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Abstract 

There is a growing interest in the development of new and innovative enhanced oil 

recovery (EOR) technologies to reduce the environmental impact of oil production. 

Surfactant flooding is a well-established EOR method but mainly suffers from high 

adsorption onto rock or low surface activity resulting in poor EOR. Aqueous surfactant-

nanoparticle mixtures have received great attention in different fields like emulsification, 

foaming, EOR and CO2 sequestration. The use of nanoparticle-surfactant mixtures can 

promote a more sustainable and efficient EOR process. However, colloidal particle 

stability under reservoir conditions is considered a great challenge. In addition, the way 

synergy works in EOR is not clearly understood.  

This thesis aims to formulate a particle-surfactant mixture for an efficient EOR in tight 

calcite-rich reservoirs with a focus on surfactant adsorption behaviour at fluid-fluid and 

solid-fluid interfaces in the presence of particles and ions. For this, bare silica particles 

were sterically stabilized using two silanes, namely epoxy silane (ES) and amino silane 

(AS), and blended with two commercial surfactants, namely alkyl hydroxysultaine (AHS) 

or binary zwitterionic-nonionic (ZN) surfactant solution (AHS + nonionic C10–12E9), for 

both additional steric stabilization and EOR. The effects of particle-surfactant mixtures 

on reservoir properties including rock wettability, static and dynamic surfactant 

adsorption onto rock, oil-water interfacial tension and emulsification of oil and water 

were studied to select effective dispersions for spontaneous oil imbibition in a calcite-rich 

rock. The blend of ES-coated silica particles and surfactants often showed pH-responsive 

behaviour at rock-water and oil-water interfaces with particles serving as carriers or 

surface activity improvers for surfactants resulting in different extents of rock wettability 

alteration and emulsification. Optimum surfactant concentrations determined from static 

experiments were found to significantly increase crude oil recovery of Permian brine by 

36 ± 1% original oil in place (OOIP) in secondary spontaneous imbibition which was 

further enhanced by 14% OOIP on adding only 0.01 wt.% ES-coated silica. The 

nanoparticle-surfactant formulation was also efficient in producing residual crude oil in 

tertiary mode (6% OOIP additional oil recovery). The oil recovery results disclosed a 

high dependence on the emulsification ability of the blends with particle-AHS dispersion 

producing more stable emulsions and thus more crude oil compared to that of ZN. These 

findings contribute to the understanding of EOR mechanisms and provide valuable 

insights for the development of strategies to maximize oil recovery in tight oil reservoirs . 
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Chapter 1 Introduction 

 

 

 

1.1. Surfactants 

1.1.1. Definition  

Surface-active substances called surfactants are amphiphiles with hydrophilic head 

groups and hydrophobic tail groups (Figure 1.1). Depending on the type of head groups 

or tails, surfactants can be divided into a number of different groups. According to the 

headgroup charge, they can be anionics, cationics, nonionics, zwitterionics and 

catanionics while their hydrophobic group could be a hydrocarbon, a small polymer or a 

fluorocarbon chain.1 

Figure 1.1. Molecular structure of surfactant. 

 

1.1.2. Surfactant aggregation 

Surfactant molecules can aggregate in either an aqueous phase or an oil phase if a specific 

surfactant concentration, or critical micelle concentration (CMC), is attained. The 

hydrophobic effect, which is the inclination of the hydrocarbon tail group to be away from 

water molecules, is the primary cause of the aggregation in the aqueous phase. As a result, 

aqueous surfactant monomers will form normal micelles at the CMC where the head 

groups make up the shell and the tails are in the core. On the other hand, reverse micelles 

can be formed in the oil phase in which the hydrophilic head groups form the cores while 

the hydrophobic tails face the oil phase1 (Figure 1.2). The free energies of micellization 

(∆G°m) of surfactant (zwitterionic and nonionic) can be calculated using:2 

∆𝐺𝑚
° = 𝑅𝑇 ln 𝐶𝑀𝐶 (1.1) 

where R is the gas constant (8.314 J mol−1 K−1) and T is the absolute temperature (K). 
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The hydrophilic–lipophilic balance (HLB) number of a surfactant determines its 

hydrophilicity or hydrophobicity. HLB numbers below 9 indicate lipophilic surfactants 

while hydrophilic surfactants have an HLB number above 11.3 

Figure 1.2. Sketch of monomeric and micellar surfactant in water and oil. 

 

 

1.1.3. Surfactant adsorption at fluid-fluid interface 

Assuming water is in contact with air (or oil), bulk water molecules have similar 

interactions with neighbouring water molecules in all directions. Water molecules lose 

half of their connections when they come into contact with air or oil molecules at the 

air(oil)-water interface. The bulk water-water interactions are mainly hydrogen or dipole-

dipole bonding while there are fewer molecules around the water molecules at the 

interface as the density of the gas is much smaller than that of water resulting in stronger 

interactions at the interface. Here, surface (interfacial) tension is related to the energy 

needed to increase the surface area by one unit which causes more water molecules from 

the bulk (low energy) to move toward the surface. Thus, the bigger the difference between 

the two phases, the more energy needs to be applied.8  

Surfactants have high adsorption capabilities at different interfaces. When an aqueous 

surfactant solution < CMC comes into contact with either air or oil, the hydrophobic effect 

of the surfactant molecules causes them to diffuse in the aqueous phase to adsorb at the 

air-water or oil-water interface such that the hydrophobic tail is oriented towards air (oil) 

and the hydrophilic head is in the aqueous phase (Figure 1.3), increasing interactions 

between the two phases and lowering surface (interfacial) tension. On increasing 

surfactant concentration < CMC, a monolayer eventually forms at the CMC where the 

lowest surface (interfacial) tension is anticipated. Aqueous micelles form in bulk water 

when the surfactant concentration > CMC rises. Although the quantity of interfacial 
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molecules does not typically vary, surfactant molecules at the interface are in equilibrium 

with bulk monomeric or micellar molecules.4 The surface excess concentration (Γ in mol 

m–2) and minimum area per molecule (A in nm2) of nonionic surfactant at the air-water 

surface can be calculated using the Gibbs adsorption isotherm: 

𝛤 = −
1

2.3 𝑅𝑇
 

𝑑𝛾

𝑑𝑙𝑜𝑔 𝑎
 (1.2) 

𝐴 =
1

Γ𝑚  × 𝑁𝐴

 (1.3) 

where γ is the air-water surface tension (N m–1) and a is the activity of the surfactant 

which can be replaced with surfactant concentration given that CMC happens usually at 

low surfactant concentrations, Γm is the maximum surface excess concentration (mol m–

2) and NA is Avogadro’s number (6.022 × 1023).5 The constant 2.3 is the conversion factor 

from the natural logarithm to log10. Zwitterionic surfactants can be considered nonionic 

for purposes of this equation due to their zero net charged headgroup around neutral pH. 

The free energy of adsorption (∆G°ads) of surfactant can be calculated using:2 

∆𝐺𝑎𝑑𝑠
° = ∆𝐺𝑚

° −  
Π

Γ𝑚

 (1.4) 

where Π is the surface pressure at the CMC which is the difference between the surface 

tension of DIW and the surface tension at the CMC (γ0 – γCMC). Temperature, electrolyte, 

pressure and pH are only a few of the variables influencing the interfacial behaviour of 

surfactants. 

Figure 1.3. Surface tension between air and water at various surfactant concentrations. 
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1.1.4. Surfactant adsorption at fluid-solid interface 

Surfactants can adsorb at air-solid and liquid-solid surfaces to change the properties of 

solid surfaces with applications in many fields including detergency, coatings, materials 

science and EOR. The specific interactions between surfactants and solid surfaces and 

the adsorption behaviour can differ depending on the type of surfactant (cationic, anionic, 

or nonionic), the characteristics of the solid surface (charge, roughness and 

hydrophobicity) and the solution conditions (pH and temperature). Figure 1.4 shows the 

interactions between different surfactants and solid surfaces. Cationic surfactants are 

drawn to anionic solid surfaces due to their positively charged head groups. Electrostatic 

forces dominate the interaction between cationic surfactants and solid surfaces. Anionic 

surfactants are drawn to cationic solid surfaces due to their negatively charged head 

groups. Similar to cationic surfactants, electrostatic forces primarily control how anionic 

surfactants interact with solid surfaces. Adsorption happens when the surfactant's 

negatively charged head group electrostatically bonds to the positively charged surface. 

In both types, the surfactant concentration and the charge density on the solid surface are 

two variables that affect how strong the interactions are. Due to having two charges in 

their headgroups, zwitterionic surfactants can have two types of electrostatic interactions, 

V-shaped and I-shaped adsorption, depending on the solid charge. Due to the absence of 

a charged head group, nonionic surfactants exhibit weak electrostatic interactions with 

charged solid surfaces. Instead, hydrogen bonds and hydrophobic interactions and van 

der Waals forces control how they interact with solid surfaces. Through physical 

adsorption, nonionic surfactants can create a monolayer on a solid surface. Surfactant 

concentration, temperature, and solid surface elements are only a few examples of the 

variables that affect adsorption.6, 7 

Figure 1.4. Interactions between different types of surfactants and a charged solid surface. 
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1.2. Colloids 

1.2.1. Definition 

A colloid is a particular kind of mixture in which one component (minutely dispersed 

insoluble particles) is suspended within another component. A colloid contains particles 

that are bigger than atoms or common molecules yet too small to be seen by the naked 

eye. The usual size range of colloidal particles is between nm and µm. The particles can 

be made up of various substances such as solid, liquid or gas to form different colloidal 

systems such as solid particles dispersed in a liquid medium (e.g. milk), liquid droplets 

dispersed in another liquid (e.g. emulsion), or gas bubbles dispersed in a liquid (e.g. foam). 

Because of the size, surface characteristics and interactions of the dispersed particles, 

colloids exhibit particular characteristics and behaviours. Brownian motion (random 

movement of particles), stability and the ability to scatter light are a few examples of 

these qualities. Numerous fields, including medicine, food science, materials science, 

environmental science and petroleum industry, use colloidal systems.8  

1.2.2. Particle stability 

A colloidal system is stable if particles stay suspended in the continuous phase. The total 

forces operating on the particles determine the particle stability. These forces include van 

der Waals forces and electrostatic interactions which both contribute to the system's 

overall free energy. If the interaction energy brought on by the attractive forces existing 

between the colloidal particles is less than kT (k is Boltzmann constant and T is absolute 

temperature), the colloid is said to be stable. In this case, the substance will continue to 

be a suspension because the colloidal particles will either reject or just slightly attract one 

another. The attractive forces will take control if the interaction energy exceeds kT and 

the colloidal particles will start to group in the form of aggregation, flocculation, 

coagulation or precipitation. Reversible aggregation involving lesser attractive forces is 

referred to as flocculation while precipitation is typically used to describe the phase 

change from a colloid dispersion to a solid as a result of a perturbation. Coagulation is 

irreversible and occurs when the forces aggregating the particles together are stronger 

than any external forces brought on by stirring or mixing.9, 10  

Colloid destabilisation is the process of aggregating colloidal particles which causes the 

dispersed phase to separate or settle. Colloidal particles can be made unstable by lowering 

the electrostatic barrier that prevents colloidal particles from aggregating through salt 

addition or pH modification. By condensing the counterions in the space between the 

particles, adding salts to the dispersion can reduce the electric double layers of the 
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particles to the point where, at specific salt concentrations, electrostatic repulsion 

completely disappears. Through charge neutralisation, the presence of electrolytes can 

also lessen the electrostatic attraction between particles. In the absence of particle-particle 

electrostatic repulsion, van der Waals attraction, which is weak and only operates over 

short distances, may be the dominant factor in colloidal destabilisation. The closer the 

particles are to one another, the lower the energy of the interaction (negative), which 

causes colloid instability. The critical coagulation concentration (CCC) of salt is the point 

at which the energy barrier between particles is zero or smaller than kT. The electrostatic 

barrier between particles can therefore be removed by any heat fluctuation, which could 

cause the system to become unstable. The Shultz-Hardy rule can be used to calculate CCC 

as follows:10, 11  

𝐶𝐶𝐶 =
84 𝜀3 (𝑘𝑇)5

𝐴𝐻  
2 𝑒6  𝑍6                                                        (1.5) 

where 𝜀 is the water dielectric constant, AH is the compound Hamaker constant, e is the 

electron charge, and Z is the ion valency. According to the equation, CCC is inversely 

related to ion valency to the sixth power. This indicates that the coagulation concentration 

is reduced by 64 times when CaSO4 (2:2) is used in place of KCl (1:1). Temperature 

elevation can also destabilize colloids by increasing the Brownian motion and collision 

of particles.  

Colloids can also become unstable when particles are electrostatically grafted with ionic 

polymers and surfactants. The charged functional groups in the polymers and surfactants 

can electrostatically adsorb onto the surfaces of the particles, leaving hydrophobic groups 

outward to bridge with other particles through van der Waals attraction that leads to 

agglomeration or flocculation.12  

Colloids can be stabilized using electrostatic stabilization, steric stabilization or a 

combination of both. The mutual attraction of like electrical charges is the foundation of 

electrostatic stability. Particle charges are organised in an electrical double layer where 

the charged particles initially attract counterions (ions with the opposite charge) (Figure 

1.5).13 The zeta potential provides the most convenient means of quantifying the 

electrostatic attraction between suspended colloidal particles. Derjaguin, Landau, Verwey 

and Overbeek (DLVO) theory provides a quantitative explanation of the combined impact 

of van der Waals attraction and electrostatic repulsion on aggregation. Peptization is a 

standard technique for transforming a precipitate into a colloid by shaking it in the 
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presence of an electrolyte. pH adjustment also has a great impact on the electrostatic 

stabilization of colloidal particles.9  

Steric stabilisation entails the physical and chemical grafting of particles with a layer of 

a polymer, surfactant or silane to keep them apart in the range of attractive forces. Steric 

stabilisation provides advantages over electrostatic stabilisation such as being less 

sensitive to high salinity or particle concentrations and having the option to use both non-

aqueous and aqueous phases as solvents.14, 15 

Figure 1.5. Schematic view of charge distribution around an anionic particle. 

 

1.3. Solid particles at fluid-fluid interfaces 

The adsorption of colloidal solid particles (e.g. metal oxides) at fluid-fluid interfaces is 

of great interest in various fields, including particle-stabilised foams and particle-

stabilised emulsions (Pickering emulsions). Particle adsorption at the gas-liquid interface 

reduces lamella thinning and improves the durability of foam bubbles. Particle adsorption 

at the oil-water interface creates significant resistance to fusion which delays coalescence 

in emulsions. Enhanced mechanical characteristics, e.g. improved interfacial tension and 
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dilational or shear surface elasticity, are other benefits of particle adsorption at the liquid-

air or liquid-liquid interface.16  

Similar to surfactants, particle adsorption at the liquid-liquid or liquid-air interface may 

create a monolayer that aids in the stabilisation of emulsions and foams by providing 

elastic forces. The monolayer formed as a result of the adsorption of charged particles at 

an oil-water interface is a two-dimensional assembly with empty spaces between them. 

This assembly is believed to be a result of van der Waals attraction and repulsive forces 

(electrostatic, steric and solvation forces). The short-range van der Waals attraction 

makes particles stay close at the interface while the opposing forces prevent the compact 

arrangement of like-charged particles.17 On the other hand, the replacement of part of the 

fluid interface with a solid particle results in a thermodynamic decrease in free energy 

that is proportional to the cross-sectional area occupied by the particle. Therefore, 

although the process of particle adsorption at the interface is kinetically unfavourable, it 

is thermodynamically ideal. Adsorption may occur naturally or after successfully 

breaking a significant energy barrier.18 An interface must favour the adsorption in terms 

of energy for spontaneous particle adsorption to occur, i.e. particles must have lower 

energy at the interface than in bulk.19, 20 There are some other factors controlling particle 

assembly at the fluid-fluid interface including particle surface chemistry, pH, electrolyte, 

type of oil and thermodynamic conditions (i.e. temperature and pressure).20 Compared to 

surfactant and polymer molecules which adsorb and desorb at interfaces very quickly, 

particles, if large enough and with the right wettability, stay irreversibly adsorbed at the 

fluid-fluid interface. This can considerably increase the stability of emulsion drops and 

foam bubbles against coalescence and disproportionation by inducing kinetic stability. 

The wettability of the particles by both fluid phases at the interface is of utmost 

significance and is determined by the contact angle the particle takes at the interface. 

Highly hydrophilic (θ ~ 0°) or hydrophobic (θ ~ 180°) particles tend to stay in bulk while 

partially hydrophobic particles can effectively adsorb at fluid-fluid interfaces (Figure 1.6).  

Hydrophilic charged nanoparticles can be activated using different approaches including 

salt addition, pH adjustment, alcohol addition, the addition of oppositely charged particles, 

polymers or surfactants and blocking the surface charge of particles by chemical grafting 

(e.g. silanization).21 It is noteworthy to mention that excessive surface charge reduction 

by pH adjustment or salt addition may coagulate the particles by shrinking the electric 

double layer.16 The stability and thermodynamic characteristics of interfacial monolayers 

may be impacted by surface modification by ligands (surfactants, silanes, and polymers), 

which regulate particle-particle and particle-solvent interactions.19 The significance of 
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ligands in interactions with the interface or two liquids increases when the particle 

diameter is equal to the length of the ligand. For a surface-active ligand, the particle shell 

may be deformed due to the ligand accumulations at the liquid-liquid interface.19  

Figure 1.6. Particle position at an air-water or oil-water interface according to its contact angle in water. 

 

1.4. Solid particles at fluid-solid interface 

The adsorption of particles on solid surfaces, in contrast to fluid-fluid interfaces, has not 

garnered much attention in the scientific literature. While the adsorption behaviour of 

particles as adsorbates on solid surfaces is rarely addressed, it is frequently studied as an 

adsorbent. Due to its importance in real-world applications, understanding the adsorption 

mechanisms of particles on solid surfaces is essential. Particle adsorption on solid 

surfaces is a significant phenomenon that has applications in many different industries. It 

can be used in catalysis to promote certain reactions and increase surface reactivity. 

Additionally, it applies to nanomaterial synthesis, surface coating, sensors and biological 

applications such as imaging and medication delivery. Particle adsorption on rock 

surfaces during EOR can alter the characteristics of the rock surface. A variety of surface 

interaction forces, primarily physical adsorption, chemical adsorption, or a combination 

of the two, affect particle adsorption on solid surfaces. Chemisorption entails a strong 

chemical bond between particles and the surface through electron sharing as opposed to 

physical sorption which involves weaker intermolecular forces like van der Waals 

interactions (London forces, dipole-dipole attraction, dipole-induced attraction and 

hydrogen bonding). The surface chemistry of both the particles and the surface, including 

surface charge, surface functionalization and surface roughness, can have an impact on 

how particles adsorb to solid surfaces. The properties of particles like composition, size 

and shape are also important.7, 22 
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1.5. Emulsion 

1.5.1. Definition 

Emulsions are created when two immiscible liquids such as oil and water are combined 

with the aid of an emulsifying agent. A surfactant or a combination of surfactants can 

operate as an emulsifying agent by reducing the interfacial tension between the two fluids 

and stabilizing the emulsion. There are two types of emulsions: microemulsions and 

macroemulsions.23  

Microemulsions are minute colloidal droplets of one liquid dispersed in another liquid as 

a continuous phase. Usually less than 100 nm in size, microemulsions are clear or 

translucent and can spontaneously form in the presence of an appropriate surfactant by 

lowering oil-water interfacial tensions. Microemulsions are thermodynamically stable 

meaning that the continuous phase (such as water) and the dispersed phase (such as oil 

droplets) create a stable equilibrium state as a result of the balance of interfacial tensions 

and the system's free energy. The spontaneous self-assembly of surfactant molecules and 

the regulation of thermodynamic variables including composition, temperature and 

pressure influence the composition and structure of microemulsions. The system's free 

energy is reduced when a thermodynamically stable microemulsion forms allowing for a 

long time stability without phase separation. 23 

The term "kinetically stable" refers to a property of microemulsions that prevents phase 

separation or coalescence under dynamic settings or in the presence of external 

disturbances. Microemulsions keep their small droplet size and homogeneity for a longer  

period than macroemulsions or conventional emulsions which may spontaneously divide 

into discrete phases over time. This stability is attained by choosing the proper surfactants, 

cosurfactants and oil-water compositions that encourage the development of highly 

structured interfacial structures and inhibit droplet aggregation or coalescence. Kinetic 

stability guarantees their homogeneity and makes it possible for them to be used as 

effective delivery methods for a variety of applications.23 

1.5.2. Microemulsions 

The surfactant monomers adsorbed at the oil-water interface are at equilibrium with those 

in bulk when equal amounts of oil and water are present along with a surfactant at CMC. 

If the surfactant concentration rises above the critical microemulsion concentration (CµC), 

where the maximum number of monomers can exist in the water or oil phase, 

microemulsions begin to form. A constant oil-water interfacial tension that is independent 

of the surfactant concentration is seen at the CµC. The monomer concentration in the oil 
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or water phase does not grow past the CµC and stays the same.24 As a result, according 

to Winsor, the surplus surfactant forms aggregates in four different ways (Figure 1.7). 

While Winsor III is a three-phase system, Winsor I and II are two-phase systems. Oil is 

solubilized in the centre of aqueous micelles in Winsor I to create oil-in-water 

microemulsions that coexist with extra oil. Winsor II forms water-in-oil microemulsions 

with extra water by solubilizing water in the hydrophilic cores of reverse micelles in the 

oil phase. In Winsor III, a third phase forms between the excess oil and water. Winsor IV 

is a single-phase micellar solution that is thought to be the extension of a middle-phase 

microemulsion at high surfactant concentrations.25  

The type of Winsor system is affected by surfactant monolayer curvature which is turn a 

function of the headgroup and tail group area. The area of the headgroup is typically larger 

than the tail for a pure ionic surfactant, which tends to create oil-in-water microemulsions 

with a curved surfactant monolayer around the oil. Surfactants tend to micellize in the oil 

phase when they are hydrophobic or when there are high electrolyte concentrations. 

Figure 1.7. Winsor systems I to IV by Du et al.26  

 

1.5.3. Macroemulsions 

Macroemulsions are dispersed liquid-in-liquid systems which are thermodynamically 

unstable but kinetically stable. As a result of kinetic barriers that prevent phase separation, 

they can be stable and maintain their emulsified condition for a certain time. Due to their 

large droplet size (usually a few microns to hundreds of microns), macroemulsions scatter 

light effectively, giving them a cloudy or opaque appearance. Macroemulsions are not in 
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a thermodynamic equilibrium condition and will eventually separate into their constituent 

phases. The high interfacial tension between the immiscible liquids and the large droplet 

size encourage coalescence and phase separation in them. Unlike microemulsions, 

macroemulsions do not form spontaneously and require external energy input (vigorous 

mixing) and the use of emulsifying agents (e.g. surfactants) or particles to stabilize the 

emulsion and prevent phase separation. Oil-in-water, water-in-oil or multiple emulsions 

(e.g. oil-in-water-in-oil) are common types of emulsions depending on the emulsifier, 

salinity, temperature and volumes of two phases (Figure 1.8).27  

Particle-stabilized emulsions, or Pickering emulsions, are a type of emulsion where the 

stability of oil or water droplets is achieved by the presence of solid particles at the 

interface. These solid particles act as stabilizers, adsorbing onto the droplet  surfaces and 

preventing their coalescence and separation. As described before, particle wettability is 

important in forming Pickering emulsions. For equal amounts of oil and water, a water-

in-oil emulsion is preferable for hydrophobic particles (θ > 90°), and an oil-in-water 

emulsion is preferred for hydrophilic particles (θ < 90°).28, 29 There are several 

mechanisms by which this stabilization happens. The formation of a dense monolayer or 

multilayer around the emulsion drops and prevention of coalescence can result from 

particles irreversibly adsorbing at the oil-water interface. The detachment energy is 

proportional to particle radius, oil-water interfacial tension and particle contact angle and 

it is maximum when the angle is 90° for a given system. Furthermore, the droplets in the 

continuous phase can be captured and essentially immobilized if a three-dimensional 

network of particles is formed in the continuous phase.16, 28, 29 They can also stabilize the 

emulsions through electrostatic interactions. For instance, cationic nanoparticles can 

stabilize anionic oil droplets by creating a double layer around them. This causes the 

droplets to repel one another and prevents coalescence.16 Pickering emulsion stability and 

properties are also influenced by particle size and concentration, the composition of oil 

and water and the ratio of two phases.30 

Figure 1.8. Different emulsion types can be formed. 
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Emulsions can be destabilized through various mechanisms depicted in Figure 1.9. 

Creaming or sedimentation are the results of large density differences between the two 

phases. Creaming happens in oil-in-water emulsions in which the less dense oil tends to 

move to the top while sedimentation happens in water-in-oil emulsions in which the water 

moves to the bottom due to its higher density. Creaming and sedimentation can be 

removed by increasing the viscosity or lowering density differences. Flocculation is the 

aggregation of droplets due to a net attractive force but they do not merge. Coalescence 

refers to when the droplets irreversibly merge into one big drop due to the breakage of 

the film between emulsion drops. Ostwald ripening describes the process of larger 

droplets naturally enlarging and becoming coarser overtime at the expense of smaller ones 

leading to an alteration of droplet size distribution and the disappearance of smaller 

droplets.23 

 

 

 

 

Figure 1.9. Schematic view of different emulsion destabilization mechanisms. 
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1.6. Future of energy and importance of EOR 

The recent 2022 Energy Outlook released by British Petroleum (BP) implies a global shift 

into renewable energies (e.g. wind, electricity and hydrogen) as well as the necessity to 

cut greenhouse gases (e.g. CO2).31 Oil and gas reservoirs can play an important role in the 

energy transition by serving as safe underground storage for greenhouse gases and 

hydrogen. Storage projects are currently growing in the UK, China, Canada and Norway 

but mostly lack economic viability. Financial resources may be made available using 

EOR techniques during the storage process. EOR technologies can also increase oil 

production from pre-existing reservoirs, reducing the need for additional oil exploration 

and production. EOR will therefore continue to be important for at least a few decades.32  

1.7. Oil reservoirs 

A huge part of current oil reserves is within tight reservoirs, e.g. tight chalks and shales. 

Shales can serve as both cap rocks and reservoirs. They can be composed of various 

minerals such as clay, quartz, calcite and occasionally organic materials. The size of pore 

throats in shales is usually within a nanometre to micrometre which results in an ultralow 

permeability (mD to nD) which together with their low porosity makes it difficult for the 

oil to flow through the reservoir leading to a low oil recovery factor of 5% to 15% (lower 

than that of conventional reservoirs) depending on rock and fluid properties and the 

maturity of the reservoir. Since oil production rates typically drop by more than 75% in 
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the first year, more new wells must be drilled which has a significant financial and 

environmental cost. Therefore, they require specialized techniques, such as hydraulic 

fracturing and EOR, to extract the oil.33-35  

Drilling wells into oil reservoirs causes pressure gradients through which oil can be 

produced naturally. Secondary oil recovery refers to the injection of brine into the 

reservoir (locally available brine, i.e. seawater or produced brine from the reservoir) to 

increase oil production. Chemicals can be added to the injected brine in secondary mode 

or later in tertiary mode to increase oil production. Therefore, secondary oil recovery is 

when all or a large amount of oil is available to the EOR chemical while tertiary oil 

recovery refers to when residual oil is mostly available. Residual oil is the oil trapped in 

small pore throats in discontinuous ganglia with high capillary forces which is harder to 

produce.33 The capillary pressure (Pc) of a fluid meniscus is given by the Young-Laplace 

equation:33  

𝑃𝑐 =
2𝜎𝑐𝑜𝑠𝜃

𝑟
 (1.6) 

where σ is the oil-water interfacial tension, θ is the three-phase contact angle and r is the 

radius of curvature. The pressure difference between two immiscible fluids at their 

interface is known as Pc. It generates the pressure necessary to drive an oil droplet through 

a pore throat. The capillary pressure present in the pore throats could be so strong that the 

pressure differences created in the reservoir cannot overcome it. More than 60% of the 

original oil in place (OOIP) is sometimes still stuck after secondary brine injection. A 

significant amount of oil, up to 65% OOIP, might be produced using chemical EOR 

techniques.36 The equilibrium between viscous forces (pressure gradients caused by the 

injectant) and capillary forces (oil-water interfacial tension) determines the mobilisation 

of oil ganglia during flooding, as described by capillary number (Nc):37   

𝑁𝑐 =
𝜈𝜇

𝜎
 (1.7) 

where ν is the fluid velocity and µ is the fluid viscosity. Crude oil ganglia start to mobilize 

when Nc approaches the critical value of ~ 10–5. According to reports, oil reservoir pore 

throats have capillary numbers of ~ 10−6. This indicates that capillary forces predominate 

when it comes to fluid movement in porous media. Values exceeding 10−5 show a viscous-

dominant fluid flow. The mobility ratio must go down in order to maximise oil recovery. 

The mobility ratio (M) is defined as the ratio of the mobility of displacing fluid (λw) to 

the mobility of displaced fluid (λo) as follows:33  
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𝑀 =
𝜆𝑤

𝜆𝑜

=
𝐾𝑟𝑤

𝐾𝑟𝑜

𝜇𝑜

𝜇𝑤

 (1.8) 

where Krw and Kro are the relative permeabilities of water and oil, respectively. A mobility 

ratio below one is preferred in EOR which can be achieved through a decrease in the 

relative permeability of water which corresponds to increased oil’s relative permeability, 

increasing water viscosity and reducing oil viscosity. Rock wettability controls oil and 

water saturations and relative permeabilities which in turn impact the fluid distribution 

and flow in porous media. Hydrophobic rock wettability and high oil-water interfacial 

tension induce high negative capillary forces in pore throats offering a low oil recovery 

by brine injection thus calling for chemical EOR methods. Depending on the type of 

chemical, EOR can trigger reservoir properties such as rock wettability, oil-water 

interfacial tension, crude oil viscosity and injected fluid viscosity.33  

1.7.1. Origin of oil-wetness of reservoir rocks 

A solid surface preference for one fluid over another is referred to as wettability. Changes 

to the surface characteristics of reservoir rocks are referred to as rock wettability alteration. 

These changes can have an impact on the flow of fluids and the relative permeability of 

oil and water in the reservoir. The term "oil-wetness" describes a rock surface tendency 

to be in touch with an oil phase as opposed to a water or gas phase. In reservoir 

engineering and EOR, it is crucial to comprehend the causes of this rock oil-wetness.  

Crude oil is characterized by SARA analysis referring to saturate, aromatic, resin and 

asphaltene. Saturates are non-polar groups e.g. linear, branched or cyclic saturated 

organics like paraffins.38 Aromatics are slightly polarizable while resins and asphaltenes 

are polar. Unlike asphaltenes, resins are soluble in heptane.39 Resins or polar components 

of crude oil, normally referred to as natural surfactants, are mainly categorized into acidic 

and basic groups. The polarity of these compounds usually comes from their heteroatoms 

e.g. nitrogen, oxygen and sulphur in their structure. The presence of oxygen in a structure 

usually gives it an acidic nature. The most common acidic component is naphthenic acids 

which usually refer to carboxylic acids, ketones, esters, phenols, alcohols and ethers. 

Basic polar groups usually have nitrogen in their structure e.g. pyridine and quinolone but 

nitrogen also exists in non-basic groups like carbazole, indole or pyrrole. Commonly 

found thioalkanes and heterocyclic groups which are derivatives of thiophene usually 

have sulphur in their structures.40  

Rock mineralogy, rock surface charge, and pH all affect how hydrophobic the rocks are 

to a certain extent.41 Rock hydrophobicity becomes stronger for strongly polar crude oil 
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where the natural surfactant is abundant. Asphaltenes and polar molecules of crude oil 

can adsorb or form organic films on the mineral surfaces of reservoir rocks leading to 

rock oil-wetness. Some rock minerals have inherent hydrophobic properties, encouraging 

oil-wetness. Certain rock-fluid interactions between the rock surface and the fluids can 

result in the deposition of hydrophobic substances or the alteration of surface charges 

leading to oil-wetness. Geological processes, such as diagenesis and rock alteration, can 

also introduce hydrophobic minerals or modify the surface properties of the rocks 

contributing to oil-wetness.42 

The reservoir rock surface is usually charged. These available charged sites resulting from 

the dissociated surface minerals could act as adsorbents for oppositely charged groups 

like polar compounds of oil or EOR ionic chemicals, i.e. surfactants. The literature has 

continued to debate the surface charge of oil reservoir rocks since varying surface charges 

have been recorded.43, 44 In the case of pure calcite, at high pH (i.e. high [OH–]), the calcite 

surface becomes anionic due to the neutralization of Ca2+ and the excess of CO3
2–. 

However, at neutral or acidic pH, calcite is cationic. In the case of carbonate or shale 

rocks, due to the presence of other minerals like clay and quartz, a net charge should be 

considered. The pH and relative dissociation of minerals like Ca2+ and CO3
2– as well as 

other produced complexes, have an impact on the surface charge. In quartz-rich rocks like 

sandstone reservoirs, the rock surface charge is expected to be negative (pH > 2). In the 

case of a calcite-rich rock, water on the rock surface promotes the dissociation of polar 

groups of crude oil, such as stearic acid and calcite, which speeds up the hydrophobization 

process. The following equilibria can be used to describe how calcite dissociates in 

water:45  

CaCO3 (s) → Ca2+ (aq) + CO3
2– (aq) (1.9) 

where CO3
2– in water can result in the formation of bicarbonate and carbonic acid as 

follows: 

CO3
2– (aq) + H2O (l) → HCO3

– (aq) + OH– (aq)  (1.10) 

HCO3
– (aq) + H2O (l) → H2CO3 (aq) + OH– (aq)  (1.11) 

Any of the following equilibria for carbonic acid could occur.: 

H2CO3 (aq) → H2O (l) + CO2 (g)  (1.12) 

H2CO3 (aq) → HCO3
– (aq) + H+                                                                                               (1.13) 

Different equilibria may also be experienced by Ca2+ following the dissolution of CaCO3: 
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(1) The formation of calcium bicarbonate complex through interaction with 

bicarbonate: 

Ca2+ (aq) + HCO3
– (aq) → CaHCO3

+ (aq)                                                 (1.14) 

(2) The formation of solid calcium hydroxide complex through interaction with 

water: 

Ca2+ (aq) + H2O (l) → CaOH+ (s) + H+ (aq)                                             (1.15) 

Ca2+ (aq) + 2H2O (l) → Ca(OH)2 (s) + 2H+ (aq)                                      (1.16) 

The stearic acid dissociation can be described by: 

CH3–(CH2)16–COOH → CH3–(CH2)16–COO– (aq) + H+ (aq)                  (1.17) 

A stearate salt monolayer is chemisorbed on the rock as a result of the reaction between 

carboxylate and calcium hydroxide (Ca(OH)2) as follows:  

CH3–(CH2)16–COO– (aq) + –Ca(OH)2 (s) → CH3–(CH2)16–COOCa (s) + H2O       (1.18) 

Additionally, stearate can adsorb to the anionic calcium carbonate.: 

CaOH+ + –CO3
– → –CO3CaOH                                                       (1.19) 

–CO3CaOH + CH3–(CH2)16–COO– → –CO3CaOOC–CH3–(CH2)16 + H2O            (1.20) 

Therefore, Ca2+, HCO3
– and CO3

2– are the moieties that determine the surface charge of 

calcite-rich rocks. The development of surface complexes can also be aided by other ions 

such as H+ and OH–. In general, cationic rocks are more susceptible to strong 

hydrophobization when the pH is low and the crude oil is acidic. Crude oil with high base 

numbers can render anionic sandstones more oil-wet.46  

Contact angle measurements are often used to evaluate the wetting properties of a solid 

surface and the affinity of the surface for various fluids. The contact angle is the angle at 

which a fluid droplet rests on a solid surface. Considering a water droplet on a solid 

surface in air, a high contact angle in water towards 180° indicates that the fluid is poorly 

wetting the surface while a low contact angle towards 0° indicates that the fluid is 

wetting.33 The Young equation is a mathematical relationship that describes the link 

between the contact angle of a fluid droplet on a solid surface and the surface energy of 

the solid. It is given by:33 

𝑐𝑜𝑠 𝜃 =
𝜎𝑆𝐺 − 𝜎𝑆𝐿

𝜎𝐺𝐿

 (1.21) 



 
 

19 
 

where θ is the contact angle, σSG is the solid-gas interfacial energy, σSL is the solid-liquid  

interfacial energy and σGL is the gas-liquid interfacial energy (Figure 1.10).  

Figure 1.10. Sketch of a liquid drop on a solid surface in air and the corresponding tensions. 

 

1.7.2. Origin of high oil-water interfacial tension 

The high oil-water interfacial tension found in oil reservoirs can be linked to a number of 

elements that relate to the composition and characteristics of the oil and water phases. 

The oil-water interfacial tension can increase as a result of the polarity difference between 

polar water molecules and low polar crude oil. The high oil-water interfacial tension is a 

result of the chemical composition of crude oil impacting the oil-water interfacial tension. 

Non-polar saturates usually do not have a large impact on fluid-fluid and fluid-solid 

interfaces.38 An additional decrease in the tension between the oil and the water can be 

brought on by relatively polar aromatics and perhaps aromatic acids. Asphaltenes are 

made up of various groups such as pyridines, carboxylic acids, pyrroles, phenols and 

carbonyls as proton acceptors or donators. Most resins are composed of naphthenic 

aromatic hydrocarbons, which are aromatic rings with alicyclic chains and act as a barrier 

to prevent precipitation from harming asphaltene. Asphaltene is less interfacially active 

than resins because of its enormous molecular weight and poor capacity to replace 

interfacial water and oil molecules. In contrast to less dense resins, asphaltene interfacial 

layers are solid, elastic and immobile, making them irreversibly adsorbed. Asphaltenes 

and saturates can raise the tension at the oil-water interface. Another factor contributing 

to the high interfacial tensions observed in oil reservoirs is the high salinity of the 

reservoir’s formation brine.47 

1.8. Surfactants for EOR 

1.8.1. Oil-water interfacial tension reduction  

Surfactants are known to increase the mobility and displacement of oil by decreasing the 

interfacial tension between oil and water. There are numerous studies on using different 

types of surfactants for EOR highlighting their ability to reduce the oil-water interfacial 
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tension to low (1 – 3 mN m–1) or ultralow levels (< 0.01 mN m–1).48-50 Surfactants with 

smaller CMCs are preferred in EOR signifying improved surface activity and 

micellization. 

Crude oil composition has a large impact on the efficiency of surfactants for oil-water 

interfacial tension reduction. Zhou et al. examined the impact of resin concentration on 

the oil-water interfacial tension in the presence of two betaine surfactants using a mixture 

of kerosene and resin. They pointed out that petroleum acids may lower or increase the 

interfacial tension depending on whether they form a compact monolayer or displace the 

interfacial betaine surfactant.51 The simultaneous effects of asphaltene and aqueous 

surfactants may cause a further reduction in oil-water interfacial tension. 

The kind and quantity of ions present in the brine have a significant impact on the 

effectiveness of surfactants to lower the interfacial tension. Some studies found salt 

addition helpful in forming a more compact surfactant monolayer at the oil-water 

interface which further reduces the interfacial tension52 while others found it 

detrimental.53 Low salinity brines (salting-in effect) could act synergistically for oil-water 

interfacial tension reduction while at high salinities (salting-out effect) the efficiency of 

the surfactant for interfacial tension reduction decreases.  

1.8.2. Solubilization and emulsification 

Surfactant flooding for EOR relies heavily on the formation of macro- and 

microemulsions. The emulsification of oil droplets by surfactants increases the sweep 

efficiency in micro-heterogeneous zones. By lowering the interfacial tension between oil 

and water and fostering the contact of oil and water phases, macroemulsions and 

microemulsions can both enhance oil recovery in surfactant EOR. Due to their greater 

stability and lower interfacial tensions, microemulsions are preferred in EOR; however, 

the type of resulting emulsion system in the reservoir will depend on the characteristics 

of the reservoir. 

The Winsor III system is characterised by a very low oil-water interfacial tension that 

simplifies solubilization, facilitates oil molecule movement through pore channels, and 

leads to high oil production.54 This type of emulsion was initially thought to be the main 

EOR mechanism during micellar flooding while other types of emulsions were 

underestimated. Significant oil production has been reported at low surfactant 

concentrations (e.g. 0.01 – 0.05 wt.%) where no middle phase was observed.55 This 

signifies that the third phase is not essential for a noticeable EOR.50, 54 Using various 
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anionic, nonionic and zwitterionic surfactants and their mixtures, Xiaoxiao et al. 

investigated the effect of emulsification on EOR in cores made with quartz sands and 

epoxy resin with different permeabilities (5 – 50 mD). They argued that in situ 

emulsification is critical in EOR without causing ultralow interfacial tension, especially 

in low permeability cores. Efficient emulsification was found helpful in carrying residual 

oil to reduce oil saturation and blocking pore throats which provide additional pressure 

differences. The binary mixture of zwitterionic lauramidopropyl betaine and anionic 

sodium alcohol ether sulphate resulted in more stable oil-in-water emulsions and thus 

higher oil recovery.56 

As with oil-water interfacial tension, salts can affect the Winsor systems. For a system 

consisting of a cationic surfactant along with an alcohol cosurfactant in toluene-water 

mixtures, the addition of salt was found to cause a progression from a Winsor I  to a 

Winsor III to a Winsor II.57 The distance between surfactant headgroups in micelles is 

also reduced upon adding a high concentration of electrolyte which lowers the 

solubilization of the organic phase.58 

1.8.3. Rock wettability alteration 

Generally, solid wettability alteration happens by either adsorption of new molecules on 

the surface or the desorption of pre-adsorbed molecules from the surface. When an 

aqueous surfactant solution is in contact with a solid surface, both tail and headgroups 

can interact with the surface depending on the properties of the surfactant and surface. 

The adsorption of surfactant molecules on a solid surface could occur as a result of a 

variety of attractive forces like hydrogen and covalent bonding, hydrophobic interactions 

between the pre-adsorbed surfactant molecules and free surfactant molecules, dispersive 

forces and electrostatic forces.59-61  

For cationic (i.e. rich in calcite) and anionic (i.e. rich in aluminosilicates and clays) rocks, 

a dominance of carboxylates and amine-based groups of crude oil, respectively on the 

rock surface is expected. For ionic surfactants, ion-pair formation is the common 

wettability alteration mechanism (Figure 1.11). Cationic surfactants (R–N+(CH3)3) 

interact electrostatically with the anionic carboxylates anchored to the rock surface to 

produce ion pairs that may be maintained by hydrophobic contacts between the tails, 

resulting in the complex desorption from the rock surface.62 The aqueous micelles then 

solubilize them into their cores making the removal almost irreversible. The complexes 

can also move into the oil phase through the oil-water interface to form reverse micelles 

(not preferred). The contraction of the rock-oil-water contact line,55 the diffusion and 
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swelling of water on the rock surface63 and surfactant adsorption onto the rock surface64  

are all effects of the solubilization of the organic component after removal from the rock 

surface. 

For nonionic surfactants, the headgroup can form H-bonds with the rock surface which 

retains the hydrophobic tails outward for a further hydrophobic-hydrophobic interaction 

resulting in hydrophilic headgroups outward (Figure 1.11).65 As a result, a narrow water 

zone forms on the rock surface, decreasing the oil-water contact angle.62 To avoid the 

possibility of a mixed-wet rock during ageing with crude oil, Salehi et al. performed 

spontaneous imbibition tests in hydrophobic polyethylene cores (oil wettability index of 

1). This left hydrophobic-hydrophobic interactions between surfactant tails and the 

polyethylene surface as the only possible interaction for wettability alteration. They 

observed that hydrophobic-hydrophobic van der Waals interactions are weaker than 

electrostatic interactions. They claimed that the ethoxy group in sodium laureth sulphate 

(SLS) diminishes the charge density of the headgroup and allows for a more compact 

monolayer on the rock resulting in higher adsorption on the rock compared to C12TAB.66  

Standnes and Austad made a significant effort to evaluate the effects of 14 different 

cationic and anionic surfactants (0.1 – 5 wt.%) in three different brines for EOR in Stevns 

Klint (SK) cationic chalks utilising two different types of oil (n-heptane and acidic crude 

oil diluted by n-heptane). They found that brines produced little oil in imbibition tests at 

40 °C after 35 days, but 1 wt.% C12TAB in brine produced 65% OOIP due to the rock 

wettability alteration. Cationics were found to be more efficient in oil recovery than other 

surfactants. Anionic ethoxylated sulfonate and sodium dodecyl sulphate (SDS) were the 

most and least efficient in imbibition tests, respectively. Because of the accelerated 

diffusion of monomers and micelles and decreased solubilization, temperature elevation 

had a favourable impact on the imbibition of surfactant solutions into rock. Increased 

solubilization (e.g. if [surfactant] >> CMC or if the temperature is low) was found to 

reduce oil recovery. Unlike non-polar heptane, C12TAB was observed to partition into 

crude oil (10% mol) at 40 °C via the formation of water-insoluble ion pairs. However, 

their imbibition tests recorded similar imbibition rates implying that rock wettability 

alteration is independent of surfactant partitioning between phases. Surfactant tail length 

was found to be effective for oil recovery. The shorter the tail, the larger the CMC and 

the higher the oil recovery due to a higher monomer concentration. The carbon number 

of n = 10, 12 resulted in the highest oil recovery. Although having the highest CMC, the 

oil production by C8TAB was negligible due to its low hydrophobic interactions with the 

adsorbed oil groups at the interfaces. The imbibition rate did not depend on surfactant 
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concentration at surfactant concentrations much above CMC, demonstrating that 

monomers are primarily responsible for the desorption of crude oil anionic groups from 

the rock. Below the CMC, oil production was low due to high oil-water interfacial tension 

and capillary forces in porous media.62  

Figure 1.11. Different rock wettability alteration mechanisms by cationic, anionic and nonionic  surfactants 

in the absence and presence of inorganic ions. 

 

 

The literature suggests that ionic surfactants with a similar charge to rock are more 

efficient for EOR. This contrasts with a study by Hou et al. who found that cationic CTAB 

changes quartz wettability more significantly than anionic SLS and nonionic octyl phenol 

ethoxylate (TX-100). They argued that polar crude oil components (asphaltenes and 

resins) and quartz surfaces interact in ways other than electrostatic attraction. Other 

interactions such as polar interactions, ion binding, acid/base interactions and surface 

precipitation play a part. Ion-pair formation is more prominent for CTAB in crude oil 

with high acid numbers (large carboxylic groups on rock).67  

The adsorption of ionic surfactant molecules onto the surface of rocks can be impacted 

by inorganic ions. Ahmadall et al. came to the conclusion that if the rock is mostly 

cationic or if the brine is rich in Ca2+, cationic surfactant usage owing to the adsorption 

onto rock would be minimal. They also stated that crude oil with high acid numbers 

causes high surfactant partitioning through ion-pair formation in a 1:1 ratio which is 

unfavourable since surfactants moved into the oil phase are inactive in altering rock 

wettability.68  



 
 

24 
 

1.8.4. Challenges 

The effectiveness of surfactant flooding in EOR is influenced by several variables, 

including rock mineralogy, crude oil and brine composition, pressure, temperature and 

salinity. Numerous common surfactants are vulnerable to hydrolysis.69 Some surfactants 

degrade at high temperatures, making them pricey and inefficient. Salts and surfactants 

become more soluble at high temperatures but prolonged exposure might decrease 

surfactant effectiveness, for example in reducing interfacial tension.70 Ions such as Ca2+ 

and Mg2+ can precipitate surfactants and damage the formation, requiring greater 

injection pressures but producing little oil.71 

Surfactant adsorption onto rock can significantly alter the surface characteristics of rock 

for EOR but surfactant loss near the injector slows surfactant transport and lowers 

imbibition velocity. This is more critical in tight oil reservoirs like shales where due to 

their micro- or nanometer pore channels, a larger surface-to-volume ratio and surfactant 

adsorption could exist.72 To address this issue, the use of similarly charged ionic 

surfactants has been proposed but they may not be EOR-wise efficient. In sandstones, 

alkalis (e.g. sodium carbonate) can serve as sacrificial chemicals to increase the negative 

charge of the rock and hinder the adsorption of anionic surfactants.73 Polymers can form 

a monolayer on the rock to prevent high surfactant adsorption74 but they may cause 

chromatographic separation due to the different adsorption extents of chemicals onto the 

rock.75 Furthermore, polymers or alkalis are expensive and not usually effective at high 

salinities and temperatures.76 Increasing salt concentration and pH are other ways of 

reducing surfactant adsorption on rock77 but they are limited. Nanoparticles have recently 

received attention for controlling surfactant adsorption which will be discussed in the next 

section.  

