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ABSTRACT 

Over the past decade, nanoparticles (NPs) have been tested to assist waterflooding 

(WF) for enhanced oil recovery (EOR) due to their superior physical and chemical 

properties. Majority of the previous studies used silicon oxides (SiO2) coated with 

polyethylene glycol or silane and other metallic oxides as NPs. In this study, a nanofluid 

(NF) was first characterized in terms of its bulk and interfacial properties, which 

comprised NPs dispersed in an aqueous phase. Second, the NP loss in a porous medium 

because of adsorption was measured. Third, a series of NP-assisted WF tests were 

conducted to measure the heavy oil recovery factors and identify the best type and 

optimum concentration of NPs for enhanced heavy oil recovery in a heavy oil reservoir. 

Four types of commercial metallic oxide NPs for EOR (Nano-EOR) were used: 

uncoated hydrophilic 25 wt.% SiO2 NP solution and 20 wt.% Al2O3 NP solution, SiO2 

nanopowders coated with 2 wt.% dimethoxydiphenylsilane (KH220-silane) and SiO2 

nanopowders coated with 3–4 wt.% aminopropyltriethoxysilane (KH550-silane). A NF, 

which was made of each type of NP solution or nanopowders and a deionized water 

(DIW)/brine, was characterized in terms of its density, viscosity, pH, and specific 

electrical conductivity, surface tension (ST) of the DIW/brine/NF and air, and interfacial 

tension (IFT) between a given heavy oil and DIW/brine/NF. First, the densities and 

viscosities of the DIW/brine/NFs were measured. Second, the pH values and the specific 

electrical conductivities of the DIW/brine/NFs were measured. Third, the STs of the 

DIW/brine/NFs and the air, as well as the IFTs between the Manatoken heavy oil and 

DIW/brine/NFs, were measured. Fourth, a series of static adsorption tests were 



iii 

 

undertaken to determine the NP adsorption onto the Ottawa sand grains. Finally, a total of 

twelve NP-assisted WF tests were conducted in a sandpacked coreholder to measure the 

heavy oil recovery factors (RFs) under different test conditions. 

Dispersion of the NPs did not remarkably increase the densities of the NFs. As 

uncoated SiO2 NPs at 0.02 wt.% and 0.06 wt.% concentrations were dispersed in the 

brine with 1.00 wt.% NaCl (NF1 and NF2), nevertheless, the NF viscosity was increased 

from 3.38 cP to 4.91 cP, respectively. The pH value was 7.75 for 0.06 wt.% SiO2 NPs 

with KH220-silane coating in the brine with 4.00 wt.% NaCl (NF3), compared to 7.05 for 

the DIW. The measured specific electrical conductivity was increased from 41.3 μS/cm 

for the DIW to 62,810.0 μS/cm for 0.06 wt.% Al2O3 NPs in the brine with 4.00 wt.% 

NaCl (NF4). The measured STs indicated that the STs of the DIW/brine/NFs and air were 

increased from 70.91 mJ/m2 for the DIW to 93.13 mJ/m2 for NF4. The measured IFTs 

between the Manatoken heavy oil and DIW/brine/NFs exhibited the lowest value of 

15.14 mJ/m2 for 0.04 wt.% SiO2 NPs with KH220-silane coating in the brine with 4.00 

wt.% NaCl (NF5). In addition, the static adsorption test data indicated the highest NP 

adsorption of 1.06 mg/g onto the Ottawa sand grains for NF4. 

Finally, the highest total heavy oil RF of 61.64% was achieved for NF5 in the NP-

assisted waterflooding (NPWF), WF, and extended NPWF in comparison with 46.31% 

obtained for NF5 in WF, NPWF, and extended WF. The optimum NP concentration for 

the highest enhanced heavy oil RF was approximately 0.04 wt.%. Below the optimum NP 

concentration, the oil RF was lower because of weaker interactions between the NPs and 

the reservoir fluids. Above the optimum NP concentration, the oil RF was decreased 

possibly because of increased NP aggregation and adsorption. 
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CHAPTER 1       INTRODUCTION 

1.1 Applications of Nanoparticles in the Petroleum Industry 

It is essential to develop a suitable enhanced heavy oil recovery method for 

recovering a large amount of the residual oil after the primary production in a heavy oil 

reservoir. Waterflooding (WF) or gas flooding (GF) processes have been used for many 

years to improve heavy oil recovery. However, severe viscous fingering and water/gas 

channelling can occur because of the high mobility of the displacing fluid, which results 

in a low sweep efficiency and bypasses a substantial amount of the residual oil (Moradi et 

al., 2015). A number of chemical enhanced oil recovery (EOR) methods, such as 

surfactant or polymer flooding, have also been applied. They were able to displace the 

residual oil by lowering the interfacial tensions (IFT) to an ultra-low range or increase the 

viscosity of the displacing water (Alexandre et al., 2008). However, the injected 

chemicals can plug the pore throats, become unstable at high temperatures, and can be 

extremely expensive.  

Nanoparticles (NPs) are nano-structured (1–100 nm) particles that possess a number 

of unique features, depending on their types and properties. These features could also 

vary with the conditions under which NPs are utilized, such as temperature and pressure. 

As an alternative chemical, NPs are small enough to pass through most of the small pore 

throats (Lau et al., 2016). Fundamentally, each NP comprises a core (e.g. metallic oxide) 

and a thin shell. The shell can be made up of the tail group, active head group, 

hydrocarbon chain. Depending on the NP type, one or two of the shell components could 

be absent in the NPs structure (Hendraningrat et al., 2013). The dispersion and stability of 
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hydrophilic NPs in a polar liquid or hydrophobic NPs in a non-polar liquid are 

determined by the chemical properties of the NP shell and the liquid used (Das et al., 

2008; Hendraningrat et al., 2013). The dispersion of NPs in a base fluid is referred to as a 

nanofluid (NF). 

There are a number of NP applications in the petroleum industry, the most important 

of which is EOR. As shown in Figure 1.1, NFs reduce the residual oil saturation when 

they are introduced into a micromodel. This is attributed to the reduced IFT between the 

oil and water and the reduced oil viscosity. In addition to the above-mentioned benefits, 

NPs are also environmentally friendly and cost-effective (Chegenizadeh et al., 2016). 

1.2 Enhanced Oil Recovery Mechanisms of Nanoparticles 

To date, the EOR mechanisms of NPs that are used as an EOR agent are not fully 

understood. Sun et al. (2017) reported that a number of past studies on rock, oil, and NF 

interactions were conducted to better understand the mechanisms of nanoparticle-assisted 

EOR processes. One of the primary EOR mechanisms is because of the so-called 

structural disjoining pressure (Chengara et al., 2004; Hendraningrat et al., 2016; Wasan et 

al., 2011).  

The structural disjoining pressure is a result of both the Brownian motion and the 

attractive force among the NPs (McElfresh et al., 2012). The structural disjoining 

pressure can be defined as a differential pressure of a fluid to adhere to the solid surface 

through the interfacial forces among the solid, oil, and aqueous phases (Chengara et al., 

2004). Because of the extremely small sizes of these NPs, they have the tendency to 

move around randomly when they are dispersed in a base fluid. Therefore, they do not 

have any preferential direction to move. This behaviour helps NPs to be dispersed evenly  
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Figure 1.1 Residual oil distributions before and after NFs were introduced into a 

micromodel (Hendraningrat et al., 2013). 

Before NF flooding After NF flooding 
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in the base fluid over a long period. The attractive force is increased as the NP 

concentration is increased. The interfacial forces cause the NPs dispersed in a deionized 

water (DIW) to form a thin wedge film (McElfresh et al., 2012; Wasan et al., 2011). The 

structural disjoining pressure is increased as the NPs begin to move into the wedge film. 

This triggers movement of more NPs into the confinements, as illustrated in Figures 1.2 

and 1.3 (Wasan et al., 2011). 

1.3 Research Objectives of This Study 

In this study, the bulk and interfacial properties of NFs, and NP adsorption were 

studied. A series of NP-assisted enhanced heavy oil experiments were conducted. Four 

types of NPs were purchased and dispersed into the synthetic brines at Pa = 1 atm and Tres 

= 25.0 ºC. The research objectives of this study are summarised as follows: 

1. To analyze the NP interactions with both the oil phase and the rock surfaces; 

2. To study the effects of the saline brine on the NPs physicochemical properties and 

efficiency to improve a number of the oil reservoir rock and fluid properties; 

3. To evaluate the impact of adsorption of NPs onto the Ottawa sand grain surfaces on 

the IFT of the Manatoken heavy oil and the NF; 

4. To conduct a comparative study of the coated NPs and evaluate their efficiencies to 

displace oil in the NP-assisted enhanced heavy oil recovery experiments; and 

5. To study and determine the optimum NP concentration for enhanced heavy oil 

recovery. 

1.4 Thesis Outline 

There are five chapters in this thesis. Chapter 1 gives the technical background on the 

NP-assisted EOR, as well as the research objectives of this thesis. Chapter 2 provides 
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Figure 1.2 An oil droplet on a solid surface with wedge film (Wasan et al., 2011). 

 

 

 

 

 

 

 

 

 

Figure 1.3 Spreading of NPs in wedge film leading to the so-called structural disjoining 

pressure (Wasan et al., 2011). 
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an updated literature review on the applications of both coated and uncoated SiO2 and 

Al2O3 NPs in the enhanced oil recovery  processes. Chapter 3 describes the experimental 

details for measuring the bulk and interfacial properties of NFs and conducting the NP 

adsorption tests and the Nano-EOR tests under the actual reservoir conditions. Chapter 4 

presents and discusses the measured bulk-phase properties, interfacial properties, and the 

results of the oil displacement experiments. Finally, Chapter 5 summarizes the scientific 

findings of this study and lists a few technical recommendations for future Nano-EOR 

applications in the oilfields. 
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CHAPTER 2       LITERATURE REVIEW 

2.1 Bulk-Phase Properties of Nanofluids 

2.1.1 Densities of nanofluids and specific surface areas of nanoparticles 

The physicochemical properties of NPs could depend on their sizes, shapes, and 

structures, which allow them to exhibit a number of superior characteristics, such as 

strong dispersion and large specific surface area (Nath and Barbhuiya, 2014). The 

densities and sizes of these NPs can determine their interactions with the rock, base fluid, 

and oil. The mass-based specific surface area of the NPs is both size- and density-

dependent. The smaller the size and density of the NPs, the larger the specific surface 

area. 

𝑆 =
6000

𝜌𝐷
,            [2.1] 

where S is the mass-based specific surface area in m2/g; ρ and D are the NP density in 106 

g/m3 and size in nm, respectively. 

Nath and Barbhuiya (2014) reported that a larger surface area resulted in a stronger 

NP heterogeneous catalytic property. A large specific surface area has a number of 

advantages, such as a high thermal conductivity, high heat-transfer rate, little or no 

clogging of NPs, and high stability in a high-temperature environment (Purna et al., 

2014). To prevent amorphous layer and for the NP to attain a better crystalline structure, 

there is an upper threshold NP density. This density is dependent on the size of the NP for 

a given mass-based specific surface area (Opalinska et al., 2015).  

2.1.2 Viscosity 

Previous experimental data indicated that the viscosity of an NF is dependent on the  
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NP size, concentration, temperature, and pH (Purna et al., 2014). The viscosity of an NF 

was increased with increasing NP size and concentration (Anoop et al., 2009; Lu et al., 

2008; Nguyen et al., 2007; Pastoriza et al., 2011). The increased NP concentration caused 

the viscosities of Al2O3 and SiO2-ethanol NFs to increase (Chevalier et al., 2007; Das et 

al., 2003). It was observed that the viscosity of an NF increased with increasing NP size 

and a pH between 5‒7 but remained unchanged at pH ≤ 5 (Zhao et al., 2009). 

2.1.3 pH 

The pH of an NF is critical as to a large extent it determines NP stability in a base 

fluid. The effect that pH has on the dispersion of NPs in a base fluid is dependent on the 

structures and compositions of the NPs, as well as their interactions with the fluid (Zhang 

et al., 2010). Strong repulsive forces caused little or no aggregation of the NPs so that 

they remained dispersed in the base fluid. Wagers et al. (2014) conducted an experiment 

to determine the effect of pH on the stability of gold NPs coated with citrates. Because of 

the strong negative surface charge of the citrates, the repulsive electrostatic force was 

increased, which resulted in less aggregation of NPs in the base fluid (milk sample).  

2.1.4 Specific electrical conductivity 

The specific electrical conductivity of an NF is a function of the NP concentration, 

size, and composition and coatings, as well as temperature. An increase in the 

concentration of ethylene glycol NPs resulted in an increase in the specific electrical 

conductivity (Fal et al., 2017). As the size of the NPs was decreased, the specific 

electrical conductivity was increased because of a larger specific surface area. As the 

concentration of metallic copper NPs was increased, there was a nonlinear increase in 

contrast to CuO or Al2O3, the latter of which had a linear increase in the specific 
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electrical conductivity (Sarojini et al., 2013). The specific electrical conductivity was a 

result of the surface charges formed because of the polarization of NPs when they are 

dispersed in a polar fluid, such as water (Matijevic, 1973; Vajjha et al., 2009). 

2.2  Interfacial Properties 

2.2.1 Surface tension  

Surface tension (ST) represents the intermolecular attraction forces between similar 

molecules. Therefore, ST can be defined as the force per length that causes the surface 

layer of a liquid in contact with air or gas to counteract any external force. The ST of an 

NF with the air can vary, depending on the NP concentration, type, and size. The ST of 

an NF and air is directly proportional to the NP concentration (Bhuiyan et al., 2015). 

Dispersion of more NPs into a base fluid causes an increase in the cohesive forces among 

the NPs and, subsequently, increases the ST at the surface layer of the liquid (Bhuiyan et 

al., 2015; Saeid et al., 2009; Tanvir and Qiao, 2012). An increase in the NP concentration 

results in a stronger attractive than repulsive force, which results in a higher ST. Denser 

and larger NPs adhere more to the NF–air interface, which results in a higher ST.  

2.2.2 Interfacial tension 

Among the primary factors that determine the IFT between a given heavy oil and a 

NF are the NP type and concentration, brine properties, as well as temperature 

(Zargartalebi et al., 2014). Cai et al. (1996) reported that, irrespective of the salt type, the 

IFT was increased with increasing brine salinity. Jennings (1967) reported that increased 

temperature reduced the IFTs of the oil and water phases. The IFT reduction will also be 

affected by the nature of the NPs used (e.g., hydrophilic vs. hydrophobic). For instance, 
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hydrophilic NPs that have a high affinity for water phase will find it difficult to be 

transported into the oil phase, except small-sized NPs that are assisted by the Brownian 

motion. NPs coated with proper materials, including PEG and silane, can significantly 

reduce/increase the IFT because of increased/reduced surface charge. 

