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Abstract 

Increasing oil production is necessary due to the rise in energy demand and the lack of 

competitive alternative energy sources. Enhanced oil recovery (EOR) technology aims to 

retrieve the oil trapped in reservoirs after conventional methods have been exhausted. Many 

EOR processes are available based on thermal, gaseous, and chemical approaches. One of the 

most successful EOR methods is polymer flooding, where polymers are dissolved in flooding 

water to increase sweep efficiency, reduce viscous fingering, and produce more oil. Despite 

some progress that has been made in polymer EOR, many drawbacks hinder their wide 

applications due to polymer degradation and instability in harsh reservoir conditions such as 

high temperature and high salinity (HT-HS).  

This project aims to improve the stability, rheology, and flooding performance of polymers in 

HT-HS conditions by two approaches, i.e., reinforcing polymer chains with desirable 

nanoparticles to form nanocomposites and engineering new temperature-resistant polymers. In 

addition, a novel synthesis approach to produce suitable nanoparticles in-situ in polymers is 

developed to further improve the polymer performance. Newly formed materials were carefully 

characterised, and their stability and rheological properties under HT-HS conditions were 

investigated, as well as their EOR performance in a pilot core-flooding facility.  

The composites of partially hydrolysed polyacrylamide (HPAM), seeded with different 

nanoparticles (NPs), i.e., graphene oxide (GO) and carbon quantum dots (CQDs) was prepared 

using direct mechanical mixing approach but appears to be unstable in American Petroleum 

Institute (API) brine and complex formation brine (FB) solutions. Five different modified 

acrylamide copolymers (i.e., polymers synthesized from two different monomers) and 

terpolymers (i.e., polymers synthesized from three different monomers) are produced via free-

radical polymerization. Among them, the polyampholytic terpolymer and polyelectro lyte 



 

x 
 

copolymer containing negative sulfonate groups were found to be stable when multiwall carbon 

nanotubes (MWCNTs) were introduced in the presence of API brine, but not in the FB solution.  

Consequently, a novel modification and in-situ synthesis approach were used to alleviate the 

instability challenge. Whereby covalent functionalization of the copolymer of acrylamide 

(COPAM) with the partially reduced GO (rGO) was successfully conducted, followed by the  

addition of 1,3-Propane sultone to further functionalize the obtained rGO−COPAM composites 

to accomplish the zwitterionic character on the rGO−COPAM surface with excellent stability.  

Similarly, SiO2 NPs were modified using (3-aminopropyl) triethoxysilane (M_SiO2) to create 

positively charged active groups that enabled stronger interaction with COPAM functiona l 

groups. These functionalisation’s and in-situ synthesis approach led to the formation of highly 

stable composites with excellent dispersibility and temperature stability, as well as salinity 

tolerance.  

The HPAM rheological properties improve with the addition of GO but behaved different ly 

when CQDs were added. The addition of GO significantly increased the viscosities and high-

temperature stability of the base polymer fluid, as well as the elastic properties of the 

dispersion, due to the formation of covalent linkage and electrostatic hydrogen bond between 

GO and HPAM functional groups. Contrarily, CQDs addition into HPAM solution decreased 

both its viscosity and elasticity, demonstrating a phenomenon, which contradicts to the 

Einstein–Batchelor law, resulting in increased flow activation energy and decreased yield 

point. The solution became more sensitive to both temperature and shear rate. The mechanism 

behind the reduced viscosity behaviour of HPAM/CQDs composites appears to be the 

formation of free radicals and the elimination of ammonia molecules, leading to the 

deterioration of the polymer backbone. In addition, the viscosity of polyampholytic terpolymer 

and polyelectrolyte copolymer containing negative sulfonate groups increase in the presence 
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of MWCNTs in both alkaline and saline conditions. The M_SiO2/COPAM and SiO2/COPAM 

composites synthesised in-situ via free radical polymerisation showed improved rheologica l 

properties compared to pure polymer solutions after 90 days aging at 80 °C. 

The pilot core-flooding experiments showed that zwitterionic-rGO-COPAM composite 

showed more oil recovery enhancement compared to HPAM and HPAM/GO in both API and 

complex FB conditions, respectively, with even lower pressure drop. Simila r ly, 

M_SiO2/COPAM and SiO2/COPAM showed better recovery performance than NP-free 

COPAM solutions, and the addition of MWCNTs to polyampholytic terpolymer and 

polyelectrolyte polymers improved the oil recovery in both alkaline and API brine conditions 

with a lower pressure drop.  

Conclusively the work demonstrated that the use of appropriate nanoparticles can reinforce the 

stability, rheology, and flooding performance of polymers in HT-HS conditions. Among 

various approaches investigated, nanocomposites synthesised via in-situ produced NPs in 

polymers showed better performance than those prepared via a direct mixture of polymer/NPs 

solutions, showing great promise for future EOR applications. 

Keywords: Enhanced oil recovery; Polymer flooding; Nanotechnology; Rheology; Stability; 

High temperature-high salinity; Long-term stability.  
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Chapter 1 Introduction 

1.1. Global energy situation   

Currently, the worldwide oil production statistics imply that the ultimate oil recovery efficiency 

from light and medium gravity by conventional recovery methods is within 25-35% of the 

original oil in place (OOIP), while only an average of 10% of the OOIP from heavy oil deposit 

is recoverable. Thus, a substantial amount of OOIP cannot be recovered by the conventiona l 

methods, and enhanced oil recovery (EOR) technique target to increase the recovery fraction 

from the remaining reserves [1]. The global energy demand will be anticipated to increase by 

as much as 50% by the end of 2030 relative to the current level (Fig. 1.1),  due to significant 

population growth and increased industrialization and living standard [2]. How to mitigate the 

oil demand and production issue requires serious attention and innovative response.  

 

Figure 1.1. Trends showing world energy demand (1980 – 2030) [3]. 
 

Renewable energy techniques such as biodiesel, biomass, vegetable oil, photovoltaic, solar 

thermal, wind power, water, and hydroelectric power, etc. are unlikely to meet the demands 

effectively, even though the renewable source of energy is environmentally friendly [4]. These 



 

2 
 

techniques are costly and insufficient for energy demand satisfaction. Correspondingly, in the 

next coming years meeting the world growth of energy demand will be a major challenge [4]. 

However, with revolutionary discovery in the oil and gas industries, EOR gained more interest 

from the research and development phases to oil field implementation. With the current EOR 

methods including the thermal, chemical, biological and mechanical process, only 30-50% of 

the OOIP is produced, which indicates that about 50-70% of the OOIP remain trapped after the 

primary and secondary recovery.  

 

Figure 1.2. World forecasts on conventional oil production [5]. 
 

1.2. Enhanced oil recovery  

Enhanced oil recovery (EOR) is the implementation of various processes or technologies that 

improve the oil displacement from the reservoir more than conventional methods [6]. Oil 

production is divided into three different phases of recovery; primary, secondary and tertiary 
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recovery. A schematic breakdown of these methods is illustrated in Fig.1.3. EOR  is divided 

into thermal injection, gas injection, chemical injection, and others [7]. 

 

Figure 1.3. Classification of oil recovery mechanisms 

  

1.2.1. Thermal EOR 

The thermal injection process comprises the use of thermal energy, commonly in the form of 

hot water or steam to increase oil recovery. It is usually used when recovering heavy oils. 

Thermal energy lowered down the viscosity of the oil and boosted reservoir fluid mobility. 

When applied in the heavy oil field, the steam injection can improve recovery by up to 65% 

[8]. Technical problems associated with it, include poor sweep efficiency, loss of heat energy 

to unproductive zone, poor steam or air injectivity, and the reservoir wellbore is damage at the 

high steam temperature [9]. 
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1.2.2. Gas EOR (CO2 injection) 

This method involves the injection of gasses, either as multi-contact miscible (MCM) or first 

contact miscible (FCM) with the oil and aid in recovery. In the MCM, the fluid injected is not 

miscible with the oil in the reservoir; the miscibility is created by mass-energy transfer between 

the different phases. In the FCM, the gas injected is miscible directly with the oil at reservoir 

conditions. Most of the lights to the intermediate component are derived out from the oil by 

CO2 injection, if the pressure is high enough, the miscible display oil out of the reservoir and 

provide sufficient viscosity reduction and oil swelling. However, viscous fingering and gravity 

override occur, as such very low viscosity of CO2 generates insufficient mobility control [10]. 

Recovery increase due to the gas injection is mostly between 5-15% [8].  

1.2.3. Chemical EOR 

The chemical EOR process involves the use of chemicals such as surfactants, polymers, and 

hydrocarbon (alkali) solvents. These chemical substances are added to the injecting fluid to 

reduce the interfacial tension and improved the sweep efficiency between the reservoir oil and 

the injecting fluid.  

1.2.3.1. Alkali flooding 

The alkaline flooding method is among the fundamental techniques applied in chemical EOR 

processes. It involves injecting the alkaline solution directly into the reservoir. Alkalis are 

water-soluble materials that discharge hydroxide ions (OH-) when dissolving in water. Alkalis 

can be classified by being organic or inorganic or can be categorized as strong or weak. In 

chemical EOR, alkalis are used to accomplish the following; wettability alteration, reduce 

surfactant loss, and interact with a crude carboxylic acid to generate in-situ surfactant.  
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1.2.3.2. Surfactant flooding  

The word surfactant originated from the surface-active agent. The surfactant is the substance 

that adsorbs into the system surface of the interface to change the degree of interfacial or 

surface free energy of that interface [11]. The molecules of surfactant formed adjusted 

monolayers at the interface and display surface activity (lowering the interfacial tension 

between the two phases) [12]. The surfactant ability to adsorb to the various interfaces depends 

on the surfactant molecules, which consist of a hydrophilic head and hydrophobic (lipophilic) 

tail [12, 13]. A schematic diagram representing surfactant molecules is illustrated in Fig. 1.4. 

The head group can be ionic or polar and actively interact with the aqueous environment and 

solvated via ion-dipole or dipole-dipole interaction [11, 12].  

 

Figure 1.4. Schematic of a general surfactant molecule. 
 

The main group of the surfactant such as cationic, anionic, and amphoteric is classified by the 

nature of the surfactant molecules head group. The tail section or hydrophobic of the surfactant 

molecules usually consist of hydrocarbon chain which can be branched or linear [11, 12]. Some 

unique surfactants such as a perfluorocarbon or a polydimethylsiloxane surfactant can have a 

non-hydrocarbon chain tail [11]. The surfactants have the tendency to reduce the contact 
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between their hydrophobic group and water in aqueous solution by either association in the 

solution or adsorb at the interface [14].  

1.2.3.3. Polymer EOR  

Polymer flooding is among the chemical enhanced oil recovery methods (CEOR) and is a most 

straightforward technique with proven results and lengthy commercial history. This technology 

outnumbers other CEOR processes because the risk associated with the application of polymer 

flooding is indeed low. Over the past years, the application has enormously widened with field 

cases in high salinity and temperature reservoirs. Mobility ratio has been known as one of the 

most influential factors that deteriorate oil recovery by waterflooding because water is unable 

to completely sweep the oil due to its lower viscosity [15]. However, polymer flooding 

emerged as an alternative method for EOR. Polymer mix with water to form a polymer solution 

and the polymer addition in water boosts the apparent viscosity of the displacing fluid to lower 

the mobility ratio. With controlling mobility ratio the sweep efficiency also improved by 

creating a smooth flood front with less viscous fingering, and water breakthrough is postponed 

hence more oil recovery is achieved.  

1.2.3.3.1. Polymer flooding mechanisms  

Mobility control 

The viscosity of the reservoir oil is considerably higher than the injected fluid viscosity. The 

polymer is added to the solution to increasing the fluid viscosity (e.g. water), and the mobility 

will become less than that of the oil phase in place.  Mobility ratio (M) is the ratio of the 

mobility of displacing fluid to the mobility of the displaced fluid [7].  

If the mobility ratio (M) is greater than one 𝑀 > 1 indicates that water is more mobile than oil 

and would pass through the oil zone creating an early breakthrough, and therefore results in 
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low displacement efficiency. If the mobility ratio is below or equal to one  𝑀 ≤ 1, it is 

considered to be favorable for oil displacement. Fig. 1.5 illustrates how oil recovery is 

influenced by the mobility ratio.    

 

Figure 1.5. (a) Fingering effect due to unfavourable mobility ratio and (b) good mobility 

control facilitated by the use of polymer flooding. 

Fractional factor 

Fractional flow (𝑓𝑤 )is another important concept associated with the flow of two immisc ib le 

phases. The mobility ratio does not remain constant in the immiscible displacement process. 

However, it differs from the saturation of the flowing phases. Fractional flow is the ratio of the 

flow rate of water to the oil flow rate. Buckley-Leverette analysis has been used to obtain the 

overall fractional flow of water for the water-oil system. The methods work under the 

assumption, assuming the oil and water flowing through porous media simultaneously no 

capillary diffusion at the front [16]. 

The fractional flow of the water is changing by altering the mobility ratio. The 𝑓𝑤-curve moves 

towards the right as the mobility ratio reduced (become more favourable) as shown in Fig. 1.6. 
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Figure 1.6. Showing the effect of mobility ratio in a fractional flow of water. 
 

Resistance factor (𝑹𝒇) 

The term resistance factor is applied to indicate the flow resistance encountered by polymer 

solution as compared to water flow. For example, a resistance factor of 7 means that the 

difficulty for the polymer solution to flow through the system is 7 times more than that of water. 

At room temperature and pressure, water has the viscosity of 1cp, in this instance polymer 

solution would flow through porous media with predicted apparent viscosity of 5cp, although 

measured viscosity in viscometer could be much lower. Thus, the apparent viscosity could be 

measured accurately by the resistance factor [17]. 

Resistance factor (𝑅𝑓) can be expressed as a water mobility ratio to the polymer solution 

mobility ratio.  

Sweep efficiency  

Sweep efficiency is an essential part that in association with the mobility ratio acts as a 

benchmark in judging the degree of accomplishing a flooding process. The total efficiency 

factor, E, stands for the amount of original oil in place that can be recovered before the starting 

point of a secondary or tertiary displacement process [18]. 

𝐸 = 𝐸𝐷 + 𝐸𝐴𝑆 + 𝐸𝑉𝑆 … … … … 1.1 
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Where, 𝐸𝐷= Displacement efficiency, 𝐸𝐴𝑆  = Aerial sweep efficiency and 𝐸𝑉𝑆  = Vertical sweep 

efficiency. Fig. 1.7 represents all the three efficiencies in a reservoir.  

 

Figure 1.7. Sweep efficiencies [19]. 
 

1.2.3.3.2. Problems associated with polymer flooding 

Many laboratory studies and field implementation of polymer flooding has been completed 

with encouraging diverse achievement [20]. However, despite having promising results in 

polymer flooding EOR, the following drawbacks still need to be considered to make the process 

more successful. 

 Formation damage: In polymer flooding, the retention of polymer in the porous media 

occurs due to the mechanical entrapment, adsorption, and/or precipitation. This retention 

results in the formation damage. In the polymer EOR, adsorption can be critical, because 

it can occupy a large pore area and it can sometimes become irreversible which leads to 

high oil blockage. Making it difficult to recover a significant quantity of oil, because the 

formation permeability reduced as well as the recovery factor.  

 Polymer degradation: Polymers are expensive, and the flooding process is limited due to 

the polymer degradation caused by high reservoir temperature, hardness, and make-up 

brine salinity.  
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 Polymer stability: Among the highest challenges facing polymer EOR is polymer stability 

which occurs as a result of polymer degradation. The degradation that is caused by a 

chemical constituent in the reservoir due to the effect of oxidation or ionic ions, and is 

called chemical degradation. Degradation can also thermal when the polymer is subjected 

to higher temperatures. A high flow rate results in mechanical degradation, while 

biological degradation is caused by the action of microorganisms.  

1.3. Research motivation  

Nanotechnology refers broadly to the application of science and technology that deals with the 

control of matter on the atomic or molecular scales smaller than 1 µm, ranging normally within 

1 to 100 nm [21-23]. Nanotechnology has been widely used for many industrial applications 

including cosmetics, pharmacy, and energy transformation and conversion [24]. The use of 

nanotechnology in the oil and gas industries is a recent development that holds many promises  

[24, 25]. 

Nanoparticles (NPs) are considered to be a class of materials that have numerous 

functionalization abilities and can be coated with polymer or surfactant to form hybrids. In 

EOR applications, various NPs have been added into the injection fluid to alter oil and water 

interfacial tension, substrate wettability, and flow characteristics, leading to different EOR 

results. When NPs are mixed with the polymer to form nanocomposites, it is expected to 

improve the polymer rheological properties, thermal stability, and resistance to saline 

conditions, which could lead to better control of the mobility and consequently improved EOR 

performance.  

This project aims to improve the stability, rheology, and flooding performance of polymers in 

HT-HS conditions by two approaches, i.e., reinforcing polymer chains with desirable NPs to 
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form composites and engineering new temperature-resistant polymers. In addition, a novel 

synthesis approach to produce suitable NPs in-situ in polymers is developed to further improve 

the polymer performance. Newly formed materials were carefully characterised, and their 

stability and rheological properties under HT-HS conditions were investigated, as well as their 

EOR performance in a pilot core-flooding facility. 

The above aim of this project is accomplished through the following research objectives: 

 Task 1: Design and fabrication of different new materials (i.e., polymers and polymer 

nanoparticles composites). 

 Task 2: In-situ synthesis and characterization of new polymer nanoparticle composites 

under the influence of high ionic strength brine and long-term temperature stability.  

 Task 3: Investigation of the stability and rheological properties (Viscosity, 

viscoelasticity) of the new materials. 

 Task 4: Investigation of the flooding performance and EOR effect of the new materia ls.  

1.4 Thesis outline  

Chapter one: This Chapter provides a research background related to global energy demands, 

enhanced oil recovery methods with a focus on polymer EOR.  

Chapter two: This Chapter conducts a detailed literature review of polymer EOR and 

nanotechnology for improving oil recovery, as well as polymer nanoparticle interactions and 

their applications in EOR.  

Chapter three: This Chapter investigates the formulation and characterisation of different 

polymers and polymer-nanoparticles composites via direct mechanical mixing. The Chapter is 

subdivided into three parts, descriptions of the equipment, formulation, and characterizat ions 
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of the polymer nanocomposites via direct mechanical mixing process, and synthesis and 

characterization of different co/ter-polymers via free-radical polymerization. Suitable 

nanoparticles and polymers are identified for enhanced oil recovery under the influence of pH 

and API brine. 

Chapter four: This Chapter develops novel technology for in-situ formation and modifica t ion 

of polymer-nanoparticles composites. The nanoparticle synthesis was conducted in-situ under 

the influence of high ionic strength brines. The first section of this Chapter explores the in-situ 

production of rGO/polymer nanocomposites via the covalent functionalization of polymer with 

the partially reduced graphene oxide (rGO). The second part focusses on the in-situ synthes is 

of modified SiO2/polymer composites using (3-aminopropyl) triethoxysilane to create 

positively charged active groups that allow stronger interaction with COPAM functiona l 

groups, leading to high dispersion stability and temperature stability of the formulated material.  

Chapter five: This Chapter investigates the stability and rheological properties of different 

formulated materials synthesized in Chapters 3 and 4. The rheological investigation of the 

HPAM seeded with GO and CQDs is conducted. The impact of various nanopartic le 

concentrations, temperatures, and electrolyte concentrations on the long-term thermal stability 

and rheological behaviour are investigated. In addition, the investigation of the influence of 

MWCNTs on the rheological properties (viscosity and viscoelasticity) of the five polymers 

synthesised via free radical polymerization, is conducted and appropriate polymers are 

identified for EOR at API brine and alkaline pH conditions. The effect of modified rGO and 

modified SiO2 on the polymer rheological properties is also observed.  

Chapter six:  This Chapter investigates the influence of different materials prepared in 

Chapters 3 and 4 (i.e., polymers and polymer-nanoparticle composites) on EOR using a core 

flooding experimental set-up. The effect of MWCNTs on the recovery enhancement of the two 
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selected polymers are evaluated at high temperature under the influence of API brine and 

alkaline pH condition, respectively. The effect of different GO concentrations on the HPAM 

oil recovery efficiency at high temperature (up 80° C) condition is investigated, the effect of 

modified rGO and modified SiO2 are also evaluated at complex salinity and high-tempera ture 

conditions.  

Chapter seven: This Chapter presents the overall conclusions and suggestions for future work. 

The layout of this thesis is shown in Fig. 1.8. 

 

Figure 1.8. The layout of the thesis. 
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Chapter 2 Literature review 

2.1. Polymer-based EOR 

Polymer flooding (PF) is one of the chemical enhanced oil recovery (CEOR) methods and is 

the most straightforward technique with proven results and lengthy commercial history [20, 

26]. This technology outnumbers other CEOR processes because the risk associated with the 

application of PF is indeed low, and over the past years the application has enormously widened 

with field cases in high salinity and temperature reservoirs [20]. PF involved the addition of 

water-soluble polymers into injection water to form a polymer solution. The polymer-

augmented water is injected into a subterranean oil formation with the aim to improve reservoir 

sweep efficiency. Increasing the water viscosity improved mobility control between the 

injected slug (water) and the hydrocarbons (oil) within the reservoir [20].  

After injecting the polymer-augmented water, the solution moves freely through the rocks to 

increase oil recovery [27], and however, by mobilizing the capillary-trapped oil, the volumetr ic 

sweep efficiency will improve. Polymer slug is considered as the solution with shear thinning 

and non-Newtonian behaviour.  

The PF process efficiency could be affected by many factors and parameters either positive ly 

or negatively. These parameters could be related to the economic, technical, and reservoir 

conditions, or related to the characteristics of the polymer solution itself. Polymer solution 

features and its physicochemical behaviour is affected by the following parameters; 

viscoelastic properties, molecular weight, concentration, salinity, the degree of hydrolysis and 

pH of the make-up solution. However, when preparing a polymer solution with high 

concentration and high molecular weight, care should be considered to avoid economical and 

technical limitations [28]. 
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The reservoir rock’s initial wettability state has an essential impact on the performance of the 

PF method. Some reports revealed that the flow behaviour of polymer in porous media includes 

polymer retention due to adsorption mechanism, pressure build-up, residual resistance factor 

is substantially not the same with wettability state. During PF in an intermediate-wet reservoir, 

the interaction between the injected polymer and some portion of the oil-wet rock will occur. 

The adsorption site of polymer in the rock is reduced by adsorption of crude oil components, 

and the interaction between the polymer molecules and the rock surface decreased. Too much 

adsorption of polymer on the water-wet rock surfaces caused poor sweep efficiency of polymer 

solution because of the retention in porous media and aggregation of the trapped oil in the 

blocked pores [28-30]. 

2.1.2. Types of polymers used in EOR 

Two types of polymers are the most commonly used for EOR application: synthetic polymers 

and biopolymers. Polyacrylamide (PAM) and its derivatives are the typical synthetic polymers. 

Xanthan gum is a commonly used biopolymer. Hydrolysed polyacrylamide (HPAM) is usually 

used for the majority of field projects because it is less costly and it is applicable for large scale 

production [31, 32]. According to Wang et al. [33]. HPAM solution is expected to exhibit 

significantly higher viscoelasticity compared to the Xanthan polymer solution. PAM/HPAM 

are long-chain molecules with an effective small diameter. Therefore, at a higher flow rate, 

they are relatively sensitive to mechanical shear which results in viscosity reduction. HPAM is 

also sensitive to saline conditions, its molecules curl up at high brine salinity and loss their 

viscosity building effect. Biopolymers were not commonly used, but few projects have 

proposed its applicability, although a lot of research work was conducted in the 1970’s and 

1980s. Contrary to PAM’s group, xanthan polymers are more tolerant to saline conditions and 

mechanical shear but susceptible to reservoir biological degradation. However, both polymers 
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are sensitive to the high-temperature environment and do not provide long-term thermal 

stability [13, 28].  

Modification of polymers was proposed to alleviate the challenges facing polymer EOR.  

Research conducted by Li et al. [34] proposed the addition of the hydrophobic branch in the 

copolymer with hydrophilic skeleton showed enhanced polymer viscosity. In a similar finding, 

the flowability and viscosity of thermos-sensitive copolymer containing single, double and 

triple hydrophobic chains increases after the modification with diallyl ammonium salt [34, 35]. 

Consequently, the tendency of this polymer was evaluated by testing their EOR performance, 

it was revealed that after one month of aging at a high temperature of 45 and 85 °C, the oil 

recovery factor by thermos-sensitive polymer was 16.4 and 15.5%, respectively while that of 

pure PAM was found to be 12%.  

Despite the positive results of these new polymers, they come with many problems includ ing 

low solubility, high chemical cost, and elevated resistance factor. Natural or synthetic inorganic 

materials have been also used to fill the conventional polymers to enhance their performance 

and have become economically viable [36]. However, these added fillers bring many other 

problems for the application resulting in opacity, brittleness and weight increase [36, 37]. 

2.1.3. Polymer behaviours in the reservoir 

2.1.3.1. Polymer adsorption 

In this context, adsorption is referred to as the interaction between the surface of the rock and 

polymer molecules, which cause molecules of the polymer to bind to the rock surface. Some 

portions of the polymer injected are left behind which eventually results in the reduction of 

concentration. Polymer adsorption does not decrease with the decrease in concentration, 

therefore, it is considered as the irreversible process [38]. However, adsorption increase 
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resistance to flow, account for the loss of polymeric additives and generate the stripped water 

bank at the dominant edge of the slug [38]. The degree of polymer adsorption on the rock 

surface rely upon the following; (i) types of polymer, (ii) the accessibility to the active surface 

(iii) mineralogy of the rock (iv) temperature (v) rock wettability (vi) relative permeability to 

water and solvent (salinity).  

A high degree of hydrolysis reduces the adsorption of hydrolysed polyacrylamide in sandstones 

reservoirs because it has a large amount of COO- groups. Compared to sandstone reservoirs, 

HPAM has very high adsorption behaviour in carbonate reservoirs. Unlike non-ionic PAM, 

electrostatic attraction between the charged polymers and the reservoir rocks plays a good role 

in the polymer adsorption [39]. Therefore, the strong interaction between COO - and Ca2+ causes 

the HPAM adsorption significantly in carbonate reservoirs. A high concentration of salt brings 

about the cations that promote the polymer/rock interaction due to the decrease in the size of 

the HPAM flexible chain, which results in adsorption [40-42]. The adsorption of HPAM could 

be enhanced by the effect of temperature, due to the high temperature the negative charges on 

the rock surfaces increases, and lead to the decrease in adsorption by increasing the electrostatic 

repulsion.  

2.1.3.2. Polymer retention  

There is a solid relationship between retention and adsorption of polymers, retention of 

polymer includes; hydrodynamic retention, mechanical trapping, and adsorption. Retention by 

mechanical trapping occurs when large molecules of the polymer are lodged in channels with 

the narrow flow. This may result in a material build-up near the injection well that can cause 

pore blockage and well plugging. Based on that, it is recommended not to use low permeability 

for polymer flooding [43]. Hydrodynamic retention has a small impact on total retention and 

therefore should be neglected in field operations. But in contrast with alkaline and surfactant, 
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mechanical trapping and hydrodynamic retention of the polymer are significant because of the 

polymer large molecules. Polymer retention includes adsorption, therefore retention increase 

with the increase in adsorption and vice versa [44]. The influence of permeability and polymer 

concentration on the retention behaviour of non-ionic polyacrylamide with high molecular 

weight were examined by Zitha et al. [45].  

The retention mechanism for many conventional polymers such as PAM and HPAM, in porous 

media, is widely known [46, 47]. However, despite several claims regarding the high viscosity 

and enhance flooding performance of hydrophobically associated polyacrylamide (HAPAM) 

[46, 48], there is still a lack of sufficient study about their retention behaviour in porous media. 

This shows a large difference in terms nature of the retention between PAM and HAPAM, due 

to the presence of a hydrophobic domain on the HAPAM backbone [49]. In research conducted 

by Lu et al. [49], there is relatively smaller static and dynamic retention by PAM compared to 

HAPAM, although the static retention was found higher than the dynamic retention in both 

polymers. Another important factor that influences the retention of polymers in reservoir rock 

is permeability, according to the reports, low permeability rock often has higher mechanica l 

entrapment than high permeability rock [50].  

Polymer retention and adsorption have shown to be independent on concentration [51] in 

concentrated and dilute regions [51], but dependent on concentration in the semi-dilute region. 

It was also reported that polymer retention could be decreased when the solution with low 

concentration is injected. In the dilute region, most of the molecules of the polymer are in 

contact with the rock surface and behave freely like a coil. In the concentrated zone polymers 

covered all sites of the rock. While in a semi-dilute region where the effect of concertation is 

observed, there is mixed behaviour, some segments of the molecules are partially adsorbed 

while others are fully adsorbed. Fig. 2.1 illustrates the polymer retention mechanisms.  
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Figure 2.1. Polymer retention in porous media [52]. 
 

2.1.3.3. Polymer degradation and stability  

Polymer degradation and stability is an important factor in designing the flooding process. In 

industrial PF processes, the polymer is required to undergo long-term treatment under harsh 

conditions in the reservoir. Persistent aging of the polymer under severe circumstances would 

cause viscosity reduction and hence drawbacks to the oil recovery [53]. Polymers need to be 

thermally or chemically stable for many months after injection. The thermal effect results in 

viscosity reduction while chemical (salinity) effect may lead to precipitation. Selecting of EOR 

polymer is not limited to good adsorption, injectivity, rheological properties, and cost, but 

rather excellent thermal, brine, biological and shear stability. HPAM is the most commonly 

used polymer for oil reservoirs mobility control, and it has been tested at field scale [46, 54, 

55]. Despite the tremendous use of HPAM in EOR, it suffers a common problem of instability 

and degradation at harsh reservoir conditions such as high temperature, high pressure or high 

salinity [56].  
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It is observed that HPAM would undergo a significant reduction in viscosity and a decrease in 

the percentage of oil recovery in most of the high-temperature reservoirs [57]. The viscosity 

reduction could arise because of the effect of hydrophobic impairment due to the increase in 

polymer mobility and the eventual damage of inter-chain linkages [58, 59]. When reservoir 

temperatures go above 60 °C, it is highly likely that the acrylamide functionality would undergo 

hydrolysis to form acrylate derivatives [56] or carboxylic acid [60] groups, which have high 

affinity to salts in the reservoir.  

Also, lack of salt tolerance causes HPAM degradation, which consequently hinders its 

application in EOR, for instance, the presence of any sodium ions can neutralise the negative 

charges, which can cause the shrinkage of the polymer chains and a consequent decrease of the 

hydrodynamic radius. The addition of NaCl solution can enhance the ionic strength of the 

system, leading to the compression of the double electrical layers (EDL) on HPAM molecular 

chains. Also, the electrostatic repulsion among the anions would be altered. The addition of 

CaCl2 was reported to significantly decrease the viscosity of the HPAM as well as pseudo-

plasticity due to the presence of the doubly charged cations [61]. Increasing the degree of 

hydrolysis causes the HPAM to precipitate from the bulk phase due to the formation of the 

complexes between the divalent cations and the polymer [62]. Moreover, prevention of the 

mutual repulsion that can exist between carboxylic groups on the backbone of the HPAM 

would lead to a shrinkage of the hydrodynamic volume, and subsequently more viscosity 

reduction [61, 63]. From another point of view, the many challenges that HPAM solutions 

could encounter in EOR applications could range from thermal challenges, leading to low 

thermal stability to tolerate severe reservoir conditions, leading to early degradation, or 

mechanical challenges, leading to inadequate durability and toughness. Other challenges could 

be related to swelling, leading to deficient swelling ability or elasticity challenges, leading to 

insufficient, required viscoelasticity properties. 
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2.1.3.4. Inaccessible Pore Volume (IPV) 

Inaccessible pore volume or IPV was studied by Dawson and Lantz [64]. It is the phenomenon 

whereby large polymer molecules can have less or not have access to small pores in porous 

media. Therefore, water with no polymer occupied the IPV and creates changes in polymer 

concentration [64]. As shown in Fig. 2.2 it has been observed in an experiment that the 

polymer-water solution velocity in a reservoir is higher than the trace velocity. Showing the 

occurrence of the polymer breakthrough earlier than tracer and these confirmed the 

inaccessibility of polymer molecule to some pore volume [65]. 

 

Figure 2.2. Injected pore volume versus concentration at the outlet [65]. 
 

2.1.4. Rheological properties of polymer solutions 

Rheology is the study of the material flow and deformation behaviour under the applied force, 

which is frequently, tested using a rheometer. The word "Rheology" was revealed in the 1920's, 

in Greek referred to as "Panta rhei" meaning everything flows, and it defined the study at which 

the matter flow [66].  A rheometer is an equipment used for measuring the fluid viscosity and 

to determine how strain and stress affect the material being investigated. The parallel plate 

model was the easiest way to describe rheological properties [66], where different liquid layers 
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are viewed on the top of one another. In the rheometer, the force is generally applied 

rotationally (Fig. 2.3 b & c) in the rheometer rather than axially (Fig. 2.3 a).  

 

Figure 2.3. Rheometer plates [67]. 
 

a) Represent parallel plate model, (b and c) stand for a flow of sheared liquid represented by 

bands with different colour, b- represent cone on the plate, and c- represent plate on cone [66].  

2.1.4.1. Viscosity  

Viscosity is the measure of the fluid’s resistance to flow with a gradual deformation under the 

influence of stress on its cross-sectional surface. The greater the viscosity, the greater the 

resistance of the fluid to stress. Viscosity is often expressed in Pas unit and is mathematica l ly 

defined in equation 2.1: 

η(Pa.s) =
τ(Pa)

γ(s−1)
… … . … 2.1 

Where 

η is the viscosity (Pa.s) 

τ is the shear stress (Pa) 

ϒ is the shear rate (s-1) 

Fluids are classified categorically in two different ways, Newtonian and Non-Newtonian fluid 

[66] (Fig. 2.4). The letter is classified by using a single coefficient of viscosity, with increasing 

shear rate, and the viscosity remains constant at the desired temperature, i.e. viscosity does not 
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depend on shear rate. A fluid whose viscosity changes when flow speed changes are referred  

to as Non-Newtonian fluid, at different experimental conditions such as temperature, shear rate, 

etc., the fluid viscosity tends to decrease or increase accounting for shear thickening or shear 

thinning behaviour. 

 

Figure 2.4. Plot showing the effect of shear rate on fluid viscosity demonstrating the Newtonian 

and Non-Newtonian nature with respect to both the (right) viscosity and (left) shear stress [67].  

2.1.4.2. Viscoelasticity 

The viscoelastic properties of materials are measured with an oscillatory test, where sinusoida l 

strain is applied [68]. The viscous (loss) modulus, G'', is deformation energy used up by the 

sample during the process and thereafter lost, while elastic (storage) modulus, G', is a measure 

of the deformation energy deposited by the sample during the shear process. The loss factor, 

tan 𝛿 , is defined as the ratio between the viscous and elastic modulus of the viscoelast ic 

behaviour (equation 5.2) [69, 70].  

tan 𝛿 =
𝐺′′

𝐺′
… … … 2.2 

Frequency independent viscous and elastic moduli were used to characterize ideal viscous and 

elastic behaviour. For a fluid with ideal viscous behaviour, G’’ dominates G’ and indicate 

that 𝛿 = 900 𝑎𝑛𝑑 tan 𝛿 = ∝, while on the other hand, if G’ dominates G’’, the loss factor 𝛿 =
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0° 𝑎𝑛𝑑 tan 𝛿 = 0 [69]. For viscoelastic fluids, at higher frequencies, the storage modulus is 

higher than the loss modulus and lower at lower frequencies. However, at the medium 

frequency, normally called crossover frequency, 𝜔∗ , G’ = G’’, and thus, tan 𝛿 = 1. 

2.1.5. Influential factors on polymer viscosity  

2.1.5.1. Shear rate  

When a solution of polymer is injected into the oil well, the shear rate (flow rate) to the in-

depth of the reservoir from wellbore will change; thereby causes the viscosity to change 

accordingly. A series of experiments was conducted by Tang et al. [71] using an 

unconsolidated core holder packed with the glass beads. After secondary flooding polymer 

injection was performed in each experiment. The relationship of shear vs. HPAM solution 

viscosity was measured using viscometer before the experiment as shown in Fig. 2.5. The blue 

diamond and red boxes are apparent viscosity and bulk viscosity obtained by core flooding 

experiments and viscometer. Delshad et al. [72] used viscoelastic and shear-thinning models 

to compare with the experimental results as shown in Fig. 2.5. A Newtonian, near-Newtonian, 

or mild shear thinning is seen at low velocities in a porous media, and bulk viscosity has been 

observed with the same trend while measured using a capillary viscometer. The bulk viscosity 

curve begins to diminish, with the increasing shear rate, showing shear-thinning while the 

apparent viscosity starts to deviate from the diminishing bulk viscosity. The bulk viscosity 

obeyed the similar decreasing slope when the shear rate continues to extend, but the apparent 

viscosity in porous media begins to increase demonstrating a shear thickening behaviour [71]. 

