from 

Molychem Chemicals. Triton X-100, a nonionic surfactant in liquid form, was obtained 

in extra pure quality for scintillation purposes. Sodium dodecyl sulfate (SDS), with a 

purity exceeding 95%, was sourced from Rankem Chemicals. Sodium hydroxide 

(NaOH) and hydrochloric acid (HCl) were employed for pH variations and were 

purchased by SD Fine-Chem Limited and Merck Life Science Private Limited, 

respectively. Deionized (DI) water, with a resistivity of 18.2 M-m, was employed for 

sample preparation and cleaning procedures. Quercus Ilex (oak fruits) was gathered 

from Nainital, Uttarakhand, India. Ethanol and nylon filter papers (pore size 0.2μm) are 

purchased from Sigma Aldrich. The experimental methodology is schematically 

represented in Figure 6.1. 

6.2.2 Synthesis of GO from agricultural waste 

  The graphene oxide (GO) synthesis from oak fruit was carried out using a 

solvothermal procedure employing ethanol solvent and double distilled water, which 

proved both environmentally friendly and economically efficient [185], [186], [222], 

[223]. Oak fruits have been extracted from Nainital, India, and washed to remove 

contaminants. The cupule and pericarp (outer layer) were separated, leaving the white 

inner fruit component. Fifty grams of this was pulverized into a paste using a mortar 

and pestle. The paste was mixed with equal 200mL volumes of ethanol and double-
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distilled water. Heating this suspension at 120°C in a vacuum oven formed a brown 

solid residue. This residue was pulverized, suspended in 100mL deionized water, and 

stirred for 30 minutes. Centrifuging the reaction mixture for 15 minutes at 7000 rpm 

removed larger particles. The resultant reddish-brown supernatant was filtered through 

0.2μm nylon. The filtrate was dried at 100 °C in a vacuum oven, yielding 4.32g of 

brownish graphene oxide, or K-GO, produced from the oak fruit agricultural waste. 

 

Figure 6. 1: Experimental methodology. 

6.2.3 Characterization 

  The Fourier Transform Infrared (FT-IR) spectra were analyzed with a resolution 

of 4 cm-1, employing an average of 16 scans. The spectra encompassed a range of 

wavenumbers from roughly 400 cm-1 to 4000 cm-1. The investigation was performed 

using a PerkinElmer Instrument, namely the Spectrum Two model, which employed 

the Attenuated Total Reflectance (ATR) approach. X-ray diffraction (XRD, Rigaku) 
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spectroscopy was utilized to assess the crystalline or amorphous nature of K-GO. The 

analysis was conducted utilizing a high-resolution X-ray diffractometer (Rigaku Smart 

Lab) equipped with Cu Ka radiation, which has a wavelength of 0.154 nm. The 

experimental parameters were configured to a voltage of 45 kilovolts and a current of 

200 milliamperes. Data acquisition was performed throughout a scanning range 

spanning from 10 degrees to 80 degrees, with a scanning rate of 4 degrees per minute. 

The structure and characteristics of K-GO were analysed using Raman spectroscopy, 

explicitly employing the Horiba Japan Xplora Plus instrument at a wavelength of 514 

nm. The UV-visible spectra of the K-GO were acquired using a twin-beam UV-visible 

spectrophotometer produced by Esico International (Model 3375). 

6.2.4 Hydrodynamic Size and Stability Analysis 

 Dynamic light scattering (DLS) analysed the particle size range of K-GO 

nanofluid and zeta potential and evaluated stability. Using a Malvern Zetasizer, the 

mean hydrodynamic diameter and zeta potential of K-GO nanoparticles dispersed in 

distilled water were measured. Approximately 1.5ml of the K-GO solution at 30°C was 

added to a cuvette for the DLS size distribution analysis. DLS measures size by 

studying the Brownian motion of particles in liquid to obtain hydrodynamic diameter 

via the Stokes-Einstein equation. Knowing temperature and viscosity is necessary to 

evaluate results accurately. Overall, DLS non-invasively and non-destructively 

analyses nanoparticle size distributions. As per the Stokes-Einstein relationship, there 

is an inverse relationship between particles' diffusion coefficients (Dc) and their size 

(hd, hydrodynamic diameter). In simpler terms, the larger the particle size, the lower the 

diffusion coefficient, and vice versa, illustrated in Equation 6.1. 
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 In equation 6.1, Dc is the diffusion coefficients of particles, hd is the 

hydrodynamic diameter, K is the Boltzmann constant, T is the temperature, and υ is the 

viscosity. To accurately determine the particle size, one must know the precise values 

of the liquid's temperature (T) and viscosity (υ) parameters. The zeta potential and 

particle size of the prepared cationic, anionic, and nonionic surfactant with K-GO were 

evaluated to examine the prepared nanofluids' stability and hydrodynamic size. 

6.2.5 Surface tension measurement  

  The surface tension of the formulated surfactant mixture in aqueous solution 

was assessed using the KYOWA DY-500 tensiometer to compute the critical micelle 

concentration (CMC). Initially, surface tension values of the individual cationic, 

anionic, and nonionic surfactants were measured to investigate their CMCs. Surfactant 

solutions of differing concentrations (40mL) were formulated in DI water to study how 

surface tension changes. Surface tension was computed using the Du’Nouy ring 

(diameter 14.5mm, thickness 0.4mm) technique. The ring was heated before each test 

to prevent contamination. Each surface tension measurement was performed thrice, 

ensuring repeatability. Solvents like acetone, hexane, and DI water were tested to 

validate equipment accuracy. The evaluation of CMC involved creating a graph that 

illustrates the reduction in surface tension as the concentration of the surfactant mixture 

increases. The ST values of the surfactant were measured using the below-mentioned 

Equation 6.2. 
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 Where surface tension is denoted as Stension, Facting is referred to as the acting 

force on the ring, the diameter of the ring is R, and c is the correction factor, which 

depends upon the ring size and the density of the sample. Also, the surface tension of 

the K-GO at differing concentrations, i.e., 100, 250, 500, and 1000 ppm, were 

measured with or without surfactant at their respective CMC value. 

6.2.6 Interfacial tension study 

 KYOWA DY 500 tensiometer measured the interfacial tension between the K-

GO-based solution and crude oil at ambient pressure and room temperature. IFT 

experiments utilized the platinum Du-Nouy ring with a precision of 0.02 mN/m. After 

every experiment, the sample holder was cleaned with the help of toluene to eliminate 

the remaining crude oil and further washed with acetone to remove the surfactant 

remnants and then dry the sample holder. Similarly, the ring was cleaned via burner to 

eliminate the remnants of crude oil or surfactant traces from the ring diameter. Also, it 

examined the variation of the IFT with K-GO at varying pH with or without surfactant 

at their respective CMC values. 

6.2.7 Adsorption studies  

 This experiment uses a batch technique to evaluate the adsorption of surfactants 

and nanofluids onto sand particles [53], [64], [119], [120]. Initially, the conductivity of 

the solutions was measured to determine the suitable calibration curves for each set of 

aqueous solutions [53], [132]. A Labman Scientific LMMP-30 Multiparameter 

measured solution conductivity to assess surfactant loss. 1g of 400-500μm sand 

particles was added to 40 mL of each surfactant and nanofluid solution. Initial 

conductivities were measured in triplicate for reliability, cleaning the probe between 
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solutions. 4g of sand was mixed into each 40 mL solution to examine surfactant 

adsorption over 12 hours. The nanofluids combined 100-1000ppm K-GO and 500-3000 

ppm anionic surfactant. Every 12 hours, the fluids and sands were separated by 

centrifuging at 4000 rpm for 20 minutes. The conductivity of the remaining solutions 

was measured to plot calibration curves assessing surfactant loss over time. This 

comprehensive approach evaluated the ability of K-GO nanoparticles to reduce 

surfactant adsorption across varying concentrations with ageing. Equation 6.3 estimates 

the surfactant's adsorption density if the surfactant's preliminary concentration and 

equilibrium concentration are known. 
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 In the equation mentioned above, the Aadsoption is the adsorption density of the 

surfactant (mg/g), Msol and Msand are the mass of solution and sand grains (grams), and 

Cinitial and Cfinal are the initial and final concentrations. 

