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Abstract 

Conventional oil production methods produce approximately one-third of the initial oil in place 

from a reservoir, on average. The remaining oil is a large attractive target for Enhanced Oil 

Recovery (EOR) techniques. Recently, the potential of using nanoparticles in EOR methods 

has been explored with some promising results from preliminary evaluations. However, the 

application of nanoparticles in real oil reservoirs is limited by knowledge gaps. The stability 

of nanoparticles in the injection or formation water containing diverse types and concentrations 

of ions is a challenge. It is still unknown whether and under which conditions nanoparticles 

can self-assemble at the oil-water interface and alter the oil -water interfacial properties. The 

wettability alteration capacity of nanoparticles usually investigated by contact angle 

measurements is affected by subtle experimental artefacts; hence, the result of conventional 

contact angle measurements may not be reliable to evaluate the effect of nanoparticles on the 

wettability of substrates. Moreover, the mechanism of wettability alteration by nanoparticles 

is not clear yet.  

The stability of nanoparticles in the aqueous phase is the primary challenge to using 

nanoparticles in reservoir conditions. Nanoparticles are extremely unstable in high salinity 

seawater or formation water. Typically, seawater or formation brine is used for water-flooding 

and EOR purposes. Therefore, if we want to modify the fluid-fluid or fluid-rock properties by 

injecting nanoparticle enhanced water, then the stability of the nanoparticles in high salinity 

seawater or formation brine is extremely important. A novel method to stabilize silica 

nanoparticles in seawater is proposed. First, the stability of silica nanoparticles in the presence 

of different ions is investigated. The results show that the presence of multivalent counter-ions 

in the electrical double layer of nanoparticles can destabilize silica nanoparticles. To reduce 
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the concentration of positive multivalent ions around silica nanoparticles, a method called ñH+ 

protectedò is proposed and its effectiveness is tested by particle size, turbidity, zeta-potential, 

and pH measurements. Experimental results show that the H+ protected method obtained by 

adding hydrochloric acid (HCl) to the solution, can effectively stabilize silica nanoparticles in 

seawater.  

By investigating the controlling parameters of nanoparticle attachment at the interface (bulk 

suspension properties including the concentration of nanoparticles, concentration of HCl, 

salinity, size and charge of nanoparticles and operating conditions i.e., temperature and 

pressure) and coupling them with nanoparticlesô stability in the solution, the conditions under 

which silica nanoparticles can reduce oil-water interfacial tension are experimentally 

investigated. The maximum IFT reduction occurs when there is a packed monolayer of 

nanoparticles at the oil-water interface. For instance, increasing nanoparticlesô concentration 

and salinity to their optimum value would lead to achieving smaller IFT values. Further 

increasing the concentration of nanoparticles and salinity beyond the optimum value can 

destabilize the nanoparticles and increase their average size in the solution, which can reduce 

the number of nanoparticles at the interface and thus increase the IFT value. In general, the 

minimum IFT occurs when the surface energy reduction due to the adsorption of nanoparticles 

is minimum, i.e., the chance of nanoparticles desorbing from the interface due to thermal 

fluctuations (especially in the elevated temperatures) is high and aggregation of nanoparticles 

in the bulk solution is initiated. We believe that IFT reduction is partially but not fully 

responsible for incremental oil recovery greater than water-flooding alone. We test our 

hypothesis by conducting silica nanoparticles in seawater flooding experimentally and 
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comparing the results with simulations that examine the effect of a) IFT reduction only and b) 

the effect of altering the relative permeability, wettability, and IFT reduction.  

The mechanism of wettability alteration by silica nanoparticles is investigated. The impact of 

experimental methods in conventional contact angle measurements on the wettability alteration 

data is evaluated. In conventional contact angle measurements, the rock samples are either 

aged with (immersed in) nanoparticles-fluid before conducting the experiments or contacted 

with the nanoparticles-fluid before the oil droplet is attached to the rock substrate. In both 

cases, nanoparticles exist in the oil-rock interface before initiating the contact angle 

measurements (pre-existing nanoparticles). A real reservoir scenario would be to inject the 

nanoparticle-fluids into an already established equilibrium condition of oil-water-rock. Hence, 

the contact angle measurements are modified using a new displacement contact angle method 

to represent the injection of nanoparticle-fluids into a reservoir. The impact of pre-existing 

nanoparticles on the contact angle measurements is examined for simple (n-decane, NaCl 

brine, pure substrates) and complex (crude oil, seawater, and reservoir rock) systems at various 

wetting conditions of the substrates (water-wet and oil-wet). The effect of the surface and 

nanoparticle charge on the contact angle is evaluated by adjusting the aqueous phase salinity. 

We also differentiate between the disjoining pressure mechanism and diffusion of silica 

nanoparticles through the oil phase by testing the attachment of nanoparticles on the rock 

surface. The results illustrate that a substantial portion of the wettability alteration ability of 

nanoparticles reported in the literature may be attributed to the method of measuring the contact 

angles where nanoparticles can adsorb at the rock sample before contact angle measurements. 

Silica nanoparticles are shown to further reduce the contact angle (make the substrate more 

water-wet) only when we have water-wet condition initially. Under oil-wet conditions, 
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nanoparticles cause no notable change on the contact angle. The synergic effect of structural 

disjoining pressure and capillary pressure reduction might be a possible mechanism of 

wettability alteration in the water-wet conditions. In oil-wet conditions, the only possible 

mechanism is capillary pressure reduction. This chapter is presented as a paper in the 

International Symposium of the Society of Core Analysts. 
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1.1.  Motivation  

British Petroleumôs (BP) 2035 Energy Outlook [1] estimated that global energy demand will 

increase 30% by 2035. The U.S. Energy Information Administration [2] predicted that 

worldwide petroleum and liquid fuel consumption will increase from 90 million barrels per 

day in 2012 to 121 million barrels per day by 2040. This demand must be met by discovering 

new oil fields or maximizing oil recovery from already discovered and producing oil fields. 

The chance of finding new large petroleum fields is negligible. Hence, maximizing oil 

extraction from existing reservoirs through Enhanced Oil Recovery (EOR) methods appears to 

be an accessible way to meet this demand.  

The natural energy of a hydrocarbon reservoir is sufficient to produce only a small fraction of 

the initial hydrocarbons in place. Remaining oil is trapped because of the interplay between 

the viscous, gravity, and capillary forces in the porous media. In general, EOR refers to 

implementation of a recovery method that increases the recovery of oil beyond what the 

primary and secondary methods (natural production and pressure maintenance with gas or 

water, respectively) would normally be expected to yield. On average, conventional production 

methods produce approximately one third of the initial oil in place from a reservoir. The 

remaining oil is a large attractive target for EOR techniques [3].  

Recently, there has been a growing interest in the application of nanoparticles in EOR 

processes [4-8]. Nanoparticles are defined as particles with a size, at least in one dimension, 

between 1 to 100 nm [9]. Due to their ultra-small size and high surface-area to volume ratio, 

they can penetrate pores and alter the rock-fluid and fluid-fluid properties favorably. 