A similar trend in HPAM solution viscosity is also observed by other researchers [72-76]. 



 

25 
 

 

Figure 2.5. The viscosity of HPAM against shear rate measured by viscometer and within the 

porous media [77]. 

2.1.5.2. Molecular weight  

Molecular weight (Mw) is the ratio of the polymer molecular mass to the 1/12 th of the carbon-

12 [78], which was used to illustrate the size of macromolecule materials. It has a unit of g/mol, 

or Dalton (Da), 1 Da = 1g/mol. In many cases, the flow behaviour of a polymer is affected 

mainly by Mw. The Mw of the polymer is related proportionally to its molecule size, i.e., the 

higher the Mw the larger the size. In simple terms, the polymer with higher Mw possesses a 

higher viscosity and greater resistance as illustrated in Fig. 2.6 [79].  
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Figure 2.6. The apparent viscosity of polymer with different molecular weight against the 

concentration [79]. 

In many cases, a larger polymer Mw also leads to higher oil recovery. Dong et al. [79]  

conducted a core flooding experiment with different Mw polymers (Table 2.1) to investiga te 

the effect of Mw on oil recovery. They found that after water injection about 32 to 33 % of the 

oil was recovered in each case. These followed by injecting the polymer with different Mw, as 

shown in Table 2.1 the polymer with 18.6 million Daltons appeared to have a higher oil 

recovery. However, for the reservoir with low to moderate permeability, higher Mw polymers 

require high injection pressure and might result in more unswept PV, which results in smaller 

recovery factors as shown in Fig. 2.7 [80].  

Other previous work reported that polymer with high Mw is considered to be shear sensitive 

[81]. Due to the macromolecule chain breakage, and reversibility of shear degradation. Six 

polymers and co-polymer with variation in Mw (2 to 18.5 million Daltons) were tested through 

a capillary tube of stainless steel with a 5 cm long and internal diameter of 125 µm [77]. The 

finding showed that the polymer sensitivity to shear was observed with increasing Mw. This is 

because a large number of coiled molecules were found to be more stretched at the same 
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deformation regime. Notwithstanding, when chosen the polymer Mw, some important factors 

had to be considered. (1) The higher Mw polymer could reduce the amount of polymer required 

for the injection. (2) The relation between permeability and Mw should be given proper 

consideration. (3) The Mw should not be too large, so that it can propagate through the pore 

channels easily [79], however, for field application the lower or moderate Mw polymer can be 

more appropriate to avoid polymer entrapment and shear degradation that results in viscosity 

loss [77].   

Table 2.1. Polymer Mw effect on oil recovery [79]. 

Mw, 106 Daltons % recovery by 
Waterflooding 

% recovery by polymer 
flooding 

% overall recovery 

18.6 32.2 22.6 54.8 

11 32.9 17.9 51.8 

5.5 32.7 10.6 43.3 

    

    
 

 

Figure 2.7. The polymer molecular weight versus oil recovery enhancement [80]. 
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2.1.5.3. Polymer concentration  

Polymer concentration is among the vital factor to consider when discussing its viscosity. 

Aluhwal and Kalifa [82] observed the effect of HPAM viscosity against various concentrations 

experimentally as shown in Fig. 2.8. According to the finding as concentration increases, the 

increase of apparent viscosity was observed. However, the rheological behaviour of tested fluid 

was separated into a semi-dilute and dilute region by a critical association concentration (CAC) 

or critical concentration (C*). In a semi-dilute region, the rheological properties of the polymer 

being controlled by the intermolecular associations around the chains of the polymers [83]. 

Generally, the concentration of polymer is directly proportional to the viscosity in which an 

increase in the polymer viscosity occur as its quantity increases, and vice-versa.    

 

Figure 2.8. Polymer viscosity as a function of concentration and salinity [82]. 

2.1.5.4. Salinity  

Polymer used in EOR is sensitive to salinity and that plays a significant role in the viscosity. 

When polymer, such as HPAM, is exposed to water with high salt content, it cationic and 
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anionic would have caused repulsion/attraction to the chain of the polymer, and compose a 

stretched or compressed like nature. If used in pure water or low salinity condition, the anionic 

group’s electrostatic repulsion between polymers would be de-shielded, thereby allowing the 

polymer molecules to remain expanded.  This makes it relatively hard to propagate through 

porous media and make the viscosity so high. On the other hand, when reaching the higher 

salinity, the electrostatic repulsion is shielded by the double electrolytes layer. This results in 

the polymer chains to stretch by decreasing the molecules, which consequently lower down the 

viscosity at higher salt content. As shown in Fig. 2.8, the influence of salt content was examined 

by Aluhwal and Kalifa [82]. They found that the apparent viscosity is lower at high salinity 

concentration, and the effect is strengthened with increasing polymer concentration. This is 

due to the electrostatic interaction between the charged groups.  

2.1.5.5.Temperature  

Water-soluble polymers are susceptible to temperature. As heat is applied, the polymer chains 

can undergo chemical or physical changes, which can result in unwanted changes to the 

significant properties of the polymer, leading to polymer degradation. In many cases, molecular 

degradation often called thermal degradation occurs due to overheating, especially when the 

polymer is subjected to high temperature. The long-chain molecular component of the polymer 

backbone begins to separate at a high temperature which can eventually cause molecular 

scission. Typically at a specific temperature, the strength of the bonds deteriorates and causes 

the attached elements on the polymer to be detached. Gao et al. [84] examined the effect of 

temperature on the apparent viscosity of HPAM as shown in Fig. 2.9. The results showed that 

the viscosity decrease with the increasing temperature. The higher temperature would 

necessarily continue to break down intermolecular hydrophobic associations changing the 

HPAM backbone and then hydrolyse its acrylamide group into acrylate groups. 
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Figure 2.9. Effect of temperature on the HPAM viscosity [84]. 

2.2. Nanotechnology-based EOR  

Nanotechnology refers broadly to a field of applied science and technology that deals with the 

control of matter on the atomic or molecular scales smaller than 1 µm, ranging normally within 

1 to 100 nm [21-23]. Nanotechnology is the term that was used to cover construction, design, 

and utilization of functional structures with one characteristics dimension at least measured in 

nanometre. Nanostructure and nanotechnology are distinguished from other technologies by 

their unique properties regarding nanoscale proportion. In the coming years, it is believed that 

nanotechnology will open a door for many cutting-edge technologies [85].  

Nanomaterials can be fabricated in two ways, “Bottom-up” process and “Top-down” Process. 

The nanofabrication using the “bottom-up” method depends on building nanostructure atom 

by atom or molecule by molecule using either manipulation of atoms or self-assemb ly 

technique by applying scanning probing microscopy [86]. The “top-down” method is more 

elementary and relies either on the division or removal of bulk material to produce the desired 



 

31 
 

structure with suited properties by minimizing the bulk fabrication process [85]. The method 

is based on microlithographic and physical philosophy, contrary to the “bottom-up” process 

where molecular or atomic units are used to gather molecular structures. In the “top-down” 

approach, different ways such as milling and lithographic process are used in the fabrication of 

nanomaterials [85].  

Nanomaterials have a relatively large surface area in comparison to the material of similar 

mass, which can enhance electrical properties, strength, and better chemical reactivity. 

Secondly, the quantum effect can be domineering affecting the electrical, optical, and magnetic 

behaviour of materials [87]. In the nano-structural frame, the nanoparticle is the basic 

component that is smaller than commonly used daily objects (Newton law of motion) but larger 

than atoms or molecules regarding size (quantum mechanics). Fig. 2.10 illustrated how 

nanoparticles could improve the surface area instead of bulk material.  

 

Figure 2.10. Surface area modified using nanoparticles 
 

2.2.1. Factors (mechanisms) influencing nanotechnology for EOR application   

Recently, many investigations have presented that, nanoparticles (NPs) overture promising 

prospective for the EOR process [88-94]. Depending on the flooding methods many possible 

mechanisms trigger the application of NPs in EOR, which include mobility ratio, interfac ia l 

tension, wettability alteration, disjoining pressure, particle retention, preventing asphaltene 
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precipitation, the appearance of climbing films, and nanocatalyst [95-99]. Overviews of some 

of the mechanisms are highlighted below. 

2.2.1.1. Mobility control  

The oil viscosity is considerably higher than that of injected fluid, and lack of good mobility 

ratio between the oil and injection fluid often results in viscous fingering which leads to 

inappropriate sweep efficiency [100-103]. Therefore, it is paramount to control the oil/water 

mobility to improve the sweep efficiency for higher oil recovery. The idea of adding NPs into 

the fluid was proposed to increase the viscosity up to the optimum level with net effect to 

improve mobility ratio and hence better oil recovery [104-107]. 

Due to the NPs addition, the solution becomes thicker because of the NPs ability to form a 

network structure through chemical bonding. Hu et al. [108] reported the use of SiO2 NPs to 

improve the HPAM viscosity showing a promising future for nano EOR. Sharma et al. [109] 

also observed the viscosity increase by almost three times factor after 1 wt.% SiO2 NPs was 

introduced in both polymer and polymer-surfactant solutions. In another finding addition of 3 

wt.%, SiO2 NPs into the fluid improved the solution viscosity and changed the overall flow 

profile to show shear-thinning behaviour [110]. Maghzi et al. [107] investigated the influence 

of SiO2 NPs dispersion during polymer flooding. They reported that at high SiO2 content the 

trapped oil can be mobilized easily, and the overall recovery efficiency is higher compared to 

the conventional polymer and waterflood.   

Nanoclay has been used to enhance the solution viscosity and improved oil recovery by 11% 

during EOR [92]. Cheraghian et al. [111] reported a 5-6 % higher recovery after nanoclay was 

added to improve the solution viscosity. Metal oxide such as TiO2 [112, 113], FeO [114] have 

also been reported to improve the injection fluid viscosity, which leads to better sweep 

efficiency during oil recovery. 
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NPs are reported to reduce oil viscosity, Ogolo et al. [115] observed a 12% increase in oil 

recovery by adding Al2O2 in a sand pack. One of their hypothesis was that Al2O3 had the 

tendency to decrease oil viscosity. However, there was no data provided showing the oil 

viscosity reduction. Therefore the mechanism was reported based on observation and 

assumption that Al2O3 is a good catalyst for heavy oil upgrading [116] Kashefi et al. [117] 

observed that addition of zeolite beta NPs into crude oil could reduce rock permeability of a 

sand pack. This phenomenon of oil viscosity reduction by NPs could increase the oil flow and 

consequently improved the mobility ration between oil and injected fluid.  

The above review showed the promising perspective of NPs to improve the mobility ratio 

between oil and injection fluid, in which a solution containing silica-based NPs were frequently 

used. However, there is a lack of proper investigation on the NPs effect on the mobility control 

at reservoir conditions with high temperature and high salinity. 

2.2.1.2. Interfacial tension  

For more than 35 years, surfactant flood tertiary oil recovery have been employed, particula r ly 

in the depleted USA oil reservoirs after water flooding [118, 119]. Oil and water are two 

immiscible liquids that have high interfacial tension (IFT) between them. It has been examined 

that, introducing nanoparticles into the system will alter the IFT and show better potential for 

oil recovery enhancement [109, 120-123].  

Several studies demonstrated the ability of NPs to reduce IFT. It has been reported that around 

70-90% of oil/water IFT reduction was observed by using nonferrous metal nanofluid [112], 

while another report showed up to 91% of oil/water IFT reduction [124]. Frijters et al. [125] 

observed how the NPs adsorption mechanisms tend to affect the IFT compared to surfactants. 

They explained that surfactant adsorption at the interface was due to the hydrophilic head and 

hydrophobic tail while neutral NPs adsorption was due the less energy required for maintaining 
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the particle-fluid interface. It was reported that neutral NPs changed the IFT by applying a 

cheaper particle-fluid interface to replace the energetically fluid-fluid expensive interfaces. 

Free energy term 𝐹𝜎 can be used to illustrate these statements as a function of surface tension 

and oil droplet area as shown in Fig. 2.11. 

 

Figure 2.11. The breakup of oil droplets due to the adsorption of nanoparticles [125]. 
 

An experimental and theoretical study was performed on the induced effect of adding SiO2 in 

natural surfactant adsorption on sandstone rock. Hydrophilic SiO2 was less efficient than its 

hydrophobic counterpart in obstructing adsorption damage on to the shale-sandstone [126]. 

SiO2 NPs were employed to change the adsorption of the surfactant on a rock surface. Based 

on the results obtained, the NPs addition lowered the surfactant adsorption on the rock surface 

and boosted the surfactant flooding performance. Hence, better oil recovery was observed 

[127]. The spinning drop was used to observe IFT reduction between brine/nanofluid and 

synthetic oil. 0.01 wt.% SiO2 NPs lowered the IFT from 14.7 mN/m to 9.3mN/m. Further 

increase in particle concentration up to 0.05% decrease the interfacial tension to about 5.2 

mN/m. In a similar experiment, 19.2mN/m was employed as reference IFT value for a brine -

crude oil phase. Almost half decreased of this value was observed after 0.1 wt.% SiO2 NPs 

were added to the solution [128]. From the above findings, it has been noticed that IFT is 

sensitive to the specific NPs.  

NPs dispersion in the aqueous phase is reported to reduce the interfacial properties of the 

solution. Although NPs alone without surfactant has less implication on IFT reduction. Most 

of the studies investigated the NPs influence to reduce IFT between surfactants and oil during 

oil recovery. Notwithstanding, it could be immensely important to investigate the influence of 
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NPs on the IFT reduction of the solution containing polymers, especially when amphiphilic 

particles like graphene oxide are used to improve polymer performance.  

2.2.1.3. Wettability alteration  

The wetting preference idea of the rock for the ultimate oil recovery is a much more debated 

topic. The actual oil reservoir can be oil, intermediate, or water wet [90, 129] as shown in Fig. 

2.12. Several researchers reported that production by water wet formation is more prepared 

than oil-wet formation [130]. While the production by intermediate wet formation is better than 

water wet formation [131]. Most oil production will occur before water breakthrough in the 

water-wet system, after which the rate will decline. Certainly, in an intermediate or oil-wet 

system, the water breakthrough will occur earlier than in the water-water system. Haven a 

reliable wettability modifier with improved mobility properties is important in EOR. Many 

studies proposed the use of NPs to alter the wettability in EOR because of its possible 

applications under broader oil reservoir conditions [89].   

 

Figure 2.12. Wettability alteration conditions of a rock/brine/oil system. 
 

Change of rock wettability and its effect by the use of NPs has been reported by several authors 

[115, 130, 132-139]. Karimi et al. [140] reported that the nanoparticle addition into the solution 

alters the wetting from oil-wet to strongly water-wet condition. The oil recovery and 

nanoparticle transport system was investigated, the lower particle concentration provides more 

oil recovery compared to higher particle concentration. A maximum of 33% increase in oil 
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recovery was observed after water flooding with 20 ppm concentration of rutile TiO2  

nanoparticle-assisted brine flooding. This phenomenon was believed to be observed by the 

possible wettability changes, improvement in the mobility ratio, and log-jamming effect [123]. 

Although, TiO2 showed a rapid reduction in oil-water/rock contact angle, in another work AlO2  

showed more contact angle reduction than TiO2, proven better EOR potential [141]. A similar 

study was performed to investigate the effect of TiO2 and Al2O3 on wetting behaviour in 

comparison with the SiO2 NPs. The finding showed that TiO2 provides a high impact on oil 

recovery than SiO2 and AlO2 [142].   

Li et al. [143] observed the increase in oil wetness using hydrophobic and hydrophilic SiO2 

NPs in neutral wet sandstones. The nanoparticle is driven by the bulk pressure to decrease the 

contact angle, hydrophilic/hydrophobic nanoparticles increases the wettability alteration at 

high particle concentrations while surface wettability was measured by the contact angle . 

Flooding experiment was conducted at ambient pressure and temperature to monitor the effect 

of wettability alteration by SiO2 NPs as a dispersant, the oil recovery was observed to be 8.7% 

higher than that of conventional water flooding which was believed to be as results of the 

change in porous media wettability [144]. 

The influence of particle concentration on wettability was also studied by other researchers. 

Vafaei et al.[145] reported the effect of bismuth tellurite NPs concentrations on contact angle. 

It has been revealed that the contact angle increased with increasing NPs concentration 

followed by a decrease after the critical concentration was reached. The results indicate that 

the contact angle as a function of particle concentration was dependent on the size and size 

distribution of the particle. At the same concentration, a larger variation in contact angle in 

particle with smaller size [145]. Hendraningrat et al. [88] also reported the influence of 

lipophobic and hydrophilic (LHP) SiO2 NPs concentrations on the wettability alteration. As 
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shown in Fig 2.13, the contact angle decreases with the increase in concentrations of the NPs, 

and the wettability also changes to more water-wet. The smaller size NPs are found to have 

more impact on contact angle reduction because of the higher electrostatic repulsion. 

Moreover, changes in wettability could be a result of salinity, exposure time, a solid system, 

ionic composition [146]. Some evidence has shown NPs can alter wettability in both sandstone 

[147] and carbonate rocks [148]. 

 

Figure 2.13. Contact angle variation with the change in nanoparticle concentrations [88].  

2.2.1.4. Structural disjoining pressure  

The effect of structural disjoining pressure (SDP) was proposed by Wasan and Nikolov [138].  

The forces that drive this phenomenon are electrostatic force, Van der Walls force and 

Brownian motion [138, 149]. The NPs with smaller size has bigger electrostatic repulsion 

between them which results in larger SDP. As the number of particles increases, the working 

forces on the wedge film will also increase [138].  

When NPs are dispersed in a fluid (aqueous) approach hydrophilic solid surface, the NPs will 

arrange themselves orderly with the solid-like structure at the three-phase contact region (Fig. 

2.14). This arrangement when it is towards the bulk phase it becomes more disordered and 

attains a fluid-like structure. Studies have shown that in the confined region, pressure rising 

from such an ordering manner will enhance the spreading of NPs behaviour [138]. The particles 

that are in the three-phase contact region will contribute to generating a wedge-like structure 



 

38 
 

and push themselves to stay in between the solid rock and discontinuous phase. The availab le 

particle in the bulk fluid will employ a pressure that forces particles towards the wedge 

structure forward. This kind of force applied is known as SDP or film tension gradient [149]. 

An experiment was conducted and revealed that NPs that contained in the three-phase region 

between oil, water, and rock tend to force themselves to be placed between the solid rock 

surfaces and a discontinuous phase. A wedge-like structure is formed by the particles, which 

performed some action to separate the fluid (oil) from the pore wall and spreading behaviour 

of nanofluid resulting in SDP[106, 149].  

Because of that structural force, NPs could display a good ability to spread in a confined space. 

Which was observed to (a) stabilized liquid films [150], (b) change the microscopic contact 

angle of a liquid droplet [145], and (c) lift an oil droplet from the wall in an aqueous solution 

[137, 139]. In general, SDP is considered an important mechanism that describes the surface 

force which is suitable for thin liquid films.  

 

Figure 2.14. Nanoparticle establishing a wedge-film resulting in structural disjoining pressure 

[151]. 
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2.2.1.5. Retention in porous media/pore channel blockage  

Pore channel blockage caused by either log-jamming and mechanical entrapment [152]. 

Mechanical trapping occurs when the pore channel is smaller than the diameter of the injected 

material, while log-jamming occurs due to the plugging as the accumulation of the material 

inside the pore channel (Fig 2.15). Core flooding experiment performed by Li et al.[147] 

showed NPs to have a greater tendency of altering the porosity and permeability of the porous 

rock. The transport of NPs to the porous media is governed through hydrodynamics, 

convection, and diffusion. At the beginning of the flooding, adsorption and desorption of 

particles occur at the pore wall [147]. It is the combined forces of hydrodynamics, Born 

repulsion, van der Walls forces, the repulsion between electrical double layer (EDL) and acid-

base interaction that play a role in this process. In this, the dynamic balancing process could 

reach an equilibrium state, and here the NPs can move through pore systems with fewer or no 

adsorption and diffusion. 

 

Figure 2.15. The schematic of two mechanisms causing pore channels plugging: (a) 

mechanical entrapment; (b) log-jamming [153]. 

The size and shape, the flow rate, the concentration of suspended particles, and the chemistry 

of carrying fluids also control the migration and retention of solid particles in the porous media 

[154, 155]. Skauge et al. [152] demonstrated an experiment in which SiO2 NPs propagate 

through a pore system so quickly, and pose no damage to the environment due to their natural 
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existence in the reservoir. They cannot also strain or block pores because they are too small, 

which makes them preferable for EOR applications [152].  

The flows of a nanofluid from pores to throats, lead to an increase in fluid velocity due to the 

differential pressure effect and narrowing of the flow area. Due to the smaller size of water 

molecules, it flows faster than NPs in the pore channel, causing the NPs to accumulate at the 

pore throats entrance as shown in Fig 2.16. Due to log-jamming, this accumulation will result 

in blockage of small pore throats which lead to the building up of the pressure in adjacent pore 

throat and thereby forcing to oil to be trapped. The NPs start to flow once the plugging starts 

to disappear after the oil is freed [106, 152]. The effect of NPs on the log-jamming phenomenon 

was examined by Hendraningrat et al. [88] during single-phase flooding on the water-wet 

system. They observed that the impairment of permeability and porosity in the core plugs 

increases when the concentration of nanofluids increases.  

 

Figure 2.16. Schematic of pore channel plugging caused by log-jamming [152]. 
 

2.2.1.6 Summary of the nano-EOR mechanisms   

According to the above review on different NPs mechanisms for EOR, many studies have 

demonstrated that NPs could improve oil recovery efficiency. As summarized in Table 2.2 

majority of the reported literature proposed more than one mechanism for nano-EOR based on 
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assumption and experimental analysis. Therefore, it could be the most acceptable idea if agreed 

that the nano-EOR is derived by the combination of different mechanisms. But which 

mechanisms are the dominant? Which of the mechanisms are dependent or independent on one 

another? According to the summary in Table 2.2, wettability alteration may seem to be the 

most acknowledge and highly influential mechanism of nano-EOR. Some works of literature 

reported the reduction in IFT, some analysis reported the effect of SDP and log-jamming. 

However, mobility control appears to be the most important mechanism in polymer flooding 

EOR.  

One can conclude that most of the reported studies by different researchers are not all consistent 

or rather in conflict with one another. This conflict arises as a result of using some surfactant 

or surfactant- like substances along with the NPs in the same fluid. This surfactant would 

equally alter rock wettability as it does for IFT. Another possible reason lack of clear 

understanding of the nano-EOR mechanisms, and lack of experimental control. 

The majority of the EOR mechanisms reported as a result of NPs into water (without polymer 

or surfactant) are complex and might be a combination of log-jamming effect, increasing fluid 

viscosity, or wettability alteration from oil-wet to the more water-wet system. Although the 

majority seems to agree the change in wettability is the most dominant mechanism in the 

situation where only NPs are used without surfactant or other chemical agents.  

The influence of NPs on IFT reduction is perhaps insignificant when stabilizers or other 

surfactant-related chemicals have been included in the NPs solution, but it can enhance the 

surfactant ability to reduce IFT, although it could not alone reduce the IFT significantly. 

Therefore, in this case, it is less likely to agree that the IFT reduction is influenced by NPs 

addition. 
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Some studies showed a promising perspective of NPs such as metal oxide and SiO2 to improve 

the mobility ratio between oil and injection fluid. Although NPs alone did not significantly 

increase the water viscosity when mixing with polymeric material the viscosity increases. 

However, there is a lack of proper investigation on the NPs effect on mobility control at the 

high salinity condition of the reservoirs. Metal oxide NPs are reported to reduce the oil-phase 

viscosity, which helps to improve the mobility ratio.  

Log-jamming is recorded as a possible nano-EOR mechanism. Nonetheless, log-jamming may 

also affect the oil recovery in a negative way by reducing the amount of the produced oil, 

because NPs blocking the pores may decrease the permeability. When the NPs have high 

concentration and/or big size which will results in permeability reduction due to a log-jamming 

effect, and consequently lower the oil production.  

The majority of the reported literature focussed on using SiO2 NPs to improve the performance 

of EOR fluid, however, a large amount of SiO2 is commonly used to achieve a targeted 

concentration. This results in SiO2 NPs to agglomerate or even precipitate if they are not 

carefully dispersed, which greatly decreases NPs potential for field application. Therefore, 

there is a need to explore a way to improve the SiO2 performance at a smaller concentration.  

Although some other studies were performed to evaluate the influence of metal oxide NPs and 

demonstrated their capability as EOR agents, and evaluate their advantage over SiO2 based 

fluid, but there are still some discrepancies among themselves that limited their use in EOR. In 

this regard, the influence of other NPs such as graphene oxide (GO), carbon NPs should be 

explored to understand their potential use in EOR.   
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Table 2.2. Summary of the study of nanofluid EOR and mechanisms.   

NP Type Fluids NPs concentration  Mechanisms EOR (%) Source 

TiO2 Surfactant  0.001 wt.% Reduce IFT 
Decrease θ 

Increase µ 

12–17 [112] 

ZrO2 Water 0.05, 0.10 gr/cc Decrease θ 10 [140] 

SiO2 Surfactant  10 vol. % Reduce IFT 
Decrease θ 

33 [124] 

SiO2 Water  0.1 mass % Reduce IFT 

Decrease θ 

23.5 [122] 

SiO2, Al2O3 Polymer  0.05 mass % Decrease θ 
Reduce IFT 

Log-jamming 

7-24 [88] 

SiO2 Water 3 wt. % Change SDP 
Change θ 
Log-jamming 

5-35 [106] 

SiO2 Polymer 

Polymer-surfactant  

1 wt. % Reduce IFT 

Change mobility 
 

21 [109] 

TiO2 Brine 10–500 ppm Change θ 

Change mobility 
Log-jamming 

9.5-13.3 [123] 

ZrO2, NiO Water 0.004–0.05 wt.% Change θ  [132] 

SiO2 Water 1.0 wt.% Change θ 8.7 [133] 

SiO2 Water 10 wt.% Reduce IFT 

Decrease θ 

22 [149] 

SiO2 Water 3 wt.%   [130] 

Al2O3, ZrO2, MgO, 
Fe2O3, SnO, SiO2, 

Ni2O3, ZnO 

Ethanol, brine, and 
Water 

0.3 Reduce IFT 
Change mobility 

Change θ 

12 [115, 
156] 

SiO2 Polymer 0.1 wt.% Change mobility 
 

10 [107] 

TiO2 Brine  0.01 and 1 wt.% Change mobility 

Reduce IFT 
 

 

51 [113] 

LHP SiO2 Brine  0.1 wt.% Change θ 10 [134] 

HLP & LHP SiO2 ethanol 0.1–0.4 wt.% Change θ 19.31 [135] 

Fe2O3, Al2O3 propanol 0.05–0.3 wt.% Change θ 
Reduce IFT 
 

22.5 [141] 

ZrO2, CeO2, MgO,  

CNT, TiO2, CaCO3, 
SiO2, Al2O3 

Brine  5 wt.% Change θ 

Reduce IFT 
 

8–9 [90] 

Al2O3, TiO2, SiO2 Brine  0.05 wt.% Change θ 

Reduce IFT 
 

7–11 [142] 

TiO2 polymer and water 1.9–2.5 wt.% Change mobility 4 [92] 



 

44 
 

Reduce IFT 
 

Nanoclay Water 0.9 wt.% Reduce IFT 

Change θ 
 

5.8 [93] 

SiO2 Water 3 wt.% Change θ 
Reduce IFT 

 

29 [106] 

SnO2 Water 0.1 wt.% Change θ 
 

22 [94] 

SiO2 Polymer 5 wt.% Increase viscosity  NA  

 

2.3. Polymer nanoparticle interactions 

Polymer systems are used extensively in different industrial applications due to their unique 

characteristics. These characteristics include lightweight, ductile nature, and ease of 

production. However, polymers can have lower strength and modulus as compared to ceramics 

and metals. To enhance their properties, such polymers have to be reinforced with inclus ions 

(particles, whiskers, or platelets) [157]. Using this approach, properties of the polymers can be 

improved and at the same time maintain their ductile nature and lightweight [157]. Improving 

properties can be found so often even at nearly low filler content. Depending on the particle 

shape, size, chemical nature, and specific surface area, the properties of polymers can be 

improved [158]. 

Therefore, polymer and NPs mixing becomes the breach pathway for flexible enginee r ing 

composites. Such improvements are induced by the physical presence of the NPs, and polymer-

particle interaction and the state of dispersion [159]. Polymer nanocomposites are at the lead 

of advanced materials applications, where the incorporation of dispersed NPs into a polymer 

matrix renders materials with tailored and controlled properties without compromising the 

processing ease of the parent polymer [105, 160].    
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2.3.1. Polymer nanocomposite preparation 

Polymer nanocomposites can be fabricated either by a mechanical or chemical process. One of 

the major problems in polymer nanocomposite preparation is achieving homogenous and 

uniform dispersion of nanoparticles in the polymer matrix [159]. The nanofillers have a 

tendency to form micro size and aggregate clusters, limiting the nanoparticle dispersion in the 

polymer and hence deteriorate the properties of the nanocomposites [158, 159]. Many attempts 

have been made to homogeneously and uniformly fabricate polymer matrix by the 

polymerisation reaction, chemical reaction, or surface modification of filler materials [161, 

162]. The following methods are used for the fabrication of polymer nanocomposites. 

2.3.1.1. Direct mixing or ex-situ process 

Direct mixing involved the breakdown of aggregated particles while mixing [161, 162]. This 

method consists of two main ways; melt compounding and solvent method.   

Melt compounding method: This process involves the mixing of polymer without any solvents 

followed by the nanofillers addition into the polymer solution [161, 162]. In this method the 

hydrodynamic force (shear stress) is induced in the melt polymer by viscous drag, thereby 

using the shear stress to breakdown the particle aggregates, leading to the homogeneous 

dispersion of polymer nanocomposites.   

Solvent/solution method: This method involves mixing nanoparticles and polymer with 

solvents. The nanoparticles are dispersed in a solvent and polymer is dissolved in a co-solvent. 

The nanocomposites are then collected via solvent coagulation or a solvent evaporation 

method. The shear stress in this method is lower than that of the melt compounding method. In 

order to breakdown the particle aggregate the NPs are pre-dispersed in the solvent followed by 

sonication [162].  
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The process involved using magnetic stirrer or ultrasonicator. The sonication could be either 

high-power sonication using a tip or horn, or mild sonication in a bath. An early experiment 

conducted to prepare polymer and nanotube using direct mixing and found to have a good 

dispersion [163-166]. Hu et al. [108] prepared the hybrid suspension of SiO2 and HPAM via 

direct mechanical mixing and a solution with good dispersion was obtained under the influence 

of 8 wt.% NaCl. The solution of different acrylamide-based polymers with MWCNTs was 

prepared via a direct mixing technique [167].  

2.3.1.3. In-situ polymerization method  

In-situ polymerization methods consist of the NPs dispersion into the monomer followed by 

polymerization process under the influence of free-radical initiator [162]. The monomer is 

polymerized between interlayers to form either intercalated or exfoliated nanocomposites. In a 

similar method which is called in-situ template synthesis, the NPs are synthesized in the 

presence of polymer chains. Both NPs layers and polymer matrix are diffused in an aqueous 

phase and the gel undergoes refluxed under high temperature. The nucleation and growth of 

NPs occur after the polymer chains are trapped inside the particle layers at high temperature s. 

The major limitation of this method is the polymer decomposition causes by high temperature 

[162].  

Jia et al. [168] produced CNT/PMMA based composite via in-situ radical polymerization using 

2,2-azobisisobutyronitrile as a free-radical initiator. They found that the CNT π-bonds were 

opened to form a network with PMMA molecules which lead to homogenous dispersion of the 

composite. Cheng et al. [169] conducted the preparation of transparent nanocomposites of N, N-

dimethyl-acrylamide, styrene, and divinylbenzene with ZnS NPs via free-radical polymerization 

using 2,2-azobisisobutyronitrile as initiator. Many NPs such as TiO2, ZnO, and CdTe have been 
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incorporated into polymer matrices to form a composite by in-situ polymerization methods [169-

176]. 

2.3.2. Polymer nanoparticles used in EOR   

In an attempt to surmount the multiple limitations of polymer EOR, recently, making polymer 

nanocomposites with highly dispersed inorganic particles has attracted great attention due to 

their excellent properties, such as mechanical toughness, large deformability, thermal stability, 

etc. [177-187]. They have been reported to dramatically affect the melt [188, 189], and solution 

[184, 190] viscosities, and rheological behaviours of polymeric materials. Thus, the application 

of NPs inclusion in the polymer EOR process to improve the rheology and stability is reviewed 

below.    

2.3.2.1. Rheology 

Rheology is the study of flow and deformation behaviour of the material under the applied 

force, which is frequently, tested using a rheometer. Therefore, in EOR, the oil viscosity is 

considerably higher than the injected fluid viscosity, and water-soluble polymers were widely 

used in EOR processes to boost the fluid viscosity because of its cost-effectiveness and good 

rapport with other chemicals [102]. Consequently, the application is still limited to certain 

conditions of the reservoir as explained in Section 1.2. However, adding NPs into the fluid will 

improve its efficiency and increase the viscosity up to an optimum level with net effect 

targeting improved mobility and hence better oil recovery efficiency.  

SiO2 is the most widely applied NPs to improve the rheological performance of polymers used 

in EOR [101, 107, 191, 192]. For example, Saito et al. [110] investigated the effect of adding 

3 wt.% SiO2 NPs into a polymer solution and found an improvement in the solution viscosity 

and changed in the overall flow profile displaying a shear thinning behaviour. Dingwe Zhu et 
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al. [48] demonstrated the rheology and flooding experiment with HAPAM/SiO2 hybrid; the 

hybrid exhibits better viscosity and more heat and salt tolerance than HAPAM alone, this 

improvement is as a result of hydrogen bond formation between the hybrids. Similar results 

were observed in HAHPAM/SiO2 solution with a better increase in apparent viscosity and 

elastic modulus and more oil recovery compared to pure HAPAM solution [63]. Hu et al. [108] 

found that there is a formation of a bridge between SiO2 NPs and HPAM which enhanced the 

rheological properties of HPAM. In another experiment, the addition of 0.1 wt.% SiO2 into the 

HPAM solution increases its viscosity showing a promising future for the EOR application 

[193].  

SiO2 NPs was used as a thickening additive for high molecular weight anionic PAM and HPAM 

which are commonly applied as EOR mobility controllers. In contrast to the above finding, 

SiO2 has less impact here, and it may even cause a reduction in viscosity because the interaction 

between the SiO2 and polymer matrix is not properly monitored. However, these finding doubt 

the applicability of combining SiO2 and high molecular weight PAM/HPAM solution, more 

specifically at the reservoir with high salinity. But surface treatment can alter the behaviour of 

the polymer by introducing partial attachment of the hydrophobic group to reduce the unwanted 

interaction between the SiO2 NPs and polymer [194]. 

Other NPs that are used to improved polymer rheological properties include TiO2 [92, 195], 

CNTs [105, 167, 196], nanoclay [100, 101, 184, 197-199], layered double hydroxide [200-

202], and iron oxide [203]. High and low molecular weight polyisobutylene in decalin solution 

was used in combination with hydrophilic and hydrophobic TiO2 particles to investigate the 

shear viscosity behaviour. In both cases, viscosity increase was observed with less effect at a 

high shear rate. Classical rheological behaviour was observed with the Newtonian plateau 

followed by the shear-thinning region using TiO2/polymer composite. However, the plateau 

disappears after the solutions were filled with particles, even at low volume fraction (e.g. 4 wt. 
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%). The viscosity increase was noticed actively as the shear stress decreases, and therefore at 

a low-stress level, the viscosity-shear stress curves are concave upward [195]. It has been 

reviewed that the polymer/CNTs composites rheological properties were improved due to the 

establishment of a state of the dispersion of the CNTs in the mixture [105]. Anthony et al. [203] 

conducted experiments to improve the magnetic NPs (iron oxide)  mobility using polymers and 

surfactants, their finding suggests that addition of only 0.1 wt.% polymers and surfactant will 

significantly improve the mobility of NPs in the porous medium. Laponite XLG clay was used 

to evaluate the fracture-plugging and mobility control of polymer in mature the reservoir. The 

clay addition improved the polymer viscosity effectively leading to better sweep efficiency, 

thereby improving the recovery efficiency [100, 101]. In another experiment, Cheraghian et al. 