6.2.8 Measurement of contact angle  

 The contact angle (CA) test assesses changes in wettability. The tests were 

carried out with the help of a high-pressure and high-temperature (HPHT) goniometer 

offered by D-CAM Engineers, India. The HPHT goniometer measures the contact angle 

of the prepared sample onto the sandstone substrate in the evacuated chamber to assess 

any modification in the wetting characteristics of the substrate. The equipment consists 

of a stable stage with a lamp source at the back, a needle, a pipette to dispense the 

sample, and a recorder to retrieve a picture of the drops. The closed chamber, connected 

to the instruments, housed the surface where the CA values were measured. The sessile 
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drop technique evaluates the contact angle. The instruments used have a contact angle 

range of 0° to 180°, and they provide measurements with a precision of ± 0.052°. 

Surfactant solutions were prepared in DI water at the critical micelle concentration 

(CMC), and K-GO nanoparticles were added to the system. After each experiment, the 

needle connected to the equipment was rinsed using DI water. Each experiment was 

performed three times to evaluate the repeatability of the instruments. 

6.2.9 Rheological analysis   

  Viscometry analysis is a scientific method used to examine a sample's flow 

behavior and deformation in response to applied forces, considering factors such as 

shear rate and temperature. It involves studying how materials respond and change their 

shape under different levels of force or stress. Rheology analysis provides insights into 

the sample's viscoelastic properties and flow characteristics by measuring and 

analyzing the relationship between the applied force and resulting deformation. The 

viscosity of the samples was determined using a modular rheometer (MCR-302e) 

manufactured by Anton Paar. The rheological characteristics of the slug, with varying 

concentrations of the polymer and nanoparticles, were examined using the rheometer's 

bob and cup assembly system. Following each experiment, the instrument apparatuses 

were cleansed with DI water and dried using a dryer. The chemical slug was formulated 

by combining a 1000 ppm polymer with varying concentrations of K-GO, ranging from 

100 to 1000 ppm, as shown in Figure 6.2. Rheological investigations were conducted 

on the formulated chemical slug at room temperature to examine its degradation 

behavior. 
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6.2.10 Core flooding experiments  

  The flooding evaluates the effectiveness of the surfactant polymer flooding for 

enhanced oil recovery with K-GO particles. The experiments were performed on the 

two sets of cores, and their properties are mentioned in Table 6.1. The helium porosity 

meter calculated the porosity of the core. In contrast, the gas permeability was estimated 

with the help of a gas permeability meter, which was procured from D-CAM 

Engineering India. The core flooding setup contains the HPLC constant rate syringe 

pump, core holder, and two transfer accumulators, one for oil and another for the slugs. 

Also, the back pressure regulator (BPR) maintains the system’s pressure at the output 

end. Initially, the core was saturated with the help of water. After the water saturation 

had been completed, the core was again saturated with oil until the connate water 

saturation was attained under the reservoir conditions. The flow rate of ~0.5 ml/m was 

fixed during the whole experimentation. 

 

Figure 6. 2: Graphical representation of sample preparation for Rheological 

analysis. 
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Table 6. 1. Properties of the Core 

Petrophysical analysis of the core 

S. N Properties Core ID-1 Core ID-2 

1  Diameter (cm) 3.7 3.72 

2  Length (cm) 7.7 8.7 

3  Pore Volume (ml) 12.50 18.2 

4  Bulk Volume (ml) 85.14 70.54 

5  Average Grain density (g/cc) 2.61 2.64 

6  Porosity (%) 14.68 25.80 

7  Gas Permeability (mD) 1149.23 3237.48 

 

6.3. Results and Discussion  

6.3.1 Characterization of synthesized K-GO  

  As shown in Figure 6.3 (a), the XRD technique was utilized to investigate the 

structural nature of K-GO. This XRD pattern demonstrates the amorphous nature of the 

prepared material. The integrity of the synthesized K-GO is confirmed by the presence 

of a broad XRD peak at 2 =25.62 (002) and an interlayer spacing of 3.47 A°. Using 

Scherrer's and Bragg's equations, the sample's thickness and number of layers were 

determined. The layer count of the sample was calculated by dividing the crystal size 

(C) by the interlayer distance (d), followed by adding one. The estimated crystal size 

(C) of K-GO was measured to be 14.48 A°, which corresponds to the diffraction peak 

at 2 =25.62, whereas the interlayer distance (d) between graphene layers was measured 

to be 3.47 A°. Consequently, the calculated particle size (C) and layer distance (d) using 

XRD data [183], [184], [223] indicated the presence of 4-5 layers of the GO originating 

from oak fruit. In addition, FTIR was performed to determine the nature of functional 

groups on the material. The different functional groups on the K-GO surface were 

identified by analyzing the FT-IR spectra. The Fourier Transform Infrared (FTIR) 

spectrum of K-GO exhibits distinct peaks at certain wavenumbers, indicating the 
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existence of several functional groups. These peaks include a strong band at 2895 cm-1 

corresponding to C-H stretching, a peak at 1687 cm-1 associated with C=O stretching, 

another peak at 1609 cm-1 indicating C=C stretching, a peak at 1191 cm-1 representing 

C-O-C stretching, a peak at 1032 cm-1 indicating C-O stretching. Peaks at 3207 cm-1 

and 1326 cm-1 show hydroxyl group deformation, shown in Figure 6.3 (b). 

Consequently, the aforementioned characteristic peaks provide evidence for the 

presence of epoxy, carbonyl, and hydroxyl groups on K-GO nanosheets [183], [222], 

[224]. Raman spectroscopy is also helpful in confirming GO formation and evaluating 

synthesized K-GO's integrity, especially in samples containing double and conjugated 

carbon-carbon bonds. Figure 6.4 (a) depicts the Raman spectra of K-GO, revealing the 

presence of the D band at 1338 cm-1. This band is a consequence of the disorder within 

the graphene nanosheet and can be attributed to unreacted oxygenic sites and edge 

defects. It represents the elongation of the sp3 hybridized carbon lattice in the GO and 

indicates local defects resulting from structural irregularities. In contrast, the G-band is 

the most prominent component of the Raman spectrum of graphene-based materials. 

The G band, located at 1569 cm-1, is attributed to the sp2-hybridized carbon network 

present in the GO. The authors Tewari et al. [185], [186], [225] described the synthesis 

of K-GO from agricultural waste. They identified two prominent Raman bands, D and 

G, at 1312cm-1 and 1531cm-1, respectively, similar to the observed G and D bands. 

Moreover, it is believed that the sp3 hybridized carbon atoms in the oak seed cellulose 

transformed into sp2 hybridized carbon atoms during the solvothermal process [223]. 

According to some reports, this conversion process, known as dehydrogenative 

aromatization, enables a carbon atom to achieve its utmost stability [226], [227]. 