Nanoparticle enhanced water flooding, or simply nanoparticle-EOR, may result in extra oil 

recovery from oil reservoirs by altering reservoirsô fluid-fluid and rock-fluid properties. 
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Numerous studies have evaluated the effectiveness of nanoparticle-EOR on oil recovery with 

some promising outcomes based on preliminary results [5-7, 10, 11]. The majority of 

researchers believe that the EOR potential of nanoparticles is through two important factors; 

oil-water interfacial tension (IFT) reduction [12-15], and wettability alteration of reservoir rock 

surfaces [16-19]. Despite all these efforts, there is still a long way to apply nanoparticles in 

real oil reservoirs as an EOR technique. Beside the feasibility of storage and transport of 

nanoparticles-fluids (especially for offshore reservoirs), the knowledge gap is the main 

limitation to the application of nanoparticles in the oil fields. The goals of this research were 

to characterize and assess the behaviour of nanoparticles in realistic reservoir water (aqueous 

one phase solution), two phases (oil and water), and three phases (oil, water, and rock) to 

address some of the most fundamental challenges of the nanoparticle-EOR methods. 

1.2.  Problem statement 

Three main technical obstacles to using nanoparticles as a water flooding additive in the 

realistic reservoirs are:  

1. Stability of nanoparticles: The stability of nanoparticles in high salinity, multivalent 

ionic solutions is the first and foremost challenge in the application of nanoparticles in 

practical EOR techniques. For nanoparticles to alter fluid-fluid or rock-fluid properties, 

they must be dispersed in seawater or formation water as the two major water resources 

for water flooding and EOR processes. Unlike nanoparticles in deionized water or low 

salinity brine solutions, nanoparticles are extremely unstable in seawater or in high 

salinity formation water. 

2. Effect of nanoparticles on fluid-fluid intera ctions: It is still unclear whether and 

under which conditions nanoparticles can reduce oil-water interfacial tension (IFT). 
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The controlling parameters of nanoparticlesô attachment at the oil-water interface, the 

influence of bulk suspension properties (the concentration of nanoparticles, 

concentration of stabilizer, salinity, and surface charge and size of nanoparticles in the 

suspension) and operating conditions (temperature and pressure) on the self-assembly 

of nanoparticles are still unknown or debated.   

3. Effect of nanoparticles on rock-fluid interactions: The ability of nanoparticles to 

alter the wettability of reservoir rock is still being studied. Unfortunately, most studies 

that have evaluated the effectiveness of nanoparticles in wettability alteration by the 

contact angle method, have overestimated the effect of nanoparticles, due to the method 

of contact angle measuring, because nanoparticles can adsorb on the rock sample before 

contact angle measurements. The mechanism of wettability alteration by nanoparticles 

is still unknown; it is still unclear how nanoparticles can reach the rock surface to alter 

the wettability of substrate or detach the oil droplet from a surface. In practical EOR, 

we are dealing with three multicomponent, interconnected, complex systems for which 

minor changes in one phase can lead to severe alterations in the interfacial properties 

between phases. Nanoparticles must be dispersed in the aqueous phase, which contains 

various types and concentrations of ions. The interactions between the ions and 

nanoparticles dictate the characteristics of nanoparticles (particle size, zeta-potential, 

etc.) in the aqueous solution. Similarly, the oil phase may contain many surface active 

components like asphaltene and naphthenic acids, which can interact with 

nanoparticles at the oil-water and oil-rock interfaces. In reality, the rock sample is a 

heterogeneous, non-smooth, mixed-wet substrate composed of various minerals. The 

electrical charge of minerals can vary when contacted with an ionic fluid. This causes 
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alteration of the electrostatic repulsion between substrate and nanoparticles and 

consequently can either attract or repel the nanoparticles. Hence, the role of 

nanoparticles must be evaluated considering multicomponent complex fluids and real 

formation rock.   

In this thesis, we addressed these three obstacles to facilitate the application of nanoparticles 

in real reservoirs.  

1.3.  Thesis structure 

This thesis consists of six chapters as follows: 

Chapter One presents the motivation of the study, states the problem and provides the structure 

of the thesis.   

Chapter Two provides a literature review on nanoparticle-EOR technique and the fundamental 

surface chemistry concepts which are required to evaluate the interactions between 

nanoparticles, the aqueous phase, oil phase, and rock surface. We mainly focused on the studies 

that have investigated untreated silica nanoparticles without additional additives. Chapter two 

will form the basis of a review article that we will soon submit.   

Chapter Three has been published in the Journal of Fuel, and describes the effective parameters 

in the aggregation of silica nanoparticles, proposing a novel method to stabilize silica 

nanoparticles in seawater (H+ protected method).  

Chapter Four has been published in the Journal of Molecular Liquids and describes the 

behaviour of silica nanoparticles at the oil-water interface, explaining whether and under which 

conditions silica nanoparticles can alter fluid-fluid interactions.  
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Chapter Five has been published by the Society of Core Analysis (SCA), and includes a 

comparison of the wettability alteration capacity of silica nanoparticles in simple and complex 

systems, evaluation of the impact of pre-existing nanoparticles at the oil-rock interface, 

assessment of the mechanism of wettability alteration by nanoparticles and the effect of 

nanoparticles and rock surface charge on the wettability alteration capacity of nanoparticles.    

Chapter six contains a summary, conclusions, and recommendations for future work.  
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2.1.  Nanoparticle-EOR 

EOR is used to recover post water flood or gas flood mobile and immobile residual oil from a 

reservoir by altering the fluid-fluid or fluid-rock properties to overcome the capillary, viscous, 

and gravity forces. The goal of any EOR process is to achieve a high ultimate recovery factor 

by reducing the mobility ratio and/or increasing the capillary number. Mobility ratio (M) is 

defined as the mobility of the displacing fluid over the mobility of the displaced fluid (equation 

1). The mobility of a phase (‗) is the effective permeability of that phase (‖) divided by its 

viscosity (‘) and mathematically defined as equation 2: 

ὓ
‗  

‗  
 (2-1) 

‗
‖

‘
 (2-2) 

The mobility ratio can be reduced by decreasing oil viscosity, increasing water viscosity, 

increasing the effective permeability to oil, or decreasing the effective permeability of the 

displacing fluid. Capillary number is defined as the ratio of the viscous forces to the capillary 

forces. It was reported that a three orders of magnitude increase in capillary number will result 

in recovery of 50% of the oil from a water-flooded reservoir and thar an increase of four orders 

of magnitude is required to displace 100% oil from a core [20]. EOR methods are generally 

divided into four broad groups [21, 22]: 

¶ Thermal (steam/hot water injection, combustion, etc.)  

¶ Miscible/Immiscible gas injection (CO2, hydrocarbon gas, nitrogen, air, etc.) 

¶ Chemical (alkali, surfactant, polymer, nanoparticles, smart water, etc.) 

¶ Other (microbial, electrical, leaching etc.) 



9 

 

Nanoparticle enhanced water flooding, or simply nanoparticle-fluid EOR, is a relatively new 

chemical-EOR technique, which may result in extra oil recovery from oil reservoirs by altering 

reservoirsô fluid-fluid and rock-fluid properties. Diverse types of nanoparticles are tested to 

explore their potential in EOR. Some of these nanoparticles and the major outcomes of the 

experiments are listed in Table 2-1. As shown in the table, the positive effect of diverse types 

of nanoparticles on oil recovery is observed through core-flooding, micromodel experiments, 

IFT, and contact angle measurements. Different concentrations of NaCl solution are typically 

used as the aqueous phase. Silica nanoparticles (silica dioxide- SiO2) are the most common 

nanoparticles tested by researchers and their positive effect on oil recovery at the laboratory 

scale is shown. In this research, we focused on the behaviour of silica nanoparticles in aqueous 

solutions (one phase), between two phases (oil and water), and in three phases (oil, water, and 

rock surface).  