[197] showed that the addition of nanoclay to PAM had positive effects on the viscosity 

properties of the polymer solution.  

Some studies have shown that the inclusion of NPs into polymer matrices could cause viscosity 

reduction [204-208], in clear disagreement with the expression developed by Einstein [209]. 

This phenomenon brings great attention to controversial explanations and perceptions [210-

215]. It has been observed that the radius of nanoparticles, their radius of gyration, and the 

molecular weight of the polymers are the leading factors affecting the behaviour of the 

polymer-nanoparticle composites [204-206]. According to studies by Mackay and co-workers 

[204-206], viscosity reduction occurred when the polymer molecular weight was larger than 

the entanglement molecular weight and the inter-particle half-gap was smaller than the gyration 

radius. Other studies show that degradation of the polymer [216, 217], adsorption of polymers 

with high molecular weight [218], constraint release of the entangled polymer chain [205, 206, 

215], free volume expansion induced around the NPs [205, 206], changes in the entanglement 

density of polymer chains [208] and slip between the sample and the geometry during 
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rheological testing [219] are possible mechanisms that enable viscosity reduction in polymer–

nanoparticle composites.  

In this section different NPs have been reviewed to improve the rheological performance of 

EOR polymers, some NPs showed less performance and may course reduction in viscosity. 

Even SiO2 which is the most commonly used NPs in this process, if not carefully dispersed it 

may cause a reduction in polymer viscosity. Therefore, careful consideration of the composites' 

preparation method has to be given. Also, other NPs types that can form a strong linkage with 

EOR polymers has to be explored. Furthermore, there is a lack of an in-depth understanding of 

the key process-structure-property relationships, which are required to understand the 

chemistry of these novel materials fully. 

2.3.2.2. High temperature-high salinity Stability  

Thermal stability is an important factor in the polymer flooding process. Also, polymer and 

polymer nanocomposites stabilization in an aqueous environment with extreme salinity (high 

ionic strength) has been considered recently as a key subject in the research. For instance, in 

the petroleum industries, nanomaterials have been recently proposed to deliver into oil 

reservoirs acting as sensors or imaging enhancers to provide useful information regarding the 

reservoir condition. However, applying polymer nanocomposites into the reservoir is a 

challenging task due to the high salinity and high temperature of the environment, which can 

easily destabilize the injected nanomaterials. Several approaches such as physical dispersion 

methods, covalent bonding, and non-covalent bonding methods have been implemented to 

address this stabilization issue. In recent years, the improvement of polymers stability by 

modification of the structure or by the use of NPs has gained a great interest [34, 35, 63, 220, 

221]. 
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Earlier studies have demonstrated the potential of CNTs, which would improve the stability of 

the polymer solution [222-224]. However, the ability of CNTs to forms π-π interactions and 

strong Van der Waals force makes it prone to forming an insoluble solution with many media 

and forms tight bundles [225, 226]. An experiment conducted by Han et al. [227]  to analyse 

the phenomenon of polymeric stabilized MWCNTs and its transport behaviours through a 

saturated column of quartz sand consisting of humic acid as a natural organic matter, model 

clays, and electrolytes materials. The results showed that pure MWCNTs without polymer 

inclusion were vulnerable to electrolyte effects and much less transportable, compared to 

polymeric stabilized MWCNTs. Functionalizing of CNTs with nitrene cycloaddition reaction 

has been used for the modification of CNTs to increase solubility and stability in aqueous 

solution [222, 223]. But none of the investigations was conducted using polyacrylamide or its 

derivatives, and neither in HT-HS conditions.   

A composite of carbon NPs and ionic polymer (Poly (vinyl alcohol)) was shown to be stable 

in API brine. The polymer was grafted onto the NPs surface by acidic treatment using 

chlorosulfonic acid. It has been reported that the NPs that are partially sulfonated showed better 

dispersion stability at 100 °C in API brine than highly sulfonated NPs, while unsulfonated NPs 

were not dispersed. The long-term temperature stability, however, was not examined, which 

prevented their use as reservoir sensors [228]. Vanso et al. [229] also observed the stability of 

polyimidazole betaine in 22.6 wt. % NaCl solution without reporting long-term thermal 

stability. Johnston and co-workers [230] attempted to stabilize nanocomposites containing 

poly-acrylate/acrylamide-type polymers and iron oxide NPs wrapped with sulfonic salt in 

reservoir conditions with API brine for one month at 90 °C. The finding showed that the 

stabilization was favoured by the ionic nature of the polymer and NPs repulsion against 

agglomeration. 
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SiO2 NPs have been widely investigated to improve polymer stability owing to their availability 

and easy surface functionalisation nature [48, 108, 231-233]. As shown in Fig. 2.17 Hu et al. 

[108] demonstrated that the formation of a bridge and hydrogen bonding between SiO2 NPs 

into HPAM molecules led to the improvement of temperature stability after aging at 80 °C for 

up to 12 days, but the effect of complex brine solution was not investigated due to the 

aggregation of the polymer solution, this improvement was due to the formation of a hydrogen 

bond between silanol functionalities of SiO2 and PAM amide groups. It was also observed that 

SiO2 could improve the PNIPA viscosity at high temperature through carbonyl groups of the 

polymer acting as physical cross-linker between macromolecules, thereby reinforcing the 

structure of the polymer to provide better mechanical properties [231, 232]. However, none of 

the studies investigated the long-term thermal stability and effect of complex brine solution. It 

has been observed that under a high ionic strength of brine, the SiO2 NPs start to agglomera te 

causing large numbers of silanol groups that shelter the SiO2 surface to create aggregates of 

NPs in the polymer solution. This lack of good SiO2 dispersion was likely due to their preferred 

face-to-face stacking in agglomerated/aggregated tactoids [233], which leads to severe 

agglomeration and sedimentation in a harsh environment [234]. Also, when SiO2 NPs and a 

polymer are mixed, it takes a long time to form a well-dispersed mixture, which greatly 

decreases the potential field application of NP-based systems [48]. It has been shown that the 

hydrophilic nature of SiO2 NPs decreased the physical strength to interact with the polymer 

matrix that has hydrophobic structure, making the dispersion more difficult in HT-HS 

conditions [235, 236].  
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Figure 2.17. Influence of SiO2 on long-term temperature stability and salinity tolerance of 

HPAM [108]. 

Several approaches, including grafting of polymers, chemical (through covalent bonding), and 

physical (through physisorption) strategies are previously used for surface modification [237, 

238] to reduce the stability challenge. Jafarnezhad et al. [194] also consider surface treatment 

to alter the behaviour of the polymer by introducing partial attachment of the hydrophobic 

group to reduce the unwanted interaction between the SiO2 NPs and polymer. But all these 

approaches have different limitations. Therefore, surface modification and stability in the 

presence of complex salt remain a debated topic.   

However, to address the challenges facing SiO2 dispersion into the polymer solution, there is 

need to produce a novel surface modification approach to produce well-dispersed SiO2 

dispersion is proposed, and use them for in-situ synthesis of a copolymer of acrylamide 

(COPAM) to form a stable nanocomposite. This can be achieved by creating a positive ly 

charged active sites on the NPs surface. In addition to the conventional hydrogen bonds, 

positively charged surfaces allow strong coordination bonds with the polymers' negative 

charged side chain, reinforcing its stability under HT-HS conditions.  
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Additionally, there is a need to explore the applicability of different other NPs with 

distinguished mechanical, thermal, and electrical characters such as graphene oxide (GO). Not 

directly related to EOR, several investigations showed a strong interaction between GO and 

polymers, due to its layered structure and a large number of oxygen-containing groups (i.e. 

carboxyl, epoxide, and hydroxyl) on its surface [239], also, shown to improve polymer physical 

and mechanical properties [240, 241]. GO/polymer composites have been assembled via 

chemical cross-linking to generate a self-assembled network that led to their application in 

various systems [242-248]. These improvements are a result of strong interfacial interaction 

between polymer matrix and GO [249, 250], high conductivity, large surface area, and atom-

thick two-dimensional conjugated structures of GO [242]. 

2.4. Summary of the state-of-the-art 

The application of the polymer flooding has been reviewed in this Chapter, which shows better 

performance compared to the water flooding process. However, despite promising achievement 

in polymer EOR, many drawbacks hinder the application at harsh reservoir conditions, causing 

polymer degradation and instability due to HT-HS conditions of the reservoirs. 

Nanotechnology has been recently used for EOR with various mechanisms proposed.  It has 

been used with a polymer to form composites to improve the polymer EOR efficiency.  

Polymer nanocomposite using different NPs such as SiO2, TiO2, CNTs, clay, and iron oxide 

NPs have been investigated. Despite promising achievements in terms of increasing polymer 

viscosity and stability to some extent, the following areas still need to be addressed. 

 There is a limited investigation on different polymers and NPs types. Therefore, 

exploring the applicability of other NP types with distinguished mechanical and thermal 

properties is required. 
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 Processing polymer nanocomposite should be carefully considered to achieve a long-

lasting and stable dispersion of NPs into the polymer solution. 

 For EOR applications, however, the stability of these nanocomposites have to be 

examined under high temperature and high saline conditions. Some studies showed that 

under a high ionic strength of brine, NPs start to agglomerate and create aggregates of 

NPs in the composite solution.  

 Some NPs such as SiO2 takes a longer time to form well-dispersed in polymer solutions, 

which greatly decrease the potential field application of NP-based systems. This issue 

needs to be addressed.   

 There is a lack of in-depth understanding of the key process-structure-property 

relationships, which are required to understand the chemistry of these novel materia ls 

fully. 

 Some NPs need higher concentration to achieve a target viscosity while other particle s 

may cause a reduction in polymer viscosity. Finding NPs that can contribute to high 

viscosity at lower concentrations would be needed. Also, there is a lack of 

understanding of the mechanisms behind the viscosity reduction by some NPs.   

 Most of the studies did not investigate the effect of long-term thermal, brine, and 

dispersion stability. Proper stability analysis is of great importance to fully understand 

the composite EOR potential. 

The overall aim of this project is to improve the stability, rheology, and flooding performance 

of polymers in HT-HS conditions by two approaches, i.e., reinforcing polymer chains with 

desirable NPs to form composites and engineering new temperature-resistant polymers. In 

addition, a novel synthesis approach to produce suitable nanoparticles in-situ in polymers will 
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be developed to further improve the polymer performance. Base on the above summary, the 

following novel ideas will be considered in this project. 

 As many of the current investigations focus on SiO2 and metal oxides NPs, research in 

this thesis will explore the potentiality of new NPs (GO and CQDs) that have not been 

investigated previously to examine their applicability in rheology, stability and EOR 

performance under HT-HS conditions. This will include the modification of nanofluids 

under reservoir-like conditions.  

 This work will also build on the previous studies to improve the performance of SiO2 

NPs via a novel surface modification approach to produce well-dispersed SiO2 

dispersions, and use them for in-situ synthesis of COPAM to form stable 

nanocomposites, and investigate their effects on thermal stability, long term aging at 

HT-HS condition and to conduct a pilot-scale of core-flooding investigation to ascertain 

their potential use in EOR. 

 This project will also produce new temperature resistance polymers with acrylamide 

backbone and use suitable NPs to identify the best polymer for EOR application at HT-

HS and alkaline conditions. MWCNTs will be used in this because it was reported to 

improve the stability of other polymer types.   

 Newly formed materials will be carefully characterised spectroscopically using 

different techniques to fully understand the chemistry behind the processed composite 

materials. 

The thesis layout and ideas have been summarized and illustrated in Section 1.4 and Fig. 1.8, 

respectively.  
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Chapter 3 Synthesis and characterization of polymer and 

polymer nanocomposites via direct mixing 
 

3.1. Introduction  

This Chapter investigates the formulation and characterisation of different polymers and 

polymer-nanoparticles composites via mechanical mixing. The Chapter is subdivided into three 

parts, descriptions of the equipment, formulation, and characterizations of the polymer 

nanocomposites via direct mechanical mixing process, and synthesis and characterization of 

different copolymers via free-radical polymerization. Suitable nanoparticles and polymers are 

identified for enhanced oil recovery under the influence of pH and API brine. 

3.2. Description of the instruments 

3.2.1. Scanning electron microscopy (SEM) 

SEM is a technique that produces an image by scattering electrons onto a target surface, this 

will allow the morphological examination (size and shape) of the material (organic or 

inorganic) ranging from nano to micro-scale. The principle of SEM operation is that the surface 

of the sample (solid) is bombarded by electrons through an electron gun. The electron gun 

generates an electron beam from the top of the microscope. The beams move down to the 

vacuum zone passing through the electromagnetic lenses. The electron hit on the sample, 

generating the loss in energy as characteristics X-rays, secondary electrons, backscattered, and 

other photons of different energies [251]. The detector collected the ejected signals (X-rays, 

backscattered and secondary electrons) from the sample and converts them into a signal to 

create a final image. The resolution and magnification of SEM depend primarily on the working 
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distance between the sample and the detector. Fig. 3.1 is a photo of the SEM image taken from 

LEMAS.    

In the current project, the surface structure, the morphology, and the particle size of the 

powdered samples were examined by a high-performance cold field emission scanning 

microscope (Hitachi, CFE-SEM SU8230) operating between 1kV and 20kV in secondary 

electron imaging mode. The preparation of the sample was carried out adding a drop of the 

suspended sample on the SEM sample holder and remove the contamination in SEM cleaner 

using UV radiation/Ozone at 1 Pascal/10 min. Different magnifications were to capture the 

images using Gatan Digital Micrograph software.    

 

Figure 3.1. SEM instrument used for the morphology analysis. 
 

3.2.2. Transmission electron microscopy (TEM) 

Like SEM, TEM is also a class of electron microscopy where an electron beam of light is 

transmitted via an ultra-thin sample dispersed on the TEM grid (Fig. 3.2). The image is formed 
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when the electron beam interacts with the sample. The diffraction (degree of interact ion) 

between the sample and beam depends on the variation in density, atomic mass, and thickness 

of the sample. TEMs are capable of imaging at a much shorter than X-ray and visible radiation 

and at high resolution, it can enhance to atomic level [252]. 

In general, TEM comprises the single or double tilt sample holder, electromagnetic lens system, 

imaging source, and electron source [252]. A tungsten filament electron gun emits a high-

velocity beam of electrons while heated with 100 to 300 kV voltage. The electromagnetic lens 

was used to accelerate the beam towards the sample and transmits it through the sample. After 

the electrons are re-focus or adjusted by the magnetic lens system after passing through the 

sample, and also to get enlarge the image to obtain higher magnification. While analysing the 

samples the column is maintained under a high vacuum to allow the electrons to travel a long 

distance.  

In the current project, TEM images were recorded on an FEI Titan Themis Cubed 300 and FEI 

Tecnai TF20 FEG operated at 300 kV and 200 kV respectively. The system investigated the 

high-resolution morphology, and particle size distribution of the selected area electron 

diffraction  (SAED) to examine the inter-planner spacing from the diffraction of electrons, the 

internal and surface structural properties, the location of elements (TEM-mapping), and also, 

the connected energy X-ray spectroscopy (EDS) were used to detect the composition. For the 

measurement, the sample was prepared by dropping a small sample on a carbon-coated 

gold/copper grid for TEM.  
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Figure 3.2. TEM instrument used for the morphology analysis. 
 

3.2.3. Thermogravimetric analysis (TGA) 

TGA is a thermal analysis method that used microbalance to monitors the changes in the weight 

of a sample as a function of temperature and time under the control of an inert atmosphere like 

N2 gas. The technique is used to characterise either solid or liquid materials that exhibit a 

change in weight (gain or loss) as a result of dehydration, decomposition, oxidation, reduction, 

and desorption [253]. In this project, TGA was used to examine the thermal degradation of 

polymer, nanoparticle, and polymer nanoparticle composites and to quantify the volatile part 

of the sample.  

The operation principle of TGA is that the sample is loaded in an empty platinum pan. The pan 

is then put inside the furnace and applied the constant heating rate and monitor the changes in 

mass through microbalance against temperature and time. The system temperature and sample 

are being monitored precisely through thermocouples and the resulting outcome is plotted as a 
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mass of the sample with respect to temperature/time. An inert gas is used to purge the 

atmosphere in the sample chamber to prevent oxidation and any other unwanted reactions while 

carrying out the experiment. The thermal stability of the sample is determined by monitor ing 

the amount of weight gain or loss [253].  

In this project, the thermal degradation of the prepared samples was investigated using Mettler 

Toledo (TGA/DSC-2) stare system. The system was programmed to perform within the heating 

range from 25 °C to 900 °C at 10 °C/min under the constant flow rate (50 mL/min) of nitrogen 

gas (Fig. 3.3).  The STARe and TAS infinity PRO software were used to export the data for all 

the samples. Although it is not directly related to EOR or the stability of the colloidal material, 

the TGA analysis was measured in this to understand further the degradation behaviour of the 

powdered samples Fused in the current experiments. Also, it has been used as an indicator to 

understand the mechanisms behind the viscosity reduction of HPAM/CQDs.  

 

Figure 3.3. TGA/DSC-1 instrument 
 



 

62 
 

3.2.4. CHNS analysis 

CHNS analyser is an instrument used to quantify the percentage of the elements present in each 

sample. The technique principle of operation is based on the Pregl-Dumas method. Thermo 

Scientific™ FLASH 2000 CHNS Analyzer was used in this work, at first it was calibrated by 

different standard components. Around 2-3 mg of the sample was weighed into a silver capsule 

and pressed, the capsule with the loaded sample is put into the CHNS analyser and later the 

sample undergoes combustion in oxygen under the temperature influence (1000 °C) using flash 

combustion. Helium as an inert gas was used to remove the combustion products (H2O, SO2, 

and CO2) and separated by a chromatographic column, the thermal conductivity detector 

(TCD) detected them as an output signal. These recorded signals are proportional to the 

concentration of the particular component in the mixture [254]. The result was manipulated and 

exported using is SQL-based software by EA 2400 Data Manager.  

3.2.5. X-ray photoelectron spectroscopy (XPS) 

XPS is also called Electron Spectroscopy for Chemical Analysis (ESCA). It is a fundamenta l 

technique for providing information on the elemental composition, purity, oxidation state, and 

analysis of surface (external) layers in solid materials by evaluating the electronic structure of 

ions/atoms [255]. The technique is operated based on Einstein’s principle (E=hv) with regards 

to photoelectron spectroscopy. In the mid-1960s, the technique was developed at the Univers ity 

of Uppsala by Kai Siegbahn and co-workers [255]. A mono-energetic soft X-ray photon beam 

(Al Kα (hv=1486.6 eV) and Mg Kα (hv=1253.6 eV)) were used to irradiate the surface of the 

sample in vacuo.  

In this project, the XPS analysis was performed on a KRATOS XSAM 800 fitted with an 

energy analyser. Al Kα X-ray (monochromatic radiation 1486 eV) was employed as an X-ray 
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source, the X-rays are generated from an aluminium anode operating at the emission voltage 5 

mA and 15 keV. 6.5x10-10 bar was used within the spectrometer as a base pressure during the 

examination to prevent contamination on the surface during data acquisition. The sample films 

were prepared by putting a few grams of the particular sample on the aluminium surface. To 

make a thin film, the surfaces were later exposed to near-infrared light to escape the solvent. 

The CasaXPS were used for spectral fitting and correcting the binding energies charge to the 

C 1s peak at 285 eV to reimburse for residual charging effects because of the increase in 

positive charge at the analyte surface. The positions intensities of the peak from the XPS spectra 

were used to understand how much of at the surface and the chemical/elemental composition 

of the measured sample.  

3.2.6. Lumisizer 

The Lumisizer is a transformative development based on the LUMiFuge platform with extra 

important capabilities that spontaneously measures the time- and space-resolved (extinct ion) 

of the transmitted light across the entire sample length. In this work, the dispersion stability of 

polymer nanoparticle composite was observed to investigate the sedimentation and floccula t ion 

behaviour by measuring the transmission of near-infrared (NIR) light under the influence of 

centrifugal force using (LUMiSizer, Lum GmbH, Germany), a dispersion analyser centrifuge. 

The measurement was conducted by pipetting 400 μl of the sample into a polycarbonate tube 

cell. The tube was then inserted into equipment to measure the sedimentation profiles along 

the sample length during the centrifugation. The software attached to the system recorded the 

real-time transmission profiles at certain intervals. Fig. 3.4 shows (a) Lumisizer instrument and 

(b) Measurement scheme of the multi-sample analytical centrifuge with photometric detection.  
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Figure 3.4. (a) Lumisizer instrument (b) Measurement scheme of the multi-sample analytical 

centrifuge. 

3.2.7. Turbiscan 

The Turbiscan is widely used to characterise the dispersion state of the liquid material. It is 

used to directly monitor the flocculation and sedimentation behaviour of the material in realist ic 

conditions. In this project, the stability of the composites samples was determined with a 

vertical scan analyser Turbiscan MA 2000 (Formulation, Toulouse, France), as reported by 

Hebishy et al. [256].  In each case, a flat-bottomed cylindrical glass tube (external diameter 

27.5 mm, height 70 mm) containing the suspension was used. The backscattering or 

transmission of light from the suspension was then measured periodically along the height axis 

at every 40-µm interval. The results are displayed as the sedimentation profile such that the 

backscattering was against time, along with the sample height. Fig. 3.5 shows the image 

Turbiscan instrument used in this work. 
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Figure 3.5. Turbiscan instrument. 

3.2.8. Size and Zeta Potential 

Malvern instrument (Zetasizer Nano ZS) can be used to measure the size and zeta potential of 

the nanofluid. Dynamic light scattering (DLS) is a common technique used to measure the size 

distribution. The size measured is hydrodynamic size, which the sphere diameter that diffuses 

at the similar speed at which the particle is being measured. The size measurement by the 

zetesizer system is determined first by measuring the particle Brownian motion in a solution 

using DLS followed by size interpretation using established theories. The particle with smalle r 

size diffuse will move quickly while bigger particles move slowly. On the other hand, the 

measurement of zeta potential is done by the combination of measuring techniques. 

Electrophoresis and Laser Doppler velocity, which in many cases called Laser Doppler is used. 

This approach measures how fast the particle moves in the liquid when applying the electrica l 

field – i.e. its velocity. Once the velocity of the particle is known and the electrical field is 

applied, then by using the two other known constant of the sample – dielectric constant and 
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viscosity, the zeta potential can be determined. Fig. 3.6 shows the Photo of Malvern instrument 

used for size and zeta potential measurement. 

 

Figure 3.6. Photo of Malvern instrument used for size and zeta potential measurement. 
 

3.2.9. Fourier transform infrared spectroscopy (FTIR) 

FTIR is a sensitive technique that is widely applied to obtain an infrared spectrum of emission 

or absorption of gas, liquid, or solid. The instrument is particularly used for identifying organic 

chemicals in a whole range of applications, although some inorganic materials can also be 

characterized using the technique. Over a wide spectral range, the FTIR spectrometer collects 

high spectral resolution simultaneously.  

Infrared (IR) refers to electromagnetic radiation at the wavelength range of 0.7 μm to 1000 μm 

(far-IR: 400-20 cm-1 shows the changes in rotational energy level; mid-IR 4000-400 cm-1 shows 

changes in the fundamental vibrational level of most molecules; near IR: 40000-4000 cm-1 

shows the changes in rotational and vibrational levels, some low energy electron transit ions 

and overtone region, even though, for much chemical analysis the most interesting region by 

the scientist is the vibrational portion (mid-IR 4000-400 cm-1) between 2.5 μm and 25 μm [257]. 
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The technique can be applied for the quantitative and qualitative analysis since the IR spectrum 

can provide a fingerprint of each determine functionality in the measured sample, 

corresponding to the vibration frequencies between the atomic bonds within the material. 

Wavenumber is the most typical used unit for radiation in vibrational IR, which proportional 

directly to the energy. The band intensities are assigned to the concentration of the absorbed 

material and the path length of the light via the Beer-Lambert Law as illustrated in equation 

3.1. [257, 258]. 

𝐴𝜆 = 𝑙𝑜𝑔𝑇𝜆

1 = 𝑙𝑜𝑔𝐼
𝐼0 = 𝜀𝜆 𝑏𝑐 … … . … . 3.1 

Where 𝐴𝜆  is the absorbance at a given wavelength (the relative quantity of the light absorbed 

by sample); b is the path length in cm (usually 1 cm for the distance light pass through the 

chemical species); 𝜀𝜆  is the molar absorptivity at a particular wavelength (L/mole.cm); and c 

is the molar concentration of the chemical species in the sample (mol/L)? Also, expressed in 

transmittance mode as in equation 3.2:  

𝑇𝜆 =
𝐼

𝐼0

= 𝑒−𝜀𝜆𝑏𝑐 … … … . 3.2 

Where 𝑇𝜆  is the transmittance at a particular wavelength (the relative quantity of the light 

absorbed by sample); I0 is the incident radiation and is the intensity of transmitted light.  

 

Figure 3.7. FT-IR instrument (a) and schematic diagram of a Michelson interferometer (b). 
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In this work, the FT-IR spectra of all the polymers and nanoparticles, and polymer nanopartic le 

composites were recorded at ambient conditions (room temperature and pressure) using a 

Nicolet iSO FT-IR spectrometer equipped with a deuterated triglycine sulfate (DTGS) diamond 

detector to examine the chemical vibrational modes in each sample (Fig. 3.7). At the beginning 

of each measurement, a spectrum of the background was recorded. Afterward, a different scan 

up to 36 was performed at the average signal of infrared within the range of 400 cm-1 to 4000 

cm-1.  

3.2.10. X-ray diffraction (XRD) analysis 

XRD analysis is the most commonly used technique for the identification of unknown 

crystalline materials (e.g. inorganic compound, minerals). It generates information on the 

crystal structure, preferred crystal orientation (texture), phase, and more structural parameters 

such as crystallinity, average grain size, crystal defect, and strain. The XRD pattern of some 

samples in this project was obtained using XRD Philips X'Pert and/or Bruker D8 (Fig. 3.8) X-

ray diffraction connected with a LynxEye detector, the radiation source was CuKα (λ=1.54 Å) 

operating at 40 mA and 40 kV, calibrated using Si standard. To ascertain the accuracy of the 

measurement, each sample was scanned twice from 2θ angle ranging 10º to 70º with step size 

0.0495º at 1 second per step and 35 seconds per step. 
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Figure 3.8. Brucker Powder D8 advance X-ray diffractometer 
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3.3. Synthesis and characterizations of polymer nanocomposites using 

commercial polymers  

3.3.1. Reagents 

Hydrolysed polyacrylamide (HPAM) was provided by SNF FLOERGER, France, having a 

molecular weight of 10 mDa and a density of 0.9 g/cm3. Sodium chloride with the purity of 

around 99.0% was purchased from Sigma-Aldrich. Graphene oxide and carbon quantum dots 

are synthesized prior to the experiment using the procedure mentioned below.    

3.3.2. Synthesis of  graphene oxide  

Modified Hummers’ method was used to synthesise a stable graphene oxide [259]. Graphite 

powder ≈20 µm in size, hydrogen peroxide (H2O2, 36%), and potassium permangana te 

(KMnO4, 99%) were purchased from Sigma-Aldrich. Nitric acid (HNO3, 69%) and sulphur ic 

acid (H2SO4, 95%) were obtained from VWR Chemicals. Graphite powder was used as the 

starting material. A mixture of sulfuric acid and nitric acid was used for oxidation of graphite 

powder in a water-based solution. In a typical synthesis, 12 grams of graphite powder was 

prepared in a mixture of 100 ml H2SO4 and 50 mL HNO3 and stirred for 24 hours at room 

temperature. 100 ml of DI water was subsequently added to the mixture and then stirred 

continuously for another day. KMnO4 (12 grams) was added slowly in the solution keeping the 

temperature of the mixture low. This was followed by stirring for five hours. 60 ml of 36% 

H2O2 was added in an ice bath to keep the temperature low, and this suspension was stirred 

overnight. The resultant suspension was filtered using a Whatman filter paper. The filtrate was 

then washed three times with 10% HCl, centrifuged (13000 rpm for 1 hour) and the supernatant 

was discarded.  
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3.3.3. Synthesis of carbon quantum dots (CQDs) 

CQDs were facilely synthesised by one-step hydrothermal carbonisation of D-(+)-Xylose, 

according to published procedures [260, 261]. Firstly, 0.2 g of D-(+)-Xylose were dissolved in 

deionised water (20 ml). Afterward, the solution was moved into a Teflon-lined, stainless steel 

autoclave. The solution was subsequently heated for 6 h at 200 °C and then cooled to room 

temperature. The cooled solution was centrifuged for 30 min at 10,000 rpm to obtain a solid 

black carbon precipitate. The supernatant containing carbon quantum dots was filtered using a 

standard syringe filter paper and then used in the next stage.  

3.3.4. Preparation of the polymer nanocomposite mixture 

Composites of HPAM/NPs were prepared using mechanical mixing. 0.025 g of the HPAM were 

dissolved in 50 ml deionised water to achieve 0.05 wt. % HPAM solution through continuous ly 

stirring at room temperature. Different concentrations (0.01, 0.02, 0.0.4, 0.06, 0.08 and 0.1 wt. 

%) of the NPs suspension were separately added dropwise into the designed HPAM solution 

under gentle stirring at room temperature, for example, the ratio of HPAM/GO/water is 1:2:100 

when 0.05 wt.% of HPAM and 0.1 wt.% of NPs were dispersed in water. The HPAM/NPs 

suspension was continually mixed by gentle stirring using a magnetic stirrer (SB 162-3, Stuart) 

for 24 hours to allow sufficient time for the NPs to form a network with the graft polymer to 

achieve a stable composite material. Different brine (NaCl) concentrations were then added to 

the individual solutions followed by a further 24 h stirring at room temperature to investiga te 

the effect of electrolytes. While for CQDs composites with Shandong Tongli polymer, (0.05, 

0.1, 0.2, 0.4, and 0.5 wt. %) of the NPs were used. Fig. 3.9 (a) and (b) showed the schematic 

illustration of the synthesis procedure, taken HPAM/CQDs as an example of synthes is 

methods. The HPAM/NPs composites were oven-dried to obtain a powdered sample for further 

characterization. However, for SEM analysis a freeze-dried method was used resulting in the 
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powdered HPAM/NPs composites. In this section detailed characterization of the HPAM/GO 

and HPAM/CQDs composites were presented, the mechanisms behind stable composites 

formation were also provided.   

 

 

 

Figure 3.9. Schematic of the synthesis of carbon quantum dots by one-step hydrothermal 

carbonisation of D-(+)-Xylose (a) and illustration of the synthesis of the HPAM/CQDs 

composite materials (b). 

Table 3.1. Variation in the salt's components of brine's mixtures. 
 

Salt components Brines (%) 

MgCl2.6H2O 1.3 

NaCl 7.5 

Na2.SO4 0.006 

NaHCO4 0.005 

BaCl2 0.001 

CaCl2.2H2O 5.0 

(a) 

(b) 
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Notwithstanding, while making the HPAM/NPs composites, an attempt has been made to 

prepare the solution in the presence of high ionic strength brines containing different salt 

components as shown in Table 3.1. But unfortunately, the stable dispersion was not achieved 

in these conditions, even after using different dispersion stabilizers, the solution tends to 

sediments, agglomerate, or even precipitate after the preparation. An example is showing in 

Fig. 3.10 for GO/HPAM composite. However, new approaches have been explored to modify 

the NPs surface and make an in-situ synthesis of the polymer/NPs solution, the process is 

discussed as a separate section in Chapter 4.  

 

Figure 3.10. Below show some of the unstable samples prepared for GO/HPAM composite 

under the influence of complex brine salinity.  

3.3.5. Characterisation  

Morphologies of the fabricated NPs, HPAM, and HPAM/NPs composites were determined by 

scanning electron microscopy (SEM, SU8230 Hitachi). The microscope was operated at 2 kV. 

Also, a transmission electron microscopy (TEM, FEI Tecnai TF20, LEMAS center, Leeds, 

UK) was used, operated at 200 kV. The zeta potential was measured using a dynamic light 

scattering (DLS) technique (Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, UK). A 

UV-visible spectrometer (UV-1800, Shimadzu, Kyoto, Japan) was used to determine the 

particle concentrations, based on the Beers-lambert law. For this, measurements were carried 

out at a wavelength of 310 nm [262]. The stability of the HPAM/NPs composites was 

determined with a vertical scan analyser Turbiscan MA 2000 (Formulation, Toulouse, France) 
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[256]. The functionality of the PAM, the CQDs, and the HPAM/NPs composites was measured 

by a Nicolet iS10 Attenuated Total Reflectance (ATR)-Fourier transform infrared (FTIR) 

spectrometer. The pH value of the composites was determined by a Mettler Toledo pH-meter 

(Seven Compact S210). The XRD analysis was carried out on dried samples to evaluate the 

degree of polyacrylamide intercalation between the NPs layers, using a Bruker D8 X-ray 

diffraction, fitted with a Cu Kα radiation (1.54 A˚, 40 kV, 40 mA). Data was collected from a 

2θ angle ranging from 10 – 70° with a step size of 0.0495◦ at 35 s per step. The pH of the 

dispersion was measured on a METTLER TOLEDO pH meter (seven Compact S210). The 

thermal degradation of the dried samples was studied using a TGA/DSC-1 instrument (Mettler 

Toledo, England), covering the temperature range of 35 to 900 °C. A heating rate of 10 °C/min 

was used during each measurement, the system was operated under a constant flow rate of 

nitrogen gas at 50 ml/min. Proton NMR spectroscopy was carried out on the HPAM and the 

PAM/NPs composites, using advanced 600 MHz nuclear magnetic resonance spectrometer 

(Bruker Company, Ettlingen, Germany). Each specimen was tested in the deuterium oxide 

(D2O) solvent. 

3.3.6. Results and discussion  

3.3.6.1.Characterization of HPAH/GO composites  

The TEM images show typical wrinkles and a crumble-like structure of GO (Fig. 3.11a), the 

selected area of electron diffraction (SEAD), as shown in Fig. 3.11b indicates that a clear 

diffraction brightness and spotty rings that indexed to a hexagonal crystal structure of graphite. 

The SEM images show that the surface of GO is smooth, indicating that the GO nanosheet is 

attached (Fig. 3.11c). Fig. 3.9d shows that the GO exhibits strong ultra-violet light absorption 

and a clear absorption at 280 nm. The Raman spectrum of HPAM, GO, and HPAM/GO 

composites are shown in Fig. 3.12a, GO spectrum demonstrated a D-band at 1357 cm-1 and a 
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G-band at 1591 cm-1 respectively. The D-band is linked with the structural deformity relevant 

to the partly disorganised network of graphitic domains or generated by the functional group's 

attachments on the carbon basal plane. While the G-band is referred to as the E2g mode first-

order scattering. The HPAM showed a tiny symmetrical band centred at around 481 cm-1 due 

to skeletal deformation [269] and a wide sloppy band at 1667 cm-1 due to the amide-1 vibration. 

Similarly, there is a change in the frequency of amide II (primarily -NH2 bending) from 1600 

cm-1 to 1625 cm-l. The change of the amide I frequency indicates the formation of hydrogen 

bonding between two polymer chains [269]. However, the GO D-band and G-band become 

broadened in the HPAM/GO composite becoming more prominent and wide, indicating a 

considerable interaction between HPAM and GO.  

 

Figure 3.11. (a) TEM images (b) SAED (c) SEM images (d) the UV-vis spectrum of Go 

nanosheets. 
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The essence of the chemical bonding structure between the HPAM and GO was evaluated using 

FT-IR spectroscopy to understand the formation mechanisms of GO/HPAM composite as 

shown in Fig. 3.12b. For the HPAM spectrum, 1117, 1449, and 2953 cm-1 correspond to ring 

structure vibration of C-O-C stretching, methyl C-H bend, and C-H stretching vibration 

respectively. The peaks observed at 3321 and 2923 cm-1 can be attributed to the carbonyl and 

the amino group of the HPAM amides chain. The peak at 1700 cm-1 is attributed to the C=O 

(carbonyl functional group) stretching vibration while the peak at 3424 cm-1 is related to the N-

H stretching vibration. The amide I and amide II vibrational bands appear at 1650 and 1548 

cm−1 [270]. The GO sheets FT-IR spectrum shows bands at 3420, 1395.5, and 1069.7 cm−1  

which are referred to as the symmetric and asymmetric stretching vibration of O-H, the bending 

vibration of O-H and the stretching vibration of the C-O bond in epoxide group, respectively 

[271, 272]. For HPAM/GO composites, the formation new peak at 1660 cm−1 demonstrated 

that the GO -COOH was transformed into -COO− with -NH3
+ of HPAM as the counter-ions. 