Consequently, the G band intensity in K-GO was increased relative to the D band 
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intensity. The existence of the D and G bands demonstrates that K-GO was effectively 

synthesized. Results were consistent with previously reported GO levels in agricultural 

waste. Somanathan et al. [228] reported the synthesis of GO from sugarcane bagasse 

and demonstrated that its spectrum contains D and G peaks at 1358cm-1 and 1550cm-1, 

respectively. The UV spectra of K-GO, as seen in Figure 6.4 (b), have a distinct peak 

at 230nm. This peak arises from the π-π* transitions of the aromatic sp2 hybridized 

carbon atoms (C=C) in K-GO, as stated in reference [185], [186]. The SEM (FE-SEM, 

Nova Nano SEM 450, FEI, USA) images in Figure 6.5 vividly depict the discernible 

layered structure of K-GO. The images depict the sheet-like shape of K-GO. 

 

Figure 6. 3: (a) XRD analysis of K-GO, and (b) FTIR analysis of K-GO 

6.3.2 Particle Size and Zeta Potential  

   Examining the size distribution of the K-GO within the chemical slug is crucial 

as the particle size significantly impacts the interfacial properties that play a significant 

role in oil recovery [46]. Dynamic light scattering showed the average hydrodynamic 

size of K-GO to be 87 nm in distilled water. This small particle size enables effective 

navigation through pore throats during oil recovery without the risk of entrapment. 

Absorption of the nanoparticles at the oil-water interface contributed to the observed 
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interfacial tension (IFT) reduction. Figure 6.6 reports the interactions between K-GO 

and surfactants affected particle size, with mean diameters of approximately 161 nm 

for anionic, 205 nm for cationic, and 360 nm for nonionic surfactants.  

 

Figure 6. 4: (a) Characterization of K-GO by Raman spectroscopy, and (b) UV 

spectra of K-GO 

 

Figure 6. 5: SEM analysis of K-GO. 

The significantly larger size with nonionic surfactants suggests less favorable 

interactions. Overall, the nanoscale size of K-GO combined with anionic and cationic 

surfactant compatibility allows it to access trapped oil in porous reservoirs for enhanced 

recovery. The zeta potential of natural rock surfaces is significant as it governs ionic 

interactions with charged aqueous species. The measured zeta potential of K-GO 
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particles was ~-10 mV. When combined with surfactants, values were approximately -

28 mV (anionic), 6 mV (cationic), and 19.5 mV (nonionic), as shown in Figure 6.6. 

Zeta potential evaluates colloidal dispersion stability; high repulsion between particles 

prevents agglomeration and indicates stability. K-GO's negative charge suits sandstone 

reservoirs. The further decreased, the more negative the zeta potential with added 

anionic surfactant contributes to additional stability. Cationic surfactant inverted the 

charge, reducing repulsion between nanoparticles. Nonionic surfactant produced a 

positive zeta potential, likely making the nanofluid incompatible with sandstone. By 

evaluating zeta potential changes with surfactant addition, the nanofluid can be 

optimized for maximum stability and oil recovery efficiency [67]. Al-Anssari et al. 

(2017) investigated the effects of SDS and CTAB surfactants and highlighted SDS's 

effectiveness in stabilizing silica nanofluids within high-salinity conditions (up to 5 

wt% NaCl). Therefore, a suitable anionic surfactant could potentially reinstate stability 

to an otherwise unstable nanofluid [229], [230]. 

 

Figure 6. 6: Particle size and Zeta potential of samples in which K stands for K-

GO, S for SDS, C for CTAB, and T for Triton X100. 
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6.3.3 Studies of Surface Tension  

   Surface tension (ST) represents critical fluid characteristics influencing oil 

extraction from reservoir pore spaces [231]. These properties are closely linked to 

capillary pressure, which retains residual oil within the reservoir. Therefore, decreasing 

these properties enables crude oil to surpass capillary pressure, enhancing the potential 

for increased recovery. Injecting a surfactant solution into the reservoir lowers the 

interfacial tension between crude oil and the displacing fluid, elevating the capillary 

number and displacement efficiency [232]. The plotted surface tension values at various 

surfactant concentrations (Figure 6.7) indicate a decreasing trend with rising surfactant 

concentration, reaching a minimum value at critical micelle concentration (CMC). For 

instance, the SDS surfactant exhibited a minimum surface tension of 29.8 mN/m at its 

CMC of 2500 ppm, while CTAB and Triton X100 showed minimum values at 300 and 

200 ppm, respectively, which is approximately 33.42 mN/m and 32.53 mN/m 

respectively. The reduction in surface tension can be attributed to surfactant particles 

adsorbing with their heads in the liquid phase and hydrophobic tails facing outward. 

This arrangement balances the interfacial forces between immiscible fluids. However, 

beyond the surfactant's CMC, the surface tension of the solution remains unchanged. 

This is likely due to the surfactant's micellization, where free monomers start forming 

micelles, ceasing further impact on interfacial forces. According to the Figure 6.7, the 

ST value shows a greater reduction with the assistance of SDS. Additionally, analysis 

of the zeta potential indicates that the colloidal suspension of SDS remains more stable 

in the presence of K-GO compared to CTAB and Triton X100. Consequently, the 

subsequent investigation focused solely on the anionic surfactant (SDS). 
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Figure 6. 7: Impact of surfactant concentrations on the surface tension, (a) for 

anionic surfactant (SDS), (b) for cationic surfactant (CTAB), and (c) for nonionic 

surfactant (Triton X100). 

6.3.4 Impact of nanoparticles on the surface tension    

  Nanoparticles can lower surfactant solution surface tension and improve 

nanofluid stability by providing increased surface area for surfactant adherence. The 

enhanced surface coverage of nanoparticles by surfactant molecules creates a more 

significant steric hindrance between the nanoparticles. This steric repulsion reinforces 

the electrostatic repulsion measured through zeta potential, promoting a more resistant 

dispersion less prone to aggregation. The synergistic interaction between nanoparticles 

and surfactants at fluid interfaces underlies application performance benefits. [50], 

[233]. Nanoparticle-surfactant interactions depend on nanoparticle properties, surface 

charge, dispersion medium, and surfactant type. Opposite charges promote stronger 

coupling, with Coulombic attraction dominating to reduce interparticle repulsion at 
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fluid interfaces. Combinations of anionic surfactants and nanoparticles effectively 

reduce surface tension, suggesting factors beyond charge governing their synergy. The 

observation that charges repulsion does not prohibit performance aligns with other 

studies. Overall, attractions between properly matched nanoparticles and surfactants 

enable stable dispersions to access trapped oil, but the complex relationship between 

nanofluid components necessitates case-by-case optimization. [46], [98], [119], [234], 

[235]. Figure 6.8 (a) illustrates the consistent decline in surface tension values upon 

introducing nanoparticles into anionic surfactant (SDS) solutions. The decrease in 

surface tension values is attributed to nanoparticles adhering to the interface between 

the liquid and air, subsequently causing a further reduction in surface tension [43]. 

Adding 250ppm K-GO to a 2500ppm anionic surfactant (SDS) solution decreased 

surface tension from 29.8 mN/m to 26.9 mN/m. Without surfactant, 100ppm K-GO 

reduced surface tension from 70.8 to 52.27 mN/m, as shown in Figure 6.8 (a). The high 

surface charge density of the nano-scaled K-GO can enable increased interaction with 

liquid molecules, enhancing their surface adsorption, which reduces surface tension. 

Smaller nanoparticles with greater surface charge disproportionately impact this effect. 

The synergy of K-GO with SDS demonstrates that anionic surfactants effectively 

stabilize the nanofluid while accessing additional interfaces. Combining 250ppm K-

GO with 2500ppm SDS produced optimal surface tension reduction, establishing it as 

an efficient formulation for enhanced oil recovery applications. [125], [236]. 