Table 2-1: Effect of nanoparticles on enhanced oil recovery  

Type of 

nanoparticles 

Major 

experiments 

Major results Aqueous phase Rock Type Reference 

Silica dioxide 

(SiO2) 

Micromodel 

(WAG) 

10% to 20% increase in 

oil recovery 

3.6 wt% NaCl Brine 

solution 
 [23] 

Silica dioxide 

(SiO2) 
Core-flooding 

Up to 14% increase in oil 

recovery 
3.0 wt% NaCl Brine 

Berea 

Sandstone 
[14] 

Aluminum oxide 

(Al 2O3) 

Titanium oxide 

(TiO2) 

Silica dioxide 

(SiO2) 

IFT and Oil 

viscosity 

measurements 

 

33% IFT reduction, 34% 

oil viscosity reduction 

for aluminum oxide 

 

37% IFT reduction, 24% 

oil viscosity reduction 

for titanium oxide 

 

42% IFT reduction,  8% 

oil viscosity reduction 

for silica dioxide  

0.3 wt% NaCl Brine 

 
Limestone [24] 

Silica dioxide 

(SiO2) 
Core-flooding 

17% increase in oil 

recovery 
DI-water Sandstone [8] 

Polysilicon 

nanoparticles 
Core-flooding 

Up to 30% increase in oil 

recovery 
3.0 wt% Brine Sandstone [25] 

Silica dioxide 

(SiO2) 
Core-flooding 

Nanoparticles increase 

oil recovery up to 14 % 

in high permeability 

rock, but no guarantee to 

3.0 wt% Brine 
Berea 

sandstone 
[26] 
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Type of 

nanoparticles 

Major 

experiments 

Major results Aqueous phase Rock Type Reference 

increase oil recovery in 

low permeability rocks. 

Zirconium 

dioxide (ZrO2) 

Calcium 

carbonate 

(CaCO3) 

Titanium dioxide 

(TiO2), 

Silicon dioxide 

(SiO2) 

Magnesium oxide 

(MgO) 

Aluminum oxide 

(Al 2O3) 

Cerium oxide 

(CeO2) 

Carbon nanotube 

(CNT) 

Primary 

screening by 

contact angle 

measurements, 

core-flooding 

and spontaneous 

imbibition 

experiments for 

the selected 

nanoparticles 

Based on contact angle 

measurements, silicon 

dioxide and calcium 

carbonate nanoparticles 

are selected. 8- 9 wt% 

increase in oil recovery 

observed for both silicon 

dioxide and calcium 

carbonate nanoparticles 

NaCl Brine of 8-12 wt%  Carbonate [27] 

Silica dioxide 

(SiO2) 

IFT and contact 

angle 

measurements 

20° contact angle 

reduction is observed in 

the case of 0.05 wt% 

nanoparticles 

Seawater  [28] 

The objective of nanoparticle-EOR is to mobilize and recover the immobile oil from oil 

reservoirs. Several mechanisms are suggested for nanoparticle-EOR including: oil -water 

interfacial tension reduction [29-31], wettability alteration [16-18, 32] , increasing the viscosity 

of the injection fluid [33], pore channel plugging [34], in-situ emulsification [35], and 

preventing asphaltene precipitation [36, 37]. Despite these conjectures, it is still unclear why 

nanoparticles mobilize oil ganglia. The experimental results reported in the literature regarding 

the effect of nanoparticles on fluid-fluid and rock-fluid interactions are controversial and in 

some cases, contradictory. The lack of knowledge about the interactions at the fluid-fluid and 

rock-fluid interfaces and the impact of nanoparticles in such interactions have caused imprecise 

analysis of laboratory results. In order to understand the reasons behind the controversial 

results in the nanoparticle-EOR methods, it is required to be familiar with the intermolecular 

forces at play in nanoparticle-EOR methods.  
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2.2.  Basic concepts 

The major intermolecular forces in nanoparticle-EOR suspensions are: van der Waals forces, 

electrostatic forces, steric interaction, bridging, hydrophobic interactions, and hydration-

solvation interactions [38]. The balance between these forces governs the stability of the 

nanoparticles in bulk solution, and the adsorption of the nanoparticles at the fluid and rock 

interfaces.  

2.2.1. van der Waals Interaction 

Van der Waals forces are typically attractive forces, which arise from dipoleïdipole, dipole-

induced dipole, and London (instantaneous induced dipole-induced dipole) interactions [39]. 

The effective distance of van der Waals forces is normally limited to less than 10 nm [40]. Van 

der Waals interactions between two equally sized spherical particles can be calculated using 

the following equation [41]: 

ÌÎ ]  (2-3) 

where R is the particlesô radius, d is the center to center distance between two nanoparticles 

and A132 is the Hamaker constant. The Hamaker constant can be obtained using the Hamaker 

constant of particle (surface) number 1 (! ), bulk solution (! ), and particle (surface) 

number 2 (! ) using equation 2-2 [42]: 

! ὃ ὃ ὃ ὃ  (2-4) 

The van der Waals attraction forces (% ) for a spherical particle (with radius R) and a surface 

(similar to the adsorption of nanoparticles at the oil-water interface or rock surface) can also 

be obtained using the following equation [43]: 
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2.2.2. Electrostatic forces 

Electrostatic repulsion forces are influenced by the surface charge of nanoparticles (or a 

surface) and the ionic strength of the surrounding medium [44]. Electrostatic force is typically 

active within the electrical double layer extension of a charged particle (or a surface) [45]. The 

idea of an Electrical Double Layer (EDL) was introduced by Helmholtz [46] and improved by 

Gouy-Chapman and Stern [47, 48]. When a charged particle (or surface) contacts an ionic 

fluid, at the first layer from the surface, a dense layer of opposite charge ions (counter-ions) is 

adsorbed onto its surface due to chemical interactions. This layer is called the ñStern layerò. In 

the second ring (or layer) from the surface, the number of counter-ions still exceeds that of 

similar-ions. Ions interact with the surface via Coulombs forces and can move freely under the 

influence of electric forces or thermal motions. In this layer, the concentration of counter-ions 

decreases with increasing distance from the Stern layer to the outer limit where electro-

neutrality is reached [47]. This layer is known as the "diffuse layer" [49]. Figure 2-1 depicts 

the distribution of ions surrounded a negatively charged particles (or charged surface). The 

electrical double layer is defined as the distance from the particleôs charged surface to the outer 

boundary of the ódiffuseô layer, incorporating both Stern and diffuse layers. The thickness of 

this layer (known as the ñDebye lengthò) will change depending on the ionic strength of the 

solvent. Increasing ionic strength of the solution compresses the EDL and shortens the Debye 

length. The Debye Length (ʆ in nanometers) is a function of the valence (Zi) and number 

density of ith ion in the solution (ʍЊ ), the systemôs temperature (T in Kelvin), and relative 

permittivity of the solution (ʀ  and can be calculated using following equation [50]:  
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ἭВ ЊἱἨἱ
 (2-6) 

where e is the elementary charge of an electron (C), ʀЈ is absolute permittivity (F/C) and +  

is the Boltzmannôs constant. The electrostatic repulsion between two equally sized spherical 

particles with diameter of a, can be calculated as [51]: 

ἤἏἘ
ἕἌἢἺЈ Ἲ

ἳ
Ἥⱥ Ἤ                 ⱥ ╪  (2-7) 

ἤἏἘ ἺЈἺⱶ ⱥ Ἥⱥ Ἤ                         ⱥ ╪  (2-8) 

Equation 2-8 is known as the linear Poisson-Boltzmann approximation [50]. The ɾ is called 

the reduced surface potential and is a function of surface charge of particles ( ) and the 

systemôs temperature [51]:  

ἼἩἶἰ 
ὂἭⱶ

ἕἌἢ
 (2-9) 

 

 
 

(a) (b) 
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Figure 2-1: The schematic diagram of ion distribution around a charged particle (a), a charged 

surface (b), and the effect of increasing salt concentration on the electrical double layer of a 

charged particle (c), and a charged surface (d) (after [52]). 