1.9. Nanoparticles for EOR 

Solid nanoparticles are nowadays used in different sectors of the oil and gas industries. 

Due to its strong EOR functionality, availability, simplicity of synthesis and low 

enrichment cost, silica is the particle that has been the subject of most studies examining 

various types of nanoparticles for EOR.20, 78 As well, there has been no change in the 

specific surface area of silica up to 650 °C.79 The various roles that nanoparticles could 

play in EOR are outlined in the sections below. 

1.9.1. Oil-water interfacial tension 

The effects of bare nanoparticles on the interfacial tension between oil and water have 

generated some debate in the literature. Although some studies show an interfacial tension 
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reduction by adding nanoparticles to the aqueous phase,80, 81 others deny it.82, 83 The 

particle size has a great impact. An increase in interfacial tension has also been reported 

after adding nanoparticles.84 The aggregation of nanoparticles caused by van der Waals 

forces predominating over repulsion at high particle loading or high salinity may provide 

a suitable explanation for this. An optimum particle concentration causing a minimum 

oil-water interfacial has also been reported by many studies.85-87 In the case of polar oil, 

e.g. crude oil, interactions between hydrophilic particles and oil molecules at the interface 

can render particles partially hydrophobic and capable of adsorbing at interfaces. This 

reduction is not expected for non-polar oils, e.g. heptane.  

It has been reported that a significant decrease in oil-water interfacial tension by at least 

two orders of magnitude (< 0.1 mN m–1) is required for enhancing oil and water relative 

permeabilities and moving a significant percentage of immobilized oil in porous media20, 

88 which is not expected by bare nanoparticles. However, surface functionalization may 

work to some extent. Wei et al. employed nanocellulose treated with –COO– groups in 1 

wt.% NaCl brine at two distinct surface charge densities of 0.72 and 1.51 meq g–1. They 

noticed that adding modified particles caused the oil-water interfacial tension to decrease 

from about 30 mN m–1 to 1 – 6 mN m–1 which was more pronounced for particles with a 

greater charge density.86  

1.9.2. Rock wettability alteration 

The use of nanoparticles in EOR techniques to change the wettability of rocks has been 

investigated. There are studies like89 that claim nanoparticles rarely change the wettability 

of rocks for EOR but others show significant changes to rock wettability.44, 90, 91 Several 

mechanisms have been highlighted for nanoparticles as rock wettability modifiers. 

According to Nikolov et al., particles stratify in the film of dispersion generated between 

an oil droplet and a smooth glass slide submerged in an aqueous silica dispersion (19 nm, 

10 vol.%) (Figure 1.12). A monolayer of particles exists in the first layer towards the drop 

edge, while two and three layers of nanoparticles form in the centre. This particle layering 

creates structural disjoining pressure, which encourages the dispersion to spread out over 

the solid surface and releases the oil droplet from the surface. The surface energy and 

wettability of the solid are altered by the adsorption of nanoparticles at the solid surface.92 

The strength of the disjoining pressure caused by nanoparticles in a crude oil-rock-water 

system is determined by the sum of attraction (i.e. electrostatic and van der Waals) and 

repulsion (i.e. electrostatic, structural forces and steric repulsion) between the rock and 

crude oil. The lowering of attraction forces between crude oil and rock is favoured for 
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altering rock wettability. The wettability of fluids with low surface tension in the air may 

be enhanced by the adsorption of metal oxide nanoparticles onto solid surfaces due to 

their high surface energies. Calcite can chemically react with certain particles, such as 

silica.93  

Figure 1.12. Schematic view of silica nanoparticle layering between an oil drop and a glass slide, from 

Nikolov et al.94  

   

 

Regarding the effect of electrolytes, previous research showed that NaCl shrinks the 

electric double layer of both silica particles and the calcite surface, reducing electrostatic 

particle-calcite repulsion and improving particle adsorption and rock wettability 

alteration.95 Na+ smaller hydration shell allows it to approach the calcite surface more 

readily than Ca2+ and Cl–, hence reducing or reorganising its hydration shell results in a 

reduced energy penalty. The energy barrier to particle adsorption on rock is lowered as 

salt rises. In the interaction energy plot, it also results in the establishment of a secondary 

minimum that deepens with increasing ionic strength (Figure 1.13).93 In light of this, it is 

important to remember that screening particle surface charges might result in formation 

damage by causing aggregation and sedimentation. As a result, it is important to find the 

critical salt concentration at which particle adsorption to rock is greatest without 

sedimentation. 

Figure 1.13. Interaction energy vs separation between bare calcite and silica for [NaCl] at 293 K.93  
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1.9.3. Asphaltene adsorption 

Solid asphaltene production from crude oil is known as asphaltene precipitation. 

Asphaltene has a typically high molecular weight and is capable of self-association and 

flocculation due to the heteroatoms (N, S and O) in its skeleton which makes it highly 

polar and likely to deposit in porous media or surface facilities.96 According to De Boer 

et al., light crude oil reservoirs are more susceptible to asphaltene deposition if they have 

high bubble point pressures, high C1–C3 and low C7+ fractions.97 Asphaltene deposition 

can both limit the fluid flow in pore channels and render rock wettability more oil-wet. 

Nanoparticles are effective in preventing asphaltene deposition. Some nanoparticles are 

particularly well suited for the adsorption and breakdown of asphaltene due to their high 

surface-to-volume ratio, adsorptive behaviour and strong catalytic activity. Improved oil 

recovery and asphaltene stabilisation in the oil phase for up to 8 months were seen after 

field injections of alumina dispersion into a well with asphaltene deposition around the 

wellbore.98  

1.9.4. Oil and water viscosity improvement 

Oil viscosity can be reduced and crude oil can be upgraded in situ by catalytic 

nanoparticles like alumina.99, 100 Previous research showed that the oil produced by the 

injection of catalytic Al2O3 and NiO nanoparticles is lighter and less viscous.101 In 

comparison to TiO2 and Fe nanoparticles, Shakib et al. found that 4 wt.% super-activated 

carbon reduced viscosity by 91 mPa s when exposed to microwave radiation. This 

viscosity reduction was caused by the cracking of heavy chemicals in crude oil by 

nanoparticles as well as a drop in S and N atoms, OH, SH, alkyl, carbonyl, carboxylic 
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acids and aromatic compounds.102 On the other side, nanoparticles can comparatively 

raise the viscosity of the injected phase into oil reservoirs when present in adequate 

concentrations. Both viscosity improvements can reduce the mobility ratio and increase 

the capillary number which improves oil production.86  

1.9.5. Nanoparticles in porous media 

Particle-particle, particle-fluid and particle-rock interactions as well as thermodynamic or 

hydrodynamic forces are the possible interactions that nanoparticles may encounter 

during their lengthy journey in a carrier fluid across a porous medium.103 These 

interactions have two main effects on fluid flow: mechanical entrapment and log-

jamming. Mechanical entrapment happens when the particle diameter is larger than that 

of the pore channels.104 The average pore width in conventional oil reservoir rocks has 

been reported to be > 2 µm while it is 0.03 – 2 µm in tight sandstone and 5 – 100 nm in 

shale.105 Alaskar et al. looked at the entrapment of different nanosensors in different types 

of porous media including Berea sandstones, glass beads and naturally fractured 

greywacke core. They concluded that spherical nanoparticles with a diameter of less than 

200 nm have the best chance of surviving mechanical entrapment while being transported 

across porous media.106  

In log-jamming, the particles are still capable of blocking the pore throats although the 

particle diameter is smaller than the pore channel width. Considering a constant 

differential pressure during fluid flow in porous media, there is an increase in flow 

velocity from pores (wider) to channels (narrower) which causes lighter water molecules 

to move fast into the pore channels while the particles that are left behind build up at the 

entrance, limiting or obstructing the flow area.104 While mechanical entrapment can be 

harmful, log-jamming is seen as a productive EOR mechanism that allows localised  

particle obstruction of pore throats to direct fluid flow to adjacent intact pores where it 

can displace oil, leading to EOR. 

Particles also have an effect on oil-water interfacial rheology offering a crucial role in 

multiphase flow in porous media and controls the flow or deformation of oil via pore 

throats. In oil reservoirs, particle adsorption at the fluid-fluid interface occurs most 

frequently at confining pressures but when the oil-water interface is compressed or dilated 

locally, such as by fluid flow through the pore throats, the particle monolayers respond 

by deforming to release the pressure which causes the particle to either flip in a different 

direction (which does not happen for spherical particles) or desorb.107 As a result, the 

dynamics of multiphase flow in porous media are significantly influenced by particle-
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loaded interfaces. In EOR, the interfacial microstructures of nanoparticles and their 

spontaneous adsorption at the oil-water interface are crucial. 

Emulsions and foams stabilized with particles also show improved flow in porous media. 

Espinoza et al. investigated the stability and effectiveness of CO2 foams (without 

surfactant) for EOR with silica covered with polyethylene glycol (n = 7). They discovered 

that particle-stabilized foam can withstand high temperatures and salinities and has a 

stronger flow resistance (×2–18 higher). Surfactant-stabilized foams could be 

problematic as the adsorbed surfactant at low concentrations tends to contribute to 

equilibrium and adsorption at CO2-water or water-solid interfaces which are absent for 

particle-stabilized foams due to the high detachment energy of particles.108 

1.9.6. Challenges 

Compared to other available EOR methods, nanoparticles have superior features. For 

examples, surfactants may not be effective in all reservoir conditions, and they can be 

costly. Environmental concerns may also arise due to surfactant use. Polymers can 

improve sweep efficiency by increasing the viscosity of injected water, thus reducing 

fingering and improving oil recovery but they can be sensitive to reservoir conditions, 

may require complex mixing and injection systems, and can be expensive. Alkaline 

chemicals can alter reservoir rock wettability and reduce interfacial tension, enhancing 

oil recovery but they may not be compatible with all reservoir conditions and can pose 

environmental and handling challenges. Solvents can be also used for EOR purposes to 

dissolve oil and improve its mobility, making it easier to recover. However, they can be 

expensive, pose health and safety risks, and may not be suitable for all reservoirs. 

Nanoparticles can be engineered to be compatible with various reservoir conditions, 

including high salinity and high temperature, making them versatile in different 

geological settings. They are generally considered environmentally friendly as they are 

mostly mined and enriched from ores compared to some other EOR methods that may 

involve the use of chemicals with potential ecological concerns.106 Their small size allows 

them to penetrate deep into the reservoir rock. This improved mobility can enhance oil 

displacement.  

On the other hand, nanoparticles encounter significant challenges that must be overcome 

before doing EOR. Application of nanoparticles for EOR requires long-term colloidal 

stability at high salinity and temperature conditions. They are usually dispersed in 

seawater and formation brine for EOR with salinities up to 6 wt.%109 and 30 wt.%,110 

respectively. Oil reservoirs typically have temperatures between 70 °C to 130 °C.111 
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Nanoparticles can potentially form clusters or aggregates at reservoir conditions, leading 

to scaling issues that can reduce their effectiveness. Thus, steric stabilization through 

physical or chemical grafting (more effective) or a combination of both is usually required 

for long-term colloidal stability at reservoir conditions to prevent formation damage.14 

The production and deployment of nanoparticles can be expensive especially if custom-

engineered nanoparticles are required to match specific reservoir conditions. High 

particle adsorption onto rock in porous media is another challenge that could lower the 

particle concentration and therefore increase costs.112 It can also reduce rock permeability 

and cause formation damage.113 Achieving uniform nanoparticle distribution in the 

reservoir can be challenging as their small size may lead to loss through filtration or 

adsorption. Compared to traditional EOR methods, nanoparticles are a relatively new 

technology in the oil industry, and their field application experience is limited. This can 

make operators hesitant to adopt them. 

All in all, it is noteworthy to mention that the choice of EOR method should be based on 

the specific reservoir characteristics and economic considerations, and it may involve a 

combination of methods to maximize oil recovery. 

1.10. Nanoparticle-surfactant mixtures for EOR 

1.10.1. Motives to mix 

Despite having outstanding EOR performance, surfactants face significant obstacles 

when it comes to their practical application in the field, as was previously outlined. The 

introduction of particles into surfactant solutions can elicit a spectrum of outcomes, each 

contingent upon the interplay between particle chemistry and the specific type of 

surfactant in use. Adsorption and desorption at liquid-liquid, liquid-solid and gas-liquid 

interfaces are only a few examples of the various phenomena that may be a part of these 

interactions and have a big impact on the whole EOR process. Particle addition also 

affects fluid flow through porous reservoir rocks. Here, important elements including 

capillary pressure, wettability modification and mobility control may be impacted by the 

interaction between surfactants and particles. Because of this, the success of EOR 

initiatives rests not only on choosing the right surfactant but also on knowing how the 

presence of particles and the particulars of the reservoir affect that surfactant behaviour. 

Therefore, when developing and putting into practise such tactics in the field, 

considerable consideration and experimentation are essential due to the complex interplay 

between surfactants and particles in EOR applications.  
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The subsequent parts of this section will commence by elucidating the intricate dynamics 

governing the interactions between surfactants and particles at interfaces involving fluid -

fluid and rock-fluid phases. Subsequently, an examination of the latest scholarly 

investigations pertaining to the efficacy and performance of particle-surfactant 

combinations shall be conducted, thereby providing a comprehensive and up-to-date 

review of their achievements and outcomes. 

1.10.2. Effect on fluid-fluid interface 

Small surfactant molecules have a small detachment energy (a few kT) making their 

adsorption at interfaces reversible and fast, while nanoparticle adsorption (up to 103 kT) 

is irreversible. Particle additions to surfactant solutions can have two effects. The addition 

of like-charged particles to ionic surfactant solutions can further reduce the air-water and 

oil-water interfacial tension, while a blend of oppositely charged particles and surfactant 

can increase the interfacial tension due to surfactant depletion.78, 114 It is worth mentioning 

that high particle hydrophilicity is preferred for long-term colloidal stability under harsh 

reservoir conditions but it reduces particle surface activity. Physical grafting of bare 

particles with oppositely charged surfactants can render particles hydrophobic and 

capable of adsorption at the oil-water interface with the possibility of surfactant re-

arrangement at the interface.82 Therefore, an ultralow interfacial tension is not mandatory 

for the emulsification of oil and water in the presence of nanoparticles and surfactants.115 

In comparison to particles or surfactants alone, prior research has shown that particles 

covered with surfactants can form more stable foams or emulsions at high 

temperatures.116-118 In addition, variations in particle concentrations at the oil-water 

interface can alter particle density and make the emulsification spontaneous.115 

1.10.3. Effect on rock-fluid interface 

Surfactants with low surface activity are not efficient in EOR, while those with large 

surface activity are a waste of chemicals and money, leading to the unavailability of 

surfactants at large distances from the injector. The application of nanoparticles as 

surfactant carriers in EOR has recently received attention. In this case, the rock surface 

serves as an adsorbent for both surfactant molecules and nanoparticles. However, Chen 

et al. showed that the adsorption of nanoparticles on rock (sand pack) is lower (10–3 – 10–

2 mg g–1) than that of surfactants (10–1 – 100 mg g–1).119 Because of their more powerful 

collisions and hydrogen bonding, Yekeen et al. concluded that surfactant molecules 

adhere to nanoparticles more readily than to rocks120 resulting in fewer available 

surfactant molecules for adsorption onto the rock surface. Hydrogen bonds, chemical 
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bonds, hydrophobic-hydrophobic interaction, and electrostatic attraction are just a few of 

the forces that the surfactant-particle aggregate can use to interact with the rock surface. 

Surfactant adsorption on particles depends critically on the stability, size, morphology, 

and surface area of the particles. Surfactant adsorption on nanoparticles is decreased by 

particle aggregation. Enhancing the competitive adsorption of surfactants onto 

nanoparticle surfaces rather than rock surfaces will increase the eff iciency and cost-

effectiveness of the EOR process.121, 122  

1.10.4. Literature review 

In this section, a comprehensive review of the latest and most pertinent literature 

concerning particle-surfactant mixtures for EOR has been meticulously conducted. 

Additionally, within each results chapter later, an exhaustive examination of the relevant 

literature has been incorporated to facilitate a thorough comparison of the prior findings 

with the outcomes of this research wherever appropriate. 

Previous studies have reported synergy in oil recovery by blending nanoparticles and 

surfactants. Yekeen et al. investigated different nanoparticles including silica, alumina 

and multiwalled carbon nanotubes in combination with sodium dodecyl benzene 

sulfonate in glass micromodel for EOR. They observed that the addition of particles to 

surfactant solutions can lower fingering and channelling of the injected aqueous phase 

and thus increase oil production. A higher oil production and breakthrough time was 

found with multiwalled carbon nanotubes which was related to the particle cylindrical 

shape and the efficient positioning of particle-surfactant aggregate at the liquid-liquid and 

solid-liquid interfaces to lower the oil-water interfacial tension and contact angle.123 Xu 

et al. observed improved colloidal stability for Janus silica in 3.5 wt.% brine at 90 °C on 

adding binary SDS-Tween 60 surfactant. They also reported good oil-water interfacial 

tension reduction, emulsion stability and rock wettability alternation by the surfactant-

particle blends resulting in significant additional oil production in cores.124 Devakumar et 

al. studied the combination of sodium dodecyl benzene sulfonate and silica nanoparticles 

in low salinity brine (0.5 wt.% NaCl in DIW) on oil-water interfacial tension and quartz 

wettability alteration using different oils including n-heptane, n-decane, benzene, toluene, 

model oils and crude oil. Quartz wettability alteration from oil-wet to water-wet was 

found more pronounced when using acidic oil. A decrease in surfactant adsorption onto 

quartz was revealed on raising silica concentration in the dispersion.125 Wang et al. 

studied the blend of ethyl cellulose nanoparticles and a nonionic surfactant in API brine 

for foam flooding at high temperatures in fractured carbonate reservoirs. They observed 
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that the injection of foam stabilized by a particle-surfactant mixture increases oil recovery 

more than surfactant foam indicating a synergy due to the particle adsorption at the gas-

water surface and its ability to divert flow into the rock matrix.126 Al-shatty et al. studied 

cationic alumina nanoparticles (hydrophilic and hydrophobic) in a blend with SDS and 

CTAB for EOR. They observed that the blend of hydrophobic octanoic acid -coated 

alumina nanoparticles and CTAB increases the oil recovery by 5% compared to CTAB 

injection alone due to its higher affinity for the oil-water interface.127 Zhao et al. 

investigated the blend of sulfonated silicon quantum dots and bitetradecyl sulfobetaine 

for EOR. They recorded an imbibition recovery of 30% by the blend compared to that of 

particle dispersion (13%) and surfactant solution (17%) which was linked to the oil-water 

interfacial tension reduction and rock wettability alteration by the blend.128 Pereira et al. 

investigated the blend of Fe3O4 nanoparticles and CTAB for EOR. They observed an 

additional oil recovery of 30% OOIP by the blend in tertiary mode after secondary brine 

injection which was related to the easier oil displacement by nanoparticles (asphaltene 

adsorption and rock wettability alteration by disjoining pressure) and surfactant (oil-water 

interfacial tension decrease).129 Zhou et al. studied the mixture of silicon quantum dots 

and 0.1 wt.% alkyl betaine surfactant (n = 12) in 15 wt.% synthetic brine for EOR in 

Bakken cores (calcite = 52%, quartz = 25%, dolomite = 16%, feldspar + illite = 7%). 

They revealed that the particle-surfactant mixture can recover an additional 7.5% and 12% 

OOIP in spontaneous imbibition and core flooding, respectively, compared to surfactant 

alone. They related this additional oil recovery to the decrease in oil-water interfacial 

tension and rock oil-wetness. They also claimed that the self-layering of particles in the 

wedge layer confined between oil drop and rock surface create disjoining pressure leading 

to oil drop movements.130 Singh and Mohanty tested a blend of silica nanoparticles coated 

with 3-glycidyloxypropyl trimethoxysilane (GLYMO) or polyethylene glycol (PEG) and 

a sulfonate surfactant in API brine for foam flooding in a dual-permeability sand pack. 

They observed a low oil recovery (33% OOIP) by brine injection due to the channelling 

of the injected brine in the high permeability region leaving the oil in the low permeability 

region within while the foam made with surfactant and particles was found to create in 

situ emulsions that blocked the high permeability region and diverted the injected phase 

towards the low permeability zone to produce more oil.131 Kumar et al. studied the effect 

of blending SDBS, silica and carboxymethylcellulose (CMC) on the emulsification of 

light mineral oil and water. They observed a further oil recovery of 24% OOIP by 

flooding the Pickering emulsion after conventional water flooding.132 Cheraghian et al. 

observed that a blend of fumed silica and SDS can displace more oil ganglia than 

surfactant alone due to its higher viscosity.133  
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1.10.5. Challenges 

For a successful EOR, it is required that the particle and surfactant properties be optimized. 

The particle-surfactant concentration ratio is an important parameter that should be 

determined experimentally. As well, in the application of nanoparticles as surfactant 

carriers, the particles must be stable standalone since any surfactant desorption may cause 

particle aggregation and sedimentation in porous media. Therefore, steric stabilization of 

nanoparticles is necessary especially in tight reservoirs to prevent formation damage.119 

The rock mineralogy should be given careful attention in EOR by particles and surfactants. 

Zhong et al. observed that zwitterionic betaine and hydroxysultaine surfactants adsorb on 

Bakken rock powder more than anionic and nonionic surfactants with and without 

formation brine (29 wt.%). They related this behaviour to the mixed mineralogy of 

Bakken rock which had more clay and quartz than calcite. The surfactant adsorption on 

these anionic minerals was claimed to be dependent on calcium concentration.134  

1.11. Objectives and outline of this thesis 

Surfactant flooding has been a long-standing and proven method for EOR. This technique 

has demonstrated its ability to effectively reduce oil-water interfacial tension and alter 

rock wettability, transforming it from oil-wet to water-wet, thereby enhancing oil 

production.72 Recently, there has been a growing interest in the use of nanoparticles as a 

promising tool for EOR. These tiny, versatile particles have garnered attention due to 

their unique properties and potential benefits in reservoir engineering. 

What makes this study particularly intriguing is the emerging trend of combining 

nanoparticles with surfactants for EOR applications. The synergy between these two 

components has generated significant curiosity and excitement in the petroleum industry. 

However, it is worth noting that the precise mechanisms and interactions governing this 

synergy remain insufficiently understood prompting the need for further research and 

exploration in this area. This study represents a significant step in bridging this knowledge 

gap. Its primary objective is to formulate and rigorously test a specialized dispersion of 

nanoparticles that can withstand the harsh conditions typically encountered in reservoirs. 

Furthermore, this dispersion will be combined with surfactants to create a unique EOR 

formulation specifically tailored for calcite-rich rocks which present their own set of 

challenges and opportunities in the field of petroleum engineering. 

The organization of the thesis has been thoughtfully structured to ensure a logical 

progression of research and presentation of findings. Each chapter builds upon the 

foundation laid by the previous one, leading to a comprehensive understanding of the 
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potential of nanoparticles and surfactants in EOR for calcite-rich rock formations. The 

proposed framework aligns with the following chapters: 

In Chapter 2 of this thesis, a comprehensive and detailed exploration of the chemical 

specifications and the methodologies employed in the research is meticulously presented. 

This section serves as the foundation upon which the subsequent chapters are built, 

providing a thorough understanding of the experimental framework and analytical tools 

employed in the study. 

Moving on to Chapter 3, an exhaustive account of the properties of various chemicals is 

provided. These include a detailed analysis of crude oil, synthesized particles, surfactants 

and rock materials. The chapter delves into the physical and chemical characteristics of 

these components, shedding light on their individual properties, which form the basis for 

subsequent investigations. 

Chapter 4 delves into the intricate interplay between aqueous particles, surfactants or their 

combination and their impact on the fluid-solid interface including air-rock and oil-rock 

interfaces. This chapter offers a comprehensive examination of how these elements 

interact and influence the behaviour of fluid-solid interface providing valuable insights 

into the underlying mechanisms. 

In Chapter 5, the focus shifts towards elucidating the behaviour of particles, surfactants, 

or their blend at the oil-water interface. This section meticulously outlines their role in 

reducing the oil-water interfacial tension and the emulsification of different oils 

(including toluene, heptane, heptol and crude oil) and water providing a detailed 

understanding of their interfacial properties and their potential applications. 

The culmination of these investigations leads to Chapter 6 where the effective particle-

surfactant dispersions resulting from the previous chapters are utilized in spontaneous 

imbibition tests conducted on calcite-rich rocks. This chapter showcases the practical 

applications of the research findings demonstrating their relevance in real-world scenarios. 

Lastly, Chapter 7 serves as a synthesis of the key findings of the entire thesis. It offers a 

comprehensive overview of the research outcomes drawing conclusions based on the 

cumulative knowledge gathered throughout the preceding chapters. Additionally, this 

chapter provides a glimpse into potential avenues for future research, highlighting the 

thesis's contribution to the field and its potential impact on future studies. 
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Chapter 2 Experimental 

 

 

 

The following chapter outlines the chemicals used in the project and their specific 

characteristics. It also explains the procedures and instruments utilized throughout the 

study. The methodology mainly includes the synthesis of particles, characterization of all 

chemicals, chemicals at fluid-rock and fluid-fluid interface and finally oil recovery 

experiments to prove the efficiency of particle-surfactant dispersions in porous media. 

This chapter serves as a practical guide, offering insight into how the research was 

conducted. Its purpose is to provide clarity and accessibility regarding the research 

process. 

 

2.1 Materials 

2.1.1 Water 

An Elga reverse osmosis machine initially filtered water. It was then purified using a 

Milli-Q Ultrafiltration System (Millipore, France). A Jenway 3510 pH meter (Cole-

Parmer Scientific Experts, UK) and DMA 35N or 4500 density meters (Anton Paar, 

Austria) were used to measure the pH and density of different liquids, respectively. 

Deionized water (DIW) had a surface tension of 72 ± 0.1 mN m−1, pH of 6.5, a density of 

0.9973 g cm–3 and a viscosity of 0.8872 cP at 25 °C.  

2.1.2 Electrolytes 

The produced brine from the Permian oilfield (12.56 wt.%, pH = 5.6, density = 1.09 g 

cm–3) was considered as the electrolyte in this study (Table 2.1). The brine was prepared 

by dissolving salts in DIW on a magnetic stirrer for a 24 h. Aluminium sulfate solution 

(Al2(SO4)3, 36 wt.%) was received from the sponsor (ChampionX, USA) and used as a 

pH regulator for dispersions. 

 

 

Table 2.1. Composition of Permian brine reported by ChampionX (USA) and the salts used in preparation. 
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Salt g dm–3 mol dm–3 Supplier Purity / % 

NaCl 117.34 2.007 

Fisher 

Scientific 

≥ 99.5 

KCl 1.31 0.017 99.5 

CaCl2.2H2O 4.03 0.027 99.0 

MgCl2.6H2O 1.34 0.006 

Sigma 

Aldrich 

≥ 99.0 

SrCl2 0.81 0.005 ≥ 99.0 

NaBr 0.77 0.007 ≥ 99.9 

DIW 874.40 – 

– 
Total concentration 125.6 – 

Total ionic strength – 2.070 

 

2.1.3 Surfactants 

Two commercial surfactant solutions (a zwitterionic solution and a binary zwitterionic-

nonionic solution) were received from the sponsor (ChampionX, USA). The zwitterionic 

surfactant solution was a 50 wt.% alkyl hydroxysultaine (AHS) (also known as dodecyl 

hydroxypropyl sulfobetaine) and the binary zwitterionic-nonionic (ZN) surfactant 

solution was a mixture of 32 wt.% AHS and 5 wt.% nonionic C10–12 nonaethylene glycol 

ether (C10–12E9), as shown in Figure 2.1. The pH of both stock surfactant solutions was 

measured at 8.1 ± 0.1 at 25 °C. The ZN solution contained some proprietary additives for 

efficient field applications.  

Figure 2.1. Structure of (a) alkyl hydroxysultaine (AHS) or 3–dodecyldimethylammonio)–2–

hydroxypropane–1–sulfonate, (b) C10–12 nonaethylene glycol ether (C10–12E9). 

 

 

  

 

 

(a) 

(b) 
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2.1.4 Silanes 

Two silanes namely epoxy silane (ES) and amino silane (AS) with a purity of ≥ 98% were 

used for silanization of bare silica particles to improve their colloidal stability in Permian 

brine at reservoir temperature (75 °C). The structures of these silanes are shown in Figure 

2.2.  

Figure 2.2. Structure of (a) AS and (b) ES. 

            

 

2.1.5 Particles 

Stock bare silica dispersion (30 wt.%) with a pH of ~10 was received from ChampionX. 

The particles were reported to have an average diameter of 9 nm and a surface area of 

331 m2 g–1. ES-coated silica was both synthesized and received from ChampionX (refer 

to Section 2.2.5 for synthesis). The ES-coated silica dispersion from ChampionX was a 

20 wt.% aqueous dispersion with a pH of ~10. 

2.1.6 Oils 

Four different types of oil including toluene, heptane, heptol and crude oil were used in 

oil-water interfacial tension measurements and emulsion experiments to examine the 

effect of oil type. Toluene (ACS reagent ≥ 99.5%, Sigma Aldrich) and heptane 

(Chromasolv for HPLC ≥ 99%, Honeywell) were purchased and used for preparing heptol 

(1:1 g g–1) in the lab. These three oils were used as model oil to mimic the main 

components of crude oil. Dead centrifuged reservoir crude oil from the Permian oilfield 

(USA) was also received from ChampionX and characterized as will be explained later. 

Crude oil was mainly used in the contact angle and oil-water interfacial tension 

measurements and also in oil recovery experiments. For air-rock contact angle 

measurement, dodecane (≥ 99%) from Research Chemicals Ltd. was used. 

 

(a) (b) 
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2.1.7 Rocks 

2.1.7.1 Wolfcamp shale 

Shale oil reservoirs represent substantial reservoirs of crude oil within the United States. 

These reservoirs are characterized by inherently low levels of porosity and permeability, 

factors which render the natural extraction of oil a formidable challenge. Consequently, 

there exists a keen interest in the application of innovative EOR technologies aimed at 

augmenting oil recovery from these reservoirs. Outcrop Wolfcamp shale rock substrates 

and cores were purchased from Kocurek Industries Inc. (USA) as analogous to the 

reservoir formation. The substrates were in rectangles of 3 cm by 2 cm with a thickness 

of 3 mm for contact angle measurements (Figure 2.3). The cores were cylinders of ~ 6.9 

cm in length and ~ 3.75 cm in diameter. The outcrop shale is analogous to the formations 

of the lower Leonardian of Permian (~ 280 million years old).  

Figure 2.3. (a) Wolfcamp outcrop shale substrate (b) Wolfcamp outcrop shale core, (c) Stratigraphy of the 

Midland Basin located in southwestern USA.135 

               

 

(a) 

(c) 

(b) 
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2.1.7.2 Stevns Klint (SK) chalk 

SK chalk cores were kindly provided by Smart Water Group (University of Stavanger, 

Norway). The SK chalk belongs to the Maastrichtian of the upper cretaceous (~ 65 million 

years old) (Figure 2.4). The samples were taken from Stevns Klint quarry (Denmark). 

This highly porous (45 – 50%) but low permeable (1 – 5 md) rock is mostly of coccolith 

(plates or scales of calcium carbonate) matrix, as observed before.136, 137 However, large 

bioclasts of uncemented foraminifera (marine organisms) are also observed in the rock 

texture. The average grain size of the matrix is ~ 1 m. EDX performed on the rock shows 

98% calcite, 1% quartz and trace amounts of other minerals like Mg, S and Al. The pore 

size distribution of SK chalk by mercury injection capillary pressure shows a range of 

pore sizes (80 nm up to a few micrometres) with a mean pore diameter of ~ 500 nm. The 

SK chalk properties are similar to Ekofisk and Valhall oil reservoirs.138 

Figure 2.4. Stratigraphy of the North Sea Chalk reservoirs and the outcrop at Stevns in Den mark. The grey 

vertical bar shows the age and location of the outcrop sample taken. Fm: formation and Ma: mega annum 

(1 million years). 
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2.1.8 Other chemicals 

Sodium hydroxide (99%, Fisher Scientific), glacial acetic acid (> 99%, Fisher Scientific) 

and hydrochloric acid (37%, Fisher Scientific) were used for pH adjustment either in the 

synthesis of particles or resulting particle dispersions. Amicon® ultra-15 centrifugal 

filters were purchased from Merck Company and used for particle filtration in the 

synthesis of silane-coated silica. The filter tubes had a molecular weight cut-off of 30,000 

Da. Sterile 33-mm diameter Startlab syringe filters with polyethersulfone or hydrophilic 

polyvinylidene fluoride membranes were used for filtration of dispersions during the 

synthesis of particles (pore sizes of 0.22 µm or 0.45 µm). High pressure high temperature 

35 cm3 glass tubes (CG-1880-02, Chemglass Life Sciences) were purchased and used for 

particle stability inspections at high temperatures. The chemicals used for the 

determination of surfactant concentration using Epton titration are listed in Table 2.2. 

Table 2.2. Chemicals used in this study. 

Chemical Purity / % Supplier Molecular weight / g mol–1 

Disulphine blue 

(Patent Blue VF) 

Pure indicator grade ACROS 566.7 

Dimidium bromide 95 Sigma Aldrich 380.3 

Aqueous Hyamine 1622 

solution (0.004 M) 

For titration, 

standardized with 

reference SDS 

Merck 448.1 

Absolute ethanol ≥ 99.8 Honeywell 46.00 

Chloroform 99.2 VWR Chemicals 119.38 

Sulphuric acid >95 

Analytical reagent 

grade 

Fisher scientific 98.07 

Phenolphthalein indicator ACS Reag. Ph. Eur. Merck 318.30 

SDS Specially pure, ≥ 99 BDH 288.38 

 

2.2 Methods 

2.2.1 Characterization of crude oil  

The dead crude oil sample from ChampionX was centrifuged and characterized by density, 

pH and acid/base number measurements. The modified American Society for Testing and 

Materials (ASTM) methods (ASTM D664 for acid number and ASTM D2896 for base 

number) by Fan and Buckley were used for the determination of acid and base number 

139 using potentiometric titration by a T50 automatic titrator (Mettler Toledo, UK) (Figure 

2.5). The instrument includes two electrodes (for acid and base number measurements), 
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a dosing unit, a display and titration stands. Table 2.3 shows the solutions required for 

measurements. The electrode and propeller of the instrument were first cleaned with DIW 

and ethanol. The electrodes were calibrated using three pH buffers of 4, 7, and 10 

(AnalaR® Normapur grade, VWR) and appropriate standard solutions depending on the 

type of electrode. In both acid and base number titrations, the measurement was first 

performed for a blank solution (50 cm3 appropriate titration solvent + 1 cm3 appropriate 

spiking solution) denoted blank measurement. Then, 0.5 cm3 of crude oil sample was 

added to a new blank solution and the acid or base number was measured by titration. In 

all steps, the weight of added components was measured. The instrument automatically 

measures the acid or base number for the crude oil sample.  

Figure 2.5. T50 Mettler Toledo titrator used for the measurement of acid/base number of crude oil. 

 

Table 2.3. Solutions used for acid and base number measurements of crude oil.  

Solution Acid number Base number 

Electrode electrolyte 3 M KCl in DIW Saturated sodium perchlorate in 2-

propanol 

Standard solution 0.2 g potassium hydrogen phthalate 

diluted to 500 cm3 with DIW 

0.2 g potassium hydrogen phthalate 

diluted to 250 cm3 with acetic acid 

Titration solvent 500 cm3 Toluene 

494 cm3 2-propanol 

6 cm3 DIW  

Methyl isobutyl ketone 

Titrant 2.8 g KOH (>85%) diluted to 1000 

cm3 with 2-propanol  

5 cm3 perchloric acid (70%) 

15 cm3 acetic anhydrite diluted to 

1000 cm3 with acetic acid 

Spiking solution 0.5 g stearic acid diluted to 100 cm3 

with acid titration solvent 

0.5 g quinoline diluted to 100 cm3 

with decane 
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2.2.2 Characterization of surfactants  

2.2.2.1 Thermal and salinity resistance  

Surfactants can degrade at high temperatures or precipitate by ions. Appropriate 

concentrations of AHS and ZN surfactants were prepared in Permian brine and added to 

high pressure high temperature glass tubes and monitored at 100 °C for a month for 

spotting precipitation. To investigate the thermal stability of surfactants, 

thermogravimetric analysis (TGA) was performed on AHS and ZN surfactants. For this, 

AHS and ZN samples were dried at 100 °C and analyzed using a Perkin-Elmer TGA 4000 

instrument.  

2.2.2.2 Air-water surface tension 

The critical micelle concentration, CMC, of AHS and ZN surfactants was determined 

using air-water surface tension measurements using K11 force tensiometer (Kruss, 

Germany) and the du Nouy ring method. Dynamic surface tension was measured until a 

standard deviation of < 0.1 mN m–1 for the last five measurements was reached. The 

average was then reported as the equilibrium surface tension. The measurements were 

performed at 25 °C for different concentrations of ZN and AHS surfactants (0 – 1 wt.%) 

in DIW and Permian brine. The effect of particle loading (0 – 0.1 wt.%) on the surface 

tension of blends of AS- or ES-coated silica and surfactant was also investigated.  

2.2.2.3 Charge of micelles  

The charge behaviour of AHS and ZN surfactants with pH was investigated using zeta 

potential measurements. First, zeta potentials of different concentrations (0.1, 1.0 and 2.0 

wt.%) of AHS and ZN surfactants in DIW were measured at 25 °C. An appropriate 

surfactant concentration was then selected to inspect the charge alteration of the surfactant 

headgroup with pH. A range of pH from 2 to 11 was inspected using 1 M HCl and 1 N 

NaOH. 

2.2.3 Properties of bare silica 

The stability of bare silica particles alone or in blend with AHS and ZN surfactants in 

DIW and Permian brine at 25 °C and 75 °C were inspected with time using the picturing 

technique. 

2.2.4 Synthesis of amino silane (AS)-coated silica particles  

Procedures from previous studies were followed for amine functionalization of bare 

silica.140-142 To oligomerize the silane, 1.5 g AS was added to a vessel containing 15 g 
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acetic acid (5 wt.%) and was stirred on a magnetic stirrer for 20 min at room temperature 

of ~20 °C (pH ~ 4.4). NaOH (1 N) was then added to the mixture to bring the pH up to 

~8. Afterwards, 1 g bare silica dispersion (30 wt.%) was added dropwise to the mixture 

under stirring within 2 min, which turned the mixture turbid (resulting pH 8.5). The 

mixture was then slowly heated to 65 ± 1 °C using a water bath on a magnetic stirrer and 

allowed to stir for 20 h. The final blueish dispersion was cooled to room temperature. 

Using Amicon ultra-15 centrifugal filters, the dispersion was centrifuged at 5,500 rpm 

and washed with DIW four times. Finally, 5 cm3 DIW was added to the subnatant and 

sonicated for 30 min using a water bath sonicator (FB15051, Fisher Scientific, USA). 

Figures 2.6 and 2.7 show the setup and sketch of reactions involved in the synthesis of 

AS-coated silica, respectively. The synthesis allows the silane molecules to attach to the 

silica surface, forming covalent bonds through hydrolysis and subsequent condensation 

reactions. 

Figure 2.6. (a) The setup used for the synthesis of AS-coated silica, (b) initial turbid dispersion and (c) 

final blueish dispersion.  

 

 

Figure 2.7. (a) Bare silica nanoparticles and AS and (b) AS-coated silica particles. 
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2.2.5 Synthesis of epoxy silane (ES)-coated silica particles 

2.2.5.1 Protocol of ChampionX  

First, the protocol proposed by ChampionX was followed to surface-modify bare silica 

particles through a series of hydrolysis-condensation reactions. Figure 2.8 shows the 

photo and scheme of the setup used for the synthesis. As shown, the setup includes an 

overhead stirrer, a glass rod with a Teflon blade, a dropping funnel, a three-neck round 

bottom flask, a heating mantle, a spiral condenser, N2 gas and a bubbler filled with 

silicone oil. Briefly, 100 g DIW was loaded to 50 g bare silica (30 wt.%) in a multi-neck 

round bottom flask and allowed to stir at 300 rpm to prepare 150 g of 10 wt.% bare silica 

dispersion. The dispersion was heated gradually using the heating mantle to reach 60 ± 

1 °C. The weight ratios of ES/silica dispersion and ES/HCl (0.01 M) were selected at 0.35 

and 0.30 g g–1, respectively. Thus, 53 g ES was added to 182.4 g 0.01 M HCl in a separate 

beaker and allowed to stir to acid catalyze ES at room temperature of 20 ± 1 °C. Different 

hydrolysis times (5 – 120 min) were tried to see the effect of time on the final product. 

The hydrolyzed ES was then added dropwise to the heated bare silica dispersion using a 

dropping funnel at different stirring speeds (100–600 rpm) within 3 to 12 min, which 

turned the dispersion turbid. Once the addition was finished, the pH was adjusted to ~10 

using a solution of 10 wt.% NaOH. The reaction was held at 60 ± 1 °C for 24 h and the 

dispersion was then cooled to room temperature. 

 

Figure 2.8. The setup used for the synthesis of ES-coated silica particles. 

(a) 

(b) 
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2.2.5.2 Protocol of previous literature  

The synthesis was based on the literature.12 Various ES/ bare silica dispersion ratios of 

0.11, 0.25, 0.51 and 1.00 (cm3 g–1) were used during the synthesis to investigate the effect 

of coating extent of ES on the particle stability in brine. Also, different initial bare silica 

concentrations of 30, 17, 8, 4 and 2 wt.% were used at a constant ES/silica dispersion 

ratio of 0.51 cm3 g–1. Briefly, the stock bate silica dispersion (30 wt.%) was first diluted. 

ES and 0.01 M HCl (pH 2) were mixed with a silane/acid volume ratio of 1:6 and stirred 

for 5 min at room temperature to acid-catalyze the silane. The addition of hydrolyzed ES 

to the bare silica dispersion was performed in three ways to investigate the effect of the 

addition rate of ES to the silica dispersion on the ES coating extent and ultimate particle 

stability in the brine:  

(i) One-step method: The whole aqueous ES was added dropwise to the silica 

dispersion stirring at room temperature. The pH of the mixture was then increased 

to 10 by 2 N NaOH solution. The mixture was allowed to stir at 60 °C for 24 h using 

a water bath.  

(ii) Two-step method: Half of the aqueous ES was added dropwise to the silica 

dispersion in a vial under stirring and the mixture was stirred for 2 h at the room 

temperature of 25 ± 2 °C. Then, the second half of the aqueous ES was added 

dropwise to the mixture. The pH of the mixture was kept at ~10. The mixture was 

gradually heated to 60 °C and allowed to stir for 22 h in a water bath. 

(iii) Four-step method: The aqueous ES was divided into four portions and added 

dropwise to the dispersion stirring at the room temperature of 25 ± 2 °C every 40 

min. After each addition, the mixture was stirred for another 40 min at room 

temperature. The pH of the mixture was kept at ~10. The whole mixture was then 

stirred at 60 ℃ for 22 h using a water bath.  

In all cases above, it was observed that the addition of aqueous ES to the bare silica 

dispersion turns the dispersion turbid at a pH of ~10. In each case, after 24 h reaction, the 
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mixture was washed four times (4 min) with DIW using 30,000 g mol–1 centrifuge filters 

at 5,500 rpm to remove the excess silane. DIW was added to the subnatant followed by 

bath sonicating for 30 min and passing through a 0.22 µm syringe filter to separate large 

aggregates (if any). A small amount was dried overnight at 80 °C to determine the ES-

coated silica concentration. 

2.2.5.3 Modified synthesis route 

The same setup and steps in Section 2.2.5.2 with different ratios were followed in this 

synthesis route. In this case, the amount of ES needed was calculated based on the weight 

of particles in the dispersion. Therefore, ES/silica particle weight ratios of 0.25, 0.51, 0.75 

and 1.00 (g g–1) and a ES/HCl (0.01 M) weight ratio of 1:6 were used. Magnetic stirring 

and a water bath were used during the synthesis. The desired amount of ES and 0.01 M 

HCl (pH 2) were mixed for 5 – 10 min at 20 ± 2 °C. The addition of aqueous ES to the 

bare silica dispersion was performed in two steps. Half of the hydrolyzed ES was added 

dropwise to the bare silica dispersion stirring at room temperature within 5 min, which 

turned it turbid after a few minutes. The mixture was allowed to stir for 2 h at room 

temperature. The second half of aqueous ES was then added dropwise in 5 min. The pH 

of the mixture was kept at ~10. The dispersion was then heated slowly to 60 °C using a 

water bath within 1 h (to prevent aggregation) and was allowed to stir for 20 h at 60 °C. 

After 20 h, the dispersion was cooled to room temperature. The final steps in Section 

2.2.5.2 including filtration, centrifugation and sonication were removed in this synthesis 

route. Figure 2.9 shows a sketch of reactions involved in the synthesis of ES-coated silica. 

The synthesis of particles occurs through a series of hydrolysis-condensation processes.    

 

 

 

 

 

 

Figure 2.9. (a) Initial ES, (b) hydrolysed ES by HCl at pH 2 and (c) grafting of ES on a silica particle 

surface. 
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(a) 

 

(b) 

 

(c) 

 

2.2.6 Characterization of particles  

2.2.6.1 Visual stability inspection 

The visual stability of bare silica and silane-coated silica (ES or AS) with/without AHS 

or ZN surfactants in DIW or Permian brine was inspected at room temperature and 75°C 

using photos. A TC120 oil bath (Grant, UK) was used to set the temperature at 75 ± 2 °C. 

2.2.6.2 Particle diameter and zeta potential 

The initial particle diameter and zeta potential of different concentrations of bare silica, 

synthesized AS-coated silica and ES-coated silica with or without AHS or ZN surfactants 

in DIW or Permian brine were measured at 25 °C using a Zetasizer Nano-ZS instrument 

(Malvern, UK). For visually stable dispersions with no visual aggregation or 

sedimentation, long-term particle diameter and zeta potential measurements after 

standing at a temperature for a while were performed to quantitatively analyse turbidity. 

It is noted that UV-vis was performed on the silane-coated silica but a characteristic 

wavelength was not found to be used for turbidity analysis. Drying was also tried but it 

failed due to the low particle and high salt concentrations (will see later).  
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It is noted that the ionic strength of Permian brine (~2.1 M) exceeds the limit of the 

instrument (0.15 M), thus zeta potential measurements were not possible for dispersions 

of particles in Permian brine.  

The refractive index (RI) of different solutions and dispersions was measured at 25 °C 

using a Hilger Abbé refractometer (Hilger & Watts Ltd., UK) equipped with a water bath. 

The viscosity of Permian brine was calculated at 1.0626 cP using the Zetasizer Nano-ZS 

software calculator by considering the brine composition. The RI and viscosity calculator 

of the software showed good accuracy. The RI of Permian brine by the refractometer and 

software was measured at 1.355 and 1.350 at 25 °C, respectively. The RI of bare silica 

was obtained from the literature.143 For the ES-coated silica and AS-coated silica 

dispersions, it was assumed that the surface of particles is completely covered by silanes. 

Therefore, the RI of ES (1.429) and AS (1.420) provided by Sigma-Aldrich were used. 

For dispersions containing blends of nanoparticles and surfactant in DIW, at low 

surfactant concentrations (< 1 wt.%), the viscosity of dispersions was assumed to be equal 

to that of background i.e. DIW (0.8872 cP) or Permian brine (1.0626 cP). It has been 

reported that the dielectric constant of DIW remains unchanged for [NaCl] < 0.1 M.144 

Regarding the surfactant concentrations used in this study (< 1 wt.% ~ 0.02 – 0.03 M), 

the dielectric constant of DIW (78.5) is unchanged for the zeta potential measurements. 

Low aluminium sulphate concentrations (0.005 wt.%) used in dispersions are not 

expected to change the RI and viscosity of the dispersant. Table 2.4 shows the parameters 

used for particle diameter and zeta potential measurements. 

2.2.6.3 X-ray diffraction (XRD) 

The XRD of bare silica, AS-coated silica and ES-coated silica (sent by Championx) was 

performed using an Empyrean X-ray Diffractometer (Malvern PANalytical, UK) 

operating in Bragg-Brentano geometry using copper Kα1 radiation (λ = 1.540546 Å) and 

a PIXEL detector. A scanning range of 5° to 65° with a step size of 0.02° was selected.  

 

 

Table 2.4. Parameters used for particle diameter and zeta potential measurements at 25 °C using the 

Zetasizer. 