2.3 Nanoparticle Adsorption 

Dispersion of NPs in a base liquid induces surface charges as well as an electric 

double layer (EDL) at the NP–liquid interface. An EDL is a structure comprising ions 

formed at the solid–liquid interface when it is exposed to a liquid, such as an aqueous 

solution. In the presence of the EDL, there is a strong interaction between the solid and 

liquid phases. This effect is the driving force for the adsorption of NPs onto the 

surrounding surfaces (Strauss et al., 2009).  

The adsorption of NPs onto a rock surface is a key issue that must be addressed in 

order to choose appropriate NPs for EOR. It determines the extents of the IFT reduction 

and wettability alteration. In addition, previous studies reported that the size, 

concentration, and surface coating of NPs are the primary parameters in determining the 

retention of NPs. Reincke et al. (2006) reported that large-sized NPs settled more readily 

onto rock surfaces than smaller ones. Metin et al. (2011; 2012) conducted some 

experiments and reported that silica NPs in the 5–25 nm size range in NaCl brine below 

the critical salinity (1.50 wt.%) exhibited negligible or no adsorption onto the mineral 

surfaces (quartz or calcite). In contrast to coated NPs, uncoated NPs have negligible 

adsorption. 

2.4 Nano-EOR Mechanisms 

Nano-EOR is the process of injecting the dispersion of NPs in the base fluid (i.e. NF) 
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to recover oil trapped in an oil reservoir. In the EOR process, a fluid is typically injected 

to increase the reservoir energy and mobilize the residual oil in the oil reservoir (Green 

and Whillhite, 1998). It will be beneficial to the EOR if there are favourable interactions 

between the injected fluid and the oil/rock. Ann et al. (2014) reported that only 

approximately 30‒40% of oil is recovered through the primary and secondary processes. 

Therefore, a novel and promising EOR method is desired to enhance the traditional EOR 

processes, such as chemical flooding, WF, GF, and steam flooding. Nano-EOR has 

received increased attention in recent studies as NPs have exhibited some potential as an 

EOR agent (Sun et al., 2017).  

A few studies have been conducted to explore NPs as an EOR agent in the oil 

industry (Espinosa et al., 2010; Zhang et al., 2009). The unique properties of NPs, such as 

their low cost, ultra-small size, and significant surface-to-volume ratios, can minimize or 

eliminate the problems associated with the conventional EOR methods (Sun et al., 2017). 

Some mechanisms are found to be involved in Nano-EOR, such as the reduced IFT, 

increased viscosity of the displacing fluid, negligible retention of NPs, as well as the 

structural disjoining pressure. 

One of the favourable conditions needed to recover more oil is to have a larger 

capillary number (Nc): 

𝑁𝑐 =
𝑣𝜇

𝛾
=

𝑘∆𝑃

𝛾𝐿
 ,               [2.2] 

where Nc is the capillary number; v is the Darcy or apparent velocity of the displacing 

phase; is the viscosity of the displacing phase; γ is the IFT of the oil and brine; k is 

the effective permeability of the displacing phase; and 
∆𝑃

𝐿
 is the pressure gradient.  

The capillary number shows how the viscous force and the ST acting across the liquid 
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and gas interface or the IFT between two immiscible phases affect their movements. The 

capillary number is increased by increasing the viscous force of the displacing phase or 

reducing the force holding the oil phase in place, the so-called capillary force. To reduce 

the capillary force, the IFT of the oil and water must be lowered. 

Theoretically, the IFT is a function of the compositions of the fluids and would be 

high if the fluids involved (e.g., oil and water) are immiscible to each other. The IFT 

reduction is achieved by incorporating some surface-active agent into the oil–brine 

system (Taber, 1969). The IFT is known to influence fluid flow in an oil reservoir and 

considered to be the most important factor needed to recover approximately 60% of 

trapped oil (Elimelech et al., 1995; Herd et al., 1992). Hydrophilic NPs have the potential 

to lower the IFT when they are introduced into the brine as they tend to stay at the oil–

brine interface and, therefore, mobilize more oil (Dahle, 2014). As the NP concentration 

was increased, the IFT was decreased to a minimum and the corresponding NP 

concentration is called the optimum concentration (Dahle, 2014). Firoozabadi and Ramey 

(1988) reported that the IFT was in the range of 25–35 mJ/m2 for an oil–brine system. 

Another essential way to effectively sweep oil from an oil reservoir is to increase the 

viscosity of the displacing fluid. This is achieved by increasing the concentration and/or 

size of the NPs (Balasubramanian et al., 2011). However, increasing the NP size would 

result in more NP adsorption. Therefore, it is preferred to increase the NP concentration. 

In addition, a further method to recover more oil in a given reservoir is to decrease the 

mobility ratio (M):  

  𝑀 =  
𝜆𝑤

𝜆𝑜
=  

𝑘𝑟𝑤
𝜇𝑤
𝑘𝑟𝑜
𝜇0

,           [2.3] 

where M is the mobility ratio; λw, krw, and µw are the mobility, relative permeability, and  
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viscosity of the displacing phase (water), respectively; and λo, kro, and µo are the mobility, 

relative permeability, and viscosity of the displaced phase (oil), respectively. 

A favourable mobility ratio is equal to or less than unity (M ≤ 1), which means that 

the displacing phase is less mobile in comparison to the displaced phase. By increasing 

the viscosity of the displacing water phase, the mobility ratio is decreased. The lower the 

value of M, the better the sweep efficiency. The mobility ratio changes with both 

viscosities and relative permeabilities of the displacing and displaced phases (Dahle, 

2014).   

The adsorption of NPs on the sand grains is a function of their size, shape, 

concentration, surface properties, and the flow rate (Zhang, 2012). Significant adsorption 

of NPs onto the solid surface can lead to NP loss (Zhang, 2012). There are four possible 

mechanisms or means that can cause significant NP loss/retention and formation damage: 

adsorption, mechanical entrapment, gravity segregation, and clogging/log jamming, as 

illustrated in Figure 2.1. First, adsorption occurs when there are interactions between the 

NPs and the solid surface caused by the Brownian motion and the attractive force. 

Second, when the NP sizes are larger than the sizes of the pore throats, mechanical 

entrapment occurs. However, this is not a typical case in a heavy oil reservoir as the NPs 

in the range of 1‒100 nm are significantly smaller than the pore throats so that the former 

can easily pass through the latter. Third, gravity segregation or settling occurs when there 

is a significant density difference between the displacing and displaced phases. Finally, 

clogging can occur when NPs injected into the reservoir accumulate and cause blockage 

of the pore throats. This accumulation of NPs at the pore throats will occur because of the 

lower movement of NPs than the base fluid (i.e., the brine). However, this accumulation 
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Figure 2.1 Four possible means of NP retention (Zhang, 2012). 
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can have the advantage of pressurizing one section of the pore throats and cause an 

increased sweeping and mobilization of oil in the adjacent pore throats. If the 

accumulation becomes severe by increased NP concentration, on the other hand, the 

reservoir can be plugged (Zhang, 2012). 

The last EOR mechanism to be discussed is the structural disjoining pressure. This 

differential pressure aids the oil recovery from the reservoir by creating a wedge film that 

separates the residual oil from the reservoir rock. This creates opposition to the attractive 

forces of the fluids. Theoretically, a significant amount of small-sized NPs is able to exert 

a disjoining pressure as high as 50,000 psi at the wedge vertex (McElfresh et al., 2012). 

With the pressure from the bulk aqueous phase, the NFs can preferentially spread on the 

solid surface (Chengara et al., 2004; McElfresh et al., 2012). The density difference 

between the displacing and displaced phases is a key function for determining the level of 

pressure build-up at the pore throats. Figure 2.2 depicts that because of the density 

difference of the displacing and displaced phases, movement of the NPs in the displacing 

fluid is reduced. This reduction in NP movement causes a pressure build-up in the 

adjacent pores and moves more residual oil. Consequently, once the oil has been 

displaced, the pressure in the adjacent pores drops and the blockage is over to promote 

more fluid flow (Chengara et al., 2004). 

2.5 Factors Affecting Nano-EOR 

It is essential to know and understand the major factors that affect the flow and 

effective performance of NPs in a porous medium. This will help to better understand 

different behaviours of NPs in different porous media. As reported by Wang et al. (2016), 

these factors include the type and concentration of NPs, the nature of the porous media,  
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Figure 2.2 Illustration of pressure build-up from density difference between NPs and the 

brine (Claude and Olsen, 2013). 
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and the nature of the NP flow. 

2.5.1 Properties of nanoparticles 

NP shape  

Nanoparticles may have different shapes (especially carbon-based ones), including 

layered, tubed, sphere, and wire-, rod-, and fibre-shaped. Only limited information is 

available on the effect of NP shape on NP flow in porous media and, therefore, further 

studies are needed. Previous studies were conducted to investigate how NP shapes affect 

the NP flow through porous media. For example, Hedayati (2014) reported the mobilities 

of two carbon-based multi-walled carbon nanotubes (MWCNT), which were tubular-

shaped, and fullerene (n-C60) under similar experimental conditions. It was reported that 

n-C60 had a slightly higher mobility than the MWCNT when the ionic concentration of a 

base liquid was increased to 10.89 mM. Conversely, MWCNTs were more mobile at 

higher ionic concentrations between 10.89 mM and 60 mM. This is because of significant 

aggregation of n-C60 at higher ionic concentrations, which promotes n-C60 straining and 

adsorption onto the porous media. Seymour et al. (2013) studied the flows of sphere- and 

rod-shaped latex NPs. The rod-shaped latex NPs, with aspect ratios of 1:1, 2:1, and 4:1, 

were obtained by stretching the carboxylate-modified fluorescent polystyrene spheres 

through the porous media. It was observed that under favourable conditions, the spherical 

NPs had a higher adsorption rate than the rod-shaped NPs. A quartz crystal microbalance 

with dissipation experiment was conducted to measure the adsorption rates of these NPs. 

It was observed that as the quartz concentration was increased, the adsorption rate for the 

spherical NPs was increased. However, the quartz had no substantial impact on the rod-

shaped NPs. It was also noted that the rod-shaped NPs had a higher adsorption rate over 
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time under unfavourable conditions, while the spherical NPs exhibited an opposite trend. 

Therefore, NP shapes play a critical role in affecting the NP flow through and the NP 

adsorption onto the porous media (Wang et al., 2016).   

NP size  

Regarding the effects of NP size on the NP flow through porous media, some 

different conclusions have been reached. Few studies suggest that larger NPs had higher 

adsorption. For example, Wang et al. (2012) found that the MWCNT adsorption was 

increased with increasing tube length in water-saturated quartz sand. The maximum 

adsorption primarily included long MWCNTs close to the column inlet. In addition, the 

physical properties of the water-saturated quartz sands were a major factor in the 

deposition of the long MWCNTs. Other studies have also reported similar experimental 

results. May and Li (2013) conducted some experiments and discovered that large NPs 

led to a high adsorption rate because of heterogeneity in the surface charge. They 

suggested that smaller NPs are more sensitive to physicochemical and surface 

heterogeneities than larger ones. Therefore, they reported NP mobilization and 

reattachment when the ionic concentration was lowered. 

On the other hand, other researchers suggested that smaller NPs have exhibited higher 

adsorption. For example, O’Carroll et al. (2013) performed a column experiment on the 

transport of different-sized MWCNTs. They found that in sand porous media, MWCNT 

with smaller sizes exhibited high adsorption. This was consistent with other experiments. 

The colloid filtration theory states that decreasing NP size could lead to increased 

collisions with porous media because of enhanced Brownian movement and, 

subsequently, an increased adsorption rate. Wang et al. (2012) reported that smaller-sized 
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silica NPs tended to have a lower surface coverage and a higher adsorption rate than  

larger ones at the same NP concentrations. Finally, some studies have suggested that 

under favourable conditions, the effect of NP size on NP adsorption in porous media 

could be negligible. Wang et al. (2016) concluded that NP size affects NP transport 

primarily through two mechanisms: the Brownian diffusion and straining. Nanoparticle 

movement is also influenced by other factors, such as the flow velocity, grain size, 

physical straining, and surface roughness. 

NP concentration  

Majority of the related studies were relatively consistent in their conclusions. Some  

studies reported that under favourable conditions, a higher input NP concentration 

resulted in a higher NP mobility since the concentration of NPs that attached themselves 

to the solid surface was increased as the input NP concentration was increased. For 

example, an experiment on graphene oxide NP transport in sand columns indicated that 

higher NP recovery rates in effluents were obtained for coarse and medium sands at a 

higher input NP concentration. This result was also consistent with the findings from 

previous studies on MWCNTs, Al2O3, and Ag NPs (Wang et al., 2016). 

NP surface properties  

Nanoparticle surface properties include surface charge and hydrophobicity, which 

govern their interactions with surfaces of the surrounding media and impact the Nano-

EOR applications because of the strong van der Waals attractive force that causes them to 

aggregate. Hence, surface modifications become critical. The surface modifications can 

be achieved by using different methods and/or materials, such as chemical oxidation, 

natural organic matters, or surfactants.  
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2.5.2 Nature of a porous medium 

It is not sufficient to focus only on the nature of NPs as the nature of a porous  

medium is also critical in determining the efficiency of NPs when they flow through it. 

Properties of porous media that significantly affect the NP flow through the porous media 

include the medium type, medium surface property, grain size, and moisture content. 

Medium type  

Several studies have shown how NPs behave differently in different porous media. 

For example, Wang et al. (2008) studied the flow of n-C60 NP aggregates through 

columns packed with glass beads or quartz sands under similar experimental conditions. 