For the case of a spherical particle (P) with a radius of R and surface potential of ʕ and a 

plate surface (S) with the surface potential of ʕ  (comparable to the adsorption of 

nanoparticles at the oil-water interface), the electrostatic repulsion forces (Ὁ ) can be 

calculated using following equation [53]: 

Ὁ “‐‐Ὑ ςὰὲ
ρ ὩὼὴὑὈ

ρ ὩὼὴὑὈ
  ὰὲρ Ὡὼὴ ςὑὈ  (2-10) 

where + ( ʆ ) is the inverse Debye length, D is the distance between the nanoparticle and 

the surface.  

2.2.3. DLVO theory  

The DLVO theory presented by Derijaguin, Landau, Overbeek, and Verwey [54, 55] was 

primarily used to predict the stability of a colloidal suspension in a bulk solution by comparing 

the net attraction (van der Waals) and repulsion (electrostatic) forces on the particles. It is 

currently the cornerstone of our understanding about the interactions between particles in the 

(c) (d) 
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solution, adsorption of components to the interface, and particle deposition to planar substrates 

[56]. The DLVO profile can be obtained by calculating the net potential [54, 55]: 

ὔὩὸ ὴέὸὩὲὸὭὥὰὉ Ὁ  (2-11) 

In the DLVO theory, as depicted in Figure 2-2, the net potential is plotted versus the distance 

between two particles. Colloid particles must overcome the energy barrier to aggregate in the 

bulk solution (or adsorb at the interface or rock surface). A larger energy barrier signifies more 

resistance to particlesô aggregation (or adsorption). Stronger energy barriers are typically found 

in lower ionic strength solutions. As the ion (salt) concentration increases, the electrical double 

layer around charged particles compresses; therefore, the electrostatic repulsive force reduces.  

However, the ion (salt) concentration does not affect the van der Waals attractive forces [56]. 

Hence, the net repulsion energy decreases without changing the attraction and, subsequently, 

the energy barrier decreases. In the case where there is no significant energy barrier, particles 

are said to be in their ñprimary minimumò potential, as shown in Figure 2-2. Aggregation of 

particles occur if particles are at primary minimum potential. The secondary minimum 

normally does not influence the aggregation kinetics. Particles in the secondary minimum can 

coalescence without changing their original size, due to a mild attractive force between 

particles. The aggregation of particles in the secondary minimum can be easily broken by 

external forces such as shear or mechanical forces [57].  
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Figure 2-2: Schematic of the DLVO profile [56] 

The DLVO profile is more sensitive to the presence of multivalent ions than monovalent ions. 

As shown in Figure 2-3, very small concentrations of multivalent ions can remove the energy 

barrier and causes the aggregation of particles (or adsorption of particles at the interface). Also, 

it is observed that in addition to ionic strength and ion type, the aggregation of particles is also 

influenced by the charge type (positive or negative) of ions. (We will discuss these effects in 

chapter three). For instance, the stability of negatively charged particles is dictated mainly by 

the negatively charged multivalent ions and positive ions do not have a significant effect on 

the aggregation of the negatively charged particles [58, 59]. As a result, the accuracy of DLVO 

theory in the presence of multivalent ions decreases.  
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Figure 2-3: Changing the DLVO profile with altering NaCl concentration (left) and MgCl2 

concentration (right) [58] 

The DLVO theory was proposed based on comparing two independent forces of van der Waals 

(attractive) forces and electrostatic (repulsive) forces. Researchers later developed this theory 

to account for the effect of other forces (non DLVO forces) such as steric forces [60, 61], 

hydration-solvation interaction [62, 63] and hydrophobic interactions [64, 65]. These models 

are classified in a general group of extended-DLVO theory.  

2.2.4. Steric repulsion force and bridging 

Each atom within a molecule can only occupy a limited space. When atoms come closer 

together, the energy of the system increases due to overlapping electron clouds [66]. An 

increase in the energy of the system when atoms approach each other is known as steric 

repulsion or steric hindrance. When two particles with an adsorbed polymer or surfactant on 

their surface approach to each other, as shown in Figure 2-4, the entropy per adsorbed molecule 

decreases, causing desorption and a simultaneous increase in the interfacial energy. Hence, 

additional work is required to bring the particles together and the particles repel each other 

[67]. Under certain circumstances, however, high molecular weight polymers can adsorb on 

separate particles and draw them together. This phenomenon is known as bridging flocculation 
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[68]. Bridging between particles occurs under conditions when particles are not totally coated 

by the polymeric or surfactant species. If particles are fully covered with polymers or 

surfactants, bridging can take place only if there is either detachment of some portion of the 

already adsorbed polymer (or surfactant) on a particle, to provide sites for attachment of 

polymer (or surfactant) fractions adsorbed on other particles, or polymerïpolymer (surfactant-

surfactant) bonding itself. It is suggested that maximum flocculation occurs when the fraction 

of particle surface covered by polymer molecules is close to 0.5. For steric stabilization and 

bridging flocculation by adsorbed polymers or surfactant, there is still no satisfactory 

quantitative theory [67]. 

 

Figure 2-4: Schematic diagram of bridging and steric forces [69] 

2.2.5. Hydration force 

When charged surfaces are contacted with water, the surfaces induce some changes in the 

adjoining layers of water. The properties of this thin layer (known as the hydration layer) differ 

from the bulk water. Overlap of hydration layers of two approaching particles (surfaces) causes 

some interaction, which is called hydration force [70].  

The hydration force is a strong short-range repulsive force that acts between polar surfaces 

separated by a thin layer of water, which decays quasi-exponentially with decay lengths of 
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about 1 nm [71]. Although there are some theoretical explanations about the origin of a 

hydration force (e.g. water-structuring models, image-charge models, excluded-volume 

models, and dielectric-saturation models [72]), colloidal science researchers generally believe 

that despite the proposed explanations, the origin of hydration repulsion remains unclear [73].  

2.2.6. Hydrophobic interaction  

Hydrophobic particles (surfaces) have a tendency to clump together when placed in polar 

solvents (typically water). This tendency is known as the hydrophobic effect. Hydrophobic 

surfaces can minimize their contact with water by hydrophobic interactions [74]. This force 

can exist naturally or be induced by the adsorbed hydrophobic species [67]. Hydrophobic 

forces is much stronger compared to van der Waals forces and its effectiveness distance is 

much longer [75]. Hydrophobic interaction (Eh) between two equally sized spherical particles 

with a radius of R can be calculated as:  

Ὁ ς“Ὑ‗ÅØÐ 
Ὠ

‗
 (2-12) 

where ɾ and ʇ are empirical parameters that range between 10-50 mJ/m2 and 1-2 nm, 

respectively.  