Dispersion 

Dispersant Dispersant 

viscosity 

(cP) 

RI 

Material Dispersant 
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 bare silica  
DIW 0.8872 1.4585 1.333 

Permian brine 1.0626 1.355 

 bare silica + surfactant DIW only 0.8872 1.4585 1.333 – 1.336 a 

AS-coated silica  
DIW 0.8872 1.4200 e 1.333 

Permian brine 1.0626 1.355 

AS-coated silica + surfactant 
DIW 0.8872 1.4200 1.333 – 1.336 a 

Permian brine 1.0626 1.355 – 1.357 a 

ES-coated silica  
DIW 0.8872 1.4290 e 1.333 

Permian brine 1.0626 1.355 

ES-coated silica + surfactant 
DIW 0.8872 1.4290 

 

1.333 – 1.336 a 

Permian brine 1.0626 1.355 – 1.357 a 

a For surfactant concentrations of 0.001 – 2.000 wt.%. 

 

2.2.6.4 Degree of silanization  

TGA was performed on the ES-coated silica (sent by ChampionX) and AS-coated silica 

(synthesized in the lab.) using a Perkin-Elmer TGA 4000 instrument to determine the 

surface silane coverage. An aliquot of dispersions was first added to a 30,000 g mol–1 

centrifuge tube and washed four times with DIW at 5,500 rpm for 15 min to remove the 

unreacted silane. DIW was then added to the subnatant and the dispersion was sonicated 

for 15 min in a water bath. The sample was dried in an oven of 80 °C for 24 h and then 

heated under air to 110 °C in the instrument (20 °C min–1) at which it was held for 20 min 

to remove the remaining water. The temperature was then increased to ~760 °C with the 

same heating rate to determine the organic content. The organic coverage of particles was 

calculated by:145, 146  

𝜙𝑖 =
𝑓𝑜𝑟𝑔

(1 − 𝑓𝑜𝑟𝑔 )  × 𝑆𝑆𝐴 × 𝑀𝑊
× 10⁶ (2.1) 

where 𝜙i is the organic coverage in μmol m–2 of the particle surface, forg is the weight loss 

fraction due to the loss of particle surface organic molecules obtained from TGA, SSA is 

the specific surface area of bare silica (331 m2 g–1) and MW is the molecular weight of 

the silane in g mol–1 that can be removed by TGA. Considering the structure of silane, 

methyl/ethyl groups are removed by hydrolysis during the synthesis of silane-coated 

silica. Silicon and oxygen atoms of silane have a strong bond to the surface of silica 

through siloxane linkages thus they cannot be removed at this temperature window 

(Figure 2.10).  
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Considering 4.6 available SiOH groups per nm2 of bare silica surface as the typical 

density of reactive silanol sites on colloidal silica1 and Avogadro’s number (6.022 × 

10+23), a full monolayer of silane on a silica surface is 7.6 μmol ligand  m–2. Therefore, 

the silane coverage can be calculated by 𝜙i divided by 7.6 for both particle types. 

Figure 2.10. (a) AS-coated silica and (b) ES-coated silica structures. The removable parts of silanes during 

TGA are bordered in red. 

    

 

 

 

2.2.6.5 Surface activity 

The surface activity and to some extent surface wettability of synthesized particles were 

investigated by air-water surface tension measurements for different particle 

concentrations in DIW and Permian brine at 25 °C using K11 force tensiometer (Kruss, 

Germany) and the du Nouy ring method. Any surface activity of particles can result in 

particle adsorption at air-water surface to reduce the air-water surface tension. Therefore, 

by measuring surface tension, the particle surface activity can be assessed which is seen 

as large surface pressures (different between neat air-water surface tension and final 

surface tension with particles at surface). Dynamic surface tension was measured until a 

standard deviation of < 0.1 mN m–1 for the last five measurements was reached. The 

average was then reported as the equilibrium surface tension. 

2.2.7 Characterization of rock 

2.2.7.1 Milling and powder size 

Wolfcamp shale rock chunks received from Kocurek (USA) were first crushed to < 3 mm 

pieces using a Denbigh No. 3 fly press (UK) and then powdered using a Siebtechnik T750 

milling instrument (Germany). Sieves with different pore sizes were used to classify 

 

(b) 

 
(a) 
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powdered shale into different size groups of < 63 µm, 63 – 212 µm, 212 – 425 µm, 425 

– 1000 µm and 1 – 3 mm. The first three size groups were selected for subsequent 

experiments. 0.1 wt.% of shale powder was dispersed in DIW in a water bath for particle 

diameter measurement using a Mastersizer 2000 instrument (Malvern, UK). Different 

repeats were performed and the results were averaged and reported with standard 

deviation.  

2.2.7.2 XRD 

The XRD of Wolfcamp shale was performed on powder using an Empyrean X-ray 

Diffractometer (Malvern PANalytical, UK), as described before. Rietveld refinement was 

used to determine the mineralogy of rock. 

2.2.7.3 Surface charge and zero-point charge 

The zeta potential of shale powder (< 63 µm) in DIW was measured at different pHs. The 

pH of dispersions was adjusted using 1 M HCl and 1 N NaOH. For the determination of 

the zero-point charge (ZPC) of shale, the powder addition/pH drift method was used.147 

To a series of 20 cm3 glass vials, 10 cm3 of 0.01 M NaCl or Permian brine was added. 

The pH of solutions was adjusted to 2 – 11 using 1 N NaOH and 1 M HCl (pH1). 1 g shale 

powder (< 63 µm) was added to the vials and equilibrated for 48 h using an orbital shaker 

(Stuart, UK) at 200 rpm at room temperature (Figure 2.11). The final pH (denoted as pH2) 

was measured. Using a plot of ∆pH = pH2 – pH1 vs pH1, the ZPC was determined where 

∆pH = 0. 

 

 

 

Figure 2.11. Equilibrating rock powders with electrolytes on a shaker. 
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2.2.7.4 Surface area 

The Brunauer-Emmett-Teller (BET) surface area of 63 – 212 µm and 212 – 425 µm shale 

powder was measured using a Micromeritics TriStar Porosimeter. The samples were first 

degassed for three hours by a nitrogen capillary tube in a heated well at 80 °C to remove 

the moisture. The measurement is based on the physical adsorption of N2 onto the 

adsorbate surface at a constant bath temperature (77.5 K) and the amount of surface-

bound nitrogen to determine N2 monolayer coverage. The interaction between N2 

molecules and the adsorbate relies on relatively weak intermolecular forces. The nitrogen 

pressure was then gradually increased to reach an adsorption-desorption equilibrium. N2 

multilayers can occur due to the nitrogen interacting with pre-adsorbed nitrogen 

molecules at low analysis temperatures. The linear section (monolayer coverage) of the 

BET plot was used to compute the specific surface area with the assumption that the 

molecular cross-sectional area of nitrogen molecules (packing parameter) is 0.162 nm2. 

The parameters of the process are expressed by:148  

𝐶 ∝ exp
𝐸1 −𝐸𝐿

𝑅𝑇
        (2.2) 

where C is the multilayer adsorption parameter to account for interactions between 

adlayers of N2, E1 and EL are the heat of adsorption for the first and second subsequent 

N2 layers (kJ mol–1), R is the universal gas constant (8.314 J mol–1 K–1) and T is the 

analysis temperature (K). C is a function of the enthalpy of the adsorption and is positive 

since adsorption here is an exothermic process. The BET isotherm can be written as:148 
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1

𝑉[(
𝑃0
𝑃

) − 1]
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶
(

𝑃

𝑃0

) (2.3) 

where V is the amount of N2 gas adsorbed at a given relative pressure (P/P0), P is the 

absolute pressure in the tube and P0 is the saturation vapour pressure of the adsorbate. Vm 

is the monolayer capacity which is the volume of gas at standard temperature and pressure 

(STP). A plot of 
1

𝑉[(
𝑃0
𝑃

)−1]
 vs (

𝑃

𝑃0
) gives a linear line by which Vm and C can be estimated: 

𝑉𝑚 =
1

𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 (2.4) 

𝐶 =
1

𝑉𝑚  ×  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 (2.5) 

The BET specific surface area (SSA) is then given by:148  

𝑆𝑆𝐴 =
𝑉𝑚  𝜎 𝑁𝐴

𝑚 𝑣
                                           (2.6) 

where Vm is the monolayer volume (m3), σ is the N2 packing value (0.162 nm2 or 1.62×1019 

m2), NA is Avogadro’s number (6.023×1023), m is the adsorbate mass (g) and v is the gas 

molar volume. The pore volume of the rock sample can be determined by Gurvich rule:149 

𝑉𝑝 =
𝑉𝑎𝑑𝑠.

𝑠𝑎𝑡 .

𝜌𝐿

 (2.7) 

where Vp is the total pore volume (cm3 g–1), 𝑉𝑎𝑑𝑠.
𝑠𝑎𝑡 . is the adsorption volume at saturation 

(usually before condensation at P/Po = 0.9) and ρL is the density of liquid nitrogen (0.808 

g cm–3). 

2.2.8 Rock wettability analysis 

Assessing rock wettability alteration involves a range of techniques and measurements to 

understand how the interaction of fluids and surfaces affects the wetting properties of 

rocks. There are different methods to evaluate rock wettability such as contact  angle 

measurement, Amott-Harvey index and API wettability test. The last two provide only 

qualitative information rather than quantitative measurements. Amott-Harvey index does 

not offer information about the interactions at the solid-liquid interface and the API 

wettability test is limited to assessing spontaneous imbibition, which may not capture 

dynamic wettability changes during displacement processes. Contact angle measurement, 

on the other hand, involves measuring the angle formed at the interface between a liquid 

droplet and a solid surface (rock). It benefits from a direct and quantitative measure of 

wettability and high sensitivity to surface interactions. It is also useful for characterizing 
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individual mineral grains or specific surfaces. Therefore, contact angle measurement has 

been used in this study for rock wettability analysis. 

2.2.8.1 Polishing 

The Wolfcamp shale substrates received from the supplier had some artificial surface 

lines induced during trimming which might affect the droplet shape and contact angle 

(Figure 2.12a). Therefore, they were first polished using a polishing machine to remove 

the large lines (Figure 2.12b) and then polished using silicon carbide suspensions (Figure 

2.12c). Two grit sizes of 400 and 600 were prepared in DIW. The rock substrates were 

rubbed against two flat glass plates covered with a thin layer of suspension to make the 

rock surface polished. They were then washed with DIW in separate vials in a bath 

sonicator several times until the supernatant became clear. They were finally dried at 

90 °C for a day. 

Figure 2.12. (a) Bare Wolfcamp shale substrates as received from the supplier, (b) after polishing with a 

polishing machine and (c) after polishing with silicon carbide. 

 

 

2.2.8.2 Ageing 

Dried polished rock substrates were placed vertically in crude oil in separate glass vials 

for uniform hydrophobization. The process was performed at a room temperature of 20 ± 

2 °C for a month (Figure 2.13). 

Figure 2.13. (a) Wolfcamp shale substrates standing vertically in crude oil in separate glass vials during 

ageing and (b) aged substrates. 

            

2.2.8.3 Contact angle measurements 

(a) (b) (c) 

(a) (b) 
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The inverted sessile drop method (Figure 2.14) using a DSA 10 instrument (Kruss, 

Germany) was used to measure the three-phase contact angle of oil droplets on the oil-

wet rock substrates immersed in water. The setup includes a glass cuvette, substrate 

holders, a U-shaped needle, a camera and a PC. The contact angle of crude oil droplets 

on oil-wet shale substrates immersed in DIW was first measured to ensure sufficient oil-

wetness and minimum uncertainties in subsequent results. The substrates with sufficient 

hydrophobicity (contact angles through the water phase > 150°) were chosen for the main 

experiment. Before contact angle measurements, the oil-wet substrate was gently dried 

with air to remove excess oil. Contact angle measurements of DIW, n-dodecane and crude 

oil drops on both bare rock and oil-wet shale substrates in the air (θa,w and θa,o) were also 

measured at room temperature of 18 ± 2 °C.  

Figure 2.14. Inverted sessile drop method for contact angle measurements. 

 

Different concentrations of ES-coated silica (0 – 0.1 wt.%), AS-coated silica (0 – 0.1 

wt.%), AHS or ZN surfactant (0 – 0.1 wt.%) or a blend of particles and surfactant in DIW 

or Permian brine served as wettability modifiers. For the treatment process, the oil-wet 

substrates were placed vertically in a treating fluid in a glass vial with a cap for up to 48 

h at room temperature (Figure 2.15). Treatment times of 0.5, 1.5, 3, 24 and 48 h were 

selected to investigate the effect of the contact time of the oil-wet substrate with the 

treating fluid on the extent of the wettability alteration. At each treatment time, the 

substrate was removed and placed horizontally on a holder in a glass cuvette filled with 

DIW or Permian brine (depending on the background). Multiple 5 µL oil droplets were 

injected underneath the oil-wet substrate using a long U-shape needle mounted on a 

Gastight 50 microliter syringe (Hamilton, USA). The oil droplet profiles on the rock were 

photographed over time and equilibrium contact angles were measured using ImageJ 

software. Contact angle measurements were repeated 3 times and for each repeat at least 

8 oil droplets were placed on different areas on both sides to account for the rock 
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heterogeneity and reproducibility. The average values are reported with error bars. 

Contact angle measurements started on unpolished rock substrates which had artificial 

lines on their surface making drop shape variable and then continued on polished rock to 

investigate the effect of surface roughness on the drop shape and thus contact angle. 

Figure 2.15. A typical picture of oil-wet rock substrates placed vertically in treating fluids in glass vials 

with a cap at room temperature. 

 

2.2.8.4 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 
spectroscopy 

Dispersions of particles and surfactant with the lowest oil-water contact angle were 

selected for SEM and EDX. 1 g of rock powder (212 – 425 μm) was added to 19 g of 

each candidate solution/dispersion and the mixture was stirred magnetically for 24 h at 

25 ± 0.5 °C in a water bath. The rock powder was then separated and dried in an oven at 

90 °C for 24 h. A Zeiss EVO-60 SEM equipped with a LaB6 emitter at its second emission 

peak was used for SEM imaging. With a 20 kV accelerating voltage and a 40 uA beam 

current, secondary electron pictures in the high vacuum mode (chamber pressure < 5 – 10 

mbar) were acquired with a working distance of ~ 8 mm. An Oxford X-max 80 detector 

connected to Inca 1.2 software was used to gather spectra with a count rate of 1000 to 

2000 counts per second for 30 seconds. For comparison, the analysis was also conducted 

on bare rock powder (no treatment) and powder treated with DIW and Permian brine. 

2.2.9 Adsorption of surfactant onto rock powder 

The extent of AHS or ZN surfactant adsorption onto rock powder was analyzed 

with/without a fixed concentration of ES-coated silica in DIW and Permian brine. 1 g 

rock powder and 19 cm3 of solutions/dispersions were added to a glass vial and stirred 

magnetically in a water bath at 25 ± 0.5 °C for 24 h (Figure 2.16). The mixture was 

centrifuged for 10 min at 7,500 rpm and the supernatant was collected using a syringe  

and passed through a 0.45µm membrane filter to separate rock particles. Three different 

methods were tried for the determination of surfactant concentration: conductivity 

measurement, Epton titration and surface tension measurement.  
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Figure 2.16. Appearance of mixtures of rock powder and different dispersions/solutions.  

 

 

2.2.9.1 Conductivity measurement 

The conductivity of different concentrations of AHS and ZN in DIW and Permian brine 

were first measured by a 4510 Jenway conductivity meter (UK) at 25 ± 0.5 °C using a 

water bath to create calibration curves. The instrument was first calibrated by 0.01 M KCl 

solution standard with a conductivity of 1413 µS cm–1 at 25 °C. The conductivity of the 

supernatants was then measured and converted into surfactant concentration using 

calibration curves.  

2.2.9.2 Epton titration 

ASTM D 3049-89 (2003) Protocol was followed for the determination of surfactant 

concentration.150 First, a few drops of a pre-made phenolphthalein solution (1 wt.% 

phenolphthalein in 95 wt.% ethanol) were added to the sample and neutralized to faint 

pink with 1 N NaOH (Figure 2.17). 1 cm3 of supernatant was added into a 100 cm3 mixing 

cylinder with a stopper. 2 cm3 of the acid indicator solution (0.07 mM disulphine blue, 

0.21 mM dimidium bromide and 0.1 M sulphuric acid in DIW) or basic indicator solution 

(0.07 mM disulphine blue, 0.21 mM dimidium bromide and 0.2 M sodium hydroxide in 

DIW) (Figure 2.18) were added to the mixing cylinder followed by 15 cm3 of chloroform. 

Depending on the charge of surfactant, 0.004 M aqueous Hyamine 1622 solution or 

0.0034 M and 0.001 M SDS solution serving as titrant was added to the mixing cylinder 

using pipettes. The mixture was hand shaken for 15 sec after each titrant addition and 

monitored until the emulsions phase separated. The changes in colours with the addition 

of titrant were monitored to find the endpoint at which the emulsions are expected to 

break easily and shortly. The added volume of titrant (Vtit.) in cm3 was used to estimate 

the active concentration of the sample (Cs) in M: 

𝐶𝑠 =
𝑉𝑡𝑖𝑡 .×𝐶𝑡𝑖𝑡.

𝑉𝑠
         (2.8) 
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where Ctit. is the concentration of titrant (M) and Vs is the volume of the sample (cm3) 

used in the titration. The experiment was first performed for known concentrations of 

SDS and Hyamine as control.  

Figure 2.17. 0.1 wt.% AHS surfactant in DIW with few drops of phenolphthalein solution (1 wt.% in 95 

wt.% ethanol) neutralized to faint pink by 1 N NaOH (pH 1 = 7.80 and pH2 = 9.63 at 19.5 °C). 

 

Figure 2.18. (a) Acid indicator solution containing 0.07 mM disulphine blue, 0.21 mM dimidium bromide 
and 0.1 M sulphuric acid at pH = 1.2 at 20°C. (b) Basic indicator solution containing 0.07 mM disulphine 

blue, 0.21 mM dimidium bromide and 0.2 M sodium hydroxide at pH = 13 at 20 °C. 

                   

 

2.2.9.3 Surface tension measurement 

Pre-CMC surface tension curves were used to determine the aqueous surfactant 

concentration in the supernatant. The dilution of supernatant was done where required 

using the appropriate diluent. The process was repeated three times and the average with 

standard deviation was presented.  

2.2.9.4 Modelling 

The amount of surfactant adsorbed onto rock (Qe) is given by151 

𝑄𝑒 =
(𝐶𝑜 −𝐶𝑒) V

m
                                                    (2.9) 

where Co and Ce are the initial and equilibrium surfactant concentrations, respectively 

(mg cm–3), V is the volume of solution (19 cm–3 here) and m is the weight of shale powder 

(1 g here). The surfactant adsorbed per m2 of rock powder is given by151 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 (
𝑚𝑔

𝑔
) =

𝑄𝑒

A
                                              (2.10) 

(a) (b) 
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where A is the surface area of shale powder (m2 g–1) obtained by BET analysis. The 

experimental data were fitted to different adsorption isotherms including Sips, Langmuir, 

Freundlich, Redlich-Peterson and Temkin models (Table 2.5).  

Table 2.5. Different adsorption isotherms used in this study.152 

Model Equation Comments 

Sips 

𝑄𝑒 =
𝑄𝑚(𝐾𝑆𝐶𝑒)𝑛

1 + (𝐾𝑆𝐶𝑒)𝑛
 

Qm: saturation adsorption (mg g–1) 

KS: Sips constant (L mg–1)n 

n: exponent 

Langmuir 
𝑄𝑒 =

𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿 𝐶𝑒

 
Qm: saturation adsorption (mg g–1) 

KL: Langmuir constant (L mg–1) 

Freundlich 

𝑄𝑒 = 𝐾𝐹 (𝐶𝑒)
1
𝑛  

KF: Freundlich constant (L mg–1) 

n is a constant and 1/n is surface heterogeneity 

Redlich-Peterson 

Q𝑒 =
𝐾𝑅𝑃 𝐶𝑒

1 + 𝛼𝑅𝑃𝐶𝑒
𝑛  

 

KRP: Redlich-Peterson constant (L mg–1)  

n: exponent 

αRP: Redlich-Peterson constant (L mg–1)n 

Temkin 
Q𝑒 =

𝑅𝑇

𝑏
ln (𝐾𝑇 𝐶𝑒)𝑛  

KT: adsorption capacity (L mg–1) 

b: sorption heat (J mol–1) 

 

2.2.10 Oil-water interfacial tension 

Interfacial tension measurements between different oils including toluene, heptane, 

heptol (1:1 g g–1) and crude oil and different aqueous phases including different 

concentrations of AHS or ZN with/without different ES-coated silica concentrations (0.01 

– 0.1 wt.%) in DIW and Permian brine were measured using a Site 04 spinning drop 

tensiometer (Kruss, Germany) at 25 °C and 60 °C (Figure 2.19). The tensiometer supports 

tensions of 0.0001 – 100 mN m–1 with a rotation speed of up to 10,000 rpm. It consists of 

a stationary steel chamber with an inside rotating glass capillary. The chamber comes 

with side optical windows which facilitate visual observations into the capillary by a 

camera. The camera has two magnification lenses (2.5X and 5.0X) and is capable of  axial 

movement (x, y and z directions). Tilting of the stage and hence the chamber-capillary 

assembly is possible where required to bring the droplet in the middle of the capillary. 

The eyepiece of the camera has an inside measuring Vernier scale which can be set on 

the upper and lower edges of the rotating elongated droplet to measure the diameter. An 

E100 Lauda bath was used to set the temperature using circulating oil inside the chamber 

around the rotating capillary.  

Figure 2.19. Site 04 spinning drop tensiometer. 

Control 

unit 
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Before measurements, the glass capillary was first washed with DIW and acetone. The 

aqueous phase was first injected into the capillary using a syringe followed by injection 

of an oil drop (5 – 10 µm) using a Gastight 50 microliter syringe (Hamilton, USA) in the 

middle of the capillary. After setting the temperature, the rotation speed was gradually 

increased. For low tensions, a rotation speed of 3000 – 4000 rpm and for high tensions, 

higher rotation speeds of up to 9,000 rpm were required. The initial measurements showed 

that the diameter changes for these systems occur mostly in the first 30 min however up 

to 60 min was allowed to ensure an equilibrium. The oil-water interfacial tension (σ) in 

mN m–1 is given by:  

𝜎 = 𝑒(𝑣. 𝑑)3. 𝑛2 . ∆𝜌                                                        (2.11) 

where e is the unity factor (3.427×10–7 mN cm3 min2 m–1 g–1 mm–3), v is the enlargement 

factor (mm sdv–1), d is the drop diameter (sdv), n is the rotation speed (rpm) and Δρ is the 

difference in density between the aqueous and oil phase (ρw – ρo) (g cm–3). In this method, 

the rotation speed should be enough such that the oil drop length is at least four times 

higher than the drop diameter for the equation to be applicable. In the above equation, the 

enlargement factor depends on the refractive index (RI) of the oil and aqueous phase 

inside the capillary glass as well as that of circulating oil and temperature. This factor was 

determined by a calibration wire of known diameter (1 mm). After cleaning and filling 

the capillary with the appropriate aqueous phase, the temperature was set and the wire 

diameter placed inside the capillary was measured by the two lenses. The enlargement 

factor (v) was then calculated in mm sdv–1 for both lenses by: 

𝑣 =
𝑤𝑖𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
                                                     (2.12) 

For calibration, the interfacial tensions of DIW and toluene, heptane and heptol (1:1 g g–

1) were measured. 

Stage 

Camera 

Oil bath 

Steel chamber with 

inside rotating glass 

capillary 
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2.2.11 Emulsification of oil and water 

The stability and preferred type of emulsion formed by mixing different oils including 

toluene, heptane, heptol (1:1 g g–1) and crude oil and different concentrations of AHS or 

ZN (0 – 0.1 wt.%) with/without AS- or ES-coated silica (0 – 0.1 wt.%) in DIW or Permian 

brine were investigated. Accordingly, 5 g of either phase was gently added to a glass 

vessel and homogenized using a T25 digital ultra Turrax homogenizer (IKA, China) for 

2 min at 13,000 rpm at room temperature.  

For the determination of the preferred type of emulsion, an emulsion drop test was 

performed. For an oil-in-water emulsion, the emulsion droplets sediment in oil and 

disperse in water. For a water-in-oil emulsion, the droplet disperses in oil and floats in 

water. Immediately after homogenization, optical microscopic images of the emulsion 

were taken using an Olympus BX51 microscope fitted with a GXCAM U3-18 digital 

camera. Calibration of microscope lenses was performed first using a calibration ruler.  

The emulsion droplet diameter was determined using a Mastersizer 2000 instrument. 1 

cm3 of the formed emulsion was added to 99 cm3 DIW in the dispersion unit of the 

instrument and the droplet volume mean D[4,3] was determined. Between each 

measurement, the dispersion unit was washed with DIW and ethanol. Table 2.6 presents 

the parameters used in drop size measurements.  

The stability of emulsions was monitored with time at room temperature from photos, 

and the fraction of oil (fo) and water (fw) resolved were calculated based on the following 

equations: 

𝑓𝑜 =
𝑜𝑖𝑙 𝑝ℎ𝑎𝑠𝑒 ℎ𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 𝑝ℎ𝑎𝑠𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛
 (2.13) 

𝑓𝑤 =
𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 ℎ𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛
 (2.14) 

Therefore, 0 ≤ f ≤ 1 with f = 0 and f = 1 showing no resolving of the phase and total phase 

resolved, respectively. The effect of pH reduction on emulsification was investigated by 

adding HCl or Al2(SO4)3. 

Table 2.6. Refractive indices and densities used for the measurement of emulsion droplet diameter. 

Chemical  RI at 25 °C Density / g cm–3 

DIW 1.3330 0.997 

Toluene 1.4950 0.865 
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n–Heptane 1.3855 0.684 

Heptol (1:1 g g–1) 1.4265 0.759 

 

2.2.12 Oil recovery tests 

2.2.12.1 Candidate injectants 

The static results from rock wettability analysis, oil-water interfacial tension 

measurements and surfactant adsorption on rock were considered for determining 

candidate dispersions to test in spontaneous imbibition.  

2.2.12.2 Shale cores 

Shale oil reservoirs are unconventional tight reservoirs with a micro- to nanometre pore 

throat size. That is why fracking is usually used for oil production in these reservoirs. 

Therefore, the injectivity of calcite-rich shale cores was tested for imbibition tests. They 

were first weighed (as reference) and dried in an oven of 90 °C until reaching a stable 

weight (2 – 3 days). The dried weight was measured and showed no change in weight 

compared to the initial weight, meaning no initial fluid inside. They were then used in the 

following scenarios for inspecting injectivity and saturation possibility: 

2.2.12.2.1 Injection of DIW or heptane at room temperature  

Figure 2.20 shows the core flooding setup used. The setup includes a 307 High-

Performance Liquid Chromatography (HPLC) pump (Gilson, USA) with a DIW feeding 

bottle, a Hasler core holder, a Rosemount digital differential pressure (DP) transmitter 

(Emerson, UK), a confining pressure around the core by N2-pressurized DIW, a collection 

Erlenmeyer flask and appropriate tubing/valves. The shale core was first mounted in a 

rubber sleeve and placed inside the core holder. DIW or heptane injection was performed 

with a confining pressure of 20 bar, a pressure limit of 10 bar and an injection rate of 0.1 

cm3 min–1 at room temperature. The injection and differential pressures were monitored 

throughout the experiment. After the core was taken out, the excess liquid on its surface 

was removed with a tissue before being weighed and compared to its dry weight. 

Figure 2.20. Core flooding setup used for injectivity test of shale cores. 
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2.2.12.2.2 Vacuum saturation with heptane at room temperature 

Figure 2.21 shows the setup used for vacuum saturation of shale cores with heptane. The 

setup includes a desiccator with a lid equipped with two valves: one connected to a 

vacuum pump and the other to an overhead container of heptane using tubing. The core 

was placed in a plastic container containing two small balls at the bottom to allow for oil 

saturation from underneath. The lid O-ring of the desiccator was covered with a thin layer 

of Dow Corning high vacuum grease for better sealing. The core was first  vacuumed for 

40 min. Heptane was then introduced and allowed 24 h to saturate the core. After the core 

was removed, the excess liquid on the surface of the core was wiped off with a tissue 

before it was weighed and compared to its dry weight. 

Figure 2.21. Setup used for vacuum saturation of shale cores with heptane. 

    

2.2.12.2.3 High pressure saturation with heptane at room temperature 

The core was placed in a steel cell and filled with heptane. Using the setup in Figure 2.20, 

heptane was injected into the cell using a transfer cylinder to pressurize the core to 50 bar 

at room temperature. Five days were allowed for heptane to saturate the core at high 

pressure. Before being weighed and compared to its dry weight, the excess liquid from 

the core surface was wiped off using a tissue. 
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2.2.12.2.4 High pressure high temperature (HPHT) saturation with crude oil 

Six shale cores were placed in two large steel cells with marble balls at the bottom and 

between the cores to allow oil contact with cores in all directions. The cells were filled 

with crude oil and pressurized using a transfer cylinder of crude oil to 70 bar. They were 

then aged for two weeks in an oven of 120 °C (Figure 2.22). Once the cores were taken 

out, the excess oil on the surface of the cores was wiped off with a tissue before being 

weighed and compared to their dry weight. 

Figure 2.22. Setup used for HPHT saturation of Wolfcamp shale cores with crude oil. 

 

2.2.12.3 Chalk cores 

An outcrop SK chalk block was chosen for drilling several cores using a driller (Figure 

2.23a). The cores were drilled from the block in the same direction to prevent 

permeability heterogeneity. They were then shaped using a lathe (Figure 2.23b) and cut 

using a trimmer (Figure 2.23c) into a suitable diameter (~3.8 cm) and length (~7 cm) for 

flooding setup. Figure 2.23d shows the photos of a typical core after these steps. The 

exact dimensions of the cores were then measured using a digital caliper. The cores were 

moved with extreme care because SK chalks are delicate and brittle.  

 

 

 

Figure 2.23. (a) Driller, (b) lathe, (c) trimmer and (d) final core for the experiment.  



 
 

66 
 

     

       

 

2.2.12.4 Core cleaning  

SK chalks are rich in sulphate which repels and prevents the adsorption of anionic groups 

of crude oil (i.e. carboxylic groups) onto the cationic rock during oil saturation and ageing, 

resulting in a more water-wet rock. More importantly, as the sulphate content of rock 

varies, different initial wettability may be achieved after the ageing of cores which creates 

uncertainties in results.153 Thus, cleaning of rock with DIW was performed first to remove 

sulphate salts. The same core flooding setup as in Figure 2.20 was used for cleaning. The 

core was mounted in the rubber sleeve of the core holder using a small vacuum pump to 

facilitate a simple, failure-free movement of the delicate core. 5 pore volumes (PV) of 

DIW (~200 cm3) were injected into cores with an injection rate of 0.1 cm3 min–1 at room 

temperature. The confining pressure and the pump pressure limit were kept at 20 ± 2 bar 

and 10 bar, respectively. The removal of sulphate from cores was checked by adding 

BaCl2 to the outlet samples (Figure 2.24). The addition of BaCl2 to a sulphate-rich sample 

creates a turbid solution due to the formation of BaSO4 precipitates while no turbidity is 

expected in a sulphate-free sample. Previous studies using the ion chromatography 

technique show that at least 5 PV is required to ensure the complete removal of 

sulphate.137 

 

 

Figure 2.24. Barium chloride added to (a) a sulphate-rich sample taken from the core after 27 cm3 (~0.7 

PV) injection of DIW, (b) a  nearly sulphate-free sample taken after 160 cm3 (~ 4 PV) DIW injection. 

(a) (b) 

(c) 

(b) 

(d) 
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2.2.12.5 Absolute permeability measurement 

Permeability is an important parameter of rock and is the ability of a rock to pass fluids 

through. Following cleaning, the permeability of the cores was measured using the same 

setup to continue DIW injection at 0.05, 0.10 and 0.15 cm3 min–1 until a stable pressure 

difference was achieved. The permeability was then calculated using the single-phase 

flow Darcy equation as follows:33 

𝑄 =
𝐾 𝐴 ∆𝑃

𝜇 𝐿
 (2.15) 

where Q is the flow rate (cm3 sec–1), K is permeability (D), A is the injection area (cm2), 

ΔP = P1 – P2 is the pressure difference (atm), μ is the liquid viscosity (cP) and L is the 

core length (cm) (Figure 2.25). The permeability from different flow rates was averaged 

and reported with standard deviation. The cores were then dried at 90 °C until they 

reached a steady weight.  

Figure 2.25. Core parameters in the Darcy equation for permeability measurements. 

 

2.2.12.6 Brine saturation 

Permian brine (12.56 wt.%) was 10-time diluted with DIW and used for brine saturation 

using the setup shown in Figure 2.21. Five dried cores were cooled to room temperature 

and weighed. The cores were first vacuumed for 15 min to a pressure of 0.3 mbar followed 

by the dropwise addition of diluted brine (with a density of 1.008 g cm–3 at 25 °C) from 

the overhead container. Cores were taken out of the desiccator after being fully saturated 

(a) 
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with diluted brine for 30 min. The excess brine on the core surface was removed by a 

tissue before being weighed. The pore volume (Vp) of the cores in cm3 was estimated as 

the weight of brine over the brine density (ρ in g cm–3) as follows:  

𝑉𝑝 =  
𝑊𝑠𝑎𝑡 . −  𝑊𝑑

𝜌
 (2.16) 

where Wd and Wsat. are the dried and saturated core weights, respectively (g). The porosity 

of a rock is defined as the pore volume over the bulk volume (Vb) of the core as follows: 

∅ =
𝑉𝑝

𝑉𝑏

× 100 (2.17) 

𝑉𝑏 = 𝜋𝑟2 𝐿 =
𝜋𝐷2𝐿

4
 (2.18) 

where r and D are the core radius and diameter, respectively (cm). The saturation of a 

phase in rock is defined as the volume of the phase over the pore volume of the rock. 

Water or brine saturation (Sw) can be given by: 

𝑆𝑤 =
𝑉𝑤

𝑉𝑝

× 100 (2.19) 

The brine-saturated cores were placed on a porous plate in a desiccator with silica gel at 

the bottom to reach a brine saturation of 10% in 4 – 5 days by monitoring the weights 

daily (Figure 2.26). They were then placed in plastic containers with screws at room 

temperature for three days for homogeneous distribution of brine in rock. 

Figure 2.26. (a) Brine-saturated core on a porous plate in a desiccator with bottom silica gel, (b) cores with 

Sw = 10% in plastic containers for three days to reach stable phase distribution.                

          

 

2.2.12.7 Crude oil saturation 

The previous core flooding setup was upgraded to that shown in Figure 2.27 to allow for 

crude oil injection (5 PV ~ 200 cm3) into the cores (Sw = 10%) from both sides at 50 °C. 

(a) (b) 
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The oil saturation process included two left- and right-side oil injections which were 

proceeded and followed by high pressure saturation. The injection cylinder, core holder, 

tubing and valves were first cleaned with heptane and DIW and dried with N2. A core 

was placed in a rubber sleeve in the core holder using a vacuum. After applying confining 

pressure and opening all valves inside the oven, a big vacuum pump was connected to the 

outside outlet valve and the vacuum of the dead-end closed system was performed for 1 

h until stabilizing at a pressure of 0.3 mbar. The outside outlet valve was then closed and 

the vacuum pump was turned off. The oven was turned on to reach 50 °C before starting 

the pump to inject ~ 40 cm3 of fresh crude oil (> 1 PV to account for dead volume in 

tubing) at 0.5 cm3 min–1 with a pressure limit of 6 bar and confining pressure of 20 bar 

through the inlet valve. As the outlet valve was closed, the pump reached its pressure 

limit and stopped after around 1 PV injection. This step was to saturate and pressurize the 

core with crude oil to dominate the available capillary pressures (4 – 5 bar) of small pore 

throats and evenly saturate the core. The outlet valve was then opened to release the 

pressure.  

The pump was then set to inject 2 PV (~80 cm3) fresh crude oil into the right side of the 

core at 0.2 cm3 min–1 at 50 °C with a pressure limit of 6 bar and confining pressure of 20 

bar by opening the right inlet and left outlet valves and closing the other two inside the 

oven. Using the same settings but opposite valves, 2 PV (~80 cm3) crude oil was also 

injected into the left side of the core at 50 °C. 

The oven was then turned off for the setup to cool to room temperature in a few hours. 

The first pressurization step was repeated at room temperature to account for the rock 

expansions at high temperatures. All valves inside the oven were opened and the outside 

outlet valve was closed. The pump was set to inject a few cm3 of crude oil at 0.5 cm3 min–

1 with the same settings into the core to pressurize it at room temperature. When reaching 

its pressure limit at 6 bar, the pump was stopped, and the pressure was released by opening 

the outside outlet valve. In all steps above, the produced oil was collected separately for 

each core for re-use in the ageing process. 

 

Figure 2.27. (a) Core flooding setup used for saturation of cores with crude oil, (b) Hasler core holder 

inside the oven, (c) scheme of setup. P, V and E refer to pipelines, valves and equipment used in the setup, 

respectively. TI and PI are temperature and pressure indicators, respectively. The red dashed box is the 

oven. 
(a) 
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2.2.12.8 Core ageing 

Before measuring the weight of the cores as a reference, excess oil on their surface was 

thoroughly cleaned with a tissue. The oil-saturated cores were then placed in HPHT 

ageing cells with two small marble balls at the bottom and were filled with oil collected 

from the oil saturation step. The cells were then closed and placed in an oven of 75 °C for 

two weeks for ageing to reduce water-wetness (Figure 2.28). 

Figure 2.28. (a) Crude oil-saturated core with Sw = 10%, (b) cores in ageing cells in an oven of 75 °C. 

            

2.2.12.9 Spontaneous imbibition tests 

The aged cores were removed from the oven after two weeks and allowed to cool to room 

temperature. They were weighed after being wiped with a tissue to remove any extra oil 

(b) 

(a) (b) 

(c) 
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from the surface. The weight of the original oil in place (OOIP) was calculated by 

comparing core weights before and after oil saturation and converted to volume using 

crude oil density (0.81 g cm–3 at 25 °C). 

Figure 2.29 shows the setup used for the spontaneous imbibition test. The setup includes 

an HPHT steel imbibition cell, a large transfer cylinder with a pressure gauge, a burette 

and valves/tubing as required. The cores were placed in imbibition cells with two small 

marble balls at the bottom to allow imbibition from all directions. The cells were filled 

with imbibition fluids and the transfer cylinder containing 1 L of the imbibition fluid 

pressurized to 10 bar using N2 fed the imbibition cell during the oil production reading.  

After setting up different parts, 24 h at room temperature was allowed to ensure that the 

system is leak-free. On the next day, the oven was turned on at 75 °C and air removal was 

performed after a few hours through the outside valve. The oil production was recorded 

daily by a burette. The recovery factor (RF) and imbibition rate were calculated by: 

𝑅𝐹 (%) =
𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑜𝑖𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑂𝑂𝐼𝑃
× 100 (2.20) 

𝐼𝑚𝑏𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (
𝑚𝐿

𝑑
) =

𝑜𝑖𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑡𝑖𝑚𝑒
 (2.21) 

The imbibition tests were performed in both secondary and tertiary modes.  

 

 

 

 

 

 

 

Figure 2.29. Photos and scheme of the setup used for spontaneous imbibition test. P, V and E refer to 
pipelines, valves and equipment used in the setup, respectively. TI and PI are temperature and pressure 

indicators, respectively. The red dashed box is the oven. 
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2.2.12.10 Dynamic adsorption of chemicals onto rock during flooding 

2.2.12.10.1 Surfactant 

Candidate dispersions/solutions for imbibition tests were considered for this investigation. 

The extent of adsorption of AHS or ZN onto cores with/without ES-coated silica was 

inspected in flowing mode. The previous core flooding setup was equipped with an N2 

back pressure regulator (BPR) and autosampler (Figure 2.30). The core cannot produce 

until the injection pressure is equal to the back pressure (10 bar) which aids in 

pressurisation and pressure stability during flooding.  

After cleaning the setup, the tubing and valves were flushed with Permian brine. The 

clean cores (no oil) were weighed and placed in a sleeve in the core holder using a vacuum. 

The two transfer cylinders 1 and 2 were filled with Permian brine and appropriate 

dispersion/solution. The air was removed from cylinders and tubing by allowing the pump 

to inject a few cm3 before turning on the oven at 75 °C. With all valves inside the oven 

and bypass valves open, Permian brine was first injected to the core at 0.5 cm3 min–1 at 

75 °C with a back pressure of 10 bar, a confining pressure of 18 ± 1 bar and a pressure 
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limit of 20 bar. After around 1.35 PV injection, the first droplet of brine was observed in 

the outlet when the injection pressure reached ~10 bar. The flow rate was then reduced to 

0.1 cm3 min–1 and allowed to inject a few cm3 before closing the bypass valves. Permian 

brine injection was performed for 7 PV (~280 cm3) to equilibrate the rock surface with 

ions. The injection of AHS or ZN in Permian brine with or without ES-coated silica was 

then performed with the same settings for 5 PV (~200 cm3). Injection pressures, 

differential pressures and temperature were recorded with time (or injected PV) in the 

above stages. The autosampler connected to the outlet of the setup was set to sample from 

production every 80 min (8 cm3 samples). The surface tension of samples was then 

measured at 25 °C using the du Nouy ring tensiometer to investigate the amount of 

surface-active agent in the samples. The core was removed from the core holder after 

cooling to room temperature and weighed after drying the excess surface fluid. 

2.2.12.10.2 ES-coated silica 

In addition to inspecting the static stability of ES-coated silica in glass vials, the particle 

stability was inspected in porous media during flooding. An empty clean core was flooded 

by first Permian brine (7 PV) and then a dispersion of 0.01 wt.% ES-coated silica in 

Permian brine (3 PV) at 75 °C with the same procedures as described before. Pressure 

differences were monitored for detecting any blockage of the pore throats which is shown 

as pressure build-up.  

 

 

 

 

 

 

 

Figure 2.30. (a) Photos and (b) scheme of core flooding setup. P, V and E refer to pipelines, valves and 
equipment used in the setup, respectively. TI and PI are temperature and pressure indicators, respectively. 

DP is a  differential pressure transmitter and BPR is a  back pressure regulator. The red dashed box is the 

oven. 
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Chapter 3 Properties of crude oil, surfactant, particles and 

rock 

 

 

 

This chapter reports on the properties of the main chemicals involved in the EOR process 

including crude oil, surfactants, particles and rock. This initial characterization helps with 

understanding the behaviour of the materials in different systems of oil-water, oil-rock 

and water-rock in subsequent experiments.  

 

3.1 Properties of crude oil 

Understanding the behaviour and properties of crude oil is essential for optimizing 

chemical EOR methods. Table 3.1 presents the specifications of the Permian crude oil 

sample sent by ChampionX. According to the SARA (saturates, aromatics, resins and 

asphaltenes) analysis of the crude oil based on the extraction method, the crude oil is 

mostly paraffinic, with a low content of asphaltene (1 %) and polar chemicals (1.4 %). 

The total acid and base numbers are significant because they indicate the degree of oil-

wetness of the reservoir rock.154 They are both low here indicating that the oil is not highly 

polar which agrees with the SARA analysis. Furthermore, it is observed that the polar 

acidic groups in crude oil are relatively lower than the basic groups.  

Table 3.1. Specifications of crude oil. 

Property Value Units 

Polar (resin) 1.4 

% 
Aromatic 9.4 

Paraffin 32 

Asphaltene < 1 

Total acid number 0.25 
mg KOH g–1 

Total base number 0.45 

pH at 25 °C 7.5 ± 0.2 – 

Density at 25 °C 0.8133 g cm–3 
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The density of crude oil shows a light crude oil with a density close to that of water. This 

implies that a normal chemical EOR strategy seems to be enough for this reservoir 

without the need for thickeners like polymers. However, due to the small pore throats 

usually found in tight oil reservoirs and subsequently high capillary pressures, the trapped 

oil would be high necessitating EOR with surfactants.155   

3.2 Properties of surfactants 

Zwitterionic surfactants are known for their wide isoelectric range, perfect water 

solubility, stability in a wide range of pH values, stability in high salinity brine and their 

ability to solubilize both polar and non-polar compounds. However, they should be 

carefully characterised before being used in an EOR strategy.156 

3.2.1 Thermal and salinity tolerance 

Figure 3.1 shows the appearance of surfactant solutions. The surfactants did not show any 

precipitation in Permian brine after a month at 100 °C.  

For the thermal tolerance, TGA was performed on surfactants. TGA is usually 

accompanied by a differential thermogravimetry (DTG) curve which is produced as the 

first derivative of the weight with relative to temperature or time. DTG facilitates change 

visualisation and identifies inflection points for detailed interpretations. Figures 3.2 and 

3.3 show the TGA-DTG of surfactants initially and after 30 d standing at 100 °C. The 

results show a small weight loss up to 150 °C (due to the water removal) followed by a 

more significant weight loss (at > 270 °C) due to the oxidation of hydrocarbon groups of 

the tails for both surfactants. When the organic molecules react with oxygen from airflow 

at high temperatures, oxides such CO2, H2O, and CO are produced which is referred to as 

combustion or combustion-like oxidation. The same small weight loss and subsequent 

larger weight loss are also observed when TGA was performed on the samples stand ing 

at 100 °C for a month. Overall, excellent thermal stability up to 150 °C (less than typical 

reservoir temperature) is shown with both surfactants. Therefore, both are tolerant of 

reservoir temperatures for EOR operations.  

 

 

Figure 3.1. Appearance of 0.1 wt.% AHS or ZN surfactant in DIW and Permian brine after standing at 

100 °C for a month. 
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Figure 3.2. Initial and long-term TGA and DTG of AHS surfactant. The long-term TGA was performed 

on 0.1 wt.% surfactant in DIW after standing at 100 °C for 30 days. 

  AHS ZN 
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Figure 3.3. Initial and long-term TGA and DTG of ZN surfactant. The long-term TGA was performed on 

0.1 wt.% surfactant in DIW after standing at 100 °C for 30 days. 
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3.2.2 Micelle charge 

The headgroup charge and the overall stability and solubility of zwitterionic surfactants 

are influenced by pH. The headgroup charge may influence the surfactant ability to 

interact with rock, oil and water and to alter the interfacial tension between these 
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phases.157 The alkyl hydroxysultaine surfactant used in this study as AHS is a type of 

zwitterionic surfactant that contains an alkyl chain and a quaternary ammonium group 

which is attached to a sulfonate group by isopropyl alcohol as a spacer. ZN however is a 

binary mixture of AHS and a minor amount of nonionic C10–12E9 surfactant. In this study, 

the zeta potential of surfactant micelles was measured to determine the charging 

behaviour of AHS and ZN surfactants with pH. A preliminary investigation was 

performed with zeta potential measurements of different concentrations of surfactant in 

DIW for selecting a suitable concentration (see Appendix A.1). Figure 3.4 shows the zeta 

potentials of AHS and ZN in DIW at concentrations well above CMC at different pH 

values. The AHS surfactant shows a net zero charge at a pH of 5.5 – 8.0 at 25 °C while 

this region is narrower for the ZN surfactant (pH = 7.5 – 8.4). In these regions, the 

headgroup of the surfactants is neutral with the positive charge of the ammonium being 

balanced by the negative charge of the sulfonate group. Below this range, both surfactants 

showed a more positive charge because of the protonation of the sulfonate group which 

leaves the cationic quaternary ammonium determining the headgroup charge. At high pH, 

due to the deprotonation of the sulfonate group, the negative charge of the surfactant 

headgroup becomes dominant which renders the surfactant weakly anionic. Similar 

observations have been made before on the charging behaviour of zwitterionic surfactants 

with pH.116, 158, 159 In addition, ZN has relatively lower zeta potential values due to the 

presence of nonionic surfactant monomers in alkyl hydroxysultaine micelles. It is noted 

that zeta potential measurements of surfactants in Permian brine were not possible due to 

the instrument limitations with high ionic strength solutions. 