6.3.5 Effect of pH on the Surface Tension  

  Surface charge influences the Surface tension, which significantly depends on 

the solution pH. Increasing pH raises hydroxyl ion (OH-) concentration, making the 

solution more alkaline. Decreasing pH increases hydrogen ion (H+) concentration, 
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making it more acidic. This pH-mediated change in ion content impacts surface charge 

density and, thus, surface tension. Evaluating pH effects on surfactant solution surface 

tension is key before reservoir injection to mobilize residual oil. Imbalances in charge 

concentration with pH drastically alter surface tension. Therefore, investigating 

nanofluid pH sensitivity tied to surface charge density is critical for enhanced oil 

recovery applications [122], [195], [197], [237]. The impact of pH on surface tension 

was examined using the optimized concentration of K-GO. As the pH of the nano-

assisted solution decreased from 7 to 3, becoming more acidic at 250 ppm of K-GO, 

the ST decreased from 26.9 mN/m to 26.2 mN/m, as shown in Figure 6.8 (b). A similar 

reduction in surface tension was observed when the solution pH was increased from 7 

to 11 or decreased to more acidic values. This reduction can be due to enhanced 

electrostatic interaction between surfactant molecules adsorbed at the liquid-air 

interface under non-neutral pH conditions. At pH 7, minimal hydrogen and hydroxyl 

ions increase repulsive forces between surfactant particles, resulting in higher surface 

tension. However, introducing counterions at lower or higher pH levels encourages 

surfactant particle adsorption and stabilizes interfacial forces. Acidic pH saturates the 

solution with hydrogen ions that counter the anionic surfactants, reducing repulsion 

between adsorbed particles. This phenomenon allows more surfactant accumulation at 

the interface, lowering surface tension. Similarly, the increased hydroxyl ions counter 

the cationic surfactants under an alkaline environment. By mitigating like-charge 

repulsive forces, pH-controlled ion concentrations directly impact surfactant interface 

stability and surface tension [195], [237]–[239]. 
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Figure 6. 8: (a) Impact of K-GO on the surface tension with and without 

surfactant. (b) Role of pH on the surface tension with surfactant at CMC (2500 

ppm). 

6.3.6 Analysis of Interfacial Tension 

  Several industrial operations, specifically those involving enhanced oil recovery 

(EOR) applications, focus on the interfacial tension (IFT) between immiscible 

solutions. While interfacial tension (IFT) can be demonstrated in various immiscible 

phases, it describes the forces present at the interface between two liquid phases in 

liquid-liquid systems [98], [195], [212]. The IFT between liquids having various 

affinities for water, such as hydrophilic and hydrophobic liquids, plays vital roles in 

industrial applications in petroleum and chemical engineering. Some of the well-known 

techniques in this area include stabilization of emulsions, liquid-liquid extraction, water 

flooding, two-phase liquid displacement, and EOR. The IFT alteration is crucial in 

enhancing the capillary number in EOR operations, aiming to extract the trapped oil 

from reservoirs. The Du’Nouy ring was employed to gauge the interfacial tension 

between the oil and the prepared nanofluid. K-GO concentration in water was adjusted 

in steps of 250 ppm, ranging from 0-1000 ppm. By adding different concentrations of 

K-GO to the solution while keeping the concentration of SDS constant at CMC, better 



 

 

 

 

 

157 

 

outcomes were seen, as mentioned in Figure 6.9 (b). Whereas without anionic 

surfactant, the IFT has been observed at ~23.45 mN/m between distilled water and oil. 

After introducing 100 ppm K-GO, the reduction in IFT has been observed from 23.45 

to ~14.24 mN/m, shown in Figure 6.9 (a). 

 

Figure 6. 9: Effect of K-GO on Interfacial tension (a) without anionic surfactant 

(SDS), (b) with anionic surfactant (SDS). 

6.3.7 Impact of K-GO on Interfacial Tension 

  One of the most critical processes in the enhanced oil recovery (EOR) technique 

is lowering IFT among water and oil in the reservoirs. It significantly affects the 

permeability, fluid flow properties, and capillary pressure in porous media. The 

measured interfacial tension (IFT) between distilled water and crude oil was originally 

23.45 mN/m. Adding the anionic surfactant SDS at its critical micelle concentration 

(CMC) of 2500ppm reduced IFT to 10.47 mN/m due to enhanced surfactant adsorption 

at oil-water interfaces. 100 ppm of the K-GO nanoparticle decreased IFT to 14.24 

mN/m through similar interfacial activity, increasing aqueous phase surface coverage. 

The IFT decreased to 12.26 mN/m after adding 250 ppm, as mentioned in Figure 6.9 

(b). Combining varying concentrations from 0-1000 ppm K-GO with a fixed 2500 ppm 
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SDS concentration further reduced IFT due to synergistic interactions, reaching an IFT 

of 7.84 mN/m at 100 ppm K-GO and 4.32 mN/m at optimal 250 ppm K-GO surfactant 

nanofluid combination as shown in Figure 6.9 (b). Greater interfacial coverage and 

accumulation of surfactant and nanoparticles are responsible for considerable IFT 

reductions. Lowering the trapping capillary pressure from decreased IFT facilitates oil 

droplet release from narrow pores. This nanofluid blend leverages cooperative SDS-K-

GO interfacial interactions to recover additional crude oil effectively. 

6.3.8 Impact pH on Interfacial Tension 

  The pH of the aqueous phases was evaluated using the LMMP-30 

multiparameter before conducting the interfacial tension experiments. Sodium 

hydroxide and hydrochloric acid were employed to modify and regulate the pH level 

of the solution. The experiment was performed at pH values 3, 7, and 11. Hoeiland et 

al. (2001) noted that a reduction in interfacial tension (IFT) was achievable solely at 

elevated pH levels when acidic elements were present within the crude oil [238]. The 

reduction in interfacial tension (IFT) curves occurs uniformly as the pH rises within 

the alkaline range of the aqueous phase. This observation aligns with the anticipated 

findings documented in the literature (Cratin, 1993; Danielli, 1937; Hartridge and 

Peters, 1922) [240]–[242]. This trend is attributed to the heightened surface activity of 

acids resulting from their dissociation, explaining the observed phenomenon. Both 

acidic and alkaline components play a role at the interfaces between crude oil and 

brine, resulting in the highest IFT observed around a neutral pH. As the pH moves 

away from neutrality, either rising or falling, the IFT reduces, as Buckley (1996) and 

Reisberg with Doscher (1956) noted. The same trend followed during the 

experimentation, as shown in Figure 6.10. Initially, interfacial tension (IFT) between 
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distilled water and the oil was 23.45 mN/m at a pH of 7. This value decreased to 15.1 

mN/m and 18.6 mN/m at pH levels 3 and 11, respectively. Incorporating 100 ppm K-

GO without surfactant led to a maximum IFT reduction of approximately 27% at pH 

3, as in Figure 6.10 (a). However, when 100 ppm K-GO was combined with the 

surfactant in the solution, the IFT reduction was notably higher, around 40%. The same 

trend persisted when 100 ppm K-GO was introduced into the solution while adjusting 

the pH to 11, as shown in Figure 6.10 (b). 

 

Figure 6. 10: Role of pH with varying K-GO concentrations on Interfacial tension, 

(a) Without anionic surfactant (SDS), (b) With anionic surfactant (SDS). 