2.3.  Interfacial tension (IFT) reduction 

Interfacial tension is a property of the interface between two immiscible fluids which arises 

from the net inward forces on the molecules of the fluids at the boundary of two phases [76]. 

The IFT is commonly expressed by mN/m or dynes/cm, which are equal. Distribution of fluids 

in the porous media is mainly determined by the oil-water interfacial tension. Generally, 

reducing IFT value can drive immobile oil, cause oil drops to flow easily through porous media 

and increasing oil recovery. However, the magnitude of IFT reduction required to mobilize the 
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immobile oil is controversial. Some authors believe that 2 or 3 orders of magnitude decrease 

in the IFT value is necessary to initiate the movement of immobile oil [77]; others stated that 

even less than one order of magnitude IFT reduction can be sufficient to observe a significant 

increase in oil recovery [78]. IFT reduction can increase the capillary number; which is defined 

as the ratio of viscous forces to capillary forces [79]. The mathematical model for the capillary 

number is given by the following equation [80]: 

ὔ
ὺ‘

„ὧέί—
 (2-13) 

where ὺ is Darcy velocity, ‘ is the viscosity of displacing fluid, „ is the oil-water 

interfacial tension, and — is the contact angle between the oil-water-rock interface. Based on 

the classic capillary desaturation curves, as shown in Figure 2-5, by increasing the capillary 

number beyond the critical capillary number, less residual oil can be yielded. The critical 

capillary number for wetting and non-wetting phases is different and a larger capillary number 

is required to mobilize the wetting phase [81, 82]. Most researchers propose that the critical 

capillary number can be achieved in the ultralow IFT values (0.1 to 0.01 mN/m) [79, 81].  
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Figure 2-5: Plot of capillary numberôs effect on oil residual saturation [83] 

IFT reduction can also affect the relative permeability [81, 84]. Although some small changes 

in the relative permeability curves are reported when the IFT value decreases to less than 5 

mN/m [85, 86]. More remarkable changes can only be expected for ultra-low IFT (0.1 to 0.001 

mN/m) [81]. Wettability alteration is another parameter which can affect the capillary number 

and the relative permeability during nanoparticle-EOR [87]. The wettability alteration of rock 

surfaces by nanoparticles will be discussed in the next section. 

Surfactants are the most common materials widely used to reduce the IFT value [88]. Surface 

active agents or surfactants are components with at least one hydrophilic and one hydrophobic 

portion in their molecules. Water molecules in the aqueous phase take an equal forces in all 

directions. Hence, the net force is zero for these molecules. However, as shown in Figure 2-6, 

the molecules in the interface are experiencing unequal forces from the water molecules and 

oil molecules. More unbalanced force on the interface molecules leads to more oil-water 

interfacial tension. By increasing the similarities of the structure or intramolecular forces in 
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two phases, the IFT value decreases. Surfactants, due to their amphiphilic nature, tend to 

accumulate at the interface. By replacing the original oil or water molecules at the interface 

with surfactants, the interaction in the interface can be change from oil-water molecules to the 

oil-hydrophobic part of surfactant and water-hydrophilic part of the surfactant. Since the 

interactions between hydrophobic portion of surfactant-oil and hydrophilic portion of 

surfactant-water are much stronger than oil-water interactions, the tension in the interface 

reduces significantly [89]. The IFT value depends directly on the replacement of water 

molecules with surfactant molecules at the interface. The maximum IFT reduction occurs when 

the oil-water interface is saturated with a monolayer of surfactants.  

 

Figure 2-6: Schematic diagram of surfactant effect on the intermolecular force balance of 

marginal molecules at oil-water interface 

The IFT reduction potential of nanoparticles is not conclusive. Some authors declared that 

nanoparticles can be considered as potential agents to reduce the IFT value [12-14, 90-92]; 
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however, opposing opinions can also be found in the literature [93-95]. Using a surfactant to 

stabilize nanoparticles provoked this contradiction in some cases. Some researchers believe 

that nanoparticles alone cannot influence the IFT value significantly; however, when a 

surfactant is added, the synergistic effect of nanoparticles and surfactants can reduce the IFT 

value [93, 96-98]. However, Hendraningrat et al. [14] showed that 0.05 wt% silica 

nanoparticles dispersed in 3.0 wt% of NaCl brine decrease oil-brine IFT from 19.2 Nm/m to 

7.2 Nm/m. Adel et al. [99] reported that silica nanoparticles and alumina nanoparticles can 

reduce IFT value; however, silica nanoparticles are more effective than alumina nanoparticles. 

Although most authors believe nanoparticles can reduce oil-water IFT, however its magnitude 

may not be sufficient to significantly increase oil recovery. Table 2-1 summarizes the effect of 

nanoparticles on oil-water interfacial tension in the literature.  

Table 2-2: The effect of different nanoparticles on oil-water IFT  

Type of 

Nanoparticles 

Size 

of NP 

(nm) 

Conc. 

(wt%) 
Aqueous phase Oil phase 

Initial 

IFT  

Final 

IFT  
Reference 

Silicon oxide 

(SiO2) 
7 0.05 3 wt% NaCl Crude oil 19.20 16.90 [100] 

Silicon oxide 

(SiO2) 
12 5 5 wt% NaCl Crude oil 21 21 [101] 

Silicon oxide 

(SiO2) 
12 0.4 5 wt% NaCl 

Light 

crude oil 
26.5 1.95 [90] 

Silicon oxide 

(SiO2) 
12 0.4 5 wt% NaCl 

Heavy 

Crude oil 
28.3 7.3  

Silicon oxide 

(SiO2) 
21-40 0.05 3 wt% NaCl Crude oil 19.2 7.9 [14] 

Silicon oxide 

(SiO2) 
15 1 Pure water Hexane  51 51 [93] 

Silicon oxide 

(SiO2) 
20-70 0.4 5 wt% NaCl Crude oil 26.5 38.4 [102] 

Iron oxide 

(Fe3O4) 
20-35 0.3 

2.5 wt% NaCl Propane 38.5 

2.25 

[91] 
Aluminum oxide 

(Al 2O3) 
40 0.3 2.75 

http://www.sciencedirect.com/science/article/pii/S0920410513001708
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Type of 

Nanoparticles 

Size 

of NP 

(nm) 

Conc. 

(wt%) 
Aqueous phase Oil phase 

Initial 

IFT  

Final 

IFT  
Reference 

Silicon oxide 

(SiO2) 
10-30 0.3 1.45 

Aluminum oxide 

(Al 2O3) 
20 0.5 

2 wt% 

NaCl+CTAB  
Crude oil 8.46 1.65 

[103] 
Zirconium 

dioxide (ZrO2) 
40 0.5 

2 wt% 

NaCl+CTAB 
Crude oil 8.46 1.85 

Non-ferrous 

metal 

nanoparticles 

90-

110 
0.001 

Pure 

water+0.004 

wt% 

Sulphanole 

Crude oil 31.4 9.2 [8] 

 

The mechanism of IFT reduction by nanoparticles is similar to that of surfactants. The presence 

of nanoparticles at the oil-water interface alters the force balance on the interface molecules. 

Increase or decrease in the IFT value depends on the strength of molecular interactions between 

oil-nanoparticle molecules and water-nanoparticle molecules at the interface compared to the 

original oil-water molecular interactions. Stronger interactions result in lower IFT values [89]. 