 

 

 

 

 

Figure 3.4. Zeta potential measurements of AHS and ZN surfactants in DIW at different pH values at 25 ± 

0.1 °C. The concentration of surfactant is 0.1 wt.%. 
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3.2.3 Air-water surface tension 

3.2.3.1 Effect of electrolyte 
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Ions can have a significant effect on the air-water surface tension due to their interactions 

with interfacial water molecules which disrupt hydrogen bonding. The Hofmeister series 

(Figure 3.5) is widely used to investigate the effect of ions on surface tension by dividing 

them into water structure makers (well-hydrated ions with a high ionic charge (Z) to 

radius (R) ratio) and water structure breakers (poorly-hydrated ions with a low Z/R 

ratio).160 Therefore, anions like CO3
2– are least likely to lower the surface tension because 

of their strong hydration whereas I– and Br– can significantly adsorb to the air-water 

surface to reduce the surface tension.161 In addition, cations are more effective in surface 

tension reduction than anions.5, 160 In this study, the surface tension of DIW was measured 

as 72 ± 0.1 mN m–1 at 25 °C (consistent with the literature162, 163) which was increased to 

74.3 ± 0.2 mN m–1 on adding Permian salts. Langmuir argued that this increase is due to 

the depletion of ions close to the air-water surface164 which was later explained by the 

electrostatic repulsion between ions and their images at the air-water surface165 and 

repulsion from the Gibbs dividing surface due to the ionic hydration.166 All these theories 

are mainly true for a single salt solution at low concentrations of < 1 M. Nevertheless, the 

strong electrolyte (2.1 M) used here is a mixture of different ions that is expected to create 

a complex arrangement of ions at the air-water surface that depends on several factors, 

such as the relative concentration of ions, pH and temperature making simplified 

Hofmeister model efficient. 

Figure 3.5. The Hofmeister series and ion hydration effect on the solubility of non-electrolyte molecules.  

 

The air-water surface tensions of different concentrations of AHS and ZN surfactants in 

DIW and Permian brine at 25 °C are presented in Figure 3.6. For zwitterionic AHS, no 
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change in surface tension is observed on adding brine mainly due to the charge neutrality 

of the headgroup as observed by previous authors.167, 168 The addition of Permian salts 

impacts the air-water surface tensions of ZN solutions. At very low ZN concentration, the 

surface tension of the surfactant in brine is higher than that of DIW while close to the 

CMC it is reversed. It is thought that it is the nonionic C10–12E9 in ZN that lowers the 

surface tension around the CMC when adding salts due to the salting-out effect.169 It is 

hypothesised that at low ZN concentrations, ions dominate the few adsorbed surfactant 

monomers at the air-water surface resulting in higher surface tension while a lower 

surface tension is achieved ~ CMC where more surfactant monomers adsorb.  

The presence of salts can affect the CMC of surfactants and thus their tendency to form 

micelles. The CMC of AHS in DIW and Permian brine at 25 °C was 0.01 wt.% and 0.005 

wt.%, respectively while that of ZN was 0.02 wt.% and 0.003 wt.%, respectively. The 

specific effect of the salts on micellization can depend on the type and concentration of 

the salts, as well as the chemical structure and charge of the surfactant. Considering 

cationic and anionic surfactants, the addition of inorganic counterions shrinks the electric 

double layer around the headgroup which subsequently lowers the electrostatic repulsion 

between headgroups and provides easier micellization at lower monomer 

concentrations.170 This electrostatic effect is expected to be absent for nonionic and 

zwitterionic surfactants with no charge and zero net charges in the isoelectric region, 

respectively. It is indeed the salting-in and salting-out of the hydrophobic group which 

mostly contributes to the CMC alteration of these surfactants.171, 172 The solubility of 

zwitterionic and nonionic surfactants decreases with increasing electrolyte concentration. 

The salting-out effect terminates the initial hydration structure of the hydrophobic group 

of these surfactants, promoting the surfactant hydrophobic ability for easier micellization . 

The larger the electrolyte concentration, the lower the CMC. Ions with high hydration 

ability can salt out the hydrophobic group of these surfactants and lower the CMC while 

less hydrated ions can salt in the hydrophobic groups to raise the CMC.5 The total impact 

of salts on surfactant is thought to be the combination of their effects on both the 

hydrophilic group and hydrophobic group in monomeric (both groups are affected) and 

micellar forms (only the headgroup is affected). Thus, the hydrophobic group in monomer 

form is important for solubility. For zwitterionic and nonionic surfactants, the following 

linear relationship between CMC and salinity has been proposed:173 

𝑙𝑜𝑔 𝐶𝑀𝐶 =  −𝐾 × [𝑠𝑎𝑙𝑡] + 𝐶  (3.1) 

where K and C are both constants. This equation holds for [salt] < 1 M. For zwitterionic 

surfactants with a strong dependence of the headgroup charge on pH, the electrostatic 
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effect may appear at high or low pH where the surfactant turns ionic. Previous studies 

also show that even at zero net charge pH, zwitterionic surfactants are weakly anionic for 

two main reasons. First, the negative charge of the headgroup is located on the end of the 

molecule and the positive group is in the middle part which makes the charge density 

more concentrated in the negative part. Second, it is mostly the anionic group that 

interacts with inorganic cations in micellar form. Thus, electrostatic contribution, in 

addition to the strong effect of salting out, plays a role in lowering the CMC of 

zwitterionic and nonionic surfactants even at neutral charge pH. Cations with a low 

valence-to-radius ratio (Z/R) and a low hydrating radius are more efficient at placing 

between the headgroups in micelles and weakening the electrostatic repulsion for more 

favourable micellization.174  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Equilibrium air-water surface tension as a function of (a) AHS and (b) ZN concentration in 

DIW and Permian brine at 25 ± 0.2 °C. The horizontal dashed and dotted lines show the surface tension of 

pure DIW and Permian brine, respectively. The vertical red dashed lines show the CMC. The standard 

deviations are less 0.1 mN m–1. 
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Figure 3.7 shows the surfactant adsorption at the air-water surface below the CMC for 

AHS and ZN in DIW and Permian brine, respectively. Surface excess concentration 

increases with surfactant concentration in DIW and Permian brine for both surfactants as 

more and more surfactant molecules adsorb at the air-water surface until a maximum (Γm) 
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at around the CMC is reached. Salts can considerably impact equilibrium surfactant 

behaviour by affecting the CMC, equilibrium surface tension and aggregation number. 

The presence of salts reduces the electrostatic repulsion between surfactant headgroups 

at the air-water surface providing a more compact monolayer at the air-water surface. 

Therefore, higher surfactant adsorption at the air-water surface is expected in the presence 

of salts. Here, Permian salts increase the surfactant adsorption close to the CMC which is 

more significant for ZN, as discussed earlier.175 

The thermodynamic parameters of the micellization and adsorption of surfactants are 

presented in Table 3.2. The surface concentration and the area per molecule of both 

surfactants increase and decrease on the addition of salts, respectively proving higher 

adsorption and a more compact monolayer in the presence of salt. Overall, the surface 

concentration of AHS in DIW and Permian brine is higher than that of ZN while its area 

per molecule is lower. The free energies of micellization and adsorption are all negative 

indicating that micellization and adsorption are spontaneous for both surfactants. The free 

energy of micellization increases in magnitude upon adding salt for both surfactants 

meaning that Permian salts have eased micellization (i.e. the process is more spontaneous). 

AHS in DIW has a higher magnitude of free energy of micellization than ZN in DIW 

reflecting that AHS forms micelles more readily than ZN. This behaviour is reversed for 

surfactants in Permian brine. The free energy of adsorption of ZN is higher than that of 

AHS both in DIW and Permian brine implying that ZN is more surface-active.  

 

 

 

 

 

 

 

 

 

Figure 3.7. AHS and ZN surfactant adsorption at the air-water surface as a function of surfactant 

concentration in DIW and Permian brine at 25 ± 0.2 °C. The vertical red dashed lines show the CMC.  
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Table 3.2. Effect of adding ES-coated bare silica on thermodynamic parameters of micellization and 

adsorption of AHS and ZN in DIW and air-water surface, respectively at 25 °C. 
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Surfactant [particle] / 

wt.% 

CMC / 

wt.% 

10–6 × 

Γm / 

mol m–2 

A /  

nm2 per 

molecule 

Π /  

mN m–1 

– ∆G°
m / 

kJ mol–1 

– ∆G°
ads / 

kJ  

mol–1 

AHS in DIW 

0 0.01 3.3 0.5 39 20.2 32.3 

0.01 0.02 3.8 0.4 37 18.5 28.1 

0.05 0.025 3.9 0.4 37 17.9 27.4 

0.1 0.03 4.6 0.3 39 17.5 26 

AHS in 

Permian 

brine 

0 0.005 3.7 0.4 37 21.9 31.8 

0.01 0.007 2.8 0.6 35 21.1 33.8 

0.05 0.008 2.5 0.7 37 20.8 35.5 

0.1 0.008 2.3 0.7 37 20.8 36.9 

ZN in DIW 

0 0.02 2.4 0.7 42 18.5 36.1 

0.01 0.025 2.7 0.6 40 18 33.2 

0.05 0.03 2.7 0.6 41 17.5 32.8 

0.1 0.03 2.7 0.6 43 17.5 33.4 

ZN in 

Permian 

brine 

0 0.003 2.8 0.6 37 23.2 36.1 

0.01 0.006 2.3 0.7 37 21.5 37.5 

0.05 0.008 1.5 1.1 38 20.8 46 

0.1 0.008 2.3 0.7 37 20.8 36.8 

 

 

3.2.3.2 Effect of surfactant type  

Figure 3.6 also compares the effect of surfactant type on air-water surface tensions with 

and without Permian salts at 25 °C. The surface tensions at the CMC are the same for 

both surfactants in DIW but they increase on the addition of Permian salts. Although the 

CMC of ZN in DIW is higher than that of AHS, the CMCs are nearly the same in the 

presence of Permian salts. ZN caused a lower air-water surface tension < CMC than AHS 

both in DIW and Permian brine due to the presence of nonionic C10–12 nonaethylene 

glycol ether in ZN. Mulqueen and Blankschtein compared the air-water surface tensions 

of a 1:1 mixture of a zwitterionic n-dodecyl-N, N′-dimethylamino betaine (C12betaine) 

and a nonionic n-dodecyl-β-D-maltoside (C12maltoside). They discovered that nonionic 

surfactants have lower surface tensions than zwitterionic surfactants. There is no 

synergism (i.e. increased surface activity) with the binary mixture since the surface 

tensions of the mixture lie between those of the individual surfactants.176 Hines et al. 

reported that raising the C12betaine surfactant concentration when blended with nonionic 

C12maltoside increases the air-water surface tension of the mixture.177 Since the 

concentration of nonionic surfactant in ZN is minor (5 wt.%), a significantly lower surface 
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tension by ZN is not expected. AHS forms a monolayer of zwitterionic alkyl 

hydroxysultaine at the air-water surface whereas the monolayer formed by ZN is expected 

to be a mixture of alkyl hydroxysultaine and nonionic C10–12E9 (Figure 3.8). This 

monolayer becomes more complex with the addition of inorganic counterions. Figure 3.7 

shows the effect of the surfactant type on the surface excess concentration of surfactants. 

ZN has a higher surface excess concentration in both DIW and Permian brine at low 

surfactant concentration whereas it is reversed close to the CMC but the difference is 

negligible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Schematic representation of surfactant monolayer at the air-water surface for AHS (top) and 

ZN (bottom) surfactants in DIW and Permian brine at isoelectric region. 
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3.2.3.3 Effect of adding particles   
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3.2.3.3.1 Bare silica 

In any adsorption process between an adsorbent and an adsorbate, there are four main 

types of interactions: hydrophobic bonds, π electron polarization, van der Waals London 

dispersion forces and electrostatic interactions. These interactions are not present in all 

systems and are highly dependent on the type of adsorbent and adsorbate used.178 Of these 

interactions, electrostatic interactions are considered strong. Bare hydrophilic silica is not 

expected to reduce the air-water surface tension due to the lack of surface activity and the 

electrostatic repulsion between particles (pH > 3) and the air-water surface.179 For blends 

of ionic surfactants and charged bare particles in DIW, electrostatic repulsion or attraction 

between surfactant and particles can develop depending on charges.180 Figure 3.9 shows 

the effect of adding 0.05 wt.% bare silica on the surface tensions of AHS and ZN in DIW. 

The addition of bare silica to both surfactant solutions increased the air-water surface 

tension (more so for ZN), implying an electrostatic attraction between anionic silica and 

cationic quaternary ammonium of the surfactant leaving less free surfactant molecules to 

adsorb at the air-water surface. The interactions between bare silica and zwitterionic 

surfactant are thought to be weak at the isoelectric region (pH = 5.5 – 8.0 at 25 °C) in 

comparison to cationic surfactants. For the nonionic surfactant available in ZN, hydrogen 

bonding between the surfactant headgroup and particle surface is also possible. The 

addition of particles to surfactant solutions also increases the CMC of the surfactant. The 

surface tension measurements of blends of bare silica and surfactants in Permian brine 

were not possible due to the lack of dispersion stability in the brine.  

Lee et al. studied the effect of hydrophobization of silica on the particle monolayer at the 

air-water surface. They claimed that physical grafting of silica with cationic surfactants 

hydrophobized the particles with amphiphilic features at the air-water surface capable of 

reducing surface tension. The lower the chain length, the stronger the packing of 

particles.181 Therefore, it is thought that along with free surfactant molecules, the grafted 

particles also adsorb at the air-water surface and have a role in reducing the surface 

tension. This grafting is essential in EOR processes where the goal of blending particles 

and surfactant is to prevent the surfactant from high adsorption onto the rock. The 

surfactant molecules adsorbed on the particle surface can desorb and adsorb at the air-

water surface. 

Figure 3.9. Equilibrium air-water surface tension as a function of surfactant concentration in DIW with or 

without 0.05 wt.% bare silica at 25 ± 0.2 °C. The horizontal dashed line shows the surface tension of DIW. 

The vertical red dashed lines show the CMC. The standard deviations are less than 0.1 mN m –1.  
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3.2.3.3.2 ES-coated silica 

As for bare silica, adding 0.01 wt.% ES-coated silica increased the surface tension and 

CMC of AHS in DIW, however a decrease in surface tension is observed at higher particle  
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concentrations (Figure 3.10). The CMC remains unchanged for [particle] > 0.01 wt.%. 

The electrostatic attraction between the positive headgroup of zwitterionic surfactant and 

ES-coated silica is believed to be weaker than bare silica and cationic surfactant due to 

the silane coating (lower reactive silanol groups) and lower charge density in zwitterionic 

surfactant headgroup. Hydrogen bonding is still possible between the particles and the 

surfactant.182, 183 There is a systematic decrease in surface tension upon raising particle  

concentration from 0 to 0.1 wt.% for AHS in Permian brine which is more noticeable at 

low surfactant concentrations. The interactions between particles and surfactant and the 

surfactant monolayer at the air-water surface are complicated on adding ions. Through 

total organic carbon measurements, Hu et al. concluded that cations like Mg2+ and Ca2+ 

can neutralize anionic silica and limit the alkyl hydroxysultaine adsorption on particles.184 

The presence of sodium ions has also been found to be effective in lowering the 

adsorption of zwitterionic betaine surfactant onto silica surfaces. The higher the sodium 

concentration in the electrolyte, the weaker the interactions between surfactant and 

silica.185 It is difficult to investigate the interactions between particles and surfactants with 

ions or monolayer formation at the surface when a mixture of different salts is used. 

Similar observations are available in the literature for the blend of silica coated with 

polyethylene glycol (6 – 9 EO units) and C12–15 linear alcohol ethoxylate (9 EO units) 

surfactant in API brine (8 wt.% sodium chloride and 2 wt.% calcium chloride) in which 

the surface tension in the presence of particles and ions at low surfactant concentrations 

is lower than that of surfactant alone in brine while similar surface tensions are achieved 

close to the CMC (as observed here).186 The potential reason is the increased pH upon 

raising particle concentration in the blend which renders the surfactant anionic which 

electrostatically repelled towards the surface by anionic particles resulting in lower 

surface tension. The surface activation of particles by surfactant and their contribution to 

the air-water surface in forming a mixed monolayer with surfactant and ions may also 

account for this decrease. The CMC of AHS in Permian brine does not change 

significantly on adding particles. The thermodynamic parameters of micellization and 

adsorption of AHS and ZN with or without Permian salts and ES-coated silica particles 

are presented in Table 3.2.  

Figure 3.10. Effect of ES-coated silica loading on equilibrium air-water surface tension as a function of 

AHS surfactant concentration in DIW and Permian brine at 25 ± 0.2 °C. The curves are polynomial fits to 

experimental data with a correlation coefficient of R2 > 0.94. 
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Figure 3.11 shows the air-water surface tensions of ZN in DIW with and without different 

concentrations (0 – 0.1 wt.%) of ES-coated silica. Like AHS, adding particles up to 0.05 

wt.% increases the surface tension of ZN in DIW. For 0.1 wt.% particle loading, the 
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surface tension of the blend in DIW is lower than that of surfactant alone at low surfactant 

concentrations, but they are the same at concentrations close to the CMC. The CMC of 

ZN in DIW increases with the addition of ES-coated silica particles to surfactant solutions. 

The same interactions between particles and AHS explained earlier exist here between 

ZN and particles; however, the nonionic surfactant in ZN can contribute to the 

micellization and monolayer formation at the air-water surface. ES-coated silica particles 

do not show a clear effect on the air-water surface tensions of ZN in Permian brine. The 

surface tensions in the presence of particles are lower than those of surfactant alone at 

low surfactant concentrations while the behaviour is reversed when approaching the CMC. 

Raising the particle loading from 0.01 to 0.1 wt.% also does not affect the surface tensions 

of the blend considerably. There is a slight rise in the CMC of ZN in Permian brine on 

the addition of 0.01 wt.% particles, but no significant change was found at higher particle 

concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Effect of ES-coated silica loading on equilibrium air-water surface tension as a function of 

ZN surfactant concentration in DIW and Permian brine at 25 ± 0.2 °C. The curves are polynomial fits to 

experimental data with a correlation coefficient of R2 > 0.96. 



 
 

96 
 

 

 

0

10

20

30

40

50

60

70

80

-6 -5 -4 -3 -2 -1 0

γ a
w

/
m

N
 m

–
1

log [ZN / wt.%]

DIW
ZN in DIW
ZN + 0.01 wt.% particle
ZN + 0.05 wt.% particle
ZN + 0.10 wt.% particle
Poly (ZN), CMC= 0.020 wt.%
Poly (ZN + 0.01 wt.% particle), CMC = 0.025 wt.%
Poly (ZN + 0.05 wt.% particle), CMC = 0.030 wt.%
Poly (ZN + 0.10 wt.% particle), CMC = 0.030 wt.%

0

10

20

30

40

50

60

70

80

-6 -5 -4 -3 -2 -1 0

γ a
w

/
m

N
 m

–
1

log [ZN / wt.%]

Permian brine
ZN in Permian brine
ZN + 0.01 wt.% particle
ZN + 0.05 wt.% particle
ZN + 0.10 wt.% particle
Poly (ZN), CMC =  0.003 wt.%
Poly (ZN + 0.01 wt.% particle), CMC = 0.006 wt.%
Poly (ZN + 0.05 wt.% particle), CMC= 0.008 wt.%
Poly (ZN + 0.10 wt.% particle), CMC = 0.008 wt.%



 
 

97 
 

3.3 Properties of bare silica particles 

Several important features should be investigated when using nanoparticles for EOR: 

particle size, surface chemistry, surface area, particle stability and compatibility with 

other EOR chemicals like surfactants.187 These properties determine the success or failure 

of the operation. Before investigating the properties of silane-coated particles, the 

stability of bare silica particles alone or in a blend with surfactant in DIW and Permian 

brine was studied at low and elevated temperatures as a control. This investigation can 

also provide information on the particle-surfactant interactions in high salinity and high 

temperature environments.  

3.3.1 Particles alone 

Bare silica particles were long-term stable in DIW at all concentrations at low 

temperatures (Figure 3.12) due to the particle-particle electrostatic repulsion because of 

the deprotonation of surface silanol groups at high pH (~10). However, sediments were 

observed in dispersions > 2 wt.% (not typically used in EOR) after a while upon 

increasing the temperature to 75 °C due to the increased Brownian motion and particle 

collisions.29 The particle stability was reduced significantly upon adding Permian brine, 

especially at high temperatures. The dispersion with 5 wt.% silica in brine gelled after 3 

h due to the formation of an aggregated network of particles at high particle loading and 

high electrolyte concertation.188 Generally, introducing salts into dispersions shrinks the 

electric double layer of particles. Considering Permian brine concentration (12.6 wt.% or 

2.1 M), the particle-particle electrostatic repulsion is completely removed on adding ions 

(i.e. no electrostatic barrier) leaving van der Waals attraction acting on particles. Herein, 

the energy of interaction would be negative which aggregates the particles when they 

approach and collide with each other. Based on the Schultz-Hardy rule, multivalent ions 

are more detrimental to colloidal stability (critical coagulation concentration, or CCC α 

1

𝑍6  where Z is the ion valence).189, 190 The variations in initial particle diameter and zeta 

potential with bare silica concentration in DIW are shown in Figure 3.13. The particle 

diameter in DIW was 16 ± 1 nm. Note that particle diameter at high concentrations is not 

the true size because of particle-particle interactions. The zeta potential of particles in 

DIW was measured as – 42 ± 1.3 mV. The initial particle diameter of 0.05 wt.% bare 

silica in Permian brine was measured as 51 ± 1 nm. No particle diameter and zeta potential 

measurements were possible for other dispersions in Permian brine. 

Figure 3.12. Appearance of dispersions containing different concentrations (0.05 – 5 wt.%) of bare silica  

in DIW (top) and Permian brine (bottom) at 25 °C and 75 °C at different times. The pH values were 

measured at 25 °C.  
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Figure 3.13. Variation of the initial particle diameter and zeta potential of bare silica with particle 

concentration in DIW at 25 °C. 
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Aluminium sulphate is mainly used as a coagulating agent to promote particle collision 

by neutralizing particle charges in the purification of drinking water. In neutral or slightly 
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alkaline water, Al2(SO4)3 dissolves to form a gelatinous precipitate of aluminium 

hydroxide (Al(OH)3) and weak sulfuric acid:191 

Al2(SO4)3 + 6 H2O → 2 Al(OH)3 + 3 H2SO4 (3.2) 

The sulfuric acid can reduce the pH which agrees with the pH measurements of the 

dispersions here (4.1 ± 0.1 at 20 °C). The effect of adding aluminium sulphate on the zeta 

potential of different concentrations of bare silica in DIW was investigated . The zeta 

potential of bare silica increased from – 42 ± 1.3 mV to around zero with the addition of 

10% aluminium sulphate. All dispersions were sedimented due to the termination of 

electrostatic repulsion caused by the charge neutralization of the particle surface by the 

electrolyte.  

3.3.2 Blends of particles and AHS surfactant 

Figure 3.14 shows the appearance of a fixed 0.1 wt.% bare silica in a blend with different 

AHS concentrations in DIW and Permian brine at different temperatures. The dispersions 

were stable for 80 days at both temperatures at low surfactant concentrations (< 0.2 wt.%) 

in DIW. For higher AHS concentrations, sedimentation occurred immediately after 

preparation and increased in less than a day. For the blend in Permian brine, all 

dispersions were initially turbid and sedimentation occurred in half an hour at both 

temperatures. As discussed earlier, at high pH (i.e. low [AHS] in the blend), the anionic 

sulfonate group of the zwitterionic surfactant is dominant. Therefore, there is a weak 

electrostatic attraction between anionic silica and the cationic headgroup of surfactant. At 

high surfactant concentrations (pH ~ isoelectric pH at 5.5 – 8.0), stronger electrostatic 

interactions between the surfactant and particle surface exist which leaves the 

hydrophobic chains of the surfactant oriented outward. The van der Waals attraction 

between surfactant tails on the particle surface can dominate the particle-particle 

electrostatic repulsion when particles are at a certain distance lead ing to particle 

aggregation and sedimentation. As proof of this, the initial particle diameter and zeta 

potential of the blend were measured in DIW at 25 °C (Figure 3.15). The plot shows that 

an increase in AHS concentration up to 0.1 wt.% where the surfactant is anionic does not 

change the initial particle diameter and zeta potential significantly. However, raising the 

AHS concentrations > 0.1 wt.% increases the particle diameter sharply up to ~ 3400 nm 

at 2 wt.% AHS because of the interactions between particles and surfactant (at pH ~ 8 

where the surfactant turns zwitterionic). The zeta potential also increases with an increase 

in surfactant concentration toward zero, reflecting more interactions between particles 

and the surfactant headgroup and thus fewer charged sites on particles. These results agree 

with stability photos in which sedimentation was observed in dispersions with surfactant 
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concentrations > 0.2 wt.%. No particle diameter and zeta potential measurements were 

possible for the blend in Permian brine due to the fast sedimentation after preparation. 

Observations made during the preparation of these dispersions showed the addition of a 

small amount of NaCl (1 wt.%) to the aggregated blend of 0.1 wt.% bare silica and 0.5 

wt.% AHS in DIW can reduce the turbidity and aggregation; however, the turbidity 

increased on the addition of Permian salts into a stable dispersion of 0.1 wt.% bare silica 

and 0.1 wt.% AHS in DIW (Figure 3.16). The reduction of the electrostatic attraction 

between the anionic particle and the positive headgroup of the zwitterionic surfactant by 

NaCl may be responsible for the first observation. In the presence of Permian salts 

however, a complete charge neutralization of particle surfaces by different ions (primarily 

multivalent cations) occurs which causes the particle-particle electrostatic repulsion to 

vanish (no electrostatic energy barrier) and the van der Waals attraction to dominate.192  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Appearance of dispersions containing a fixed 0.1 wt.% bare silica in a blend with different 

concentrations of AHS in DIW (top) and Permian brine (bottom) at different times. The pH values were 

measured at 25 °C.  
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Figure 3.15. Initial particle diameter and zeta potential of a fixed 0.1 wt.% bare silica in a blend with 
different AHS concentrations in DIW at 25 °C. The zeta potential of 0.1 wt.% bare silica in DIW is – 43 ± 

1 mV at 25 °C. The pH of the blends decreases from 9.8 to 7.9 on increasing surfactant concentration. 
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Figure 3.16. Effect of adding (a) 1 wt.% NaCl or (b) Permian brine (12.56 wt.%) on the turbidity of 

dispersions of 0.1 wt.% bare silica in a blend with 0.1 wt.% or 0.5 wt.% AHS at 20 °C. 
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3.3.3 Blends of particles and ZN surfactant 

Figure 3.17 shows the appearance of 0.1 wt.% bare silica in a blend with different ZN 

concentrations in DIW and Permian brine at two temperatures. Like AHS, the dispersions 
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of bare silica and ZN in DIW were stable at both temperatures for a long time (85 days) 

at low surfactant concentration (< 0.1 wt.%) while rapid sedimentation was observed at 

higher surfactant concentrations at both temperatures. For blends in Permian brine, fast 

sedimentation was observed in all dispersions at both temperatures immediately after 

preparation. The same interactions discussed earlier between silica and AHS exist here. 

There is also a possibility that the nonionic C10–12E9 present in ZN contributes to 

adsorption on the particle surface through hydrogen bonding between the surfactant 

headgroup and the particle surface.  

Figure 3.18 presents the initial particle diameter and zeta potential of a fixed 0.1 wt.% 

bare silica in a blend with different ZN concentrations in DIW at 25 °C. Like AHS, raising 

the ZN concentrations in the blend increased the particle diameter and zeta potential to 

around 3700 nm and – 6 mV, respectively. No successful measurements were achieved 

for surfactant concentrations above 0.5 wt.% in the blend due to the particle instability. 

As the blend in Permian brine was so unstable, particle diameter and zeta potential 

measurements were not possible.  

 

 

 

 

 

 

 

 

 

Figure 3.17. Appearance of dispersions containing a fixed 0.1 wt.% bare silica in a blend with different 

ZN concentrations (given in wt.%) in DIW (top) and Permian brine (bottom) at different times. The pH 

values were measured at 25 °C.  
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Figure 3.18. Initial particle diameter and zeta potential of a fixed 0.1 wt.% bare silica in a blend with 

different ZN concentrations in DIW at 25 °C. The zeta potential of 0.1 wt.% bare silica in DIW is – 43 ± 1 

mV at 25 °C. The pH of the blends decreases from 9.9 to 8.2 with increasing surfactant concentration.  
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3.4 Properties of AS-coated silica particles  

One of the key challenges in using nanoparticles for EOR is ensuring their stability under 

the high temperature and salinity conditions found in oil reservoirs over a long period. To 

improve particle stability, researchers have explored several approaches including steric 

stabilization (i.e. physical and chemical grafting), electrostatic stabilization (i.e. pH 
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adjustment) or the blend. In this part, the properties of sterically and electrostatically 

stabilized AS-coated silica particles alone or in a blend with surfactant were determined 

to understand their behaviours in the EOR process.  

The silanization of particles is performed through a series of hydrolysis and condensation 

process during which the silanes chemically adsorb onto the surface of particles through 

siloxane linkage (Si–O–Si). Condensation of silanes by oligomerization and 

polymerization is possible particularly if the silane is not sufficiently hydrolysed in the 

first step. The chemical grafting of silanes onto silica can be also monodentate, bidentate 

or tridentate depending on number of silane reactive group interacting with particle 

surface silanol group. 

3.4.1 XRD  

XRD is a technique that can be used to identify the crystal structure and composition of 

nanoparticles. It operates by illuminating a sample with an X-ray beam and measuring 

the diffraction patterns.193 Amorphous silica (XRD 2θ = 17 ± 4°) is usually made at low 

calcination temperatures (110 ± 40 °C) while crystalline silica (XRD 2θ = 26 ± 1°) needs 

temperatures up to 1000 °C.194 It is documented that particle surface activity decreases 

with increasing silica crystallinity due to the formation of regular lattices and powerful 

silica-oxygen bonds. The peak indexing at 2θ = 22° in Figure 3.19 is the characteristic 

peak of amorphous silica. The XRD analysis by Xpert Highscore shows that silica is 

tridymite (a high-temperature polymorph of silica, Si80O160). The crystal system of silica 

was found to be anorthic (or triclinic). Additional peaks as a result of coating silica 

particles with AS are observed at 2θ = 43° and 50° which are indicative of chemical 

reactions that happened between the core silica and the shell alkoxy silane in the synthesis 

process.195 No further peaks in the pattern indicate the absence of impurities in the sample.   

3.4.2 Extent of salinization 

TGA works by measuring the mass loss as a function of temperature to determine the 

amount and stability of coating material (organic and inorganic) present on nanoparticles 

under different temperature conditions. It is a useful technique for studying the properties 

of coated nanoparticles and can be used to optimize the coating process or assess the 

performance of the coated nanoparticles in a particular application.196 Figure 3.19 shows 

the TGA results of AS-coated silica. There are three main weight loss regions occurring 

in the sample. The first small weight loss happens up to 150 °C and is related to the 

removal of water from the sample. The second one occurs from 150 °C to 380 °C and is 

probably related to the degradation of silane physically adsorbed onto silica particles. The 



 
 

109 
 

last weight loss (from 380 °C to 760 °C) is associated with the oxidation of silane 

molecules chemically adsorbed on particle surface. Oxides like CO2, H2O and CO are 

created when the organic molecules of the silane react with oxygen from airflow at high 

temperatures. Combustion or combustion-like oxidation are common names for this 

process. The proximity and strength of the chemical connections between the silanes and 

the particle surface determine the oxidation temperature of silane. The lower the oxidation 

temperature, the weaker the chemical bond. Slightly positive values (due to the heat 

release) in the DTG profile are here visible at high temperatures showing a high oxidation 

temperature. In addition, it is inferred that the silane is predominantly chemisorbed on 

particles as seen by the chemical and physical silane uptake on silica (0.21 mg as opposed 

to 0.12 mg). 

Overall, considering a 9.1% weight loss from 150 °C to 760 °C for the loss of organic 

ligand, the organic coverage (𝜙i) on silica is calculated at 5.15 μmol silane m–2 of the 

silica. Given that 7.64 μmol silane per m2 of silica surface gives a full silane monolayer, 

the AS coverage on silica in this sample is calculated at 68 % of a full monolayer. 

 

 

 

 

 

 

 

Figure 3.19. XRD (top) and TGA/DTG (bottom) of AS-coated silica. 



 
 

110 
 

 

 

  

3.4.3 Particle stability 

Figure 3.20 shows the stability of 0.1 wt.% AS-coated silica in the presence and absence 

of 0.1 wt.% ZN in DIW and Permian brine at the original and reduced pH (by HCl) at 
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two temperatures. In particle dispersions at the original pH, the particles were sedimented 

both in DIW and Permian brine in a few days at low temperatures. The sedimentation was 

faster (3 h) at 75 °C. As shown, the particles became long-term stable (~ 7 months) in 

DIW and Permian brine by reducing the pH of dispersions at both temperatures. AS 

becomes protonated and cationic below pka of the amino group (NH2) at ~ 9.197 Regarding 

the isoelectric point of bare silica (2 – 4) 198 and high silane coverage on particles (~ 68 %), 

AS-coated silica is expected to have an isoelectric point close to that of AS i.e. 8 – 9, as 

measured before.140 At original pH (8.1 – 8.6), the silane is uncharged but the particles 

are overall weakly anionic due to the uncoated sites on silica leading to aggregation and 

sedimentation due to the negligible particle-particle electrostatic repulsion which is 

intensified at higher temperatures. Ions can screen the charges and increase the 

agglomeration rate. At low pH, amino groups are protonated to NH3
+ and the particles 

become net cationic creating electrostatic repulsion between particles. Therefore, the 

particles are sterically and electrostatically stabilized in Permian brine at high 

temperatures for the long term. The low pH used here is just to ensure a reasonable gap 

with the original pH. The same improved particle stability is expected around reservoir 

pH (6.5).  

Figure 3.21 shows the initial particle diameter and zeta potential of dispersions. 

Protonation of the particle surface was found to reduce the initial particle diameter in 

DIW by ~ 10 nm. The zeta potential of particles in DIW at the original pH was ~ 0, as 

expected. A positive zeta potential (~ + 30 mV) was observed at low pH. Therefore, 

anionic bare silica has been reversed in charge with amine functionalization (– 42 to + 30 

mV). The initial diameter of 0.1 wt.% AS-coated silica particles in Permian brine at an 

original pH of 8.2 and a reduced pH of 4 was measured at 50 ± 1 nm and 30 nm ± 2, 

respectively at 25 °C. The higher initial diameter of the original pH dispersion agrees with 

its short-term stability in visual inspections. The addition of ZN increased the stability of 

particles in DIW at the original pH significantly: from 5 to 180 days at 25 °C and from 3 

hours to 16 days for dispersions at 75 °C. Although the particle stability in Permian brine 

also increased on adding ZN at 25 °C (1 day to 160 days), the particle stability 

improvement at high temperature was not enough for EOR purposes (3 hours to 3 days). 

All dispersions became long-time stable upon pH reduction. Table 3.3 compares the 

initial particle diameter and stability of 0.1 wt.% AS-coated silica with and without 0.1 

wt.% ZN in DIW and Permian brine at original pH and reduced pH at two temperatures.  
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Figure 3.20. Appearance of dispersions containing 0.1 wt.% AS-coated silica in the absence (top) and 

presence (bottom) of 0.1 wt.% ZN in DIW and Permian brine at the original pH and reduced pH by HCl at 

two temperatures at different times. 
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Figure 3.21. Initial particle diameter and zeta potential of different concentrations of AS-coated silica in 

DIW at 25 °C. The original pH was 8.1 – 8.6 which was reduced to 4.3 – 5.2 by HCl.  
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Table 3.3. Initial particle diameter of dispersions of 0.1 wt.% AS-coated silica with or without 0.1 wt.% 

ZN surfactant in DIW and Permian brine at 25 °C at original pH and reduced pH (4) by HCl. 
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[ZN] / wt.% pH at 25 °C Solvent Diameter / nm Stability to  

sedimentation / days 

25 °C 75 °C 

– Original DIW 30 ± 2 5 < 1 

Reduced 23 ± 1 200 200 

0.1 Original 30 ± 3 180 16 

Reduced 24 ± 1 190 190 

– Original Permian brine 50 ± 1 1 < 1 

Reduced 30 ± 2 200 200 

0.1 Original 164 ± 37 160 3 

Reduced 47 ± 1 160 160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 ES-coated silica particles 

3.5.1 Synthesis routes  

3.5.1.1 Synthesis route from ChampionX 
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Following the ChampionX synthesis route, the final dispersions were turbid after a 24-

hour reaction time at 60 °C, although they should have been blueish. The turbidity reflects 

a large extent of particle aggregation which must be avoided. The synthesis route was 

repeated several times and the following controls were performed during the synthesis, 

but no success was achieved (Figure 3.22): 

(i) During the hydrolysis of ES by HCl, the pH of the mixture was monitored to 

remain in the range of 2.0 – 2.2. A higher pH could reduce the solubility of the 

silane in water and lower the hydrolysis efficiency. 1 M HCl was added to bring 

the pH down to the range where required. The mixture of ES and HCl was initially 

hazy but turned clear after stirring for 3 min. The hydrolysis time was extended 

to 120 min to ensure complete silane hydrolysis. In addition to magnetic stirring, 

overhead stirring with speeds up to 500 rpm was also performed to create higher 

shear and a good vortex during the hydrolysis to prevent silane aggregation. 

(ii) The reaction between bare silica and ES was performed both in the presence and 

absence of N2 gas (the condenser and bubbler were removed). 

(iii) To ensure a good vortex during the addition of hydrolyzed ES to the bare silica 

dispersion, higher speeds up to 600 rpm were tried to prevent aggregation of 

particles and silane. The silane addition time was also extended to 30 min.  

 

Figure 3.22. Synthesis of ES-coated silica based on the route from the sponsor: (a) clear bare silica  
dispersion at 60 °C, (b) a relatively turbid dispersion immediately after the addition of all aqueous ES at 

60 °C, (c) increased turbidity after stirring for 20 min at 60 °C, (d) after 24 h reaction at 60 °C. 

 

3.5.1.2 Synthesis route from literature 

All ES/silica dispersion ratios of 0.11, 0.25, 0.50 and 1 cm3 g–1 resulted in final turbid 

dispersions after 24 h. However, the turbidity was removed for [silica] ≤ 4 wt.% at a 

constant ES/silica dispersion ratio of 0.50 cm3 g–1 but some large aggregates were found 



 
 

117 
 

at the bottom of vials indicating that the silane volume is still high (Figure 3.23). As the 

final dispersions were filtered, some particle stability inspections were performed for the 

particles synthesized by this method at different ratios (see Appendix A.2). 

Figure 3.23. Effect of initial bare silica concentration on the f inal turbidity of ES-coated silica dispersions 

in the synthesis using a constant ES/silica dispersion of 0.50 cm3 g–1.  

 

 

3.5.1.3 Modified synthesis route 

It was revealed that previous methods used high ES volumes in the synthesis which 

caused particle aggregation. Using a typical density of reactive silanol sites on colloidal 

silica (4.6 SiOH groups per nm2 of bare silica) 1 and Avogadro’s number (6.023 × 10+23), 

7.64 µmol ES per m2 of silica is required for full silane coverage on bare silica which 

equals 0.6 g ES per g of bare silica using its specific surface area (331 m2 g–1) and silane 

molecular weight (236.3 g mol–1). Since the density of ES is 1 g cm–3, weight and volume 

can be used interchangeably here. It is noted that this amount is for pure ES and a 

monodentate reaction during silanization (i.e. one-to-one interactions between silane 

monomers and the surface silanol group on silica). Oligomerization of silanes or bidentate 

reactions is possible during the chemisorption of silane on silica.199  

A range of ES/silica particle ratios (0.25 – 1.00 g g–1) was tried during the synthesis to 

inspect the effect of silane volume (weight) on the final dispersion turbidity in the 

synthesis. Figure 3.24 shows a summary of the observations made during the synthesis of 

ES-coated silica by this method for different ES/particle ratios. The final dispersions after 

a 24 hour reaction time were monitored for a few days for possible particle aggregation 

and sedimentation. As seen, for small ratios up to 0.50 g g–1 (slightly below the value 

required for a full monolayer) the final dispersions were blueish with no turbidity after 

synthesis. The dispersion synthesized with 0.75 g ES per g silica (above the value required 

for a full monolayer) was blueish but had small aggregates with a diameter of up to ~ 1 
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mm at the bottom. The dispersion with the highest ES/silica ratio (1 g g–1) was turbid with 

large aggregates and by-products with a diameter of ~ 1 – 3 mm at the bottom of vials. 

Any higher ratio above 1 g g–1 is expected to have higher turbidity and aggregation, as 

previously observed. The dispersions synthesized with 0.25 and 0.50 g g–1 did not show 

any aggregation or sedimentation after a few days of standing at room temperature; 

however, partial and complete sedimentation was observed with dispersions made with 

0.75 g g–1 and 1 g g–1, respectively. Therefore, particle stability inspections in DIW and 

Permian brine were only performed for the dispersions with ES/particle ratios of 0.25 and 

0.50 g g–1 (see Appendix A.3).  

The effect of the silane mass used during the synthesis of ES-coated silica on the initial 

particle diameter in DIW and Permian brine at 25 °C showed that the initial particle 

diameter in DIW and Permian brine is constant for ES/silica particle ratios up to 0.5 g g–

1 while increasing sharply for the ratios above 0.75 g g–1 which is above the silane weight 

required for a full monolayer (0.6 g g–1) (Figure 3.25).  

 

 

 

 

 

 

 

 

 

Figure 3.24. Summary and appearance of dispersions during the synthesis of ES-coated silica by the 

modified synthesis route for different ES/silica particle ratios of 0.25, 0.50, 0.75 and 1 g g–1. 



 
 

119 
 

 

 

 

 

 

Figure 3.25. Effect of ES mass used during the synthesis of ES-coated silica on the initial particle diameter 
in DIW and Permian brine at 25 °C. The particles were synthesized with different silane/silica particle ratios 

by the modified synthesis route. The particle concentration was 0.1 wt.% in all dispersions.  
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3.5.2 Properties 

After optimization of the synthesis of ES-coated silica using different methods and 

silane/particle weight ratios, the synthesized particles from the sponsor were used in the 
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subsequent experiments to ensure reproducible results. As for AS-coated silica, the 

properties of ES-coated silica were first investigated to understand the later effects of 

particles alone or in a blend with surfactants on the oil-water, oil-rock and water-rock 

systems for EOR.  

3.5.2.1 XRD 

Figure 3.26 compares the diffraction patterns of bare silica and ES-coated silica. As 

explained earlier, the peak at 2θ = 22° is the characteristic peak of amorphous silica. The 

intensity of this peak is almost the same for both AS- and ES-coated silica. The XRD 

analysis by Xpert Highscore shows that silica is tridymite (a high-temperature polymorph 

of silica, Si80O160). The crystal system of silica was found to be anorthic (or triclinic). 

Like AS, ES-coated silica has additional peaks at 2θ = 43° and 50° as compared to bare 

silica which are related to the grafting of silica with silane by covalent bonds in the 

synthesis process. The intensity of these peaks is significantly higher for ES-coated silica 

but this cannot provide information on the coating extent of silane on particles as the 

intensity is a function of different setting parameters like micro-strains (i.e. the extent of 

distortion in the crystalline lattice), size, doping and vacancy.195 No further peaks in the 

pattern prove the absence of impurities in the sample.  

3.5.2.2 Extent of silanization 

Figure 3.26 shows the TGA results of ES-coated silica. As described before, the small 

initial weight loss up to 150 °C is related to the removal of water from the sample. The 

second weight loss occurs from 150 °C to 370 °C and is associated with the degradation 

of silane physically adsorbed onto silica particles. The last weight loss (from 370 °C to 

760 °C) is associated with the oxidation of silane molecules chemically adsorbed on 

particle surface. When the organic molecules of the silane react with oxygen from airflow 

at high temperatures, oxides like CO2, H2O and CO are formed. High oxidation 

temperatures are observed implying strong chemical bonds between silane and particles. 

The silane is predominantly chemisorbed on particles due to the higher chemical uptake 

of silane on silica.  

 

Considering a 15.4% weight loss from 150 °C to 760 °C for the loss of organic ligand, 

the organic coverage (𝜙i) on silica is calculated at 4.1 μmol silane m–2 of the silica. Given 

that 7.64 μmol silane per m2 of silica surface gives a full silane monolayer, the ES 

coverage on silica in this sample is calculated at 55% of a full monolayer. Note that the 
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weight percentage is unchanged up to 200 °C indicating that the silane can tolerate the 

typical reservoir temperatures (70 – 130 °C) 111 without degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26. XRD (top) and TGA/DTG (bottom) of ES-coated silica . 
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3.5.2.3 Particle stability 
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The stability of ES-coated silica with or without different concentrations of AHS and ZN 

surfactants in DIW and Permian brine was investigated at low and elevated temperatures 

visually and by particle diameter/zeta potential measurements. Since low particle 

concentrations (< 0.1 wt.%) are usually economically and technically viable for EOR 

purposes, 0.1 wt.% particles were chosen for stability inspections here. The objective of 

this part is to inspect and stabilize (if required) the sterically stabilized ES-coated silica 

for long-term colloidal stability at high salinity and high temperatures for EOR. 

3.5.2.3.1 Particles in DIW and Permian brine 

Figure 3.27 shows the stability of 0.1 wt.% ES-coated silica in DIW and Permian brine at 

original pH and reduced pH. The dispersions in DIW at the original pH were stable for 

60 days at both temperatures and are expected to be stable for longer times. The dispersion 

in Permian brine was stable at the low temperature for two months while sedimentation 

was observed in the one at 75 °C after a week (not enough for EOR purposes). The long-

term particle stability in DIW is mainly due to the electrostatic (charge-induced particle-

particle repulsion) and steric (hindrance of ES) stabilization. Note that a full monolayer 

of silane on silica was not achieved during the synthesis of ES-coated silica. Thus, the 

uncoated sites on the surface of particles are at the highest charge density at high pH (9 – 

10) due to the largest deprotonation of surface silanol groups. These negatively charged 

sites electrostatically attract the cations of the brine, especially Ca2+ and Mg2+, which 

results in the charge neutralization of particles and the disappearance of particle-particle 

electrostatic repulsion. If steric hindrance by silane is not enough, particle aggregation 

and sedimentation happen due to the dominance of van der Waals attraction which is 

intensified at high temperatures due to high Brownian motion and particle collisions. Ions 

such as Mg2+ and SO4
2–, on the other hand, have low activity at low temperatures.52, 200 

At high temperatures however the H-bonds around the ions are broken and the activity of 

the ions increases which finally increases their contribution to the aggregation and 

sedimentation of particles. That is why sedimentation occurred in a dispersion of particles 

in Permian brine at 75 °C while the low temperature dispersion was stable for two months.  

The stability of the same dispersions was also investigated at an acidic pH (by HCl) 

(Figure 3.27). As indicated, the dispersions containing particles in Permian brine were 

stable at both temperatures for around 7 months by pH reduction. The extent of cation 

attraction and screening of particle surface charges by cations decreases significantly with 

pH reduction and as a result, the dispersions were made stable for a long time. Note that 

if silane hindrance was not available, the pH reduction was expected to destabilize the 
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particles in Permian brine at high temperatures due to the reduced electrostatic repulsion 

between particles.  

All dispersions of 0.1 wt.% ES-coated silica in DIW and Permian brine at the original pH 

(8.8 – 10.0) and reduced pH by HCl (~ 4) had an initial particle diameter of 23 ± 3 nm at 

25 °C. Although pH reduction did not affect the initial particle diameter, it considerably 

extends the particle stability in brine at high temperatures as observed earlier. The zeta 

potential of particles in DIW was measured at – 27 ± 1 mV which was reduced to – 13.9 

± 1 mV on reducing pH. This decrease in zeta potential is associated with the protonation 

of silanol groups at low pH. Figure 3.28 presents a comparison of the initial particle 

diameter and zeta potential of bare silica and ES-coated silica in DIW at 25 °C. The higher 

particle diameter and zeta potential of ES-coated silica are due to the silane coverage on 

the surface of silica and the termination of silanol groups by silane, respectively.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27. Appearance of dispersions containing 0.1 wt.% ES-coated silica in DIW and Permian brine at 

the original and reduced pH (by HCl) at two temperatures at different times. 
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Figure 3.28. Effect of ES coverage on the initial particle diameter and zeta potential of bare silica at 25 °C. 
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The effect of pH reduction on the re-dispersibility of particles in a sedimented dispersion 

of ES-coated silica in Permian brine was also investigated. Figure 3.29 shows the stability 

of 0.1 wt.% ES-coated silica in Permian brine (original pH = 8.8 at 23 °C) with time. 

When sedimentation happened in the dispersion at 75 °C, the pH of both dispersions was 

reduced to 3.5 at 20 °C using HCl. The dispersions were then stirred for 30 min before 

being monitored for stability once more. Interestingly, the particles became re-dispersed 

with pH adjustment and were stable for a long time (180 days). This observation implies 

that pH reduction is effective in controlling the particle surface charges and  reducing the 

electrostatic attraction between brine cations and anionic particles even after initial 

sedimentation. This is critical for EOR processes where long-term particle stability in a 

high salinity brine and high temperature is required.  