6.3.9 Analysis of Adsorption behavior  

  The activity of surfactant loss involves gathering surfactant molecules from the 

bulk liquid sample onto the surface of a reservoir rock [133]. This loss at the interface 

between solids and liquids is essential in several industrial and scientific realms, leading 

to adverse technological and financial repercussions. Therefore, retaining surfactants 

becomes a critical concern in procedures reliant on surfactant-based chemical EOR, 

such as surfactant flooding, surfactant polymer flooding, and 
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alkaline/surfactant/polymer (ASP) flooding [134]. Surfactant retention occurs primarily 

due to adsorption, phase entrapment, and precipitation, which persist during the 

chemical EOR process. The movement of surfactants into microemulsions or the oil 

phase contributes to phase entrapment. The phase entrapment is due to elevated salinity, 

temperature, and highly charged divalent ions. This combined action impedes the 

achievement of extremely low interfacial tension (IFT), consequently leading to 

surfactant loss. Various researchers have explored the impact of surfactant 

concentration on its loss due to surfactants becoming attached to reservoir rocks, which 

possess distinct surface charges based on their nature. For instance, sandstone surfaces 

exhibit a negative charge, while carbonate surfaces exhibit a positive charge. Surfactant 

adsorption onto sand particles involves ion exchange, ion association, hydrophobic 

bonds, electron polarization, and dispersion forces [61], [71], [120], [243], [244]. The 

type of solid substrate, solvent, surfactant type, and the characteristics of its polar head 

groups and tail parts all influence the adsorption process [137]. Surpassing a specific 

threshold, loss of surfactant on sand grains can compromise oil recovery, governed by 

the differences in thermodynamic stability between interactions among liquid surfaces 

and water [61]. The hydrophobic effect, which determines a substance's tendency to 

avoid aqueous solutions, significantly affects adsorption. The findings (Figure 6.11(a)) 

illustrate that the adsorption of SDS (anionic surfactant) increased as its concentration 

rose, reaching 1.45 to 2.20 (mg/g) at 1000 ppm and 4.97 to 5.94 (mg/g) at 3000 ppm 

from 12 hours to 60 hours. However, once surfactant adsorption reaches saturation, a 

maximum adsorption plateau indicates that further surfactant additions would not 

impact adsorption [65]. Due to their negative charge, SDS molecules were readily 

adsorbed when the concentration remained below the critical micelle concentration 
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(CMC). Subsequently, as surfactant concentrations surpassed 2500 ppm, the loss of 

surfactant increased because the molecules began to aggregate into micelles with other 

SDS molecules. This micellization hindered their adhesion to sand particles, explaining 

the lack of noticeable change in SDS adsorption values beyond 2500 ppm. This 

phenomenon emphasizes the influence of surfactant-free molecules on surfactant loss 

in the aqueous phase [68].  

   Before conducting the static adsorption test, the impact of adsorption time on 

adsorption density was examined to ensure experimental equilibrium. Different 

concentrations of SDS were studied concerning their adsorption density over a range of 

12 to 60 hours. Figure 6.11 (a) depicts the relationship between SDS adsorption and 

time. Initially, SDS adsorption increased until it reached 36 hours of ageing time. 

Subsequently, there was a consistent plateau for 24 hours, indicating that the adsorption 

of SDS onto sand grains achieved equilibrium after 36 hours. The study investigated 

how different concentrations of SDS solutions interacted with sandstone rock in the 

presence of K-GO. Figure 6.11 (b) illustrates a substantial decrease in adsorption 

density at the same SDS solution concentration when introducing K-GO. For instance, 

the adsorption of 1000 ppm SDS dropped from 1.45 mg/g without K-GO to 0.97 mg/g 

(a 32% reduction) with the addition of 250 ppm K-GO. Similarly, the adsorption value 

decreased from 4.42 to 3.01 mg/g at the CMC in the presence of 250 ppm K-GO. This 

observation suggests that surfactant molecules prefer adsorption onto NPs rather than 

sand grains. Moreover, the retained NPs might act as a shield on the sand surface, 

leading to a significant decrease in surfactant adsorption. Additionally, it is noteworthy 

that beyond a concentration of 250 ppm, the impact of K-GO nanoparticles on limiting 
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SDS adsorption becomes insignificant. This behavior is due to the formation of 

aggregates at concentrations exceeding 250 ppm. [136] 

 

Figure 6. 11: Role of varying K-GO concentrations on the extent of adsorption, (a) 

at aging time, and (b) at varying K-GO concentrations at varying surfactant 

concentration. 

6.3.10 Adsorption isotherm model of SDS on Sand surface  

 The data obtained from the adsorption process was analyzed using four 

commonly used adsorption models (Langmuir, Temkin, Freundlich, and Redlich-

Peterson) to help understand the mechanisms and behavior of adsorption.  [50], [53], 

[119], [120], [136]:. The Langmuir and Freundlich adsorption isotherm models are 

frequently employed to describe the equilibrium adsorption isotherm. 

 The Langmuir equation, formulated by Irving Langmuir in 1916 [61], 

establishes a relationship between the quantity of adsorbate that is adsorbed on a solid 

(qeq) and the equilibrium concentration (Ceq) of the liquid at a specific temperature. The 

Langmuir adsorption model assumes that adsorption occurs as a monolayer 

phenomenon, where only one surfactant molecule can be adsorbed on each site [79]. It 

further assumes that all adsorption sites are identical and possess equal energy. 
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According to the Langmuir model, there is no interaction between adjacent adsorbed 

atoms [80]. The nonlinear form of the Langmuir model is represented below in equation 

(6.4). 

                                                                
1

m eq l

eq

l eq

q C k
q

k C
=

+
                                                   (6.4) 

Where qeq is the amount of absorbate adsorbed, qm corresponds to the maximum amount 

adsorbed, kl is the Langmuir constant, and Ceq is the equilibrium fluid concentration.  

The Langmuir isotherm model includes a significant parameter called Rl, a 

dimensionless constant known as the separation factor or equilibrium parameter [7], 

[61]. It can be expressed using the following equation (6.5). 
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Where Ci corresponds to the initial adsorbate concentration in the solution, the Rl 

parameter provides valuable indications regarding the compatibility of adsorption for a 

given adsorbent-adsorbate combination. There are four potential scenarios based on the 

value of Rl. When the Rl value is between 0 and 1, adsorption is advantageous. 

Meanwhile, adsorption is unfavorable if the Rl value is greater than 1. Subsequently, 

when the Rl value is equal to 1, it suggests a linear relationship in adsorption. On the 

other hand, if Rl equals 0, it implies that adsorption is irreversible. The mathematically 

fitted model of the Langmuir isotherm is shown in Figure 6.12 (a). 

 The Freundlich isotherms assume that the equilibrium concentration of the 

solute (Ceq) is raised to the power of 1/n to the amount of solute adsorbed (qeq). This 

assumption considers the constant (Kf) to remain consistent at a given temperature [7], 

[10], [71], [79]. The equation (6.6) expressing this relationship is nonlinear. 
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1/n

eq f eqq K C=                                                    (6.6) 

The Freundlich adsorption model involves two constants: Kf, which represents the 

sorption capacity, and n, which signifies the sorption intensity. The Freundlich isotherm 

is established based on the assumption of an exponentially decreasing distribution of 

sorption site energy. It further assumes that the adsorption of the surfactant takes place 

on a heterogeneous surface through multilayer sorption. The Freundlich constant (1/n) 

is associated with the adsorption intensity of the adsorbent. When the value of 1/n is 

between 0.1 and 0.5, it indicates favorable adsorption. If the value of 1/n is between 0.5 

and 1, it suggests easy adsorption. On the other hand, if the value of 1/n is greater than 

1, it indicates difficulty in adsorption [7], [61], [142], [245]. The fitted model of 

Freundlich isotherm is represented in Figure 6.12 (b) 

 The Temkin isotherm model, introduced by Tempkin and Pyzhev in 1940, 

describes the impact of the interaction between the adsorbate and adsorbing molecules. 

According to this model, the heat of adsorption for the surfactant molecules decreases 

linearly as the surface coverage area of the adsorbent increases. The model also 

suggests that adsorption involves gradually distributing binding energies among the 

molecules, reaching a maximum binding energy [246]. The Temkin isotherm model, 

expressed by the below-mentioned equation (6.7), was utilized to evaluate and interpret 

the adsorption data. 