Other than electrostatic interaction, hydrogen bonds also formed between the epoxy groups and 

OH of GO, and −NH2 and C-O of HPAM presence in the composite material. In GO the 

epoxide group C−O stretching (1069.7 cm−1) became weaker gradually and the GO OH 

bending peaks (1395.5 cm−1) shifted to the higher wavenumber, confirming the existence of 

hydrogen bonds. The same peaks observed at 3321, and 2923 cm-1 in the HPAM spectrum were 

also shown in the HPAM/GO spectrum but was shifted to lower wavenumber (3302 and 2859 

cm-1), indicating stable dispersion of GO/HPAM nanocomposites. New peaks appear in 

HPAM/GO at 1081 and 1451 cm-1 which were not observed concerning the near HPAM are 

due to the formation of C-O-C stretching ring structure vibration and methyl C-H bending 

vibration, respectively. These might be due to the hydrolysable covalent cross-links formation 

between HPAM and GO [108, 273]. Besides, in GO/HPAM hybrid spectrum another peak 

appears at 2953 cm-1, which indicates the formation of C-H stretching vibration, confirming 
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the formation of a covalent bond between carbon present in the GO backbone and hydrogen 

from the amide group of HPAM. 

Moreover, the formation of the N-H group at 3228 cm-1 in the spectrum of the composite is as 

a result of electrostatic interaction between the polar hydrogen in the GO and highly 

electronegative nitrogen atom present in the HPAM amide, which bound together to form 

hydrogen bond and further increases the hybrid suspension stability. Also, the absorption band 

formed at 1741 cm-1 is ascribed to carbonyl stretching vibration, the bands at 1568 cm-1 are 

responsible for –CO-NH2 bonds and a band at 1376 cm-1 represent the C-N stretching vibration. 

Accordingly, the –CO-N-H mode contributes to the C-N stretching vibration and N-H bending 

vibration, which emerges from bonding between the amide group of HPAM chains and the 

carboxylic group of the GO. Table 3.2 shows the elemental compositions for HPAM, GO and 

HPAM/GO samples analysed by SEM-EDS. 

Table 3.2. Summary of elemental compositions for dried HPAM, GO and HPAM/GO 

samples. 

Sample Elemental compositions 

 C (%) O (%) N (%) S (%) 

HPAM 64.54 23.25 10.42 1.17 

GO 59.47 40.25 0.00 0.28 

HPAM/GO  40.10 46.54 9.84 3.52 

 

NMR spectroscopy was also employed aiming to present the confirmation that HPAM molecules 

were incorporated into GO sheets using an Advanced 500 nuclear magnetic resonance 

spectrometer (Bruker Company, Ettlingen, Germany) in deuterium oxide (D2O). Fig. 3.13a and 

b show 1H-NMR of HPAM and HPAM/GO respectively. For pure HPAM, the absorption peaks at 

1.407, 2.113, and 3.321 ppm represent -CH2 protons. C-H and R-CO-NH2 were denoted in the 

absorption peaks of 6.868 and 7.609 ppm, respectively. All of these indicated that the major 

polyacrylamide functional groups are found in the spectrum [274-276]. Compared to HPAM/GO 
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spectrum, the -NH2 and -CH2 peaks in HPAM become broader and wide indicating modification in 

HPAM backbone after interacting with GO sheet, however, there are the existence of new peaks 

marks with the different shapes and symbols at 6.873 ppm for Ar-OH and 3.639 ppm representing 

R-CO-NH2 which certainly indicated how oxygen atom in GO interact with -NH2 of HPAM to form 

a hydrogen bond. The emergence of this new characteristic attraction peaks proves the successful 

grafting of HPAM chains onto the GO sheets. 
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Figure 3.12. (a) Raman Spectroscopy for HPAM, GO and HPAM/GO composites, and (b) 

FTIR spectra for HPAM, GO and HPAM/GO composites. 
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Figure 3.13. 1H-NMR for (a) HPAM and (b) HPAM/GO composites in D2O. 
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Figure 3.14. Schematic representation of the network structure of GO/HPAM composites. 

 

Considering the characterization findings, a proposed mechanistic illustration of GO/HPAM 

nanocomposite is shown in Fig 3.14. The numerous functional groups containing oxygen 

(carboxyl, hydroxyl, and epoxide groups and so on) were on the edges and basal planes of GO 

nanosheet. After interacting with the HPAM, the -COOH group presence in the GO can 

protonate the HPAM −NH2 group to generate the pairs of -NH3
+···−OOC- ion. Similarly, three 

sorts of hydrogen bonds were also observed in the composites in addition to the electrostatic 

interaction, viz: among the HPAM carboxyl groups and GO hydroxyl groups, and the 

remaining two prevailed midway around the protonated -NH3
+ of HPAM together with the GO 

epoxy groups and carboxyl groups, respectively, as proved by FT–IR analysis. Remarkably, 

the results suggested the evolution of chemical ligation between HPAM segments and GO in 

the nanocomposites. However, the composites were observed and considered stable enough to 
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circumvent the possible phase separation that can easily happen in the fabrication of the 

nanocomposites via the physical mixing of the polymer and GO.   

The static position method is the most generally used method to decide the stability of nano 

composition. It allows the sample to stand in a container for a particular period, and the distance 

or colour difference in sedimentation was observed by the naked eye [277-279]. However, this 

method cannot evaluate the true stability of our composite suspensions. As shown in Fig. 3.15, 

the sedimentation behaviour was monitored and recorded every 5 minutes for 2 hours using 

Turbiscan analyser, backscattering intensity/transmission intensity profiles versus the sample 

height. The backscattering profiles interpretation explained the changes in the backscattering 

light caused by the particle sedimentation within the sample cell. Over the period, the change 

in backscattering varies with the sample height when sedimentation occurs. However, if the 

particle dispersion is stable, over the entire sample cell no noticeable change in the 

backscattering profiles is observed. The suspensions containing 0.01, 0.02, 0.04 and 0.08 wt. 

% GO in HPAM/GO composites showed a representative example of a highly stable 

suspension. The results indicate that since there is no particle precipitation throughout the 

height of the container, no sedimentation takes place in all range of GO concentrations. This 

improved stability is associated with the change of the particle surface charge. Therefore zeta 

potential was used to investigate the incorporated amount of GO state of the surface charge in 

the HPAM/GO composites and pure samples at 70 °C. The results in Table 3.3 indicate 

negative zeta potential for all the measured samples showing improved stability. The zeta 

potential of the composites shows stronger intercalation between the HPAM and GO 

nanosheet, indicating that improved dispersion stabilisation has been achieved [274, 280].  
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Figure 3.15. Turbiscan stabilization test for 2 hours duration with scan every 5 minutes for 

HPAM, GO, and HPAM with different loadings of the GO at 60 °C. 

 

Table 3.3. Zeta potential of HPAM, GO, and HPAM/GO nanocomposites at 70 °C for 

different pH. 

Concentrations Zeta Potential (mV) 

Pure HPAM -45.1 

Pure GO -24.2 

GO/HPAM -50.5 

3.3.6.2. Characteristics of the fabricated CQDs, HPAM and HPAM/CQDs composites 

Fig. 3.14a shows images depicting the morphological characteristics of the HPAM/CQDs 

composites. The TEM image, (Fig. 3.16a), reveals that the CQDs are spherical particles, having 

diameters in the region of ~5 nm. In this, no clear aggregations were observed. Similarly, the 
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SEM of the HPAM/GQDs composites showed how CQDs nanoparticle was incorporated into 

the polymer. Thermal degradation characteristics of the CQDs, the HPAM, and the 

HPAM/CQDs composite material are presented in Fig. 3.16b. In the case of the CQDs, the 

thermogram indicates an initial weight loss (~13 wt. %) after the commencement of the heating, 

until about 100 °C. This weight loss arises due to the evaporation of loosely held water 

molecules. Tightly held water was then steadily lost (~3 wt. %) as the heating continued up to 

150 °C. A steady decrease in weight (~66 wt. %) was then observed until 600 °C, indicat ing 

the decomposition of the CQDs material. This decomposition is consistent with previous 

literature reports [281-284]. It can be seen that the HPAM and the HPAM/CQDs composite 

material showed a limited weight loss (~7 wt. %), corresponding to the evaporation of loosely 

bound water molecules. This occurs through the desorption of the molecules from the surface 

of the HPAM and the HPAM/CQDs composite at room temperature up until 150 °C. However, 

water molecules that are tightly bound to either the HPAM or the HPAM/CQDs composites 

were desorbed between 150 and 230 °C. This result indicates that water desorption occurred at 

a higher temperature in both PAM and HPAM/CQDs materials in comparison to temperature 

it occurs in the CQDs particles. The decomposition curve corresponding to heating between 

230 and 460 °C indicates the slow decomposition of the HPAM molecules compared to the 

behaviour of the HPAM/CQDs composite. This could be attributed to the amount of oxygen 

(as hydroxyl and carboxylic acid) reduction that occurs at elevated temperatures in the 

HPAM/CQDs material. It should also be noted that a significant weight loss in the HPAM 

material was observed in the region of 460 - 900 °C. This can be attributed to the release of 

ammonia molecules (deamination of HPAM), accompanying the decomposition of formed 

carboxylic groups through pyrolysis at a higher temperature. The thermal degradation and 

stability mechanisms of the HPAM and HPAM/CQDs are very complicated, which deserves 

further detailed studies by using differential scanning calorimetry (DSC), thermogravimetr ic 
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analysis/mass spectrometry (TGA-MS) and/or thermogravimetric analysis-Fourier transform 

infrared (TGA-FTIR) techniques. 
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Figure 3.16. (a) Morphological SEM (left) and TEM (right) images of the HPAM/CQDs 

composite and (b) TGA profiles for CQDs, PAM, and PAM/CQDs composites. 

 

The static position method is the most generally used method to decide the stability of 

nanofluids. The static position method allows nanofluids to stand in a container for a particular 

period, and the distance or colour difference in sedimentation between nanofluids was observed 

by the naked eye [277-279, 285]. In this study, the stability of nanofluids was determined using 
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static and dynamic tests. The selected samples were evaluated via eye test investigat ion, 

Turbiscan analysis, and zeta potential measurement. In the static position method, all samples 

remained standing for 10 days, and the stability difference between samples was observed by 

the naked eye. However, as shown in Fig 3.17 the differences were difficult to detect using 

naked eye observation. The stability behaviour of the various materials was examined by the 

sedimentation method monitored every 1 h, continuously for 24 h, using a Turbiscan analyser 

(Fig. 3.18). The technique detects changes in the backscattered light that are caused by the 

particle sedimentation within the sample cell. All of the samples with different CQD 

concentrations demonstrated no particle precipitation throughout the height of the container, 

indicating excellent stabilities. In comparison with the zeta potential of bare HPAM, the zeta 

potential of the HPAM/QCDs composite is much stronger, indicating that improved dispersion 

stabilization was achieved. For example, the zeta potential of 0.4 wt. % CQDs are ~ -20 mV 

while that of HPAM/CQDs composite reached up to ~ -55 mV due to the enhanced surface 

charges that were achieved through the addition of the HPAM material.  

 

Figure 3.17. Static position stability test for the addition of different amounts of CQDs into 

HPAM. 

In this study, the case of the suspension containing 0.05, 0.2, and 0.5 wt. % CQDs, with neat 

HPAM sample as a reference, shows a representative example of highly stable suspension (Fig. 

3.18b). The results indicate that since there is no particle precipitation throughout the height of 
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the container, therefore, no sedimentation takes place in all ranges of CQDs concentration. This 

improved stability is related to the variation of the surface charge of the particles. The state of 

the surface charge with the incorporated amount of CQDs was investigated by measuring the 

zeta potential of HPAM/CQDs composites at different temperatures, in addition to measuring 

the zeta potential of neat HPAM and pure CQDs. The results in Fig. 3.18 indicates that, 

compared with the zeta potential of bare HPAM and neat CQDs, the zeta potential of the 

composites is much stronger, indicating that improved dispersion stabilization is achieved. 

ATR-FTIR spectroscopy was employed at ambient conditions to confirm the functional group 

appearance in the prepared materials, as shown in Fig. 3.19a. In the spectrum of the CQDs, 

three peaks appear at 1117, 1449, and 2953 cm-1. These peaks correspond to the vibration of 

C–O–C stretching, the methyl C–H bending, and the C–H stretching, respectively. The peaks 

observed in the HPAM spectrum at 3321 and 2923 cm-1 can be attributed to the hydroxyl (O–

H) and the amino (N–H) groups in the HPAM material. On the other hand, a broader peak has 

shifted to lower wavenumber (3302 cm-1). This could have arisen due to the formation of 

carboxylic acid in the backbone chains of the polymer in the HPAM/CQDs composite. 

Moreover, a peak at 2953 cm-1 in the HPAM/CQDs spectrum could be related to the C–H 

stretching vibration. New peaks also appeared in the spectrum of the HPAM/CQDs at 1081 

and 1451 cm-1. These peaks are related to the formation of C–O stretching vibration and to 

methyl C–H bending vibration, respectively. This could be due to the existence/formation of 

the ester cross-link bond between the HPAM and the CQDs materials [108, 273]. Additiona lly, 

the absorption band formed at 1741 cm-1 is ascribed to carbonyl stretching vibration for the 

CQDs, as is the band at 1568 cm-1 which relates to –CO–O–C vibration stretching. There are 

other characteristic strong peaks between 1325 and 1386 cm-1, representing the fingerpr int 

region of C–O–C bonds and/or ester bonds (–CO–O–C). The appearance of new peaks proof 
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of the formation of chemical linkage between the carboxyl group in the deaminated polymer 

and the hydroxyl group in the CQDs. 

Remarkably, the results from the ATR-FTIR analyses suggest the evolution of chemica l 

ligation between the HPAM segments and the CQDs in the composite material. Concerning 

that, the composites are observed and considered stable enough to circumvent the possible 

phase separation that can easily happen in the fabrication of the nanocomposites via the 

physical mixing of polymer and carbon dots. The measured pH values (Fig. 3.19b) showed an 

increased acidity corresponding to an increase in the concentration of the CQDs. This is 

consistent with the release of –NH2 molecules, forming NH3. A more detailed explanation of 

this mechanism and chemical linkage is discussed in Chapter 6. 
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Figure 3.18. Turbiscan stabilisation tests after 24 h of HPAM and HPAM/CQDs composites 

containing different amounts of CQDs. 
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Figure 3.19.  (a) ATR-FTIR spectra and (b) monitoring of pH while the addition of CQDs to 

the HPAM solution was undertaken. 
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The XRD profiles for the PAM and the HPAM/CQDs composites are contained in Fig. 3.20. 

In the case of the HPAM/CQDs composite, two extra sharp diffraction peaks appeared at 2θ of 

31.7 and 45.5°. These are related to the existence of small crystalline fractions of the 

HPAM/CQDs composites. This suggests that introducing the CQDs into the HPAM 

transformed it from an amorphous status into a low degree of crystallinity. The NMR 

spectroscopy was used to evaluate the influence of the addition of the CQDs into the HPAM. Fig. 

3.21, shows the proton NMR results of the HPAM solutions and the HPAM/CQDs composites, 

respectively. The peaks appear at 1.4 and 2.1 ppm represent protons in –CH2. In the HPAM material, 

–CO–NH2 and C–H peaks were observed around 6.3 ppm and 6.9 ppm, respectively. These 

confirmed the formation of major polyacrylamide functional groups in the spectrum [274-276]. 

However, the –NH2 peaks in the HPAM spectrum disappear in the HPAM/CQDs composite, 

certainly proving the deamination from the polymer backbone by the presence of the CQDs. 
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Figure 3.20. XRD profiles for HPAM and PAM/CQDs composites. 
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Figure 3.21. 1H-NMR for (top) HPAM, (bottom) HPAM/CQDs composites. 
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3.4.Synthesis and characterizations of polymer using free-radical 

polymerization method 

3.4.1. Reagents  

Monomer of acrylamide (AA), isopropyl acrylamide (IAA), (3-acrylamidopropyl) trimethyl-

ammonium chloride (ATAC), 2-acrylamido-2-methyl-1-propanesulfonic acid (APSA), 4-4'-

azo-bis-4-cyanopentanoic acid (ACPA), calcium chloride, magnesium chloride, and sodium 

chloride were obtained from Sigma-Aldrich. Mineral oil with a viscosity of 42 mPas and a 

density of 0.82 kg/m3 were purchased from Kerax Ltd. (UK).  

3.4.2.  Polymer synthesis methods  

The polymers were synthesized from AA, IAA, APSA, and ATAC monomers based on the 

mass percentage describe in Table 3.4. The measured concentrations were individua lly 

dissolved in 180 ml deionized water in a round-bottomed flask. The flask was stirred in a water 

bath at 80 °C for 6 hours under reflux in the presence of nitrogen gas following the addition of 

10 mg ACPA as an initiator to obtain free radical polymerizations as shown in Fig. 3.22.  
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Figure 3.22. (Left) Set-up for the synthesis of co/ter-polymers, (Right) schematic design of 

the experimental set-up. 

 

Table 3.4. Different mixture of AA monomers during the polymerization process. 

 

      

Properties 

Sample A Sample B Sample C Sample D Sample E 

AA (g) 7.5 3.75 3.75 3.75 3.75 

IAA (g) 0 0 0 0 1.875 

APSA (g) 0 3.75 0 1.875 1.875 

ATAC (g) 0 0 3.75 1.875 0 

Conversion % 100 85 83 81 81 

PDI 1.68 2.03 2.14 4.59 5.11 

Mw,GPC (g/mol) 499573 696575 636557 721406 1106656 

Mn,GPC (g/mol) 295696 343140 297457 157055 157055 

Substitution 

ratio (%) 

AA:100 APSA:51.

6- AA: 

48.4 

ATAC:53.9- 

AA:46.1 

APSA:32.9-

ATAC:28.7- 

AA:38.4 

APSA:25.3-

IAA:30.5- 

AA:44.1 
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3.4.3.  Preparation of polymer nanocomposite using multi-wall carbon nanotubes  

(MWCNTs) 

To obtain polymer nanoparticle dispersions, the desired concentration of the MWCNTs were 

dispersed in brine (2 wt. % MgCl2, 2 wt. % CaCl2 and 8 wt. % NaCl), or solution with an 

extreme alkaline condition (pH=11). PH=11 is selected in this project because extreme pH 

affected the PAM performance in the EOR application causing the electrolyte double layer to 

shrink, which eventually reduces its viscosity and consequently leads to poor EOR 

performance. The mixture was sonicated using a probe sonicator (Fisher scientific ultrasound 

probe) at an amplitude speed of 25 percent for 5 minutes to avoid particle aggregation. The 

synthesized polymer was then added into the suspension to obtain MWCNTs/polymer 

dispersion and mixed by gentle stirring using an SB 162-3, Stuart magnetic stirrer for 24 h to 

allow sufficient time for the MWCNTs to associate with the graft polymer. A pH of the solution 

was regulated to acidic and alkali conditions with hydrochloric acid and sodium hydroxide, 

respectively using pH meter (Seven Compact Mettler Toledo, UK). The brine solution was 

stored at a fixed temperature of 80 °C in an oven, and the stability test of immovable samples 

was conducted after 7 days.  

3.4.4. Characterizations  

Proton NMR (1H-NMR) was used to evaluate the modification of co/ter-polymers using 

Advanced 500 Bruker Nuclear magnetic resonance (NMR) (resonance frequency of 400 MHz). 

Gel permeation chromatography (GPC) was also used to analyse the polymers to obtain the 

molecular weight and polydispersity using 0.1 M NaNO3 as the mobile phase. The Agilent 

Technologies Infinity 1260 MDS instrument was used for the analysis, which was equipped 

with light scattering (LS), differential refractive index (DRI), UV detectors, and viscometry 

(VS). Tosoh TSKGel GPWXL columns were set and operated at 40 °C with a 1 mL/min flow 

https://en.wikipedia.org/wiki/Gel_permeation_chromatography
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rate. The calibration was conducted between 106 to 1,368,000 g/mol using Poly(ethylene 

oxide) standards (Agilent Easy Vials). The analysed samples were filtered before injection 

through 0.22 μm pore size hydrophilic GVWP membrane. Agilent GPC/SEC software was 

used to determine the experimental molar mass and dispersity values of synthesized polymers.  

The nature of surface functionality species of the synthesised co/ter-polymers and their 

composites with MWCNTs was examined using ATR-Fourier-transform infrared spectroscopy 

(Nicolet iS10 FT-IR spectrometer). The morphology of the polymer/MWCNTs dispersion was 

investigated using a transmission electron microscope (FEI Tecnai TF20 TEM). The stability 

of MWCNTs was performed to observe the flocculation and sedimentation during 

centrifugation of MWCNTs/polymer dispersion using a dispersion analyser centrifuge 

(LUMiSizer, Lum GmbH, Germany) by recording the transmission of near-infrared light. 

Viscosity (η) of MWCNTs/polymers solution was measured using a Physica Anton Paar 

rheometer (Cone plate CP75-1, model MCR 301) at a shear range of 10-1000 s-1 at 22 °C. 

Different frequencies ranging between 1 and 100 rad/s (i.e., 0.159 to 15.92 Hz) were used for 

dynamic frequency sweep measurement. Interfacial tension (IFT) and contact angle (CA) 

measurements were performed using a pendent drop tensiometer, equipped with a temperature 

controller and digital camera used for capturing the image of the droplet.  

3.4.5. Results and discussion 

3.4.5.1. Characterization of Co/ter-polymer and MWCNTs/polymer hybrid 

The structure of the synthesized polymers consisted of hydrophilic molecular chains with 

different neutral random side chains viz: hydrophobic, cationic, or anionic as shown in Fig. 

3.23. 1H-NMR spectra of the co/ter-polymers were recorded after dissolving 10000 ppm in 

1:10 deuterium oxide (D2O) and water solution at 25 °C. The analysed NMR spectra of the 

synthesized polymers are shown in Fig. 3.24. The conversion of polymers was obtained by 
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calculating the NMR resonance ratio between the monomers and polymer units, as proposed 

by the equation 3.4 [286]. 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑆𝑝

𝑆𝑝 + 𝑆𝑚

… … … … … … … … … 3.4 

Where Sm stands for the peak area of the monomer and Sp represent the peak area of the obtained 

polymer. The conversions at the end of co/ter-polymerization have been reported in Table 3.4. 

The MastReNova software, (Mestrelab research S.L., version 6.0.2) was used to measure the 

integration peaks that contributed to the functional groups. For instance, in the 1H-NMR spectra 

of sample B, the integration peaks that appear for the functional groups of APSA and AA 

monomers after they react are 3.41 and 3.2 (equivalent to 51.6 and 48.4 substitution percent), 

respectively as illustrated in Fig 3.24i. Substitution percent of the remaining samples are shown 

in Table 3.4. 

The polydispersity index (PDI), the weight average molecular weight (Mw), and the number 

average molecular weight (Mn) of the polymers obtained by GPC are compiled in Table 3.4 

and Fig. 3.25. The outcome shows that the polydispersity of polymers increased when different 

monomers were used during polymerization. The minimum and maximum PDI belong to pure 

acrylamide polymer and partially hydrophobic polymers respectively. The higher Mw and PDI 

of partially hydrophobic polymers show the high molecular weight in sample E has a 

significant influence.  
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Figure 3.23. Schematic of side chains in co/tar-polymers molecular structure (a) Amide side 

chain, (b) Hydrophobic side chain (c) Cationic side chain, and (d) Anionic side chain. 

  

Figure 3.24. 1H-NMR spectra for different sample A: (a) AA monomer, (b) PAA, sample B: 

(c) AA-APSA monomers blend, (d) AA-APSA copolymer, sample C: (e) AA-ATAC 

monomers blend, (f) AA-ATAC copolymer, and sample D: (g) AA-APSA-IAA monomers 

blend, (h) AA-APSA-IAA terpolymer, (i) integration of peaks for sample B. 

 

(a) 
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Figure 3.24: Continues. 

 

(c) 

(b) 
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Figure 3.24: Continues. 

 

(d) 

(e) 
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Figure 3.24: Continues. 

 

(f) 

(g) 
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Figure 3.24: Continues. 

 

Fig. 3.26 depicts the ATR-FTIR spectra of different co/ter-polymers and the dispersions of 

polymer/MWCNT. In the polymer spectra, it was observed that the adsorption peak of APSA 

anionic polymer containing SO3 group appeared at 1040 cm-1 [287, 288]. The absorption band 

observed at 1037 cm-1 for copolymers containing APSA (samples B and D) decisively shows 

(h) 

(i) 
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the presence of anionic monomers in the structure of the copolymer, which confirms the 

existence of the SO3 group stretching vibrations. The vibrations observed at 967 cm-1 in 

samples C and D are attributed to the quaternary ammonium group in the ethoxylated group of 

ATAC cationic polymer [289, 290]. The adsorption bands at 1649 cm-1 and 2930 cm-1 were 

derived from C=O bonds and C-H stretching vibration, respectively. On the other hand, the 

ATR-FTIR spectrum of polymer/MWCNT composites shows almost all the peaks that appear 

in the net polymer samples but most of the peaks become weaker. Because in ATR-FTIR, the 

detection depth is normally between 1 to 2μm, but it can vary depending on the materials, for 

instance, a black sample (e.g. MWCNTs/polymer) is highly absorbing materials which tend to 

have smaller sampling depths causing the signals to be weak. New peaks at around 2200 cm-1 

are attributed to the CN stretching vibration emerging from the NH2 group in PAM and CO in 

the nanocomposites. As shown in Fig. 3.27, different approaches such as covalent linking, 

complexation through the interactions and wrapping of NH-π, CH-π, π-π were proposed using 

polymers and functionalized MWCNTs composites [291-295]. These multi point interact ions 

strengthen the polymer chains resulting in enhanced internal friction between the polymer 

chains and the molecules of the neighbouring solvents, thus improving the solution viscosity. 
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Figure 3.25. Spectra for the molecular weight distribution of polymer samples obtained from 

GPC. 
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Figure 3.26. FTIR analysis of co/ter-polymers and polymer/MWCNT composites. 
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Figure 3.27. Schematic illustration for a different sequence for MWCNTs functionalization 

via noncovalent polymer wrapping or π-stacking 

 

3.4.5.2. Stability analysis 

Polymer/MWCNTs adsorption and stability were investigated using experimental [293, 296, 

297] and MD simulation methods [298, 299]. As reported, two main factors that influence the 

stability of the MWCNTs in solution are the electrostatic repulsion between polymer chains 

when counter ions exist and the interaction of the polymer side chains with the aqueous phase. 

It has been reported that the flocculation of MWCNTs in the composites under severe 

conditions causes phase separation in an aqueous medium. The most common cations present 

in oil reservoirs are Na+, Ca2+, and Mg2+, which interact with the polyelectrolytes and 

deteriorate the polymer performance [56]. In this work, an analytical centrifugation dispersion 

analyser (LUMiSizer 6110) has been used to investigate the stability of the formed 

MWCNTs/polymer nanocomposites under harsh conditions. 

Polycarbonate capillary cells were filled with 0.5 ml of MWCNTs/polymer dispersion and 

centrifuged at 3000 rpm for 36 min which corresponds to 1 month in actual conditions. Fig. 

3.28 shows the dispersed MWCNTs containing a negative sulfonate-functional group shows 
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lower stability at acidic pH. This is presumably because of the effect of a positive molecular 

proton (H+) on the sulfonate groups. in contracts, the deprotonation of sulfonate groups on the 

copolymer was higher at alkaline pH rather than acidic pH which contributes substantially to 

electrostatic repulsive force between functionalized MWCNTs. Comparatively, high stability 

of dispersed MWCNTs/sample C was observed in positive groups of a copolymer containing 

quarterly ammonium side chains at acidic pH, because the polymers were protonated more 

effectively in low pH conditions. The effect pH variation has less significance on the stability 

of MWCNTs in solution. However, MWCNTs were shown to be unstable at both acidic and 

alkali pH in the presence of positive-negative side chains in the polyampholytic polymer 

structure (sample D) as shown in Fig. 3.28 (c). Furthermore, copolymers consisting of negative 

sulfonate functional groups (sample B) demonstrated outstanding stability in high temperature-

high salinity conditions. This is because the copolymer containing sulfonate groups can 

withstand divalent ions and sustain the steric repulsive forces between polymer branches and 

the solubility of skeleton acrylamide at high salt contents [230, 300, 301]. Therefore, the 

negative sulfonate group prevented the collapse of the polymer backbone by attracting both 

mono and divalent ions inside API brine thereby protecting the chain's repulsion of the 

acrylamide chains as presented in Fig. 3.28 (b). Fig. 3.29 shows the TEM images of the 

MWCNTs and sample B/MWCNTs as an example to illustrate the stable dispersion and 

microstructure of polymer/MWCNTs solution. MWCNTs show an array of concentric 

cylinders, polymer/MWCNTs displayed an excellent dispersion ability, showing polymer has 

been grafted to the MWCNTs, which could be used to confirm the appearance of chemica l 

bonds between the polymer and MWCNTs. Moreover, the way the MWCNTs superimpose 

with polymer is evidence that the polymer-MWCNTs interaction is strong chemical adhesion 

and not a mere physical contact.  
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Figure 3.28. Instability index of MWCNTs (1000 ppm)/polymer (1000) at (a) normal condition, (b) 

API brine and (c) pH=11. 

(b) 

(a) 

(c) 
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Figure 3.29. TEM photo of (a) MWCNTs and (b) MWCNTs/polymer (sample B) at different 

magnification. 

3.5. Chapter Summary   

This Chapter presented the synthesis and characterization of different polymers and 

polymer/NPs composites via mechanical mixing. The composites HPAM with GO and CQDs 

were prepared, five different modified acrylamide-based co/ter-polymers were produced via 

free-radical polymerization, and MWCNTs were introduced to improve the stability of the 

polymer under high temperature and in API and pH conditions. The synthesized materials were 

characterised by 1H-NMR, GPC, SEM and TEM, TGA, CHNS, FT-IR, XRD and Raman 

analysis, etc.  

The dispersion stability observed using Turbsican analysis showed that HPAM/GO and 

HPAM/CQDs composites exhibited excellent stability in the presence of NaCl but became 

unstable in API brine and complex brines. The FT-IR spectral data confirmed the formation of 

the covalent linkage and the electrostatic hydrogen bond between GO and HPAM functiona l 

groups, which helps to strengthen the hybrid stability. The analyses also showed the evolution 

a b 
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of chemical linkage between segments of HPAM and those of the GO sheets. Thus, for CQDs, 

the formation of strong covalent bonding is achieved in the composite material between the 

deaminated amine in the polymer backbone and the hydroxyl group in the CQDs.  

The polydispersity of different co/ter-polymers was varied by changing various monomers 

during the polymerization process. The polyampholytic terpolymer and polyelectro lyte 

copolymer containing negative sulfonate groups showed better enhancement in the stability of 

MWCNTs/polymer dispersions in both alkali and API brine solution, respectively, which could 

be used to select proper polymers. This improvement showed that the copolymer containing 

sulfonate groups can withstand divalent ions and sustain the steric repulsive forces between 

polymer branches and the solubility of skeleton acrylamide at high salt contents, by preventing 

the collapse of the polymer backbone, which attracted both mono and divalent ions in the API 

brine solution, thereby protecting the chains repulsion of the acrylamide chains. Although, the 

prepared composites are not very stable in a complex brine solution, but showed a great promise 

for future EOR applications.  
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Chapter 4 In-situ synthesis and characterization of modified 

polymers and polymer nanocomposite under high ionic strength 

brine 

 

4.1. Introduction  

In Chapter 3, mechanical mixing was used to produce HPAM/NPs composites, which did not 

have good stability in complex brine solutions. In this chapter, a new approach has been 

explored to create the composite via in-situ and modification methods of polymer-nanopartic les 

synthesis, and characterize it spectroscopically. The first section of the Chapter involved the 

in-situ production of GO/polymer nanocomposites via covalent functionalization of polymer 

with the partially reduced graphene oxide (rGO), followed by further modification of the 

composites using 1, 3-propane sultone, to accomplish a zwitterionic character on the 

composites surface to get material with excellent temperature stability and dispersibility in the 

presence of high ionic strength brines. The second section focusses on the in-situ synthesis of 

modified SiO2/polymer composites using (3-aminopropyl) triethoxysilane (M_SiO2) to create 

positively charged active groups that promote stronger interaction with polymer functiona l 

groups, leading to high dispersion stability in complex brine solutions.  

4.2. Synthesis and characterizations of zwitterionic-polyacrylamide 

graphene oxide nanocomposites in HT-HS Brines 

4.2.1. Overview 

This section aimed to address the stability challenges of graphene oxide/polyacrylamide 

nanocomposites in harsh conditions, by proposing a novel stabilization approach via surface 

modification of the COPAM and rGO using 1, 3-propane sultone to accomplish a zwitterionic 

character on the material surface. It has been reported that zwitterion molecules possess 
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outstanding solubility and stability in the presence of brines because of their antipolyelectro lyte 

effect [302, 303]. Resulting in the chain expansion when electrolyte materials are added and 

later promote stabilization and de-agglomeration via electrostatic chemistry (steric effects)  

[304]. Zwitterion molecules have been applied as antifouling coatings in seawater [305] and 

suggested to used potentially in enhanced oil recovery [306]. Recently, the zwitterionic 

rGO/Poly(Vinylimidazole)-co-poly(aminostyrene) composite was reported to be stable at high 

temperatures under the influence of high ionic strength brines for 90 days [303].  

Therefore, a successful GO-COPAM composite is synthesized by covalently attaching the 

copolymer of acrylamide (AA, 99%) and 2-acrylamido-(3-acrylamidopropyl) 

trimethylammonium chloride (ATAC) monomers onto the partially reduced graphene oxide 

(rGO) sheets. The resulting rGO-COPAM composites were further exposed to post-

functionalization chemistry using 1, 3-propane sultone to create zwitterion groups (species with 

functional groups, of which at least one has a positive and one has a negative electrical charge) . 

This approach has an advantage including chemical reactivity between the polymer and large 

surface area of the GO basal plane [307, 308], which further promotes the functionaliza t ion 

and ability of the adsorbed nanomaterials to be used in the area of interest [309-312]. The 

synthesized zwitterionic-rGO-COPAM composites were dispersed in APIB and FB, their long-

term temperature stability was monitored both spectroscopically and visually upon standing 

for 120 days at 80 °C. The dispersed zwitterionic-rGO-COPAM solution demonstrated 

excellent dispersion ability in both APIB and FB. 

4.2.2. Materials  

Graphite powder ≈20 µm in size, acrylamide (AA, 99%) and 2-acrylamido-(3-

acrylamidopropyl) trimethylammonium chloride (ATAC) monomers, 4-4'-azo-bis-4-

cyanopentanoic acid (ACPA), hydrogen peroxide (H2O2, 36%), potassium permangana te 



 

111 
 

(KMnO4, 99%), 1,3-propane sultone, sodium nitrite, ascorbic acid, and all salt component were 

ordered from Sigma Aldrich, sulphuric acid (H2SO4, 95%) and Nitric acid (HNO3, 69%)  were 

obtained from VWR chemicals. No further purification was done on the chemicals before use.  

4.2.3. Synthesis of the copolymer of acrylamide 

GO was synthesized via modified Hummers methods as described in Section 3.3.2. The 

copolymer of AA and ATAC (COPAM) were synthesised via free-radical polymerisation [167, 

221]. The polymerization was carried in a three-neck bottom reactor, equipped with a reflux 

condenser, nitrogen inlet gas, and mechanical stirrer as shown in Fig. 4.1. Initially, the reactor 

was charged with a dissolved mixture of AA and ATAC monomers in 80 mL degassed and 

distilled water. An oil bath was prepared, and the reactor was placed inside. The solution was 

sprinkled under an inert atmosphere for 30 min while stirring. 10 mg of water-soluble ACPA 

initiator was added to the reactor to trigger the reaction. The mixture undergoes 6 h heating at 

80 °C while string and then cool down at room temperature to afford the clear and viscous 

product. The solution was precipitated into acetone and allow to dry overnight under vacuo at 

60 °C.  
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Figure 4.1. Experimental set up for polymerisation process. 

4.2.4. Synthesis (preparation) of graphene oxide polymer composites 

Graphene oxide was dispersed in distilled water to obtain 1 mg/mL with up to 30 mL total 

solution. In order to obtain partially reduced GO (rGO), 15.1 mg of L-Ascorbic acid was 

included in the solution followed by 1 h gentle stirring at 60 °C, the solution was cool down 

and used immediately in the next stage. In a separate container, 3 mg/mL of COPAM was 

dissolved in 50 mL water while stirring for 5 min under sonication and allowed to cool down. 