The same effect was observed when using aluminium sulphate in dispersions. Figure 3.30 

shows the stability of blends of ES-coated silica and aluminium sulphate (Al2(SO4)3) in 

DIW and Permian brine. The concentration of Al2(SO4)3 in these dispersions was kept at 

10% of the particle concentration. As shown, all dispersions were stable for more than 6 

months on the addition of aluminium sulphate. As explained before, the dilute sulfuric 

acid produced on the addition of Al2(SO4)3 can reduce the pH of dispersions (4.4 ± 0.1 at 

20 °C) and the particle-cation electrostatic attraction which improves the particle stability. 

The zeta potential of particles in DIW was found to increase to around zero on adding 

aluminium sulphate to all dispersions at 25 °C but the particles survived aggregation 

thanks to the steric stability induced by ES. In the absence of silane hindrance, bare 

particles aggregate and sediment upon adding electrolyte due to the surface charge 

neutralization as observed before. The initial particle diameter of all dispersions in DIW 

and Permian brine at original and reduced pH was 25 ± 3 nm. Like HCl, aluminium 

sulphate did not affect the initial particle diameter but long-term stabilized the particles 

in brine at high temperatures. 

 

 

 

 

Figure 3.29. Appearance of dispersions containing 0.1 wt.% ES-coated silica in Permian brine at two 

temperatures at different times (initial pH = 8.8 at 20 °C). When sedimentation occurred, the pH of both 

dispersions was reduced to 3.5 using HCl.  
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Figure 3.30. Appearance of dispersions containing 0.05 wt.% ES-coated silica with and without 0.005 wt.% 

aluminium sulphate in DIW and Permian brine at two temperatures.  
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3.5.2.3.2 Blends of particles and AHS surfactant 

The stability of nanoparticles in a blend with surfactants is important in EOR processes. 

Figure 3.31 shows the stability of 0.1 wt.% ES-coated silica in a blend with different AHS 

concentrations (0.001 – 1 wt.%) in DIW and Permian brine at original pH. As seen, all 

dispersions in DIW were stable at both temperatures for a long time. The dispersions in 

Permian brine at the low temperature were also stable for more than 6 months while 

sedimentation was observed in the ones at 75 °C after nearly 2 – 4 weeks. 

At relatively high electrolyte concentrations, surfactant can stabilise nanoparticles in 

dispersions in two different ways. The headgroups of the surfactant molecules adsorb 

onto the nanoparticle surface when an oppositely charged surfactant is added to a colloidal 

dispersion, leaving the hydrocarbon chains toward the water phase. This creates a barrier 

between the particles, preventing them from coming into close contact and aggregating. 

When two nanoparticles get close to one another, the chains overlap, stabilising the 

dispersion sterically by creating extra osmotic pressure and elastic forces. However, if 

this energy barrier is dominated by e.g. ions, particle aggregation occurs. The increased 

charge of the particle surface can also produce a stable dispersion electrostatically 

preventing the particles from colliding and aggregating when the tails of surfactants 

adsorb on the particle surface or when the surfactant monolayer on the nanoparticle 

surface changes to a bilayer at high surfactant concentrations. The first mechanism is 

thought to be stronger than the second one at high electrolyte concentrations. When the 

surfactant adsorbs onto the surface of nanoparticles, it can reduce the surface energy of 

the nanoparticles, making them less likely to aggregate.122  

Figure 3.32 shows the effect of AHS concentration on the initial particle diameter and 

zeta potential of ES-coated silica particles in the blend at 25 °C. As shown, the initial 

particle diameter decreases with an increase in surfactant concentration in the blends due 

to the increased electrostatic adsorption of surfactant molecules on the particle surfaces 

which agrees with the increased zeta potential of particles towards zero on increasing 

AHS concentrations in the blend. 
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Figure 3.31. Appearance of dispersions containing 0.1 wt.% ES-coated silica in a blend with different 

concentrations of AHS surfactant in DIW (top) and Permian brine (bottom) at original pH at two 

temperatures. 
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Figure 3.32. Initial particle diameter (top) and zeta potential (bottom) of 0.1 wt.% ES-coated silica in a 

blend with different concentrations of AHS surfactant at 25 °C. 
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3.5.2.3.3 Blends of particles and ZN surfactant 

Figure 3.33 shows the appearance of dispersions containing 0.1 wt.% ES-coated silica in 

a blend with different concentrations of ZN surfactant (0.001 – 1 wt.%) in DIW and 

Permian brine at the original pH. The dispersions of particles in DIW were all stable at 

both temperatures up to 200 days except for high surfactant concentrations of 0.5 and 1 

wt.% at 75 °C which showed sedimentation after one day. All dispersions in Permian 

brine kept at the low temperature were stable for up to 200 days while sedimentation was 

observed in the ones at 75 °C. For [ZN] ≤ 0.1 wt.%, sedimentation was slower (after 3 – 

4 weeks) whereas the dispersions with 0.5 and 1 wt.% ZN became turbid at 75 °C after a 

day. An increase in the initial particle diameter was observed for both dispersions when 

the surfactant concentration was > 0.1 wt.% (Figure 3.34). With an increase in ZN 

concentration from 0.001 wt.% to 0.07 wt.% in the blend in DIW, the zeta potential 

changed from – 27 mV to – 3 mV and remained unchanged at higher surfactant 

concentrations up to 1 wt.%. 
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Figure 3.33. Appearance of dispersions containing 0.1 wt.% ES-coated silica in a blend with different 

concentrations of ZN surfactant in DIW (top) and Permian brine (bottom) at original pH at two temperatures. 

 

 

 

 

Figure 3.34. Initial particle diameter and zeta potential of 0.1 wt.% ES-coated silica in a blend with different 

concentrations of ZN surfactant in DIW and Permian brine at 25 °C.  
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3.5.2.4 Particle surface activity 
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Large changes in air-water surface tensions on adding particles can be interpreted as 

particle surface activity. Figure 3.35 shows the air-water surface tension of different 

concentrations of ES-coated silica in DIW and Permian brine at the original and reduced 

pH at 25 °C. As seen, surface tensions decrease from the reference lines (surface tensions 

of DIW and Permian brine) upon adding particles but this reduction is not large. As 

described earlier, ES-coated silica particles have hydroxyl groups on both uncoated and 

coated sites (due to the opening of the ES epoxy ring by hydrolysis during synthesis). 

However, the hydrocarbon group in the silane tip can indue partial hydrophobicity given 

that the ether bond is flexible enough to bend at the air-water surface. This is usually 

possible when the silane coverage is small enough to provide sufficient spaces between 

silane molecules grafted on silica to bend freely. In the case of high silane coverage on 

silica however, the particles become large and grafted silanes cannot freely bend thus they 

have to expose the hydroxyl groups to the surface which makes them purely hydrophilic 

and non-surface active.12 Regarding the silane coverage on silica (55%) and the surface 

tension measurements here, ES-coated silica particles are not thought to be highly surface 

active.  

The similar charges of particles and air-water surface electrostatically prevent high 

particle adsorption but pH reduction can reduce the charges of both, enabling more 

particle adsorption at the air-water surface, consistent with more surface tension decrease 

on pH reduction. The adsorption energy of spherical particles at an air-water surface can 

be calculated using:201 

∆𝐸 =
(𝛾𝑜 − 𝛾) 𝜋𝑟2

𝜂
 (3.3) 

Where γo and γ are the surface tensions of DIW or Permian brine and dispersions (mN m–

1), r is the particle radius (nm) and η is the packing parameter (0.91 for closely packed 

monolayer). This equation is valid assuming that the particle contact angle is 90°. Figure 

3.36 shows the variation of adsorption energy with particle concentration at 25 °C. At the 

original pH, the adsorption energy was almost independent of particle concentration when 

particles were in DIW but became more negative with raising the particle concentrations 

in Permian brine. At low pH, a decrease and increase in adsorption energy are observed 

with increasing particle concentrations in DIW and Permian brine, respectively.  

 

Figure 3.35. Air-water surface tension of different concentrations of ES-coated silica in DIW (upper) and 

Permian brine (lower) at original and reduced pH at 25 °C. The dashed lines are the surface tensions of 

DIW and Permian brine. 
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Figure 3.36. Adsorption energy (ΔE) of ES-coated silica particles in DIW and Permian brine at air-water 

surface at 25 °C under different pH environments.  
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3.6 Properties of rock  
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the surface. Thus, the properties of the rock will determine the nature and strength of its 

interactions with EOR chemicals like surfactants and particles, and these interactions can 

significantly impact the effectiveness of the EOR technique in the reservoir.158 

3.6.1 Powder size and XRD 

As explained in the methodology, the Wolfcamp shale sample was powdered and sieved 

into different size groups. Figure 3.37 shows the size distribution and XRD of shale 

powder. The XRD peaks match a rock consisting mostly of calcite. The crystal system of 

calcite was found to be hexagonal. The peak indexing at 2θ = 22° is indicative of quartz 

(filled square). The calcite peaks have been shown in filled circles in the figure. The 

Rietveld refinement shows 97.20 ± 0.06 % calcite and 2.80 ± 0.06 % quartz in the sample.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.37. (Top) Particle size distribution of shale powder of different sieve groups (the values on top of 

each distribution show the volumetric weighted average D[4, 3]). (Bottom) XRD of shale (10 µm). 
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the rock, as well as the type and concentration of ions present in the surrounding fluids 

(i.e. water or oil). Common minerals that can contribute to the ZPC of rock include quartz, 

clay, carbonates and oxides. The ZPC of rock is an important factor to consider in 

chemical EOR techniques since the rock charge affects the adsorption of the chemicals 

which can impact the efficiency of the EOR process.158 

Figure 3.38 shows the variations in pH with the initial pH of shale powder (10 µm) in two 

electrolytes for ZPC determinations. According to the figure, the ZPC of shale powder in 

0.01 M NaCl is ~ 9.3 which is near that of calcite at ~ 9.202 Previous studies show that 

NaCl is ineffective in calcite-water systems for changing ZPC45 necessitating the 

determination of ZPC in Permian brine. The ZPC of shale powder is reduced to ~ 8 on 

adding Permian brine. The zeta potentials of different concentrations (0.01 – 0.1 wt.%) 

of 10 µm shale powder in DIW (original pH = 9.6 ± 0.2 > pHZPC) at 25 °C were – 18 ± 1 

mV independent of shale concentration. In addition to the effect of pH, the shale also has 

3% quartz (SiO2) which is anionic at this pH. Figure 3.39 shows the effect of pH on the 

zeta potential of shale in DIW. As seen, the zeta potential is negative at all pH values for 

both suspensions. Saxena et al. looked into how pH affected the charge of bentonite, 

carbonate and sandstone in DIW. For all three rock samples, they noticed a nearly zero 

zeta potential at high (12) and low (2) pH and a negative charge at other pH values. The 

samples were at their most anionic at neutral pH (7 ± 1). While bentonite's negative charge 

was related to the hydroxyl groups of the basal planes of its layered structure, that of 

sandstone was attributed to the silanol groups (SiOH) formed by water molecules and 

consequent deprotonation of them at the rock surface. They claimed that the anionic 

carbonate charge was influenced by the presence of other minerals like quartz or the 

dissociation of calcium ions in water.121 Here, the negative charge of shale at low pH is 

related to the dissolution of calcite which leaves the anionic quartz creating a negative 

zeta potential. 

 

 

Figure 3.38. Determination of ZPC of shale powder (10 µm) in 0.01 M NaCl and Permian brine using the 
pH drift method. pH1 and pH2 represent the initial and equilibrium (after 48 h) pH of suspensions, 

respectively. 
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Figure 3.39. Variation of zeta potential with pH for different concentrations of 10 µm shale powder in DIW 

at 25 °C. 1 N NaOH and 1 M HCl were used for pH adjustment. 
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3.6.3 Surface area and pore size 

Pores are the openings in solid surfaces into which liquids, gases and particles can enter. 

Reservoir rocks must be porous to store hydrocarbon. Sedimentary background, 

diagenesis (i.e. post-deposition physical and chemical changes in sediments), compaction 

by overburden, cementation (i.e. precipitation of mineral matter in the pore spaces) and 

dissolution are key factors determining the average pore size, pore size distribution and 

pore structure in oil reservoirs.203 The International Union of Pure and Applied Chemistry 

(IUPAC) classifies pores into micropores, mesopores and macropores.204 Micropores and 

mesopores are arranged within rock grains but macropores, also known as interparticle 

pores, are mostly created between particles (Figure 3.40).  

Figure 3.40. (a) Size range and (b) visual representation of different pore types defined by IUPAC.  

 

 

(a) 

(b) 
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Brunauer–Emmett–Teller (BET) analysis is a useful tool to investigate the surface area, 

pore structure and pore size distribution of porous materials like rock. BET theory is an 

extension of the Langmuir adsorption isotherm and considers multilayer gas adsorption 

in which gas molecules can adsorb onto the surface in infinite layers but with no inter-

layer interactions. Applying to each of these layers, the BET model assumes that gas 

molecules behave ideally to form a monolayer with a homogenous surface and no 

adsorbate-adsorbate interactions. The surface sites have equal adsorption energies for 

adsorbate, and the upper layer is in equilibrium with the vapour phase. BET analysis 

usually comes with adsorption/desorption isotherms which are used for the analysis of 

the surface area, pore size and pore structure.148 

Shale powder with an average particle diameter of 140 µm and 360 µm was selected for 

cryogenic nitrogen BET analysis at 77 K (Figure 3.41). As the rock was degassed initially, 

dosing nitrogen into the analysis tube makes atoms first adsorb onto the surface of the 

smallest pores i.e. micropores. As the relative pressure (P/Po) increases, nitrogen will 

adsorb on the external surfaces and also on the surface of bigger pores i.e. mesopores and 

macropores until a monolayer forms (typically at P/Po = 0.3 – 0.5) which is used for BET 

surface area calculations.148 Both adsorption isotherms have a positive curvature at low 

relative pressures due to the adsorption being done more on energetically favourable sites. 

Both plots show a type II adsorption isotherm and a macroporous sample (> 50 nm), 

according to the Brunauer-Deming-Deming-Teller (BDDT) classification.205 As relative 

pressure increases, adsorption volumes increase linearly in both, allowing us to calculate 

the BET surface area. At high relative pressures, the isotherms continue to increase until 

saturation is achieved. The final adsorption rise in both plots is due to the nitrogen-

nitrogen multilayers on a non-porous sample or to the incomplete filling of a macroporous 

sample. The isotherm behaviour and type here are in agreement with the study by Liu et 

al. on shales.206 When the adsorption process was finished, i.e. when the highest 

adsorption pressure was reached and the adsorption volume was determined, the relative 

pressure was gradually reduced and the volume of nitrogen desorbed from the rock was 

determined for both powder sizes (Figure 3.41). The desorption isotherms in both figures 

show type H3 hysteresis.207 The presence of hysteresis usually implies the presence of 

porosity in the sample but a sharp rise in adsorption at high relative pressures shows the 

dominance of meso- and macropores in the rock which are not filled as saturation is 

reached. The hysteresis is basically because of the different processes occurring during 

adsorption and desorption. Pore filling by condensation happens during adsorption while 

pore emptying performed by evaporation happens during desorption. Condensation starts 
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from the pore walls and continues towards the centre of the pores until they are filled. On 

the other hand, emptying starts from the top of the pores downwards until they are all 

empty. Figure 3.42 shows the transformed plot of isotherms for both shale powder sizes. 

The slope and intercept of the linear regression lines fitted to experimental data points of 

the adsorption isotherm were used to calculate the BET surface area. Adsorption 

isotherms give information about pore sizes while desorption isotherms can show how 

open or restricted pore throats are. Table 3.4 presents the BET parameters and pore 

volumes of the samples. The large BET values imply that the rock has a high potential 

for adsorbing chemicals in EOR. The small pore volumes show that the shale rock is tight 

with low porosity.  

Barrett-Joyner-Halenda (BJH) analysis can help to determine the average pore size and 

pore size distribution in the rock. Figure 3.43 shows the BJH pore size distribution of two 

shale powders which is the mathematical slope of the cumulative pore volume (V) in the 

log scale versus the pore diameter (D). As can be seen, there are no significant peaks 

below 100 nm while the plots increase at pore widths > 120 nm, confirming that the rock 

is mostly macroporous (> 50 nm pore width). Typically, if macropores are larger than 

200 – 300 nm, they are too big to be filled with nitrogen as saturation approaches which 

leads to the final rise in the plots. Therefore, the BET method has a limitation for pore 

sizes above 200 – 300 nm.  

 

 

 

 

 

 

 

 

 

Figure 3.41. Adsorption and desorption isotherms of N2 at 77 K on two shale sizes of 140 µm and 360 µm. 
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Figure 3.42. BET transform plots of adsorption isotherms for two shale powder sizes of 140 µm and 360 

µm. Here, V is the quantity adsorbed at each relative pressure (P/Po).  

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1

q
ua

nt
ity

 
ad

so
rb

ed
 /

 c
m

3
g–

1
S

T
P

relative pressure P/Po

140 µm

Adsorption

Desorption

0

1

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1

q
ua

nt
ity

 
ad

so
rb

ed
 /

 c
m

3
g–

1
S

T
P

relative pressure P/Po

360 µm

Adsorption

Desorption



 
 

149 
 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4. BET parameters calculated for the two shale powder sizes of 140 µm and 360 µm. 
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Diameter 

/ µm 

Slope / 

g cm–3 

STP 

Y-

intercept / 

g cm–3 STP 

BET 

constant 

C 

Vm / 

cm3 

STP g–

1 

Correlation 

coefficient 

BJH 

pore 

volume / 

cm3 g–1 

BET 

surface 

area / 

m2 g–1 

140 1.397 ± 

0.036 

0.075 ± 

0.007 

19.52 0.68 0.99 0.016 2.95 ± 0.07 

360 1.803 ± 

0.080 

0.162 ± 

0.017 

12.13 0.51 0.98 0.011 2.21 ± 0.09 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.43. BJH pore size distributions from adsorption isotherms of N2 onto two shale powder sizes. 
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3.7 Summary of finding 

In this chapter, the properties of chemicals including particles, surfactants and rocks were 

determined using different techniques. The findings could be summarized as follows: 

• Although stable in DIW, bare silica (d = 16 nm, ζ = – 42 mV) experienced quick 

sedimentation in Permian brine at 75 °C. When blended with AHS surfactant, raising 

surfactant concentration to 2 wt.% in DIW (pH ~ pHZPC) increased the particle 

diameter sharply up to ~ 3400 nm and the zeta potential towards zero because of the 

interactions between particles and surfactant leading to sedimentation. When the 

blend was in Permian brine, sedimentation occurred quickly at both temperatures. 

Similar observations were made with ZN surfactant. 

• Anionic bare silica was successfully reversed in charge with amine functionalization 

(30 mV at low pH) which was confirmed by XRD and TGA (68% coverage). At the 

original pH (ζ ~ 0), the particles were sedimented both in DIW and Permian brine in 

a few days even at low temperatures but they became long-term stable (~ 7 months) 

at both temperatures by the protonation of particles at low pH. Unlike 25 °C, the 

particle stability improvement in Permian brine on adding ZN surfactant at 75 °C was 

not enough for EOR purposes (3 h to 3 d) but they became long-term stable (~ 6 

months) on reducing pH. 

• The literature synthesis method was modified and optimized using various ESE/silica 

particle ratios (0.25 – 1.00 g g–1). The initial particle diameter in both DIW and 

Permian brine was constant (22 nm) for ES/silica particle ratios up to 0.5 g g–1 while 

it increased sharply to 120 – 450 nm for ratios above 0.75 g g–1 (> 0.6 g g–1, monolayer 

ratio) which must be avoided to prevent particle aggregation and silane waste. TGA 

results showed a thermal tolerance from 110 °C to 200 °C and a silane coverage of 

55% indicating hydrophilic particles (by hydroxyl groups) with partial 

hydrophobicity (by silane hydrocarbon groups). Particle adsorption energy at the air-

water surface was almost independent of [particle] in DIW at the original pH (– 400 

kT) but it became more negative (– 800 kT) on raising [particle] in Permian brine. At 

low pH, the adsorption energy became more and less negative on increasing [particle] 

in DIW and Permian brine, respectively. 

• A higher particle diameter (23 nm) and zeta potential (– 27 mV) were measured with 

ES-coated silica compared to bare silica. Unlike low temperatures, ES-coated silica 

particles were sedimented in Permian brine at the original pH at 75 °C after a week. 

Unlike the initial diameter, the zeta potential of particles in DIW increased to – 14 

mV and ~ 0 on adding HCl and aluminium sulphate, respectively but the particles 
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survived aggregation thanks to the steric hindrance by silane. This electrostatic 

stabilization by pH could also re-disperse and long-term stabilize sedimented particles 

in Permian brine (for 180 days at 75 °C) implying the effect of particle surface charge 

on the ion-particle and particle-particle electrostatic interactions and stability of 

sterically stabilized particles even after sedimentation which is critical in EOR 

processes.  

• The addition of AHS or ZN surfactant to ES-coated silica in DIW was found to add 

electrostatic stabilization to sterically stabilized particles. However, the particle 

stability improvement was not sufficient in Permian brine at 75 °C (only up to 3 weeks) 

due to the high temperature and ions limiting electrostatic grafting of particles with 

surfactant. 

• ZN surfactant had a narrower net zero charge pH (7.5 – 8.4) and smaller zeta 

potentials (± 5 mV) in DIW at 25 °C compared to AHS surfactant (pHZPC = 5.5 – 8.0 

and ζ = 7 to – 18 mV) due to the presence of its nonionic C10-12E9 monomers. For the 

same reason, ZN surfactant had a lower air-water surface tension (< CMC) both in 

DIW and Permian brine. The CMC of both surfactants and the free energy of 

micellization decreased and increased, respectively on adding Permian brine due to 

the salting-out and electrostatic effects. The free energy of adsorption of ZN surfactant 

was more negative than that of AHS surfactant both in DIW and Permian brine 

implying that ZN surfactant is more surface-active.   

• The addition of bare silica to both surfactant solutions increased the air-water surface 

tension and CMC (more so for ZN surfactant). The free energies of micellization and 

adsorption became less negative upon adding bare silica implying less favourable 

micellization and surfactant adsorption at the air-water surface. The addition of low 

concentrations of ES-coated silica increased the surface tension and CMC of AHS 

and ZN surfactants in DIW. The CMC of surfactants in Permian brine increased 

slightly upon adding 0.01 wt.% particles but no significant change was observed at 

higher [particle]. For AHS in Permian brine, there was a systematic decrease in 

surface tension upon raising [particle] implying increased surface activity of the 

surfactant while no clear effect was found in that of ZN surfactant.  

• The ZPC of calcite-rich shale in 0.01 M NaCl was measured as ~ 9.3 which was 

reduced to ~ 8 when it was in Permian brine. The adsorption and desorption of N2 on 

and from shale showed a type II adsorption isotherm and H3 hysteresis (presence of 

pores inside the rock). BJH pore size distribution showed a macroporous rock (> 50 

nm pore width) with low pore volumes (0.011 – 0.016 cm3 g–1) confirming a tight 



 
 

154 
 

shale. The shale showed a large BET surface area (2.21 – 2.95 m2 g–1) for adsorbing 

chemicals in EOR.  
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Chapter 4 EOR chemicals in air-rock and liquid-rock systems  

 

 

 

In chemical EOR, the terms "water-rock" and "oil-rock" interactions refer to the 

interactions of rock with water and oil, respectively in a reservoir which can have a 

significant effect on the efficiency of EOR processes and the overall recovery of oil from 

the reservoir. These interactions can be influenced by a variety of factors including the 

rock wettability, the rock surface energy and the physiochemical properties of water and 

oil. In general, water is more likely to wet and adhere to a rock surface if the rock is more 

hydrophilic (water-loving) and if the surface energy of the rock is high while oil is more 

likely to wet a more oleophilic (oil-loving) rock that has a low surface energy. In a typical 

chemical EOR, an important goal is often to alter the wettability of the rock from (strongly) 

oil-wet to intermediate or water-wet in order to increase the recovery of oil from the 

reservoir. This is often carried out by adding surface-active chemicals like surfactant, 

polymer or nanoparticles to the injected aqueous phase to modify the wetting properties 

of the rock and alter its affinity for water or oil.  

This chapter reports the effectiveness of EOR chemicals used in this study including AHS 

and ZN surfactants, ES-coated silica particles and Permian brine ions on the rock 

wettability alteration. The impact of adding particles on the adsorption of AHS and ZN 

surfactants onto rock was also studied. The results were further discussed by EDX-

assisted SEM. 

4.1 Contact angle measurement   

4.1.1 Air-water and air-oil contact angle 

Figure 4.1 shows the contact angles of water and n-dodecane drops on bare and oil-

conditioned shale (hydrophobized with crude oil) in air with time. As time increases, the 

water droplets shrink due to imbibition into the pores of the rock. The water droplet forms 

an initial contact angle of 102 ° on bare shale and 117 ° on oil-conditioned shale showing 

an intermediate wettability against water.208 The n-dodecane droplets spread initially on 

both bare and oil-conditioned shale implying that the ageing process and duration were 

sufficient for the hydrophobization of the substrates.  
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Figure 4.1. (a) Dynamic contact angles of water droplets and (b) initial contact angles of n-dodecane 

droplets on bare shale and oil-conditioned shale in air at 20 ± 2 °C.  
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4.1.2 Oil-water contact angle 

4.1.2.1 Hydrophobicity of shale substrates 

In order to investigate the degree of hydrophobicity of rock substrates obtained by ageing 

with crude oil, the contact angles of fresh crude oil drops on the oil-conditioned substrates 

immersed in DIW and Permian brine were measured through water after allowing the 

drop to reach equilibrium for around 10 minutes. At this time, almost no further change 

in contact angle with time was observed. In both cases, the oil drops were observed to 

spread on the shale substrates initially (Figure 4.2). Longer immersion in DIW and 

Permian brine up to 48 h did not reduce the hydrophobicity noticeably implying that both 

are ineffective in altering rock wettability necessitating the use of EOR chemicals like 

surfactants and particles. The oil-water contact angle after 24 h immersion in DIW or 

Permian brine was measured as 171 ± 8 ° showing a strong hydrophobization of shale 

with crude oil during the ageing process. This contact angle was considered as a reference 

for subsequent investigations. The shale used in this study was calcite dominant (97.2% 

calcite + 2.8% quartz) with a ZPC in 0.01 M NaCl at pH ~ 9.3. At around neutral pH, 

calcite is expected to be cationic. However, the presence of quartz can also provide some 

anionic sites on the surface of the rock. The total acid number (0.25 mg KOH g–1) and 

total base number (0.45 mg KOH g–1) of crude oil show a higher presence of cationic 

polar groups in the crude oil facilitating the adsorption of cationic components of the oil 

onto anionic sites of the rock.  

Figure 4.2. Equilibrium crude oil droplets on oil-conditioned shale substrates treated with DIW and 
Permian brine for up to 48 h. The measurements were performed under DIW and Permian brine, 

respectively. 

 

 

 

4.1.2.2 Effect of treatment time 
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The term "treatment time" refers to the duration of contact between the wettability 

modifier and the oil-wet rock. Measuring the contact angle with treatment time can show 

not only the dynamic contact angle behaviour but also the time when a minimum contact 

angle can be seen. The latter shows the maximum power of the chemical for rock 

wettability alteration with no significant later change. Surfactant and particle adsorption 

at the liquid-liquid and liquid-rock interfaces is time-dependent. As the treatment time 

increases, the contact angle may decrease, increase or reach a plateau. This can occur due 

to various chemical or physical processes such as the adsorption, removal or alteration of 

oil-wetting agents or the formation of a thin film of water on the rock surface. 

In this study, the variation of the contact angle of crude oil droplets on oil-conditioned 

unpolished shale in DIW was investigated at different treatment times. For this, the oil-

conditioned shale substrates were placed in the modifier (solutions or dispersions) for up 

to 48 h. At certain times (0.5, 1.5, 3, 24 and 48 h), the substrates were removed from the 

treating fluid and the contact angle of fresh oil drops on the substrates was measured 

under DIW or Permian brine (depending on the background of the solution or dispersion). 

The treatment time beyond which the contact angle change was negligible was chosen for 

subsequent measurements. Also, 10 min were allowed in all measurements for the oil 

droplets to reach equilibrium on the solid surfaces.  

As shown in Figures 4.3 and 4.4, the contact angle decreased noticeably only after 0.5 h 

of treatment although larger reductions can be seen at longer treatment times. For ZN in 

DIW, at least 24 h is required to observe the maximum contact angle reduction and no 

further significant decrease is observed up to 48 h. When ZN is in Permian brine, the 

contact angle reduction to minimum is faster and occurs after 1.5 h beyond which no 

further significant change is observed. The decrease in the electrostatic repulsion between 

surfactant headgroups and charged sites on the shale surface upon the addition of ions 

may account for this faster wettability alteration. For particles in DIW and Permian brine, 

24 h appears to be suitable for a noticeable contact angle reduction and no considerable 

reduction is observed up to 48 h. Therefore, a treatment time of 24 h was chosen for 

subsequent experiments. 

 

 

Figure 4.3. Effect of treatment time on the contact angle of crude oil droplets on oil-conditioned unpolished 

shale treated with different ZN concentrations in DIW (top) and Permian brine (bottom) for up to 48 h. The 

black dashed line shows the contact angle of oil droplets on shale treated with DIW or Permian brine.   
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Figure 4.4. Effect of treatment time on the contact angle of crude oil droplets on oil-conditioned unpolished 

shale treated with different ES-coated silica  concentrations in DIW (top) and Permian brine (bottom) for 
up to 48 h. The black dashed line shows the contact angle of oil droplets on shale treated with DIW or 

Permian brine.  
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4.1.2.3 Effect of polishing rock 
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The bare shale substrates received from the supplier had artificial surface lines induced 

during trimming. To remove this surface roughness, the substrates were polished as 

explained in the methodology. To investigate how polishing the substrates affects the oil-

water contact angles, measurements were performed on both unpolished and polished 

shale. Figures 4.5 and 4.6 show the oil-water contact angles for different ZN solutions 

and ES-coated silica dispersions on polished and unpolished shale. The oil-water contact 

angles are higher on polished shale substrates in all plots. Due to the lower surface 

roughness, a polished rock surface is typically more hydrophobic than an unpolished 

surface which can lead to a higher contact angle. This is because the liquid droplet will 

have a harder time adhering to a smooth surface than to a rough surface. In other words, 

it is easier to detach the oil droplet from a rough surface due to its partial adherence to the 

surface. The change in surface roughness and wettability can also affect the way that oil 

and other fluids interact with the rock which can have implications for EOR processes 

such as surfactant flooding. Therefore, substrates with machine-induced roughness must 

be avoided in wettability studies to reduce uncertainties and misinterpretations. In all 

subsequent contact angle measurements, polished shale substrates were aged in crude oil 

and used.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Effect of polishing shale substrates on contact angles of crude oil droplets on oil-conditioned 

shale treated for 24 h with different ZN surfactant concentrations in DIW (top) and Permian brine (bottom) 

at the original pH. The black dashed line shows the contact angle of oil droplets on oil-conditioned shale 

treated with DIW or Permian brine. 
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Figure 4.6. Effect of polishing shale substrates on contact angles of crude oil droplets on oil-conditioned 
shale treated for 24 h with different ES-coated silica  concentrations in DIW and Permian brine at the 

original pH. The black dashed line shows the contact angle of oil droplets on oil-conditioned shale treated 

with DIW or Permian brine. 
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4.1.2.4 Effect of surfactant type and concentration 

Surfactant flooding is not well known in tight oil reservoirs due to their complexity i.e. 

low porosity and permeability. However, some studies have revealed that adding 
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surfactants reduces rock hydrophobicity and increases both water imbibition and oil 

production making them promising.209-212 In this part, the effect of surfactant type and 

concentration on rock wettability alteration is studied. An initial investigation was also 

performed on oil-water contact angles measured on substrates immersed in equilibrated 

surfactant solutions or the background i.e. DIW (see Appendix B.1). It was revealed that 

the oil-water contact angles are almost the same with both. Therefore, for more 

convenience and control during measurements, the substrates were immersed in DIW or 

Permian brine in subsequent contact angle measurements.  

Figure 4.7 shows the contact angle measurements with AHS and ZN in DIW and Permian 

brine. The measurements show that the rock wettability alteration is more noticeable for 

AHS (zwitterionic alkyl hydroxysultaine) compared to ZN (mixture of AHS and nonionic 

C10–12E9) when surfactants are in DIW. On increasing surfactant concentrations in DIW, 

the contact angle decreases to a minimum after which it increases again. Previous 

researchers reported the same observation with commercial zwitterionic surfactants 

(unknown formula) on Wolfcamp and Eagle Ford shales34 and with zwitterionic octadecyl 

sulfonyl betaine and nonionic alkylphenol ethoxylates on Chinese shales with no 

explanation.213 The surfactant concentration causing this minimum is considered the 

optimum surfactant concentration which is economically important in field applications. 

According to the results, the minimum contact angle by AHS is 64° and that of ZN is 115° 

both at 0.05 wt.%.  

The zwitterionic AHS surfactant can adsorb onto various charged sites because of its 

positive and negative charges. The electrostatic attraction between the charged sites on 

the rock surface and the oppositely charged headgroup of the surfactant balances the 

electrostatic repulsion produced by the like-charged surfactant headgroup which has a 

similar polarity to the charge on the rock surface. These two opposing forces can make 

surfactant molecules adsorb in different ways on the rock surface, as schematically shown 

in Figure 4.8. The anionic sites on the rock surface can attract the cationic ammonium 

group of the zwitterionic surfactant and repel the anionic sulfonate group resulting in V-

shaped adsorption.214 On the other hand, the rock cationic sites attract the anionic 

sulfonate group of the surfactant and tend to be away from the cationic ammonium group 

resulting in normal I-shaped adsorption.215 The zwitterionic surfactant may adopt L 

positioning if the rock surface is cationic which occupies a larger surface area and leads 

to lower adsorption density. In this study, since the rock was mostly calcite and net 

cationic, I-shaped adsorption is expected to be dominant, however, the anionic sites of 

the rock (e.g. quartz minerals, CO3
2– and HCO3

–) can serve V-shaped adsorption for the 
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surfactant. Comparing these two orientations, I-shaped adsorption causes a lower 

adsorption area per molecule and thus a higher adsorption density on the rock.  

Zwitterionic surfactants can electrostatically attract oppositely charged groups of the 

crude oil adsorbed on the rock surface to form ion pairs (Figure 4.8) which are then 

stabilized by hydrophobic interactions of the surfactant tails and desorbed from the rock 

surface.62 The aqueous micelles then solubilize these hydrophobic complexes into their 

cores which makes the removal process almost irreversible. Strong H-bonds between 

surfactant headgroup and the rock surface are possible for the nonionic C10–12E9 present 

in ZN given that it is hydrophilic enough (high ethylene oxide number), allowing the 

hydrophobic tail of the surfactant to be oriented outward for additional hydrophobic-

hydrophobic interaction with free surfactant molecules. By creating a narrow water zone 

between oil-wet rock and oil drops, this creates a bilayer with hydrophilic headgroups 

outward on the rock surface and decreases the contact angle65 (Figure 4.8). It has been 

documented that weak van der Waals forces between the surfactant tails only temporarily 

adsorb surfactant to solid surfaces but strong electrostatic forces can result in persistent 

adsorption and the loss of the surfactant from the aqueous phase. Therefore, compared to 

ion pair formations by electrostatic attraction, a lower rock wettability alteration is 

expected by nonionic surfactants.62  

 

 

 

 

 

 

 

Figure 4.7. Equilibrium contact angles of crude oil droplets on oil-conditioned polished shale treated for 

24 h with different concentrations of ZN or AHS surfactant in DIW (top) and Permian brine (bottom). The 
black dashed line shows the contact angle of oil droplets on oil-conditioned shale treated with DIW or 

Permian brine.  
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Figure 4.8. Schematic representation of the wettability alteration of calcite-rich rocks by 

zwitterionic and nonionic surfactant molecules in the absence (top) and presence (bottom) 

of inorganic salts.  
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4.1.2.5 Effect of electrolyte 

Electrolytes can affect the adsorption behaviour and surface activity of surfactants at 

different interfaces. Figure 4.7 shows the contact angle measurements for AHS and ZN 

in Permian brine. It is observed that the addition of Permian salts increases the minimum 
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contact angle that can be achieved by AHS from 64° to 119° but it has a negligible effect 

on that of ZN. ZN has the same minimum contact angle at the same surfactant 

concentration with or without Permian salts (117 ± 2 °). The AHS concentration for the 

minimum contact angle is lower than that of ZN (0.03 wt.% versus 0.05 wt.%).  

In reviewing the literature, ions have different effects on the performance of surfactants 

in rock wettability alteration. Ions are capable of reducing the electrostatic repulsion 

between surfactant headgroups adsorbed on the surface which makes them arrange more 

compactly on the solid surface.216 In this case, increasing salt concentrations increase 

surfactant adsorption onto the rock with tails outward which increases hydrophobicity.217 

The adsorption of ionic surfactant onto like-charged solid surfaces is also possible in the 

presence of inorganic counterions which results in higher surfactant adsorption.218 The 

ions could lower the electrostatic attraction between surfactant headgroups and a solid 

surface and thus reduce the surfactant adsorption onto the surface.217, 219, 220 This may 

account for the higher oil-water contact angles by AHS in the presence of Permian brine 

here, consistent with the reduced AHS adsorption on the rock on adding brine (see Section 

4.2.2). For the nonionic surfactant in ZN, hydrogen bonding could exist between the 

headgroup of the surfactant and the solid surface. However, in addition to the weak 

wettability modification ability of nonionic surfactants, high concentrations of electrolyte 

can increase the chemisorption of counterions on reactive sites of solid surfaces which 

makes nonionic surfactants ineffective for wettability alteration.221 These mechanisms are 

schematically shown in Figure 4.8. The type and composition of the electrolyte are also 

important. For example, it has been reported that at a fixed total concentration, the 

addition of divalent cations such as Ca2+ and Mg2+ can lower the adsorption of surfactant 

onto rock while monovalent cations such as Na+ and K+ can enhance the adsorption217, 220 

(see also Section 4.3). Since a mixture of salts has been used here, it is not possible to 

identify the effect of each ion. 

 

 

4.1.2.6 Effect of particles alone 

The effect of nanoparticles on rock wettability alteration in EOR is an active area of 

research. Nanoparticles, if sufficiently surface-active, can alter the rock wettability by 

modifying the surface properties of the rock making it more hydrophobic or hydrophilic. 

This can change the way that oil and water interact with the rock, making it easier to 
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extract oil from it. Studies have found that certain types of nanoparticles, mostly metal 

oxides such as silica, titanium dioxide and iron oxide, can be effective in altering rock 

wettability. Here, the size, concentration and surface functionalization of the 

nanoparticles are important and can affect their effectiveness. However, more research is 

needed to fully understand the mechanisms behind and the optimal conditions for 

nanoparticles to be used in EOR.222  

Bare silica in DIW (i.e. 0.01 – 0.1 wt.%) was first tested as a wettability modifier as a 

control. Due to particle instability, measurements were not possible with dispersions in 

Permian brine. Figure 4.9 shows the oil-water contact angle for different bare silica 

concentrations. As seen, even a low concentration of bare silica (i.e. 0.01 wt.%) can 

reduce the contact angle noticeably by ~ 60°. The contact angle decreased further to ~ 40° 

on increasing the particle concentration to 0.05 wt.%, implying a hydrophilic surface. 

However, higher particle loading leads to a rise in contact angle.  

Particle layering between the oil drop and the solid surface is responsible for the 

development of a disjoining pressure and the spreading of the dispersion on the solid 

surface. There is an adsorption competition between silica particles and crude oil 

components on the rock surface. Once the disjoining pressure exceeds the adhesion force 

between the oil drop and the rock surface, the oil drop starts to detach leaving the surface 

more water-wet. Particle adsorption also changes the surface energy and wettability of 

the solid surface. Therefore, the disjoining pressure could also be improved by the 

hydration of adsorbed particles.92 Since bare silica particles are hydrophilic, they are 

hydrated by water molecules. Thus, when they adsorb onto the rock surface, they increase 

the number of water molecules on the oil-wet rock rendering the rock more water-wet.223 

There is also a chance that adsorbed bare silica on the rock will interact covalently or 

electrostatically with crude oil components which makes the particles hydrophobic.93 

This explains why the hydrophobized particles boost rock hydrophobicity once again at 

high particle loading, as several earlier investigations have also discovered .113, 224 

Figure 4.9. Equilibrium contact angles of oil droplets on oil-conditioned polished shale treated with  

different concentrations of bare silica  in DIW. The black dashed line shows the contact angle of oil droplets 

on oil-conditioned shale treated with DIW.  
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The oil-water contact angles with AS-coated silica are presented in Appendix B.2. Figure 

4.10 shows the oil-water contact angles for different concentrations of ES-coated silica in 

DIW and Permian brine. As shown, the particles cannot change the rock wettability 
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significantly. The greatest contact angle reduction (30 ± 2°) occurs at 0.01 wt.% particles, 

resulting in a final contact angle of 141 ± 2° for particles in both DIW and Permian brine, 

which is insignificant for EOR. The literature on the effect of ES-coated silica on rock 

wettability alteration is scarce. In a major attempt, Jang et al. studied the effect of ES-

coated silica in API brine on the wettability alteration of kerosene-conditioned dolomite 

(93% CaMg(CO3)2) and limestone (99% CaCO3) substrates. Their particles had a lower 

silane coverage than the particles used in this study which in turn led to a rise in the 

surface activity of the particles as discussed before (see surface tensions of dispersions in 

Chapter 3). They found that a high particle concentration (1 wt.%) in API brine can alter 

the wettability of both substrates from oil-wet to water-wet or an intermediate wet 

condition.146 Using a lower grafting density (13.8%), Hadia et al. investigated the effect 

of ES-coated silica in seawater (2.9 wt.%) and NaCl brine (3.5 wt.%) on the wettability 

alteration of Berea sandstone (91% quartz), Bentheimer sandstone (99% quartz) and 

Austin chalk (100% calcite) hydrophobized by a light paraffinic crude oil sample. They 

observed a contact angle reduction of 25 ± 4° on Berea and Bentheimer sandstones and a 

decrease of 40° on calcareous Austin chalk by 1 wt.% particles which were attributed to 

the hydrophilic nature of particles adsorbed on the rocks. Because of the dissimilar 

charges of particles and calcite, the particles were claimed to be more effective in altering 

the wettability of calcite-rich rocks.225 As reviewed, previous studies have used a high 

particle concentration for rock wettability alteration. This is both uneconomical and 

highly risky in field applications due to the formation damage from possible particle 

aggregation at high concentrations especially in tight reservoirs.  

It was revealed in Chapter 3 that the synthesized particles have low surface activity at the 

air-water surface. Based on the oil-water contact angle measurements here, a lack of 

surface activity of particles on the rock surface is also evident, unlike the particles used 

in the literature discussed above. The potential reason for this could be the higher grafting 

density on ES-coated silica synthesized in this study which increases the hydrophilicity 

of the particles through hydroxyl groups on ES. This high silane coverage however 

provides significantly longer dispersion stability in high salinity Permian brine (12.56 

wt.%), which was lacking in previous studies. This in turn reduces the risk of permeability 

reduction due to particle aggregation in the pore throats of the rock. Another reason could 

be the pH of the dispersions here at which the particles have a different charge density. 

At high particle concentrations, the pH of dispersions increases which results in a higher 

number of negative charges on particle surfaces. As a result, the adsorbed anionic 

particles on the rock surface attract the oppositely charged components of crude oil more 
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strongly which promotes the hydrophobicity of both the particles and the rock surface.93, 

113, 224 This is the reason why a greater oil-water contact angle is seen as the concentration 

of ES-coated silica increases. 

The oil-water contact angles with particles show the necessity to add surfactant for 

noticeable rock wettability alteration and EOR. The low ability of ES-coated silica to 

reduce the oil-water contact angle is consistent with the findings of Alzobaidi et al. who 

investigated the effect of various nanoparticles grafted with cationic (N-

trimethoxysilylpropyl-N,N,N-trimethylammonium chloride), nonionic (N-3-

triethoxysilylpropyl gluconamide) and anionic (3-trihydroxysilyl propyl 

methylphosphonate and 3-(trihydroxysilyl)1-propanesulfonic acid) ligands on the 

wettability alteration of calcite substrates aged with model oil (0.01 M stearic acid in 

decane). They reported that the particles grafted with the cationic ligand are more 

effective in changing the calcite wettability for three main reasons: the steric repulsion 

between particles close to the three-phase contact line, the poor adsorption of cationic 

particles on cationic calcite and finally the high desorption of carboxylates from the 

calcite by cationic particles which causes the lower oil-water interface close to the rock 

to have smaller negative charges and thus lower attraction towards calcite.226 The first 

mechanism holds for the ES-coated silica used in this study. As ES is nonionic, the 

electrostatic attraction between the grafted ligand and the rock surface is absent but 

hydrogen bonding could still exist. Instead, the negative charge of ungrafted sites on silica 

can have a share in the electrostatic adsorption of particles on the rock surface which 

reduces the positive charge of the rock surface and leads to a reduction in the attraction 

between crude oil components and the rock surface and thus a wettability alteration. 

However, compared to bare silica, this electrostatic adsorption is not expected to be strong 

for ES-coated silica due to the blocking of 55% of charge sites on silica by the silane. 

That is why the oil-water contact angles by bare silica are significantly lower than those 

of ES-coated silica. As the particles are anionic, they cannot interact with the carboxylates 

of the crude oil, however electrostatic interactions with cationic components of the crude 

oil, like nitrogen-based groups, are possible.227, 

It is worth emphasizing that the current investigation has utilized a relatively limited rock 

surface area (small substrate) to evaluate the influence of nanoparticles on rock 

wettability. In field scale applications, the interconnected nature of rock pore throats 

becomes particularly relevant. Aqueous nanoparticles, owing to their small size, possess 

the capability to penetrate tiny small pores and traverse pore throats, thereby accessing 

new rock surfaces with the potential to alter rock wettability. As the process of wettability 
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modification propagates through this intricate network of interconnected pores, its 

ramifications extend to a considerably larger volume of the rock. This phenomenon has 

the propensity to enhance the mobility of oil within the reservoir and augment the 

displacement of hydrocarbons. Consequently, it may culminate in a more efficient and 

comprehensive process of enhanced oil recovery on a large scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Equilibrium contact angles of crude oil droplets on oil-conditioned polished shale treated for 

24 h with different concentrations of ES-coated silica  in DIW and Permian brine. The black dashed line 

shows the contact angle of oil droplets on oil-conditioned shale treated with DIW or Permian brine.  
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4.1.2.7 Effect of blends of particles and surfactant 

Nanoparticles can have different effects on the surface activity of surfactants. Some 

studies have shown that adding nanoparticles like metal oxides can enhance the 
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adsorption and surface activity of surfactant leading to improved wettability alteration of 

rocks228, 229 while others show the role of particles in reducing the adsorption of surfactant 

onto rocks to save surfactant.119 Both effects depend on the size, shape and surface 

properties of the nanoparticles as well as the properties of the rock and surfactant used.  

Figure 4.11 shows the oil-water contact angle and pH measurements of blends of AHS 

and ES-coated silica in DIW. As can be seen, the oil-water contact angle increases upon 

increasing AHS concentration below the CMC (i.e. 0.01 wt.%) in the blend. The contact 

angle then sharply decreases to 48° – 74° upon raising surfactant concentrations to 0.03 

– 0.05 wt.% in all blends above which either remains constant or increases. This 

behaviour is observed in all blends with all particle loadings. The surfactant concentration 

at which a minimum contact angle occurs is considered the optimum surfactant 

concentration in the blend. The same optimum surfactant concentration and increasing 

contact angle beyond a minimum have also been observed with the blends of hexadecyl 

trimethylammonium bromide and sodium dodecyl sulfate and silica and alumina 

nanoparticles on different shale samples by previous researchers.230 Zhong et al. stated 

that at low surfactant concentrations, the synergy of the blend of particles and surfactant 

is mainly due to the free spaces between adsorbed surfactant molecules on the solid 

surface that can be used by particles, but fewer particles can adsorb at high surfactant 

concentrations due to the high number of adsorbed surfactant molecules lead ing to the 

inefficiency of the blend and hydrophobicity again.229 The minimum contact angle here 

is 48° which is observed with the blend containing 0.01 wt.% particles and 0.03 wt.% 

AHS in DIW. This minimum contact angle is lower than that of particles alone or 

surfactant alone in DIW indicating a synergy in rock wettability alteration by blending 

the chemicals. Tang et al. studied silica coated with quaternary amine silane and nonionic 

ES in a blend with different cationic, anionic and nonionic surfactants in a formation brine 

for wettability alteration of calcite substrates aged with light and heavy crude oil. They 

observed an additional decrease in oil-water contact angle with the blend of cationic 

particles and cationic tetradecyl trimethylammonium bromide surfactant compared to the 

individual chemicals which was related to the desorption of crude oil components from 

the calcite surface by the surfactant through ion-pair formation and the steric repulsion 

between the particle-loaded oil-water interface and calcite. The blend of ES-coated silica 

and cationic surfactant was less effective in altering calcite wettability.228 The 

zwitterionic AHS can form ion pairs with both anionic and cationic components of crude 

oil on the rock surface or oil-water interface. It is thought that a mixed monolayer of 

particles and surfactant is formed on the rock that has created this synergy. Because of 
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the high adsorption of surfactant on the rock at high surfactant concentrations, particles 

adsorb less readily, causing the oil-water contact angle plot to rise.  