                                                             ln lneq t eq

RT RT
q k C

b b
= +                                  (6.7) 

  In equation 6.7, b is the Temkin constant associated with the heat of sorption 

(J/mol), kt is the equilibrium binding constant, which relates to the maximum binding 

energy (L/g). R signifies the gas constant with a value of 8.314 J/mol K, and T 
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represents the temperature in Kelvin (K). Figure 6.12 (c) demonstrates the application 

of the Temkin model for fitting adsorption data. 

  The Redlich-Peterson (R-P) isotherm is a mathematical model incorporating 

elements from the Langmuir and Freundlich isotherm models. It integrates essential 

ideas from both models and is defined by three parameters [10], [247], [248]. The 

adsorption mechanism is unique and does not adhere to the assumption of ideal 

monolayer adsorption. The experimental data gathered from an adsorption study of 

surfactant solutions at distinct concentrations were examined using the Redlich-

Peterson model, as shown in Figure 6.12 (d). The mathematical expression of the R-P 

isotherm is illustrated in the equation (6.8) below. 
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The linear form of the equation, 

                                       ln( 1) ln ln
eq

R eq

eq

C
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q
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  In the Redlich-Peterson isotherm equation (6.8), kR (L/mg) and α [(L/mg)β] are 

the constants. The exponential constant β, which falls between 0 and 1, helps describe 

the behavior of the adsorption isotherm model. When β equals 1, the equation simplifies 

to the Langmuir model, while β equaling 0 reduces the equation to the linear isotherm 

model. Through the examination of various models in this article, it was noted that the 

Freundlich isotherm model displayed an excellent fit. The R2 value and linear equation 

for all models are detailed in the provided Table 6.2. 
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Table 6. 2. The fitting parameters of the isotherm model 

S. N Isotherm Model & Parameters 

Langmuir Freundlich Temkin Redlich-Peterson 

1 R2 = 0.985 R2 = 0.993 R2 = 0.966 R2 = 0.975 

2 Kl = 729*10-6 Kf = 2.547*10-3 Kt = 2.07*10-3 kR = 0.00139 

3 Qm = 6.41 1/n = 0.93 Bt = 2.062 α = 1.78*102 

 

 

Figure 6. 12: Fitting curve of, (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) 

Redlich-Peterson isotherm model. 

6.3.11 Adsorption kinetics model  

 Adsorption, a physicochemical activity, includes the transfer of adsorbate from 

a liquid phase to the surface of an adsorbent. It is valuable to examine adsorption's 

kinetics to assess this process's effectiveness, which provides insights into the 
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underlying mechanism  [10], [61]. The performed adsorption studies data of surfactants 

on sand particles was studied using two distinct models: the pseudo-first-order (pFO) 

kinetic Equation and the pseudo-second-order (pSO) equations (6.10 and 6.11). 

 The pFO kinetic model can be stated as [61], [137], [248], [249]: 

                                             ( )t
pFO e t

dq
K q q

dt
= −                                                     (6.10) 

Simplified the above-mentioned equation after applying boundary conditions t= 0 to t= 

t and qt= 0 to qt= qe, which gives: 

                                   ln( ) lne t e pFOq q q K t− − = +                                                           (6.11) 

 The provided equation describes the amount of surfactant adsorption on sand 

particles under two specific conditions. The parameter qe signifies the degree of 

surfactant adsorption when the system reaches equilibrium. At the same time, qt 

represents the amount of surfactant adsorption at any given time t, even during non-

equilibrium states. KpFO is the first-order rate constant; from the experimental data, the 

-ln (qe - qt) values are computed and plotted against time (t), and the slope of this plot 

yields the value of KpFO [137]. 

The pSO (pseudo-second order) kinetic model can be stated as [10], [137], [249]: 

                                              2( )t
pSO e t

dq
K q q

dt
= −                                                               (6.12) 

To simplify equation (6.12), implement boundary conditions t = 0 to t = t and qt = 0 to 

qt = qe. 

                                          
2
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t t

q K q q
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  Figure 6.13 illustrates the relationship between time (t) and the quantity t/qt. 

KpSO and qe are estimated from the intercept and slope of the plot of t/qt with t. Table 
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6.3 shows that the pSO kinetic model corresponds well to this study of surfactant 

adsorption at sand surfaces. The plot of the best fit is mentioned in Figure 6.13. 

Table 6. 3. The SDS surfactant adsorption kinetics parameters on sand surfaces. 

S. 

N 

Adsorption 

Kinetics 

model 

Model Parameter Surfactant Concentration +250 ppm K-GO 

1000 ppm 2000 ppm 2500 ppm 3000 ppm 

1 pFO 

(Lagergren first 

order) 

KpFO (min -1) 

qe (mg. g -1) 

R2 

APE (%) 

2.4 * 10-3 

0.4791 

0.923 

1.720 

2.0 * 10-3 

0.5352 

0.928 

2.047 

2.3 * 10-3 

0.5818 

0.931 

2.104 

2.2 * 10-3 

0.6034 

0.918 

2.064 

2 pSO KpSO (g.mg -1.min-1) 

qe (mg. g -1) 

R2 

APE (%) 

8.12 *10-2 

0.7384 

0.996  

0.799 

9.94 *10-2 

0.7639 

0.998 

0.649 

7.90 *10-2 

0.8611 

0.995 

0.627 

7.77 *10-2 

0.8903 

0.992 

0.683 

 

Figure 6. 13: The study of anionic surfactant adsorption (SDS) on sandstone 

revealed a pseudo-second order kinetics profile i.e., the best fit model. 

6.3.12 Wettability modification  

  Wettability is the potential of a fluid to either spread over or adhere to a solid 

substrate when another immiscible fluid is present. Wettability is crucial in multi-phase 

flow and impacts reservoir factors like capillary pressure, relative permeability, and oil 
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recovery efficiency [63]. Furthermore, wettability controls fluid movement,  remaining 

oil saturation, and rock distribution [250]. Academic and industrial interests drive the 

ongoing and evolving area of research in wettability modification through chemical 

actions [251]. Therefore, changing the wettability is crucial for enhancing oil recovery 

from either oil-wet or intermediate-wet reservoirs. To understand the wetting attributes 

of the sand pallet surface were evaluated through the contact angle experiment. The 

wetting characteristics of the reservoir rock substantially influence the efficiency of 

pore-scale displacement in oil recovery. The evaluation of the wetting characteristics 

of rock-fluid interactions can be accomplished through the measurement of contact 

angles (CA). Various factors, such as the pH of the reservoir, the charge of the rock 

surface, salinity, the concentration of NPs (nanoparticles), the attachment of NPs to the 

rock surface, and the density of charge on the NP surface, all influence the condition of 

wettability [46], [122]. The wettability modification using surfactants occurs by 

creating ion pairs and their subsequent adsorption at the interface between oil, water, 

and rock. Conversely, disjoining pressure has been suggested as a potential explanation 

for transforming wettability from oil-wet to water-wet when exposed to a nanofluid. 