The cooled rGO dispersion was then slowly added to the COPAM solution followed by 30 min 

stirring. The mixture of rGO-COPAM was sonicated for 30 min followed by overnight stirring 

at 60 °C and later reduced in vacuo (concentrated). Subsequently, the solution was centrifuged 

for 15 min at 5000 rpm to induce flocculation after acetone was added. The product was freeze-

dried to obtain a solid rGO-COPAM composite. 
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4.2.5. Synthesis of zwitterionic polymer composites 

The zwitterionic-rGO-COPAM composites were prepared by modification using 1, 3 propane 

sultone following the procedure published in the previous literature [303]. The amount of 1, 3 

propane sultone was experimentally decided after conducting many experiments to determine 

the effect of different 1, 3 propane sultone concentrations in COPAM solubility and viscosity. 

Different concentration of 1, 3 propane sultone (0.05 wt.%, 0.15 wt.%, 0.25 wt.%, 0.35 wt.%, 

0.45 wt.%, and 0.55 wt. % was dispersed into the COPAM solution followed by gentle stirring 

at room temperature and observed their changes in solubility overnight, also, their viscosity 

was subsequently measured. However, both the solubility and viscosity remain the same in all 

the concentrations as shown in Fig 4.2. Therefore, the amount of 1, 3 propane sultone was 

selected based on the previously published procedure [303]. The rGO-COPAM was dispersed 

in 100 mL water under sonication at room temperature, followed by the addition of 350.2 mg 

of 1, 3-propane sultone [303]. The above combination was then transferred into a three-neck 

bottom flask and refluxed overnight under an inert atmosphere (nitrogen gas with low 

reactivity). The mixture undergoes 15 min centrifugation at the speed of 2500 rpm and then the 

supernatant was decanted. The resulting solution was then cleaned with methanol and distilled 

water (1:9). The obtained zwitterionic-rGO-COPAM composite was sealed and stored in a 

clean container after removing the methanol in vacuo. 
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Figure 4.2. (a) Pure COPAM solutions with different concentrations of 1, 3 Propane sultone, 

(b) Viscosity of pure COPAM with different concentrations of 1, 3 Propane sultone. 

4.2.6. Preparation of brine solutions  

American Petroleum Institute brine (APIB) was obtained by dissolving 5.0 g calcium chloride 

dihydrate and 20.0 g of sodium chloride in 225 mL distilled water. Formation brine (FB) was 

achieved by dissolving 24.9 g calcium chloride dehydrate, 37.3 g Sodium chloride, 0.26 g 

sodium bicarbonate, 0.3 g sodium sulfate, 6.6 g magnesium chloride hexahydrate and 5 mg 

barium chloride, in 500 mL distilled water. The percentage of individual salts are shown in 

Table 4.1. 
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Table 4.1. Variation in the salt's components of brine's mixtures 

Salt components FB (%) APIB (%) 

MgCl2.6H2O 1.3  

NaCl 7.5 8 

Na2.SO4 0.006  

NaHCO4 0.005  

BaCl2 0.001  

CaCl2.2H2O 5.0 2 

 

4.2.7. Stability of zwitterionic-rGO-COPAM in brine’s solutions 

Firstly, 90 mL of the respective brine solutions were added into each of the two separate capped 

containers labeled APIB and FB containing 10 mL of the zwitterionic-rGO-COPAM composite 

to obtained 9:1 ratio. After 5 min sonication of the solutions, it was then stored at 80 °C 

uninterrupted in an oven. A portion of each sample was taken for characterization before the 

storage and after 24 h (1 day), then subsequently after the intervals of 10, 30, 60, 90, and 120 

days, respectively. Photos of the extracted solutions were taken on those days for comparison 

as shown in Fig. 4.9. 

4.2.8. Characterization 

The proton NMR of the polymer was evaluated on a JEOL-600 NMR spectrometer. Deuterium 

oxide (D2O) solvent was used for field-frequency lock, and the observed proton chemical shifts 

are reported in parts per million (ppm). The Agilent Technologies Infinity gel permeation 

chromatography (1260 MDS, GPC) was applied for determining the molecular weight of the 

polymer. 0.1 M NaNO3 was used as a mobile phase for the molecular weight and polydispers ity 

analysis. The samples were filtered by 0.22 μm pore size GVWP hydrophilic membrane before 

injection. The functionality of the samples was measured by attenuated total reflection (ATR)-

https://en.wikipedia.org/wiki/Gel_permeation_chromatography
https://en.wikipedia.org/wiki/Gel_permeation_chromatography
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Fourier transform infrared (FTIR, Nicolet iS10). The data were recorded within the frequency 

range of 4000-400 cm−1 at a spectral resolution of 4 cm-1. The percentage of chemica l 

composition was determined on elemental (CHNS-O) analyser (CHNS-O Analyser, Thermo 

Scientific FLASH 2000). X-ray photoelectron spectroscopy (XPS) spectroscopy was also used 

to evaluate the elemental analysis for prepared composites. The thermal degradation analys is 

was performed using DSC-3/ TGA/ (Mettler Toledo) stare system. It was operated under 

nitrogen gas at 50 mL/min flow rate and heating range between 35 to 900 °C with an interva l 

of 10 °C/min. A scanning electron microscopy with high-performance cold-field emission 

(CFE-SEM, SU8230 Hitachi, Leeds Electron Microscopy and Spectroscopy Centre, UK) 

operated at 2 kV and transmission electron microscopy operated at 300 (TEM, FEI Titan 

Themis Cubed 300, Leeds Electron Microscopy and Spectroscopy Centre, UK) were used to 

observe the surface morphology. Energy-Dispersive X-ray spectroscopy (EDX, Oxford INCA 

350) attached to the SEM was used to identify the elemental compositions and location of the 

element. The sedimentation behaviour of both GO-COPAM and zwitterionic-rGO-COPAM 

composites were evaluated after the initial preparation stage in APIB and FB using Turbiscan, 

a vertical scan analyser (MA 2000, Toulouse, France), using the procedure reported in the 

literature [256]. Percent transmittance (%T) spectra of the zwitterionic-rGO-COPAM solution 

in both APIB and FB samples was observed using Varian Cary 6000i UV-vis spectroscopy in 

quartz cuvettes. The zeta potential together with the particle size distribution was measured by 

dynamic light scatting (DLS) technique using a Malvern Nanosizer. The dispersion stability of 

the zwitterionic-rGO-COPAM composite was observed to investigate the sedimentation and 

flocculation behaviour by measuring the transmission of near-infrared (NIR) light under the 

influence of centrifugal force using (LUMiSizer, Lum GmbH, Germany), a dispersion analyser 

centrifuge. The measurement was conducted by pipetting 400 μl of the sample into a 

polycarbonate tube cell. The tube was then inserted into equipment to measure the 
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sedimentation profiles along the sample length during the centrifugation. The software attached 

to the system recorded the real-time transmission profiles at certain intervals.  

4.2.9. Results and Discussion 

4.2.9.1. Characterizations  

The polydispersity index (PDI), the weight and number average molecular weight (Mw and Mn) 

of the polymer observed using GPC are shown in Table 4.2. The 1H-NMR spectra of the 

COPAM were recorded after the sample was dissolved in D2O as shown in Fig. 4.4. The peak 

at 1.4 ppm and around 3.1-3.7 ppm showed the presence of the methyl and ethylene protons in 

the polymer units. The peaks between 2.0-2.4 ppm indicate the existence of methane (–CH3) in 

the polymer backbone. R–CO–NH2 and C–H absorption peaks were observed at 7.6 and 6.9 ppm, 

revealing the formation of major polyacrylamide functional groups in the polymer spectrum [286]. 

The XPS (Fig. 4.5) and CHNS-O (Table 4.3) analysis of the dried samples confirmed that C, 

N, O are presence in both GO-COPAM and zwitterionic-rGO-COPAM composites, with the 

addition of sulfur in zwitterionic-rGO-COPAM sample, which confirmed the successful 

functionalization of the material using 1, 3-propane sultone. 

Table 4.2. Properties and elemental compositions of the polymer. 

Properties Mw 

(g/mol) 

Mn 

(g/mol) 

PDI Elemental compositions (%)     

C           N          H         O        S 

COPAM 343140 297457 2.14 47.96 15.63 8.66 26.73   0 

zwitterionic-rGO-COPAM / / / 37.36 10.77 5.88 44.56 1.43 
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Figure 4.3. Schematic of synthesis methods of COPAM, GO-COPAM, and zwitterionic-rGO-

COPAM composites. Stage 1 represents the COPAM synthesis stage, stage 2 showed the 

reduction of GO to rGO followed by the inclusion in the polymer solution, stage 3 showed how 

1,3-propane sultone was added to create a zwitterionic character on the composite surface.   

 

Figure 4.4. The NMR analysis of copolymer of acrylamide synthesized via free radical 

polymerisation. 
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Figure 4.5. XPS spectrum of (a) GO-COPAM showing the presence of nitrogen, oxygen, and 

carbon and (b) zwitterionic-rGO-COPAM composites illustrating the presence of sulfur, 

nitrogen, oxygen, and carbon. The presence of the Mn peak in the GO-COPAM spectrum is 

presumed to emerge. 

 

(a) 

(b) 
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Fig. 4.6 depicted the ATR-FTIR spectra of GO, COPAM, and zwitterionic-rGO-COPAM 

composites. The spectrum of GO sheets displayed the bands at 1069.7, 1395.5, and 3420 cm−1  

representing C-O stretching, O-H bending, and O-H asymmetric/symmetric vibrations of the 

GO epoxide group [271, 272]. In the COPAM spectrum, it was observed that the vibrations 

peak at 967 cm-1 is representing the quaternary ethoxylated group of ammonium molecules in 

ATAC cationic monomer [289, 290]. The peaks at 1649 cm-1 and 1117 cm-1 denoted the 

adsorption bands of C-O-C bonds and C-H stretching vibrations, the 3321 and 1700 cm-1 peaks 

corresponds to the carbonyl (C=O) functionalities while the amide vibrational bands emerged 

around 2923 and 1548 cm−1 respectively [270]. Contrarily, the spectrum of zwitterionic-rGO-

COPAM samples showed the combination of peaks found in GO and COPAM samples. 

Although in the GO spectrum, the peak at 1069.7 cm−1 became weaker and peak at 1395.5 cm−1  

shifted to the higher wavenumber, these might be due to the hydrolysable covalent cross-links 

formed between COPAM and GO [108, 273]. Similarly, the peaks observed at 2923 and 3321 

cm-1 in the COPAM spectra were also seen in the composites while shifted slightly to lower 

wavelength (2859 and 3302 cm-1), elucidating the formation of hydrogen bonds. The additiona l 

absorption peak at 1040 cm-1 on the composites materials corresponds to the SO3 group from 

1,3-propane sultone leading to the formation of the anionic character of the zwitterionic-rGO-

COPAM structure that promotes the dispersion stability in the presence of high ionic strength 

brines [287, 288, 303]. TGA analysis was carried out between 25 to 900 °C heating, the TGA 

curves of COPAM, GO-COPAM, and zwitterionic-rGO-COPAM samples are shown in Fig. 

4.7. The TGA analysis demonstrated that between 50 °C to 150 °C all three samples displayed 

a negligible weight loss, as a result of the surface desorption of water molecules. It can also be 

observed that, compared to COPAM and GO-COPAM samples, the zwitterionic-rGO-COPAM 

composites show smaller weight loss overall, indicating a highly stable material at the harsh 

conditions which are due to the presence of SO3 group of the zwitterion character. However, 
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the weight lost on COPAM is roughly divided into three stages, at around 400 °C, almost 20% 

of the sample weight was lost, at around 700 °C almost 12% loss was observed, and more than 

3% weight loss was observed after heating up to 900 °C, corresponding to the minor 

disintegration of the surface components on the polymer. Contrarily, the neat polymer showed 

significant loss of weight (~45%) until 350 °C, probably because of the polymer 

decompositions at elevated temperature, more weight loss followed on the same material to 

around 80% from 450 °C and above which is because of ammonia evolution and chain scission 

of the polymer at high temperature [313-315]. Overall, the zwitterionic-rGO-COPAM 

composites have high temperature durability because of the covalent functionalization that 

occurred between the COPAM and rGO. 
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Figure 4.6. FTIR spectra of GO, COPAM, and zwitterionic-rGO-COPAM nanocomposites. 
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Figure 4.7. TGA profiles of COPAM and zwitterionic-rGO-COPAM nanocomposites. 

 

The TEM and SEM images of the GO nanosheets are shown in Fig. 4.8a and b, the TEM 

images show exemplary crumble and wrinkles- like nature of GO. The SEM image described 

the smooth surface of GO, confirming that the sheets in the GO are linked to one another. Fig. 

4.8c and d showed stable dispersion of the freeze-dried zwitterionic-rGO-COPAM composites 

via SEM analysis, the microstructure of the materials composites material indicated that the 

polymer has been grafted to the GO sheets, supporting the appearance of chemical bonds in the 

composites. More so, the superimposition of GO with the COPAM proof that the zwitterionic-

rGO-COPAM interaction is not only physical contact rather a strong chemical adhesion [303, 

316]. The SEM-EDX reaffirms the existence of C, N, O, and S in the composites material as 

illustrated in Fig. 4.8e. The presence of C, O, N, and S is also confirmed by elemental analys is 

and the percentage of each element is shown in Table 4.2. Interestingly, the appearance of S 

in the EDS mapping and elemental analysis of the zwitterionic-rGO-COPAM proposed that 
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some functionalization of the sample has successfully occurred together with the polymer chain 

alkylation which results after reacting with 1,3-propane sultone. The concentration of 

zwitterionic-rGO-COPAM in aqueous dispersion was obtained when the known volume of the 

sample was dried in a vacuo.  

 

 

 

 

4.2.9.2. Dispersion stability analysis 

The ability to address the challenges of polymer nanoparticle composites stability at high 

temperature and high ionic strength into oil reservoirs conditions is presented in this work.  

C S N O 

(a) (b) 

(c) (d) 

(e) 

Figure 4.8. (a) TEM and (b) SEM images of graphene oxide nanosheets synthesized via modified 

Hummer’s methods, (c) SEM image of zwitterionic-rGO-COPAM nanocomposites, (d) SEM 

mapping of zwitterionic-rGO-polyacrylamide sample, where the elements are represented by 

different colours (pink; Nitrogen, yellow; Sulfur, green; Oxygen and red; carbon), and (e) elemental 

analysis of zwitterionic-rGO-COPAM extracted from SEM mapping. 
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Firstly, in the preliminary evaluation, I pursue to select polyacrylamide and graphene oxide 

nanosheets as a nanocomposite of interest to produce a modified composite that stabilize s under 

high ionic strength to build on the stabilization issue has been encountered on HPAM/GO 

composites preparation via direct mixing as shown in Fig 3.9. To establish the guideline for 

stability and dispersion, two testing brine were selected: (1) APIB and (2) FB: which is 

normally discovered predominantly in deep oil reservoirs. The composition and relative weight 

percentage of salts are shown in Table 4.1. In comparison to APIB, the FB possess a much 

complex variety of salt and an unquestionably greater number of divalent ions. A preliminary 

study was initiated on the synthesized composite (GO-COPAM), these studies reveal that the 

composites were unstable in both mixtures of APIB and FB after sample preparation stage and 

one day aging at 80 °C as illustrated in Fig. 4.9. This happened because of the electrostatic 

cross-linking between GO sheets causes by divalent ion and consequently led to the 

destabilization of the solution. 

 

 

Figure 4.9. GO-COPAM dispersion in APIB and FB showing unstable mixture after the 

preparation stage and one day aging at 80 °C. 

 

API API FB FB 

After 1 day aging at 80 °C 

 

At preparation stage 
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As disused in the introduction section, zwitterionic species and poly-zwitterions provide good 

dispersibility in harsh conditions such as high ionic strength brines because they exhibit the 

antipolyelectrolyte effect [302]. Therefore, a copolymer containing sulfobetaine zwitterionic 

groups was developed in this project. In the first instance, a copolymer of acrylamide and 2-

acrylamido-(3-acrylamidopropyl) trimethylammonium chloride was prepared via free radical 

polymerization at 80 °C for 6 h using ACPA as initiator as shown in Fig. 4.3 (stage 1). The 

interaction between COPAM and GO sheets occurred through hydrogen bonding and covalent 

functionalization of amino groups in the polymer chain producing a covalent attachment with 

graphene basal plane as depicted by FTIR analysis as shown in Fig. 4.6. 

In the first place, the GO was partially reduced through the interaction of L-ascorbic acid to 

enhance the GO graphitic domains that improve the stability and enable interaction with the 

polymer chains. The cooled solution of partially reduced GO (rGO) was later added to the 

COPAM solution as illustrated in Fig. 4.3 (stage 2). The obtained rGO-COPAM was separated 

by precipitation, cleaned, as well as further consequent reaction with 1,3-propane sultone which 

leads to the formation of zwitterionic character on the rGO-COPAM composites (zwitterionic-

rGO-COPAM) as seen from Fig. 4.3 (stage 3). It would be expected for the purely zwitterionic 

polymer to be charge-free, but this new zwitterionic-rGO-COPAM probably has anionic 

groups arising from the sheets of rGO enabling materials stabilization. In our finding the zeta 

potential (Fig. 4.14b) showed that the surface charge of the prepared material is anionic 

(negative charge), which is due to the ionization of phenolic and carboxylic acid groups in the 

solution [317-319]. Confirming that the formation of a stable GO-COPAM solution should be 

promoted not just by the hydrophilicity of the GO but the electrostatic repulsion.  
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Figure 4.10. Initial stability test observed using Turbiscan analyser to understanding the extent 

of sedimentation of the GO-COPAM in (a) APIB and (b) FB and zwitterionic-rGO-COPAM 

in (c) APIB and (d) FB after preparation, with scan every 5 minutes for the duration. 
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American Petroleum Institute-Brine 

       

Formation brine 

        

Figure 4.11. Image of the portion of stable composite dispersions taken after storage at 80 °C 

for 0, 1, 10, 30, 60, 90 and 120 days in the presence of APIB (top) and FB (bottom). 
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Figure 4.12. Schematic illustration showing the trends of stable and unstable composites 

solutions. 

The long-term thermal stability and dispersibility of the aqueous zwitterionic-rGO-COPAM 

mixture in APIB and FB at 80 C was investigated. 10 mL of the composites was added to 90 

mL of each of the individual brine solution to obtain 100 mL mixture. 5 min sonication of the 

mixture was conducted to obtain a homogeneous dispersion which is aggregates free after 

visual inspection. Before aging the samples, both GO-COPAM and zwitterionic-rGO-COPAM 

composites undergoes initial stability testing using a Turbiscan analyser to monitor the 

sedimentation behaviour by the transmission or backscattering profile against the sample height 

with scan every five minutes for different time intervals (2h, 6h, 12h, and 24h) as shown in 

Fig. 4.10. The transmission/backscattering profiles use the light rays to capture the changes in 

the particle sedimentation within the measuring cell. At a certain interval of time, when 

sedimentation occurs, the changes in transmission or backscattering varies with the sample 

height. In this work, the GO-COPAM sample showed significant sedimentation in both APIB 

and FB after 24 hr scan as shown in Fig 10a and b, whereas, the zwitterionic-rGO-COPAM 
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composites displayed excellent stability in both APIB and FB throughout the scanning period 

as can be seen in figure Fig 4.10c and d.  

To under the long-term stability of zwitterionic-rGO-COPAM composites, the solution was 

stored and left undisturbed at 80 C for 120 days. A small portion of each of the prepared 

dispersion was taken for spectroscopic analysis at the initial preparation stage and after 1 day 

(24 h) followed by 10, 30, 60, 90, and 120 days for characterization. Photos of the aliquots are 

taken for visual stability test and no notable indication of settling, sedimentation, or instability 

of the zwitterionic-rGO-COPAM dispersion was observed in each of APIB or FB as shown in 

Fig. 4.11. However, for quantitative analysis, the dispersion stability was first examined by 

measuring the UV-vis spectroscopy of the samples. As can be seen in Fig. 4.13 the results at 

preparation stage and after aging until 120 days at 80 C showed a slight difference in the APIB 

solution, but changes were observed in FB dispersion especially at 120 days of storage, 

showing superimposable character were the peak of GO dispersion-shifted from >230, and the 

absorption in the whole spectral region increase with time, proving that the composite stability 

in the FB reduces at 120 days. 
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Figure 4.13. UV-vis spectra of zwitterionic-rGO-COPAM solution after 1, 10, 30, 60, 90 and 

120 days aging at 80 °C in APIB (a) and FB (b). 
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Figure 4.14. Hydrodynamic size (a) and zeta potential analysis (b) of the zwitterionic-rGO-

COPAM solution after 0, 1, 10, 30, 60, 90, and 120 days aging at 80 °C in APIB and FB. 

 

             

             

Figure 4.15. Trends of instability index versus time for zwitterionic-rGO-COPAM dispersion 

in the presence of APIB (left) and FB (right) after 0, 10, 30, 60, 90 and 120 days aging at 

80 °C. 
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Figure 4.16. Styles of light transmission across the test tube for zwitterionic-rGO-COPAM 

dispersion in the presence of APIB (a) and FB (b) after 0, 10, 30, 60, 90 and 120 days aging 

at 80 °C. 
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Figure 4.16. Continues.  

 

The stability of the zwitterionic-rGO-COPAM composite at high temperature in the brines was 

further confirmed by the changes in hydrodynamic diameter (HD) or size and zeta potential 

using the DLS technique as shown in Fig. 4.14. The DLS results revealed that the average HD 

of the pure GO sheet in water was 701  80 nm. At the initial preparation stage of the composite , 

the average HD was found to be 900  10 nm and 1015  11 nm in the API and FB brine 

solution, respectively. However, the diameters reduce to 870 and 928 after one day of aging 

displaying good stability with time, showing a diameter of approximately 750 nm over the 

storage period in both APIB and FB. Zeta potential analysis also showed the improvement in 

stability with zwitterionic-rGO-COPAM composite at both APIB and FB over the storage time, 

it was observed that the zeta potential value of the particles starts to improve after aging at 80 

°C compared to that of the initial preparation, it became approximately -38  3 mV in APIB 

and -32  2 in FB. Although, in FB after 120 days aging the zeta potential decreases to around 

-24  2 mV, which is inconsistent with the obtained UV-vis spectroscopy analysis. The 

(60 days) 

(30 days) 

(120 days) (90 days) 
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composite dispersion in brine was assumed to agree with the behaviour of pseudo-spherical 

nanoparticles where the rGO nanosheets wrapped by the chains of zwitterionic-COPAM. At 

high ionic strength brines, the presence of electrolyte ions can enhance the interactions of the 

ionic groups in the zwitterionic sulfobetaine polymers, creating the chain's expansion by 

providing adequate steric repulsion thereby preventing the flocculation/aggregation of the 

composite materials [302, 304]. 

The dispersion stability of zwitterionic-rGO-COPAM was also investigated using LUMiSize r-

6110 to understand the sedimentation behaviour as described in the literature [320, 321]. As 

can be seen from Fig. 15 and Fig. 4.16, the stability of the dispersion becomes more obvious 

with aging in both APIB and FB, although after 120 days in FB, the instability index starts to 

increase which is also supporting the observation made in UV-vis and zeta potential analys is. 

This is probably because the GO nanosheets start to agglomerate after 120 days due to the 

presence of complex salt thereby creating a higher open particle bed structure which aggregated 

more by the applied centrifugal force. Overall, based on visual and spectroscopic analysis, the 

zwitterionic-rGO-COPAM displayed outstanding and promising stability in the presence of 

high ionic strength brines including CaCl2 and MgCl2, because there is no observable 

flocculation or precipitation and only negligible differences were observed over time in the 

monitored transmittance. Therefore, it could be revealed that the relative stability of the 

composite's dispersion may likely be prolonged above 120 days in APIB [303] because up to 

the storage period spent in this experiment there was a negligible formation in destabilisa t ion 

of the formed materials, but no longer than 90 days in complex formation brine.  
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4.3. Synthesis and characterization of polyacrylamide-amino functionalized 

nanosilica composites at the harsh condition   

4.3.1. Overview  

Stability of SiO2/polymer is challenging in high ionic strength of brine, due to NPs 

agglomeration which causes large numbers of silanol groups that shelter the SiO2 surface to 

aggregates. The lack of good SiO2 dispersion was also considered to be a result of their 

preferred face-to-face stacking in agglomerated/aggregated tactoids [233], which leads to 

severe agglomeration and sedimentation in a harsh environment [234]. In addition, when SiO2 

NPs and a polymer are mixed, it takes a long time to form a well-dispersed mixture, which 

greatly decreases the potential field application of NP-based systems [48]. It has been shown 

that the hydrophilic nature of SiO2 NPs decreased the physical strength to interact with the 

polymer matrix that has a hydrophobic structure, making the dispersion more difficult [235, 

236].  

Aiming to address these two challenges facing SiO2/HPAM dispersion, this section proposed 

a novel surface modification approach to produce a well-dispersed SiO2 mixture, and use them 

for in-situ synthesis of COPAM to form a stable nanocomposite. SiO2 NPs were modified by 

functionalizing the surface with (3-aminopropyl) triethoxysilane (M_SiO2) to create positive ly 

charged active sites to produce monodispersed particles. In addition to conventional hydrogen 

bonds, positively charged surfaces allow strong coordination bonds with the COPAM’s 

negative charged side chain, reinforcing its stability under HS conditions.  

4.3.2. Materials 

2-Acrylamido-2-methyl-1-propanesulfonic acid (APSA, 99%), acrylamide (AA, 99%), 4-4'-

azo-bis-4-cyanopentanoic acid (ACPA) monomers and SiO2 NPs (12 nm, ≥99.0% purity) were 
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obtained from Sigma-Aldrich. Polydimethylsiloxane, (3-aminopropyl) triethoxysilane 

(APTES, 99%), trimethylsiloxy terminated, high viscous silicon oil (M.Wt. 9000) were 

obtained from Alfa Aesar and triethylamine (TEA, 99%) was acquired from VWR 

International. The obtained reagents and chemicals were employed directly without any extra 

purification. 

4.3.3. Synthesis methodologies 

4.3.3.1. Synthesis of amino-functionalised nanosilica 

Modified SiO2 (M_SiO2) was obtained by functionalising SiO2 NPs with APTES. Firstly, 6.0 g of 

SiO2 was put in a clean container followed by the addition of 100 ml ethanol and then stirred at 

ambient temperature for 2 h. Different APTES concentrations (see Table 4.3) was dissolved in 100 

ml (90/10, v/v) of ethanol/water. Subsequently, the dispersion of SiO2 and solution of APTES were 

introduced into a container, 2.5 ml TEA was added to the mixture and stirred for 4 h at 80 °C to 

achieve the modification. The resulting material was separated using a centrifuge and then rigorous 

washing was performed using ethanol. The dried product was obtained in a vacuo after 24 h at 80 °C 

and the M_SiO2 suspension was obtained and sealed in a clean container. Table 4.3 shows five 

different synthesised M_SiO2 samples.  Elemental compositions for all samples were measured using 

CHNS-O analyser while % of amino groups in all samples were quantified from TGA curves. 
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Table 4.3. Properties of SiO2 and M_SiO2 samples. 

Sample 

code 
NP (g) 

APTES 

(g) 

Elemental compositions (wt. %) Amino group 

content (%) 

Zeta potential  

(mV) N C H 

SiO2 6.0 0 0.00 0.00 0.00 0 -20.2 

MSiO2-1 6.0 0.4 1.64 4.88 1.22 4.6 -24.7 

MSiO2-2 6.0 0.8 1.70 5.15 1.25 4.8 -32.4 

MSiO2-3 6.0 1.6 1.77 5.61 1.31 5.8 -34.8 

MSiO2-4 6.0 2.4 1.85 6.09 1.40 6.4 -37.3 

MSiO2-5 6.0 3.2 2.07 6.20 1.41 7.3 -44.7 

 

3.3.3.2. Synthesis of polymer and NPs/polymer composites 

The polymer and NPs/polymer composites were prepared in-situ through a free-radical 

polymerisation. The mixture of AA and APSA monomers, with the amount in gram as shown 

in Table 4.4 was dissolved in 80 ml deionised water. The NPs dispersion was obtained by 

dispersing 0.6 g of either SiO2 or M_SiO2 NPs in 40 ml of deionised water and sonicated at 

ambient temperature for 30 min. The monomer solution along with NPs dispersion was poured 

into a three-neck bottom glass container and followed by 30 min stirring under an inert 

atmosphere using a magnetic stirrer at 200 RPM. ACPA was added (10 mg) as an initiator to 

trigger the free-radical polymerisation reaction and the reaction was then gently mixed, using 

a magnetic stirrer, for 6 h at 80 °C under reflux. The polymerisation reaction was performed 

under nitrogen gas. For the investigation, one NP-free PAM was synthesised similarly as a 

contrast sample as shown in Table 4.4. 
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Table 4.4. Properties of polymer and polymer nanocomposite. 

Sample 

Monomers 

(g) NPs type/ 
amount (g) 

Mwt,GPC 

(g/mol) 

Elemental compositions (wt. %) 
Zeta 

potent
ial 

(mV) AA APSA N C H S O 

NP-free COPAM 3.75 3.75 --- 696575 11.91 41.82 6.31 5.93 34.03 -28.7 

SiO2/COPAM 3.75 3.75 SiO2/0.6 --- 12.07 40.98 7.11 7.22 32.62 -29.9 

M_SiO2/COPAM 3.75 3.75 M_SiO2/0.6 --- 11.91 40.65 6.19 6.94 34.31 -49.6 

 

4.3.4. Characterisation of nanoparticles and hybrid systems  

Chemical composition was determined on elemental (CHNS-O) analyser (Thermo Scientific 

FLASH 2000 CHNS-O Analyser). The particle size distribution (PSD) and zeta potential were 

measured by Malvern Nanosizer based on the dynamic light scatting (DLS) method. The 

stability of M_SiO2 over sedimentation and flocculation behaviour was performed using a 

dispersion analyser centrifuge (LUMiSizer, Lum GmbH, Germany) to record the near-infrared 

(NIR) light transmission during the centrifugation processes. This multi-sampler analytica l 

centrifuge can reveal instantaneously the differences in the particle concentration by 

transmitting NIR-light through the sample length and allow the measurement of the extinct ion 

profiles during centrifugation. The NMR analysis of polymer was evaluated on a JEOL-600 

NMR spectrometer using D2O as a solvent. The TGA/DSC-3 Mettler Toledo stare system was 

used for the thermal degradation analysis. The system was programmed to heat between the 

ranges of 35 to 900 °C with an interval of 10 °C/min, the system was operated under a constant 

flow rate of nitrogen gas at 50 ml/min. The amount of the APTES loaded on the NPs was 

calculated from the data obtained on the TGA weight loss ranging between 400 and 650 °C. 

The functionality of the samples was analysed by attenuated total reflection-Fourier transform 

infrared (ATR-FTIR, Nicolet iS10). The data was collected within the range of wavenumber 

between 4000 and 400 cm−1 at a spectral resolution of 4 cm-1. A cold-field emission scanning 
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electron microscope (CFE-SEM, SU8230 Hitachi, Leeds Electron Microscopy and 

Spectroscopy Centre, UK) operated at 2 kV for imaging and 15 kV for spectroscopy and 

transmission electron microscope operated at 300 kV (TEM, FEI Titan Themis3 300 with a 

Gatan OneView, LEMAS Centre, UK) was used to observe the surface morphology. The SEM 

was coupled with an energy dispersive X-ray spectrometer (EDX, Oxford Aztec 80 mm2 X-

Max SDD detector) was used to identify the elemental compositions and locations. The 

samples for TEM were prepared via the method of Hondow et al. [322] to ensure that the 

nanoparticle dispersion state was captured. Gel permeation chromatography (Agilent 

Technologies Infinity 1260 MDS, GPC) was employed for polymer molecular weight 

determination. 0.1 M NaNO3 was used as a liquid phase for analysing the molecular weight 

and polydispersity of the polymer. A 0.22 μm pore size hydrophilic GVWP membrane was 

used to filter the sample before injection.  

4.3.5. Results and discussion 

4.3.5.1. Characterisation of M_SiO2 

Six different samples are shown in Table 4.3, one pure SiO2, and five M_SiO2 with various 

APTES concentrations. The elemental analysis results demonstrated an increase in the amino 

groups on the M_SiO2 surface after the addition of different APTES content from M_SiO2-1 

to M_SiO2-5. At the highest amount of APTES (3.2 g), the highest nitrogen content and 

percentage of amino groups is observed (7.2 wt. %). This could be due to the condensation 

reaction occurred on the surface of the M_SiO2 causes by the presence of various APTES 

molecules as reported in the literature [323]. Similarly, the arrangement of some particular 

APTES molecules on the surface of M_SiO2 could enhance the content of the functionalisat ion, 

which could at the same time promote the interaction between the polymer and NPs. Zeta 

potential of pure SiO2 and series of modified particles was recorded in Table 4.3, the outcome 

https://en.wikipedia.org/wiki/Gel_permeation_chromatography
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shows that the higher the APTES content the higher the value of zeta potential, indicating that 

more APTES present with the particle promotes the particle stability by showing better 

dispersion properties. The hydrodynamic particle size distribution for pure SiO2 and M_SiO2-

5 were measured by DLS following the particles dispersing in water as shown in Fig. 4.17. The 

pure SiO2 shows two peaks at around 44 and 335 nm, whereas M_SiO2-5 displays only one 

peak at around 177 nm. This confirms that M_SiO2 possesses better dispersion equity than the 

pure SiO2 suspension. The aforementioned finding was also confirmed by investigating the 

morphology of the pure SiO2 and M_SiO2 using SEM and TEM analysis, where it shows clearly 

in Fig. 4.18 that pure SiO2 has different size particles (bigger size labelled in red as shown in 

Fig. 4.18), while M_SiO2 shows homogenous mixture.  

ATR-FTIR spectroscopy was employed for pure SiO2 and the series of M_SiO2 samples to 

analyse the behaviour of the chemical bonding as shown in Fig. 4.19. The bands appearing at 

3200 and 3583 cm-1 in M_SiO2 represent the stretching vibration of N–H and O–H, 

respectively. The modified samples compared to pure SiO2 shows extra new peaks at 1528 and 

2931 cm-1 which are assigned to the N–H bending vibration and C–H stretching vibration, 

respectively. The peak at 1636 cm-1 represents the Si–O–H vibrations proving the existence of 

hydrogen bonding between the O molecule in SiO2 and H atoms from the incorporated organic 

components [108]. The FTIR spectra for all samples exhibit a deep Si–O–Si stretching 

vibration near 1078 cm-1 along with a bending shift between 470 to 800 cm-1 [324]. 

The TGA analysis of pure SiO2 and M_SiO2 with various APTES contents was performed with 

the heating range from 25 to 900 °C as shown in Fig. 4.20, displaying similar results as reported 

in the literature [325-327]. The TGA curves demonstrated that SiO2 displayed a small weight 

loss until 200 °C, which is related to desorption/evaporation of water molecules. Compared to 

the pure SiO2 sample there are two stages of weight loss in M_SiO2 samples, there was an 

initial weight loss at 450 °C confirming the attachment of APTES molecules on the surface of 
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SiO2, with the second stage of weight loss observed from 450 to 650 °C which is attributed to 

the decomposition of APTES molecules to form release of NH3. The results were used to 

calculate the percentage of amine content in the NPs and showed that the higher the APTES 

concentration the greater the amine contents present with the particle.  
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Figure 4.17. DLS particle size distributions showing the difference in dispersion state after 

modification of the pure SiO2 NPs. 
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Figure 4.18. TEM (top) / SEM (bottom) images of pure SiO2 (left) and M_SiO2 (right), with 

larger particles highlighted by red circles. 
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Figure 4.19. (a) FTIR spectra of pure SiO2, M_SiO2-1, M_SiO2-2, M_SiO2-3, M_SiO2-4 and 

M_SiO2-5. 
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Figure 4.20. TGA profiles of pure SiO2 and M_SiO2 with different APTES contents 

4.3.6.2. Determining the best particle sample for making the composite. 

The dispersion stability of the five modified silica’s (M_SiO2-1, M_SiO2-2, M_SiO2-3, 

M_SiO2-4, and M_SiO2-5) and pure SiO2 was investigated to observe the sedimentation using 

LUMiSizer [320, 321]. The stability behaviour of pure SiO2 and M_SiO2 silica can be 

explained schematically as shown in Fig 4.21. For example, the pure SiO2 NPs tend to 

aggregate into larger structures and settled down over a short time. However, this makes pure 

SiO2 create a higher open particle bed structure which aggregated more by the applied 

centrifugal force. In contrast, M_SiO2 is less likely to sediment because they are well dispersed 

as proved by DLS size distribution, TEM, and SEM. Consequently, the larger mass aggregates 

tend to sediment quickly when compared to well-dispersed individual particles, which have 

longer sediment bed formation time. The examined particle packing behaviour in relation to 

applied centrifugal force is similar to the observation made by other researches [328-330], 

where the pressure-insensitive packed bed is formed by the NPs with the stable dispersion 

while a pressure-dependent network is created by aggregate NPs dispersion [330]. 
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Figure 4.21. Schematic illustration showing the effect of centrifugal force on the nature of 

sedimentation of (left) aggregated and precipitated pure SiO2 and (right) Stable and well-

dispersed M_SiO2. 