The change in pH with particle or surfactant affects the charge of the zwitterionic AHS 

and particles. As mentioned before, the isoelectric region of AHS in DIW is at pH 5.5 – 

8.0. The surfactant becomes cationic and anionic at pH values below and above this 

isoelectric range, respectively which in turn affects its interactions with the rock surface, 

crude oil components and particles. In the isoelectric region, there is a transition in charge 

type from positive (pH 5.5) to negative (pH 8.0) by deprotonation of the sulfonate group. 

Figure 4.11 shows that high concentrations of particles and surfactant increase the pH 

towards the upper limit of the isoelectric region where the number of negative headgroups 

of the surfactant is relatively higher than the positive group. This may create repulsion 

between anionic particles and weakly anionic surfactant molecules, making surfactant 

molecules adsorb more on the rock surface, consistent with increased AHS adsorption 

onto the rock at high particle and surfactant concentrations (see Section 4.2).  

 

 

 

 

 

 

 

 

 

 

Figure 4.11. (Top) Equilibrium contact angles of crude oil droplets on oil-conditioned polished shale 

treated for 24 h with different AHS concentrations in DIW with or without different ES-coated silica  

concentrations. The black dashed line shows the contact angle of oil droplets on oil-conditioned shale 

treated with DIW. (Bottom) The pH of different blends at 20 ± 1 °C. 
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Figure 4.12 shows the oil-water contact angle and pH measurements for blends of AHS 

and ES-coated silica in Permian brine. As for the blends in DIW, a minimum contact 

angle at intermediate surfactant concentrations above the CMC and an increasing contact 
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angle at high surfactant concentrations are observed. The minimum contact angle here is 

85° – 90° which is observed at 0.03 wt.% and 0.05 wt.% AHS in a blend with 0.01 wt.% 

and 0.05 wt.% particles, respectively. In comparison with the contact angles by surfactant 

alone in Permian brine, a reduction of 30° and 72° is observed at 0.03 wt.% and 0.05 wt.% 

AHS on the addition of 0.01 wt.% and 0.05 w.% particles, respectively. These further 

contact angle reductions agree with the increased AHS adsorption onto rock due to the 

addition of particles to Permian brine (see Section 4.2.3.1). Due to economic 

considerations, the blend with the lower particle (i.e. 0.01 wt.%) and surfactant 

concentrations (i.e. 0.03 wt.%) is chosen as the optimum formulation for rock wettability 

alteration. It is also noted that the contact angle rise at high surfactant concentrations is 

more pronounced for the blends in Permian brine than in DIW.  

Comparing Figures 4.11 and 4.12, one can observe that the addition of Permian brine to 

blends of AHS and ES-coated silica has increased the oil-water contact angle, as was also 

observed with surfactant alone before. The same behaviour has also been reported by 

previous researchers. Okunade et al. reported that for a blend of carbon nanotubes and 

SDS, increasing NaCl concentrations increases the oil-water contact angle and 

hydrophobicity of bare shale.230 As the salinity of Permian brine is high (12.6 wt.% or 2.1 

M), such behaviour is not unusual. The brine provides higher adsorption of surfactant 

onto rock and adsorbed particles with tails pointing outward which promotes 

hydrophobicity of both particles and the rock surface (see Section 4.2.31). 

There is an increase in the pH of AHS in Permian brine on the addition of particles which 

is negligible for 0.01 wt.% particles but becomes noticeable at higher particle loadings. 

A rise in pH causes the surfactant to become weakly anionic, as explained earlier, which 

develops electrostatic repulsion between anionic particles and surfactant that promotes 

the adsorption of the surfactant on the rock (as observed in Section 4.2.3.1) and induces 

more wettability alteration compared to AHS alone in Permian brine. 

 

 

 

Figure 4.12. (Top) Equilibrium contact angles of crude oil droplets on oil-conditioned polished shale 

treated for 24 h with different [AHS] in Permian brine with or without different ES-coated silica  

concentrations. The black dashed line shows the contact angle of oil droplets on oil-conditioned shale 

treated with Permian brine. (Bottom) The pH values of blends at 20 ± 1 °C.  
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Figure 4.13 shows the oil-water contact angle and pH measurements for blends of ZN and 

ES-coated silica in DIW. The plot shows a minimum contact angle of 64° for the blend 

containing 0.01 wt.% particles and 0.07 wt.% ZN in DIW. Compared to the contact angle 
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by 0.07 wt.% ZN in DIW, a further 61° reduction in contact angle is observed upon the 

addition of 0.01 wt.% particles. The same interactions explained between AHS and 

particles or the rock surface apply to ZN. The hydrophobic tail of the C10–12E9 is still 

pointed outward for further hydrophobic-hydrophobic interaction with free surfactant 

molecules, while its headgroup can establish H-bonds with the rock surface and particles. 

On the particle and rock surfaces, this creates a bilayer with hydrophilic heads pointing 

outward.62, 65 As explained before, the wettability alteration caused by nonionics is weak 

and reversible.  

In the absence of particles, the pH of ZN in DIW is below the isoelectric range (pH = 7.5 

– 8.4) which makes ZN mostly cationic. With the addition of particles, the pH increases 

which turns the surfactant zwitterionic and facilitates the interactions with anionic 

particles and cationic rock surfaces through V-shaped and I-shaped adsorption, 

respectively. At high particle loadings (0.1 wt.%), the surfactant mostly adsorbs onto the 

particle surface which makes the blend less effective for rock wettability alteration due to 

the surfactant depletion. This is consistent with the reduced ZN adsorption on the rock 

with the addition of particles in DIW (Section 4.2.3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. (Top) Equilibrium contact angles of crude oil droplets on oil-conditioned polished shale 

treated for 24 h with different ZN concentrations in DIW with or without different ES-coated silica  

concentrations. The black dashed line shows the contact angle of oil droplets on oil-conditioned shale 

treated with DIW. (Bottom) pH values of blends at 20 ± 1 °C. 
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Figure 4.14 shows the oil-water contact angle and pH measurements for blends of ZN 

surfactant and ES-coated silica in Permian brine. There is a minimum contact angle at 

0.05 wt.% ZN in all blends with different particle concentrations. The lowest contact 
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angle (56°) is observed with 0.01 wt.% particles and 0.05 wt.% ZN in Permian brine 

which resulted in an additional reduction of 62° compared to that of surfactant alone at 

the same concentration. Furthermore, the addition of Permian brine to the blends of ZN 

and particles has reduced the optimum surfactant concentration from 0.07 wt.% to 0.05 

wt.%. The pH of ZN solutions decreases with the addition of 0.01 wt.% particles but 

increases at higher particle concentrations. It is thought that the adsorption of surfactant 

molecules on the surface of particles makes them partially hydrophobic and surface-

active. This agrees with the reduced ZN adsorption onto the rock with the addition of 

particles in Permian brine (see Section 4.2.3.2). However, high surfactant concentrations 

can increase the hydrophobicity of particles which is consistent with zeta potential 

measurements earlier where an increase in the zeta potential of particles towards zero was 

observed upon increasing surfactant concentration. High adsorption of surfactant onto the 

rock with tails pointing outward at high concentrations can also induce hydrophobicity, 

as discussed earlier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. (Top) Equilibrium contact angles of crude oil droplets on oil-conditioned polished shale 

treated for 24 h with different ZN concentrations in Permian brine with or without different ES-coated silica  

concentrations. The black dashed line shows the contact angle of oil droplets on oil-conditioned shale 

treated with Permian brine. (Bottom) pH values of blends at 20 ± 1 °C. 
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4.1.2.8 Effect of pH on contact angle 

The effect of pH on the ability of blends containing 0.1 wt.% ES-coated silica and 

different concentrations of ZN in Permian brine to alter the wettability of oil-conditioned 
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rock was investigated (Figure 4.15). The pH reduction was performed with 1 M HCl. As 

shown, a decrease in pH reduces the wettability alteration ability of the dispersion such 

that the same minimum contact angle happens at a higher surfactant concentration which 

is not economical in field applications. The charge of surfactant, particles and rock is 

affected by pH, as are their interactions. At pH 4, the positive charge on the zwitterionic 

surfactant would be more prominent and the particles would become less anionic due to 

the protonation of silanol groups. As carboxyl groups have a pKa of 4, they are expected 

to be neutral or weakly anionic at this pH. Therefore, a weak attraction between the 

cationic surfactant and anionic silica nanoparticles or crude oil carboxylates exists at low 

pH. The adsorption of cationic surfactant on cationic rock is also negligible. At high pH 

(> 8.5), the positive charge on the surfactant would be less prominent and the particles 

and carboxylates of crude oil are more anionic. Thus, weak electrostatic attraction 

between the anionic surfactant and anionic particles or crude oil carboxylates is expected. 

In this case, the particles may electrostatically repel the anionic surfactant to adsorb 

excessively on the rock resulting in hydrophobicity again, as observed before. The 

optimum formulation achieves the greatest contact angle reduction at intermediate pH (~ 

7) where the surfactant has both positive and negative charges in the headgroup and the 

particles are moderately charged. This could be due to the partial hydrophobization of 

particles by surfactant and electrostatic attraction between crude oil components and 

particles or surfactant which have a significant effect on rock wettability alteration. 

It is noted that calcite dissolution can happen at low pH which is itself a cause of 

wettability alteration by creating a new surface free. Sjöberg and Rickard proposed three 

pH regimes to discuss the rate of calcite dissolution in aqueous solutions. The dissolving 

rate is linearly proportional to [H+] at pH < 4 and independent of [H+] at higher pH levels 

(> 5.5). Between these two, a transitional regime exists where the [H+] dependency 

changes.231 Here, although expected to be helpful, calcite dissolution has not improved 

the rock wettability alteration at low pH probably due to the newly created surface serving 

as a new adsorbent for the adsorption of the crude oil components or excess aqueous 

surfactant. 

 

Figure 4.15. Effect of pH on equilibrium contact angles of crude oil droplets on oil-conditioned polished 

shale treated for 24 h with dispersions of 0.1 wt.% ES-coated silica in a blend with different ZN 
concentrations in Permian brine at the original pH and reduced pH. The black dashed line shows the contact 

angle of oil droplets on oil-conditioned shale treated with Permian brine.  
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4.2 Adsorption of surfactant onto rock 

Several variables including the surface charge of the reservoir rock, kind of surfactant, 

temperature, pH and salinity of the aqueous phase influence surfactant adsorption onto 
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oil reservoir rocks.121 When choosing a surfactant to use in EOR, careful consideration 

must be given to the loss of surfactant owing to high adsorption onto rock since it can 

result in a large reduction in its positive performance and a waste of money. The 

modification of reservoir rock wettability is a benefit of surfactant adsorption, though.232 

Zwitterionic surfactants have a high potential for use in EOR due to their ability to 

strongly adsorb onto a range of reservoir rocks such as carbonates and sandstones. 

Additionally, they are less affected by divalent cations such as calcium and magnesium 

which are known to inhibit the adsorption of other types of surfactants (cationic and 

anionic) on reservoir rocks. Being dependent on pH, their headgroup charge can change 

which makes the surfactant behave differently in rock wettability alteration.233 Recently, 

the addition of nanoparticles to surfactant solutions has gained popularity for reducing 

surfactant adsorption onto the rock in EOR. 

In this part, the equilibrium adsorption of AHS and ZN onto calcite-rich shale at 25 °C 

was investigated. The effect of electrolytes and the concentration of ES-coated silica 

particles on the adsorption of surfactants were studied. The experimental data were 

modelled with different non-linear adsorption isotherms including Sips, Langmuir, 

Freundlich, Redlich-Peterson and Temkin models using the Solver add-in in Excel. The 

correlation coefficients of the models were used for comparing the isotherms (see 

Appendix B.3). The results showed that the experimental data are best fitted with Redlich-

Peterson and Sips isotherms (highest R2). The Redlich-Peterson model was used here in 

discussions.  

4.2.1 Effect of surfactant type and concentration 

Figure 4.16 compares the equilibrium surfactant adsorption onto the rock with the initial 

and equilibrium surfactant concentrations in DIW and Permian brine. The amount of AHS 

surfactant adsorbed onto rock increases almost linearly upon increasing the initial 

surfactant concentration in DIW, while it reaches a plateau when the surfactant is in 

Permian brine. When ZN is in DIW, a maximum is observed in the adsorption profile 

which approximately corresponds to the concentration where a minimum oil-water 

contact angle was previously observed. The adsorption of ZN onto rock increases linearly 

in the presence of Permian salts. The Redlich-Peterson adsorption parameters are listed 

in Table 4.1. The maximum adsorption for ZN is also observed in this plot. A similar 

maximum and then decreasing adsorption has also been observed in previous studies for 

CTAB and ionic liquids adsorbed onto Berea sandstone.151  
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Because of its anionic sulfonate and cationic quaternary ammonium groups, the 

zwitterionic AHS can have both a hard (I-shaped) and a soft (V-shaped) adsorption onto 

the rock surface, respectively. The latter is weaker since the sulfonate headgroup is 

required to bend for the positive group to interact with the solid surface and is repelled 

by the like-charged solid surface. As a function of concentration, this duality acts as the 

driving force behind the cooperative adsorption and coalescence of surfactant 

aggregates.234 However, these electrostatic interactions between the headgroup of the 

surfactant and the rock surface have been found to occur effectively at low surfactant 

concentrations while it is mainly the interactions between the hydrophobic tails of the 

surfactant and the rock that take effect at high surfactant concentrations.7, 235, 236 The 

nonionic surfactant in ZN can also have hydrogen bonding with the rock surface which 

turns into a weak bilayer at high surfactant concentrations. The amounts of surfactant 

adsorbed on this shale are consistent with those of anionic C15–18 internal olefin sulfonate, 

nonionic nonylphenol ethoxylate and cationic cetyl trimethylammonium bromide 

adsorbed onto calcite-rich (Eagle Ford, Wolfcamp and Marcellus formations) and quartz-

rich (Mancos formation) shales.237  

 

 

 

 

 

 

 

 

 

Figure 4.16. Equilibrium AHS and ZN adsorption onto shale versus the initial (top) and equilibrium  

(bottom) surfactant concentrations in DIW and Permian brine at 25 °C. In the lower plot, the points show 

the experimental data and the curves show the Redlich-Peterson adsorption isotherm. 
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Table 4.1. Parameters of the Redlich-Peterson adsorption model fitted to the experimental data related to 

the amount of AHS and ZN adsorbed onto shale with or without different concentrations of ES-coated silica 

in DIW and Permian brine at 25 °C. 

0

1

2

3

4

5

6

0 0.02 0.04 0.06 0.08 0.1 0.12

A
m

o
un

t 
ad

so
rb

ed
 /

 m
g 

g–
1

[surfactant] / wt.%

AHS in DIW

AHS in Permian brine

ZN in DIW

ZN in Permian brine

0

1

2

3

4

5

6

7

8

0 200 400 600 800 1000

am
o
un

t 
ad

so
rb

ed
 /

 m
g 

g–
1

Ce / mg L–1

AHS in DIW - experiment

ZN in DIW - experiment

AHS in Permian brine - experiment

ZN in Permian brine - experiment

AHS in DIW - model

ZN in DIW - model

AHS in Permian brine - model

ZN in Permian brine - model



 
 

189 
 

Surfactant [particle] / wt.% Solvent 
Redlich-Peterson model parameters 

KRP αRP n 

AHS 

0 

DIW 

12.33 19.32 0.59 

0.01 0.019 3 × 10–7 0.55 

0.05 0.017 7 × 10–9 0.07 

0.10 0.03 2 × 10–5 0.13 

0 

Permian brine 

0.03 0.001 0.41 

0.01 0.06 0.002 0.48 

0.05 0.009 2 × 10–5 0.89 

0.10 0.03 2 × 10–5 0.13 

ZN 

0 

DIW 

0.08 0.001 0.46 

0.01 0.07 0.002 0.34 

0.05 0.008 1 × 10–5 0.83 

0.10 0.05 0.001 0.41 

0 

Permian brine 

1.22 5.05 0.55 

0.01 0.07 0.02 0.10 

0.05 0.20 0.008 0.45 

0.10 0.09 0.002 0.51 

KRP (L mg–1) and αRP (L mg–1)n are Redlich-Peterson constants. n is an exponent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 Effect of electrolyte 

Figure 4.16 also shows the effect of adding Permian salts on the adsorption of AHS and 

ZN onto the rock at 25 °C. With the addition of Permian brine, the amount of AHS 

adsorbed onto the rock decreases. This observation is compatible with the oil-water 
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contact angles with AHS solutions where it was found that Permian salts reduce the 

wettability modification ability of AHS. For ZN, the amount adsorbed onto shale is lower 

in the presence of ions at intermediate initial surfactant concentrations (i.e. 0.03 – 0.07 

wt.%) but it exceeds that of ZN in DIW when the surfactant concentration is above this 

range.  

The literature shows that inorganic salts have three main effects on the adsorption of 

surfactant on solid surfaces depending on ion concentration and valence. Ions can increase 

surfactant adsorption onto the rock by reducing surfactant-surfactant electrostatic 

repulsion on the rock surface216 but high salt concentrations increase hydrophobicity due 

to excess surfactant adsorption.217 Ions can reduce surfactant adsorption by reducing 

surfactant-rock electrostatic attraction.219 The last effect is dependent on the salt type. 

Nevskaia et al. reported that increasing NaCl concentrations increases the chemisorption 

of ions on reactive sites of quartz surfaces which reduces the adsorption of nonionic TX-

100 surfactant onto the solid but the addition of CaCl2 increases the surfactant adsorption 

due to the sufficient screening of the quartz surface charge. For anionic surfactants, the 

addition of cations can reduce the quartz surface charge and increase adsorption.221  

As reviewed, most studies in the literature used a single salt brine but the brine used here 

is a mixture of different salts at a high concentration which makes it difficult to talk about 

the role of each ion. For zwitterionic surfactants with both charges in the headgroup, the 

interactions are complex in the presence of ions, as previously described. However, it is 

thought that the addition of Permian salts to zwitterionic AHS solutions could screen the 

electrostatic attraction between the anionic sulfonate group of the surfactant and cationic 

sites on the shale which leads to reduced adsorption of surfactant onto the rock and thus 

a smaller wettability alteration. An increase in the minimum oil-water contact angle from 

64° to 119° with the addition of Permian brine to the AHS solutions was observed before 

which confirms this hypothesis. For ZN, the change in adsorption onto the rock with the 

addition of Permian brine is not significant (Figure 4.16) which agrees with the same 

contact angles measured with and without the salts. It is also thought that the intense 

adsorption of ZN onto the rock at high surfactant concentrations in the presence of ions 

is possible which makes the rock surface partially hydrophobic again.217 This is in 

agreement with the increasing oil-water contact angle at high surfactant concentrations 

beyond the minimum observed before. Comparing the adsorption amounts of the two 

surfactants onto shale, the zwitterionic AHS has higher adsorption when the surfactants 

are in DIW, particularly at high surfactant concentrations, while ZN adsorption exceeds 

in the presence of Permian ions. The potential reason could be the increased adsorption 
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of the nonionic surfactant in ZN onto the rock with the addition of salts, particularly 

divalent counterions.221 

4.2.3 Effect of adding particles 

4.2.3.1 AHS 

Figures 4.17 and 4.18 show the effect of adding ES-coated silica particles on the 

adsorption of AHS onto the rock with initial and equilibrium surfactant concentrations in 

DIW and Permian brine, respectively. The plots show a decrease in AHS surfactant 

adsorption onto rock upon addition of 0.01 wt.% particles in DIW while no significant 

change is observed in the adsorption plot at higher particle concentrations. This agrees 

with oil-water contact angle measurements where it was observed that particle 

concentrations above 0.01 wt.% in DIW do not change the contact angle considerably. It 

is also observed that the effect of particles on decreasing surfactant adsorption is more 

pronounced when the initial surfactant concentration is large.  

When the blend of AHS and particles was in Permian brine, the addition of particles 

increased AHS adsorption onto rock which is more significant at intermediate initial 

surfactant concentrations. This increase in adsorption is small when using 0.01 wt.% 

particles but becomes significant at higher particle concentrations. It is noted that when 

optimum surfactant adsorption onto rock is reached, the highest rock wettability alteration 

is expected. Additional surfactant adsorption onto the rock with tails outward increases 

the rock hydrophobicity. Here, 0.01 wt.% particles have helped the surfactant adsorb onto 

rock more to induce the highest wettability alteration but higher particle loadings have 

increased the surfactant adsorption onto rock significantly which promotes 

hydrophobicity. There is also a maximum in the adsorption profile at 0.03 – 0.05 wt.% 

surfactant for all blends in Permian brine above which the adsorption decreases again. 

The surfactant concentration causing this maximum is the same as the one at which a 

minimum oil-water contact angle was observed. 

Figure 4.17. Amount of AHS adsorbed onto shale at 25 °C versus initial (top) and equilibrium (bottom) 

surfactant concentration in DIW for different concentrations of ES-coated silica. In the lower plot, the points 

show the experimental data and the curves show the Redlich-Peterson adsorption isotherm. 
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Figure 4.18. Amount of AHS adsorbed onto shale at 25 °C versus initial (top) and equilibrium (bottom) 
surfactant concentration in Permian brine for different concentrations of ES-coated silica . In the lower plot, 

the points show the experimental data and the curves show the Redlich-Peterson adsorption isotherm.  
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Figures 4.19 and 4.20 show the effect of adding particles on the adsorption of ZN onto 

the rock in DIW and Permian brine, respectively. As shown, the addition of particles 

reduces the ZN adsorption onto rock both in DIW and Permian brine. The same effect 

was reported by Zhong et al. who observed a significant reduction in the adsorption of 

zwitterionic cocamidopropyl hydroxysultaine surfactant onto Berea sandstone (70% 

quartz) in API brine by using ES-coated silica particles which was linked to the 

electrostatic interactions between the positive headgroup of the surfactant and anionic 

particles that can reduce the attraction between anionic particles and the cations of the 

brine by chelate effects; therefore, the surfactant-grafted particles may have a higher 

surface charge in comparison with that of particles in the brine which results in synergy.229 

For the blends in DIW, the reduced ZN adsorption onto the rock by particles becomes 

small at large initial surfactant concentrations. When the blends are in Permian brine, the 

effect of particles on decreasing ZN adsorption onto rock is mainly significant at large 

initial surfactant concentrations. The same maximum in the adsorption profiles is also 

observed here which is more noticeable for the blends in Permian brine. The surfactant 

concentrations in the blends causing these maximum adsorptions (0.05 – 0.07 wt.%) are 

the same as the ones causing minimum oil-water contact angles. The decreasing 

adsorption above the maximum also corresponds to the increasing oil-water contact angle 

at high surfactant concentrations. Table 4.1 presents the parameters of the Redlich-

Peterson adsorption model fitted to the experimental data. 

The reduction in surfactant adsorption onto the rock by particles is more critical in tight 

oil reservoirs like shales which have a larger surface area. Optimizing the dispersion 

formulation is required to achieve sufficient adsorption onto the rock for wettability 

alteration while avoiding surfactant loss. It has been reported that surfactant adsorption 

at particle surfaces is higher than that at gas-water surfaces but lower than that at oil-

water interfaces. Therefore, it is most likely that ΔG < 0 when using nanoparticles as 

surfactant carriers. In other words, the surfactant molecules tend to spontaneously leave 

the particle surface to adsorb at oil-water and oil-solid interfaces.119 In this situation, the 

lack of sufficient steric stability leaves the particles aggregated. It is also noted that unlike 

at the liquid-liquid interface, when nanoparticles adsorb at the rock surface they are bound 

to the solid surface with no lateral mobility19 which makes the adsorption process 

irreversible. The mixed particle-surfactant monolayer formed on the rock surface is likely 

constant due to the high attachment energy.  

Figure 4.19. Amount of ZN onto shale at 25 °C versus initial (top) and equilibrium (bottom) surfactant 
concentrations in DIW for different concentrations of ES-coated silica . In the lower plot, the points show 

the experimental data and the curves show the Redlich-Peterson adsorption isotherm.  
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Figure 4.20. Amount of ZN adsorbed onto shale at 25 °C versus initial (top) and equilibrium (bottom) 
surfactant concentration in Permian brine for different concentrations of ES-coated silica. In the lower plot, 

the points show the experimental data and the curves show the Redlich-Peterson adsorption isotherm. 
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4.3 SEM and EDX  

EDX-assisted SEM is a useful technique for identifying the wettability alteration of a rock 

caused by a chemical in EOR. SEM can be used to inspect the surface morphology of the 

rock and spot morphological alterations that might happen as a result of a change in 

wettability. On the other hand, EDX can be used to determine the chemical composition 

of the sample and identify any changes that could have altered the surface wettability. 

The combination of SEM and EDX provides a comprehensive understanding of the 

wettability alteration. In this study, the surface morphology and composition of the shale 

treated with the optimum dispersion of 0.01 wt.% ES-coated silica and 0.03 wt.% AHS 

surfactant in Permian brine were inspected by SEM-EDX. The dispersion selected here 

was the most effective dispersions in the wettability alteration based on contact angle 

measurements (see Section 4.1.2.7). For comparison, the SEM-EDX of the bare rock and 

rock treated with DIW, Permian brine, the blend in DIW and the individual chemicals in 

DIW and Permian brine were also performed.  

Figures 4.21 and 4.22 compare the SEM images taken from the bare shale and the shale 

treated with different solutions and dispersions at 25 °C. As shown, the addition of ions, 

particles and surfactants changes the surface morphology of the minerals. 

Figure 4.23 shows the EDX of 10-micron bare rock powder treated for 24 h with different 

chemicals (ES-coated silica particles and AHS) in DIW at 25 °C. The plot shows the 

atomic percentage of the main elements of the system related to calcite (calcium, oxygen 

and carbon), quartz (silicon and oxygen), nanoparticles (silicon, oxygen and carbon) and 

surfactant (carbon and oxygen). The atomic percentages of other elements were negligible. 

As previously observed, the bare rock (without treatment) is mostly comprised of calcium, 

carbon and oxygen showing a high calcite content. Treatment of rock with DIW does not 

change the composition significantly. However, by treating the rock with 0.01 wt.% ES-

coated silica in DIW, the percentage of surface silicon atoms increases by 10 times (from 

0.5% to 5%) indicating the adsorption of particles on the rock surface which is 

accompanied by a higher and lower number of oxygen and calcium atoms, respectively 

compared to bare rock. With the treatment of rock with AHS solution, a relative rise in 

oxygen percentage compared to that of bare rock is observed, probably due to the 

adsorption of the sulfonate group on the rock, which is accompanied by a drop in calcium 

percentage due to the reduction of adsorption sites. The percentage of silicon atoms here 

is the same as in the bare rock, as expected. By treating the rock with the blend of particles 

and surfactant, the percentage of surface oxygen is as high as the particle dispersion or 
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surfactant solution and no rise in the number of silicon atoms as a result of the adsorption 

of particles on the solid is observed compared to that of bare rock probably due to the 

interference caused by the surfactant-particle interactions. The number of calcium atoms 

decreases when treating the rock with the blend compared to bare rock.  

Figure 4.24 shows the EDX of the bare rock treated for 24 h with the different chemicals 

in Permian brine. As shown, with the treatment of rock with Permian brine, the 

percentages of carbon and oxygen atoms increased and decreased, respectively. The 

percentage of ions present in Permian brine like chlorine, sodium and potassium also 

increased as expected. It is difficult to discuss the changes in other elements due to the 

interference of the brine ions but by comparing Figures 4.23 and 4.24, one can observe 

that the addition of Permian salts reduced the oxygen percentage but left the calcium and 

carbon numbers almost unchanged. The percentage of chlorine, sodium and potassium 

ions decreased when the rock was treated with particles in brine, probably due to the 

adsorption of ions onto the particle surface. When treating the rock with the surfactant 

solution, the percentage of carbon and oxygen increased and decreased, respectively 

compared to that of bare rock as a result of the adsorption of surfactant onto the rock 

while a further decrease in the percentage of the three brine ions (chlorine, sodium and 

potassium) was observed possibly due to the ions serving as counterions for surfactant 

headgroups.  

The EDX-SEM of the rock treated with the blend of ZN and particles was not performed 

since the same results were expected and no comparison could be made with that of AHS. 

 

 

 

 

 

 

 

Figure 4.21. SEM images of 10-micron bare shale powder treated for 24 h at 25 °C with various solutions 

and dispersions in DIW. The scale bars show 2 µm.  
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Figure 4.22. SEM images of 10-micron bare shale powder treated for 24 h at 25 °C with various solutions 

and dispersions in Permian brine. The scale bars show 2 µm.  
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Figure 4.23. EDX taken from 10-micron shale powder after treatment with DIW, 0.01 wt.% ES-coated 

silica in DIW, 0.03 wt.% AHS in DIW and the blend of 0.01 wt.% ES-coated silica particles and 0.03 wt.% 

AHS in DIW for 24 h at 25 °C.  
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Figure 4.24. EDX taken from 10-micron shale powder after treatment with Permian brine, 0.01 wt.% ES-

coated silica in Permian brine, 0.03 wt.% AHS in Permian brine and the blend of 0.01 wt.% ES-coated 

silica particles and 0.03 wt.% AHS in Permian brine for 24 h at 25 °C.  
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4.4 Summary of findings 

The adsorption of surfactants (with and without particles) at the rock-fluid interface were 

described in this chapter. The findings could be summarized as follows: 
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• A decreasing crude oil-water contact angle from ~ 171° to 64° by AHS and 115° by 

ZN surfactant was observed at 0.05 wt.% in DIW due to the ion-pair formation by 

zwitterionic surfactant and hydrogen bonding by C10–12E9 in surfactant (weaker). An 

increasing contact angle was seen at higher [surfactant] probably due to the I - and V-

shaped adsorption of excess surfactant molecules on the rock surface.  

• When Permian brine was added, both surfactants resulted in the same contact angle 

(~ 118°) but with a lower [AHS]. Permian brine addition increased the minimum 

contact angle by AHS due to the reduced surfactant-rock electrostatic attraction by 

ions, consistent with the reduced adsorption of AHS on rock powder when adding 

brine.  

• A decreasing contact angle to ~ 40° was observed on increasing [bare silica] to 0.05 

wt.% in DIW beyond which hydrophobicity increased again.  

• A pH-dependent behaviour was observed with AS-coated silica. At low particle 

loading (low pH), rock wettability alteration was negligible due to the similar charges 

of particles and rock, while at high [particle] (isoelectric point), larger rock wettability 

alteration (by ~ 25°) was observed due to the interactions of weakly anionic particles 

with cationic rock and crude oil groups.  

• ES-coated silica was not also efficient in rock wettability alteration (maximum 30° 

decrease at 0.01 wt.%). As ES is nonionic, charge reversal with pH is absent for these 

particles but they can have hydrogen bonding and electrostatic interactions (by 

anionic uncoated sites) with charged rock and crude oil polar groups. Particle 

adsorption can reduce the rock positive charge leading to reduced attraction between 

crude oil components and the rock surface. This mechanism is not strong for ES-

coated silica compared to bare silica explaining its lower wettability alteration power. 

• A minimum contact angle (48°) was observed with blending 0.03 wt.% AHS and 0.01 

wt.% ES-coated silica in DIW indicating a further contact angle decrease of 91° and 

16° compared to minimums by particles and surfactant alone, respectively.  

• The particle-surfactant mixture showed a pH-responsive behaviour in which particles 

can act as surfactant carriers (isoelectric pH) or surface activity improvers (high pH). 

The former provides interactions between the zwitterionic surfactant and anionic 

particles (V-shaped adsorption) or cationic rock (I-shaped adsorption). The latter led 

to a simultaneous increase in oil-water contact angle and AHS adsorption onto rock 

powder at high [particle] and [AHS]. A minimum contact angle (90°) was observed 

with the same blend in Permian brine indicating a further reduction of 30° and 53° 
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compared to minimums by AHS and particles alone, consistent with the increased 

AHS adsorption onto the rock on adding particles in Permian brine. 

• The blends of 0.07 wt.% ZN surfactant and 0.01 wt.% ES-coated silica in DIW 

resulted in a minimum contact angle of 64° indicating a further 51° and 75° reduction 

in contact angle compared to minimums by ZN and particles, respectively. The same 

pH-dependent behaviour was observed with ZN surfactant and particles. The blend 

of 0.01 wt.% particles and 0.05 wt.% ZN surfactant in Permian brine minimized the 

contact angle to 56° indicating an additional reduction of 62° and 87° compared to 

minimums by surfactant and particles alone, respectively. Unlike AHS, ZN surfactant 

adsorption could hydrophobize particles, consistent with reduced ZN surfactant 

adsorption from Permian brine onto rock powder when adding particles.  

• The optimum pH of the blend for achieving a minimum contact angle was revealed 

to be ~ 7 where the surfactant is zwitterionic and the particles are moderately anionic 

leading to the largest electrostatic interactions between surfactant and particles or 

crude oil components which have a significant effect on particle and rock wettability.  

• Although expected to be helpful, calcite dissolution increased rock hydrophobicity at 

low pH probably due to the free rock surface serving as an adsorbent for crude oil 

components or excess aqueous surfactant. 

• Both AHS and ZN surfactants exhibited high adsorption onto the rock in both static 

(rock powder) and dynamic (cores) modes (more so for powder) due to the aerobic 

lab. conditions.  

• Higher static AHS adsorption onto rock was observed when the surfactants were in 

DIW while the adsorption of ZN surfactant was higher in Permian brine. The latter 

was also observed in dynamic mode.  

• Permian brine reduced static AHS adsorption onto rock consistent with an increased 

oil-water contact angle after adding brine.  

• When ZN surfactant was in DIW, a maximum was observed in its static adsorption 

profile which approximately corresponded to the concentration where a minimum oil-

water contact angle was observed. Permian brine had a small effect on static ZN 

surfactant adsorption onto rock consistent with unchanged oil-water contact angles 

with and without salts.  

• A decrease in static AHS adsorption onto rock was observed upon the addition of 0.01 

wt.% particles in DIW while no significant change was observed at higher [particle], 

consistent with insignificant oil-water contact angle changes observed at [particle] > 

0.01 wt.%. When the blend of AHS and particles was in Permian brine, the addition 
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of particles increased both static and dynamic (smaller change) AHS adsorption onto 

the rock. 

• The addition of particles reduced both static and dynamic adsorption of ZN surfactant 

onto rock both in DIW and Permian brine. Unlike those of AHS, the interactions 

between the headgroup of the nonionic surfactant in ZN surfactant and the particle 

surface are independent of the salinity leading to more ZN surfactant savings.  

• The surface morphology of rock was shown to change in SEM images when treated 

with blends of particles and AHS. The EDX results disclosed the adsorption of anionic 

ES-coated silica (10-time increase in silicon atoms) and AHS (rise in oxygen atoms 

and decrease in calcium atoms) onto the cationic rock. A decrease in calcium atoms 

was also seen with the blend of particles and AHS in DIW. Particles and AHS were 

revealed to serve as an adsorbent for brine ions leading to reduced counterion 

adsorption onto the rock. 
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Chapter 5 EOR chemicals in oil-water systems 

 

 

 

By lowering the interfacial tension between crude oil and water and promoting 

emulsification, surfactant flooding can improve oil recovery. The extent of interfacial 

tension reduction and subsequent mixing of the oil and water phases are determined by 

the ability of surfactant molecules to adsorb at the oil-water interface. The flow resistance 

is reduced as a result and oil may be displaced more successfully. 

This chapter reports the adsorption behaviour of AHS and ZN at the oil-water interface 

through interfacial tension measurements and emulsion tests using different oils including 

toluene, heptane, heptol (1:1 g g–1) and crude oil. The effects of adding Permian brine and 

ES-coated silica particles to surfactant solutions on the oil-water interfacial tension and 

the emulsification of oil and water have also been studied. 

5.1 Oil-water interfacial tension 

As a reference, the interfacial tensions between different oils and DIW or Permian brine 

were measured at 25 ± 0.5 °C (Table 5.1). According to the results, the interfacial tension 

between pure oils and DIW decreases as follows: heptane > heptol > toluene, which is in 

agreement with the literature values reported before.238, 239 Such low oil-water interfacial 

tension is anticipated given the light nature of the crude oil.  

The chemical characteristics of the oil phase such as its polarity and the presence of 

surface-active agents affect the interfacial tension between oil and water. Toluene is an 

aromatic hydrocarbon with a partial polarity. Due to its symmetrical molecular structure 

and the delocalization of its electrons, the benzene ring itself is non-polar. Nevertheless, 

the methyl group is polar because of the difference in electronegativity between the 

carbon and hydrogen atoms (hydrogen atoms are slightly positive but carbon atoms are 

slightly more electronegative). Therefore, toluene is partially soluble in polar solvents 

like water and mostly soluble in non-polar solvents.240 Compared to non-polar oils like 

heptane, polar oils often have lower interfacial tensions with water. This is due to the 

reduced intermolecular interactions at the oil-water interface and the larger interfacial oil 

molecules. On the other hand, because of their weak polarity, non-polar oils like heptane 

and more or less heptol (due to the presence of heptane in it) frequently exhibit higher 
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interfacial tensions with water caused by stronger intermolecular interactions between the 

oil and water phases.240, 241 The complex mixture of hydrocarbons that make up crude oil 

has varied degrees of polarity and surface-active agents, and the way this affects the oil-

water interfacial tension can be quite different. Moreover, crude oil may contain 

additional elements including asphaltenes and sulphur compounds that may have an 

impact on its surface-active agents and oil-water interfacial tension.242  

Table 5.1 also shows that the oil-water interfacial tensions increase with the addition of 

Permian brine for all oils. Some studies show that high concentrations of ions reduce the 

electrical double layer of the oil-water interface and increase the interfacial tension.243 

Other studies link the rise to the disruption of the equilibrium attraction between 

interfacial molecules due to the salting-out effect. Salts dissociate and hydrate in water. 

Since water molecules interact with oil molecules at the oil-water interface, they provide 

lower hydrogen bonding, encouraging ions to move to the bulk which increases the bulk 

salt concentration, makes the surface excess concentration of salts negative and raises the 

interfacial tension as follows:52, 244  

𝑑𝛾 = −𝑅𝑇 ∑ Γ𝑖 𝑑𝑙𝑛𝛼𝑖 (5.1) 

where R is the universal gas constant, T is the temperature, Γ is the surface excess 

concentration and α is the chemical activity of solutes.  

Table 5.1. Measured interfacial tensions between various oils and DIW or Permian brine (12.6 wt.%) at 25 

± 0.5 °C.  

Aqueous phase Oil phase Interfacial tension / mN m–1 

DIW Toluene 39.1 

Heptane 52.1 

Heptol (1:1 g g–1) 45.8 

Crude oil 10.4 

Permian brine Toluene 41.4 

Heptane 54.0 

Heptol (1:1 g g–1) 47.5 

Crude oil 12.6 

5.1.1 Effect of surfactant type and concentration 

Figure 5.1 shows the impact of the kind and concentration of surfactant (> CMC) in DIW 

or Permian brine on the interfacial tension between various oils and water at 25 °C. Upon 

adding the surfactants, they diffuse in the aqueous phase to adsorb at the oil-water 

interface with non-polar tails drawn to the organic phase and the polar headgroups 
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interacting with the aqueous phase. As a result, a monolayer of surfactant molecules forms 

at the interface245 resulting in a considerable reduction in oil-water interfacial tension 

even at CMC compared to reference values (Table 5.1). In the absence of surface-active 

agents in the oil phase (for pure oils), the surfactant tails mostly interact with interfacial 

oil molecules (if any) while polar groups can adsorb at the oil-water interface to form a 

mixed monolayer with the aqueous surfactant to lower the tension when using crude 

oil.246 When the surfactants are in DIW, increasing surfactant concentration above the 

CMC further reduces the interfacial tension to a minimum at 0.03 wt.% beyond which it 

reaches a plateau or slightly increases. Similar minimum and increasing interfacial 

tensions on raising surfactant concentrations have been observed before and are linked to 

the solubilization of the oil phase by adsorbed surfactant which reduces its concentration 

at the oil-water interface and results in a slight increase in interfacial tension.70, 246, 247  

The predominant surfactant in ZN is zwitterionic AHS with a trace quantity of nonionic 

polyoxyethylene alkyl ethers (C10–12E9). They are frequently employed in combination 

with other kinds of surfactants like zwitterionics to accomplish certain qualities like 

improved micellization, solubilization, emulsification and wetting.248 The addition of a 

nonionic surfactant to a zwitterionic surfactant solution can have a variety of effects on 

lowering the interfacial tension between oil and water. Adding a nonionic surfactant to a 

zwitterionic surfactant may have no impact on the interfacial tension between oil and 

water, depending on the specific qualities of the surfactants and the concentration used.248 

The interfacial tension reduction may be smaller than anticipated as a result of the two 

surfactants competing for adsorption at the oil-water interface when the nonionic 

surfactant is added. This may happen if the nonionic surfactant concentration is too high 

or if the nonionic surfactant has a longer hydrophobic tail than the zwitterionic surfactant 

which favours adsorption at the interface.248 This effect does not hold here as the 

concentration of nonionic surfactant is low in ZN. The binary nonionic-zwitterionic 

mixture may lead to synergy in reducing the oil-water interfacial tension. Yan et al. 

observed that combining double-chain, single-head nonionic Guerbet alcohol ethoxylates 

with zwitterionic didodecylmethyl hydroxylpropyl sulfobetaine can further reduce the 

crude oil-brine interfacial tension due to the co-adsorption of surfactants. In this case, the 

solubilization of zwitterionic surfactant can be improved by adding nonionic surfactant 

and the surfactant molecules can be packed more effectively at the oil-water interface.249 

Here, using the binary nonionic-zwitterionic mixture (ZN) in DIW further reduces the 

interfacial tension between heptane and water compared to AHS, while the reduction is 

negligible for those of toluene, heptol and crude oil. The lowest and largest interfacial 
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tensions are achieved with slightly polar toluene (with high interfacial oil molecules) and 

non-polar heptane (with weak interfacial oil molecules), respectively with those of heptol 

and crude oil lying between them. The interfacial tension between crude oil and both 

surfactant solutions is greater than toluene probably as a result of the electrostatic 

repulsion between the headgroups of adsorbed aqueous and crude oil surfactants which 

prevents an effective mixed monolayer at the oil-water interface.246  

The interfacial surfactant concentration and size affect the oil-water interfacial tension. 

For instance, betaine surfactants have been found to be unable to achieve ultra-low 

interfacial tension due to the flat position of their hydrophilic headgroup at the oil-water 

interface, which inhibits a compact monolayer. However, the interfacial tension can 

decrease more if crude oil is high in fatty acids due to the mixed monolayer that can be 

formed at the interface.250 When the surfactants are in Permian brine, the interfacial 

tension between water and toluene, heptane and heptol does not change on raising the 

surfactant concentration > CMC while it gradually increases for crude oil which is due to 

the reduced interfacial surfactant with the solubilization of the organic phase on 

increasing surfactant concentration.246 Using the binary nonionic-zwitterionic mixture 

(ZN) in Permian brine can further reduce the interfacial tension compared to AHS which 

is more pronounced for heptane and crude oil. The reduction in the crude oil-water 

interfacial tension on the addition of nonionic surfactant is more pronounced when the 

surfactant is in Permian brine which is linked to the presence of salts that screen the 

electrostatic repulsion between aqueous and crude oil surfactant headgroups and allows 

for a mixed monolayer consisting of aqueous zwitterionic and nonionic surfactants as 

well as the crude oil polar groups at the oil-water interface.246 Because of this, when the 

surfactants are present in Permian brine, crude oil exhibits the lowest interfacial tension.  

 

 

Figure 5.1. Effect of surfactant type and concentration in DIW (upper) or Permian brine (lower) on the 

interfacial tension between different oils and water at 25 ± 0.5 °C. 
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5.1.2 Effect of electrolyte 

The solubility, stability and adsorption behaviour of zwitterionic surfactants can change 

in the presence of ions which can have an impact on how well they work in EOR. Permian 

brine is a mixture of various ions that may influence the surface activity of surfactants 

and in turn their effects on the interfacial tension between water and the organic phase. 

Depending on the concentration of salt, the presence of salt can have both salting-in and 

salting-out impacts on the micellization and adsorption behaviour of zwitterionic 

surfactants. At low salt concentrations (salting-in effect), the salt ions can shield the 

repulsive electrostatic interactions between the charged surfactant headgroups and lower 

the CMC. This may lead to a more effective micellization process and a reduction in the 

surface tension of the solution. The salting-out effect (at high [salt]) can reduce the 

solubility of the surfactant and increase the degree of counterion binding. As a result, the 

micellization process may be less effective and the surface tension of the solution may 

rise. The type of ions is also important. The presence of kosmotropic salts such as sodium 

sulphate can lead to a more pronounced salting-out effect while the presence of chaotropic 

salts such as sodium thiocyanate can lead to a more salting-in effect.174 Ren claimed that 

the specific mechanism of the salt effect on micellization of the zwitterionic amino  

sulfonate surfactant is related to the competition between electrostatic interactions and 

counterion binding as well as the ion-specific effects of the salts on the water structure 

and solvation of the surfactant headgroups.174  

An increase in oil-water interfacial tension is observed when adding Permian brine to 

both surfactant solutions (Figure 5.1). When salts are added to water, they dissociate and 

interact with water molecules through dipole-ion bonding. The surfactant headgroups will 

have dipole-dipole and hydrogen bonding with water molecules but their tails will have 

covalent bonding with the oil at the interface. The addition of low salt concentrations 

lowers the electrostatic repulsion between the surfactant molecules adsorbed at the oil-

water interface which allows for a more compact surfactant monolayer and a further 

reduction in the interfacial tension. In this regard, divalent cations like Ca2+ are more 

efficient in reducing interfacial tension than monovalent ones like Na+ since they are 

dissociated more.251 However, the ions compete with the surfactant molecules for the 

available hydration sites at the oil-water interface as the salinity of the brine rises. At high 

salinity, the ions largely adsorb at the oil-water interface which leads to an increase in the 

interfacial tension due to interfacial surfactant depletion. Herein, cation-alkane 

interactions are potent non-covalent interactions at the oil-water interface.252 The 

surfactant molecules may also aggregate in solution and form micelles as a result of the 



 
 

212 
 

high salt content which will decrease their availability for adsorption at the oil-water 

interface. As a result, zwitterionic surfactants become less effective at reducing the 

interfacial tension between oil and water in high salinity brine.48 Similar increases in oil-

water interfacial tension with the addition of high salinity brine have also been observed 

for other surfactants.253 It is worth noting that the rise in the oil-water interfacial tension 

on the addition of Permian brine to surfactant solutions is more significant when using 

toluene here which is associated with its reduced polarity with increasing salinity which 

in turn lowers the interfacial oil molecules for interactions with adsorbed surfactants.240, 

241  

5.1.3 Effect of adding particles 

5.1.3.1 AHS 

Figures 5.2 to 5.5 show the effect of adding different concentrations of ES-coated silica 

particles to AHS solutions on the interfacial tension between different oils and water at 

25 °C. When using the blend in DIW, interfacial tension reaches a minimum at 0.03 wt.% 

AHS and then increases with a further increase in the AHS concentration to 0.1 wt.% at 

all particle concentrations for all oils. When the blend is in Permian brine, increasing 

interfacial tension is observed when raising the surfactant concentration from 0.01 wt.% 

to 0.1 wt.% in all particle concentrations which is more pronounced when using heptane 

and crude oil. In this case, the minimum interfacial tension occurs at the lowest surfactant 

concentration (CMC = 0.01 wt.%). According to Zhong et al., the synergy of the mixture 

of particles and surfactants at low surfactant concentrations is primarily caused by the 

free spaces between adsorbed surfactant molecules at the interface that can be used by 

particles but at high surfactant concentrations due to the high number of adsorbed 

surfactant molecules fewer particles can adsorb which results in the inefficiency of the 

mixture.229 Here, the pH of the blend is high at low surfactant concentrations resulting in 

electrostatic repulsion of anionic surfactant by anionic particles towards the interface and 

more oil-water interfacial tension reduction. However, the pH decreases to the isoelectric 

region on increasing surfactant concentrations in the blend leading to interactions 

between particles and surfactant and less interfacial surfactant.  