They reported that significantly more n-C60 NPs were retained in the sands (77%) than in 

the glass beads (8–49%). Therefore, the flow rate of the same NPs through the glass bead 

columns is typically higher than that through the sand columns. Kanel et al. (2007) 

studied the flow of surface-modified iron NPs through glass beads, unbaked sands, and 

baked sands. The NP adsorption efficiencies of 0.01, 0.21, and 0.18 were obtained for 

glass beads, unbaked sands, and baked sands, respectively. This confirms that NP 

mobility in glass beads is higher than that in sand grains. Several studies have found that 

the clay content of soils affects the NP flow through the porous media. Fang et al. (2013) 

observed that among the 14 types of surface soil samples collected in China and tested, 

more MWCNTs were retained in soil columns with a higher clay content than in those 

with a higher sand content. It was suggested that the MWCNTs were physically strained 

because of the presence of smaller pores in porous media with a higher clay content. This 

resulted in a higher adsorption of the MWCNTs, while a higher sand content tends to 

have more large pores. 
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Medium surface property  

Tian et al. (2012a) investigated the flow of carbon nanotubes (CNTs) through 

columns packed with acid-cleaned (free of metal oxy-hydroxides), baked, and natural 

sands. The results indicated that CNTs had a significantly higher mobility in the acid-

cleaned sands than that in the other media. In addition, the mobility of TiO2 NPs in quartz 

sands, whose surfaces were artificially covered with iron oxide, was reduced because of 

strong attractive electrostatic forces between the NPs and iron oxide on the coated sand 

surfaces. Conversely, the NP flow could be altered when grain surfaces are coated with 

surfactants or natural organic matters. Liu et al. (2015) reported that the surfactant 

adsorption onto sand grain surfaces strongly affects the adsorption and flow of CNTs and 

graphene through the porous media. Another surface property that can also significantly 

affect the NP flow is the surface roughness of the medium. Repulsive interactions 

between the sand grains and NPs are weakened because of the large roughness of the 

grain surfaces, resulting in larger adsorption (Shellenberger and Logan, 2002; Shen et al., 

2011). 

Grain size 

A few studies have reported that larger grain sizes lead to less adsorption of NPs in 

pore spaces. Mattison et al. (2011) and Sharma et al. (2014) found that the surface area 

and the available solid surfaces for NPs were decreased with increasing grain sizes. In 

addition, finer grains tended to create smaller pores in the porous media, which caused an 

increase in the possibility of physical straining and reduced the mobility of NPs in the 

porous media (Liang et al., 2013; Xin et al., 2015).  

Moisture content  
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Some previous studies have found that at a lower moisture content, NPs in the porous 

media tend to have a higher adsorption rate. Bradford et al. (2003) reported that when soil 

pores are completely filled with water, the NP flow is determined by the interfacial 

interactions and pore straining. On the other hand, some studies have discovered that a 

low moisture content may not eventually cause a large NP adsorption in the porous 

media. Tian et al. (2011) found that sodium dodecylbenzenesulfonate-dispersed single-

walled carbon nanotubes (SWCNTs) had high mobilities in both saturated and 

unsaturated porous media. However, they studied NP adsorption at an extremely low 

moisture content (< 10%). Fang et al. (2013) found that adsorption of TiO2 NPs was 

decreased in case of a low/high water saturation and repulsive interactions between 

negatively charged water–air interface.  

2.5.3 Nature of nanofluid flow 

The physicochemical properties of NPs can strongly influence their retention and 

flow in the porous media. The physical properties refer to the hydrodynamic properties of 

flow in the porous media and include velocity and direction, while the chemical 

properties refer to the ionic concentration, ionic valence, and pH. 

Flow velocity and direction 

Liang et al. (2013) revealed that NP mobility was increased with flow rate. Mekonen 

et al. (2013) found that a combination of a low flow rate with either a smaller grain size 

or a low moisture content further increased the rate of adsorption of NPs onto the porous 

media. An increased flow rate could also detach NPs from grain surfaces. The higher the 

flow rate, the easier it is to remobilize NPs that have been retained in the porous media. 

The flow direction has an effect on the NP flow through a porous medium as it can cause 
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cause remobilization of some NPs that were previously retained. 

Solution pH 

Solution pH is also a critical property that has the tendency to affect the zeta 

potentials and surface charges of both NPs and porous media. Lanphere et al. (2015) 

found that NPs were easy to aggregate when there was a negligible repulsive force among 

the NPs. They noted that this could only happen when the zeta potential of the NPs was 

approximately zero. At the same pH, different NPs exhibit different surface charges and 

stabilities. Tian et al. (2012b) studied how solution pH altered the surface charge of a 

porous medium and subsequently influenced the NP flow through the porous medium. 

Ionic concentration 

Some studies have noted that with increasing ionic concentration, the amount of NPs 

retained in the porous media was also increased (Jaisi et al., 2008; Sharma et al., 2014). 

Brant et al. (2005) and Tian et al. (2012b) found that the EDL was compressed, leading to 

a net attractive force for NP retention in the porous media at a high ionic concentration.  

Valence of cations 

The presence of cations influences the stability of NPs (depending on the type of 

cations) and has a role to play in the NP flow through the porous media. Braun et al. 

(2015) used three different concentrations of NaNO3 and Ca(NO3)2 at 1, 10, and 50 mM 

to study the flow of Ag NPs in the porous media. It was shown that Ca2+ was 

significantly more effective than sodium cation (Na+) in enhancing the NP retention in 

porous media, even under an extremely low concentration of 1 mM. Chen et al. (2012) 

confirmed similar trends for n-C60 NP flow through unsaturated porous media. 

Chowdhury et al. (2015) concluded that with decreasing ionic concentration, different 
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degrees of remobilization of previously retained NPs occurred for different salts. The 

overall trend was NaCl > MgCl2 > CaCl2 under similar experimental conditions. 

2.6 Effect of Nanoparticles on Asphaltene Precipitation 

Asphaltenes are large molecular substances that can exist in the petroleum crude oil 

along with the other crude oil compositions, such as saturates, resins, and aromatics. 

Asphaltene precipitation onto a porous surface can occur when carbon dioxide is injected 

into an oil reservoir and dissolved into the reservoir oil for the EOR purpose (Escrochi et 

al., 2013; Kazemzadeh et al., 2015). Asphaltene precipitation can alter the wettability of 

the rock surfaces and significantly reduce the porosity and permeability of the oil 

reservoir, which can lead to formation damage and increased operating costs (Li et al., 

2018). 

Different types of metallic oxide NPs have been used to inhibit the precipitation of 

asphaltene. Al2O3 NPs have been found to be effective because of their strong catalytic 

effect (Matteo et al., 2012). These types of NPs are characterized by a strong catalytic 

property and a high absorption capacity (Shokrlu and Babadagli, 2013). There is an 

increased catalytic activity due to the large surface areas of NPs, which causes the 

creation of more reaction sites for speedy catalytic processes. The NP catalytic effect can 

cause asphaltenes to be dispersed in the oil and prevent them from aggregating and 

precipitating onto a rock surface (Greff and Babadagli, 2011). Absorption is defined as a 

chemical process where the NPs can enter the oil phase and be absorbed at the interface. 

The dispersion effect of NPs is enhanced because of their small sizes, which cause them 

to easily absorb the asphaltenes in the oil and prevent their precipitation onto a porous 

surface (Kazemzadeh et al., 2015).  
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2.7 Other Related Applications 

  In addition to NFs, NPs can be used in other ways to enhance heavy oil recovery. 

These include nanocatalysts and nanoemulsions, for example.  

2.7.1 Nanocatalysts 

Nanocatalysts are catalysts with diameters less than 10 nm that are used to reduce the 

viscosity of heavy oil through some chemical reactions in the temperature range of 

200−300 oC (Shokrlu and Babadagli, 2011). These nanocatalysts are characterized by 

high stability and reactivity in the solution they are dispersed, which makes the 

nanocatalysts more promising than conventional catalysts. The size of the NPs will 

determine their level of catalysis. With decreasing NP size, the activity will increase 

(Kanagarajan et al., 2013). The surface modification of these NPs within the desired size 

range also plays an important role in their performance as nanocatalysts. There are a 

number of methods of preparing nanocatalysts, including chemical precipitation, thermal 

decomposition, photochemical method, micro-arc oxidation irradiation, chemical vapour 

synthesis, sol-gel technique, hydrothermal method, antisolvent precipitation, glow 

discharge plasma electrolysis, wet-chemical method, and microwave irradiation 

(Kanagarajan et al., 2013). The further breakdown of NP sizes for use as nanocatalysts is 

dependent on the preparation method employed. Li et al. (2007) stated that nickel NPs 

coated with methyl cyclohexane-water-n-octanol-AEO 9 decreased the heavy oil 

viscosity from the Liaohe oilfield by 98.9%. Because of their superior surface-active 

properties, these nanocatalysts interact with the oil and substantially reduces its viscosity 

2.7.2 Nanoemulsions 

The nanoemulsions represent immiscible liquids stabilized by NPs, whose drop sizes 
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range between 100–500 nm (Bera et al., 2012). Nanoemulsions can be prepared by either 

using a low-energy emulsification (i.e., by direct dispersion of the components, which 

will cause the nanoemulsion to condensate) or a high-energy emulsification (e.g., high-

pressure homogenization and high-shear stirring) (Ajay et al., 2012). Nanoemulsions are 

characterized by a high kinetic stability, which is dependent on the Brownian motion of 

the nanoemulsion drops, gravity, and preparation method used. The IFT of the 

nanoemulsion system and oil can be in the ultralow range, such as 0.001 mJ/m2, in 

contrast to the macroemulsions in the range of 0.1–30 mJ/m2. Nanoemulsions are 

categorized into three groups: oil-in-water nanoemulsions, water-in-oil nanoemulsions, 

and nanoemulsions that have oil and water as the bicontinuous phases in the system 

(Haritha et al., 2013). These nanoemulsions can permeate and easily reach extremely 

small pores, while they still retain their properties as they exhibit a strong stability at high 

temperatures and salinities. In addition, nanoemulsions can effectively sweep and 

mobilize the residual oil from an oil reservoir because of their extremely high viscosities 

(Binks and Rodrigues, 2005; Sun et al., 2017).  
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CHAPTER 3       EXPERIMENTAL 

3.1 Materials 

In this study, the original heavy oil sample was collected from the Manatoken 

formation in the Bonnyville area, Alberta, Canada. Its density and viscosity were 

measured to be ρo = 0.962 g/cm3 by using a densitometer (DMA 4200 M, Anton Paar, 

USA) and µo = 1,830 cP by using a viscometer (LVDV-II+, Brookfield Engineering 

Laboratories Inc., USA) at Pa = 1 atm and Tres = 25.0 ºC, respectively. The molecular 

weight of the Manatoken heavy oil was measured to be MWo = 389 g/mol by using an 

automatic high-sensitivity wide-range cryoscope (Model 5009, Precision Systems Inc., 

USA). The asphaltene content of the Manatoken heavy oil was measured to be wasp = 

14.8 wt.% (n-C7 insoluble) by using the standard ASTM D2007‒3 method and filter 

papers (Whatman No. 5, England). 

The physicochemical properties of three synthetic brines (DIW + NaCl) were 

measured at Pa = 1 atm and Tres = 25.0 ºC. NaCl concentrations were selected as 1.00, 

2.00, and 4.00 wt.%. Each synthetic brine was subsequently used as the base liquid to 

disperse NPs at different NP concentrations to make different NFs used in the 

experiments. A known amount of NaCl was added into the DIW to obtain a specific brine 

salinity. The following equation was used to calculate the weight percentage of NaCl. 

𝑤𝑓 = 
𝑚𝑠

𝑚𝑠+𝑚𝑤
 × 100%,        [3.1] 

where wf is the weight percentage of NaCl; ms is the mass of NaCl; and mw is the mass of 

the DIW. 

A magnetic stirrer was used to mix the dissolution continuously for 4 h until NaCl  
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was fully dissolved. The physicochemical properties of the three synthetic brines (i.e., 

DIW + NaCl) are listed in Table 3.1. 

Four types of NPs were purchased from US Research Nanomaterials Inc., Houston, 

Texas, USA: 25 wt.% assay of hydrophilic SiO2 NPs and 20 wt.% assay of hydrophilic 

Al2O3 NPs dispersed in the propriatory aqueous solutions; SiO2 nanopowders coated with 

2 wt.% dimethoxydiphenylsilane (KH220-silane); and SiO2 nanopowders coated with 3–

4 wt.% aminopropyltriethoxysilane (KH550-silane). The costs of these NPs in their 

solutions and solid powder forms are given in Table 3.2. The sizes of all NPs ranged 

between 15‒30 nm. For each type of NPs, 0.02, 0.03, 0.04, 0.05, and 0.06 wt.% NP 

concentrations were chosen to disperse the NPs in each synthetic brine (DIW + NaCl). 

The physicochemical properties of these four types of NPs are provided in Table 3.3. 

SiO2 NPs have the ability to effectively alter the reservoir wettability and reduce the IFT 

between the crude oil and the saline brine, which are two major Nano-EOR mechanisms 

(Abba et al., 2013). Al2O3 NPs have been studied and widely used in the petroleum 

industry because of their increased reactivity and ability to decrease the oil viscosity. 

Coated NPs have exhibited a better potential for EOR because of their good stabilizing 

and modifying effects, which enhance their ability to further alter the reservoir wettability 

and reduce the IFT between the crude oil and the saline brine.  

The densities of the purchased NF solution and DIW were measured. The volumes of 

the NF solution and DIW required to prepare 1,000 mL of the brines with the pre-

specified NP concentrations (0.02–0.06 wt.%) were calculated by using the following 

formula: 
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Table 3.1 Physicochemical properties of three synthetic brines prepared with the DIW and NaCl at Pa = 1 atm and Tres = 25.0 ºC. 

NaCl (wt.%) 
ρb 

(g/cm3) 

RPM 

pH 
λ  

(µS/cm) 

40 50 100 

SR  

(s–1
) 

μb 

(cP) 

SR 

(s–1
) 

μb 

(cP) 

SR  

(s–1
) 

μb 

(cP) 

1.00 1.004 300 1.00 375 0.99 750 0.98 7.12 17,220 

2.00 1.008 300 1.20 375 1.10 750 1.06 7.17 32,070 

4.00 1.014 300 1.26 375 1.16 750 1.12 7.26 62,050 

 

Notes:   

ρb: density of the synthetic brine   SR: shear rate 

 μb: viscosity of the synthetic brine  RPM: revolutions per minute  

 λ: specific electrical conductivity 

 

 

 

 

Table 3.2 Costs of NP solutions and nanopowders used in this study (US Research Nanomaterials Inc., Houston, Texas, USA).  

No. NP type Cost (US$)/100 g 

1 SiO2 solution 10.9 

2 Al2O3 solution 8.5 

3 SiO2 nanopowders coated with 2 wt.% KH220-silane  125 

4 SiO2 nanopowders coated with 3–4 wt.% KH550-silane 78 
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Table 3.3  Physicochemical properties of NP solutions and nanopowders (US Research Nanomaterials Inc., Houston, Texas, USA). 