According to the disjoining pressure hypothesis, nanoparticles can alter wettability by 

causing a shift in the wetting properties when a wedge-like film develops at the 

boundary of oil, water, and rock surfaces [252]. The electrostatic, Van der Waals and 

structural forces between the nanoparticles in the wedge layer formed more structured 

arrangements than what was observed in the larger solution volume. The disjoining 

pressure increases with high nanoparticle concentrations and smaller sizes, resulting in 

a more potent effect. The organization of nanoparticles contributes to an overall 

dispersion where increased entropy enables the free movement of nanoparticles within 
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the liquid's bulk [252]. The contact angle of distilled water was initially found to be 

113°, which was reduced to 99.8° when the contact time was extended from 0 seconds 

to 500 seconds, represented in Figure 6.14 (a). An observable reduction in the contact 

angle was noticed with an increase in surfactant concentration, dropping to 48° at a 

concentration of 2500 ppm. However, as the surfactant concentration continued to rise 

beyond this point, there was no significant alteration in the contact angle. This 

phenomenon can be elucidated by considering the saturation of the rock surface with 

surfactant [53], [253]. Upon the addition of K-GO to the solution's bulk phase 

containing an anionic surfactant concentration of 2500 ppm, a subsequent decrease in 

the observed contact angle was noted on the identical substrate. As the concentration of 

K-GO raised from 0 to 100, 250, 500, and 1000 ppm in a 2500 ppm SDS solution, the 

CA value on the sandstone surface progressively decreased from 48° to 44.1°, 40°, 38°, 

and 35° respectively, as indicated in Table 5.4. This decrement can be described 

through the adsorption of nanoparticles at the interface between solid and liquid phases 

[51], [254]. Similarly, varying results were observed with different surfaces. 

Specifically, on the positively charged carbonate surface, the contact angle diminished 

progressively from 55° to 49°, 45°, 43°, and 42° as the concentration of K-GO in the 

2500 ppm surfactant solution increased from 0 ppm to 100, 250, 500, and 1000 ppm, 

respectively. Conversely, for the dolomite surface, the contact angles measured were 

60°, 54°, 51°, 48°, and 45° at the corresponding concentrations, which is represented in 

Figure 6.14 (b). 
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Table 6. 4. Contact angle data for the different substrates with varying K-GO 

concentration 

S. No 
Surfactant 

concentration  
Substrate 

KGO 

concentration  
Contact angle (degrees) 

 (ppm)  (ppm) 0 sec 500 sec 

1 

2500 

Sandstone 

0 48 41 

2 100 44.1 38 

3 250 40 35 

4 500 38 32 

5 1000 35 28 

6  0 55 48 

7 

Carbonate 

100 49 44 

8 250 45 41 

9 500 43 37 

10 1000 42 35 

11 

Dolomite 

0 60 53 

12 100 54 49 

13 250 51 45 

14 500 48 42 

15 1000 45 38 

 

 

Figure 6. 14: Contact angle, (a) varying anionic surfactant concentration (SDS), 

and (b) varying K-GO concentration at CMC of anionic surfactant concentration 

at different surface. 

6.3.13 Rheological Analysis  

  Rheology deals with how an applied external force alters fluid flow 

characteristics. Key rheological parameters are shear rate (γ), indicating the rate of 
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shear strain change over time, shear stress (τ) as the tangential force per unit area, and 

viscosity (η) from their relationship. Fluids are Newtonian or non-Newtonian based on 

their response to shear force. Newtonian fluids demonstrate a linear shear stress and 

shear rate relationship, giving uniform viscosity independent of shear rate. Non-

Newtonian fluids have variable shear stress and shear rate, causing their viscosity to 

change with the shear rate. Mathematical models like the power law (equation 6.14), 

Bingham plastic, Carreau (equation 6.15), Herschel–Buckley, and Casson models 

describe rheological behaviors. Appropriate model selection depends on parameter 

number, ease of use, and computational time to fit different fluids. Power law index 

values classify fluid types: n<1 indicates shear thinning, n>1 is Newtonian, and n=1 

shows shear thickening. Evaluating these rheological properties is vital to predicting 

and controlling nanofluid flow through porous oil reservoirs. 

                                                                 
1nk  −=                                              (6.14) 

                                                               

1

2 2(1 ) )
n

o  
−

= +                                  (6.15) 

The relationship between apparent viscosity (η), shear rate (γ), zero shear viscosity (η0), 

relaxation time (α), consistency index (k), and power law index (n) define various fluid 

rheological behaviors seen in the oil and gas sector. Figure 6.16 demonstrates these 

different behaviors visually. The study investigated the rheological behavior of a 

chemical slug with a constant polymer and surfactant combination at shear rates 

between 0.01 and 1300 sec-1. The flow characteristics of a solution can be influenced 

by the presence of nanoparticles, nanotubes, and nanosheets, which surfactants and 

polymers may influence. The nanoparticle's concentration, dimensions, and 
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morphology can affect the fluid's rheological behavior. The rheometer assessed the 

viscosity of the slurry, which had a consistent 1000 ppm polymer (PAM) and SDS at 

its CMC while having differing concentrations of K-GO. The slug's viscosity at a shear 

rate of 2 s−1 rose from 45.49 mPa.s to 61.25 mPa.s when 100 ppm of K-GO was added, 

then further increased to 145.35 mPa.s, 200.5 mPa.s, and 240.1 mPa.s with the 

introduction of 250 ppm, 500 ppm, and 1000 ppm of K-GO, respectively, along with 

PAM (1000 ppm) and SDS (2500 ppm). The increasing trend in viscosity of the bulk 

solution with varying K-GO concentrations occurs because of solid particles within the 

slug, which causes greater friction between extended polymeric chains [12], [48], [68], 

[255]. Viscosity is crucial in the recovery process as it directly impacts the mobility 

ratio: higher viscosity reduces the mobility ratio, curbing viscous fingering and thereby 

boosting displacement efficiency [256]–[259]. As the shear rate escalated from 2 to 

15.7, 166, and 400 s-1, the viscosity of the solution decreased from 145.35 Pa.s to 47.93, 

14.073, and 9.424 mPa.s, as shown in Figure 6.15. The viscosity data was 

mathematically analyzed to confirm the shear thinning characteristics. Figure 6.16 

illustrates the results of this analysis, while Table 6.5 presents the corresponding 

parameter values obtained from the fitting process. 
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Figure 6. 15: The viscometry analysis of the K-GO with PAM (1000 ppm) and SDS 

(at 2500 ppm). 

 

Table 6. 5. Mathematical model fitting of viscosity data  

Surfactant 

Conc. 

(ppm) 

Polymer 

Conc. 

(ppm) 

K-

GO 

Conc. 

(ppm) 

Mathematical model 

Carreau Fitting Power Law Fitting 

 η0 α n R2 k n R2 

  0 953.7 55.65 0.406 0.991 111.6 0.528 0.989 

  100 1090.3 67.58 0.438 0.993 122.7 0.529 0.992 

2500 1000 250 1339.1 92.60 0.582 0.998 212.8 0.615 0.995 

  500 1247.8 34.57 0.588 0.992 312.5 0.671 0.978 

  1000 1314.6 15.42 0.529 0.994 398.8 0.695 0.957 
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Figure 6. 16: The mathematical fitting of rheological data, (a) Carreau Model, (b) 

Power law model. 

6.3.14 Recovery test 

  Oil displacement experiments utilized two core sets with varying porosity and 

gas permeability, as shown in Table 6.1. Six recovery trials were conducted, employing 

water, anionic surfactant, and a nanofluid blend (K+P+S). The selection of surfactant 

and nanofluid solutions, namely SDS for surfactant and K-GO + SDS + PAM for 

surfactant-polymer-assisted nanofluids, was based on prior investigations into 

adsorption, interfacial tension (IFT), and contact angle studies. The simultaneous 

actions of surfactants and polymers in the reservoir are interconnected, influencing the 

recovery factor together. Their activities interact, each impacting the other to different 

extents, creating a synergy that affects overall effectiveness. Multiple studies conducted 

by researchers have demonstrated the alignment between computational models and 

experimental investigations regarding this compatibility [5], [46], [95], [147], [260], 
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[261]. The experimental results of both sets of cores are shown in Figure 6.17, which 

shows how the percentage of total oil recovery varies with the volume of injected fluids, 

including water, SDS solution, and PAM + SDS + K-GO nanofluid. Uniform 

parameters such as injected fluid volume and flow rate were maintained in the flooding 

experiments. Approximately 1.8 fluid pore volumes (PV) were consistently injected 

into the core for all flooding tests. At first, water was injected into core ID-1, producing 

oil at another end of the core holder. In the early stages, there was a noticeable rise in 

oil production. However, after injecting 1.25 pore volumes (PV) of water, the increment 

in oil production became less significant. The recovery reached a maximum of ~ 28.2% 

after injecting water. A recovery of approximately 41% was attained through the core 

on injecting the SDS solution. However, introducing a solution having K-GO, SDS, 

and PAM resulted in a higher recovery of about 59% of the original oil in place (OOIP). 