The plots also show that the addition of particles to AHS solutions slightly reduces the 

oil-water interfacial tension in some cases but there is no clear effect of increasing particle 

concentration in the blend. The same unclear behaviour was observed in air-water surface 

tension measurements before. It is thought that a mixed monolayer of particles, 

zwitterionic surfactant and ions accompanied by natural surfactants (in the case of crude 
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oil) is responsible for the interfacial tensions observed here. As observed in Chapter 3, 

the electrostatic grafting of the zwitterionic surfactant onto hydrophilic anionic ES-coated 

silica makes particles partially hydrophobic, implying a higher capability for adsorbing 

at the oil-water interface, as observed by previous researchers.28, 254 For instance, Saien 

and Bahrami found that silica nanoparticles with oleic acid coating that have been further 

modified with SDS surfactant (< CMC) can lower the maximum excess concentration 

(Гmax) at the hexane-water interface. Due to their greater surface area at the hexane-water 

interface, this reduction is more noticeable when using larger nanoparticles. A higher 

particle adsorption at the oil-water interface is caused by an increase in bulk particle-

particle steric stabilisation caused by an increase in aqueous particle concentration. 

Additionally, they discovered that the addition of nanoparticles to the SDS solutions 

resulted in a greater negative standard Gibbs free energy, indicating improved spontaneity 

of particle adsorption at the interface.78 Contrary to when they adsorb at the liquid-solid  

interface where they are bound to the solid surface, when nanoparticles adsorb at the oil-

water interface, they are imprisoned at the interface perpendicular to the interface plane. 

However, this does not indicate that they are unable to migrate laterally. Nanoparticles 

can move and regain equilibrium by releasing internal or external strains thanks to this 

lateral mobility at the liquid-liquid interface.19 The natural surfactants in crude oil move 

towards the oil-water interface when crude oil and water are in contact. The adsorbed 

nanoparticles at the oil-water interface can interact with natural surfactants to lower the 

oil-water interfacial tension or repel them to the bulk oil which could raise the interfacial 

tension.255  

As explained earlier, high salt concentrations can disorganize the surfactant layer at the 

oil-water interface which leads to the inefficiency of the surfactant molecules in reducing 

the oil-water interfacial tension. However, nanoparticles can lessen this impact by serving 

as a large surface area adsorbent for salt ions which prevents the ions from depleting the 

interfacial surfactant. The hydrophobized particles themselves may potentially have an 

impact on the interfacial tension as well.245 

 

 

 

Figure 5.2. Effect of adding ES-coated silica particles to AHS in DIW (upper) and Permian brine (lower) 

on the interfacial tension between toluene and water at 25 ± 0.5 °C.  
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Figure 5.3. Effect of adding ES-coated silica particles to AHS in DIW (upper) and Permian brine (lower) 

on the interfacial tension between heptane and water at 25 ± 0.5 °C.  
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Figure 5.4. Effect of adding ES-coated silica particles to AHS in DIW (upper) and Permian brine (lower) 

on the interfacial tension between heptol (1:1 g g–1) and water at 25 ± 0.5 °C.  
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Figure 5.5. Effect of adding ES-coated silica particles to AHS in DIW (upper) and Permian brine (lower) 

on the interfacial tension between crude oil and water at 25 ± 0.5 °C.  
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5.1.3.2 ZN 
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Figures 5.6 to 5.9 show the effect of adding ES-coated silica particles to ZN solutions on 

the interfacial tension between different oils and water at 25 °C. All blends of ZN and 

particles in DIW exhibit the same minimum interfacial tension at 0.03 wt.% surfactant 

and increasing interfacial tension at higher surfactant concentrations for all oils, as was 

the case with AHS. A minimum is observed in the plot of interfacial tension related to 

toluene and 0.05 wt.% ZN in Permian brine at all particle loadings while almost a plateau 

is observed in those of heptane and heptol. Like AHS, the interfacial tension between 

crude oil and Permian brine increases with an increase in ZN concentrations in the blend 

at all particle loadings. Increasing particle concentration in the blend in DIW has 

systematically reduced the crude oil-water interfacial tension while no clear effect of 

particle concentration is observed in the plots of other oils. Mostly, 0.05 wt.% particles 

are more efficient in giving the minimum interfacial tension between pure oils and water 

for the blends in both DIW and Permian brine while it is 0.1 wt.% for crude oil and the 

blend in DIW. For the blend in Permian brine, the minimum is mostly observed with the 

blend of 0.01 wt.% particles. The same mechanisms explained before for AHS are thought 

to apply to ZN. The nonionic surfactant in ZN can also form hydrogen bonds with 

particles but the interactions are weaker than the electrostatic attractions between charged 

surfactants and particles. The nonionic surfactant can also contribute to the mixed 

monolayer at the oil-water interface.249 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Effect of adding ES-coated silica particles to ZN in DIW (upper) and Permian brine (lower) on 

the interfacial tension between toluene and water at 25 ± 0.5 °C.  
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Figure 5.7. Effect of adding ES-coated silica particles to ZN in DIW (upper) and Permian brine (lower) on 

the interfacial tension between heptane and water at 25 ± 0.5 °C. 
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Figure 5.8. Effect of adding ES-coated silica particles to ZN in DIW (upper) and Permian brine (lower) on 

the interfacial tension between heptol (1:1 g g–1) and water at 25 ± 0.5 °C.  
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Figure 5.9. Effect of adding ES-coated silica particles to ZN in DIW (upper) and Permian brine (lower) on 

the interfacial tension between crude oil and water at 25 ± 0.5 °C.  
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5.1.4 Effect of oil type 

Polar toluene and crude oil have the lowest interfacial tension regardless of the surfactant 

type in DIW due to their high contribution to the monolayer at the oil-water interface. 

Non-polar heptane has the largest interfacial tensions at all surfactant concentrations (0.01 

– 0.1 wt.%) and particle concentrations (0 – 0.1 wt.%) while those of heptol (1:1 g g–1) 

range between these minimum and maximum values. For the same reasons, when using 

the surfactants in Permian brine, crude oil followed by toluene has the lowest interfacial 

tension at all surfactant and particle concentrations but those of heptane continue to have 

the highest interfacial tension. 

5.1.5 Effect of temperature 

As EOR chemicals are usually used in brine in the applications, the effect of temperature 

on the interfacial tension between crude oil and water for different blends of AHS or ZN 

and particles in Permian brine has been investigated (Figures 5.10 and 5.11). Figure 5.10 

shows that increasing the temperature from 25 °C to 60 °C lowers the interfacial tension 

at low AHS concentrations both in the presence and absence of particles but the interfacial 

tension at 60 °C exceeds that of low temperature at high AHS concentrations. A 

significantly higher interfacial tension is achieved upon increasing the temperature at all 

ZN concentrations with and without particles in Permian brine (Figure 5.11). A larger 

slope is observed in the plots of interfacial tension versus surfactant concentration upon 

increasing the temperature which is more pronounced for ZN. 

Generally, the oil-water interfacial tension decreases with an increase in temperature.256 

However, the relationship depends on the oil composition, salinity and presence of 

surface-active agents.52 When temperature or salinity increases, zwitterionic surfactants 

are not usually affected and no turbidity is seen.257 However, their surface activity 

changes when both change. Some researchers state that zwitterionic surfactants typically 

perform better as temperature rise because of their increased solubility and diffusion 

coefficient which can result in both lower interfacial tensions and shorter times to achieve 

a minimum interfacial tension.258, 259 Some authors have reported increased oil-water 

interfacial tension on increasing temperature when using crude oil and brine. The 

hydration of the surfactant headgroups can be destroyed by high concentrations of Ca2+ 

or Na+ acting as counterions. This causes the surfactant to shift from the oil-water 

interface to the oil phase, progressively increasing the interfacial tension. This effect is 

more pronounced at high temperatures.260 Temperature elevation also weakens the 

solvation of surfactant molecules at the oil-water interface which consequently increases 
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the interfacial tension.261 An inverse relationship between decane-water interfacial 

tension and temperature has also been observed for nonionic surfactants due to the 

reduced solubility of ethylene oxides of the surfactant in water at high temperatures.49, 262, 

263 Therefore, the larger slope observed in the plot of interfacial tension with ZN 

concentration may be related to the additional rise in interfacial tension caused by the 

nonionic surfactant present in ZN.  

In addition to the effects of temperature on surfactants, the type of particles and their 

interactions with the surfactant or oil-water interface are important when a mixture of 

particles and surfactant is used. The particles may have a smaller effective surface area 

and be less effective at reducing interfacial tension if aggregated due to temperature rise. 

This latter effect is absent here as the particles were found to be long-term stable in 

Permian brine at higher temperatures (75 °C). Increasing temperature has been shown to 

enhance particle adsorption and desorption, which in turn rejects the adsorbed natural 

surfactants of crude oil to the bulk oil and increases the oil-water interfacial tension.255 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Effect of temperature on the interfacial tension between crude oil and water for different 

concentrations of AHS alone (upper) or AHS in a blend with 0.01 wt.% ES-coated silica (lower) in Permian 

brine. 
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Figure 5.11. Effect of temperature on the interfacial tension between crude oil and water for different 

concentrations of ZN surfactant alone (upper) or ZN in a blend with 0.01 wt.% ES-coated silica (lower) in 

Permian brine. 
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5.2 Emulsions of crude oil and water 

There are a number of challenges in emulsion research with crude oil as opposed to pure 

oils like toluene and heptane. The behaviour of emulsions made with crude oil can vary 

depending on the oil composition (polar group content like petroleum acids), processing 

methods and the presence of impurities (water and fines like rock particles). Therefore, it 

can be challenging to replicate the results when using crude oil for emulsification without 

prior knowledge about the adsorption behaviour of chemicals. Although some of the 

emulsion experiments in this work were initially carried out with crude oil, pure oils were 

primarily employed to lessen the uncertainty in the outcomes for the above reasons. 

5.2.1 DIW and Permian brine 

Figure 5.12 shows the appearance and the fractions of oil and water resolved from the oil-

in-water emulsions from crude oil and DIW or Permian brine with time. The emulsion of 

crude oil and DIW faced significant coalescence and creaming in an hour while that of 

Permian brine was more stable to coalescence and creaming in a month.  

The emulsification of crude oil and water can be significantly impacted by the presence 

of inorganic ions like sodium, potassium, calcium and magnesium in Permian brine. 

Previous studies show that an increase in salinity can improve the emulsification of oil in 

brine due to the enhancement of interfacial oil-water viscoelasticity. However, there 

exists an optimum salinity above which no additional improvement in emulsification is 

observed. In oilfields, the potential reason is the adsorption of fines (clay or calcium 

carbonate particles from rock during crude oil flow in porous rock) together with charged 

oil groups at the oil-water interface which forms Pickering emulsions.264, 265 The 

Hofmeister series, as presented in Chapter 3, is believed to hold here regarding the effects 

of cations on the emulsification of crude oil and water: Mg2+ > Ca2+ > Na+ > K+. Sulfate 

and hydrogen phosphate are the most effective anions in emulsification 265 which are 

absent in the Permian brine used in this study. The formation of oil-in-brine emulsions is 

also a function of the crude oil composition. For instance, stearic acid can quickly produce 

emulsions even when the crude oil is in contact with DIW but heptanoic acid role is 

noticeable when certain ions exist in the brine.266 As Permian brine is high in NaCl, it is 

thought that it is mostly sodium ions providing a more compact monolayer of crude oil 

polar at the oil-water interface to stabilise the emulsions here. The microscope photos of 

these emulsions are presented in Figure 5.13.  

Figure 5.12. Appearance and fractions of oil (fo) and water (fw) resolved from oil-in-water emulsions 

formed from 5 g crude oil and 5 g DIW or Permian brine. 
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Figure 5.13. Initial microscope images and drop diameters of oil-in-water emulsions made from 5 g crude 

oil and 5 g of different solutions and dispersions.  
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5.2.2 ZN 

Both emulsions made with crude oil and 0.1 wt.% ZN in DIW and Permian brine showed 

coalescence and creaming after an hour which increased after 3 weeks (Figure 5.14). 
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Coalescence and creaming were higher with the addition of Permian brine to ZN solutions. 

Compared to the emulsions of crude oil and DIW or Permian brine alone, the addition of 

ZN created more spherical drops. The drop diameter of the emulsion made with ZN in 

DIW was smaller than that of no surfactant emulsions however those of Permian brine 

and ZN in Permian brine were the same. The microscope images of these emulsions are 

shown in Figure 5.13. Initially, the rapid diffusion of aqueous surfactant molecules 

(zwitterionic and nonionic surfactants of ZN) and crude oil surfactants (polar groups like 

petroleum acids) to the neat oil-water interface creates a mixed interfacial surfactant 

monolayer which is followed by a time-dependent movement of adsorbed crude oil 

surfactants to the aqueous phase to produce mixed micelles with ZN surfactant. This is 

evidenced by the brownish colour of the resolved water. The latter may also pose a rise 

in oil-water interfacial tension.246 When ZN is in Permian brine, the electrostatic 

interactions between aqueous and crude oil surfactants are reduced, resulting in a lower 

number of interfacial surfactant molecules and quicker phase separation. This is 

accompanied by the demulsification power of ZN which was discussed in detail later. 

5.2.3 Bare and ES-coated silica particles  

When hydrophilic bare silica is used in DIW, the electrostatic attraction between anionic 

particles and the cationic polar group of the crude oil makes the particles partially 

hydrophobic to create a Pickering emulsion. This hydrophobization is lower for ES-

coated silica due to the silane coverage resulting in lower emulsion stability. The 

emulsion stability to coalescence and creaming also decreased significantly on adding 

0.01 wt.% ES-coated silica to DIW. Sediment was observed on adding Permian brine to 

bare silica dispersion however the particles became slightly dispersed (weakly 

aggregated) after stirring the dispersion vigorously for 30 min (Figure 5.15) which is ideal 

for emulsification purposes, as observed in the previous studies.28, 29 Oil-in-water 

emulsions initially more stable to coalescence and creaming were observed when bare 

silica was in Permian brine. However, both emulsions (bare silica in DIW and Permian 

brine) had the same degree of coalescence in the long term (Figure 5.16). The initial 

microscope photos of these emulsions are shown in Figure 5.13. Table 5.2 summarizes 

the results on emulsions made from crude oil. 

Figure 5.14. Appearance and fractions of oil (fo) and water (fw) resolved from oil-in-water emulsions 

formed from 5 g crude oil and 5 g of 0.1 wt.% ZN in DIW or Permian brine. 
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Figure 5.15. Appearance of oil-in-water emulsions from 5 g crude oil and 5 g of dispersions of bare silica  

or ES-coated silica. 
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Figure 5.16. Fractions of oil (fo) and water (fw) resolved from oil-in-water emulsions formed from 5 g crude 

oil and 5 g of (a) 0.05 wt.% bare silica in DIW or Permian brine, (b) 0.01 wt.% ES-coated silica in DIW. 
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Table 5.2. Summary of results on oil-in-water emulsions from crude oil and different ZN solutions or bare 

silica and ES-coated silica in DIW and Permian brine (12.6 wt.%) after 3  – 4 weeks. 

Aqueous phase fo  fw Comment 

DIW 0.8 0.9 

Mostly sodium ions interact with crude oil polar groups to 

stabilize the emulsions initially. 

Both had the same initial drop diameter. Permian brine 0.8 0.4 

0.1 wt.% ZN in  

DIW 

0.7 0.9 Permian brine made coalescence and creaming faster. 

Brine ions lowers the electrostatic interactions between aqueous 

and crude oil surfactants at the oil-water interface resulting in a 

lower number of interfacial surfactants. This is accompanied by 

the demulsification power of ZN. 

The addition of ZN to DIW reduced the initial drop diameter but 

had no effect on tha t of Permian brine. 

0.1 wt.% ZN in  

Permian brine 

0.9 0.9 

0.05 wt.% bare 

silica in DIW 

0.9 0.4 

Particle hydrophobization extent by crude oil: bare silica > silane-

coated silica  

Slightly aggregated bare silica particles in Permian brine can 

stabilize the emulsions more initially. 

0.05 wt.% bare 
silica in Permian 

brine 

0.9 0.2 

0.01 wt.% ES-

coated silica in 

DIW 

0.8 0.9 

 

 

 

 

 

 

 

 

 

5.3 Emulsions of pure oils and water 

5.3.1 Effect of surfactant type and concentration 

5.3.1.1 Toluene 
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Figure 5.17 shows the effect of the surfactant type and concentration on the emulsification 

of toluene and water. The figure shows considerable coalescence and creaming in all 

emulsions by two surfactants in DIW within a day with an exception at 0.05 wt.% ZN 

which had no coalescence but significant creaming over the first day. This emulsion had 

a fraction of oil and water resolved as 0.5 and 0.9, respectively after a month but the 

phases separated after 3 months. It is observed that the addition of Permian brine to both 

surfactant solutions makes more emulsions of toluene and water however the emulsions 

with ZN in Permian brine were only short-term stable. Figure 5.18 shows the effect of 

surfactant type on the fractions of oil and water resolved from these emulsions after 100 

days. All emulsions made with surfactants in DIW were phase separated after 3 months. 

AHS in Permian brine (> 0.03 wt.%) produced emulsions more stable to coalescence (fo 

< 0.2) after around 3 months compared to those of ZN (fo > 0.8). An initial decrease in 

creaming was observed in emulsions with surfactants in Permian brine but it increased 

after 100 days. The type of surfactant had no significant impact on how well the emulsions 

creamed. Due to the significant difference in density between the aqueous and oil phases, 

density-driven creaming is common in these emulsions. 

When the zwitterionic surfactant is in DIW, the surfactant molecules adsorb at the oil-

water interface but the adsorption is limited due to the electrostatic repulsion between the 

adsorbed surfactant headgroups. The negative headgroup of AHS surfactant and the 

anionic oil-water interface experience another electrostatic repulsion as a result of the 

relatively high charge density of the toluene-water interface which prevents the alkane 

tail of the surfactant from being completely solvated in the oil phase.240 Being slightly 

polar, toluene molecules have random adsorption at the oil-water interface. Consequently, 

there are weak random interactions between the tails of the surfactant molecules and the 

toluene molecules that have been adsorbed, which leads to unstable emulsions.  

The addition of salts can lower the electrical double layer of the interface and headgroup-

headgroup repulsion, resulting in less interfacial charge and more surfactant adsorption 

with elongation of their linear tails in the oil phase 267 which increases emulsification. 

Previous research has also shown that zwitterionic and nonionic surfactants become less 

soluble as electrolyte concentration rise. In the salting-out region, the salts break down 

the initial hydration structure of the hydrophobic groups of the surfactants, enhancing 

their hydrophobicity and facilitating simpler micellization to prevent exposure of their 

hydrophobic tails in the aqueous phase. In addition, when salinity rises, more and more 

water molecules are taken up by salt ions, leaving less of it available to interact with the 

surfactant headgroups in the aqueous phase.268 Heavily hydrated ions like Na+ can salt 
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out the hydrophobic groups of the surfactant more.5 Da et al. made a similar observation 

regarding the effect of high salt concentrations on surfactant adsorption at a gas-water 

interface. They stated that the addition of 22 wt.% brine of various salts can encourage 

the zwitterionic cetyl betaine surfactant molecules to adsorb more at the CO2-water 

interface due to the decrease in surfactant headgroup hydration and the decrease in the 

electrostatic repulsion of the adsorbed surfactant headgroups.269 Adding salts can also 

help generate more micelles which can help increase the structural disjoining pressure 

and in turn the stability of foams or emulsions.270 All these reasons may explain the higher 

emulsification of water and toluene when Permian brine is added to AHS solutions. 

The nonionic C10–12 nonaethylene glycol ether in ZN can improve the power of 

zwitterionic R83397 can further lower the interfacial tension, stabilize the emulsion and 

prevent droplet coalescence. In comparison to AHS, lower air-water and oil-water 

interfacial tensions were found in the presence of ZN. Other advantages of nonionic 

surfactants include enhanced solubilization and improved compatibility with various 

oils.169 The ZN solution was created by ChampionX as a commercial product using a 

proprietary demulsifier to destabilize oilfield emulsions. Because of this, less stable 

emulsions are seen in this investigation when ZN is present, despite more emulsification 

being predicted due to the presence of the nonionic surfactant. 

The initial drop diameters decrease for both surfactants as surfactant concentrations rise 

(Figure 5.19). No drop diameter measurements were possible for emulsions made with 

AHS in DIW due to the quick phase separation. It is observed that the addition of Permian 

brine increases the drop diameter of the emulsions made with ZN although they are more 

stable to coalescence. Comparing the drop diameters of the emulsions made with 

surfactants in Permian brine, AHS produces larger drops but remains stable for longer 

times. After 100 days, the emulsions with AHS in Permian brine had a rise in their drop 

diameters by 20 ± 10 µm while that of ZN in Permian brine was 10 ± 10 µm. Figure 5.20 

shows the initial microscope images of the oil-in-water emulsions formed by toluene and 

surfactant solutions. As shown, increasing AHS concentrations from 0.03 wt.% to 0.1 wt.% 

in Permian brine has no effect on the shape of drops but it makes the drop size distribution 

wider such that drops of different sizes with flocs are observed  at 0.1 wt.% while they are 

equally sized at 0.03 wt.%. The emulsions made with 0.005 wt.% and 0.01 wt.% ZN in 

Permian brine were unstable but had small droplets in the resolved aqueous phase that 

disappeared after a day. A wide size distribution is also observed in the emulsions formed 

by ZN in Permian brine, reflecting unstable emulsions with droplets of different diameters. 

The presence of drop flocs at high surfactant concentrations is due to the high salinity of 
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the brine. Similarly, it has been observed that foams made with surfactants in high salinity 

brine have an increase in interfacial dilatational elasticity and bubble flocs which help the 

foam stabilize.271 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Effect of surfactant type and concentration on oil-in-water emulsions of 5 g toluene and 5 g 

solutions of AHS or ZN (given in wt.%) in DIW and Permian brine at different times. 



 

238 
 

 

 

Figure 5.18. Effect of surfactant type and concentration on the fractions of oil (upper) and water (lower) 

resolved from oil-in-water emulsions of 5 g toluene and 5 g solutions of AHS or ZN in DIW and Permian 

brine after 100 days. 
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Figure 5.19. Initial and long-term emulsion drop diameter with surfactant concentration for oil-in-water 

emulsions from 5 g toluene and 5 g solutions of AHS or ZN in DIW and Permian brine. 
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Figure 5.20. Optical microscope images taken immediately after preparation of oil-in-water emulsions of 

5 g toluene and 5 g solutions of AHS and ZN. Concentrations are given in wt.%. 
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5.3.1.2 Heptane 
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Figure 5.21 shows the effect of surfactant type on the emulsification of heptane and water. 

All the emulsions formed by ZN in DIW and Permian brine were phase separated within 

a day. The emulsions made with AHS in DIW (> 0.05 wt.%) were more stable to 

coalescence than those in Permian brine which were phase separated within a week 

(Figure 5.22). The emulsions of 0.07 and 0.1 wt.% AHS in DIW showed slight 

coalescence after two months (fo = 0.25). Both surfactants were ineffective in reducing 

creaming. Figure 5.23 shows the initial drop diameter measurements of the emulsions 

made with heptane and different concentrations of AHS in DIW and Permian brine. The 

addition of Permian brine can reduce the drop diameter in the emulsions formed by AHS. 

No measurements were possible for the emulsions made with ZN solutions due to the 

quick phase separation. Figures 5.24 and 5.25 show the initial microscopy of these 

emulsions. The addition of Permian brine to R55397 solutions has produced a more 

monomodal drop distribution. 

When the zwitterionic AHS is in DIW, the surfactant molecules tend to adsorb at the oil-

water interface with tails toward the oil phase and headgroups facing water. The negative 

headgroup of the surfactant (sulfonate group) tends to be farther away from the anionic 

oil-water interface while the positive headgroup (quaternary ammonium) would be placed 

in the thick double layer (high charge density) of the interface. Here, the anionic 

headgroups of the adsorbed surfactants serve as a physical barrier to prevent the oil 

droplets from meeting one another. Previous research demonstrates that because heptane 

molecules are non-polar, they prefer to stay in the bulk of the oil phase and rarely adsorb 

at the heptane-water interface.240 In this case, surfactants extend their tails towards the 

bulk of the oil phase far enough to interact with the heptane molecules to enhance the 

emulsification.272 The interfacial double layer contracts when salts are added, and it is 

believed that the accumulation of counterions at the oil-water interface prevents 

surfactants from adsorption, hence raising the interfacial tension between oil and water, 

as observed earlier. In addition, because there are weak interfacial heptane molecules 

accessible, there would be fewer interactions between the oil phase and surfactant tails at 

the interface, leading to poor emulsification. Binary nonionic-zwitterionic solution (ZN) 

is thought to be capable of improving the emulsification but the emulsions are quickly 

broken due to the demulsification ability of ZN. 

 

Figure 5.21. Effect of surfactant type and concentration on oil-in-water emulsions of 5 g heptane and 5 g 

solutions of AHS or ZN (given in wt.%) in DIW and Permian brine. 
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Figure 5.22. Effect of surfactant type and concentration on the fractions of oil (upper) and water (lower) 

resolved from oil-in-water emulsions from 5 g heptane and 5 g solutions of AHS and ZN in DIW after two 

months. 
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Figure 5.23. Initial emulsion drop diameter vs surfactant concentration for oil-in-water emulsions from 5 

g heptane and 5 g solutions of AHS in DIW and Permian brine. 
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Figure 5.24. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptane and 5 g solutions of AHS (given in wt.%) in DIW and Permian brine.  
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Figure 5.25. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptane and 5 g solutions of ZN (given in wt.%) in DIW or Permian brine.  
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5.3.1.3 Heptol 
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Figure 5.26 shows the emulsification of heptol and water with different solutions of AHS 

and ZN. All emulsions made with ZN in both DIW and Permian brine experienced phase 

separation within a day. Emulsions made with AHS in DIW and Permian brine (> 0.03 

wt.%) were initially stable to coalescence but creamed significantly. The emulsion made 

with 0.1 wt.% AHS in DIW remained stable for a long time with negligible coalescence. 

The fractions of oil and water resolved from this emulsion after 100 days were around 0.2 

and 0.8, respectively (Figure 5.27). The emulsions made with 0.05 wt.% and 0.07 wt.% 

AHS in Permian brine also showed good stability to coalescence up to 100 days (fo = 0.2 

– 0.3). Like toluene, the addition of Permian brine to AHS solutions increased the 

emulsification of heptol and water at 0.05 – 0.07 wt.% but did not have any effect on that 

of ZN.  

Previous studies show that increasing the polarity of the oil phase reduces the van der 

Waals energy while increasing the electrostatic and interaction energies. In other words, 

van der Waals interaction dominates at a weakly polar oil-water interface whereas 

electrostatic interaction dominates at a polar oil-water interface.240 As the polarity of the 

oil increases e.g. when replacing heptane with toluene, the work of adhesion (𝑊𝑎 =

𝛾𝑜𝑖𝑙−𝑎𝑖𝑟 + 𝛾𝑎𝑖𝑟 −𝑤𝑎𝑡𝑒𝑟 − 𝛾𝑜𝑖𝑙−𝑤𝑎𝑡𝑒𝑟 ) between water and oil increases as a result of 

decreasing oil-water interfacial tension and increasing air-oil surface tension. Thus, the 

adsorption capability of the oil molecules at the oil-water interface decreases as follows: 

toluene > heptol > heptane.241, 272 Therefore, the emulsification behaviour of heptol is 

anticipated to be a combination of separate oils i.e. toluene and heptane. Note that the 

heptane/toluene ratio of 1:1 g g–1 means a slightly higher heptane volume in the mixture 

(56 vol.% heptane + 44 vol.% toluene), offering a higher effect of heptane. Therefore, the 

slightly polar toluene of the heptol gives it local oil adsorption at the oil-water interface 

with a high interfacial charge density while the non-polar heptane molecules are mainly 

in the bulk of the oil phase and have a lower interfacial charge. Thus, the interfacial 

behaviour of heptol (1:1 g g–1) is controlled by both.241 Except for the highest surfactant 

concentration, the emulsions made with heptol and AHS in DIW are often unstable, 

similar to those made with toluene, which is due to the high electrostatic repulsion 

between the anionic headgroup of the surfactant and the local anionic toluene-water 

interface. The emulsion of heptol and 0.1 wt.% AHS in DIW has a higher stability to 

coalescence than that of heptane alone. High concentrations cause more elongation of 

surfactant tails in the bulk of the oil phase to interact with heptane molecules which is 

accompanied by the role of toluene as described. When Permian brine is added, more 

stable emulsions are produced at an intermediate AHS concentrations like that of toluene 
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due to the reduced electrostatic repulsion between the surfactant headgroup and the 

interface by ions. For ZN, the phase separation occurs extremely quickly for the surfactant 

both in DIW and Permian brine which is more similar to the behaviour of heptane. 

Figure 5.28 shows the initial drop diameters of these emulsions. There is a decrease in 

the emulsion drop diameter on increasing AHS concentrations both in DIW and Permian 

brine. No considerable change is seen in the drop diameters upon adding Permian brine 

to AHS solutions. Figure 5.29 shows the initial microscope images of these emulsions. 

Spherical, monosized emulsion droplets are observed in the emulsions of low AHS 

concentrations (0.03 wt.%) in DIW while they turn multimodally distributed with drop 

flocculation at high surfactant concentrations (> 0.07 wt.%). Spherical droplets are 

observed in all emulsions of AHS in Permian brine with drop flocs at high surfactant 

concentrations. The photos of emulsions made with ZN solutions are presented in Figure 

5.30. The emulsions of ZN in Permian brine were unstable so the photos are related to the 

drops dispersed in the resolved aqueous phase. 

Table 5.3 summarizes the results on emulsions from different oils and AHS and ZN in 

DIW and Permian brine. 

 

 

 

 

 

 

 

 

 

Figure 5.26. Effect of surfactant type and concentration on oil-in-water emulsions of 5 g heptol (1:1 g g–1) 

and 5 g solutions of AHS or ZN (given in wt.%) in DIW and Permian brine. 
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Figure 5.27. Effect of surfactant type and concentration on the fractions of oil (upper) and water (lower) 
resolved from oil-in-water emulsions from 5 g heptol (1:1 g g–1) and 5 g solutions of AHS in DIW and 

Permian brine after 100 days. 
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Figure 5.28. Initial emulsion drop diameter vs surfactant concentration for oil-in-water emulsions from 5 

g heptol (1:1 g g–1) and 5 g solutions of AHS in DIW and Permian brine. 
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Figure 5.29. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptol (1:1 g g–1) and 5 g solutions of AHS (given in wt.%) in DIW and Permian brine. 
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Figure 5.30. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptol (1:1 g g–1) and 5 g solutions of ZN (given in wt.%) in DIW or Permian brine.  
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Table 5.3. Summary of results on oil-in-water emulsions from different oils and different concentrations 

(given in wt.%) of AHS or ZN in DIW and Permian brine (12.6 wt.%). Creaming was high in all emulsions 

(fw > 0.8). 

Surfactant Oil fo after 100 days Comments 
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0.001 0.005 0.01 0.03 0.05 0.07 0.1 

AHS in DIW 

Toluene 1 Interfacial charge 

and interfacial oil 
molecules at the 

oil-water interface 

decreases as 

follows: toluene > 

heptol > heptane. 

Heptane > 0.7 

Heptol     

AHS in 

Permian 

brine 

Toluene 

1 

< 0.2 

Ions reduce the 

surfactant-
interface and 

surfactant-

surfactant 

electrostatic 
repulsion and 

result in higher 

surfactant 

adsorption at the 
oil-water 

interface.  

Polar toluene is 

responsible for 

emulsification of 

heptol and water. 

Heptane  

Heptol > 0.7 0.2 0.9 

ZN in DIW 

Toluene 

 The 

demulsification 

design of ZN 

prevents the long-
term stability of 

emulsions.  

Of different oils, 

ZN appeared to 

produce more 
emulsions with  

polar toluene. 

Heptane 

Heptol 

ZN in 

Permian 

brine 

Toluene 1 > 0.8 

Heptane 
 

Heptol 

 

 

 

5.3.2 Effect of particles 

This part looks into the potential of ES-coated silica particles to emulsify various oils and 

water. The impact of Permian brine addition on particle emulsification behaviour has also 

been researched. Also, a series of emulsion experiments were carried out to examine the 

emulsification power of silica covered with AS (see Appendix C.1). 
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5.3.2.1 Toluene 

Figure 5.31 shows the appearance of oil-in-water emulsions formed by toluene and ES-

coated silica dispersions at different times. When the particles were in DIW, raising the 

particle concentration significantly reduced the coalescence and creaming initially but 

some oil and water were resolved over time. In the long term, the stability to coalescence 

in these emulsions became independent of particle concentration above 0.03 wt.% (Figure 

5.32). Creaming is less at intermediate particle concentrations (0.03 – 0.1 wt.%) and 

increases at > 0.1 wt.% which is more significant in the long term. When the particles are 

in Permian brine, raising the particle concentration has a small effect on reducing 

coalescence and creaming in the long term (Figure 5.33). High particle concentrations (1 

wt.%) in Permian brine were found to destabilise the emulsions very quickly.  

Epoxide ring-opening is a chemical process that ES goes through when it is acid- or base-

catalysed during which the epoxy group opens to produce two linear hydroxyl groups (–

OH). The resultant polar molecule, 3-hydroxyalkyl trimethoxysilane, is covalently 

grafted on silica particles with the hydroxyl groups on the surface of the particles. Thus, 

the silane-coated particles used here are polar which allows them to interact with water 

and other polar solvents through hydrogen bonding and dipole-dipole interactions. This 

also gives the particles hydrophilicity which leads to longer dispersion stability in polar 

fluids.273 Without taking into account the inherent particle hydrophobicity by silane, oil 

type can have two main effects on the adsorption of particles at an oil-water interface: 

interfacial oil molecules and interfacial charge. When particles are in DIW, for a sufficient 

interaction of particles with oil molecules, the particles must approach the interface which 

is greatly prevented by the electrostatic repulsion between anionic particles and the 

anionic interface. This is more serious at low particle concentrations and has produced 

unstable emulsions here. Yet, at high particle concentrations (1 wt.%) where the particles 

are electrostatically repelled in bulk to approach the oil-water interface, solvophobic 

interactions between polar particles and low interfacial non-polar heptane molecules can 

render particles hydrophobic and capable of adsorbing at the oil-water interface and 

creating Pickering emulsions.240, 241, 272 Binks and Whitby stated that increasing the 

polarity of the oil phase makes the polar solvent molecules adsorb to the silica surface, 

which further alters the particle wettability and improves emulsion stability.28 This 

explains the higher emulsification of toluene and particles in DIW (< 1 wt.%) compared 

to heptane.  

The ability to adsorb ions at the oil-water interface is greater for toluene due to its thicker 

electrical double layer and larger interfacial charge density. The ion adsorption at the 
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heptane-water interface is lowest while that of heptol lies between toluene and heptane. 

Ion accumulations at the oil-water interface prevent the adsorption of like-charged  

particles.274 

Previous studies show that brine can create an aggregated network of particles in the 

emulsion’s continuous phase to physically stabilize the emulsions by trapping the 

droplets.275 Griffith and Daigle investigated the effect of the same particles with two 

silane coverages (23% and 32%) on the stability and rheology of bromohexadecane-in-

water emulsions. They observed that 1 wt.% of weakly aggregated ES-coated silica (23% 

silane coverage) in 1 wt.% CaCl2 at high pH (9 – 10) can stabilize the emulsions by 

forming a bridged network of particles while more stable ES-coated silica particles (32%) 

stabilize the emulsions only at low pH (~ 3) where particles are weakly charged and can 

be aggregated.145 The particles used in this study had higher silane coverage (55%) and 

they were shown to be sterically (by silane) and electrostatically (by particle charge) 

stable for a long time (refer to stability inspections in Chapter 3). Since original pH 

dispersions were used here (pH 7 – 10), the particles were moderately to highly charged 

so both mechanisms are absent (no improvement in emulsification on adding Permian 

brine to dispersions). Salts can shrink the electrical double layer of the particles and the 

oil-water interface and lower their charges.267 While this improves the hydrophobicity of 

particles to form a dense monolayer at the oil-water interface and stabilize emulsions,275, 

276 it decreases the polarity of toluene and thereby the adsorption of toluene molecules at 

the oil-water interface which subsequently reduces the interactions between particles and 

oil molecules at the interface.241 The salt ions also compete with the solid particles for 

adsorption at the oil-water interface. High accumulations of ions at the oil-water interface 

can lessen the adsorption of particles, causing oil droplets to coalesce and eventually 

phase separate.275 

Figure 5.34 shows the initial and long-term emulsion drop diameters with particle 

concentration in DIW and Permian brine. Consistent with visual observations, the plot 

shows that emulsions with particles in Permian brine have a bigger diameter compared to 

that of DIW. The emulsion drop diameter is almost unchanged on raising the particle 

concentration in DIW both in the short and long term but slightly increases with an 

increase in particle loading in Permian brine. Furthermore, there is a rise in emulsion drop 

diameter for the emulsions of particles in DIW after 100 days implying oil drop growth 

and coalescence in the emulsion which is consistent with visual observations. No 

significant change is observed in the drop diameters of the emulsions made with particles 

in Permian brine. Figure 5.35 shows the initial microscopy of these emulsions. The drop 
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shapes are all spherical with more compact, hexagonally arranged smaller droplets in the 

emulsions formed by 1 wt.% particles in DIW. As observed, the emulsion droplets 

become significantly bigger when the particles are in Permian brine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.31. Appearance of oil-in-water emulsions from 5 g toluene and 5 g dispersions of ES-coated silica 

(given in wt.%) in DIW and Permian brine.  
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Figure 5.32. Effect of particle concentration on the fractions of oil (upper) and water (lower) resolved from 

oil-in-water emulsions from 5 g toluene and 5 g dispersions of ES-coated silica in DIW.  
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Figure 5.33. Effect of particle concentration on the fractions of oil and water resolved from oil-in-water 

emulsions from 5 g toluene and 5 g dispersions of ES-coated silica in Permian brine. 

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1

f o

[particle] / wt.%

1 d

30 d

200 d

500 d

0.5

0.6

0.7

0.8

0.9

1.0

0.01 0.1 1

f w

[particle] / wt.%

1 d

30 d

100 d

500 d



 

261 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34. Initial and long-term emulsion drop diameter with particle concentration for oil-in-water 

emulsions from 5 g toluene and 5 g dispersions of ES-coated silica in DIW or Permian brine. 
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Figure 5.35. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g toluene and 5 g dispersions of ES-coated silica (given in wt.%) in DIW or Permian brine.  
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5.3.2.2 Heptane 
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Figure 5.36 shows the appearance of the oil-in-water emulsions produced by heptane and 

ES-coated silica dispersions. The ES-coated silica particles used here have low surface 

activity at the oil-water interface due to the high silane coverage. There is also 

electrostatic repulsion between the anionic particles and the anionic oil-water interface 

which prevents high adsorption of particles at the interface. Heptane also has a weak 

interfacial molecular activity for interactions with particles.241 Therefore, low particle 

loading (< 0.1 wt.%) is not expected to create stable Pickering emulsions. However, 

increasing the particle concentration to 1 wt.% is thought to increase the bulk particle-

particle electrostatic repulsion and encourage more particle adsorption at the oil-water 

interface.78 This is consistent with the stable emulsion with no initial coalescence and 

creaming which is observed at the highest particle loading (1 wt.%). The fractions of oil 

and water resolved from this emulsion after 400 days were 0.65 and 0.8, respectively 

(Figure 5.37).  

In emulsions made with particles in Permian brine, increasing particle concentration was 

found to increase the emulsification of heptane and DIW after preparation but the 

emulsions were destabilized after a day. Permian brine screens the particle and oil-water 

interface charges. The emulsion with 0.1 wt.% particles in Permian brine showed 

coalescence and creaming after a day and more in the long term (fo = 0.6 and fw = 0.8 

after 400 days). Higher particle loadings (1 wt.%) formed unstable emulsions (Figure 

5.38). Figures 5.39 and 5.40 show the initial drop diameter measurements and microscopy 

of these emulsions. A lower drop diameter with the addition of Permian brine to 

dispersions is observed. 

 

 

 

 

 

 

Figure 5.36. Appearance of oil-in-water emulsions from 5 g heptane and 5 g dispersions of ES-coated silica 

(given in wt.%) in DIW and Permian brine.  
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Figure 5.37. Effect of particle concentration on the fractions of oil (upper) and water (lower) resolved from 

oil-in-water emulsions from 5 g heptane and 5 g dispersions of ES-coated silica in DIW.  
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Figure 5.38. Effect of particle concentration on the fractions of oil (upper) and water (lower) resolved from 

oil-in-water emulsions from 5 g heptane and 5 g dispersions of ES-coated silica in Permian brine.  
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Figure 5.39. Initial emulsion drop diameter vs particle concentration for oil-in-water emulsions from 5 g 

heptane and 5 g dispersions of ES-coated silica in DIW or Permian brine. 
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Figure 5.40. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptane and 5 g dispersions of ES-coated silica (given in wt.%) in DIW or Permian brine.  
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5.3.2.3 Heptol 
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Figure 5.41 shows the appearance of emulsions formed by heptol (1:1 g g–1) and ES-

coated silica dispersions. Particles are more hydrophobic in a polar oil (toluene)-water 

system than in a non-polar oil (heptane)-water system, offering a higher rate of particle 

adsorption at the oil-water interface in the former. In addition, heptol provides local high 

interfacial oil molecules at its toluene-water interface and low interfacial charge at its 

heptane-water interface which leads to synergy in emulsification.241 At 1 wt.% particles 

in DIW where heptane begins to hold solvophobic interactions with particles, heptol takes 

advantage of both hydrophobization mechanisms, i.e. polar-polar and polar-nonpolar 

interactions between particles and oils including toluene and heptane respectively, to 

create more emulsions. The emulsion made with 1 wt.% particles in DIW had slight 

coalescence in the long term, lower than that of heptane. The fractions of oil and water 

resolved from this emulsion after 400 days were 0.2 and 0.5, respectively (Figure 5.42). 

Like heptane, all emulsions formed by particle loadings below 1 wt.% in DIW 

experienced significant coalescence and creaming within a day.  

When particles were in Permian brine, the emulsions experienced a quick phase 

separation within a day except for 0.1 wt.% particles in Permian brine which had slight 

coalescence in the long term. The coalescence in this emulsion was lower than that of 

heptane. The fractions of oil and water resolved for this stable emulsion after 440 days 

were 0.2 and 0.7, respectively (Figure 5.43). The effect of Permian brine on the 

emulsification of heptol and dispersions is thought to be the sum of its effects on 

individual oil-water systems. The same mechanisms already explained apply here. 

Figures 5.44 and 5.45 show the initial drop diameters and microscopy of these emulsions. 

A decrease and an increase in the initial drop diameter with increasing particle loading in 

DIW and Permian brine, respectively are observed. The emulsion formed by 1 wt.% 

particles in DIW had a drop diameter of 42 ± 2 µm after 100 days (nearly twice the initial 

drop diameter of 21 ± 6 µm) while that of 0.1 wt.% particles in Permian brine was 72 ± 

2 µm (20 µm higher than the initial drop diameter).  

Table 5.4 summarizes all results on emulsions made from different oils and ES-coated 

silica. 

 

Figure 5.41. Appearance of oil-in-water emulsions from 5 g heptol (1:1 g g–1) and 5 g dispersions of ES-

coated silica (given in wt.%) in DIW and Permian brine.  
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Figure 5.42. Effect of particle concentration on the fractions of oil (upper) and water (lower) resolved from 

oil-in-water emulsions from 5 g heptol (1:1 g g–1) and 5 g dispersions of ES-coated silica in DIW.  
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Figure 5.43. Effect of particle concentration on the fractions of oil (upper) and water (lower) resolved from 

oil-in-water emulsions from 5 g heptol (1:1 g g–1) and 5 g dispersions of ES-coated silica in Permian brine.  
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Figure 5.44. Initial emulsion drop diameter vs particle concentration for oil-in-water emulsions from 5 g 

heptol (1:1 g g–1) and 5 g dispersions of ES-coated silica in DIW or Permian brine. 
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Figure 5.45. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptol (1:1 g g–1) and 5 g dispersions of ES-coated silica (given in wt.%) in DIW or Permian brine.  
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Table 5.4. Summary of results on oil-in-water emulsions from different oils and different concentrations 

(given in wt.%) of ES-coated silica in DIW and Permian brine (12.6 wt.%).  
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Particle Oil 
fo or fw after 100 days 

Comment 

0.01 0.03 0.05 0.07 0.1 1 

DIW 

Toluene  
fo = 0.4 to 0.6 with [particle] ↑ 

fw = 0.7 to 0.9 with [particle] ↑ 

At low particle 

concentrations, particle-

interface repulsion is 

large resulting in unstable 

emulsions. 

Interfacial charge and oil 

molecules: toluene > 

heptol > heptane 

Particles can have polar-

polar (stronger) and 

solvophobic interactions 

with interfacial toluene 

and heptane, respectively. 

Heptol takes advantage 

of both hydrophobization 

mechanisms.  

Heptane 

1 

fo = 0.5 

fw = 0.7 

Heptol 
fo = 0.04 

fw = 0.5 

Permian 

brine 

Toluene 
fo > 0.9 

fw > 0.9 

fo = 0.8 

fw = 0.9 

1 

Ions can screen the 

charges of both particles 

and the oil-water 

interface enabling more 

particle adsorption. 

However, ion 

accumulations at the 

interface prevent the 

adsorption of like-

charged particles. 

The ability to adsorb 

counterions at the oil-

water interface decreases 

as follows: toluene > 

heptol > heptane. 

Heptol takes advantage 

of both particle 

hydrophobization 

mechanisms. 

Heptane 

1 

fo = 0.6 

fw = 0.8 

Heptol 
fo = 0.2 

fw = 0.7 

 

5.3.3 Blend of surfactant and particles 

5.3.3.1 Toluene 
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The effect of adding ES-coated silica particles to AHS solutions on the emulsification of 

toluene and water is shown in Figure 5.46. When the blend is in DIW, increasing particle 

concentration improves the initial emulsion stability to coalescence at low (0.001 wt.%) 

and high surfactant concentrations (> 0.05 wt.%). The emulsion made with 0.07 wt.% 

AHS alone in DIW coalesced and creamed significantly in a day but when blending the 

surfactant solution with 0.01 wt.% and 0.1 wt.% particles, the emulsions did not have any 

initial coalescence but creamed considerably. The fraction of oil resolved from these 

emulsions was around 0.6 after 6 months (Figure 5.47). The emulsion with the higher 

AHS concentration (0.1 wt.%) in the blend in DIW encountered phase separation after a 

while. All emulsions showed high creaming in the long term (> 0.9). When the blend was 

in Permian brine, the addition of particles to AHS solutions (> 0.03 wt.%) was found to 

destabilize the emulsions in the long term. While the emulsions of AHS alone in Permian 

brine (> 0.03 wt.%) had fo < 0.3 after 190 days, the addition of particles to surfactant 

solutions significantly increased coalescence in these emulsions (fo > 0.8). All in all, it is 

concluded that the addition of particles to AHS in DIW slightly improves the stability of 

emulsions to coalescence but when they are added to AHS in Permian brine, the 

emulsions become significantly unstable in the long term. On the other hand, the addition 

of AHS reduces the emulsions made with dispersions of 0.1 wt.% ES-coated silica in 

DIW at all surfactant concentrations (except for 0.05 wt.% and 0.07 wt.% AHS which 

show no significant effect) while it increases the coalescence markedly for the particles 

in Permian brine.  

The stability of emulsions made with blends of particles and surfactants is pH dependent. 