NP type Size 

(nm) 

Crystal 

structure 

Appearance Assay 

content 

(wt.%) 

Solvent 

content 

(wt.%) 

Composition             

(ppm) 

Mass-based 

specific surface 

area (m2/g) 

Surface property Purity 

(wt.%) 

SiO2 solution 30 Amorphous Translucent 25 75   Co ≤ 0.8 

  Fe ≤ 0.12 

20‒40 Hydrophilic 99.99 

Al2O3 solution 30 Gamma White 20 80   Pb ≤ 10 

  Fe ≤ 3  

  As ≤ 2 

150‒180 Hydrophilic 99.99 

SiO2 nanopowders 

coated with 2 

wt.% KH220-

silane  

15 Amorphous White - -   Ca < 220  

  S < 126  

  Mg = 75  

  Fe < 56 

130‒600   Super lipophilic 

Stronger 

hydrophobic 

97.3 

SiO2 nanopowders 

coated with 3–4 

wt.% KH550-

silane 

20‒30 Amorphous White - -   Fe < 200 

  Ti < 120  

  Ca < 20  

  Na < 50  

130‒600 Super oleophilic 

Hydrophilic 

96.3 
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𝑤2 = 
𝜌1𝑣1𝑤1

𝜌1𝑣1+𝜌2𝑣2
 ,          [3.2] 

where ρ1 is the density of the purchased NF solution; ρ2 is the density of the saline brine; 

v1 is the volume of the purchased NP solution; v2 is the volume of the saline brine; w1 is 

the NP weight fraction in the purchased NP solution; and w2 is the targeted NP weight 

fraction or concentration in the brine. 

The measured volume of the purchased NP solution was added to the measured 

volume of the brine. An ultrasonic mixer (1L 2002, Chemineer Inc., USA) was used to 

continuously mix the dispersion until the NPs were fully dispersed. The ultrasonication 

process was continued for approximately 2 h but stopped every 15 min to prevent the 

dispersion from overheating. SiO2 nanopowders coated with 2 wt.% KH220-silane and 

SiO2 nanopowders coated with 3–4 wt.% KH550-silane were also used in this study. A 

known amount of the NPs was measured and the required mass of the NPs was then 

calculated to reach the pre-specified NP concentration by using the following equation: 

 𝑤𝑓 = 
𝑚𝑛𝑝

𝑚𝑛𝑝+𝑚𝑏
,                    [3.3] 

where wf is the targeted NP weight fraction or concentration in the brine; mnp is the mass 

of the NPs; and mb is the mass of the saline brine. 

First, the measured mass of the coated SiO2 nanopowders was added to the measured 

mass of the saline brine. An ultrasonic mixer was used to continuously mix the dispersion 

until the NPs were fully dispersed. The dispersion was mixed at 100 RPM for 2 h to 

avoid any possible NP aggregation and promote NP stability. To prevent the dispersion 

from overheating, the ultrasonic processor was stopped every 15 min for the dispersion to 

cool and defoam. At the end of the ultrasonication, the dispersion was filtered by using a 

filter paper to remove any non-dispersed or agglomerated NPs. On the other hand, the 



32 

 

uncoated NPs were also added to the brine and mixed thoroughly by using the ultrasonic 

mixer to promote NP stability. 

3.2 Measurements of Bulk Properties 

3.2.1 Density measurements 

The density of each prepared NF was measured by using a densitometer (DMA 4200 

M, Anton Paar, USA) with an accuracy of 0.001 g/cm3. Prior to the test, two liquids, 

chloroform with a density of 3.000 g/cm3 and water with a density of 1.000 g/cm3 at Pa = 

1 atm and Tres = 25.0 ºC, were used to calibrate the densitometer. The measuring cell was 

thoroughly cleaned with water and air-dried. Chloroform was immediately injected into 

the measuring cell, while no bubbles entered the measuring cell. The measuring cell was 

placed in the measuring cell jacket to start the density measurement. The measured data 

was displayed on the screen of the densitometer at the given temperature and was in 

consistent with the density of Chloroform. Next, water was used and the same calibration 

procedure was followed to obtain its density. The density range of the sample to be 

measured determines the liquids to be used for calibration. This was the reason why both 

chloroform and water were used. A syringe was used to place approximately 2 ml of the 

NF into the measuring cell through the densitometer sample inlet and measurements were 

then undertaken. Before each new measurement, the measuring cell was cleaned with 

toluene and dried with air. Then an air check was performed to verify that there were no 

bubbles in the measuring cell. 

3.2.2 Viscosity Measurements 

The viscosity of each prepared NF was measured by using a viscometer (LVDV-II+, 

Brookfield Engineering Laboratories, Inc., USA), which had an accuracy of ± 1% of its 
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full-scale range. Prior to the measurements, DIW with μ = 1.00 cP at Tres = 25.0 ºC was 

used to calibrate the viscometer. With the motor turned off, a CPA-42Z cone spindle, 

which is suitable for measuring μ = 0.3‒6,000 cP, was used. The required sample volume 

(1.0 ml) of DIW was poured into the sample cup, which was securely attached to the 

viscometer. The liquid sample, sample cup, and cone spindle were allowed to reach the 

thermal equilibrium with the aid of a water-bath. The motor was then switched on and set 

at the desired RPM of 40, 50, and 100, respectively. The viscosity of the DIW was 

measured and compared to its standard value. The viscosity reading was found to be 

within the allowable range. Cone spindle 40 was used throughout the experiment as it 

gave relative torque values of 10‒100%, which is the recommended range to obtain an 

accurately measured viscosity. To maintain a constant sample temperature of 25.0 ºC, a 

thermostat water bath (RP200, Lauda, Germany) was connected to the viscometer. Each 

NF was placed into the sample cup and reconnected to the viscometer. Typically, it took 

5‒10 min for the NF to reach the thermal equilibrium. The cone spindle was allowed to 

rotate for at least 2 min before viscosity readings were taken. The measurements were 

performed at 3 pre-specified RPM values of 40, 50, and 100 RPM, respectively. The 

viscosities, shear rates, shear stresses, and relative torque values were read and recorded. 

To ensure the repeatability of the viscosity measurements, each measurement was 

repeated three times. 

3.2.3 pH measurements 

The pH value of each NF was measured by using a pH/conductivity meter 

(SevenCompactTM Duo S213, Mettler Toledo, USA), as shown in Figure 3.1. This meter 

has an accuracy of ± 0.02 and a measurement range of pH = –2 to 20. Calibration of the  
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Figure 3.1 Measurements of pH and specific electrical conductivities of respective NFs, 

each of which comprised Al2O3/SiO2 NPs or SiO2 nanopowders coated with KH220-

silane/KH550-silane dispersed in three brines with three different NaCl concentrations by 

using the Mettler Toledo pH/conductivity meter at Pa = 1 atm and Tres = 25.0 ºC. 

Sensors/Probes 

pH/Conductivity meter 

Water bath 

NFs 
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unit and the InLab Expert Pro-ISM pH sensor was first performed by using four pH buffer 

sachets with the known pH values of 4.01, 7.00, 9.21, and 10.00. Before the calibration of 

the pH/conductivity meter, the pH measurement was activated by using the channel key. 

The display mode was changed to uFocus and an appropriate pH buffer was selected. The 

buffer was poured into a 50 ml glass beaker and the sensor was placed in it. The 

calibration button was pressed first. As soon as the endpoint icon became stable without 

blinking, the calculation button was pressed to accept the calibration and the value was 

then displayed on the screen. The result was found to be the same as predefined for each 

pH buffer. A sufficient quantity of the NF was poured into a glass beaker to a level so 

that the pH probe would be completely immersed. The filled beaker was placed inside the 

thermostat water bath and continuously stirred with the pH probe until a constant 

temperature of 25.0 ºC was reached. A stable pH reading was displayed on the screen of 

the meter once the temperature of the solution was constant. To ensure the pH 

measurement repeatability, the pH value of each NF was measured four times. 

3.2.4 Specific electrical conductivity measurements 

The pH/conductivity meter was also used to measure the specific electrical 

conductivity () of each NF. This meter could measure the specific electrical 

conductivities in the range 0.001‒1,000,000 μS/cm with a relative error of 0.5%. Two 

standard electrical conductivity liquids with λ =1,433.0 μS/cm and 12,880.0 μS/cm were 

used to calibrate the InLab® 731 conductivity sensor. Prior to starting the calibration, the 

specific electrical conductivity measurement was activated by using the channel key. The 

standard liquid was poured into a 50 ml glass beaker and the sensor was placed in it. The 

calibration button was pressed. As soon as the endpoint icon became stable without 
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blinking, the calculation button was pressed to accept the calibration and the value was 

displayed on the screen. The result for either specific electrical conductivity standard 

liquid was accurate. The probe was immersed in the NP dispersion and stirred 

continuously and slowly to eliminate all air bubbles until there was a stable reading at a 

constant temperature. The meter had the capacity to simultaneously measure the 

temperature and the specific electrical conductivity and display the data in the desired 

units. The thermostat water bath was used to heat the NF and maintain it at 25.0 ºC 

during each measurement. The specific electrical conductivity was measured and 

recorded four times for each NF at the pre-specified temperature. 

3.3 Measurements of Interfacial Properties 

3.3.1 Surface tension measurements 

The ST of each NF and air was measured by applying the axisymmetric drop shape 

analysis (ADSA) technique for the pendant drop case. The main components were a see-

through-windowed high-pressure IFT cell (IFT-10, Temco, USA), stainless-steel syringe 

needle installed at the top of the IFT cell to form a pendant oil drop, light source, and 

glass diffuser (240-341, Dyna−Lume, Canada). The IFT cell was properly cleaned with 

kerosene, toluene, and DIW in sequence and purged with air by using a pressurized air 

hose prior to each measurement. The IFT cell was horizontally placed between the light 

source and a microscope camera, and securely positioned on a vibration-free table 

(RS4000, Newport, USA). The accuracy of the measured liquid‒air ST was ± 0.05 

mJ/m2.  

Prior to the ST measurements of each NF and air, the IFT cell was tested by using 

DIW and air with ST = 71.99 mJ/m2 at Pa = 1 atm and Tres = 25.0 ºC. The cell was heated 
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with a heating tape (3PN1010B, STACO Energy Products Co., USA) and the temperature 

was controlled and monitored with a temperature controller (89000-00, Barnant, USA). 

The DIW or NF was injected into the IFT cell with the help of a syringe needle to form a 

pendant drop. The STs were measured by executing the liquid interfacial analysis 

pendant drop software. 

The IFT cell was aligned properly by suspending DIW or NF in the air and using the 

calibration grid. A drop of a NF at a different NP concentration was formed at the tip of 

the needle suspended in air and the microscopic camera was able to capture each drop 

formed. The pendant drop software package automatically detected the edges of the 

pendant DIW or NF drop and processed each pendant drop image. To obtain a more 

accurate data, each ST measurement was repeated five times. A schematic diagram of the 

experimental set-up is shown in Figure 3.2. 

3.3.2 Interfacial tension measurements 

Figure 3.3 shows a schematic diagram of the experimental set-up used in measuring 

the IFT of the Manatoken heavy oil and each NF by applying the ADSA technique for the 

floating-up pendant drop case (Cheng et al., 1990). The stainless-steel syringe needle was 

installed at the bottom of the IFT cell and used to form a floating-up pendant heavy oil 

drop surrounded by each NF.  

The densities of the NFs at different NP concentrations and the Manatoken oil were 

measured at Tres = 25.0 ºC and their differences were determined and used in the IFT 

measurements. The IFT cell was filled with a transparent NF so that the light could 

readily pass through it. The Manatoken heavy oil was stored in a transfer cylinder (500-

10-P-316-2, DBR, Canada), connected to a programmable syringe pump (100DX, ISCO  
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Figure 3.2 Schematic diagram of the experimental set-up used to measure ST of each NF 

and air by applying ADSA technique for pendant drop case at Pa = 1 atm and Tres = 25.0 

ºC. 
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Figure 3.3 Schematic of the experimental set-up used to measure IFT of the Manatoken 

heavy oil and each NF by applying ADSA technique for floating-up pendant drop case at 

Pa = 1 atm and Tres = 25.0 ºC.  
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Inc., USA), and heated to the test temperature. The heating tape and the microprocessor-

based temperature controller were used to heat up and control the temperature of the IFT 

cell and the transfer cylinder, respectively. At Pa = 1 atm and a constant volume flow rate 

qo = 0.1 cm3/min, the heavy oil was injected into the NF-filled IFT cell through the 

syringe needle. The oil drop was formed and captured by using a monochrome 

microscope camera (KPM1U, Hitachi, Japan). After the equilibrium state was reached, 

the measured equilibrium IFT remained unchanged. To validate the data, each IFT 

measurement was repeated five times and an average IFT was found and reported. It is 

noted that each oil drop had ten runs to give ten IFTs. The accuracy of the measured IFTs 

was  0.05 mJ/m2. A total of sixty-four IFT tests were performed in this study. 

3.4 Nanoparticle Adsorption Measurements 

The Ottawa sand grains (Bell & Mackenzie, Canada) of 60‒80 mesh size (i.e. 

177‒250 μm particle sizes) with mass 7.404 g and an NF with a different NP 

concentration were poured into a 15 ml sample container at a volume ratio of 1:3 by 

using a centrifuge tube. The container was placed on a L.E.D. Orbit shaker (3519, Lab-

line Instruments, Inc., USA) and shaken for 24 h at 200 RPM. The final NF after each NP 

adsorption test was collected by using a syringe in a 2 ml glass cuvette with a light path 

length of 1 cm. Prior to placing the NF in the cuvette, the Ultraviolet (UV)–Visible 

spectrophotometer (Perkin-Elmer Lambda 40, Perkin-Elmer Corp., USA) was calibrated 

to ensure the accuracy of the absorbance results. The UV–Visible spectrophotometer was 

turned on and allowed to warm up for approximately 35 min. The predefined wavelength 

to be calibrated was selected on the screen. The calibration standard liquid was poured 

inside the cuvette and the lid was closed and placed in the UV–Visible 
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spectrophotometer. The spectrophotometer was zeroed and the start button was pressed 

so that the standard liquid in the cuvette could be analyzed. Once the reading was stable 

at the predefined wavelength, the reading was recorded and found to be within the 

allowable range. The NF-filled cuvette was placed in the UV–Visible spectrophotometer, 

where scattering light could pass through the NF and its absorbance (A) could be 

measured. The optimum wavelength (λmax) of 210 nm, at which the maximum absorbance 

of 0.389 was measured, was used for all the NFs tested. The absorbance of a NF with a 

given NP concentration was used to calculate the absorptivity, which is a measure of how 

strongly the NF absorbs light at the specific wavelength. The NP concentration in the 

final NF was measured by using the UV–Visible spectrophotometer. The pH/conductivity 

meter was also used to measure the NP concentration in the final NF for comparison. The 

NP concentration of the final NF was calculated by applying Equations [3.1] and [3.2]. 