To enable us to evaluate the effects of functionalisation on SiO2 stability using Lumisizer, about 

0.5 ml of each particle dispersion was added to a polycarbonate capillary cell and centrifuged 

for 36 min duration at 3000 rpm (equivalent to 1 month in real conditions) [167]. The effect of 

different amounts of APTES on SiO2 was used to observe the stability of NPs dispersion. Fig. 

4.22 shows the instability index of M_SiO2 and pure SiO2 containing APTES dispersion with 

different concentrations. The results displayed that increasing the APTES contents make the 

stability of the suspension to increase, which is presumably occur as a result of the presence of 

positive charge (H+) proton on the surface of M-SiO2, thus providing a strong electrostatic 

repulsive force between functionalised particles and therefore leading to better stability. Fig. 

4.23 shows the style at which the light is passing or transmitted across the test tube indicat ing 

that the M_SiO2 has better stability compared to pure SiO2 NPs. Fig. 4.23a indicates that pure 

SiO2 shows higher bed sediment to around 65% transmission profile (red colour) illustrating a 

quick and faster settling of the particle to form an aggregate of larger structures, however, the 

bed sediment starts to decrease to 58% transmission for M_SiO2-1 as showing in Fig. 4.23b. 

The more obvious decrease in sedimentation profile was observed in M_SiO2-5 as illustra ted 

in Fig. 4.20f. This effect of dispersion stability was confirmed by zeta potential, particle size 

distribution, and SEM/TEM analysis as discussed in Section 3.1. Moreover, prior to the 
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analysis, the influence of NP type on the apparent viscosity (APV) was investigated using 0.1 

wt. % of pure SiO2 and M_SiO2-5. The results show an increase in APV with the addition of 

APTES content from pure SiO2 to M_SiO2-5 (Fig. 4.24a), which is consistent with an increase 

in amino groups on the NP surface. Due to the high APV of M_SiO2-5, different concentrations 

of both pure SiO2 and M_SiO2-5 were selected to examine the effect of particle concentrations, 

with the finding showing an increase in APV with increasing pure SiO2 or M_SiO2-5 

concentration (Fig. 4.24b). 

           

Figure 4.22. Instability index of SiO2 and M_SiO2 with different APTES (a) trend of 

centrifuge dispersion analyser for pure SiO2 and M_SiO2 with different APTES contents (b) 

stable immobile dispersions of pure SiO2 and M_SiO2 after 30 days at 85 °C. 
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Figure 4.23. Styles of light transmission across the test tube for (a) pure SiO2, (b) M_SiO2-1, 

(c) M_SiO2-2, (d) M_SiO2-3, (e) M_SiO2-4, (f) M_SiO2-5 at the end of centrifuge process. 
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Figure 4.24. (a) Effect of NP type on the apparent viscosity and RV, and (b) viscosity as a 

function of pure SiO2 and M_SiO2-5 concentration (shear rate 1000 s-1 and T = 85 °C). 
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4.3.6.3. Characterisation of COPAM and COPAM/NPs composites 

Considering higher stability and high APV of M_SiO2-5, it was selected as an inorganic 

constituent for the fabrication of NPs/COPAM composites. Three samples were synthes ised 

(NP-free COPAM, SiO2/COPAM, and M_SiO2/COPAM) via free radical polymerization to 

evaluate the effect of thermal stability. The formation of these synthesized polymers was 

examined by freeze-dried SEM, elemental analysis, TGA, ATR-FTIR, and 1H-NMR. The 

morphology of the freeze-dried polymer and polymer NPs dispersion was examined using SEM 

analysis. The results show the sponge-like structure of the NP-free COPAM exhibiting a thick 

block with sparse pores as shown in Fig. 4.25a, pure SiO2 NPs addition shows there is a clear 

particle aggregation in the polymer which results in flocculation and lack of proper dispersion 

and hence reduces the chances of obtaining highly stable material (Fig. 4.25b). Contrarily, the 

M_SiO2/COPAM shows characteristics filamentous structures with interconnecting pores 

promoting better dispersion stability where the APTES molecules induce an energetica l ly 

favoured layer-by-layer to form a stable composite with a 3D porous network having no 

obvious aggregation of the particles (Fig. 4.25c). It is interesting to know that the 

M_SiO2/COPAM composite creates a denser structure of the hybrid system; this is attributed 

to the formation of much stronger hydrogen bond interaction between the polar function group 

of COPAM side chains and oxygen-containing groups of the M_SiO2. However, this could be 

also due to the increasing amount of amino groups in the COPAM following the addition of 

M_SiO2. It can be observed that from the EDX maps (Fig. 4.25b and c) a more homogenous 

mixture of the elements (Si, C, N, O, and S) is present in M_SiO2/COPAM compared to 

SiO2/COPAM, which reaffirms the formation of stable composite material. The 1H-NMR of 

the polymers is displayed in 4.26. The peak at 1.4 ppm is the methyl proton of the APSA unit, 

while that of methylene proton appears around 3.1-3.7 ppm. The peaks between 2.0-2.4 ppm 

indicate the existence of methane (–CH3) protons in the polymer backbone. The peaks at 6.9 
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and 7.6 ppm attributed to the protons of C–H and R–CO–NH2, respectively, revealing the 

formation of major polyacrylamide functional groups in the spectrum.  

 

Figure 4.25. SEM images of the freeze-dried (a) NP-free COPAM (b) SiO2/COPAM and (c) 

M_SiO2/COPAM. 
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Figure 4.26. 1H-NMR of (a) COPAM, (b) SiO2/COPAM and (c) M_SiO2/COPAM solutions. 
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Figure 4.26 Continues.  

 

As illustrated in Fig. 4.27a, the chemical bonding between the NP-free COPAM, 

SiO2/COPAM, and M_SiO2/COPAM was investigated using ATR-FTIR spectroscopy to 

understand the formation mechanisms of the added NPs. The peaks at 2923, 2953, and 3321 

cm-1 are attributed to the ring structure vibration of C–H stretching, O-H group and N-H group 

of the COPAM amide chains, and the peak appeared at 1700 cm-1 is attributed to the C=O 

(carbonyl) functional groups of the polymer amides chain [108]. Correspondingly, the peak 

representing the SO3 group initiated from APSA monomer appeared at 1040 cm-1 [287, 288]. 

The peaks at 1480 and 1078 cm-1 in the M_SiO2/COPAM and SiO2/COPAM spectra represent 

Si–O–Si asymmetric bending and stretching vibrations, respectively, supporting the existence 

of hydrogen bond between the incorporated NPs and the COPAM molecules [108]. However, 

in comparison to SiO2/COPAM, there is new broader peak appears between 2000 to 2500 cm-

1 in M_SiO2/COPAM spectra, indicating the formation of the new electrostatic chemistry that 

c 
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occurs when the additional proton (H+) from the amino group of M_SiO2 react with the polymer 

ionic charges, reinforced the ability of polymer molecules to be adsorbed onto the M_SiO2 NPs 

surface by ionic linkage as illustrated in Fig. 4.27.  

TGA was carried out using a heating range from 25 to 900 °C, with the TGA curves of the NP-

free COPAM, SiO2/COPAM, and M_SiO2/COPAM shown in Fig. 4.27b. The TGA analys is 

demonstrated that M_SiO2/COPAM displayed a slight weight loss betwixt 50 to 150 °C, which 

is attributed to the decomposition of attached APTES and desorption of water molecules from 

the surface. It can also be observed that, compared to NP-free COPAM and SiO2/COPAM 

samples, the M_SiO2/COPAM composites show a small weight loss (~10%), indicating how 

fairly stable the M_SiO2 NPs on the COPAM surface, although the weight remains almost 

constant until 900 °C. However, the weight lost on SiO2/COPAM composites is roughly divided 

into three stages, at around 400 °C, almost 20% of the sample weight was lost, at around 700 

°C around 12% loss was observed, and more than 3% weight loss was observed after heating 

up to 900 °C, which is attributed to the decomposition of surface-modified components on the 

polymer surface. Contrarily, the NP-free COPAM shows significant loss of weight (~45%) 

until 350 °C, probably because of the loss of adsorbed water and slowly polymer 

decompositions, more weight loss followed on the same material to around 80% from 450 °C 

and above which is because of ammonia evolution and chain scission of the polymer at high 

temperature. This finding is in agreement with the literature [331, 332]. However, the 

M_SiO2/COPAM composites have high-temperature durability because they possess 

additional covalent bonds and stronger coordination bonds between the COPAM backbone and 

the M_SiO2, compared to SiO2/COPAM which only has hydrogen bonding on the surface, this 

makes M_SiO2/COPAM more temperature resistance than the other samples.  
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Figure 4.27. (a) ATR-FTIR spectra of NP-free COPAM, SiO2/COPAM, and 

M_SiO2/COPAM (b) TGA profiles of NP-free COPAM, SiO2/COPAM, and 

M_SiO2/COPAM nanocomposites. 
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4.4. Chapter Summary   

The stabilization of polymer nanocomposites in high-ionic-strength brines is a challenging 

issue. However, for EOR applications, the stability of the nanocomposites have to be examined 

under high temperature and high saline conditions. According to the finding in Chapter 3, the 

prepared composite material was not stable in a complex brine solution, and NPs tended to 

agglomerate and aggregates. Therefore, in this Chapter, a novel synthesis approach was used 

to provide the in-situ synthesis and modifications of polymer nanocomposites under the 

influence of high ionic strength brine. The Chapter is divided into two sections, and the results 

of each section were conclusively summarized below.  

In the first section, a novel way to enhance the stability of GO polyacrylamide nanocomposites 

at high-temperature and high- ionic-strength brines was developed. COPAM was covalently 

attached to the partial rGO via free-radical polymerization and reacted further with 1,3-propane 

sultone to accomplish zwitterionic groups. Compared to GO−COPAM, zwitterionic 

rGO−COPAM dispersions showed no noticeable sedimentation or flocculation, the particle 

size measured was smaller with large zeta potentials, and the instability index derived from 

LUMiSizer was smaller over a storage of 120 days at 80 °C under both APIB and FB 

conditions. It also showed that the dispersion stability was better in APIB than in FB, where 

the GO-sheet conjugated structure may have been altered after 90 days in the FB. FTIR and 

other chemical analysis suggested that the formation of zwitterionic character on the 

rGO−COPAM composites was responsible for the excellent temperature stability and 

dispersibility in the presence of high salinity and high temperature. Such results suggest that 

the zwitterionic molecules could be used as a stability enhancer for different particles, and the 

zwitterionic polyacrylamide−GO systems possess greater potential for future enhanced oil 

recovery applications. 
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In the second section, SiO2 NPs were successfully functionalised with (3-aminopropyl) 

triethoxysilane to create positively charged active sites on the surface to form a stable NP 

dispersion, which facilitated the formation of strong coordination bond with the negative ly 

charged COPAM chain. Three samples including M_SiO2/COPAM, SiO2/COPAM, and NP-

free COPAM were synthesised in-situ via free radical polymerisation, and their thermal 

degradation, variations of apparent viscosity and effect of the aging time were investiga ted. 

The outcome of the finding revealed that M_SiO2 could inhibit HT-HS degradation of the 

polymer and safeguard its backbone to prevent the polymer molecule from rupture. These 

improved properties of M_SiO2/COPAM were generated due to the incorporation of amino 

functional groups on the surface of the SiO2 NPs, which resulted in the formation of 

electrostatic attraction that reinforced the bonding of COPAM molecules with M_SiO2. 
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Chapter 5 Investigation of rheological properties of produced 

polymers and polymer nanocomposites 

 

5.1. Introduction  

This Chapter investigates the rheological properties of different formulated materia ls 

synthesized in Chapters 3 and 4. The rheological investigation of the HPAM seeded with GO 

and CQDs were investigated. The impact of various nanoparticle concentrations, temperatures, 

and electrolyte concentrations on the long-term thermal stability and rheological behaviour 

were being investigated. In addition, the investigation of the influence of MWCNTs on the 

rheological properties (viscosity and viscoelasticity) of five polymers synthesised via free 

radical polymerization, was conducted and appropriate polymers were identified for EOR at 

API brine and alkaline pH conditions. The effects of modified rGO and modified SiO2 on the 

polymer rheological properties were also observed. 

5.1.3. Rheometers used for rheology analysis  

Anton Paar ‘Physica MCR 301 Fig 5.1, and Discovery hybrid rheometer (DHR 3) Fig. 5.2, 

from TA instrument, were used to measure both steady and dynamic rheology. Before the 

measurement, the rheometer was calibrated with standard substances at low and high 

temperature respectively. This was done to guarantee both the instrument and its setup applied 

were calibrated and provide accurate results as shown in Fig. 5.5.    
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Figure 5.1. Anton Paar Rheometer. 

 

 (a) Displayed open furnace, with diameter stainless steel plate (65mm or 50mm) in the 

middle on to which the sample is placed and an overhanging stainless steel cone of 

50mm diameter, and 1° angle.  

 (b) The setup of the rheometer ready for measurement after the furnace is closed. 

 

Figure 5.2. DHR Rheometer 

 

 

(a) (b) 
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5.1.4. Rheometer calibration test 

The calibration test with Rheotek oil was conducted at different temperatures, (25, 40, 50, 60, 

and 100), and it repeated many times and recorded the average data. Fig. 5.3 shows the 

viscosity vs shear rate; it was observed that the shear rate demonstrated the Newtonian and  

thinning behaviour. Fig. 5.4 the effect of temperature on viscosity of the rheotek oil; it can be 

seen that increasing temperature decreases the viscosity, and by comparing the experimenta l 

data obtained with standard data of Rheotek oil, both experimental and standard results showed 

a decrease in viscosity as temperature increases, and their difference is approximately 3%. 

These results indicate the results close to accuracy when using the Anton Paar ‘Physica MCR 

300 Trugap' rheometer.  Deionized water and standard oil were used to check the accuracy of 

the rheometers to ensure that before any of the tests started, the rheometer was calibrated. After 

setting up the cone and plate geometry, space was pre-set at 0.098mm between the flat tip of 

the cone and plate. Having a precise amount of liquid solution in the gap to achieve an accurate 

test is highly important, making sure the whole cone area is utilized. However, too little or too 

much liquid would provide a smaller or greater contact area (Fig. 5.5). 0.57ml, which is 

equivalent to 0.57cm3, is the pre-set volume required, providing the density is 1.00g/cm3 . 

Notwithstanding, when the fluid density is known, calculating it required amount is possible. 

The calibration test with the above volume of deionized water and standard oil will provide 

assurance that the amount/volume used was right. 
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Figure 5.3. Viscosity versus shear rate demonstrated the Newtonian character of calibration 

oil. 

   

Figure 5.4. Calibration of Rheometer using Rheotec Calibration oil 2700-V05. The obtained 

values were within 3%. 
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Figure 5.5. Schematic illustration of the contact area between the cone & plate geometry and 

the liquid sample [67]. 

 

a) Has no enough sample between the cone and the plate. 

b) It has too much sample between the cone and plate, as such the cone is taken into 

consideration (indicated using orange circles). 

c) Almost right, and this would provide more accurate values because only the underside 

of the cone is been used and covered by the sample during the measurements. 

5.2. Rheology Measurement  

All rheological measurements were carried out on a Physica MCR301 (Anton-Paar) Rheometer 

and Discovery Hybrid Rheometer (DHR-2). The rheometers are equipped with a convection 

oven and a ‘TC30’ temperature controller unit, which can stabilize the sample temperature 

from 0 to +1000 °C with an accuracy of 0.1 °C. Temperature bath and Rheometer controllers 

were turned on before the experiment to warm up the system. Minor adjustments were made if 

necessary to centre bob with adjustment knob until the output reading was ± 0.02 in range. A 

cone-and-plate geometry was selected for the rheological measurement, the gap is pre-set to 

the standard (0.098 mm for MCR301 and 0.52µm for DHR-2) as determined by the 

manufacturer. The system only requires a small amount of sample (maximum 0.7 ml) for each 
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test and is easy to clean [108]. Before any measurement, the rheometer was tested with a 

standard oil and pure water at different temperatures to ensure that both the instrument and this 

particular setup were calibrated, yielding reliable data. The measurement was then performed 

over the range of shear rates. The digital output often fluctuated greatly, but usually, fluctua t ion 

decreased with time and an average or range observed values were recorded. The rheologica l 

behaviour of different prepared solutions was determined under both oscillatory and steady 

shear to obtain the dynamic and steady viscoelastic properties. The experiment was conducted 

at 25 °C and 85 °C, or different temperature range (temperature ramp), the temperature was 

controlled by a Peltier system that provides fast and precise temperature adjustment during 

heating. Throughout the experiment, a solvent trap was used to avoid solvents evaporation 

while measurement. The above procedure was repeated at least 3 times for each sample.  

5.2.1. Long-term thermal stability 

In a polymer flooding process, injection fluid stays for a long period of time in the reservoir 

under severe conditions before reaching the oil, therefore it is imperative to consider the effect 

of aging as a benchmark of understanding the capability of displacing fluid. In this work, the 

sample of fixed HPAM cross-linked by fixed NP solution was selected for the long- term 

thermal stability test, while a particle-free sample with the same polymer concentration was 

selected as the reference. The samples were stored in glass bottles covered by screw-caps with 

promoted sealing by a sealing tape and were placed into an oven at 80 °C. The viscosities of 

those samples were measured at 85 °C at different time intervals [108]. 

The relative viscosity (RV) was then calculated from Eqn. 5.3. 

RV = ɳ𝑡 ɳ0 × 100%⁄  …. … … 5.3 

Where ɳ𝑡 represent apparent viscosity of the aged sample (mPa·s) (at particular day) and ɳ0 is 

the apparent viscosity at zero-day aging. 
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5.3. Results and discussion 

The rheological investigation is a key factor in the polymer flooding process. In order to 

achieve an optimum oil recovery, an accurate viscosity of the polymer is required to obtain 

favourable mobility ratio between the oil and displacing fluid. However, the polymer viscosity 

is affected by the temperature and salinity present in the oil reservoirs [56, 333-335]. Both 

salinity and temperature cause different mechanisms for HPAM viscosity reduction. Higher 

temperature results in the diminishing of the copolymer hydrophobic effect between the 

polymer chains and speed up polymer solubility, and hence decreases its viscosity [56, 334]. 

Whereas, in the presence of salinity, the ionic shielding on the amide groups (CONH2) in the 

chemical structure of PAM reduces the chains’ repulsion of the PAM backbone which results 

in the collapse of polymeric coils and reduction in polymer size and hence more viscosity 

reduction [334, 335]. However, the addition of nanoparticles into the polymer backbone 

enhances its rheological behaviour at high salinity and high-temperature conditions. 

5.3.2. Effect of GO on the rheological properties of HPAM.  

5.3.2.1. Critical association concentration  

Polymer molecules can develop concentration-dependent association, which can occur mostly 

when mixing with other substances like surfactants and nanoparticles [108, 336]. This 

association can be apparent at the concentration of the first break, often termed the critical 

association concentration (CAC), where polymer molecules and other substances begin to 

associate. It is significant to know the CAC value to achieve required morphological features 

or specific modification of the polymer solution such as in a polymer/nanoparticle hybrid. 

However, the CAC value can be obtained using other approaches such as light scattering 

determination, variable view cell apparatus [336], and the changes in fluorescence characters 

when micellisation occurs [337]. 
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Notwithstanding, HPAM solution rheological investigation at 25 °C was used, in this work, to 

determine the CAC. Fig. 5.6 illustrates the 1000 shear viscosity versus HPAM concentration, 

and it can be observed that the curve is split into two parts, below 0.06 wt. % HPAM 

concentration, the viscosity patterns show slight differences with the increase in polymer 

concentration. For the concentration equal to and above 0.06 wt. %, the viscosity was sharply 

increased as HPAM concentration increases. This trend suggests that 0.06 wt. % is the HPAM 

CAC used in this study. As the polymer concentration increased, the number of molecules 

increased within the solution resulting in a more significant interaction between the polymer 

chains, leading to greater frictional effect and subsequently alter the stability of the composite.  

 

Figure 5.6. Viscosity as a function of HPAM concentration (25 °C and shear rate 1000 s-1). 
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0.02, 0.04, 0.06, 0.08 and 0.1 wt. % was added into the solution containing 0.05 wt. % HPAM 

and their rheological behaviour were studied. Fig. 5.7a and b illustrate the dependence of the 

solution viscosity on the shear rate for the HPAM/GO hybrids at 25 and 85 °C, respectively. It 

can be seen from the graphs, the apparent viscosity decreases sharply with increasing shear rate 

from 100 to 1000 s-1 indicating a shear-thinning behaviour for the entire system. Compared to 

the HPAM and low GO loading, the solution with the high GO concentration shows better 

resistance to shear rate with less viscosity reduction as the shear rate increases. The decrease 

in viscosity with shear rate may result from the slippage of HPAM chain on to the GO sheets 

platelets. The results show that the low viscosity of the solution at a high shear rate is due to 

the extension of the average distance from end to end, and as a result of the disentanglement 

process of the polymeric chain when shearing. It can be viewed that, the shear-thinning 

behaviour of the hybrids depends on the viscoelastic characteristics of the polymer matrix, 

which may emerge from the disintegration of HPAM/GO bridged at shear fields.  
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Figure 5.7. The dependence of viscosity for HPAM/GO nanocomposites on the shear rate 

with different GO loading ((a) T= 25 °C (b) T= 85 °C and shear rate 100-1000 s-1). 
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On the other hand, Fig. 5.8 shows viscosity as a function of GO concentration for both 25 °C 

and 85 0C respectively. It is evident that the thickness of the hybrid increases with the increase 

in GO concentration. This result behaves the same trends with adding HPAM concentration, 

which shows the rapid growth in the viscosity as the concentration was increased. It can be 

observed that with the addition of 0.01 wt. % GO at 85 °C, the apparent viscosity of the HPAM 

increases by 13 % and correspondingly increases by 47% with the addition of 0.1 wt. % GO. 

While at 25 °C, the HPAM viscosity increases by 5% after adding 0.01 wt. % GO and then 36 

% increases were observed following the addition of 0.1 wt. % GO. The same concentration of 

GO  was also dispersed in water, after measuring the viscosity, it was seen that with the addition 

of GO suspension in the water there are slight changes in the viscosity at both 25 and 85 °C 

respectively. These may be interpreted by the high water polarity such that when the GO 

nanoparticles are dispersed in water, the molecules of water covered the surface of the particles, 

and thus cause the suspension to retain most of its viscosity. The higher viscosity of HPAM/GO 

composites could arise as a result of the strengthened the polymer molecular weight, ductility, 

and embrittlement due to the formation of covalent linkages and electrostatic hydrogen bonding 

between the GO and the HPAM functional groups, leading to enhanced material stability and 

hence more viscosity enhancement as demonstrated by the FT-IR results. This increase in 

viscosity of HPAM with GO loading could be attributed to the large surface area of two-

dimensional (2D) layer of the GO particle, this peculiarity leads to significant improvements 

of different properties such as thermal stability of the polymer matrix following the insertion 

of a very small content of the GO. Similar results were reported for graphene-based poly(vinyl 

alcohol) composite [338], and PAM/GO composites with the enhanced mechanical strength 

[339]. Moreover, Hu et al. [108] observed similar viscosity increase with the addition of SiO2 

nanoparticle in HPAM but with lower viscosity increase at an equivalent particle concentration. 
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Figure 5.8. Viscosities of 0.05 wt. % HPAM with different GO loadings (T= 85 °C and 

25 °C, and shear rate 1000 s-1). Under the same experimental conditions, the viscosity for the 

neat 0.05 wt% HPAM was measured as 1.90759 mPa·s at 85 °C and 3.67055 mPa·s at 25 °C. 

5.3.2.2. Effect of temperature on viscosity of HPAM/GO composites 

Water-soluble polymers are susceptible to temperature. As heat is applied, the polymer chains 

can undergo chemical or physical changes, which can result in unwanted changes to the 
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polymer is subjected to high temperature. The long-chain molecular component of the polymer 

backbone begins to separate at a high temperature which can eventually cause molecular 

scission. Typically at a specific temperature, the strength of the bonds deteriorates and causes 

the attached elements on the polymer to be detached. Because of this, the influence of GO NPs 

polymer stability will be investigated at a different temperature, ranging from 25 to 85 °C. Fig. 

5.9 describes the apparent viscosity as a function of temperature for the composites containing 
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0.05 wt. % HPAM/0.02 wt. % GO, the corresponding concentration of both pure HPAM and 

GO were also investigated. It shows that the viscosity of all the three samples decreased 

drastically with increasing temperature. This effect can also be seen when the viscosity curves 

of the pure HPAM and that of the HPAM/GO are compared such that a sharper in viscosity 

decrease is observed as the temperature rises indicating less tolerance to temperature. For a 

pure HPAM, the higher temperature would necessarily continue to break down intermolecular 

hydrophobic associations changing the HPAM backbone and then hydrolyse its acrylamide 

group into acrylate groups. Hence more viscosity reduction for HPAM solutions. It can also be 

seen in Fig. 5.9 that, in the case of the pure GO, increasing the temperature the decrease in 

viscosity is not as much as pure that HPAM. This could be the reason why HPAM/GO 

composites acquired more viscosity than sole HPAM because of the strong thermal stability of 

GO, and probably due to the coupling of the network linkage between GO to HPAM. 

 

Figure 5.9. Comparison of the temperature effect on effective viscosities at a different 

temperature. 
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5.3.2.3. Long-term thermal stability of HPAM/GO composites 

In industrial PF processes, the polymer is required to undergo long-term treatment under harsh 

conditions in the reservoir. Persistent aging of the polymer under severe circumstances would 

cause viscosity reduction and hence drawbacks to the oil recovery [53]. The only availab le 

viscosity will serve as a primary benchmark for the injected polymer to reach the oil in the 

unfavourable environment. Here, the influence of GO on aging time is investigated. 0.05 wt. 

% HPAM and 0.0 5wt. % HPAM/0.1 wt. %GO Composites were examined at 80 °C, as 

illustrated in Fig. 5.10. The results indicate that the pure HPAM solution displayed less 

tolerance to aging under harsh conditions, while the composites containing HPAM/GO 

exhibited a strong affinity to stay longer at the reservoir-like condition. It can be seen that the 

HPAM drops sharply after the five days showing less strength to withstand high temperature. 

Unlike pure HPAM, the viscosity of HPAM/GO composites dropped by only 4 % after the five 

days of aging, and 6% after 30 days, whereas, HPAM viscosity reduction were up to 35 % after 

five days and almost 60% decrease was observed after 30 days. Such results are quite different 

from what was reported in the literature [48, 63], but similar to what was observed previous ly 

by using SiO2/HPAM hybrid [108]. Both works showed that the nanocomposites have a strong 

ability to work under the harsh environmental condition, and could improve the HPAM 

stability while aging. It is still unclear on the exact mechanism of stability reinforcement, which 

could be a result of inter-place among strengthened polymer molecular weight, ductility, and 

embrittlement due to the formation of covalent linkages and electrostatic hydrogen bonding 

between the GO and the HPAM functional groups, leading to enhanced material stability and 

hence more viscosity enhancement.  

Fig. 5.11 showed a comparison between HPAM/GO prepared via direct mixing in 8wt.% NaCl, 

and zwitterionic-rGO-COPAM composites synthesised via in-situ free-radical polymeriza t ion 
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in the presence of APIB and FB, respectively. The viscosity of each sample was measured 

before and after 60 days of storage at 80 °C to understand the influence of modification on 

long-term temperature and salinity stability. As explained in Section 3.3.4, the HPAM/GO 

hybrid was not properly dispersed in a complex brine solution. As can be seen, the HPAM/GO 

hybrid in 8 wt.% NaCl has the lowest viscosity compared to zwitterionic-rGO-COPAM in 

APIB and FB. After 60 days of aging HPAM/GO solution lost almost 18% of its viscosity 

while zwitterionic-rGO-COPAM lost 1.6% in APIB and 3.5% in FB, respectively. Even though 

HPAM/GO showed good thermal stability compared to pure HPAM after 30 days storage as 

showing in Fig. 5.11, but the finding also showed that the modified zwitterionic-rGO-COPAM 

solution displayed much better salinity and temperature tolerance, this can be due to excellent 

dispersion stability displayed by the composite in brines which is assumed to agree with the 

behaviour of pseudo-spherical nanoparticles where the rGO nanosheets wrapped by the chains 

of zwitterionic-COPAM. At high ionic strength brines, presence of electrolyte ions can enhance 

the interactions of the ionic groups in the zwitterionic sulfobetaine polymers, creating the 

chain's expansion by providing adequate steric repulsion thereby preventing the 

flocculation/aggregation of the composite materials, and hence prevent much degradation at 

high-temperature condition [302, 304].  
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Figure 5.10. Long-term thermal stability to investigating the effect of aging time (T=85 °C 

and shear rate 1000 s-1) for 30 days. 
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Figure 5.11. Comparison of the effect of long-term thermal stability of HPAM/GO in 8wt.% 

NaCl, and Zwitterionic-rGO-COPAM composites in APIB and FB, respectively. The 

viscosity of each sample was measured before aging and after 60 days of aging.  
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5.3.2.4. Effect of electrolyte on the viscosity of HPAM/GO composites  

Salinity tolerance is a significant factor in deteriorating the application of polymers in EOR 

processes. Since HPAM is regarded as a polyelectrolyte, its viscosity and hydrodynamic size 

are responsive to the electrolyte concentration. In this study, the effect of electrolyte on the 

apparent viscosity of HPAM and the composite of HPAM/GO was investigated at 85 °C. It 

was observed from Fig. 5.12 that for both HPAM and HPAM/GO composites, the addition of 

the NaCl from 1 to 8 wt. % decreases the viscosity, which is opposite to what was found in the 

literature [108, 340]. This is because when salt is added to the solution, the Na+ can neutralise 

the negative charges of HPAM -COO- groups, reducing the polymer chains electrostatic 

repulsion, and therefore causing a conformational transition of the polymer to change from 

stretch to coiled or shrinkable state. Consequently, these lead to a reduction in the hydraulic 

radius and degree of entanglement of the polymer chain, which eventually decreases the 

viscosity. Furthermore, when HPAM is dissolved in water, the -COO- groups in the polymer 

chain repel each other causing its structure to remain extended, leading to high hydrodynamic 

volume to the molecular chain which increases the solution viscosity. It is, however, in a good 

agreement with the literature [46, 48] where a decrease in viscosity was observed at high 

salinities. For the HPAM solution, it can also be seen that the viscosity continued to decrease 

until it reached a critical salinity threshold (CST) (i.e., above which the salinity has less or no 

effects on the viscosity). On the other hand, the HPAM/GO composites viscosities start to 

increase after it reaches CST. This is because the number of molecules to be shielded by the 

NaCl cations were limited. In this study, the critical salinity was found to be approximately 4 

wt. % as shown in Fig. 5.12. This observation agrees with reports by Levitt et al. [341] which 

indicated that above 3 wt. % NaCl concentration any variations in the HPAM viscosity are 

insignificant. Additionally, the minor change at high salt concentration results due to the 

corresponding increase in the polarity of the solvents, which reinforced the intermolecular 
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association of the hydrophobic groups, making the viscosity to remain stable. Also, in the 

presence of GO, the insignificant influence of salt at high concentration can arise because most 

molecules of NaCl are already shrunk by the high proton concentration at a low NaCl content, 

therefore, after interacting with GO, the change in CST value is observed. It can be concluded 

that addition of the salt concentration into the polymer affects the viscosity of HPAM 

significantly, HPAM/GO hybrid shows better capability of changing the CST, which could 

make the composites to be considered useful at high salt content compared to pure HPAM 

although the exact mechanism remains unclear.  

 

Figure 5.12. Influence of ionic strength on the average viscosity of HPAM and HPAM/GO 

composites (T=85 °C, shear rate 1000 s-1). 
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composites. The results obtained for storage modulus (G’) and loss modulus (G’’) versus 

angular frequency (ω) are plotted. Fig. 5.13a shows the outcomes of dependency of loss factor 

on frequency (tan δ = G’’/G’) for both plain HPAM and the GO/HPAM nanocomposites. 

Precisely, with the addition of GO loading, a diminishing trend of tan δ was observed in the 

nanocomposite dispersions, indicating that when GO is incorporated into HPAM, it enhances 

elastic properties. Moreover, at the highest GO content (0.1 wt. %) the value of tan δ was 

further decrease, and also shows a Newtonian character at a lower angular frequency of 1–10 

(rads-1) and displaying behaviour relatively independent of frequency. The results in Fig. 5.13b 

shows a gradual increase in both elastic and loss modulus with the increasing angular frequency 

with the addition of GO, and continue to become more elastically dominant at the highest GO 

concentration. Such trends are similar to what was reported in the literature [345]; some work 

also showed that GO improved the elasticity of polyacrylamide for dye adsorption capacity 

[346, 347]. At low-frequency region, the plateau of G’ indicates a more obvious nature of an 

elastic material demonstrating solid-like character and gel network behaviour of nanofillers in 

polymer composites and colloidal gels [348-350]. Moreover, the results indicate that compared 

to the pure HPAM, the composites solutions possesses long-term relaxing time as a result of 

sufficient links and network structure between macromolecules. It can be concluded that the 

hybrids of HPAM/GO exhibit better viscoelastic strength. These indicate that the hybrid could 

have more ability to improve oil recovery under harsh reservoir conditions. The samples 

showed less frequency dependence behaviour in both G’ and G’’ indicating more solid- like 

than liquid- like viscoelastic nature particularly at high GO concentration. Therefore, the 

material with high GO loading displayed good behaviour, suggesting that the GO reduced the 

relaxation of the HPAM macromolecular chain, and hence the effect of the liberation of the 

solution became less obvious, for example, at 0.1 wt. % GO, the G' increases by 59% and G'' 

increases by 63% respectively as compared to that of pure HPAM. This viscoelastic behaviour 



 

174 
 

is similar to what was found in the studies about LDH/PAM and clay/polymer nanocomposites 

[345, 351].  

 

 

Figure 5.13. Damping factor and (b) Storage modulus (G') and loss modulus (G'') for HPAM 

and HPAM with different GO concentrations as a function of angular frequency (ω). 
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5.3.3. Effect of CQDs on the viscosity reduction of HPAM solution 

5.3.3.1. Effect of CQDs concentrations on viscosity reduction  

Different CQDs concentrations were used to investigate the influence of the CQDs on the 

viscosity reduction of the PAM polymer. Both the HPAM and the HPAM/CQDs composites 

showed shear-thinning behaviours with an increase in shear rate, as shown in Fig. 5.14. Fig. 

15a shows 1000 s-1 shear viscosity as a function of the CQDs concentration for 25 and 85 °C, 

respectively. It can be seen that with the addition of the CQDs, the effective viscosit ies 

decreased significantly at both temperatures. The higher the CQDs concentration, the lower 

was the effective viscosity. A nearly linear relationship in viscosity reduction was observed at 

25 °C, corresponding to a change from 3.3 to 57.2% as the CQDs concentration was increased 

from 0.05 to 0.5 wt.%. As expected, a much lower effective viscosity is found at 85 °C. 

However, the effect of the addition of the CQDs is more pronounced, especially at the CQDs 

concentrations < 0.4 wt.%. A sharp decrease in the effective viscosity by 27.7% was observed 

at 0.05 wt. % and the reduction continued, reaching 85.2% at 0.5 wt. % loading of the CQDs. 