Similar to surfactants, a tightly packed monolayer of nanoparticles at the interface leads to a 

lower IFT value [104].   

Controversial results regarding the effect of nanoparticles on the IFT value may arise from the 

fact that it is still unclear whether and under which conditions nanoparticles can adsorb onto 

the oil-water interface. For instance, it is reported that silica nanoparticles are extremely 

hydrophilic and have more tendency to remain in the aqueous phase instead of settling at the 

interface; for nanoparticles to adsorb at the interface, their surface must be modified by 

surfactants or polymers to reduce the hydrophilicity of silica nanoparticles and increase their 

tendency to adsorb onto the oil-water interface [105]. Changing the wettability of nanoparticles 

by surfactants depends on the relative concentrations of nanoparticles and surfactants. As 

shown in Figure 2-7, by increasing the concentration of surfactant in the solution, the 
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adsorption of surfactant as individual ions changes the wettability of the particles and provides 

a partially hydrophobic character to the surface; thus nanoparticles can be adsorbed onto the 

interface and reduce the oil-water interfacial tension. The hydrophobic property of the surface 

increases with surfactant concentration; however, by further increase of surfactant 

concentration, a surfactant bilayer will form and make the nanoparticles hydrophilic again [93]. 

Lan et al. [106] suggested a range for the concentration of silica nanoparticles and CTAB 

surfactant. Within that range, the nanoparticles and the surfactant molecules can interact with 

each other to reduce the paraffin oil and aqueous phase IFT more than when using CTAB 

alone. According to their results, the IFT decreases when CTAB concentrations are lower than 

0.01 mM and the nanoparticle concentration is less than 1 wt %. They observed that by 

increasing nanoparticlesô concentration to 2 and 5 wt %, IFT increases. However, at higher 

CTAB concentrations (greater than 0.01 mM) IFT increases versus nanoparticle concentration. 

To conclude, they reported a concentration range of less than 0.1 mM CTAB and between 0.01 

and 1 wt % for silica nanoparticles, within which just enough CTAB molecules can settle at 

the nanoparticlesô surface to modify them to be appropriately hydrophobic to adsorb on the 

interface and promote IFT reduction. Jafari et al. [106] proposed that silica nanoparticles 

without surfactants can adsorb onto the oil-water interface. However, the reduction of 

interfacial energy due to the adsorption of nanoparticles is not sufficient to have irreversible 

adsorption. Hence, nanoparticles may desorb from the interface. They concluded that an 

elevated temperature can increase the chance of nanoparticles desorbing from the interface due 

to thermally exciting the nanoparticles.  

Oil phase properties such as oil composition, concentration of natural surfactants, 

concentration of polar components, etc. can affect IFT reduction with or without nanoparticles. 
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For instance, crude oil may contain natural surfactants (naphthenic acids and asphaltene); 

consequently the aqueous properties such as type and concentration of ions can directly affect 

the distribution of these surfactants in the oil or water phases [107]. The presence of salt in the 

aqueous solution can alter the electrostatic forces at the interface, and therefore, the natural 

surfactantsô distribution at the interface. Naphthenic acids present in crude oil can accumulate 

at the interface due to a salting-out effect and lower the IFT [108]. Adsorption of charged 

nanoparticles onto the oil-water interface may also change the distribution of natural 

surfactants at the interface. Hence, based on the concentration of these surfactants in the oil 

phase, different IFT trends may be obtained in the same aqueous phase but for different oil 

phase systems. Furthermore, the oil composition can affect the strength of molecular 

interactions between oil-nanoparticle molecules and water-nanoparticle molecules at the 

interface, which dictates the ultimate IFT value.  

 

Figure 2-7: Schematic representation of nanoparticlesô wettability alteration by surfactants 
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2.4.  Wettability Alteration  

Wettability is the preferential tendency of a solid (reservoir rock) to be in contact with one 

fluid in the presence of another fluid. In water-wet reservoirs, water preferentially wets the 

rock surface, as shown in Figure 2-8, where the apparent contact angle q between the rock and 

water is less than 90̄. In oil-wet reservoirs, the oil attaches on the rock surface and the apparent 

contact angle is greater than 90.̄ In the case of neutral or intermediate wettability, no 

preference is shown by the rock to either fluid [109]. Generally, for an oil-brine-rock system, 

the rock is considered as water-wet when the apparent contact angle between a water droplet 

and rock is less than 75°, intermediate wet if the contact angle is between 75-105° and oil wet 

if the contact angle is 105 - 180° [110, 111].  

 

Figure 2-8: Schematic diagram of different wettability status 

It is reported that nanoparticles can alter the wettability of reservoir rock from an oil-wet 

toward a water-wet condition [16-18, 32] which might be favorable for oil recovery. In fact, 

wettability alteration is proposed as the main mechanism for nanoparticle-EOR methods. 

Wettability can be measured on the surface of a solid substrate using the contact angle method, 

or within the entire core plug using the Amott Wettability test [112] or U.S. Bureau of Mines 

(USBM) method [113]. The wettability of a core is represented by the wettability index (WI), 

which can be calculated by the following equation:  



28 

 

ὡὍ ὶ ὶ (2-14) 

where ὶ and ὶ are the displacement-by-water ratio and the displacement-by-oil ratio, 

respectively, and can be calculated as:  

ὶ
 3ÐÏÎÔÁÎÅÏÕÓ ×ὥὸὩὶ ὭάὦὭὦὭὸὭέὲ

4ÏÔÁÌ 7ÁÔÅÒ )ÍÂÉÂÉÔÉÏÎ
 (2-15) 

ὶ
 3ÐÏÎÔÁÎÅÏÕÓ ÏÉÌ ὭάὦὭὦὭὸὭέὲ

4ÏÔÁÌ 7ÁÔÅÒ )ÍÂÉÂÉÔÉÏÎ
 (2-16) 

The wettability index can be a number between -1 and 1, where 1 is strongly water-wet, -1 is 

strongly oil-wet and 0 is neutral wettability [114]. Li et al. [115] showed that hydrophobic 

nanoparticles have no effect on the WI of cores; however, hydrophilic nanoparticles can 

increase the WI. Moghaddam et al. [27] observed that spontaneous imbibition increases in the 

presence of silica nanoparticles in the aqueous phase, due to the wettability alteration toward 

the water-wet condition.  

The wettability alteration of the rock surface in the presence of nanoparticles is mainly 

examined using the contact angle measurement method. The effect of nanoparticles on the 

wettability alteration of different rock surfaces is listed in Table 2-3. Here, the focus is placed 

on the contact angle measurement method. As illustrated in the table, for different rock 

surfaces, regardless of their initial wettability, the presence of nanoparticles altered the 

wettability of the rock surface toward a more water-wet condition. Researchers typically use 

the conventional contact angle measurement method to evaluate the wettability alteration 

capacity of nanoparticles. In this method, the substrates are either aged with (immersed in) 

nanoparticle-fluids before conducting the experiments or contacted with nanoparticle-fluids 

before the oil droplet is introduced to the rock surface.   
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Table 2-3: Effect of nanoparticles on the oil-water-rock contact angle 

Type  
Aqueous 

phase 

Conc. 