The NP concentration reduction due to NP adsorption onto the Ottawa sand grains was 

equal to the difference between the known initial NP concentration in each NF and the 

final NP concentration from Equation [3.3]. Finally, the NP concentration reduction was 

used to calculate the NP adsorption onto the sand grains by using Equation [3.4]. 

        ℇ =  𝐴/(𝐿P𝐶I ),        [3.1] 

𝐶F =  𝐴/(ℇ𝐿P),        [3.2] 

𝐶 = 𝐶I −  𝐶F,         [3.3] 

𝐴n =  𝐶𝑉e/𝑀s,                                      [3.4] 

where An is the NP adsorption; ℇ is the absorptivity; A is the absorbance; LP is the 

distance that light travels through the NF (LP = 1 cm); CI is the NP concentration in the 

initial NF; CF is the NP concentration in the final NF; 𝐶 is the NP concentration 
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reduction; Ve is the volume of the sample (NF + sands); and Ms is the mass of the Ottawa 

sand grains. 

3.5 Enhanced Heavy Oil Recovery Tests 

The displacement coreflood tests were conducted to determine how much of the 

original heavy oil in place was recovered. There were several experimental procedures 

required before each coreflood test was performed. These include sandpacking, 

vacuuming, porosity, permeability, and initial oil saturation measurements in the 

sandpacked coreholder. 

3.5.1 Sandpacking  

Dry Ottawa sand grains of 60–80 mesh size (i.e., 177‒250 μm particle sizes) were 

packed into a sandpacked coreholder of 28 cm long and 2.74 cm in diameter. To pack the 

coreholder firmly and to ensure uniform sand distribution, the sand grains of one-third of 

the total volume of the sandpacked coreholder were added each time and a vibrator was 

used to shake the coreholder for 2 h after each addition. 

3.5.2 Vacuuming 

To ensure that the sandpacked coreholder was completely saturated with the brine, 

the vacuum pump was used to evacuate all the air from it. With the valves and a stainless-

steel tubing (SS-T2-S-028-20, Swagelok, Canada), the vacuum pump was tightly 

connected to the inlet of the coreholder. Two needle valves (SS-0RS2, Swagelok, 

Canada) were used to control the inlet and outlet of the coreholder. Two pressure gauges 

(PRI-PRO, Martel Electronics, USA) were connected to the vacuum pump and the outlet 

of the coreholder to indicate the pressures of the sandpacked coreholder at all times. Both 

valves were open throughout the vacuuming process so that the pressure readings were  
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clearly displayed on the screen of the gauges. The vacuuming process ran for 2 h.  

3.5.3 Porosity measurements 

The imbibition method was employed to determine the pore volume of the 

sandpacked coreholder. The coreholder was placed horizontally on a plank with one 

pressure gauge being connected to the outlet and the inlet connected to a long rubber 

tubing. The rubber tubing was inserted into a brine-filled conical flask, which was held in 

place with a clamp stand 25 cm above the coreholder. With the inlet valve opened, the 

brine was imbibed in to fully saturate the sandpacked coreholder as a result of the 

vacuum in the coreholder. The total imbibed brine volume was then measured. Finally, 

the porosity, ϕ, was determined by dividing the pore volume (Vp) (the difference between 

the total volume of the injected brine and the dead volume) by the bulk volume (Vb). The 

dead volume of the injected brine was the volume of the brine that could not be 

displaced. This was estimated by calculating the volume of the tubing used to imbibe the 

brine into the sandpacked coreholder. In this study, the porosity was found to be in the 

range 28.05‒29.76%. 

          𝜙 =  𝑉p/𝑉b [3.5] 

3.5.4 Permeability measurements 

The Darcy’s law was applied to measure the permeability of the sandpacked 

coreholder. With the coreholder placed horizontally, the brine tank height difference 

between the coreholder and the brine surface level in the brine tank was measured and 

recorded. A beaker was placed at the outlet of the coreholder, while the inlet of the 

coreholder was connected to the brine tank. The brine flowed through the coreholder. 

When the flow reached a steady state, an empty beaker (Wb), which was previously 
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weighed and recorded with an analytical balance (AG204, Mettler Toledo Inc., Canada), 

was placed at the outlet to collect the brine for 120 s. The weight of the beaker with the 

brine was then measured and recorded. The mass difference between the beaker with the 

brine and the empty beaker was determined. With this data, the brine volume flow rates 

were calculated and recorded. The brine tank height difference between the coreholder 

and the brine surface level in the brine tank was measured to determine the pressure 

difference. Five data points were measured and the average permeability was calculated 

and recorded by using the Darcy’s law. The permeability of the sandpacked coreholder 

was measured to be 4.76‒6.99 D. 

3.5.5 Initial oil saturation measurements 

The Manatoken heavy oil was used to saturate the sandpacked coreholder at qo = 0.01 

cm3/min constant volume flow rate. The oil was used to displace the brine at the constant 

injection rate for 88‒92 h until the initial oil saturation (Soi = 98.03−99.94%) and the 

irreducible water saturations and (Swi = 0.06−1.97%) were achieved, respectively. 

3.5.6 Coreflood tests in sandpacked coreholder 

A schematic diagram of the experimental set-up for a typical nano-EOR test is 

illustrated in Figure 3.4. Only SiO2 NPs coated with KH220-silane or KH550-silane at a 

different NP concentration of 0.02/0.04/0.06 wt.% was dispersed in the brine with 4.00 

wt.% NaCl and used in the Nano-EOR tests. The Nano-EOR tests had WF + NP-assisted 

WF (NPWF) + extended WF (EWF) (sequence #1) and NPWF + WF + extended NPWF 

(ENPWF) (sequence #2). The EWF involves the further injection of the brine to recover 

more heavy oil after the initial WF and NPWF had been applied. The extended NPWF is 

the injection of additional NF into the sandpacked coreholder to recover more heavy oil 
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after the intitial NPWF and WF. The primary components of the experimental set-up 

were a sandpacked coreholder, a 100DX programmable syringe pump, two transfer 

cylinders, and two pressure gauges. The sandpacked coreholder was placed horizontally. 

An injector at the inlet of the coreholder was used to alternate WF and NPWF. There was 

a producer at the outlet of the coreholder. The producer was a rubber tubing connected to 

the outlet of the coreholder and centrifuge tubes were used as a collector for collecting 

the produced fluids. The tubing used had an inner diameter of 0.0175 cm and an outer 

diameter of 0.1595 cm. Two pressure gauges were connected to the inlet and outlet of the 

sandpacked coreholder to measure the injection and production pressures, respectively.  

First, the brine was injected at a flow rate of  qw = 0.5 cm3/min into the oil saturated 

coreholder to recover the heavy oil. This was continued until the water-cut reached 

85‒98%. The injected fluid was then switched to the NF (NPWF). This process was 

continued until the water-cut reached 85‒98% again. Finally, the EWF was started and 

the oil recovery process was continued until the termination water-cut range of 85‒98% 

was reached. Once production sequence #1 was completed, the coreholder was 

disassembled, cleaned and repacked, and the coreflooding process was repeated for 

production sequence #2. The same test procedure was followed for all NP concentrations 

in the Nano-EOR tests. In summary, a total of twelve different coreflood tests were 

conducted, which included two NP types, three different NP concentrations (0.02, 0.04, 

and 0.06 wt.%), and two different Nano-EOR production sequences (WF + NPWF + 

EWF and NPWF + WF + ENPWF). 
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Figure 3.4 Schematic diagram of the experimental set-up used to conduct twelve Nano-

EOR tests at Pa = 1 atm and Tres = 25.0 ºC. 

N
an

o
fl

u
id

 

 
B

ri
n
e 

Sandpacked coreholder 

Syringe pump 
 

  

Digital pressure indicator 

Data acquisition system 

Collector 



47 

 

CHAPTER 4       RESULTS AND DISCUSSION 

4.1 Bulk Properties of Nanofluids 

4.1.1 Density  

An increase in NP concentration or brine salinity caused the density of the NF to 

increase, as shown in Figure 4.1 and listed in Appendices 1‒3. The experimental data 

indicated that the density increases of different NFs were negligible, in particular for NFs 

with uncoated NPs. These results are in good agreement with those of Nath and 

Barbhuiya (2014). At a higher brine salinity, the NF density increase was more 

pronounced for SiO2 nanopowders coated with KH220-silane or SiO2 nanopowders 

coated with KH550-silane than SiO2 and Al2O3 NPs with no coatings. The density 

difference between the NPs and the brine will cause the NPs to have a slower flow rate 

compared to brine. As the NPs are separated from the brine, they accumulate, stay 

together and block the  pore throats. This accumulation will cause pressure build-up and 

help to mobilize the residual oil from the reservoir. As the oil production declines, the 

NPs accumulated in the pores will begin to dissolve so that NPs flow with the brine and 

displace the trapped oil towards the production well (Claude and Olsen, 2013). 

4.1.2 Viscosity 

The viscosities of the various NFs at different NP concentrations are depicted in 

Figure 4.2 and presented in Appendices 4 and 5. The measured viscosities of different 

brines at various salinities are given in Appendix 6. In general, the NF viscosity was 

decreased with increasing shear rate or RPM. The NF viscosity was increased with 

increasing NP concentration due to NP dispersion. These results are consistent with the 



48 

 

NP concentration  (wt.%) 

0.00 0.01 0.02 0.03 0.04 0.05 0.06

D
e
n
s
it
y
 (

g
/c

m
3
)

1.000

1.025

1.050

1.075

1.100

SiO2 coated with KH220-silane 

SiO2 coated with KH550-silane 

SiO2 

Al2O3

NP concentration (wt.%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06

D
e
n
s
it
y
 (

g
/c

m
3
)
 

1.000

1.025

1.050

1.075

1.100

SiO2 coated with KH220-silane 

SiO2 coated with KH550-silane

SiO2

Al2O3

 

(a)         (b) 

NP concentration (wt.%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06

D
e
n
s
it
y
 (

g
/c

m
3
)

1.000

1.025

1.050

1.075

1.100

SiO2 coated with KH220-silane

SiO2 coated with KH550-silane 

SiO2

Al2O3

 

     (c) 

 

Figure 4.1 Measured brine/NF densities as a function of concentration of NPs dispersed 

in different brines with (a) 1.00 wt.% NaCl; (b) 2.00 wt.% NaCl; and (c) 4.00 wt.% NaCl 

at Pa = 1 atm and Tres = 25.0 ºC. 
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Figure 4.2 Measured brine/NF viscosities as a function of concentration of NPs dispersed 

in different brines with (a) 1.00 wt.% NaCl; (b) 2.00 wt.% NaCl; and (c) 4.00 wt.% NaCl 

at RPM = 40 at Pa = 1 atm and Tres = 25.0 ºC. 
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data from Chevalier et al. (2007) and Das et al. (2003). All measured viscosities also 

indicated that NF viscosity was increased with increasing brine salinity. In particular, the 

NF with 0.06 wt.% SiO2 NPs dispersed in the brine with 1.00 wt.% NaCl had the highest 

viscosity of 4.91 cP because of the dispersion of a large amount of NPs. 

4.1.3 pH 

The measured pH values are listed in Tables 4.1‒3 and depicted in Figure 4.3. The 

increase in the NP concentration caused the pH of each NF to increase. In the literature, it 

was found that the adsorption of NPs onto the sand grains is a function of the pH of the 

NF. For example, Strauss et al. (1993) stated that there was an isoelectric point at pH = 

6.1. Thus pH affects the adsorption of NPs onto the sand grains. When the pH was lower 

than 6.1, the electrostatic forces were increased and the adsorption of NPs on the surface 

was increased. If pH was 6‒7, the adsorption was decreased until pH = 8 when the 

adsorption peaked again. The pH values measured in this study for the NPs tested were in 

the range of 7.08‒7.75, which implies that the NP adsorption onto the sand grains is 

expected to be minimal. 

4.1.4 Specific electrical conductivity 

The different types of NPs used in this study have indicated that the NP concentration 

increase leads to an increased specific electrical conductivity of each NF. The NP coating 

materials also reduced the specific electrical conductivity of the NF so that the NP 

stability in a NF was enhanced. In the NF, the NPs dispersed in the base liquid became 

charged because of the formation of the electric double-layer (EDL) around each NP 

surface. As the NP concentration was increased, the charges was increased, which 

resulted in a higher specific electrical conductivity of the NF. The DIW exhibited the  
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Table 4.1 Measured pH values of different NFs with various concentrations of NPs 

dispersed in the brine with 1.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 

 

 

 

 

 

 

Table 4.2 Measured pH values of different NFs with various concentrations of NPs 

dispersed in the brine with 2.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 

 

 

 

 

       

 

Table 4.3 Measured pH values of different NFs with various concentrations of NPs 

dispersed in the brine with 4.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 

 

 

 

 

 

NPs 

(wt.%) 

pH 

Al2O3 SiO2 SiO2 coated with 

KH220-silane 

SiO2 coated with 

KH550-silane 

0.00 7.08 7.08 7.08 7.08 

0.02 7.16 7.27 7.29 7.28 

0.03 7.17 7.30 7.32 7.29 

0.04 7.20 7.31 7.39 7.37 

0.05 7.22 7.35 7.45 7.40 

0.06 7.31 7.37 7.47 7.44 

NPs 

(wt.%) 

pH 

Al2O3 SiO2 SiO2 coated with 

KH220-silane 

SiO2 coated with 

KH550-silane 

0.00 7.18 7.18 7.18 7.18 

0.02 7.19 7.38 7.44 7.41 

0.03 7.23 7.40 7.49 7.45 

0.04 7.25 7.43 7.52 7.48 

0.05 7.27 7.45 7.58 7.52 

0.06 7.34 7.50 7.64 7.59 

NPs 

(wt.%) 

pH 

Al2O3 SiO2 SiO2 coated with 

KH220-silane 

SiO2 coated with 

KH550-silane 

0.00 7.53 7.53 7.53 7.53 

0.02 7.56 7.58 7.62 7.60 

0.03 7.58 7.63 7.68 7.64 

0.04 7.61 7.67 7.71 7.69 

0.05 7.62 7.70 7.73 7.71 

0.06 7.64 7.71 7.75 7.73 
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Figure 4.3 Measured brine/NF pH values as a function of concentration of NPs dispersed 

in different brines with (a) 1.00 wt.% NaCl; (b) 2.00 wt.% NaCl; and (c) 4.00 wt.% NaCl 

at Pa = 1 atm and Tres = 25.0 ºC. 
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lowest specific electrical conductivity because of the presence of hydroxide (OH−). This 

agrees with the previous studies (Kalpana et al., 2013). Figure 4.4 shows the effect of NP 

concentration on the NF specific electrical conductivity for each type of NPs. The 

measured data are also listed in Appendices 7‒9. 