Similar viscosity reduction was reported by Yasufumi et al. [352] for some PAM/silica 

nanoparticle suspensions. Such reduction was ascribed to the PAM adsorption on the surface 

of silica particles, resulting in a decrease in the amount of polymer in the mixture, and hence a 

reduction of the effective viscosity. We found that such a reduction is possible due to the 

dissociation of the HPAM. This is discussed in detail in Section 3.3.2.2. In contrast, aqueous 

solutions of typical HPAMs show Newtonian behaviour, with their effective viscosities slightly 

increasing with an increase in the concentration of CQDs. This is consistent with conventiona l 

thought. It is expected that when the CQDs are dispersed in water, water molecules are likely 

bonded onto the surface of the particles due to its high polarity (hydroxyl O–H, carbonyl C=O 

and carboxylic –CO–OH groups), thereby causing the suspension viscosity to remain 

unchanged. 
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Figure 5.14. The dependence of viscosity for HPAM/CQDs composite on shear rate with 

different loadings of the CQDs (a) T= 85 °C (b) T= 25 °C (shear rate 100-1000 s-1). 
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Figure 5.15. (a) Viscosities of 0.05 wt.% HPAM with different concentrations of the CQDs, 

T= 85 and 25 °C, shear rate 1000 s-1), (b) Storage modulus (G') and loss modulus (G''). 
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The effect of the addition of the CQDs on the viscoelastic properties of the HPAM was 

examined by a linear oscillatory frequency sweep test. The results obtained for the storage 

modulus (G’) and the loss modulus (G’’) are plotted against angular frequency (ω) (Fig. 15b). 

The results showed a decrease in both G’ and G’’ with the addition of the CQDs into the 

composite. This indicates that the composite material becomes less elastically dominant. 

As shown in Fig. 5.16, the damping factor (tan δ) increases with the CQDs addition in the 

solution. Generally, a value of tan δ > 0.1 accompanied by its comparatively small dependence 

on frequency is agreed to be the symptomatic character of a so-called weakened gel solution 

[353]. Here, it was observed that when the concentration of the CQDs was increased, the value 

of tan δ also increased. Therefore, it can be deduced that the addition of the CQDs into the 

PAM matrix formed elastically weaker material compared to the pure HPAM. Furthermore, 

compared to the aqueous suspension of the HPAM/CQDs material, pure HPAM displayed less 

frequency dependence behaviour for both G’ and G’’, showing a good tendency of transition 

from liquid- like to solid-like viscoelastic state. The complex viscosity 𝜇∗of the HPAM and the 

HPAM/CQDs composite obeys similar changing trends as observed for (G’) and (G’’), as a 

function of (ω) (Fig. 5.17a). The complex viscosity (𝜇∗ ) of the HPAM/CQDs composite 

(containing 0.05 wt. % CQDs) was lower than that of the pure HPAM. This could not be 

explained by the Einstein–Batchelor law for the viscosity of a particle suspension [219]. As the 

concentration of the CQDs in the composite was increased to 0.5 wt.%, the 𝜇∗ continued to 

decrease. It was found that the value of 𝜇∗for the HPAM/CQDs composite was lower than that 

of the pure HPAM solution.  

To support the above findings, the continuous relaxation spectra of the solutions were also 

calculated from the results of G’ and G’’. The TRIOS software available with the HDR-2 

rheometer was used to calculate the continuous relaxation spectra, using the analysed G’ and 

G” data, respectively. The continuous relaxation time spectrum can be extracted by fitting the 
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following model in terms of either oscillation [G’ (w), G”(w)] or relaxation [G(t)] data. The 

theoretical basis for the relaxation expressions is given in Eqns. 5.4 to 5.7. Fig. 5.17b shows 

the continuous relaxation spectra of the HPAM solution and that of the HPAM/CQDs 

composite, as a function of the relaxation time. In comparison to the relaxation behaviour of 

the pure HPAM solution, the relaxation time of the HPAM/CQDs composite was shorter. The 

solutions containing higher concentrations of the CQDs (0.2 and 0.4 wt. %) show a significant 

effect on the continuous relaxation spectrum of the HPAM solution, especially at a short time 

scale. Therefore, it can be deduced that the HPAM solution possesses long-term relaxation time 

as a result of sufficient links and associations between its macromolecules. This suggests that 

the mechanism behind the reduced viscosity behaviour of the HPAM/CQDs composites is 

bounded by the relaxation effect of the samples. 

𝑑 𝑙𝑛 𝜏 =
𝑑𝜏

𝜏
, 𝑔(𝜏) = 𝐻(𝑙𝑛 𝜏)                                      (5.4) 

𝐺(𝑡) = 𝐺𝑒 + ∫ 𝐻
+∞

−∞

(𝑙𝑛 𝜏)𝑒−𝑡/𝑥 𝑑 𝑙𝑛 𝜏                     (5.5) 

𝐺′ = ∫ 𝐻
+∞

−∞

(𝑙𝑛 𝜏)
𝜔2𝜏 2

1 + 𝜔2𝜏 2
𝑑 𝑙𝑛 𝜏                          (5.6) 

𝐺′′ = ∫ 𝐻
+∞

−∞

(𝑙𝑛 𝜏)
𝜔𝜏

1 + 𝜔2𝜏 2
𝑑 𝑙𝑛 𝜏                         (5.7) 

In Eqns. 5.4 to 5.7, H is the continues relaxation spectrum, τ is the relaxation time and G(t) is 

the relaxation data. 
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Figure 5.16. Plots of the damping factor of HPAM and HPAM, with different concentrations 

of the CQDs, as a function of angular frequency (ω). 
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Figure 5.17. (a) Complex viscosity for HPAM and HPAM/CQDs composites, with different 

concentrations of the CQDs, as a function of angular frequency (b), Continues relaxation 

spectra of HPAM, and HPAM/CQDs composites, as a function of relaxation time. 
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𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇     … … … … … . … (5.8) 

𝜏1/2 = 𝜏0
1/2 +  𝜇∞

1/2 𝛾1/2  … … … … … … (5.9) 

In Eqns. 5.8 and 5.9, k is the rate constant, T is the absolute temperature, A is the pre-

exponential factor, Ea is the flow activation energy, R is the universal gas constant, 𝜏0 is the 

yield stress, 𝜇∞ is the suspension/solution viscosity at an infinite shear rate, and γ˙ is the shear 

rate.  

The rheological results were given a kinetic treatment using the flow Arrhenius relationship 

(Eqn. 5.8) and the Casson-Asbeck equation (Eqn. 5.9) [354]. These relationships are widely 

applied to polymeric systems [355]. Thus, values were obtained for the yield point/stress (YP), 

the flow activation energy (FAE), and the infinite shear viscosity (ISV) for the CQDs, the 

HPAM, and the HPAM/CQDs composite, as shown in Table 5.1. The plot of ln(viscosity) vs 

1/T, used in modeling the flow kinetics of HPAM, CQDs, and HPAM/CQDs is shown in Fig. 

5.18. Differences in the yield point, the infinite shear viscosity, and the activation energy of 

flow can be seen. The yield stress is sensitive to shear history, as the corresponding un-sheared 

materials have yield values more than the sheared ones. The lower value of yield stress obtained 

for the HPAM/CQDs composite shows that the material has higher shear sensitivity in 

comparison to the corresponding HPAM material. This effect arises as a result of the rapid 

movement and subsequent breakdown of structural linkages that priory exists between the 

CQDs and the HPAM materials. According to Table 5.1, the HPAM/CQDs composite has the 

highest value of flow activation energy of 745 kJ/mol compared to the pure HPAM, indicat ing 

a high sensitivity to the influence of temperature during any potential applications. 
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Figure 5.18. A plot of ln(Viscosity) vs 1/T, used in modeling the flow kinetics of HPAM, 

CQDs, and HPAM/CQDs. 

Table 5.1 Data obtained from kinetic treatment of rheological plots, at 25 °C, on the basis of 
the flow Arrhenius equation and the Casson-Asbeck relationship. 

Solutions YP (Pa) FAE (kJ/mol) ISV (mPa s) 

CQDs 9.7x10-3 1100 0.47 

HPAM 0.59 733 3.4 

HPAM/CQDs 0.58 745 9.2 

 

5.3.3.2. Potential mechanisms of the viscosity reduction for HPAM/CQDs composites 

Clearly, the reduction of effective polymer viscosity by nanoparticle addition cannot be 

explained by conventional theories such as the Einstein-Batchelor relationship, which always 

states that the effective viscosity shall increase with an increase in particle concentrations.  

[356]. To account for this, two main mechanisms, including the free volume effect and particle 

agglomeration, have been proposed in the previous literature [207, 208, 215, 357, 358]. For the 

first mechanism, the viscosity reduction occurs in the polymer composites when the polymer 
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was entangled and the nanoparticles were spherical [9]. Mackay et al. [219] used the criteria 

of excluded free-volume around the nanoparticles to explain the decrease in the viscosity of 

nanoparticle- filled polymer melts. They stated that the free volume was governed by the glass 

transition temperature (Tg) of the materials, and the increase of Tg indicated the reduction of 

the free volume [359]. As shown in Fig. 3.22b, based on the finding, the inclusion of the CQDs 

did not significantly result in the change of Tg of the HPAM, and no direct relationship between 

the slight change in Tg and the reduction of viscosity of the HPAM/CQDs composites was 

observed. Thus, the concept of an increase in sample free volume, induced by the nanopartic les, 

cannot be considered as a plausible mechanism for the viscosity reduction of the HPAM/CQDs 

composites.  

For the second mechanism, it was reported that particle stability and aggregation could result 

in changes in the melt viscosity of polymer-nanocomposites during rheological measurements 

[360]. The results on the behaviour of HPAM and HPAM/CQDs composites from this study 

were analysed using a Turbiscan to investigate their stabilities (Fig. 3.24b). The data showed 

no sedimentation for all the range of concentrations of the CQDs that were studied. Therefore, 

this excludes the influence of the aggregation of the CQDs and their stability as a possible 

reason for the observed viscosity reduction.  

Clearly, the existing mechanisms cannot explain our current experimental results. It is proposed 

that the viscosity reduction is due to the degradation of HPAM polymer by the deamination in 

the repeating unit of the polymer, leading to the formation of polyacrylic acid (PAA) and 

ammonia (NH3) (Fig. 5.19). When the CQDs were included in the composites, a large number 

of oxygen-containing groups in the CQDs attack the HPAM material through nucleophilic 

reaction, thereby forcing it to release –NH2 groups from the HPAM repeating unit, leading to 

the formation of PAA and NH3. These trends continue and deteriorate the polymer backbone, 

resulting in macromolecular degradation and the subsequent reduction of the HPAM’s ductility 
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and embrittlement, hence the loss of viscosity. There are two proposed mechanistic pathways 

for the deamination and the formation of a covalent bond between the HPAM and the CQDs 

materials, as shown in Fig. 5.19. In the case of the proposed mechanism (i), a nucleophilic 

attack on the carbonyl group in the CQDs is achieved via water molecules. This is then 

followed by the nucleophilic addition of the CQDs onto the backbone of the HPAM, leading 

to the formation of an unstable transition state. This then leads to the release of NH3 molecules. 

However, according to the mechanism (ii), the first step involves the elimination of NH3 

molecules from the HPAM repeating unit before the addition of the CQDs. 

 

Figure 5.19. Schematic illustration of proposed mechanistic pathways leading to the reduction of viscosity in 

the HPAM/CQDs composites. 

 

Additionally, the CQDs could make the HPAM transform from a stretch-state to a coil-state 

(Fig. 5.20). Since HPAM is regarded as a polyelectrolyte, its viscosity and hydrodynamic size 

are responsive to the presence or addition of electrolytic functionalities. However, CQDs have 

been reported as cationic [361-363], and due to their electrolyte nature, when added to the 
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HPAM solution, they can cause protonation of the HPAM’s carboxylate groups into carboxyl 

groups (–COO- to –COOH). This then causes an increase in the acidity of the medium, being 

consistent with the experimental result shown in Fig. 3.18. This eventually causes a 

conformational transition of the polymer, changing from a stretch-conformation into a coiled-

conformation (or shrinkable state). This then consequently leads to the reduction in the 

hydraulic radius and degree of entanglement of the polymer chain, eventually decreasing its 

viscosity. 

 

Figure 5.20. Schematic showing how the HPAM can change from a stretch-state into a coil-state. 

5.3.4. Effect of surface modified SiO2 on polymer viscosity 

As shown in Table 5.2, when SiO2 is added to the HPAM solution, the viscosity of the 

composite overruled that of pure HPAM, showing behaviour similar to what was reported in 

the literature [108]. Which is due to the hydrogen bond formation between the silanol function 

of silica and the amide group of HPAM [108]. The measurement was conducted under the 

effect of 8 wt.% NaCl, however, as previously described, when SiO2/polymer solution is 
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prepared in high ionic strength of brine, it leads to agglomeration that causes a large number 

of molecules on the surface of the particle to create aggregates of NPs. It is also stated that a 

lack of good SiO2 dispersion was likely due to their preferred face-to-face stacking in 

agglomerated/aggregated tactoids, which leads to sedimentation problems in a harsh 

environment. These reduced reduces its stability when aged at high HT-HS conditions for a 

longer period of time. 

Notwithstanding, for EOR applications, the stability and viscosity of these nanocomposites 

have to be examined under temperature and high saline conditions. When HPAM is dissolved 

in water, their carbonyl groups repel one another, resulting in the polymer structure to extent 

increasing the molecular chain hydrodynamic volume to which consequently improves the 

solution viscosity. Whereas, the presence of excessive salinity in the water deteriorates the 

polymer performance in PF-EOR. The viscosity and hydrodynamic size of polyelectro lyte 

polymers, such as HPAM, are highly responsive to electrolyte concentration, for example, the 

ionic shielding on the amide group (–CO–NH2) reduces the polymer chain repulsion. This 

causes the polymeric chains to collapse and consequently reduces the molecular coil size and 

hence lower down the viscosity [334, 335]. At extreme salt content with divalent ions such as 

Mg2+ and Ca2+, the polymer starts to precipitate and become coiled from the elongated state as 

shown in Fig. 5.21. 
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Figure 5.21. Schematic illustration of the transformation from stretch to coiled or shrinkable 

state in the presence of (a) pure water (b) API brine and (c) Formation brine (details provided 

in Table 5.2). 

 

Table 5.2. Variation of the amount of salt 

Salt species Formation brine (FB) (%) API Brine (AB) (%) 

BaCl2 0.001 / 

NaHCO4 0.005 / 

Na2SO4 0.006 / 

MgCl2.6H2O 1.3 / 

CaCl2.2H2O 5.0 2 

NaCl 7.5 8 

 

In this section, the effect of electrolyte on the APV of NP-free COPAM, SiO2/COPAM, and 

M_SiO2/COPAM was investigated at 85 °C. Fig. 5.22 presented the result of the influence of 

polymer type on the viscosity with brine solution, and Table 5.3 illustrates the effect of API 

brine and formation brine (FB) on the viscosity decrease (percentage). The results show that 

the addition of salt decreases the viscosity of all the three samples, this finding is similar to that 

reported in the literature [46, 48] where a reduction in viscosity was seen at high salinities. It 

can be said that when salt is introduced into the polymer, the cationic charge can neutralise the 

ionic charge of the polymer –CO–O- groups, decreasing the electrostatic repulsions of the 

polymer chains to create a conformational transition from stretch to shrinkable or coiled state 

[364]. This causing the entanglement and hydrodynamic radius of the polymers to dissociate 

(a)  Water                         (b) API Brine            (c) Formation brine 
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which ultimately reduces the viscosity. M_SiO2/COPAM exhibits much stronger salt tolerance 

with higher viscosity compared to NP-free COPAM and SiO2/COPAM in the presence of both 

API and FB. This is because the M_SiO2/COPAM has an additional positively charged active 

sites on the surface that can generate electrostatic repulsion between the polymer cationic 

groups. 

Table 5.3. Percentage of the remaining viscosity in the presence of FB and API brine 

Sample COPAM SiO2/COPAM M_SiO2/COPAM 

Pure 100 % 100 % 100 % 

Formation brine 66% 72% 91% 

API brine 42% 60% 80% 
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Figure 5.22. Influence of salinity (1= No salt, 2 = API brine 3 = Formation brine) on the 

viscosity of NP-free COPAM, SiO2/COPAM, and M_SiO2/COPAM to investigate the effect 

of polymer type. 
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5.3.4.1. Effect of long-term thermal stability on COPAM, COPAM/SiO2 and 

COPAM/M_SiO2 viscosity 

Long-term aging under prolonged temperature results in detrimental effects in the PF-EOR, as 

it inhibits the overall performance of polymers by causing continuous viscosity reduction [53, 

108]. Therefore, the effect of aging under HT-HS condition (80 °C and FB) has been 

investigated to highlight the influence of different polymers as shown in Fig. 5.23a. In the first 

instance, the results show a slight increase in the viscosity after one day of aging in both 

SiO2/COPAM and M_SiO2/COPAM. This finding could be possibly due to the hydrolysis of 

the amide side chain of the polymer to its carboxylate group [108]; this shows that some parts 

of the polymer carboxylate group could enhance the hydrodynamic volume. After 10 days 

aging M_SiO2/COPAM displayed better heat endurance capacity with 7.5% viscosity 

reduction, NP-free COPAM, and SiO2/COPAM with 41 and 28% reduction in viscosity, 

respectively. The viscosity of M_SiO2/COPAM dropped slightly until 30 days of aging while 

in NP-free COPAM and SiO2/COPAM a sharp decrease was continued to be seen within the  

first month of aging. However, after 30 days of high-temperature storage, the viscosity of the 

NP-free PAM continues to decline day by day. This is due to the effect of bridging anionic 

carboxylic groups of the polymer with divalent ions (Ca2+ and Mg2+) and also polymer partial 

precipitation at a high degree of hydrolysis [365]. Overall, M_SiO2/COPAM exhibits much 

stronger heat tolerance and stable viscosity compared to NP-free COPAM and SiO2/COPAM 

over the whole period of aging, for instance, at 30 days COPAM and SiO2/COPAM lost almost 

51% and 41% of viscosity while M_SiO2/COPAM lost only 9.5%. After 90 days of aging, the 

amount of viscosity lost is 10.5% for M_SiO2/COPAM and 78.7% and 45% viscosity reduction 

were observed for NP-free COPAM and SiO2/COPAM. Fig. 5.23b shows consistent trends 

after calculating the relative viscosity of NP-free COPAM, SiO2COPAM and 

M_SiO2/COPAM, respectively.  
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The findings prove that the introduction of SiO2 NPs to acrylamide based polymers noticeably 

enhances the polymer thermal stability. Further improvement of the thermal properties was 

observed on M_SiO2/COPAM. The mechanism of thermal degradation and viscosity reduction 

of the polymer can be explained by two structural changes in the polymer molecule, both of 

which are caused by extreme temperature. First, carboxyl groups form by hydrolysing the 

amide chain, and second, the polymer backbone scission lowers the viscosity [366]. When the 

carboxylic group content increases, the polymer molecules exhibit greater expansion state 

because of repulsion between negative charge groups, and at the same time promote the 

polymer molecules interaction by creating a hydrogen bond betwixt the carboxyl and amide 

groups. Intermolecular and intramolecular interactions occur between the polymer molecules, 

this is an interaction between different functional groups of the polymers which may lead to 

the formation of larger molecules and consequently increases the viscosity. Further interaction 

between functional groups of the same polymer may cause the polymer molecules to shrink 

and hence lowers the viscosity [367-369]. Many recent studies reported that introducing NPs 

in the polymer solutions could produce crosslinking networks of individual polymers and 

produce a solid hybrid system via the formation of hydrolysable covalent bonds and hydrogen 

bonds [63, 108].  

The proposed mechanism showing in Fig. 5.24, shows a tremendous improvement in the 

polymer NPs interaction with the M_SiO2 compared to pure SiO2. This is because the M_SiO2 

surface has more functional groups, higher amino group reactivity, presence of more hydrogen 

in the amino groups and at the same time promote the formation of new electrostatic chemistry 

that occurs when the additional proton (H+) from the amino group of M_SiO2 react with the 

polymer ionic charges, reinforced the ability of polymer molecules to be adsorbed onto the 

M_SiO2 NPs surface by ionic linkage as illustrated in Fig. 5.24. This has also led to the 

improved thermal stability of polymer backbone, polymer molecules, and polymer 
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nanocomposites network. These results show that M_SiO2/COPAM show how M_SiO2 could 

play a role in strengthened polymer molecular weight, ductility, and embrittlement, and greater 

efficiency to perform under harsh reservoir conditions. 
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Figure 5.23. (a) Apparent viscosity (b) Relative viscosity as a function of aging the samples 

to investigate the effect of Long-term thermal stability after 90 days at 85 °C. 
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Figure 5.24. Schematic representation of preparing M_SiO2/COPAM and potential 

interactions between polymer molecules and M_SiO2 particles (top). Cartoons illustration of 

the composites network system of M_SiO2/COPAM (bottom). 
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5.3.4.2. Effect of COPAM, COPAM/SiO2 and COPAM/M_SiO2 on viscoelastic propertie s   

In the PF process, it is important to examine the viscoelastic behaviour of the fluid to have a 

reasonable interpretation of the deformation characteristics of the polymer structure [47, 342-

344]. Here, we have investigated the oscillatory behaviour of the polymers by measuring the 

changes in their loss modulus (G’’) and storage modulus (G’) as a function of angular 

frequency (ω). The results in Fig. 5.25a shows an increase in both G’ and G’’ with an increasing 

ω in all the three samples, however, at low ω the plateau of G’ and G’’ indicating the obvious 

solid-like behaviour of an elastic material and gel network nature of nanofillers in polymer 

composites and colloidal gels. Precisely, it could be noted that M_SiO2/COPAM samples show 

higher G’ and G’’ values exhibiting a better viscoelastic strength compared to SiO2/COPAM 

and NP-free COPAM samples, respectively. This proves that the M_SiO2 can reduce the 

relaxation of the polymer chain and change the effect of polymer liberation to become less 

obvious. Fig. 5.25b shows the effect of complex viscosity (𝜇∗) of the composites against ω; 

the results obey similar changing trends as observed for G’ and G’’. The 𝜇∗ of NP-free COPAM 

and SiO2/COPAM is lower than that of M_SiO2/COPAM. This finding shows the potential of 

using amino M_SiO2 as a potential agent in improving the polymer performance in EOR.  
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Figure 5.25. (a) Storage modulus (G') and loss modulus (G'') and (b) complex viscosity of 

NP-free COPAM, a SiO2/COPAM, and M_SiO2/COPAM versus angular frequency (ω). 

 

  



 

197 
 

5.4. Influence of MWCNTs on the rheological properties of synthesized 

polymers  

In this section, the influence of MWCNTs on the rheological properties (viscosity and 

viscoelasticity) of the five polymers synthesis in Section 3.4 was investigated. The outcome 

could be used to select the appropriate polymer for enhanced oil recovery analysis at API brine 

and alkaline pH conditions, respectively. Fig. 5.7a demonstrates the viscosity of 1000 ppm 

co/ter-polymers as a function of shear rate at 85 °C. The results indicated that after the 

incorporation of hydrophobic chains in pure acrylamide structure (Sample A), the viscosity of 

the modified samples improved, and this enhancement of viscosity would be ascribed to the 

intermolecular hydrophobic association of polymeric chains. However, the hydrophobic chains 

combined to reduce self-exposure in the aqueous medium resulting in an increase of apparent 

viscosity, similar to what  Hussein and co-workers [34] observed in which the addition of a 

hydrophobic fraction improved the polymer structure and increased the viscosity.  

Fig. 5.27b demonstrates the viscosity of polymer/MWCNTs at alkaline pH. Reduced value of 

viscosity for all polymers at pH = 11 with increasing shear rate was observed because of a high 

hydrolysis degree in the presence of OH- ions and these results are consistent with some early 

studies [333, 370, 371]. However, the decrease in viscosity was lower in samples B and D 

(polymer containing negative group) than the other samples. This is due to enhanced 

intermolecular interaction between the polymer containing negative groups and the MWCNTs 

in comparison to other functional groups due to the presence of sulfate group as confirmed by 

FTIR analysis. The interaction was found to be stronger, specifically at a higher shear rate 

which produced greater internal friction. Several investigations [230, 372] also reported high-

temperature resistance by the polymer containing sulfate and sulfonates groups. 
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Fig. 5.27c highlights the influence of salinity on the viscosity of polymer/MWCNTs at 85 °C. 

Correspondingly, the polymer containing negative groups (sample B) showed better salinity 

resistance, while the cationic polymer (sample C) showed less salt tolerance. The reason is that 

the positive group in the polymer is compatible with monovalent and divalent ions (Na+, Mg2+, 

and Ca2+), which results in mutual repulsion and shields the amide negative groups in the co/ter-

polymer chemical structure and therefore causes a reduction in viscosity. As shown in Fig. 

5.26, different approaches such as covalent linking, complexation through the interactions, and 

wrapping of NH-π, CH-π, π-π were proposed using polymers and functionalized MWCNTs 

composites [291-295]. These multi-point interactions strengthen the polymer chains resulting 

in enhanced internal friction between the polymer chains and the molecules of the neighbouring 

solvents, thus improving the solution viscosity.  

 

 

 

 

 

 

 

 

 

Viscoelastic behaviour of the two best samples was investigated before the EOR experiment. 

Both storage (G′) and loss (G″) moduli increased after the addition of MWCNTs, as shown in 

Fig. 5.28. Four different reaction mechanisms are accountable for the changes in viscoelast ic 

properties of the polymers [373], these are (a) MWCNTs/polymer network where the polymer 

Figure 5.26. Schematic illustration for different sequence for MWCNTs functionalization via 

noncovalent polymer wrapping or π-stacking. 
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shape could be entangled or adsorbed on the nanotube, (b) MWCNT-MWCNT network due to 

overlap of two nanotubes, (c) temporary entanglements of polymer network to form polymer 

matrix and (d) MWCNTs bridging by polymer. The crossover of modulus (where G′ > G″) 

represent characteristic relaxation times, which is in agreement with the time for a MWCNTs 

to circulate a distance similar to its length [374]. At low MWCNTs concentration, the 

relaxation could be identified across a section but it tended to increase with increasing 

concentrations because of the slowing of nanotube diffusion and ability of the solution to act 

in similarity to an elastic solid [374].  
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Figure 5.27. Dependent of viscosity on shear rate for (a) pure co/ter-polymers (1000 ppm) in 

water, (b) MWCNTs (1000ppm/1000ppm) in pH-11 and (c) polymers/MWCNTs 

(1000ppm/1000ppm) in API Brine, all measurement was conducted at 85 °C and shear rate 

100-1000 S-1. 
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Figure 5.17: Continues  
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(a) 

 

(b) 

 

Figure 5.28. (a) Viscoelastic properties of polyampholytic terpolymer (sample D) with 

different MWCNTs concentrations at alkali solution (b) viscoelastic values of a copolymer 

containing negative sulfonate group (sample B) with different MWCNTs concentrations at 

API. 
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5.5. Chapter Summary  

Understanding the mobility control between the oil and displacing fluid is paramount in EOR, 

which is closely related to rheological properties such as viscosity of the fluid especially at 

different experimental conditions. PAM, a commonly used polymer for EOR suffer common 

viscosity lost at high temperature and high salinity conditions. In this Chapter, the influence of 

the materials prepared in Chapters 3 and 4 on the rheological properties was investigated at 

different conditions, such as the NPs concentrations, effect temperatures, long-term thermal 

stability, and electrolyte effect were investigated.  

The addition of different GO concentrations increased the viscosity of the suspensions 

significantly, and the effect is more significant. Addition of 0.1 wt. % of GO increased the 

viscosity by 47 % and 36 % respectively at 85oC and 25 °C. The addition of GO increased 

long-term thermal stability significantly due to the formation of covalent linkages and 

electrostatic hydrogen bonding between the GO and the HPAM functional groups. After aging 

for 30 days at 80 °C, the viscosity of the composite's solution decreased very slightly while a 

59 % reduction was observed for pure HPAM solution.  Increasing the GO content increases 

both storage and loss modulus the HPAM solution, making them favourable for EOR 

applications. Though the solution viscosity decreased with an increase in NaCl concentration 

for both HPAM and HPAM/GO composites, the later improve the CST value showing 

promising performance at high salt content. Despite the improvement in long-term thermal 

stability and salinity tolerance of the HPAM/GO composite, the zwitterion-rGO-COPAM 

composite showed much better thermal and brine stability after aging. These are because at 

high ionic strength brines, the presence of electrolyte ions can enhance the interactions of the 

ionic groups in the zwitterionic sulfobetaine polymers, creating the chain's expansion by 

providing adequate steric repulsion thereby preventing the flocculation/aggregat ion of the 

zwitterion-rGO-COPAM and hence better stability.  
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Contrarily, the addition of CQDs decreased the viscosity of HPAM suspensions. Both the 

storage and the loss moduli are decreased with an increase in the concentration of CQDs. The 

flow activation energy of HPAM/CQDs composite is 745 kJ/mol, while that of pure HPAM 

solution is 733 kJ/mol. This indicates that the hybrid would be more sensitive to temperature, 

during any potential applications. The results showed that the mechanism behind the reduced 

viscosity behaviour of the HPAM/CQDs composites arises from the relaxation effect of the 

samples, with the value of the relaxation parameter shorter in the HPAM/CQDs composites, 

compared to that in the pure HPAM. Two possible schemes are proposed for the decreased 

viscosity phenomenon, which is: 1- formation of carboxylic acid groups on the HPAM 

backbone, giving rise to a reaction with hydroxyl groups on the CQDs and the subsequent 

formation of ester bonds; 2- breakage of long macromolecular chains in the HPAM into smaller 

chains, with the CQDs being able to protonate the carboxylate groups in the HPAM (–COO- to 

–COOH), which make it more acidic and eventually cause a conformational transition of the 

polymer to change from a stretch-state into a coiled-state.  

To alleviate the problems associated with traditional SiO2, a novel modification approach has 

been proposed. The M_SiO2/COPAM showed higher viscosity and possessed excellent 

temperature tolerance and long-term stability than pure SiO2/COPAM and NP-free COPAM 

solution at extreme salinity conditions. While SiO2/COPAM and NP-free COPAM had 45 and 

78% viscosity reduction respectively after 90 days of aging, only a 10% reduction was observed 

in M_SiO2/COPAM. This improved viscosity and stability of M_SiO2/COPAM were due to 

the incorporation of amino functional groups on the surface of the SiO2 NPs, which result in 

the formation of electrostatic attraction that reinforced the bonding of PAM molecules with 

NPs. 
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The addition of MWCNTs into five different synthesised polymers showed improved viscosity 

and viscoelasticity of the polymer dispersions. The polyampholytic ter-polymer and 

polyelectrolyte copolymer containing negative sulfonate groups showed better enhancement in 

viscosity of MWCNTs/polymer dispersions in alkali and API brine solution respectively. 

MWCNTs were found to improve the viscosity of synthesised COPAM more than the 

commercial HPAM. This is due to the multi-point interactions that strengthen the polymer 

chains resulting in enhanced internal friction between the polymer chains and the molecules of 

the neighbouring solvents, thus improving the solution viscosity. Also, the negative sulfona te 

groups in the co/tar-polymer resulted in a strong interaction of polymer/MWCNTs system 

which prevented the collapse of the polymer backbone by attracting both mono and divalent 

ions inside API brine thereby protecting the chains repulsion of the acrylamide chains. 
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Chapter 6 Enhanced oil recovery using nanoparticles 

modified polymer solutions 

6.1. Introduction  

This Chapter investigates the influence of different materials prepared in Chapters 3 and 4 

(polymer and polymer nanoparticle composites) on EOR using a core flooding experimenta l 

set-up. The effect of MWCNTs on the recovery enhancement of the two selected polymers are 

evaluated at high temperature under the influence of API brine and alkaline pH condition, 

respectively. Effect of different GO concentrations on the HPAM oil recovery efficiency in 

comparison with the modified zwitterionic-rGO-COPAM at high temperature (up 80° C) 

condition is investigated, the effect of M_SiO2/COPAM in comparison with the pure 

SiO2/COPAM and NP-free COPAM are also evaluated at complex salinity and high-

temperature conditions. 

6.2. Core flooding procedure  

For the preparation of core flooding, the Ottawa sands were packed into a metallic column by 

conducting a sequence of rigorous procedures for wet-packing to determine relatively constant 

porosity and permeability values for various packing based on the procedure obtained from 

[375]. The resulting parameters obtained for the column are recorded in Table 6.1.  

To evaluate the EOR potential for polymer and polymer/NPs composites, a core-flooding set 

up was prepared as illustrated in Fig. 6.1. During the flooding process, a piston pump (series I, 

Core-Palmer Instrument Co. Ltd) was used for brine injection. A syringe pump (KDS 410, KD 

Scientific Inc. USA) was employed for mineral oil injection and a new syringe was used for 

the injection of each sample to avoid cross-contamination of the samples. A pressure transducer 

(150 psi, Omega Engineering Ltd.) was applied for measuring the pressure drop while carrying 

out the experiments. The heating was supplied and controlled by the EZ-ZONE PM Integrated 
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PID Model. There are three K-type thermocouples (5TC-TT-K-36-36, a diameter of 0.13 mm 

and a precision of ±0.5 K, Omega) attached to both ends and the middle of the stainless steel 

core holder. They are parallel twisted together and feed the average temperature back to the 

controller as a process signal. The target temperature of the controller was set at 85 °C, and the 

output power of heating tape (SRT051-040, OMEGA) was controlled by a PID control loop 

based on the difference between the set temperature and the process temperature from those 

three parallel-twisted thermocouples. The following procedure was used for the core flooding 

investigation: 

 The core was saturated with the brine by injecting at least 100 mL of brine into the packed 

column at a continuous flow rate of 2ml/min. This resulted in a thoroughly saturated 

column thereby allowing sufficient time for sand grain deposition.  

 The column was saturated with the oil by injecting 20 mL of high viscous mineral oil at 

a constant flow rate of 0.5 mL/min until achieving water saturation of 𝑆𝑤𝑖 = 25%.  

 The secondary oil recovery stage using brine flooding was executed by injecting 3 pore 

volume (PV) at a constant flow rate of 0.5 mL/min.  

 Tertiary flowing was performed at a similar flow rate of 0.5 mL/min using polymer or 

polymer/NPs samples.  

 The effluent liquid was collected in a 50 ml granulated cylinder marked in 0.1 mL 

division to know the actual oil recovery. 

 The overall oil recovery and the tertiary recovery factors were calculated by polymer or 

polymer/NPs flooding. 

 The temperature was maintained at 85 °C during the whole process. 
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Table 6.1. Average value of parameters for packed sands column. 

Porous media properties           Values 

Bulk volume (mL)      33.7 ± 4  

Pore volume (mL)      12.8 ± 0.1 
Porosity (%)      38.23 ± 5 

Absolute permeability (mD)                     95 ± 5 
Mass of dry sands (g)      53.5 ± 1 

The liquid in the pore space (g)      12.8 ± 1 
Temperature (°C)      85 ± 1.5 

 

 

 

Figure 6.1. Experimental setup for core flooding and (b) Schematic illustration of the core 

flooding system. 
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6.3. Effect of MWCNTs on the EOR performance of synthesised polymers at 

high salinity and alkaline pH.  

6.3.1. Selection of properly synthesised polymers for EOR experiment 

Among the five synthesized polymers, the best polymers for core flooding investigation were 

selected based on the stability and rheological analysis with MWCNTs. The observations on 

the stability and rheological properties of these materials were conducted and recorded in 

Section 3.4 and Section 5.4. The summary of the findings is shown in Table 6.2 for the 

evaluation of different polymer/MWCNTs dispersion samples. The study indicates that the 

polyelectrolyte copolymer and polyampholytic ter-polymer containing the negative sulfona te 

group (samples B and D) improved the stability and viscosity in both saline and alkaline 

conditions, and are thus considered as better candidates for the core flooding experiment.  

Table 6.2. Viscosity and stability evaluation of different MWCNTs/polymers. 