(wt%) 

Oil phase Rock Type Aging method Initial 

CA 

Final 

CA 

Refer

ence 

Silicon oxide 

(SiO2) 

5 wt% 

NaCl 
2 

n-decane Calcite 

Aged in 

nanoparticles-

fluid for 3 hrs  

122 30 [116] 

Zirconium 

dioxide 

(ZrO2) 

 0.05 152 44  

Silicon oxide 

(SiO2) 

5 wt% 

NaCl 
0.4 

Light Crude 

oil 
Sandstone 

 Laid in 

nanoparticles-

fluid at room 

temperature 

135.5 66 

[90] 
Silicon oxide 

(SiO2) 

5 wt% 

NaCl 
0.4 

Heavy Crude 

oil 
130 101 

Iron oxide 

(Fe2O3) 

2.5 wt% 

brine 

(NaCl) 

0.3 

0.3 

0.3 

Propane  

 
Sandstone 

Aged in 

Nanoparticle 

solution for 3 

hrs  

134 100 

[91] 
Aluminum 

oxide (Al2O3) 
131 95 

Silicon oxide 

(SiO2) 
132.5 82 

Silicon oxide 

(SiO2) 

3 wt% 

NaCl 
0.1 Crude oil 

Berea 

Sandstone 
 54 22 [14] 

Aluminum 

oxide (Al 2O3) 

2 wt% 

NaCl 
0.5 Crude oil 

Dolomite 

Submerged in 

nanoparticles-

fluid for 48 

hrs 

129 124 

[103] 
Zirconium 

dioxide 

(ZrO2) 

2 wt% 

NaCl 
0.5 Crude oil 135 129 

Titanium 

Oxide (TiO2) 

0.5 wt% 

NaCl 
0.01 Crude oil Sandstone  125 90 [117] 

Silicon oxide 

(SiO2) 

3 wt% 

NaCl 
0.05 Crude oil Quartz  131 112 [100] 

 

The mechanism of wettability alteration of reservoir rock in the presence of nanoparticle-fluids 

is not clear yet. The traditional concepts of simple liquid spreading [118], due to the complex 

interactions between the nanoparticles and the solid surface, do not apply to a nanoparticle-

fluid [119]. Kondiparty et al. [120] experimentally evaluated the dynamic spreading of 

nanoparticle-fluid by directly observing the self-layering of nanoparticles from both the top 

and side views simultaneously using an advanced optical technique. They reached the 

conclusion that the three-phase contact line spontaneously decreases to reach an equilibrium 
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condition. Then, nanoparticles form ordered structures in the confinement of the three-phase 

contact region. This ordering in the wedge-film area causes an extra pressure in the film 

compared to the bulk solution and separaes the oil drop from the surface. This pressure is 

known as ñstructural disjoining pressureò. A schematic diagram of oil drop removal by 

structural disjoining pressure is illustrated in Figure 2-9. Sefiane et al. [121] reported that the 

change in the contact angle of oil, water and rock surface can be due to a combination of 

ñstructural disjoining pressureò and ñadsorptionò of nanoparticles on the rockôs surface.  

 
Figure 2-9: Nanoparticle assembling in wedge film causes to structural disjoining pressure 

(After [120]) 

The wettability alteration of substrates using nanoparticle-fluids is sensitive to many factors 

including: nanoparticle size and concentration, drop size, primary contact angle of the droplet 

[122], particle charge, surface wettability of nanoparticles [123], charge and roughness of the 

substrate, concentration of stabilizer, type and concentrations of ions in the nanoparticles-fluid, 

bulk pressure and temperature, etc. Wasan et al. [122] tested a canola oil drop spreading on a 

glass surface when surrounded by silica nanoparticles-fluid. They pointed out that by 

increasing the concentration of nanoparticles, the structural disjoining pressure and spreading 

rate of nanoparticles-fluid increases. They also noticed that the spreading rate of nanoparticle-
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fluid decreased with a decrease in the dropôs volume. Wang and Wu [123] examined the effect 

of particle charge and surface wettability of the nanoparticles on oil drop detachment from a 

surface using molecular dynamic simulation. Their simulation showed that full detachment of 

an oil droplet from a solid surface by nanoparticles is possible when the charge of particles 

exceeds a threshold value. They concluded that highly charged hydrophobic nanoparticles have 

the best performance in oil detachment. Lim et al. [124] demonstrated that an oil drop detaches 

faster when the temperature and hydrophilicity of the substrate increases. 
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Abstract 

The stability of nanoparticles in the aqueous phase is a major challenge in the application of 

nanoparticles in Enhanced Oil Recovery (nanoparticle-EOR) processes. Previous studies 

evaluated the performance of nanoparticles for EOR purposes; either deionized water or water 

at very low ionic strength was used. Nanoparticles can be easily dispersed in the deionized or 

low salinity water, whereas they are extremely unstable in high salinity seawater or formation 

water. Typically, seawater or formation brine is injected for water-flooding and EOR purposes. 

If we want to change the fluid-fluid or fluid-rock properties by injecting nanoparticle enhanced 

water, then, the stability of the nanoparticles in high salinity water is extremely important.  In 

this work, a method to stabilize silica nanoparticles in seawater is proposed. First, the 

aggregation of silica nanoparticles in the presence of different ions is investigated. The results 

show that the presence of positive multivalent ions in the electrical double layer around 

nanoparticles can destabilize silica nanoparticles. In order to reduce the concentration of 

positive multivalent ions around silica nanoparticles, a theory based on ñH+ protectionò is 

proposed and its effectiveness is tested by particle size, turbidity, zeta-potential, and pH 

measurements. The effect of the concentrations of nanoparticles and HCl on the stability of 

silica nanoparticles in seawater is evaluated. Experimental results show that H+ protection, 

which can be obtained by adding HCl to the solution, can effectively stabilize silica 

nanoparticles in seawater. The experiments show that the size of nanoparticles in the seawater 

directly depends on the concentration of nanoparticles and inversely to the HCl concentration. 

 

KEYWORDS: Enhanced Oil Recovery, Silica Nanoparticles, Stability of nanoparticles, 

Electrical Double Layer, DLVO theory  

 

3.1.  Introduc tion 

Recently, there has been a growing interest in application of nanoparticles in the Enhanced Oil 

Recovery (EOR) processes. Numerous experimental works has been published discussing the 
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effect of nanoparticles on increasing oil recovery [5-7, 10, 11]. It is reported that nanoparticles 

can adsorb at liquid-liquid interfaces and reduce interfacial tension [29-31]. Whether 

nanoparticles adsorb at the interface or they change the oil-water interfacial tension is still an 

ongoing debate. It is accepted that this phenomenon occurs because the adsorption lowers the 

total energy of the system [125]. Furthermore, nanoparticles can alter surface wettability from 

oil-wet to water-wet [16-18, 32] which is favorable for oil recovery.  

One of the most important challenges in the application of nanoparticles for EOR methods is 

their stability in an aqueous solution. Nanoparticle dispersion in the aqueous phase is not a 

thermodynamically stable. Dispersed nanoparticles are always subject to Brownian motion 

with frequent collisions between them. The stability of a dispersion is thus determined by the 

nature of the interactions between the particles during such collisions[126]. Although the 

potential of silica nanoparticles in EOR processes is widely studied and their effectiveness is 

well-documented [7, 127, 128]  the applications of hydrophilic silica nanoparticles are limited 

because the nanoparticlesô high energetic hydrophilic surface, causes the silica nanoparticles 

to be easily agglomerated [129].  