4.2 Interfacial Properties of Nanofluids 

4.2.1 Surface tension 

NP Concentration Effect 

Tables 4.4 and 4.5 and Figure 4.5 give the measured ST of each NF and air as a 

function of NP concentration at Pa = 1 atm and Tres = 25.0 °C. As the NP concentration 

was increased, the ST of the NF and air was increased. Irrespective of the two types of 

NPs used, the trend remained the same. The NF with 0.06 wt.% of Al2O3 NPs dispersed 

in the brine with 4.00 wt.% NaCl had the highest ST of 93.13 mJ/m2. These results were 

consistent with the experimental data from Bhuiyan et al. (2015). As the NP 

concentration was increased, NP aggregates were assumedly formed at the NF–air 

interface. Tanvir and Qiao (2012) concluded that as the NP concentration in the DIW was 

increased, the distance between the NPs was reduced, which would eventually be smaller 

than the size of the NPs. Therefore, the cohesive force between the NPs was increased 

because of increased interactions between the NPs. This increased the van der Waals 

attractive force and the surface energy at the interface, resulting in a higher ST.  

NP type and brine effects 

An increased NP concentration caused the ST of each NF and air to increase, 

irrespective of the NP type. The NFs with SiO2 NPs exhibited lower STs compared to the 

NFs with Al2O3 NPs. Bhuiyan et al. (2015) found that the increase in ST between the NF  
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Figure 4.4 Measured brine/NF specific electrical conductivities as a function of 

concentration of NPs dispersed in different brines with (a) 1.00 wt.% NaCl; (b) 2.00 

wt.% NaCl; and (c) 4.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 
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Table 4.4 Measured STs of SiO2 NFs with various concentrations of NPs dispersed in 

different brines at Pa = 1 atm and Tres = 25.0 ºC. 

 

 

 

 

 

 

 

 

 

Table 4.5 Measured STs of Al2O3 NFs with various concentrations of NPs dispersed in 

different brines at Pa = 1 atm and Tres = 25.0 ºC 

  

NPs 

(wt.%) 

Surface tension (mJ/m2) 

NaCl (wt.%) 

0 1.00 2.00 4.00 

0.00 70.91 78.56 80.46 82.74 

0.02 75.42 78.87 80.53 82.89 

0.03 76.93 79.11 80.58 83.11 

0.04 78.53 80.03 80.92 85.29 

0.05 79.40 80.68 81.20 86.41 

0.06 80.08 81.05 81.73 88.83 

NPs 

(wt.%)  

Surface tension (mJ/m2) 

NaCl (wt.%) 

0 1.00 2.00 4.00 

0.00 70.91 78.56 80.46 82.74 

0.02 78.73 78.89 80.66 83.56 

0.03 79.62 79.88 81.69 85.44 

0.04 81.33 81.45 82.43 86.16 

0.05 84.26 84.65 84.82 87.69 

0.06 86.38 86.50 88.89 93.13 
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Figure 4.5 Measured STs between DIW/brines/NFs and air as a function of concentration 

of NPs dispersed in (a) DIW; or different brines with (b) 1.00 wt.% NaCl; (c) 2.00 wt.% 

NaCl; and (d) 4.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 
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and air, irrespective of NP type, could be related to the accumulation of more NPs close 

to the NF–air interface. With increasing NP concentration, NPs tend to become closer to 

themselves. As a result, a stronger cohesive force between the NPs is formed, which will 

in turn cause the ST between the NF and air to increase. The average distance between 

the NPs and water molecules is also reduced because of the increased NP concentration. 

This will cause van der Waals attraction force and surface energy to increase and lead to 

an increased ST between the NF and air. As the brine salinity was increased, the ST was 

increased compared to that between the DIW and air. The increase in the brine salinity 

caused stronger interactions among the ions present in NaCl and the NPs, resulting in a 

higher ST of the NF–air interface. 

4.2.2 Interfacial tension 

NP Concentration Effect 

It can be found from Tables 4.6‒9 and Figure 4.6 that as each NP concentration was 

increased, the IFT of the Manatoken heavy oil and the NF was reduced. This was the case 

for SiO2 NPs until 0.05 wt.%. Therefore, the optimum NP concentration was equal to 

0.05 wt.%, at which the lowest IFT for SiO2 NPs was achieved. This trend remained the 

same, irrespective of the brine salinity. The specific surface area (SSA) is an important 

factor for the reactivity of NPs. The NPs that possess a high SSA because of their small 

sizes can interact faster with themselves. A high SSA allows more interaction sites to 

occur between the NPs through the brine. The increased NP concentration increased the 

possibility of NP aggregation so that these NPs would become less interactive. Therefore, 

beyond a 0.05 wt.% concentration of SiO2 NPs, the NPs would begin to interact slowly, 

which would result in an increased IFT. Figure 4.7 shows the effect of Al2O3 NP concent- 
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Table 4.6 Measured IFTs of the Manatoken heavy oil and DIW/different SiO2 NFs with 

various concentrations of NPs dispersed in the DIW and different brines at Pa = 1 atm 

and Tres = 25.0 ºC. 

NPs 

(wt.%) 

Interfacial tension (mJ/m2) 

NaCl (wt.%) 

0 1.00 2.00 4.00 

0.00 32.06 34.02 35.09 37.44 

0.02 30.07 30.39 31.93 33.77 

0.03 29.21 29.47 30.55 31.21 

0.04 27.80 28.78 29.78 30.15 

0.05 26.80 27.08 27.45 28.62 

0.06 28.37 30.35 31.26 31.28 

 

 

 

Table 4.7 Measured IFTs of the Manatoken heavy oil and DIW/different Al2O3 NFs with 

various concentrations of NPs dispersed in the DIW and the brine with 1.00 wt.% NaCl at 

Pa = 1 atm and Tres = 25.0 ºC. 

NPs 

(wt.%) 

Interfacial tension (mJ/m2) 

NaCl (wt.%) 

0 1.00 2.00 4.00 

0.00 32.06 34.02 

N/A 

0.02 30.64 28.52 

0.03 29.65 27.25 

0.04 29.30 25.91 

0.05 31.01 28.40 

0.06 31.93 29.57 

 

Notes: 

N/A: Not available. At above 1.00 wt.% NaCl, the NF became turbid so that it was 

impossible for light to pass through it. In this case, no pendant drop images could be 

acquired and therefore no IFTs were available. 
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Table 4.8 Measured IFTs of the Manatoken heavy oil and different NFs (SiO2 NPs coated 

with KH220-silane with different NP concentrations in different brines) at Pa = 1 atm and 

Tres = 25.0 ºC. 

NPs 

(wt.%) 

Interfacial tension (mJ/m2) 

NaCl (wt.%) 

1.00 2.00 4.00 

0.00 34.02 35.10 37.44 

0.02 24.01 23.30 18.47 

0.03 23.75 22.10 17.30 

0.04 21.00 19.42 15.14 

0.05 21.98 21.72 16.90 

0.06 23.40 22.56 18.20 

 

 

 

 

 

Table 4.9 Measured IFTs of the Manatoken heavy oil and different NFs (SiO2 NPs coated 

with KH550-silane with different NP concentrations in different brines) at Pa = 1 atm and 

Tres = 25.0 ºC. 

NPs 

(wt.%) 

Interfacial tension (mJ/m2) 

NaCl (wt.%) 

1.00 2.00 4.00 

0.00 30.22 35.10 37.44 

0.02 28.39 29.70 32.50 

0.03 28.10 25.12 28.55 

0.04 27.37 24.30 27.06 

0.05 28.56 25.80 28.34 

0.06 29.43 27.70 29.90 



60 

 

NP concentration (wt.%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06

In
te

rf
a
c
ia

l 
te

n
s
io

n
 (

m
J
/m

2
)

10

20

30

40

SiO2

Al2O3

NP concentration (wt.%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06

I
n
te

r
fa

c
ia

l 
te

n
s
io

n
 (

m
J
/m

2
)

10

20

30

40

SiO2 coated with KH220-silane

SiO2 coated with KH550-silane

SiO2

Al2O3

 

(a)         (b) 

NP concentration (wt.%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06

In
te

rf
a
c
ia

l 
te

n
s
io

n
 (

m
J
/m

2
)

10

20

30

40

SiO2 coated with KH220-silane

SiO2 coated with KH550-silane

SiO2

NP concentration (wt.%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06

In
te

rf
a
c
ia

l 
te

n
s
io

n
 (

m
J
/m

2
)

10

20

30

40

SiO2 coated with KH220-silane

SiO2 coated with KH550-silane

SiO2

 

   (c)          (d) 

 

Figure 4.6 Measured IFTs of the Manatoken heavy oil and each DIW/brine/NF as a 

function of concentration of NPs dispersed in (a) DIW; or different brines with (b) 1.00 

wt.% NaCl; (c) 2.00 wt.% NaCl; and (d) 4.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 
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ration on the oil drops surrounded by the brine with 1.00 wt.% NaCl. As the Al2O3 NP 

concentration was increased, the NPs spread and tended to remain at the NF–oil interface, 

which caused the oil drop volume to increase. 

Al2O3 NPs are characterized by a low SSA and are resistant to high temperatures. 

They tend to settle after a certain period when they are dispersed in a base liquid, which 

can always be agitated for homogeneity before each use. Unlike the case for SiO2 NPs, 

the maximum NaCl concentration that can be used with Al2O3 NPs was 1.00 wt.%. 

Above this value, the NF with Al2O3 NPs became turbid and opaque. Al2O3 NPs were 

also able to reduce the IFT as the NP concentration was increased. The optimum 

concentration was found to be at 0.04 wt.% in this case, beyond which the IFT began to 

increase. 

In this study, the IFTs of the Manatoken heavy oil and the SiO2 nanopowders coated 

with KH220-silane or KH550-silane at different NP concentrations and brine salinities 

were also measured. The IFT was decreased with increasing NP concentration. The 

lowest IFT measured was equal to 15.14 mJ/m2 at 0.04 wt.% SiO2 nanopowders coated 

with KH220-silane in the brine with 4.00 wt.% NaCl. This can explain why the uncoated 

NPs had little effect on the IFT reduction. The coated NPs have lower IFTs because the 

coating materials stay between the Manatoken heavy oil and the NPs through the base 

liquid. It is noted that in spite of the coating on SiO2 NPs, the optimum NP concentration 

of 0.04 wt.% remained the same for the different NP coating materials. The trends of the 

IFT results for both coated and uncoated NPs are consistent with the data from Afaque et 

al. (2017). 

Brine effect 
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      (a)          (b) 

   

     (c)                      (d) 

 

     (e) 

 

Figure 4.7 Pendant Manatoken heavy oil drops surrounded by different NFs (Al2O3 NPs 

dispersed in the brine with 1.00 wt.% NaCl) with five different NP concentrations (a) 

0.02 wt.%; (b) 0.03 wt.%; (c) 0.04 wt.%; (d) 0.05 wt.%; and (e) 0.06 wt.% at Pa = 1 atm 

and Tres = 25.0 ºC 

 Vd = 9.0 mm3  Vd = 10.2 mm3 

 Vd = 13.2 mm3 

 Vd = 11.9 mm3  Vd = 12.4 mm3 
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It was found from the measured IFTs that the IFT was increased with increasing brine 

salinity, which was consistent with the results from Cai et al. (1996). The optimum 

concentrations for both coated SiO2 nanopowders and uncoated NPs were found to be 

0.04 and 0.05 wt.%, respectively. It can be deduced from the plotted figures that at each 

of these two optimum concentrations, the IFT value was the lowest for any saline brine. 

There is a possibility that when NPs are dispersed in the brine, the NPs either interact 

with the cations (Na+ and Cl–) in the brine and themselves or remain as free NPs. The 

number of cations in the brine and free NPs were increased with increasing NP 

concentration, which led to increased NP aggregates. In addition, as the brine salinity was 

increased, more ions were introduced into the NF through which there were more 

interactions among the free NPs. Without NPs, the IFT value was increased with 

increasing brine salinity, which could be attributed to the increased cations in the aqueous 

solution. 

4.3 NP Adsorption Test Data 

It can be found from Tables 4.10‒13 and Figure 4.8 that the adsorption of NPs onto 

the Ottawa sand grains was affected by the brine salinity. From the experimental data, the 

number of NPs adsorbed onto the Ottawa sand grains was increased with increasing brine 

salinity at different NP concentrations. The higher the brine salinity, the stronger the van 

der Waals attractive force and the more the adsorption of NPs. The NP concentration 

reduction because of NP adsorption onto the Ottawa sand grains was also increased with 

the NP concentration. There are interactions when NPs are dispersed in an aqueous 

solution, which will cause attractive forces to increase as NP concentration and brine 

salinity increase. Therefore, as the NP concentration increases, it influences the 
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interactions of NPs with themselves and the porous media. This is in a good agreement 

with results of Metin et al. (2012) that small concentrations and sizes of NPs do not 

promote significant NP adsorption onto the Ottawa sand grains but rather improve their 

interactions with the minerals (quartz or calcite). 

4.4 Nano-EOR Test Data 

A series of twelve Nano-EOR tests were conducted in this study and the experimental 

results are given in Table 4.14, where the oil recovery factors and the pore volumes of the 

fluids injected are provided for these coreflood tests. 

Figures 4.9 and 4.10 show the experimental data for Tests #1 and #2, where the heavy 

oil recovery factor is a function of the PV injected. In these two tests, an NF with 0.02 

wt% SiO2 NPs coated with KH220-silane in the brine with 4.00 wt.% NaCl was injected 

into the sandpacked coreholder. The permeability and porosity of the sandpacked 

coreholder were 6.06 D and 29.27 % for Test #1 and 6.89 D and 29.00% for Test #2, 

respectively. The total heavy oil recovery factor was 44.81%, with 33.67% from WF, 

9.12% from NPWF, and 2.02% from EWF for Test #1. In Test #2, NPWF was able to 

recover 35.51% of the OOIP when the water cut was as high as 98%. After the injection 

process was switched to WF, a further 9.24% of the oil was recovered. When no more oil 

was produced, ENPWF was introduced, which recovered an additional 7.18% of the 

heavy oil. Therefore, Test #2 was able to recover 51.93% of the OOIP. A total of 5.11 PV 

and 9.5 PV of liquid were injected in Tests #1 and #2, respectively.  