In the case of core ID-2, oil recovery reached approximately 37.4% through water 

injection and about 50% through SDS injection alone. After injecting K-GO along with 

SDS and PAM, the oil retrieval reached approximately 67%, as shown in Figure 6.17, 

because the higher permeability of core ID-2 compared to core ID-1 led to superior 

recovery in the core ID-2. The enhanced effectiveness of the PAM + SDS + K-GO 

nanofluid is credited to the nanoparticles ability to reduce the surfactants' adsorption 

onto the rock formation notably. 
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Figure 6. 17: The ultimate oil recovery using water, SDS and Nanofluid (K+S+P) 

injection for core ID-1&2. 

6.4. Conclusion  

This study presents an eco-friendly method to synthesize potassium-doped graphene 

oxide (K-GO) from agricultural waste biomass. The synthesized K-GO was 

successfully combined with surfactants to produce nanofluids with tunable surface 

activity. The optimal nanofluid, containing K-GO and anionic SDS surfactant, 

exhibited significant reductions in surface tension, interfacial tension with crude oil (up 

to 40%), and surfactant adsorption loss (up to 32%), as well as improved wettability 

alteration. The synergistic interactions between K-GO and surfactants provide 

mechanistic insights and enable enhanced oil recovery performance that is 

unachievable with surfactants alone.  
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Chapter: 7 

Conclusions and Future Directions 

 

7.1. Conclusions 

This chapter presents a detailed conclusion of the extensive experiments 

conducted to complete various manuscripts throughout the project. The specific 

findings and conclusions of this research program are presented as follows: 

❖ The issue of surfactant loss in the EOR process was significantly 

mitigated with the introduction of silicon carbide nanoparticles 

(SCN). Initially, surfactant adsorption was approximately 19.31 mg/g 

onto the sand surface. However, incorporating 200 ppm SCN into the 

solution reduced this adsorption to around 10.63 mg/g, resulting in a 

44% decrease in surfactant loss at 30°C. When the temperature was 

increased to 50°C and 70°C, the reduction in surfactant loss also 

improved by ~17% and 33% compared to the 30°C baseline, 

respectively. Additionally, adding 200 ppm SCN to the surfactant 

solution decreased the anionic surfactant's critical micelle concentration 

(CMC) by 14%. 

❖ Next, the study investigated using modified multi-walled carbon 

nanotubes (mMWCNT) in EOR. These mMWCNTs were tested both 

with and without an anionic surfactant, which helps to lower surface 

tension and IFT and alters the wetting properties of the rock surface. At 

the optimal concentration, mMWCNTs reduced surface tension by 

approximately 59% and decreased IFT by about 55% (using 100 ppm 



 

 

 

 

 

179 

 

mMWCNT combined with the CMC of the anionic surfactant). 

Additionally, mMWCNTs decreased surfactant loss by roughly 49% 

and changed the rock surface's wettability, facilitating oil mobilization 

from the reservoir. The optimum concentration (100 ppm) of 

mMWCNTs was combined with SDS at its CMC and 1000 ppm of 

polyacrylamide (PAM) to form a slug used for oil recovery. This 

combination resulted in a 70% oil recovery. 

❖ Next, the application of waste plastic-derived reduced graphene 

oxide (RGO) nanosheet was investigated. RGO synthesized from 

plastic waste was a potential additive for the surfactant-polymer (SP) 

chemical slug. The addition of RGO not only lowered the CMC of the 

surfactant but also reduced the surface tension of the solution. The effect 

of RGO was studied with different types of surfactants and varying 

concentrations. Initially, adding RGO alone led to a 25% reduction in 

surface tension and a 20% decrease in contact angle. When combined 

with surfactants (anionic, cationic, and nonionic), RGO resulted in 

approximately 55%, 57%, and 57% reductions in surface tension, 

respectively. Additionally, the reduction in contact angle with RGO and 

surfactants (anionic, cationic, and nonionic) was around 83%, 46%, and 

80%, respectively. Finally, oil recovery tests were conducted using the 

best-performing combination of anionic surfactant and RGO in the 

presence of polymer, achieving approximately 71% oil recovery through 

sand pack flooding procedures. 
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❖ Finally, K-GO were synthesized from agricultural waste to be used as 

an additive for the SP chemical slug. These K-GO were produced in the 

lab and characterized through FTIR, XRD, Raman, and UV techniques. 

When combined with the surfactant solution, K-GO reduced the IFT by 

approximately 40%. The synergy between K-GO and surfactant 

molecules was also evident in wettability analysis and surfactant 

adsorption studies. Incorporating K-GO with the surfactant polymer 

slug resulted in the recovery of approximately 59% and 67% from core 

id-1 and core id-2, respectively, indicating that the use of K-GO with 

surfactants in enhanced oil recovery (EOR) can be further explored. 

 Incorporating nanoparticles such as SCN, mMWCNT, RGO, and K-GO into 

surfactant-polymer slugs significantly reduces surfactant loss, enhances oil 

mobilization, and improves oil recovery. These materials exhibit considerable potential 

for improving the efficiency of EOR processes, especially when combined with 

surfactants and polymers. 

7.2. Potential Areas for Future Study 

The research was carried out entirely through laboratory experiments, utilizing 

additives synthesized on a small scale in the lab with analytical-grade chemicals. This 

method of synthesis is not cost-effective. Before these additives can be widely applied, 

it is crucial to conduct molecular simulation studies to gain a comprehensive 

understanding of their behavior at the molecular level under conditions that closely 

resemble the actual subsurface environment. Such simulations are essential because 

they allow researchers to predict the interactions of additives with various fluid and 

solid phases in the reservoir, including their adsorption, diffusion, and potential 
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reactivity with reservoir minerals or hydrocarbons. These studies can also provide 

insights into the efficiency of additives in enhancing oil recovery or improving the 

mobility of injected fluids, which are critical for optimizing field applications. 

Furthermore, a significant limitation in current research is the frequent use of 

homogeneous and uniform porous media for laboratory experiments, which fail to 

accurately reflect the complex and heterogeneous nature of real reservoir formations. 

Field conditions often involve variable porosity, permeability, and wettability, with the 

presence of fractures, clay content, and mineral heterogeneity, all of which influence 

the flow and distribution of fluids. Therefore, it is essential to extend studies beyond 

simplified laboratory setups and employ more representative porous media models to 

evaluate the true potential and limitations of these additives under realistic conditions. 

This would lead to a more reliable prediction of their performance in field applications 

and help in designing more effective reservoir management strategies. To better 

understand the effects of different lithologies, it is recommended that porous media 

composed of particles of varying sizes and types be investigated. Future studies should 

also consider using reservoir core samples to better mimic actual reservoir conditions. 

Moreover, the chemicals synthesized in this study were produced on a lab scale, 

which is not economical. For broader applications, developing a cost-effective 

synthesis process using commercial-grade chemicals is necessary. This approach will 

help explore the broader applicability of this study.  
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