In most studies which evaluated performance of nanoparticles for EOR purposes with 

wettability, IFT measurement and core-flooding experiments, either deionized water or water 

at very low ionic strength (especially NaCl brine) is used [12, 13, 19, 35, 130-133]. However, 

nanoparticles are extremely unstable in seawater, formation water and concentrated ionic 

solutions of multiple types and charges of ions. Water flooding and EOR projects, especially 

for offshore reservoirs, use seawater. Even higher salinity formation water is present in the 

reservoirs as well. The stability of nanoparticles in these fluids is crucial for any successful 

nanoparticle-EOR processes.  In this paper, nanoparticle stability in mixed ionic solutions is 
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systematically investigated and a method to stabilize hydrophilic silica nanoparticles in 

seawater is proposed. We first examine the effect of the most common ions in seawater on the 

stability of silica nanoparticles. Based on the results of these experiments, a new method is 

proposed to stabilize silica nanoparticles in seawater. Second, the effectiveness of proposed 

method, using hydrochloric acid, in the stability of silica nanoparticles in seawater is tested by 

particle size, turbidity, zeta-potential and pH measurements. Furthermore, in each part, the 

results of experiments are compared with DLVO theory. 

3.2.  Theory of nanoparticle stability 

Colloidal systems consist of one or more dispersed phases and one continuous phase. On the 

nano-scale, due to an increase in the surface area and possible changes in the structure and 

composition of the surface, surface energy, and consequently the total energy of the system, 

increases. Nanoparticles tend to aggregate to reduce the surface energy, thereby making a 

colloidal dispersion at the nano-scale non-thermodynamically stable. Particles in the colloidal 

systems are always subject to Brownian motion and collisions frequently occur between 

particles. The nature of interaction between the particles during these collisions determines 

their stability in the solution. Van der Waals, electrical double layer, steric interaction, 

bridging, hydrophobic and hydration-solvation interaction are six main types of particleï

particle interaction forces that can exist in the dispersion medium [38]. The sum of the 

attractive (van der Waals, bridging, and hydrophobic forces) and repulsive (the electrical 

double layer force, steric effect, and hydration force) forces between individual particles 

govern the stability and aggregation of particle dispersions. In general, to prepare a stable 

dispersion or to kinetically slow the aggregation, repulsive forces between particles should 

overcome attractive forces [134].  



36 

 

Derijaguin, Landau, Overbeek and Verwey [54, 55] proposed the DLVO theory to explain the 

stability of colloids in the absence of any polymer or surfactant. This theory combined two 

independent van der Waals attraction and electrostatic repulsion forces, explain dispersion 

mechanisms of colloids in the polar solution.  

Electrical double layer: Helmholtz [46] first introduced and termed the idea of the electrical 

double layer, which was later extended by Gouy-Chapman and Stern [47, 48].The electrical 

double layer is a structure that appears on the surface of a charged surface when it is exposed 

to a fluid. The first layer, the surface charge (either positive or negative), is comprised of 

ions adsorbed onto the surface due to chemical interactions. This layer, which consists of a 

dense layer of ions of the opposite charge (counter-ions) that form around the nanoparticle, is 

known as the ñStern layerò. The second layer is composed of ions attracted to the surface 

charge via the Coulomb forces, electrically screening the first layer. This second layer is 

loosely associated with the surface. It is made of free ions that move in the fluid under the 

influence of electric attraction and thermal motion rather than being firmly anchored. It is thus 

called the "diffuse layer" [49]. The high concentration of counter-ions within the diffuse layer 

gradually decreases with increasing distance from the nanoparticle until equilibrium is reached 

with the ion concentration in the bulk of the solvent [47]. The distribution of ions in the 

electrical double layer around negatively charged nanoparticles is illustrated in Figure 3-1.  

https://en.wikipedia.org/wiki/Surface_charge
https://en.wikipedia.org/wiki/Adsorbed
https://en.wikipedia.org/wiki/Coulomb_force
https://en.wikipedia.org/wiki/Electric-field_screening
https://en.wikipedia.org/wiki/Electromagnetism
https://en.wikipedia.org/wiki/Thermal_motion
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Figure 3-1: Ion distribution in  electrical double layer theory (after [52]). 

The thickness of the double layer that forms at the charged surface is called ñDebye Lengthò. 

Based on the electrolyte theories, interactions in the low ionic strength solutions decrease 

exponentially with distance or the Debye screening length. By increasing the ion concentration 

in the solution, due to effective screening of charges over short distances, this length decreases 

monotonically [135]. Greater nanoparticle surface charge and longer Debye length leads to 

increasing nanoparticle stability in the aqueous solution [136, 137]. The thickness of the double 

layer is a function of ionic strength. The ionic strength can be defined as [138]: 

╘  ◑░╬░
░

                                                                     

(3-1) 

where z and c are the charge number and molar concentration of ith ion, respectively. The 

Debye length (ʆ ÏÒ Ὧ ) in nanometer can be calculated as [50]: 
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▓
Ⱡ►ⱠЈ╚║╣

▄ВⱬЊ░╩░
 (3-2) 

where e is the elementary charge of an electron (C), T is the temperature (K),  ‐Ј is (F/C), ‐ 

is absolute and solution relative dielectric constant, ὑ║ is the Boltzmannôs constant, and ”Њ  

is the number density of ion i in the bulk solution. The electrostatic repulsion between two 

equally sized spherical particles with Ὧὥ υ (where Ὧ is the reciprocal of Debye length 

(ὲά  and ὥ is the radius of spherical nanoparticles in nanometer)  can be calculated by 

[51]: 

╥╔╛
Ⱬ╚║╣Ⱡ►ⱠЈⱬ ►♬

▓
▄▓▀ 

(3-3) 

where  is the reduced surface potential and can be calculated as [51]:  

♬ ἼἩἶἰ 
◑▄╔

╚║╣
  (3-4) 

where % is the potential on the surface. For a surface charge (%  below 30 mV or Ὧὥ υ, 

the electrostatic potential can be calculated by linear Poisson-Boltzmann approximation [50]: 

╥╔╛ ⱫⱠ►ⱠЈ►╔ ▓▄▓▀ 
(3-5) 

Surface charge of hydrophilic silica nanoparticle: It is well documented that when a 

nanoparticle is immersed in an aqueous solution, the protonation/deprotonation capacity of the 

particle surface is a key parameter for the charge transfer between solvent and particle. The 

relative basicity or acidity of the solvent and the particle indicates the direction of protonic 

transfer [139, 140]. Two protonation reactions (reaction R1 and R2) are suggested for silica 

nanoparticles (see also Figure 3-2) [141].  
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ἡἱἛἒᵰἡἱἛ ╗  (R1) 

╢░╞╗ᵰ╢░╞╗╗  (R2) 

Due to the presence of a functional group containing oxygen on the surface of silica 

nanoparticles, the solutionôs pH can significantly affect the charge of silica nanoparticles. 

Because oxygen can be protonated or deprotonated to become charged [142]. It is impossible 

to directly measure the Stern potential. Instead, the zeta potential (E),  the potential at the 

shear plane close to the Stern plane, can be experimentally measured and is often used as a 

measure of the surface potential [38]. The surface charge of the hydrophilic silica nanoparticles 

as a function of pH is well documented in the literature [59, 143, 144]. As shown in Figure 

3-3, the surface charge of silica nanoparticles is virtually unchanged for a pH greater than 6, 

and its point of zero charge (pzc) occurs when the pH is between 2 and 3.   

 

Figure 3-2: Schematic diagram of side-binding model for silica dioxide [139] 














































































































































































