Figures 4.11 and 4.12 show the detailed experimental results for Tests # 3 and #4. In 

these two tests, an NF comprising 0.04 wt.% of SiO2 NPs coated with KH220-silane 

dispersed in the brine with 4.00 wt.% NaCl was injected into the sandpacked
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Table 4.10 Five static NP adsorption test data for the Ottawa sand grains in the DIW at Pa = 1 atm and Tres = 25.0 ºC. 

Test #  Initial NP 

concentration 

CI (mg/L) 

Absorbance Absorptivity 

(L/mg/cm) 

Final NP concentration 

CF (mg/L) 

NP concentration 

reduction ∆C (mg/L) 

Adsorption 

(mg/g) 

SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 

1 200 1.055 1.13 0.005 0.006 73.744 68.850 126.256 131.150 0.256 0.266 

2 300 1.073 1.155 0.004 0.004 108.760 101.039 191.240 198.961 0.387 0.403 

3 400 1.083 1.162 0.003 0.003 143.675 133.907 256.325 266.093 0.519 0.539 

4 500 1.085 1.199 0.002 0.002 179.263 162.219 320.737 337.781 0.650 0.684 

5 600 1.095 1.215 0.002 0.002 213.151 192.099 386.849 407.901 0.784 0.826 

Notes: 

Absorbance @ λmax : 0.389   

Volume of sample (Ve): 15 mL 

Mass of Ottawa Sand (ms): 7.404 g 

Light Path length:  1 cm 
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Table 4.11 Five static NP adsorption test data for the Ottawa sand grains in the brine with 1.00 wt.% NaCl at Pa = 1 atm and Tres = 

25.0 ºC. 

Test #  Initial NP 

concentration CI 

(mg/L) 

Absorbance Absorptivity 

(L/mg/cm) 

Final NP 

concentration CF 

(mg/L) 

NP concentration 

reduction ∆C (mg/L) 

Adsorption (mg/g) 

SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 

1 200 1.715 1.816 0.009 0.009 45.364 42.841 154.636 157.159 0.313 0.318 

2 300 1.729 1.894 0.006 0.006 67.496 61.616 232.504 238.384 0.471 0.483 

3 400 1.759 1.875 0.004 0.005 88.459 82.987 311.541 317.013 0.631 0.642 

4 500 1.765 1.874 0.004 0.004 110.198 103.789 389.802 396.211 0.790 0.803 

5 600 1.773 1.913 0.003 0.003 131.641 122.007 468.359 477.993 0.949 0.968 

Notes: 

Absorbance @ λmax: 0.389   

Volume of sample (Ve): 15 mL 

Mass of Ottawa Sand (ms): 7.404 g 

Light Path length:  1 cm 
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Table 4.12 Five static NP adsorption test data for the Ottawa sand grains in the brine with 2.00 wt.% NaCl at Pa = 1 atm and Tres = 

25.0 ºC. 

Test #  Initial NP 

concentration CI 

(mg/L) 

Absorbance Absorptivity 

(L/mg/cm) 

Final NP 

concentration CF 

(mg/L) 

NP concentration 

reduction ∆C (mg/L) 

Adsorption (mg/g) 

SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 

1 200 2.21 2.309 0.011 0.012 35.204 33.694 164.796 166.306 0.334 0.337 

2 300 2.312 2.332 0.008 0.008 50.476 50.043 249.524 249.957 0.506 0.506 

3 400 2.332 2.477 0.006 0.006 66.724 62.818 333.276 337.182 0.675 0.683 

4 500 2.348 2.534 0.005 0.005 82.836 76.756 417.164 423.244 0.845 0.857 

5 600 2.357 2.648 0.004 0.004 99.024 88.142 500.976 511.858 1.015 1.037 

Notes: 

Absorbance @ λmax: 0.389   

Volume of sample (Ve): 15 mL 

Mass of Ottawa Sand (ms): 7.404 g 

Light Path length:  1 cm 
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Table 4.13 Five static NP adsorption test data in the brine with 4.00 wt.% NaCl at Pa = 1 atm and Tres = 25.0 ºC. 

Test #  Initial NP 

concentration CI 

(mg/L) 

Absorbance Absorptivity 

(L/mg/cm) 

Final NP 

concentration CF 

(mg/L) 

NP concentration 

reduction ∆C (mg/L) 

Adsorption (mg/g) 

SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3 

1 200 2.661 2.795 0.013 0.014 29.237 27.835 170.763 172.165 0.346 0.349 

2 300 2.685 2.816 0.009 0.009 43.464 41.442 256.536 258.558 0.520 0.524 

3 400 2.733 2.923 0.007 0.007 56.934 53.233 343.066 346.767 0.695 0.703 

4 500 2.744 2.99 0.005 0.006 70.882 65.050 429.118 434.950 0.869 0.881 

5 600 2.758 3.046 0.005 0.005 84.627 76.625 515.373 523.375 1.044 1.060 

Notes: 

Absorbance @ λmax: 0.389   

Volume of sample (Ve): 15 mL 

Mass of Ottawa Sand (ms): 7.404 g 

Light Path length:  1 cm 
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Figure 4.8 Measured adsorption of NPs onto the Ottawa sand grains as a function of 

concentration of NPs dispersed in (a) DIW; or different brines with (b) 1.00 wt.% NaCl; 
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Table 4.14 Characteristics of sandpacked coreholder, heavy oil recovery factors, and NP types and concentrations in the brine with 

4.00 wt.% NaCl of Tests #1‒12 at Pa = 1 atm and Tres = 25.0 ºC. 

 

Notes: 

NF1: SiO2 NPs coated with KH550-silane and dispersed in a brine of 4.00 wt.% NaCl  

NF2: SiO2 NPs coated with KH220-silane and dispersed in a brine of 4.00 wt.% NaCl  

k:  absolute permeability of the sandpacked coreholder   ϕ:     porosity of the sandpacked coreholder    

PV:  pore volume of the sandpacked coreholder   Soi:       initial oil saturation 

WF:  waterflooding (No NPs)     NPWF:   nanoparticle-assisted WF 

EWF:  extended WF       ENPWF:extended nanoparticle-assisted WF 

Test # NF 
NP 

(wt.%) 

k 

(D) 

ϕ 

(%) 

PV 

(ml) 

Soi  

(%) 

Heavy oil RF (%) 

Production sequence #1 Production sequence #2 

WF  NPWF EWF NPWF WF ENPWF Total 

1 

NF1 

0.02 6.06 29.27 48.00 98.71 33.67 9.12 2.02 - - - 44.81 

2 0.02 6.89 29.00 47.55 99.64 - - - 35.51 9.24 7.18 51.93 

3 0.04 6.80 29.76 48.80 98.03 33.72 8.60 3.99 - - - 46.31 

4 0.04 6.99 28.95 47.46 99.05 - - - 42.41 12.55 6.68 61.64 

5 0.06 5.27 28.66 47.00 99.55 33.99 6.26 11.81 - - - 52.06 

6 0.06 6.62 28.05 46.39 99.91 - - - 29.58 4.48 0.89 34.95 

7 

NF2 

0.02 4.76 28.66 47.00 99.94 33.95 7.73 6.68 - - - 48.36 

8 0.02 6.08 29.15 47.80 99.92 - - - 38.83 2.13 2.72 43.68 

9 0.04 5.71 29.27 48.00 99.92 33.96 5.89 1.74 - - - 41.59 

10 0.04 6.29 28.85 47.30 99.75 - - - 40.25 1.50 4.69 46.44 

11 0.06 5.45 29.40 48.20 99.54 33.84 5.20 1.76 - - - 40.80 

12 0.06 6.54 29.11 47.73 99.71 - - - 27.51 3.76 3.49 34.76 



71 

 

 

PV

0 1 2 3 4 5 6 7 8

H
e
a
v
y
 o

il
 R

F
/I

n
st

a
n
ta

n
e
o
u
s 

W
a
te

r-
cu

t 
(%

)

0

25

50

75

100

D
if

fe
re

n
ti

a
l 

p
re

ss
u
re

 (
k

P
a
)

0

200

400

600

800

Instantaneous Water-cut
Heavy oil RF
Differential pressure

WF NPWF EWF

 

 

 

 

Figure 4.9 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during WF + NPWF + EWF production sequence #1 when 0.02 wt.% SiO2 KH220-silane 

NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #1) at Pa = 1 atm and Tres = 25.0 

ºC. 
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Figure 4.10 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during NPWF + WF + ENPWF production sequence #2 when 0.02 wt.% SiO2 KH220-

silane NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #2) at Pa = 1 atm and Tres 

= 25.0 ºC. 
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coreholder. The permeability and porosity of the sandpacked coreholder were 6.80 D and 

29.76%, respectively. In Test #3, WF was conducted first, and recovered 33.72% of the 

OOIP. NPWF and EWF were then performed until no more heavy oil was recovered. 

During NPWF, 8.6% of the heavy oil was recovered and a 3.99% oil recovery factor was 

obtained in EWF. The total heavy oil recovery factor for Test #3 was 46.31%. For Test 

#4, the permeability and porosity of the sandpacked coreholder were 6.99 D and 28.95%, 

respectively. A total of 61.64% of the OOIP was recovered, with 42.41% from NPWF, 

12.55% from WF, and 6.68% from ENPWF. Test #3 had a total of 6.15 PV of liquid 

injected and Test #4 had 8.53 PV of liquid injected.  

Figures 4.13 and 4.14 show the experimental data for Tests #5 and #6, where the 

recovery factor is a function of the PV injected. The permeability and porosity of the 

sandpacked coreholder were 5.27 D and 28.66% for Test #5 and 6.62 D and 28.05% for 

Test #6. For Test #5, the total heavy oil recovery factor was 52.06%, with 33.99% from 

WF, 6.26% from NPWF, and 11.81% from EWF. Test #6 recovered a total 34.95% of the 

OOIP with 29.58% from NPWF, 4.48% from WF, and the remaining 0.89% from 

ENPWF. The PVs of NFs injected for Tests #5 and #6 were 6.54 and 5.34 PV, 

respectively.  

In Tests #7 and #8, SiO2 nanopowders coated with KH550-silane with 0.02 wt.% 

concentration NPs in the brine with 4.00 wt.% NaCl were injected into the sandpacked 

coreholder. The permeability and porosity of the sandpacked coreholder were 

equal to 4.76 D and 28.66%, respectively. The experimental data are shown in Figures

 4.15 and 4.16 for Tests #7 and #8, respectively. In Figure 4.15 for Test #7 in WF + 

NPWF + EWF production sequence #1, 33.95% of the original heavy oil was recovered 
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Figure 4.11 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during WF + NPWF + EWF production sequence #1 when 0.04 wt.% SiO2 KH220-silane 

NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #3) at Pa = 1 atm and Tres = 25.0 

ºC. 
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Figure 4.12 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during NPWF + WF + ENPWF production sequence #2 when 0.04 wt.% SiO2 KH220-

silane NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #4) at Pa = 1 atm and Tres 

= 25.0 ºC. 
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Figure 4.13 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during WF + NPWF + EWF production sequence #1 when 0.06 wt.% SiO2 KH220-silane 

NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #5) at Pa = 1 atm and Tres = 25.0 

ºC. 
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Figure 4.14 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during NPWF + WF + ENPWF production sequence #2 when 0.06 wt.% SiO2 KH220-

silane NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #6) at Pa = 1 atm and Tres 

= 25.0 ºC. 
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after 2.07 PV of the brine was injected and the water-cut reached 96.38%. After 3.36 PV 

of the NF was injected, an additional 7.73% of the residual heavy oil was recovered. 

When the oil production rate was decreased, EWF was applied and 2.07 PV was injected 

and an additional oil of 6.68% was recovered. Therefore, a total of 48.36% of the original 

heavy oil in place (OOIP) was recovered when a total of 7.5 PV of liquid was injected. 

NPWF+WF+ENPWF production sequence #2 was used in Test #8 and the result is 

shown in Figure  4.16. The permeability of the sandpacked coreholder was equal to 6.08 

D and the porosity was equal to 29.15%. In Test #8, 38.83% of the OOIP was recovered 

after NPWF process, 2.13% for WF and 2.72% for ENPWF. There was a higher oil 

recovery factor at the beginning in Test #8 in comparison with the initial process in Test 

#7. The total oil recovery factor was 1.01% lower after a total of 5.13 PV of liquid was 

injected. It was found from Figures 4.15 and 4.16 that at the beginning, WF needed a 

higher pressure to mobilize the heavy oil in the reservoir, in contrast to NPWF. 

Therefore, it can be inferred that the NPs have a better ability to pass through the 

sandpacked coreholder. 

Figures 4.17 and 4.18 show the detailed experimental data obtained in Tests #9 and 

#10, respectively. In these two tests, 0.04 wt.% SiO2 NPs concentration coated with 

KH550-silane dispersed in the brine with 4.00 wt.% NaCl was injected through the 

sandpacked coreholder. The permeabilities and porosities for Tests #9 and #10 were 5.71 

D and 29.27%, 6.29 D and 28.85%, respectively. In Test #9, there was a total oil recovery 

factor of 41.59%, of which 33.96% was contributed from WF, 5.89% from NPWF, and 

1.74% from EWF. Test #10 had a total oil recovery factor of 46.44%, which was an 

improvement over Test #9. A total of 6.13 PV of liquid was injected in Test #9 but only 
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Figure 4.15 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during WF + NPWF + EWF production sequence #1 when 0.02 wt.% SiO2 KH550-silane 

NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #7) at Pa = 1 atm and Tres = 25.0 

ºC. 
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Figure 4.16 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during NPWF + WF + ENPWF production sequence #2 when 0.02 wt.% SiO2 KH550-

silane NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #8) at Pa = 1 atm and Tres 

= 25.0 ºC. 
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Figure 4.17 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during WF + NPWF + EWF production sequence #1 when 0.04 wt.% SiO2 KH550-silane 

NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #9) at Pa = 1 atm and Tres = 25.0 

ºC. 
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Figure 4.18 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during NPWF + WF + ENPWF production sequence #2 when 0.04 wt.% SiO2 KH550-

silane NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #10) at Pa = 1 atm and 

Tres = 25.0 ºC. 
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3.81 PV of liquid was injected in Test #10. 