Condition Sample A Sample B Sample C Sample D Sample E 

Viscosity 

(85 °C) 

Stability 

(60 °C) 

Viscosity 

(85 °C) 

Stability 

(60 °C) 

Viscosity 

(85 °C) 

Stability 

(60 °C) 

Viscosity 

(85 °C) 

Stability 

(60 °C) 

Viscosity 

(85 °C) 

Stability  

 

(60 °C) 

Water Weak Good Good Fair Weak Good Fair Good Good Fair 

Alkaline 

condition 

Weak Weak Fair Fair Fair Fair Fair Good Fair Fair 

API brine Weak Weak Good Good Fair Weak Weak Fair Fair Weak 

6.3.2. Oil recovery efficiency 

A series of core flooding investigations (runs 1-6) were conducted for the two best-selected 

polymers and their dispersion with MWCNTs, also bare co/ter-polymer was tested as a 

reference to examine MWCNTs effect on incremental oil recovery. The experiment a l 

conditions and the results of oil recovery efficiency with the uncertainty of 0.2% are 
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summarized in Table 6.3. Also Fig. 6.2 shows the accumulated oil recovery efficiency by 

co/ter-polymer, copolymer containing negative sulfonate group (sample B) and its composites 

with MWCNTs at high temperature (85 °C) and high brine salinity (2 wt.% MgCl2, 2 wt.% 

CaCl2 and 8 wt.% NaCl), relative to the original oil in place (OOIP) after oil saturation for 

secondary and tertiary flooding, respectively. It can be seen that the polymer/MWCNTs 

improved the oil recovery by 14.8% OOIP (from 70.2% to 85%) in the tertiary recovery stage 

while the copolymer containing negative sulfonate group and bare co/ter-polymer increase the 

recovery by 10.6% and 7.6% respectively. The photos of recovered oil for each case can be 

found in Fig. 6.3. On the other hand, Fig. 6.4 demonstrates the results of accumulated recovered 

oil after flooding with co/ter-polymer, a copolymer containing positive-negative group (sample 

D), and its composites with MWCNTs at high temperature (85°C) and pH=11. Similar to the 

above findings, the composites of positive/MWCNTs show a higher oil recovery of 10.8 % 

(from 70.5% to 81.2%) whereas the copolymer containing a positive-negative group and bare 

co/ter-polymer increase the recovery by 8.7% and 7.0% respectively. The photos of recovered 

oil for each case can be found in Fig. 6.5. 

The greater recovery factor by the polymer containing MWCNTs in both experimenta l 

conditions revealed the outstanding capability of the composites to modify the oil/water 

mobility ratio. However, higher oil recovery could be attributed to the high viscosity of the 

composites compared to other tested samples, and its ability to perform under high temperature 

and high salinity without losing much of its viscosity. The polymer/MWCNTs displayed 

greater rigidity in the porous medium due to its reasonable viscous force when it flowed in the 

core plug, whereas bare polymers were believed to lose a considerable viscosity fraction in the 

porous medium, specifically at high temperature and high saline conditions. Thus, a larger area 

of the core could be swept by polymer/MWCNT solution without the fingering effect and hence 

more oil recovery was achieved. Although the copolymer containing negative sulfonate group 
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has around 3% higher oil recovery compared to bare co/ter-polymer, this could be due to the 

greater salinity resistance exhibited by the modified sulfonate group as explained above. 

Generally, it can be deduced that polymer/MWCNTs flooding, could be more successful over 

the other samples because of its better mobility control, which has been achieved by enhancing 

the rheological properties of the solutions.  

Table 6.2. Oil recovery efficiency by using polymer and polymer nanoparticles composites 
 

Displacing Fluid Efficiency after 

brine flooding, % 
OOIP 

Efficiency after 

tertiary flooding, % 
OOIP 

Enhance oil recovery 

efficiency, % 

Sample A (API)  65.6 73.2 7.6 

Sample B (API)  67.2 77.7 10.6 

Sample B + MWCNTs (API)  70.2 85 14.8 

Sample A (pH-11) 67.9 74.9 7.0 

Sample D (pH-11) 68.9 77.6 8.7 

Sample D + MWCNTs (pH-11) 70.5 81.2 10.8 
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Figure 6.2. Tertiary oil recovery obtained by co/ter-polymer (sample A), a copolymer 

containing negative sulfonate group (sample B) and its composites (sample B + MWCNTs) at 

high temperature (85 °C) and high brine salinity (2 wt.% MgCl2, 2 wt.% CaCl2 and 8 wt.%  

NaCl. 

 

Figure 6.3. The oil recovered at the stage of secondary and tertiary flooding displaced by (a) 

Sample A, (b) Sample B, and (c) sample B + MWCNTs. In each case, the number 1 stand for 

secondary (brine flooding) while 2 stands for tertiary flooding. The amount of oil recovered 

by brine flooding is relatively the same in all cases indicating that the sand was stably packed 

into the core holder. 
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Figure 6.4. Tertiary oil recovery obtained by co/ter-polymer (sample A), ter-polymer 

containing positive-negative group (sample D), and its composites (sample D + MWCNTs) at 

high temperature (85 °C) and pH =11. 

 

Figure 6.5. The oil recovered at the stage of secondary and tertiary flooding displaced by (a) 

Sample A, (b) Sample D, and (c) sample D + MWCNTs. In each case, the number 1 stand for 

secondary (brine flooding) while 2 stands for tertiary flooding. The amount of oil recovered 

by brine flooding is relatively the same in all cases indicating that the sand was stably packed 

into the core holder. 
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The results of the interfacial surface tension (IFT) and contact angle (CA) for all 6 samples are 

shown in Table 6.4. An alteration is observed for both factors with the addition of MWCNTs 

to the polymer solutions at high salinity and alkaline pH conditions. According to the results, 

the wettability was changed towards neutral-wet status with the addition of MWCNTs. The CA 

for pure polymer solutions was found to be between 40° to 42° in both high salinity and alkaline 

conditions. The results show that the addition of MWCNTs changes the CA slightly from 42° 

to around 36°. Similarly, the IFT values are also decreased slightly with the addition of 

MWCNTs into the fluids. However, two different scenarios were observed for IFT reduction, 

at API brine condition the fluids IFT is 34 mN/m while 55 mN/m was observed at pH=11. This 

may be because of the salt capability to enhance the adsorption rate at the oil-water interface 

which accounts for the compression of the electrical double layer [376]. The weakening of the 

electrical double layer enhances the molecules transfer faster from bulk-phase to oil-water 

interface and thus reduces the value of IFT [376]. It was also mentioned that the addition of 

NaCl decreases the solubility rate of the injected fluid, and makes it more ionized, and thereby 

it adsorbs more strongly at the oil-water interface which reduces the IFT value [377]. With the 

addition of MWCNTs, the IFT values for sample B reduced from 34 to 28 mN/m whereas that 

of sample D reduced from 55 to 47 mN/m, respectively. This IFT reduction proves the 

nanoparticle's capability to mobilize the oil, leading to the easy flow of targeted oil by reducing 

the energy required by oil droplets to flow through the pore throat.  

The differential pressure recorded during oil recovery analysis for the core flooding 

investigation for the copolymer containing negative sulfonate group (sample B) and sample 

B/MWCNTs at high temperature (85 °C) and high brine salinity (2 wt.% MgCl2, 2 wt.% CaCl2 

and 8 wt.% NaCl) are shown in Fig. 6.6. It can be observed in Fig. 6.6a that pressure drop 

increases after the injection of the bare polymer whereas, after injecting the solution of 

MWCNTs in copolymer containing negative sulfonate group we observed that the pressure 
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drop became lower than that after brine injection (Fig. 6.6b). Contrary to the conventiona l 

thought that the MWCNT dispersion has a higher viscosity than the pure polymers and would 

have a greater possibility to form a wedge or block the pore channel, thereby causing the 

pressure drop to increase, the reverse was observed. This implies that MWCNTs play a leading 

role in enhancing the fluidity while moving along the pores, and also have the tendency to 

reduce the cost associated with polymer flooding as it lowers the amount of energy required 

during the injection process. A similar observation was made in the case of the copolymer 

containing a positive-negative sulfonate group (sample D) and its composites (sample D + 

MWCNTs) at high temperature (85 °C) and pH=11 (the results are reported in Fig. 6.7. 

Nevertheless, the pressure drop for the MWCNTs/polymer sample is even lower than that of 

the brine injection.  

Considering these results, it was assumed that polymer/MWCNTs dispersions altered the 

surface condition of the core sample to become more hydrophilic during the nanofluid injection 

[378, 379]. As explained, both copolymers containing negative and positive-negative groups 

are hydrophilic with anionic and cationic side chains, but, the addition of MWCNTs makes 

them more hydrophobic, promoting partial interaction between the particles and demonstrate 

electrostatic repulsion against the pore surface. Such partial but lengthy hydrophobic attraction 

of the hybrid materials would advance the formation of a favourable wedge film, created by 

disjoining pressure, hence causing incursion of the nanofluid to the oil-wet glass surface [379]. 

This wedge film easily changes the surface wettability of the oil drop against the glass surface, 

thus reducing the adsorption of the oil phase on the porous medium and lowering the pressure 

drop. This could enhance the sweep efficiency and hence more oil recovery.  
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Figure 6.6. The Differential pressure for (1) co/ter-polymer (2) copolymer containing 

negative sulfonate group and (3) copolymer containing negative sulfonate group/MWCNT at 

high temperature (85°C) and high brine salinity (8 wt.% NaCl, 2 wt.% CaCl2 and 2 wt.% 

MgCl2). 
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Figure 6.7. The Differential pressure for (1) co/ter-polymer (2) copolymer containing 

positive-negative group and (3) copolymer c containing positive-negative group/MWCNT at 

high temperature (85°C) and pH=11. 

 

Three major mechanisms of oil recovery enhancement (IFT, CA and viscosity) were all 

investigated in this work and the contribution of those factors was evaluated using the 

desirability model (Eqn. 6.1 and 6.2) by demonstrating the relationship between the 

desirability of the related factor and efficiency of the recovered oil to evaluate the factor with 

the greater influence to the overall EOR efficiency.  Both individual (𝑑𝑖) and combined (D) 

desirability is used to observe the effect of each factor affecting the EOR. Once a good 

correlation is accomplished the dominant factor could be extended to predict a trend of the 
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potential relationship between the factors and recovery efficiency [380]. IFT, CA, and viscosity 

are selected to examine their influence on oil recovery efficiency. The results of selected factors 

for samples used in the core flooding experiment are shown in Table 6.3 and the analysed 

desirable values are plotted in Fig. 6.8. As can be seen from Fig. 6.8, only viscosity desirability 

can imply the relationship. However, the aforementioned trends of the factor to the % recovery 

efficiency indicate that viscosity is the favourable mechanism playing a dominant role to 

recover the high viscous oil from the core, while IFT and CA show less significant changes in 

the relationship. After combining all three desirabilities (D) no clear correlation with the 

recovery efficiency was observed.  

𝑑𝑖 = 𝑒−𝑒−𝑥𝑖 … … … … … … … … 𝐸𝑞𝑛. 6.1 

𝐷 = (∏ 𝑑𝑖

𝑛

𝑖=1

)

1/𝑛

= √𝑑1𝑑2
𝑛 … 𝑑𝑛 … … … … … … 𝐸𝑞𝑛. 6.2 

Where, d stands for the individual desirability function ((𝑖) while  𝑛 stands for the amount of 

the affecting factors that are designed to affect the indicator. 

Table 6.3. Evaluation of affecting factor (IFT, CA, and Viscosity) with their desirability 

(dIFT, dƟ, and dµ) and combined desirability (D) for each fluid use in this experiment. 

Fluid         EOR Mechanisms            Individual desirability (d) Desirability (D) 

           

% Oil 

recovery 
efficiency 

IFT(mN/m)    Ɵ(0)     µ(mPa·s)  dIFT                  dƟ                dµ   

Sample A (API) 34.27            40.18        3.01 2.89  x10-1            4.10  x10-1      1.29 x  10-2      1.15  x10-1      7.6 

Sample B (API) 34.15           40.87        6.88 2.84  x10-1           3.94  x10-1       2.08 x  10-1       2.85  x10-1      10.6 

Sample B + MWCNTs 
(API) 

28.18           36.86       16.14 7.01  x10-2           4.84  x10-1     8.71  x10-1       3.09  x10-1      14.8 

Sample A (pH =11) 55.48           41.97         3.55    9.16  x10-1           3.69  x10-1        2.28 x  10-2        1.97  x10-1      7.0 

Sample D (pH =11) 52.11          42.09         8.71 8.75  x10-1           3.66  x10-1         4.01 x  10-2        2.34  x10-1      8.71 

Sample D + WMCNTs (pH 

=11) 

47.28          36.99        12.59 7.83  x10-1            4.83  x10-1        7.05 x  10-1        6.43  x10-1      10.8 
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Figure 6.8. % EOR efficiency as a function of overall desirability (D) and individual 

desirability (d) factors for three EOR mechanism. 

6.4. Effect of GO concentrations on HPAM and comparison with modified zwitterionic-

rGO-COPAM on EOR performance  

IFT measurement was conducted between mineral oil and different aqueous phase to examine 

the influence of GO in the HPAM/GO composites on the IFT variation. Fig. 6.9b showed the 

dynamic IFT when the composite with different GO concentrations was introduced while Fig. 

6.9aand Table 6.4 showed the values of equilibrium IFT as a function of GO concentrations 

at 1500 s. The IFT values decreased steadily with increasing GO concentration. As we can see 

the HPAM IFT was found to be 62.54 mN/m, with the addition of 0.01 wt.% GO into HPAM 

the IFT value dropped down to 54.06 mN/m and similar trends were observed with up to 22.5 

mN/m reduction after adding 0.1 wt.% GO showing the total of 40.0 mN/m. When the higher 
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concentration of GO was added a rapid reduction in the ITF was observed showing that GO is 

an effective surfactant for oil/water interface. According to a report by Sun et al. [381] on the 

IFT investigation GO/diblock copolymer it was found that GO can be effectively trapped at the 

oil/water interface and jammed into a solid film by hydrogen bonding or electrostatic 

interaction with the polymer amine unit. This similar phenomenon of jamming was also 

reported somewhere with silica nanoparticle [382]. GO is widely known as amphiphilic, having 

a hydrophobic domain on its unoxidized graphite patches and hydrophilic oxygen 

functionalities as illustrated in Fig. 6.9a. Because of this amphiphilicity GO can be regarded 

as a class of surfactant that can stabilize oil-water interfaces, and at the same time reduced oil-

water IFT [383]. Contrarily, when zwitterionic-rGO-COPAM were used the IFT value rises to 

around 57.12 mN/m. This is because there is no amphiphilic character on its surface since the 

GO used for composite preparation has been reduced to rGO.  

Table 6.4. Values of equilibrium IFT at 1500 s as a function of GO concentrations, and the IFT 

value of zwitterionic-rGO-COPAM for comparison.  

Composite solutions  Equilibrium oil-water IFT 

(mN/m) at 1500 s 

0.05 wt.% HPAM 62.54 

0.05 wt.% HPAM/0.01 wt.% GO 54.06 

0.05 wt.% HPAM/0.02 wt.% GO 52.49 

0.05 wt.% HPAM/0.04 wt.% GO 47.18 

0.05 wt.% HPAM/0.06 wt.% GO 44.68 

0.05 wt.% HPAM/0.08 wt.% GO 42.78 

0.05 wt.% HPAM/0.1 wt.% GO 40.04 

Zwitterionic-rGO-COPAM  57.12 
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Figure 6.9. (a) dynamic IFT as a function of time (b) averaged values of equilibrium IFT as a 

function of GO concentrations and (c) schematic illustration showing the amphiphilic nature 

of GO at the oil-water interface. 
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Figure 6.9. continues. 

 

For EOR analysis, four different sets of core flooding experiment were prepared with 0.05 

wt.% HPAM, 0.05 wt.% HPAM/0.01 wt.% GO, 0.05 wt.% HPAM/0.04 wt.% GO and 0.05 

wt.% HPAM/0.1 wt.% GO to determine the influence of GO on the oil recovery enhancement. 

Also, for comparison, zwitterionic-rGO-COPAM composites prepared in both APIB and FB 

were subjected to core flooding investigation, aiming to determine the effect of modified 

material in the recovery. The obtained results are summarised in Table 6.5. The accumula ted 

oil recovery efficiency is plotted in Fig. 6.10. As can be seen with the increasing amount of 

GO in the composites the percentage of recovered oil also increased slightly. Pure HPAM 

generates an increase of 6.52% of the oil relative to the original oil in place (OOIP) after 

secondary brine flooding, from 60.87 to 67.39%. With the addition of 0.01, 0.04, and 0.1 wt. 

% GO concentration the oil recovery increased with 6.74%, 10.98%, and 13.33%, respectively. 

On the other hand, the zwitterionic-rGO-COPAM composite showed more oil recovery 

enhancement compared to HPAM and HPAM/GO materials, generating about 16.67% in API 

and 15.56% FB brine solutions, respectively.  

The increased recovery factor could be due to the improved mobility ratio between the oil and 

polymer solution. This is attributed to the increase in the viscosity of the composite compared 

to the neat polymer solution. This showed that the composite displayed better rigidity in the 

c 
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porous medium because it has more viscous force when moving through the core flog 

compared to the neat polymer solution, which is prone to losing its viscosity, especially in 

harsh conditions. Nevertheless, in the case of HPAM/GO composite, the improvement in IFT 

with the inclusion of GO into the polymer, could also be the reason why there is more oil 

recovery. The lower IFT value may be because particles can transfer from the bulk-phase to 

the oil-water interface leading to IFT reduction (66). This showed the tendency of GO to 

mobilized the oil and move it to the targeted area. With regards to zwitterionic-rGO-COPAM 

composites, the higher oil recovery is also attributed to the higher viscosity and much better 

salinity and temperature tolerance, which is due to excellent dispersion stability displayed by 

the composite in brines [384], which is assumed to agree with the behaviour of pseudo-

spherical nanoparticles where the rGO nanosheets wrapped by the chains of zwitterionic-rGO-

COPAM. At high ionic strength brines, presence of electrolyte ions can enhance the 

interactions of the ionic groups in the zwitterionic sulfobetaine polymers, creating the chain’s 

expansion by providing adequate steric repulsion thereby preventing the 

flocculation/aggregation of the composite materials, and hence prevent much degradation at 

high-temperature condition, and hence more oil recovery [302, 304].  

The recorded differential pressure during the oil recovery experiment is plotted in Fig. 6.11. 

The results showed that the pressure drop increases after injecting the HPAM and three 

HPAM/GO composite solutions, while zwitterionic-rGO-COPAM sampled showed reduced 

pressure drop. This showed that even though zwitterionic-rGO-COPAM composites has the 

higher viscosity, but it can still control the flow of the solution by driving the oil into the area 

of interest with the same amount of energy required as that of polymer injection. Showing 

potential in future EOR application.  
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Figure 6.10. Comparison of tertiary oil recovery between HPAM, HPAM/GO with different 

GO concentrations (0.01, 0.04 and 0.1 wt. %) in 8 wt.% NaCl, and zwitterionic-rGO-

COPAM composites in APIB and FB brine respectively. 
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Figure 6.11. The Differential pressure recorded during the injection of (a) HPAM, 

HPAM/GO composites with different GO concentrations (b) 0.01 wt. %, (c) 0.04 wt. %, and 

(d) 0.1 wt. %, and zwitterionic-rGO-COPAM composites in (e) API brine and (f) FB brine. 
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6.5. Effect of surface modified SiO2 NPs on polymers EOR at HT-HS 

conditions. 

Before this investigation, surface-modified SiO2 was formulated to reduce the problems 

associated with conventional SiO2 used in enhancing the performance of polymer used in EOR 

as described in Section 4.3. The characterizations of the obtained materials were conducted 

and reported in Section 4.3.5, also, their rheological analysis was thoroughly performed in 

Section 5.3.4.  

Increasing reservoirs sweep efficiency is the most important aspect in PF-EOR [2, 31, 385, 

386]. This technique is based on altering the mobility ratio between oil and injection fluid by 

the addition of polymers to improve vertical and areal sweep efficiencies and thereby reducing 

viscous fingering [36, 46]. Notwithstanding, the PF efficiency is affected by several situations 

including pore throats blockage because of the polymer aggregation [26, 28], polymer 

degradation with the influence of extreme temperature and salinity conditions [334, 369, 387-

389] and polymer adsorption onto the surface of the porous media [390, 391], these hinder the 

PF performance, causing huge economic expenditures and severe viscosity reduction. In this 

Section, a series of six core-flooding experiments were employed to examine the effect of NP-

free COPAM, SiO2/COPAM, and M_SiO2/COPAM on the incremental oil recovery HT-HS 

conditions. The experimental conditions and the comparisons of overall oil recoveries are 

tabulated in Table 6.5, and the obtained results of the accumulated oil recovery are shown in 

Fig. 6.15. The first 3 sets of the experiment were conducted using API brine at 85 °C, after 

injecting 3.0 PV of brine solution for each experiment around 50-52% of the oil was recovered 

relative to the original oil in place (OOIP), meaning that around 48-50% of the OOIP remain 

unrecovered by the means of conventional water flooding. Consequently, the overall oil 

recovery increase was 7.7% and 12.7% after NP-free COPAM and SiO2/COPAM injection, 
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while a 17.5% increase in oil recovery was obtained after M_SiO2/COPAM injection under the 

same condition. A similar trend of oil recovery was recorded under after using FB at the similar 

temperature with overall oil recovery increase of 6.2% and 9.6% for NP-free COPAM and 

SiO2/COPAM, whereas 16.2% oil were recovered after injecting M_SiO2CO/PAM solution, 

lower than that of API brine samples.  

 

 

 

 

Figure 6.12. Schematic illustration showing how polymer nanoparticle mixture push oil 

through the sands. 
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The primary reason for greater oil recovery by M_SiO2/COPAM is the ability of the M_SiO2 

to alter the oil/water mobility ratio. This could be associated with higher viscosity and 

improved stability after long-term aging at high temperature demonstrating a higher ability to 

be implemented under HT-HS without much decrease in viscosity. The M_SiO2/COPAM also 

shows greater performance due to its fair viscous force when injected into the core, but the 

other two samples especially NP-free COPAM were believed to reduce their viscosity at HT-

HS conditions because of poor stability. Thus, the highly stable solution could sweep the major 

core area without blocking the pores which makes more oil recovery to be achieved. These 

improved properties of M_SiO2/COPAM were generated due to the incorporated amino 

functional groups present on the surface of added NPs, which results in the evolution of new 

electrostatic chemistry that occurs when the additional proton (H+) from the amino group of 

M_SiO2 react with the polymer ionic charges, reinforced the ability of polymer molecules to 

be adsorbed onto the M_SiO2 NPs surface. During the core-flooding experiment, the 

differential pressure was recorded for all the tests as seen in Fig. 6.16. The pressure drop 

increases after injecting the polymer samples, this might be due to the high viscosity of the 

solution. 
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Figure 6.13. Tertiary oil recovery for NP-free COPAM, SiO2/COPAM, and M_SiO2/COPAM 

at HT-HS conditions (a) API brine and (b) FB brine. 
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Table 6.4. Oil recovery efficiency for NP-free COPAM, SiO2/COPAM, and 

M_SiO2/COPAM at HT-HS conditions (a) API brine and (b) FB brine. 

Displacing Fluid NP-free 

COPAM 
SiO2/COPAM M_SiO2/COPAM 

(a
) 

Efficiency after brine flooding, % OOIP 50.77 50.76 51.21 

Efficiency after tertiary flooding, % OOIP 55.07 58.38 62.50 

Efficiency after post brine flooding, % 

OOIP 
58.93 63.45 68.57 

EOR by sample, % OOIP 4.30 7.61 11.28 

EOR by chase water, % OOIP 3.44 5.08 6.18 

Overall oil recovery, % OOIP 7.74 12.68 17.46 

(b
) 

Efficiency after brine flooding, % OOIP 52.58 51.66 52.16 

Efficiency after tertiary flooding, % OOIP 56.58 56.92 62.05 

Efficiency after post brine flooding, % 
OOIP 

58.82 61.30 67.44 

EOR by sample, % OOIP 3.56 5.23 10.79 

EOR by chase water, % OOIP 2.67 4.37 5.40 

Overall oil recovery, % OOIP 6.23 9.60 16.20 
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Figure 6.14. The Differential pressure for (a) COPAM flooding (b) SiO2/COPAM flooding 

(c) M_SiO2/COPAM flooding in the presence of API brine and (d) COPAM flooding (e) 

SiO2/COPAM flooding (f) M_SiO2/COPAM flooding in the presence of formation brine. 
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6.5. Chapter summary  

In this Chapter, the effect of new materials produced in Chapters 3 and 4 was investigated on 

oil recovery efficiency using a core flooding experimental set-up. The EOR performance of 

different modified acrylamide co/ter-polymers/MWCNTs showed that in comparison to the 

pure polymer solution, the addition of MWCNTs to polyampholytic terpolymer and 

polyelectrolyte copolymer containing negative sulfonate groups improved the oil recovery 

efficiency at high temperature (85 °C) in the presence of both alkaline pH and API brine 

conditions, yet with a lower pressure drop, showing great promise for future EOR applications. 

Although lower interfacial tension and contact angle were observed with the addition of 

MWCNTs in polymer solutions at both conditions; but the desirability function indicated that 

viscosity was found to be the main factor responsible for high recovery. The improved oil 

recovery by the polyelectrolyte copolymer is due to the negative sulfonate groups in the 

polymer surface which resulted in a strong interaction of polymer/MWCNTs system, and 

prevented the collapse of the polymer backbone by attracting both mono and divalent ions in 

API brine, thereby protecting the chains repulsion of the acrylamide chains. 

The influence of different GO concentration on the EOR performance of commercial HPAM 

is also investigated in comparison to the modified zwitterionic-rGO-COPAM. Since GO is 

considered to be amphiphilic, its interfacial and behaviour on the HPAM/GO composites were 

investigated before the core flooding analysis. The pilot core flooding investigation showed 

improved oil recovery by HPAM/GO composites more than that of pure HPAM. These 

enhanced performances could be as results of a two-dimensional (2D) layer or the amphiphilic 

behaviour of the GO sheets, which lead to improved stability, interfacial tension, and viscosity 

that is beneficial for enhanced oil recovery. On the other hand, zwitterionic-rGO-COPAM 

composite showed more oil recovery compared to HPAM and HPAM/GO materia ls, 
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generating about 16.67% in APIB and 15.56% FB, respectively due to better stability. These 

are because at high ionic strength brines, the presence of electrolyte ions can enhance the 

interactions of the ionic groups in the zwitterionic sulfobetaine polymers, creating the chain's 

expansion by providing adequate steric repulsion thereby preventing the 

flocculation/aggregation of the zwitterionic-rGO-COPAM and hence better stability. 

The influence of M_SiO2/COPAM in comparison to pure SiO2/COPAM and NP-free COPAM 

solution for EOR performance were investigated at high temperatures and complex brine 

solution after 90 days of aging at 80 °C. The outcome showed that the M_SiO2/COPAM 

solution provided more oil recovery than those from SiO2/COPAM and NP-free COPAM 

solutions in HT-HS conditions. These improved properties of M_SiO2/COPAM were 

generated due to the incorporation of amino functional groups on the surface of the SiO 2 NPs, 

which result in the formation of electrostatic attraction that reinforced the bonding of COPAM 

molecules with modified SiO2, and inhibit thermal degradation of the polymer and safeguard 

its backbone to prevent the polymer molecule from rupture under HT-HS conditions. 
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Chapter 7 Conclusion and recommendations for future work 

7.1 Thesis conclusion 

Polymer flooding is a traditional chemical EOR process, in which polymer is dispersed in 

displacing water to reduce viscous fingering and increase sweep efficiency, leading to more oil 

production. Despite some progress in polymer EOR, there are still many drawbacks that hinder 

their wide applications due to polymer degradation and instability in harsh reservoir conditions 

such as high temperature and high salinity (HT-HS).  

This project aims to improve the stability, rheology, and flooding performance of polymers in 

HT-HS conditions by two approaches, i.e., reinforcing polymer chains with desirable NPs to 

form composites and engineering new temperature-resistant polymers. In addition, a novel 

synthesis approach to produce suitable nanoparticles in-situ in polymers is developed to further 

improve the polymer performance. Newly formed materials were carefully characterised, and 

their stability and rheological properties under HT-HS conditions were investigated, as well as 

their EOR performance in a pilot core-flooding facility. 

The finding suggested that the modified composites samples synthesized in-situ have better 

stability, rheological performance, and more oil recovery efficiency at HT-HS condition, than 

those prepared via a direct mixture of polymer/NPs solutions, showing great promise for future 

EOR applications. The main conclusions drawn from each Chapter are summarized as below: 

1. Synthesis and characterization of polymer and polymer nanocomposites via direct mixing 

process. 

 The dispersion stability observed using Turbiscan analysis showed HPAM/GO and 

HPAM/CQDs composites exhibited excellent stability in the presence of NaCl, but 

unstable when API brine and complex brines were used. 
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 The FT-IR spectral data confirmed the formation of the covalent linkage and the 

electrostatic hydrogen bond between GO and HPAM functional groups, which helps to 

strengthen the hybrid stability. The analyses also suggest the evolution of chemica l 

linkage between segments of HPAM and those of the GO sheets. 

 The ATR-FTIR analysis suggests the evolution of chemical linkage between segments 

of HPAM and those of CQDs. Thus, results in the formation of strong covalent bonding 

between HPAM/CQDs which occur between the deaminated amine in the polymer 

backbone and the hydroxyl group in the CQDs. 

 The addition of MWCNTs into the polyampholytic terpolymer and polyelectro lyte 

copolymer containing negative sulfonate groups showed better enhancement in the 

dispersion stability in both alkali pH and API brine solution, respectively, which could 

be considered when to select the proper polymer that stabilized under harsh reservoir 

condition. 

 This improvement showed that the copolymer containing sulfonate groups can 

withstand divalent ions and sustain the steric repulsive forces between polymer 

branches and the solubility of skeleton acrylamide at high salt contents, by preventing 

the collapse of the polymer backbone which attracted both mono and divalent ions in 

the API brine solution, thereby protecting the chains repulsion of the acrylamide chains. 

Although, the prepared composites are not very stable in a complex brine solution, but 

showed a great promise for future EOR applications.  
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2. In-situ synthesis and characterization of modified polymer nanocomposites under the 

influence of high ionic strength brines. 

 The copolymer of acrylamide was covalently attached to the rGO via free radical 

polymerization and further reacted with 1, 3-propane sultone to accomplish zwitterionic 

groups.  

 Comparing to GO-COPAM, zwitterionic-rGO-COPAM dispersions showed that there 

was no noticeable sedimentation or flocculation observed after visual inspection. 

 The particle size measured was smaller with large zeta potentials compared to that of 

an unmodified solution. 

 The instability index derived from Lumisizer was smaller over a storage of 120 days at 

80 °C under both APIB and FB conditions. It also showed that the dispersion stability 

was better in APIB than FB, where the GO sheet conjugated structure may have been 

altered after 90 days in the formation brine.  

 FTIR and other chemical analysis suggested that the formation of zwitterionic character 

on the rGO-COPAM composites was responsible for the excellent temperature stability 

and dispersibility in the presence of high salinity and high temperature.  

 Such results suggest that the zwitterionic molecules could be used as a stability 

enhancer for different particles, and the zwitterionic-polyacrylamide-graphene oxide 

systems possess greater potential for future enhanced oil recovery applications.  

 On the other hand, the SiO2 NPs were successfully functionalised with (3-aminopropyl) 

triethoxysilane to create positively charged active sites on the surface to form a stable 

NP dispersion, which facilitates the formation of strong coordination bond with the 

negatively charged COPAM chain. Three samples including M_SiO2/COPAM, pure 

SiO2/COPAM, and NP-free COPAM were synthesised in-situ via free radical 

polymerisation.  
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 The outcome of the finding revealed that M_SiO2 could inhibit the thermal degradation 

of the polymer and safeguard its backbone to prevent the polymer molecule from 

rupture under HT-HS conditions. As a result, M_SiO2/COPAM possessed excellent 

temperature tolerance and thermal stability in a harsh environment after 90 days of 

aging.  

 

3. Investigation of the rheological properties of the produced polymers and polymer 

nanocomposites  

 For materials prepared via direct mixing, the viscosity of HPAM/GO composites 

showed a significant increase with the increasing GO concentrations, while 

HPAM/CQDs composites showed a decrease in viscosity demonstration a phenomenon 

which contradicts the expression normally derived from Einstein-Batchelor law for the 

viscosity of particle suspension.  

 The addition of GO increased long-term thermal stability significantly due to the 

formation of electrostatic hydrogen bonding between the GO and the HPAM functiona l 

groups. After aging for 30 days at 80 °C, the viscosity of the composites solution 

decreases very slightly while a 59 % reduction was observed for pure HPAM solution.  

 However, despite the improvement in long-term thermal stability and salinity tolerance 

of the HPAM/GO composite, the zwitterion-rGO-COPAM composite showed much 

better thermal and brine stability after aging. These are because at high ionic strength 

brines, the presence of electrolyte ions can enhance the interactions of the ionic groups 

in the zwitterionic sulfobetaine polymers, creating the chain's expansion by providing 

adequate steric repulsion. 
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 Increasing the GO content increases both storage and loss modulus the HPAM solution, 

making them favourable for EOR applications, while CQDs decreases the storage and 

the loss moduli of HPAM as when CQDs concentration increases.  

 The increase in HPAM viscosity by the addition of GO could be due to the formation 

of covalent linkage and the electrostatic hydrogen bond between GO and HPAM 

functional groups, which helps to strengthen the polymer molecules. 

 Two possible schemes are proposed for the decreased viscosity phenomenon, which is: 

1- formation of carboxylic acid groups on the COPAM backbone, giving rise to a 

reaction with hydroxyl groups on the CQDs and the subsequent formation of ester 

bonds; 2- breakage of long macromolecular chains in the COPAM into smaller chains, 

with the CQDs being able to protonate the carboxylate groups in the COPAM (–COO- 

to –COOH), which make it more acidic and eventually cause a conformationa l 

transition of the polymer to change from a stretch-state into a coiled-state. 

 The polyampholytic ter-polymer and polyelectrolyte copolymer containing negative 

sulfonate groups showed better enhancement in both stability and viscosity of 

MWCNTs/polymer dispersions in alkali and API brine solution respectively.  

 The modifier SiO2 improved COPAM viscosity more than the pure SiO2, while 

SiO2/COPAM and NP-free COPAM had 45 and 78% viscosity reduction after 90 days 

of aging, only 10% reduction was observed in M_SiO2/COPAM. Showing better 

promising compared to traditional SiO2 NPs. This could be a result of electrostatic 

attraction that reinforced the bonding of COPAM molecules with modified SiO2 and 

inhibit thermal degradation of the polymer that safeguards its backbone from rupture 

under HT-HS conditions. 
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4. Enhanced oil recovery using nanoparticles modified polymer solutions 

 The pilot core flooding investigation showed a slight increase in oil recovery by 

HPAM/GO composites than pure HPAM. Whereas zwitterionic-rGO-COPAM 

composite showed more oil recovery enhancement compared to HPAM and 

HPAM/GO, respectively, generating about 16.67% and 15.56% in API and FB brine 

conditions, respectively, with even lower pressure drop. This enhanced performance by 

zwitterionic-rGO-COPAM could be a result of excelling stability and higher viscosity. 

Hence, the improved performance by the composite could be a result of the 2D layer of 

the GO sheets, and the formation of strong linkage and the electrostatic bonding 

between modified rGO and polymer functional groups, which helps to strengthen the 

hybrid stability. 

 Comparing to the pure polymer solution, the addition of MWCNTs improved the oil 

recovery efficiency at high temperature (85 °C) in the presence of both alkaline pH and 

API brine conditions, yet with a lower pressure drop, showing great promise for future 

EOR applications. The desirability function indicated that viscosity is the main factor 

responsible for high oil recovery using polymer/MWCNTs at both APIB and alkaline 

conditions. 

 The core flooding experiments showed that the modified SiO2/COPAM solution 

provided more oil recovery than those from SiO2/COPAM and NP-free COPAM 

solutions in HT-HS conditions. These improved properties of M_SiO2/COPAM were 

generated due to the incorporation of amino functional groups on the surface of the 

SiO2 NPs, which result in the formation of electrostatic attraction that reinforced the 

bonding of COPAM molecules with M_SiO2. 
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7.2. Recommendation for future work 

This project has made progress in finding the materials with excellent thermal, brine, and 

dispersion stability and prove their potential for future EOR applications. However, to further 

explore the use of this material for field application, the following recommendations are 

suggested for future work.  

 Develop advanced set-up for core flooding experiments at high temperature and high-

pressure conditions.  

 Build a high-pressure experimental set-up for the rheological investigation to further 

explore the potential use of these materials in high-pressure conditions.  

 Investigate the adsorption and desorption of polymer/surfactant and their mixture with 

nanoparticles under reservoir-like conditions.  

 More experiments on nanoparticle/polymer-carriers in different reservoir rocks. 

 Explore novel ways to apply different nanoparticles as reservoir sensor.  

 Explore the method to retrieve the used materials in core flooding to reduce the cost of 

production.  

 Investigate the transport behaviour of polymer and polymer-nanoparticle composite in 

porous media.  

 Understanding the migration behaviour of the nanoparticles, polymers, and their 

composites with the influence of the oil phase.  

 Conduct a numerical simulation analysis of the prepared materials to compare with the 

experimental findings. 

 Future work will also focus on the economic evaluation of the overall project, especially 

the cost related to the newly produced polymers and polymer-nanocomposites in 

comparison to the conventional polymers used in traditional EOR. This will actualize the 

applicability of the new materials for future EOR applications.  
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