Figures 4.19 and 4.20 show the detailed experimental data obtained in Tests #11 and 

#12, respectively. In these two tests, 0.06 wt.% of SiO2 NPs coated with KH550-silane 

dispersed in the brine with 4.00 wt.% NaCl was injected through the sandpacked 

coreholder. The permeabilities and porosities for Tests #11 and #12 were 5.45 D and 

29.40%, and 6.54 D and 29.11%, respectively. In Test #11, 33.84% of the heavy oil was 

recovered after WF, which is not different from that in Test #9. In Test #11, the oil 

recovery sequence became NPWF and EWF and only approximately 5.20% and 1.76% of 

heavy oil were recovered, respectively. Therefore, a total heavy oil recovery factor of 

40.80% was obtained in Test #11. The results from Test #12 were similar as only 34.76% 

of the heavy oil was eventually recovered with 27.51% from NPWF, 3.76% from WF, 

and 3.49% from ENPWF. A total of 4.2 PV of liquid was injected into the sandpacked 

coreholder in Test #11 and a total of 3.35 PV of liquid was injected in Test #12 until no 

more oil was produced. 

In summary, the highest heavy oil recovery factor was achieved in Test #4 at 0.04 wt.% 

SiO2 nanopowders coated with KH220-silane and dispersed in the brine with 4.00 wt.% 

NaCl with a total oil RF of 61.64%. The least oil was recovered in Test #12 at 0.06 wt.% 

SiO2 nanopowders coated with KH550-silane and dispersed in the brine with 4.00 wt.% 

NaCl with  the total oil RF of 34.76%. As the concentration of NPs dispersed into the 

brine was increased, the heavy oil RF was also increased until a threshold NP 

concentration was reached. This was the trend for NPWF+WP+ENPWF production 

sequence #2, irrespective of the type of NP coating, except for WF + NPWF + EWF 

production sequence #1. One reason for this superior performance can be attributed to a  
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Figure 4.19 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during WF + NPWF + EWF production sequence #1 when 0.06 wt.% SiO2 KH550-silane 

NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #11) at Pa = 1 atm and Tres = 

25.0 ºC. 
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Figure 4.20 Measured heavy oil RFs, instantaneous water-cuts, and differential pressures 

during NPWF + WF + ENPWF production sequence #2 when 0.06 wt.% SiO2 KH550-

silane NPs were dispersed in the brine of 4.00 wt.% NaCl (Test #12) at Pa = 1 atm and 

Tres = 25.0 ºC. 



86 

 

significant IFT reduction (Elimelech et al., 1995; Herd et al., 1992; Abbas et al., 2013). 

Another factor is the increased viscosity of the displacing phase with the addition of 

NPs. The increased viscosity of the NF helped to reduce the mobility ratio, which is the 

desired condition for enhanced heavy oil recovery. The optimum NP concentration was 

found to be 0.04 wt.% after different concentrations of NPs were tested. The sequence of 

liquid injection also played a critical role in determining the ultimate oil RF. It was found 

that in general, NPWF + WF + ENPWF recovered more heavy oil than WF + NPWF + 

EWF. As the NF injection proceeded, the amount of the NPs retained in the sandpacked 

coreholder was increased, which resulted in the aggregation of NPs and reduced the NP 

efficiency. The results from the Nano-EOR experiments indicated that WF aided in the 

dissociation of the NPs. The dissociation of the adsorbed NPs was responsible for the 

additional oil recovery during EWF until more brine was injected and the NP 

concentration was considerably reduced. The experimental results were in agreement 

with the results from Bhuiyan et al. (2015). The last flooding process (i.e., ENPWF) 

further mobilized more residual oil in the sandpacked coreholder. 
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CHAPTER 5          CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In this thesis, the production performances of four different nanoparticle (NP) types 

in enhanced heavy oil recovery at atmospheric pressure of Pa = 1 atm and the actual 

reservoir temperature of Tres = 25.0 ºC were experimentally studied. The nanofluid (NF) 

bulk-phase properties and the interfacial properties of the Manatoken heavy oil–NF and 

NF–air systems were measured and analysed. A total of 64 interfacial tension (IFT) tests 

were conducted to study the effects of the NP concentration and the brine salinity on the 

measured IFTs. The NP loss to the sand grains was measured in a series of static 

adsorption tests. A total of twelve heavy oil recovery tests were performed and analysed 

by using the two coated NPs and a sandpacked coreholder. The following technical 

conclusions are drawn from this study: 

• The measured density of the NF, which comprised NPs dispersed in a base liquid, 

e.g., deionized water (DIW) or brine, was not appreciably dependent on the NP 

concentration;  

• The measured viscosity of each NF was strongly dependent on the revolution per 

minute (RPM) and NP concentration. In particular, it was increased with increasing 

NP concentration. This implied that as the NP concentration was increased, the 

mobility of the displacing fluid was decreased, which was beneficial for the mobility 

control; 

• The pH was increased with increasing NP concentration. However, it remained within 

the favourable range of pH = 7.08−7.75, in which the NP aggregation was not severe 

enough to cause possible formation damage; 
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• Although the specific electrical conductivity of a NF was primarily dependent on 

NaCl concentration, NP type and concentration also played certain roles;  

• The surface tension (ST) of each NF and air was increased considerably as NaCl and 

NP concentrations were increased because of a larger number of cations (Na+ and Cl–

) present in the brine, which actively interacted with more NPs; 

• SiO2 NPs coated with KH220-silane at 0.04 wt.% NP concentration and dispersed in 

the brine with 4.00 wt.% NaCl exhibited the best potential among of all NP types 

tested to enhance heavy oil recovery because of the lowest IFT of 15.14 mJ/m2; 

• When the concentration of SiO2 NPs was higher than 0.05 wt.%, the interactions 

between NPs, NaCl, and heavy oil were decreased, which resulted in an increased 

IFT. This was because the NPs began to form aggregates, which caused them to 

interact with themselves rather than with the Manatoken heavy oil; 

• Al2O3 NPs were adsorbed more onto the Ottawa sand grains in comparison with SiO2 

NPs. 

• SiO2 NPs coated with KH220-silane at 0.04 wt.% NP concentration and dispersed in 

the brine with 4.00 wt.% NaCl in NPWF, WF, and extended ENPWF were the best 

for the coreflood tests conducted by using a sandpacked coreholder. This optimal test 

achieved a heavy oil recovery factor of 61.64%. The lowest IFT was the primary 

EOR mechanism. Therefore, a better NF injection sequence for Nano-EOR tests was 

identified; 

• During the Nano-EOR tests, the differential pressure in each of the recovery process 

was decreased with time as the viscosity of the displaced phase was decreased; and 



89 

 

• The optimum NP concentrations for the four NP types (hydrophilic SiO2 or Al2O3; 

SiO2 coated with KH220-silane and KH550-silane) tested in this study were found to 

be in the range of 0.04−0.05 wt.%. 

5.2 Recommendations 

• Al2O3 NPs were found to perform well in reducing IFTs. However, because of the 

turbidity at NP concentrations higher than 0.02 wt.%, it became impossible for light 

to pass through the NF during the IFT test. When this NP potential to effectively 

lower the IFT is studied in future, it is recommended that a better means for 

measuring the IFTs may be chosen. In addition, Al2O3 NPs could also be used in 

future Nano-EOR tests; 

• The NP retention cannot be completely evaluated without the dynamic tests. 

Therefore, the NP retention attributed to mechanical entrapment, clogging/blocking, 

and gravity segregation should be studied in the future; and 

• A number of studies have been conducted to explore Nano-EOR in the light oil 

reservoirs. It is essential to determine whether the NPs would be problematical for a 

tight light oil reservoir. In addition, it will be of interest to determine which NP types 

would be the best to use in this case. 
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APPENDICES 

Appendix 1 Measured densities of the brine and different NFs with various 

concentrations of NPs dispersed in the brine with 1.00 wt.% NaCl at Pa = 1 atm and Tres = 

25.0 ºC. 

NPs 

Density (g/cm3) 

NP (wt.%) 

0.00 0.02 0.03 0.04 0.05 0.06 

SiO2 solution 1.004 1.011 1.013 1.014 1.014 1.014 

Al2O3 solution 1.004 1.014 1.018 1.019 1.020 1.021 

SiO2 nanopowders coated 

with KH550-silane 

1.004 1.025 1.026 1.026 1.027 1.027 

SiO2 nanopowders coated 

with KH220-silane 

1.004 1.024 1.024 1.025 1.025 1.026 
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Appendix 2 Measured densities of the brine and different NFs with various 

concentrations of NPs dispersed in the brine with 2.00 wt.% NaCl at Pa = 1 atm and Tres = 

25.0 ºC. 

NPs 

Density (g/cm3) 

NP (wt.%) 

0.00 0.02 0.03 0.04 0.05 0.06 

SiO2 solution 1.008 1.012 1.015 1.017 1.019 1.020 

Al2O3 solution 1.008 1.017 1.019 1.022 1.023 1.024 

SiO2 nanopowders coated 

with KH550-silane 

1.008 1.026 1.027 1.027 1.028 1.029 

SiO2 nanopowders coated 

with KH220-silane 

1.008 1.025 1.026 1.026 1.027 1.028 
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Appendix 3 Measured densities of the brine and different NFs with various 

concentrations of NPs dispersed in the brine with 4.00 wt.% NaCl at Pa = 1 atm and Tres = 

25.0 ºC. 

NPs 

Density (g/cm3) 

NP (wt.%) 

0.00 0.02 0.03 0.04 0.05 0.06 

SiO2 solution 1.014 1.017 1.019 1.019 1.021 1.023 

Al2O3 solution 1.014 1.020 1.021 1.024 1.025 1.027 

SiO2 nanopowders coated 

with KH550-silane 

1.014 1.029 1.029 1.029 1.029 1.030 

SiO2 nanopowders coated 

with KH220-silane 

1.014 1.027 1.027 1.028 1.028 1.029 
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Appendix 4 Measured viscosities of different Al2O3 NFs with various concentrations of 

NPs dispersed in the brines with different salinities at Pa = 1 atm and Tres = 25.0 ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NaCl  

(wt.%) 

NPs 

(wt.%) 

Shear rate 

(s−1) 

Viscosity  

(cP) 

RPM 40 50 100 40 50 100 

1 

0.02 300 375 750 1.23 1.19 1.13 

0.03 300 375 750 1.29 1.23 1.17 

0.04 300 375 750 1.36 1.27 1.26 

0.05 300 375 750 1.40 1.34 1.31 

0.06 300 375 750 1.47 1.48 1.38 

2 

0.02 300 375 750 1.35 1.29 1.20 

0.03 300 375 750 1.48 1.38 1.24 

0.04 300 375 750 1.56 1.42 1.29 

0.05 300 375 750 1.62 1.47 1.38 

0.06 300 375 750 1.69 1.55 1.50 

4 

0.02 300 375 750 1.97 1.78 1.34 

0.03 300 375 750 2.40 1.85 1.39 

0.04 300 375 750 2.76 1.98 1.45 

0.05 300 375 750 3.65 2.04 1.53 

0.06 300 375 750 4.01 3.68 1.59 
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Appendix 5 Measured viscosities of different SiO2 NFs with various concentrations of 

NPs dispersed in the brines with different salinities at Pa = 1 atm and Tres = 25.0 ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NaCl  

(wt.%) 

NPs 

(wt.%) 

Shear rate 

( s−1) 

Viscosity  

(cP) 

RPM 40 50 100 40 50 100 

1 

0.02 300 375 750 3.38 2.93 2.04 

0.03 300 375 750 3.59 3.10 2.28 

0.04 300 375 750 3.75 3.16 2.38 

0.05 300 375 750 4.24 3.29 2.47 

0.06 300 375 750 4.91 3.48 2.73 

2 

0.02 300 375 750 2.76 2.45 2.32 

0.03 300 375 750 2.89 2.49 2.37 

0.04 300 375 750 3.03 2.57 2.41 

0.05 300 375 750 3.18 2.87 2.49 

0.06 300 375 750 3.89 3.15 2.52 

4 

0.02 300 375 750 2.89 2.76 2.42 

0.03 300 375 750 3.17 3.11 2.98 

0.04 300 375 750 3.77 3.62 3.09 

0.05 300 375 750 4.17 3.94 3.28 

0.06 300 375 750 4.24 3.97 3.31 
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Appendix 6 Measured viscosities of different brines with various NaCl concentrations at 

Pa = 1 atm and Tres = 25.0 ºC.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NaCl 

(wt.%) 

Shear rate 

( s−1) 

Viscosity 

(cP) 

RPM RPM 

40 50 100 40 50 100 

0 300 375 750 0.95 0.96 1.00 

1.00 300 375 750 0.98 0.98 1.00 

2.00 300 375 750 1.06 1.10 1.20 

4.00 300 375 750 1.12 1.16 1.26 
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Appendix 7 Measured specific electrical conductivities of the brine and different NFs 

with various concentrations of NPs dispersed in the brine with 1.00 wt.% NaCl at Pa = 1 

atm and Tres = 25.0 ºC.  

NPs 

(wt.%) 

Specific electrical conductivities (µS/cm) 

SiO2 Al2O3 
SiO2 coated with 

KH220-silane 

SiO2 coated with 

KH550-silane 

0.00 17,220 17,220 17,220 17,220 

0.02 17,760 17,660 17,311 17,229 

0.03 17,770 17,710 17,317 17,311 

0.04 17,790 17,760 17,343 17,327 

0.05 17,810 17,790 17,367 17,341 

0.06 17,890 17,820 17,371 17,358 
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Appendix 8 Measured specific electrical conductivities of the brine and different NFs 

with various concentrations of NPs dispersed in the brine with 2.00 wt.% NaCl at Pa = 1 

atm and Tres = 25.0 ºC. 

NPs 

(wt.%) 

Specific electrical conductivities (µS/cm) 

SiO2 Al2O3 
SiO2 coated with 

KH220-silane 

SiO2 coated with 

KH550-silane 

0.00 32,070 32,070 32,070 32,070 

0.02 33,450 33,390 32,143 32,100 

0.03 33,500 33,420 32,164 32,122 

0.04 33,590 33,450 32,171 32,145 

0.05 33,640 33,480 32,189 32,168 

0.06 33,780 33,500 32,201 32,187 
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Appendix 9 Measured specific electrical conductivities of the brine and different NFs 

with various concentrations of NPs dispersed in a brine with 4.00 wt.% NaCl at Pa = 1 

atm and Tres = 25.0 ºC. 

NPs 

(wt.%) 

Specific electrical conductivities (µS/cm) 

SiO2 Al2O3 
SiO2 coated with 

KH220-silane 

SiO2 coated with 

KH550-silane 

0.00 62,050 62,050 62,050 62,050 

0.02 62,610 62,270 62,099 62,073 

0.03 62,700 62,330 62,147 62,091 

0.04 62,750 62,350 62,163 62,111 

0.05 62,770 62,380 62,188 62,127 

0.06 62,810 62,410 62,215 62,135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