Reducing pH below the isoelectric region of AHS (pH 5.5 – 8.0) renders the surfactant 

cationic and the ES-coated silica particles weakly anionic. Provided that isopropyl alcohol 

separating the two headgroups of the surfactant bends for the quaternary ammonium 

group to interact with the anionic particles while keeping the anionic sulfonate group 

away from the particle surface (V-shaped adsorption), weak particle hydrophobization 

can happen which may form Pickering emulsions. At the isoelectric pH, both charges are 

available in the surfactant headgroup and the particles are moderately charged offering 

more physical grafting and particle hydrophobicity. In both cases above, since the alkane 

tail of the zwitterionic surfactant is twice as long as the ES molecules (1.8 nm vs. 0.9 nm), 

the adsorbed surfactant tails first contact other molecules at the oil-water interface. This 

surface modification is thought to be stronger than the partial hydrophobization caused 

by the silane itself, as observed by zeta potential measurements in this study. Liu et al. 

studied the stability of emulsions made with silica particles and zwitterionic 

dodecyldimethylcarboxylbetaine using toluene and n-decane. They found out that the 
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emulsions can be stable to coalescence at low pH 5 where the surfactant is cationic and 

can adsorb onto silica particles which renders the particles hydrophobic and flocculated 

while they are unstable at high pH where the surfactant is zwitterionic. An adjustment of 

pH can change stable emulsions into unstable ones at different times.277 This study has 

some main differences from the one carried out here. First, there is no particle flocculation 

on the addition of AHS to ES-coated dispersions here due to the steric stabilization of 

particles by silane. Second, ES-coated silica has a lower negative charge than bare silica 

at low pH as more than half of the adsorption sites of silica have been occupied by ES 

here. This reduces the electrostatic interactions between the particles and the surfactant 

and limits particle hydrophobization. With the grafting of surfactant onto particles, less 

particle surface charge is achieved which reduces the electrostatic repulsion between 

anionic particles and the anionic oil-water interface. Thus, the solvophobic interactions 

between surfactant-modified particles and interfacial oil molecules are strongest for 

toluene and weakest for heptane. This explains the higher emulsions observed with 

toluene and water here (compared to heptane).  

At pH above the isoelectric region, the particles become highly charged and the surfactant 

turns anionic, as observed before. Due to their smaller size and larger diffusion, surfactant 

molecules can adsorb at the oil-water interface faster than particles272 leading to particles 

being electrostatically repelled out of thin films between oil droplets and the formation of 

oil-in-dispersion emulsions. Herein, surfactant adsorption reduces the oil-water 

interfacial tension and makes droplets charged to prevent flocculation and coalescence 

via electrostatic repulsion while the particles remain dispersed in the continuous phase, 

unlike Pickering emulsions in which particles adsorb at the oil-water interface.278, 279  

It is thought that the largest hydrophobization of ES-coated silica particles with the 

zwitterionic AHS happens at the isoelectric region here. The emulsion type can be 

switched between an oil-in-dispersion emulsion (high pH (10) – low [AHS]) and a 

Pickering emulsion (isoelectric pH – high [AHS]). The former does not create stable oil-

in-dispersion emulsions here probably due to the low particle/surfactant concentrations 

used in this study. In the latter, there is a competition for surfactant molecules to adsorb 

at the particle surface or the oil-water interface 182 which leads to a free-energy minimum 

in the adsorption energy of particles at the oil-water interface at high surfactant 

concentrations and prevents particles from adsorbing at the oil-water interface.280, 281 

Recent studies show that the grafted surfactant molecules may leave the particle surface 

close to the oil-water interface due to their lower adsorption energy at the oil-water 

interface, suggesting particles as surfactant carriers.119 If that happens, the surfactant is 
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available to adsorb at the oil-water interface and lower the interfacial tension. The 

surfactant molecules can also form a layer around the particles adsorbed on the oil 

droplets, which further sterically stabilizes them.245 It is also likely that the hydrophobic-

hydrophobic van der Waals interaction between these surfactant tails makes emulsion 

drops flocculate (see microscopy) and then coalesce.  

The addition of brine screens the anionic particles which subsequently lowers the particle-

particle and particle-interface electrostatic repulsion. These modifications weaken the 

electrostatic kinetic barrier while simultaneously increasing the thermodynamic driving 

force for particle adsorption at the oil-water interface.282 Here, the individual adsorption 

of particles or surfactant molecules at the oil-water interface or the particle-surfactant 

attraction (less particle hydrophobization) is lowered by the addition of ions. A high 

adsorption of ions at the interface also makes the emulsions unstable, compared to 

emulsions made with AHS alone. Salinity also reduces the polarity of toluene molecules 

and makes them less able to adsorb at the oil-water interface for interactions with 

surfactants and particles.241 

Figure 5.48 shows the effect of adding particles to surfactant solutions on the drop 

diameter of the emulsions made with toluene and water. At all particle loadings, a 

reduction in the drop diameter is seen when Permian brine is added to AHS solutions. 

However, no significant change is observed in the drop diameter when the particle 

concentration is raised in the blend in both DIW and Permian brine. The microscopy of 

these emulsions is shown in Figures 5.49 and 5.50. As observed, the high surfactant 

concentration and the high salinity cause flocs to appear in the emulsion.  

 

 

 

Figure 5.46. Appearance of oil-in-water emulsions from 5 g toluene and 5 g dispersions containing 0, 0.01 

and 0.1 wt.% ES-coated silica and different weight percentages of AHS surfactant in DIW and Permian 

brine. 
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Figure 5.47. Effect of adding particles on the fraction of oil resolved from oil-in-water emulsions from 5 g 

toluene and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight  

percentages of AHS surfactant in DIW and Permian brine after 190 days. 
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Figure 5.48. Initial emulsion drop diameter vs surfactant concentration for oil-in-water emulsions from 5 

g toluene and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight  

percentages of AHS surfactant in DIW and Permian brine. 
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Figure 5.49. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g toluene and 5 g of dispersions containing 0.01 wt.% ES-coated silica and different weight  

percentages of AHS surfactant in DIW and Permian brine.  
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Figure 5.50. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g toluene and 5 g of dispersions containing 0.1 wt.% ES-coated silica and different weight 

percentages of AHS surfactant in DIW and Permian brine.  
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The effect of the addition of ES-coated silica particles to ZN solutions on the 

emulsification of toluene and water is shown in Figure 5.51. When ZN was in DIW, the 

addition of particles did not improve the stability of the emulsions against coalescence 
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and creaming at low ZN concentrations in the long term (< 0.03 wt.%). At 0.05 wt.% ZN 

in DIW, raising particle concentration from 0 to 0.1 wt.% reduced the residual emulsion 

volume after a month but none of them survived coalescence in 4 months (Figure 5.52). 

The addition of 0.01 wt.% particles to 0.03 and 0.05 wt.% ZN in Permian brine lowered 

the emulsification of toluene and water after a day (probably due to the low surfactant 

concentration) but did not affect the emulsions of higher ZN concentrations in the blend 

initially. Compared to ZN alone, there is no significant improvement in stability to 

coalescence in the long term (after 4 months) by adding particles to ZN in Permian brine 

(Figure 5.52). Serious creaming occurred in all emulsions after 4 months (fw > 0.9). The 

blueish resolved water in the emulsions made with the blend in Permian brine indicates 

oil-in-water microemulsions which is more noticeable initially (day 1 photos).  

The same interactions explained between AHS and particles are thought to hold here. 

When the mixture of particles and ZN is in DIW, both zwitterionic and nonionic 

surfactants can adsorb on the surface of the particles through electrostatic attraction and 

hydrogen bonding, respectively which render the particles partially hydrophobic and 

capable of more readily adsorbing to the oil-water interface. More initial emulsions were 

formed with polar toluene compared to heptane and water when blending ZN and particles. 

As shown in Figure 5.53, the initial drop diameter increased upon adding 0.01 wt.% 

particles to ZN solutions which is more noticeable for the blends in DIW but it decreased 

again when increasing the particle loading to 0.1 wt.%. The initial microscope images of 

the emulsions (Figures 5.54 and 5.55) show that increasing the AHS concentration to 

above 0.07 wt.% in Permian brine widens the drop size distribution in the emulsions at 

both particle loadings while the drops are uniformly distributed in the emulsions made 

with the blend in DIW. The presence of Permian brine in the blend of ZN and particles 

also caused drop flocs. 

 

 

 

Figure 5.51. Appearance of oil-in-water emulsions from 5 g toluene and 5 g of dispersions containing 0, 

0.01 and 0.1 wt.% ES-coated silica and different weight percentages of ZN in DIW and Permian brine. 
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Figure 5.52. Effect of adding particles on the fraction of oil resolved from oil-in-water emulsions formed 

from 5 g toluene and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different 

weight percentages of ZN in DIW and Permian brine.  
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Figure 5.53. Initial emulsion drop diameter vs surfactant concentration for oil-in-water emulsions from 5 

g toluene and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight  

percentages of ZN in DIW (upper) and Permian brine (lower). 
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Figure 5.54. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g toluene and 5 g of dispersions containing 0.01 wt.% ES-coated silica and different concentrations 

of ZN (given in wt.%) in DIW. 
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Figure 5.55. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g toluene and 5 g of dispersions containing 0.1 wt.% ES-coated silica and different weight 

percentages of ZN in DIW or Permian brine. 
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5.3.3.2 Heptane 
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The impact of increasing particle concentration in AHS solutions on the emulsification 

of heptane and water is depicted in Figure 5.56. A slight improvement in stability to 

coalescence is observed in the long term when increasing particle concentrations from 0 

to 0.1 wt.% at 0.03 and 0.05 wt.% AHS in DIW, as shown in Figure 5.57 (fo = 0.7 ± 0.05 

after 180 days). No improvement in creaming is observed in the addition of particles to 

these emulsions. Adding 0.1 wt.% particles to AHS (> 0.05 wt.%) in Permian brine 

significantly reduces coalescence (fo < 0.1) and creaming (fw ~ 0.6) in the long term while 

0.01 wt.% particles were not effective in producing long-term stable emulsions. A 

decreasing initial drop diameter is observed upon increasing AHS concentrations at all 

particle loadings in DIW (Figure 5.58). The initial drop diameter decreases with 

increasing particle concentrations in AHS in DIW but no important effect is observed in 

Permian brine. The initial microscope images of the emulsions show a monomodal 

distribution of spherical droplets in DIW and a multimodal distribution in those of 

Permian brine (Figure 5.59). The high salinity and high surfactant concentration can cause 

drop flocculation in the emulsion stabilizing it as observed here270 (Figures 5.59 and 5.60). 

All in all, it is concluded that the addition of particles to AHS in DIW slightly improves 

the long-term stability of heptane-in-water emulsions as observed with those of toluene 

but when the particles are added to AHS in Permian brine, a significant improvement in 

long-term stability to coalescence is achieved in sharp contrast to those of toluene. On the 

other hand, the addition of surfactant improves the emulsions made with particles alone 

which is more pronounced for high particle concentrations in Permian brine.  

When the blend is in DIW, the electrostatic repulsion between the anionic oil-water 

interface and the anionic headgroup of the surfactant or anionic particles prevents the 

adsorption of particles and surfactants at the interface. However, at high particle and 

surfactant concentrations, surfactant-grafted particles are formed with surfactant tails 

having limited interactions with heptane molecules which causes partial emulsification. 

When salts are added, the ions screen the particles, surfactant headgroups and the oil-

water interface. Due to the reduced repulsion between the anionic headgroups of the 

surfactant and the oil-water interface, the adsorbed surfactants can extend their tails to 

interact with heptane molecules, causing more emulsification241 which is more significant 

at high particle loadings in the long term.  

 

Figure 5.56. Appearance of oil-in-water emulsions formed from 5 g heptane and 5 g of dispersions 

containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight percentages of AHS in DIW and 

Permian brine. 
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Figure 5.57. Effect of adding particles on the fraction of oil resolved from oil-in-water emulsions formed 

from 5 g heptane and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different 

weight percentages of AHS in DIW and Permian brine after 180 days. 
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Figure 5.58. Initial emulsion drop diameter vs surfactant concentration for oil-in-water emulsions from 5 

g heptane and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight  

percentages of AHS in DIW (upper) and Permian brine (lower). 
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Figure 5.59. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptane and 5 g of dispersions containing 0.01 wt.% ES-coated silica and different weight  

percentages of AHS in DIW and Permian brine. 
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Figure 5.60. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptane and 5 g of dispersions containing 0.1 wt.% ES-coated silica and different weight 

percentages of AHS in DIW and Permian brine. 
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The emulsions made with heptane and blends of particles and ZN in DIW and Permian 

brine were all phase separated within a day (Figure 5.61). No improvement in emulsion 
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stability is observed upon increasing particle concentration in ZN solutions but the 

addition of ZN surfactant to 0.1 wt.% particle dispersions destabilized the emulsions after 

a day. The initial drop diameter of all emulsions was measured at 20 ± 10 µm. Figure 5.62 

shows the microscopy of emulsions formed by blends of 0.1 wt.% particles and ZN. The 

photos of the emulsions made with the blend in Permian brine were taken from the 

resolved water. Due to emulsion instability, no microscopy was possible for the emulsion 

formed by the blend of 0.01 wt.% particles and ZN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.61. Appearance of oil-in-water emulsions formed from 5 g heptane and 5 g of dispersions 

containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight percentages of ZN in DIW and 

Permian brine. 
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Figure 5.62. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptane and 5 g of dispersions containing 0.1 wt.% ES-coated silica and different weight 

percentages of ZN in DIW or Permian brine. 
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5.3.3.3 Heptol 



 

300 
 

Figure 5.63 shows the effect of adding ES-coated silica particles to AHS solutions on the 

emulsification of heptol (1:1 g g–1) and water. The addition of particles to solutions of 

AHS in DIW at < 0.1 wt.% reduced coalescence slightly in the long term. At 0.1 wt.% 

AHS in DIW, increasing particle concentration coalesced more oil in 6 months. The 

emulsion made with 0.1 wt.% AHS alone in DIW had a fraction of oil resolved at ~ 0.3 

after 6 months while it increased to > 0.9 with the addition of particles (Figure 5.64). 

Creaming was high in all emulsions after 6 months with or without particles (fw > 0.8). 

All emulsions made with AHS in Permian brine at 0.001 – 0.01 wt.% with or without 

particles were phase separated within a few days. Of the emulsions made with surfactant 

alone in Permian brine, 0.05 wt.% and 0.07 wt.% AHS solutions formed the most stable 

emulsions with fo = 0.50 ± 0.05 after 180 days. The addition of low particle concentrations 

(0.01 wt.%) to AHS (< 0.1 wt.%) in Permian brine was found to significantly increase 

coalescence in these two emulsions while raising the particle loading to 0.1 wt.% 

improved the stability of surfactant-made emulsions to coalescence markedly in the long 

term (fo < 0.1 after 180 days). Figure 5.65 shows a decreasing drop diameter with an 

increase in AHS concentration above 0.03 wt.% in both DIW and Permian brine at all 

particle loadings. There is no major change in drop diameter when raising the particle 

concentration in the solutions of AHS in DIW while the addition of 0.01 wt.% particles 

to AHS in Permian brine reduced the initial drop diameter but it remained unchanged 

upon increasing the particle dosage to 0.1 wt.%. Figures 5.66 and 5.67 show the initial 

microscopy of these emulsions.  

All in all, it is concluded that the addition of particles to AHS in DIW increased the 

coalescence in the long term while a high particle concentration in the blend in Permian 

brine reduced the coalescence. This behaviour is thought to be driven by heptane, as 

explained before. On the other hand, the addition of high AHS concentrations to 

dispersions of particles in Permian brine can improve the stability of Pickering emulsions 

while no significant change is seen in those made with particles in DIW.  

 

 

 

Figure 5.63. Appearance of oil-in-water emulsions formed from 5 g heptol (1:1 g g–1) and 5 g of dispersions 
containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight percentages of AHS in DIW and 

Permian brine. 
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Figure 5.64. Effect of adding particles on the fraction of oil resolved from oil-in-water emulsions from 5 g 

heptol (1:1 g g–1) and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different 

weight percentages of AHS in DIW and Permian brine.  
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Figure 5.65. Initial emulsion drop diameter vs surfactant concentrations for oil-in-water emulsions from 5 

g heptol (1:1 g g–1) and 5 g of dispersions containing 0, 0.01 and 0.1 wt.% ES-coated silica and different 

weight percentages of AHS surfactant in DIW (upper) and Permian brine (lower). 
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Figure 5.66. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptol (1:1 g g–1) and 5 g of dispersions containing 0.01 wt.% ES-coated silica and different weight 

percentages of AHS surfactant in DIW and Permian brine.  
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Figure 5.67. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptol (1:1 g g–1) and 5 g of dispersions containing 0.1 wt.% ES-coated silica and different weight 

percentages of AHS surfactant in DIW and Permian brine.  
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The effect of adding ES-coated silica particles on the emulsification of ZN solutions and 

heptol is presented in Figure 5.68. All the emulsions made with the blend of ZN and 

particles in DIW were phase separated within a day except for the one with 0.1 wt.% 
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particles and 0.03 wt.% AHS in DIW which had residual emulsion after a day (fo = 0.6 

and an initial drop diameter of 22 ± 2 µm). This emulsion coalesced more after a few days 

(fo = 0.8). Creaming occurred seriously in all emulsions within a day (fw > 0.9). All the 

emulsions made with ZN in Permian brine with or without particles experienced 

significant coalescence and creaming within an hour. It is also observed that the addition 

of ZN to the dispersion of 0.1 wt.% particles in Permian brine significantly destabilizes 

the Pickering emulsions made with particles alone. Figure 5.69 shows the initial 

microscope images of these emulsions.  

A summary of results on emulsions from different oils and blends of ES-coated silica and 

surfactants is presented in Tables 5.5 – 5.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.68. Appearance of oil-in-water emulsions formed from 5 g heptol (1:1 g g–1) and 5 g of dispersions 
containing 0, 0.01 and 0.1 wt.% ES-coated silica and different weight percentages of ZN in DIW and 

Permian brine. 
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Figure 5.69. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g heptol (1:1 g g–1) and 5 g of dispersions containing (a) 0.01 wt.%, (b) 0.1 wt.% ES-coated silica  

and different weight percentages of ZN in DIW and Permian brine. 
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Table 5.5. Summary of results on oil-in-water emulsions from different oils and different blends of 0.01 
wt.% ES-coated silica and different AHS concentrations (given in wt.%) in DIW and Permian brine (12.6 

wt.%). Creaming was high in all emulsions (fw > 0.8). 

(a) 

(b) 
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Particle Oil 
fo after 100 days 

Comment 
0 0.001 0.005 0.01 0.03 0.05 0.07 0.1 

0.01 

wt.% in 

DIW 

Toluene 

 

 0.8 

0.7 0.4 0.7 
Particle hydrophobization 

by physical grafting with 

zwitterionic AHS provids 

stronger hydrophobization 

than silane itself. 

Grafting with surfactant 

also reduces the particle 

surface charge and 

therefore particle-interface 

repulsion.  

Solvophobic interactions 

between surfactant-grafted 

particles and interfacial oil 

molecules are highest for 

toluene and weakest for 

heptane. 

Heptane  

Heptol 

1 

0.5 0.8 

0.01 

wt.% in 

Permian 

brine 

Toluene 0.7 
Ions reduce the particle-

surfactant electrostatic 

attraction resulting in 

lower particle 

hydrophobization that is 

accompanied by the 

dominance of high 

concentrations of ions at 

the oil-water interface. 

Heptane  

Heptol  0.8 0.6 

 

 

 

 

 

 

 

Table 5.6. Summary of results on oil-in-water emulsions from different oils and different blends of 0.1 wt.% 

ES-coated silica and different AHS concentrations (given in wt.%) in DIW and Permian brine (12.6 wt.%).  

Particle Oil fo or fw after 100 days Comment 
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0 0.001 0.005 
0.0

1 

0.0

3 

0.0

5 

0.0

7 
0.1  

0.1 wt.% 

in DIW 

Toluene 

fo = 0.5 

fw = 

0.8 

1 

fo = 0.9 to 0.4 

with [surf.] ↑ 

fw > 0.9 

 

High particle 

concentrations in the 

blend in DIW lead 

to more residual 

emulsions of 

heptane and water 

due to the higher 

number of 

surfactant-modified 

particles adsorbing 

at the oil-water 

interface offering 

more interactions of 

surfactant tails with 

bulk heptane oils. 

Heptane 

 

fo = 0.8 to 

0.6 

fw = 0.9 

1 

Heptol 
fo > 0.8 

fw > 0.9 
 

0.1 wt.% 

in 

Permian 

brine 

Toluene 

fo = 0.8 

fw = 

0.9 

 

fo = 

0.9 

fw = 

0.9 

Ions prevent 

interactions between 

particles and 

surfactant resulting 

in less emulsions of 

water and toluene. 

Ions also reduce the 

interfacial heptane-

water charge 

resulting in more 

emulsions. 

Heptol benefits from 

both toluene (high 

interfacial oil) and 

heptane (low 

interfacial charge). 

Heptane 

fo = 0.6 

fw = 

0.8 

1 

fo = 0.3 to 0 with 

[surfactant] ↑ 

fw = 0.9 to 0.6 with 

[surfactant] ↑ 

Heptol 

fo = 0.2 

fw = 

0.7 

fo = 0.2 to 0.1 with 

[surfactant] ↑ 

fw = 0.9 to 0.7 with 

[surfactant] ↑ 

 

Table 5.7. Summary of results on oil-in-water emulsions from different oils and different blends of 0.01 

wt.% ES-coated silica and different ZN concentrations (given in wt.%) in DIW and Permian brine (12.6 

wt.%). Creaming was high in all emulsions. 

Particle Oil 
fo after 100 days 

Comment 
0 0.001 0.005 0.01 0.03 0.05 0.07 0.1 



 

311 
 

0.01 

wt.% in 

DIW 

Toluene 

  

0.8 0.6  

Zwitterionic and 

nonionic surfactants can 

hydrophobize particles 

through electrostatic 

attraction and hydrogen 

bonding, respectively to 

adsorb at oil-water 

interface.  

More initial emulsions 

were formed with polar 

toluene (with high 

interfacial oil) and water 

when blending ZN and 

particles.  

Like emulsions with ZN 

alone, heptane and 

heptol produced very 

unstable emulsions after 

preparation.  

Heptane 

1 

Heptol 

0.01 

wt.% in 

Permian 

brine 

Toluene  0.8 0.3 

When Permian brine was 

added to the blend, more 

emulsions of toluene and 

water were formed 

probably due to the 

reduced oil-water 

interfacial charge. 

The demulsification 

ability of ZN prevents 

long-term emulsion 

stability. 

Heptane 

 

Heptol 

 

 

 

 

Table 5.8. Summary of results on oil-in-water emulsions from different oils and different blends of 0.1 wt.% 

ES-coated silica and different ZN concentrations (given in wt.%) in DIW and Permian brine (12.6 wt.%). 

Creaming was high in all emulsions. 

Particle Oil 
fo after 100 days 

Comment 
0 0.001 0.005 0.01 0.03 0.05 0.07 0.1 
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0.1 

wt.% in 

DIW 

Toluene 
fo = 0.5 

fw = 0.8 
 

High particle 

concentrations 

in the blend in 

DIW destabilize 

the emulsions 

made with 

toluene and 

water probably 

due to 

insufficient 

surfactant 

concentrations 

for particle 

grafting.  

When surfactant 

concentration 

was enough (0.1 

wt.%), an 

emulsion 

initially stable to 

coalescence was 

produced. 

Heptane 

1 0.9 1 

Heptol 

0.1 

wt.% in 

Permian 

brine 

Toluene 
fo = 0.8 

fw = 0.9 
 0.75 

The addition of 

Permian brine to 

the blend 

produced more 

Pickering 

emulsions from 

water and 

toluene at high 

surfactant 

concentrations. 

Heptane 
fo = 0.6 

fw = 0.8 

1 

Heptol 
fo = 0.2 

fw = 0.7 

 

5.3.4 Effect of pH  

The aqueous and adsorption behaviour of both particles and zwitterionic surfactants are 

affected by pH which in turn affects the emulsification of oil and water. In this part, the 

effect of pH reduction by hydrochloric acid or aluminium sulphate on the emulsification 

of different oils and some dispersions or solutions is investigated. 

5.3.4.1 HCl 
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Figure 5.70 shows the effect of pH reduction by HCl on the emulsification of different 

oils and dispersions of 0.1 wt.% ES-coated silica in DIW. The variations in fractions of 

oil and water resolved from these emulsions with time are shown in Figure 5.71. At a 

lower pH, the emulsion of toluene and water is less stable to coalescence and creaming, 

whereas the emulsions created with other oils show no notable change with pH reduction. 

Figure 5.72 shows the initial microscopy of these emulsions. On the other hand, reducing 

the pH of 0.1 wt.% ZN in DIW initially improved the emulsification of water and toluene 

but the emulsion was phase separated after 40 days (Figures 5.73 and 5.74).  

The emulsification of oil and water in the presence of particles was previously observed 

to be more intense when toluene was used. ES-coated silica particles are highly and 

weakly anionic when they are at their original pH (9) and reduced pH (4) due to the 

deprotonation and protonation of silanol groups on the particle surface, respectively. 

Although a decrease in particle-interface electrostatic repulsion is achieved upon reducing 

the pH of the dispersions, the residual emulsion is reduced which is probably due to the 

decreased interfacial toluene molecules on reducing pH which also leads to a rise in the 

toluene-water interfacial tension.283 

Upon pH reduction to 4 by HCl, the zwitterionic surfactant in ZN turns cationic due to 

the protonation of the sulfonate group. As a result of the protonation of the sulfonate 

group in the surfactant headgroup, lower electrostatic repulsion between headgroups is 

achieved which is accompanied by higher adsorption of cationic surfactant at the anionic 

oil-water interface. As previously observed, the emulsification of oil and water in the 

presence of ZN is more pronounced when using toluene however due to the 

demulsification power of ZN, the resulting emulsion is not long-term stable. 

 

 

Figure 5.70. Effect of pH reduction on emulsification of 5 g of different oils including toluene, heptane 

and 5 g heptol (1:1 g g–1) and 5 g of 0.1 wt.% ES-coated silica in DIW. HCl was used for pH adjustment.  
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Figure 5.71. Fractions of oil (fo) and water (fw) resolved with time from oil-in-water emulsions formed 

from 5 g of different oils including toluene, heptane and heptol (1:1 g g–1) and 5 g of dispersions containing 

0.1 wt.% ES-coated silica in DIW at original and reduced pH. HCl was used for pH adjustment.  
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Figure 5.72. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

formed from 5 g of different oils including toluene, heptane and heptol (1:1 g g–1) and 5 g of dispersions 

containing 0.1 wt.% ES-coated silica in DIW at pH 4. The pH was reduced by HCl. 
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Figure 5.73. Effect of pH reduction on emulsification of 5 g of different oils including toluene, heptane 

and heptol (1:1 g g–1) and 5 g of 0.1 wt.% ZN in DIW at original and reduced pH. HCl was used for pH 

adjustment.  
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Figure 5.74. Fractions of oil (fo) and water (fw) resolved with time from oil-in-water emulsions from 5 g of 

toluene and 5 g of 0.1 wt.% ZN in DIW at the original and reduced pH. HCl was used for pH adjustment. 
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5.3.4.2 Al2(SO4)3    
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The trace addition of aluminium sulphate to dispersions of ES-coated silica lowers the 

pH to 4 – 5 which was found to enhance the stability of particles in Permian brine for a 

long time. Figure 5.75 shows the effect of adding 0.01 wt.% aluminium sulphate (10 % 

of particle concentration) to the dispersion of 0.1 wt.% particles in DIW on the 

emulsification of different oils with water. In contrast to HCl, initial coalescence did not 

occur in the emulsions of toluene and dispersions upon the addition of Al2(SO4)3 (Figure 

5.76). Compared to the emulsion made with the original pH dispersion, the emulsion with 

toluene and the low pH dispersion had lower coalescence in the first 3 months. The 

addition of aluminium sulphate to the dispersion did not have a significant effect on the 

emulsification of water and heptane. When using heptol, an emulsion more initially stable 

to coalescence was formed with the addition of aluminium sulphate but it was phase 

separated within a day. The initial microscope images of these emulsions are presented 

in Figure 5.77. The initial drop diameter of all emulsions made with low pH dispersions 

was measured as 54 ± 6 µm. The addition of aluminium sulphate to 0.1 wt.% ZN solutions 

could not improve the emulsification of different oils and water. 

The addition of aluminium sulphate electrolyte provides counterions to both reduce 

particle surface charge (higher hydrophobicity) and form a more compact particle 

monolayer at the interface which leads to higher emulsification of toluene. The higher 

emulsification of heptol on adding aluminium sulphate is thought to be due to the 

presence of toluene.  

 

 

 

 

 

 

 

 

Figure 5.75. Effect of pH reduction on the emulsification of 5 g of different oils including toluene, heptane 
and heptol (1:1 g g–1) and 5 g of 0.1 wt.% ES-coated silica in DIW. Aluminium sulphate was used for pH 

adjustment (10% of particle concentration).  
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Figure 5.76. Fractions of oil (fo) and water (fw) resolved with time from oil-in-water emulsions from 5 g of 

different oils including toluene, heptane and heptol (1:1 g g–1) and 5 g of dispersions containing 0.1 wt.% 
ES-coated silica in DIW at original and reduced pH. Aluminium sulphate was used for pH adjustment (10% 

of particle concentration). 
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Figure 5.77. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

from 5 g of different oils including toluene, heptane and heptol (1:1 g g–1) and 5 g of dispersions containing 

0.1 wt.% ES-coated silica in DIW at pH 4. Aluminium sulphate was used for pH adjustment (10% of particle 

concentration).  
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5.4 Summary of findings  

This chapter examined the effects of particles and surfactants on the oil-water interfacial 

tension and emulsification of oil and water. The following findings can be derived from 

the chapter: 
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• On the addition of AHS and ZN surfactants to DIW or Permian brine, a considerable 

reduction in oil-water interfacial tensions was seen for all oils at ~ CMC (more so for 

ZN surfactant).  

• The addition of Permian brine increased the interfacial tension between water and 

various oils at 25 °C due to large ion adsorption at the interface and increased 

micellization.  

• An increasing interfacial tension was observed with [surfactant] in Permian brine 

when using crude oil due to the ion-pair formation and increased solubilization. This 

effect was not observed for other oils.  

• Increasing [particle] in AHS in DIW had no clear effect on the crude oil-water 

interfacial tension but systematically reduced the interfacial tension when blends of 

ZN surfactant and particles in DIW were used. Increasing interfacial tension between 

crude oil and water was observed when using ZN surfactant + particles in Permian 

brine.  

• Increasing the temperature from 25 °C to 60 °C increased the crude oil-water 

interfacial tension both with and without particles probably due to reduced solvation 

of surfactant molecules at the oil-water interface by counterions like Ca2+ or Na+. The 

increase was more pronounced for ZN surfactant probably due to the reduced 

solubility of ethylene oxides of the nonionic surfactant in water at high temperatures.  

• Emulsification of toluene, heptane and heptol and AHS in DIW was found to be a 

function of interfacial charge and oil molecules at the oil-water interface (decreasing 

as toluene > heptol > heptane. The surfactant-interface electrostatic repulsion prevents 

large surfactant adsorption at the interface so less emulsion was observed with toluene 

than heptane.  

• A synergy in emulsification was observed when using heptol (fo = 0.2 after 100 days 

for [AHS] = 0.1 wt.% in DIW) due to the mixed effects of individual oils i.e. local 

high interfacial oil (toluene) and low interfacial charge (heptane).  

• Ions reduce the surfactant-interface and surfactant-surfactant electrostatic repulsion 

and result in a more compact surfactant monolayer at the oil-water interface.  

• Stable emulsions of toluene and heptol with small coalescence were observed with 

the addition of Permian brine to AHS solutions (fo < 0.2 after 100 days for [AHS] = 

0.05 – 0.07 wt.%).  

• Due to the lack of oil interfacial adsorption and high interfacial tension, emulsions of 

heptane and AHS in Permian brine were unstable. The nonionic C10–12E9 in ZN 

surfactant can also adsorb at the oil-water interface to form a more compact 
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monolayer with zwitterionic surfactant and more stable emulsions but due to its low 

concentration (5% in ZN surfactant) and the demulsification ability of ZN surfactant, 

no long-term stable emulsion was observed.  

• Of different oils, ZN surfactant in Permian brine produced more stable emulsions 

when using polar toluene. Independent of the oil type, surfactant and background 

electrolyte, all emulsions demonstrated considerable creaming. Large surfactant 

concentrations (> 0.07 wt.%) in Permian brine were often seen to create a wider drop 

size distribution with flocs. 

• More emulsions of heptane and water were formed by weakly anionic AS-coated 

silica particles at the original pH, while less emulsification was found at low pH where 

the particles were protonated and re-dispersed.  

• For ES-coated silica in DIW, the particle-interface electrostatic repulsion prevents 

particle adsorption at the oil-water interface but the particles can interact with 

interfacial oil through polar-polar (hydrogen bonding and dipole-dipole) interactions 

and solvophobic interactions in the case of using polar toluene and non-polar heptane, 

respectively. In both cases, particle hydrophobization results in emulsification (polar-

polar interaction is stronger). Therefore, toluene produced more stable emulsions (fo 

= 0.5 ± 0.1 for 0.03 – 0.1 wt.% particles in DIW after 3 months) than heptane. Heptol 

took advantage of both hydrophobization mechanisms producing an emulsion with 

almost no coalescence (fo ~ 0 for 1 wt.% particles in DIW after 3 months).  

• Ions can screen the charges of both particles and the oil-water interface enabling more 

adsorption of particles while at the same time reducing the oil polarity leading to 

fewer interactions between particles and interfacial oil. Ion accumulations at the oil-

water interface also prevent the adsorption of like-charged particles.  

• Since the surfactant tail is longer than the ES length (1.8 nm vs 0.9 nm), the grafted 

surfactant tails on particles mostly interact with interfacial oil at the oil-water interface. 

This hydrophobization is thought to be stronger than the partial hydrophobization 

caused by the silane itself (see zeta potentials). The solvophobic interactions between 

surfactant-modified particles and interfacial oil molecules were highest for toluene 

and weakest for heptane leading to higher emulsions of toluene and water with the 

blend of 0.01 wt.% particles and AHS.  

• There was a pH-responsive emulsification behaviour in which the emulsion type was 

switched between oil-in-dispersion emulsion (high pH, low [AHS]) and Pickering 

emulsion (isoelectric pH, high [AHS]). The former did not create stable oil-in-

dispersion emulsions due to the low particle and surfactant concentrations used.  
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• Ions were found to reduce emulsification by adsorption at the oil-water interface and 

lowering particle-surfactant electrostatic attraction (less particle hydrophobization).  

• The addition of high AHS surfactant concentrations to dispersions of particles in 

Permian brine improved the stability of Pickering emulsions while no significant 

change was seen in those made with particles in DIW.  

• Compared to other oils, more initial emulsions of polar toluene and blends of ZN 

surfactant and particles in DIW were formed which increased with the addition of 

Permian brine due to the reduced oil-water interfacial charge and increased particle 

adsorption at the oil-water interface.  

• There was no significant improvement in coalescence stability in the long term upon 

adding particles to ZN surfactant in Permian brine.  

• The addition of ZN surfactant to the dispersion of 0.1 wt.% particles in Permian brine 

significantly destabilized the Pickering emulsions made with particles alone.  

• Reducing pH by HCl or Al2(SO4)3 had no significant long-term effect on the 

emulsification of different oils.  

• The addition of Permian brine made coalescence and creaming in emulsions of crude 

oil and water slower probably due to the increased adsorption of crude oil polar groups 

at the interface by sodium ions. The addition of ions to ZN surfactant solutions was 

observed to increase coalescence and creaming in the emulsions of water and crude 

oil probably due to surfactant depletion and the demulsification power of ZN 

surfactant.  

• The extent of particle hydrophobization by cationic polar groups of crude oil is higher 

for bare silica than ES-coated silica leading to more stable Pickering emulsions with 

bare silica. The slightly aggregated particles in Permian brine could stabilize the 

emulsions more than particles in DIW. 
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Chapter 6 Oil recovery 

 

 

 

It is common practice to assess the chemicals used for EOR by flooding experiments since 

the high efficacy of the chemicals in static studies such as contact angle and interfacial 

tension measurements does not ensure their effectiveness in porous media. In this study, 

spontaneous imbibition tests were considered for examining the EOR efficiency of  certain 

dispersions selected from the results obtained earlier. The outcrop shale cores were first 

tried for these experiments but due to the lack of injectivity, low-permeability Stevn Klint 

(SK) chalk cores were replaced. The particle stability in porous media (flow mode) was 

also checked and compared with the static stability investigations performed earlier in 

sample vials. The effect of adding particles on surfactant adsorption onto rock was tested 

in dynamic mode and compared with static adsorption results on rock powder. The 

spontaneous imbibition tests were finally performed and the potential EOR mechanisms 

of surfactant-particle mixtures are discussed based on the results obtained.  

6.1 Candidate injectants 

The identification of potential injectants in spontaneous imbibition tests was done using 

crude oil-water interfacial tensions and contact angles. Due to the necessity of using a 

brine in field EOR activities, dispersions of ES-coated silica particles and surfactants in 

only Permian brine were considered. The interfacial tension results demonstrated that the 

addition of surfactants to Permian brine leads to a considerable reduction in oil-water 

interfacial tension while the addition of particles to either surfactant solution has little to 

no impact on the tension at the oil-water interface. The oil-water contact angle 

measurements showed a maximum reduction at 0.03 wt.% AHS and 0.05 wt.% ZN both 

in Permian brine in the presence of 0.01 wt.% particles. The dispersions with the lowest 

contact angles were chosen for spontaneous imbibition experiments because it is thought 

that rock wettability change is more determining in chemical EOR.  

6.2 Cores 

Shale reservoirs offer pore throat widths ranging from micro- to nano-metres leading to 

small injectivity.284 The injectivity of shale cores was first examined in this work to 

determine whether they could be used for spontaneous imbibition tests. With a confining 
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pressure of up to 20 bars, DIW or heptane was injected into two separate shale cores at 

ambient temperature. Due to the low rock permeability and subsequent pressurization of 

the core with liquid injection, the pump pressure limit was eventually reached without 

any liquid being produced. In another experiment, a shale core was vacuumed and 

saturated with heptane for 24 h at ambient conditions. Alternatively, a five-day high 

pressure saturation by heptane was also conducted using a shale core at ambient 

temperature and saturation pressure of 50 bars. Lastly, following the sponsor's protocol, 

a few shale cores were saturated and pressurized with crude oil to 70 bars, then aged for 

two weeks at 120 °C. No evidence of a significant weight difference as an indication of 

liquid saturation was observed in the above experiments. This signifies that the shale 

cores were too tight to be used for oil saturation and imbibition tests.  

Alternatively, SK chalk cores were kindly provided by the Smart Water Group 

(University of Stavanger) for imbibition tests. The SK chalks are considered highly 

porous (45 – 50%) but have low permeabilities (1 – 5 md) with a pore diameter of 80 nm 

to a few microns. The similar mineralogy of SK chalks (98% calcite) to Wolfcamp shale 

and their low pore diameters ensure almost analogous interactions between aqueous/crude 

oil chemicals and rock minerals. 

6.3 Dynamic particle stability and surfactant adsorption onto rock 

6.3.1 Particle stability and adsorption in porous media 

It was revealed in Chapter 3 that ES-coated silica particles are stable in Permian brine at 

75 °C for a long time. Yet compared to static sample vials, the aqueous stability of 

particles when they flow in porous media may differ. Since the particles must travel 

through narrow pore channels, any severe aggregation can block the rock and cause 

formation damage which is more serious in tight reservoir rocks. Therefore, particle 

stability and rock injectivity should be checked before flooding experiments and field 

applications. The investigation may also provide useful information on particle 

adsorption and retention in porous media during fluid flow. Core no. 1 (Table 6.1) and a 

dispersion of 0.01 wt.% particles in Permian brine were considered for this investigation. 

The dried core was first injected with Permian brine for 2.5 pore volumes (PV) followed 

by an 8 PV injection of dispersion, both at 0.1 cm3 min–1 and 75 °C. The initial brine 

injection was to equilibrate the rock minerals with brine ions prior to the introduction of 

particles to prevent excess, unbalanced adsorption of particles onto the bare rock. This 

may make for a more realistic study.  
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The pressure differences between the inflow and outflow in response to the dimensionless 

injected pore volume (normalized by the Vp of the core) are depicted in Figure 6.1. It is 

anticipated that any blockage of the pore throats caused by considerable particle 

aggregation in the porous media at high temperatures would manifest as a continual 

growing pressure difference until the eventual termination of the experiment due to the 

pressurization of the core, which was not seen here. The particles thereby withstood 

aggregation under high salinity and high temperature conditions while flowing in porous 

media, just as was observed in static sample vials. Having said that, it is noted that 

pressure drop fluctuations during dispersion injection are more pronounced than those 

during Permian brine injection, which will be discussed later.  

Following the injection of an adequate volume, sampling was done from the produced 

dispersion in an effort to evaluate the particle adsorption and retention in the porous 

medium. Several approaches were explored to determine the particle content of the 

effluents but all failed. ES-coated silica particles did not exhibit the characteristic 

absorption peak that is usually seen with bare silica in the UV region (100 – 400 nm), 

probably as a result of the silane coverage. A concentration-dependent surface tension 

that may have served as a calibration curve was also not observed by ES-coated silica 

particles due to their low surface activity, as shown in Chapter 3. As a final attempt, two 

large samples (2 × 50 cm3) were taken for drying; however, due to the high salt 

concentrations and low particle concentrations used, attempts to determine the particle 

dosage by weighing the dried samples failed. 

SK chalk constitutes a distinctive lithological unit akin to the Ekofisk and Valhall oil 

reservoir. Its notable attributes encompass a high porosity coupled with a conspicuously 

reduced permeability, effectively distinguishing it from the broader spectrum of rock 

formations. This singular geophysical characteristic can be attributed to the presence of a 

multitude of minute pore spaces dispersed throughout the rock; however, the salient 

feature is the limited interconnectivity between these pores.  

It is pertinent to underscore that SK chalk has been employed as a consistent and enduring 

subject of investigation within the realm of EOR research, thereby serving as a focal point 

of scholarly inquiry over an extended temporal horizon. Such high porosity and low 

permeability measured here have been observed before by other researchers.137, 138, 285 
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Table 6.1. Specifications of the SK chalk cores used for assessing the adsorption of ES-coated silica  

particles and AHS or ZN surfactants onto rock during flow in porous media. Vp and Vb are the pore and 

bulk volumes of cores, respectively. 

Core 

No. 

Length 

/ cm 

Diameter 

/ cm 

Vp / 

cm3 

Vb / 

cm3 

Porosity 

/ % 

Permeability 

/ md 

Injectant 

1 7.046 3.800 39.2 79.9 49.0 4.2 ± 0.4 0.01 wt.% particles in Permian 

brine 

2 6.740 3.810 38.2 76.8 49.8 4.3 ± 0.1 0.03 wt.% AHS in Permian 

brine 

3 7.056 3.802 39.5 80.1 49.4 3.6 ± 0.5 0.03 wt.% AHS and 0.01 wt.% 

particles in Permian brine 

4 7.024 3.820 40.4 80.5 50.2 3.5 ± 0.3 0.05 wt.% ZN in Permian brine 

5 6.700 3.812 37.9 76.5 49.5 3.1 ± 0.2 0.05 wt.% ZN and 0.01 wt.% 

particles in Permian brine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Differential pressure versus injected pore volume for a dried SK chalk core injected with  

Permian brine followed by 0.01 wt.% ES-coated silica particles in Permian brine at 0.1 cm 3 min–1 and 75 °C.  
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6.3.2 Surfactant adsorption onto rock in porous media 

The surfactant adsorption onto rock powder was investigated earlier in this study, 

however the surfactant adsorption behaviour could be different in porous media. The 

selected dispersions for spontaneous imbibition tests were considered for this dynamic 

surfactant adsorption study. Cores 2 – 5 (Table 6.1) were used to study the adsorption of 

0.03 wt.% AHS and 0.05 wt.% ZN from Permian brine onto rock at 75 °C in the presence 

and absence of 0.01 wt.% ES-coated silica particles. 

6.3.2.1 Pressure profiles 

The pressure profiles created by injecting Permian brine followed by AHS and ZN 

solutions both with and without 0.01 wt.% ES-coated silica particles at 75 °C are shown 

in Figures 6.2 to 6.5. Smaller differential pressure oscillations are often seen during 

Permian brine injection. In addition, dispersions produce greater differential pressure 

fluctuations compared to surfactant solutions which were also observed during the 

injection of particles alone in Permian brine (Figure 6.1). These stronger pressure 

difference fluctuations may represent the local pressure drops brought on by the particles 

when flowing in pore throats. The particles may temporarily and locally reduce 

permeability due to the localised log-jamming and pore throat obstruction. These 

permeability reductions show as more prominent pressure oscillations in the flow pattern 

(i.e. dynamic differential pressure plots). These pore throat obstructions can boost oil 

recovery in EOR operations by re-routing the injected phase into adjoining oil-filled 

channels in porous media.286-288   
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Figure 6.2. Differential pressure versus injected pore volume for a dried SK chalk core injected with  

Permian brine followed by 0.03 wt.% AHS in Permian brine at 0.1 cm3 min–1 and 75 °C.  

 

 

 

 

 

 

 

Figure 6.3. Differential pressure versus injected pore volume for a dried SK chalk core injected with  

Permian brine followed by a dispersion of 0.03 wt.% AHS and 0.01 wt.% ES-coated silica in Permian brine 

at 0.1 cm3 min–1 and 75 °C.  
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Figure 6.4. Differential pressure versus injected pore volume for a dried SK chalk core injected with  

Permian brine followed by 0.05 wt.% ZN in Permian brine at 0.1 cm3 min–1 and 75 °C.  
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Figure 6.5. Differential pressure versus injected pore volume for a dried SK chalk core injected with  

Permian brine followed by dispersion of 0.05 wt.% ZN and 0.01 wt.% ES-coated silica particles in Permian 

brine at 0.1 cm3 min–1 and 75 °C.  
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6.3.2.2 Surfactant loss 
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Figure 6.6 shows the air-water surface tensions of the effluent samples at 25 °C from SK 

chalk cores injected with Permian brine (7 PV) followed by 0.03 wt.% AHS or 0.05 wt.% 

ZN in Permian brine (4 – 5 PV) at 0.1 cm3 min–1 and 75 °C. The surface tension of the 

effluents during Permian brine injection (PV < 7) was almost equal to that of Permian 

brine (74.3 mN m–1). Therefore, post-brine injection (PV > 7) was considered for 

comparing the adsorption of two surfactants onto rock. Also, note that the initial 

surfactant concentrations are almost equal relative to their CMCs (2.5 – 3.0 CMC) 

enabling comparison. The residual surfactant in the effluent samples can lower the surface 

tension by which surfactant adsorption onto rock can be assessed. The injected PV (or it 

could be converted to injection time) can be used as a tool for investigating how early the 

residual surfactant is observed in the effluent. The figure shows that the surface tension 

curve for ZN surfactant begins to fall after around 1 PV injection while it is nearly 2 PV 

for AHS. This cannot be used to judge the final surfactant adsorption onto rock though 

since they should be compared to their initial concentrations which will be discussed later. 

The surface tension of AHS solution falls sharply at ~ 2 PV while a gradual decrease 

followed by a sharp decrease is observed for ZN. In both cases, the surface tension 

reduction becomes less at large injected pore volumes and tends to reach a plateau. The 

sharp reduction in surface tension with pore volume is due to the fast diffusion of 

surfactant molecules in the aqueous phase in porous media.289, 290  

Figures 6.7 and 6.8 show the effect of adding 0.01 wt.% ES-coated silica particles to 

surfactant solutions on the surface tension of the effluent samples from core flooding at 

75 °C. The surface tension curves for AHS surfactant show no change in breakthrough 

upon adding particles such that both curves decrease at the same pore volume (Figure 

6.7). However, the surface tensions of AHS + particles are higher than those of AHS alone 

at large pore volumes, implying fewer available surfactant molecules due to the 

adsorption of surfactant on rock or particles. Figure 6.8 shows that the addition of 

particles to the ZN solution delays the breakthrough such that the surface tension curve 

begins to decrease at larger pore volumes. Both solutions and dispersion had the same 

surface tension at large pore volumes. 

 

 

Figure 6.6. Air-water surface tension of the effluent samples at 25 °C related to dried SK chalk cores 

injected with Permian brine followed by 0.03 wt.% AHS or 0.05 wt.% ZN in Permian brine at 0.1 cm3 min–

1 and 75 °C. The upper and lower dashed lines show the surface tensions of Permian brine and surfactant 

solutions at their CMCs, respectively at 25 °C. 
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Figure 6.7. Air-water surface tension of the effluent samples related to dried SK chalk cores injected with  

Permian brine followed by 0.03 wt.% AHS in Permian brine with and without 0.01 wt.% ES-coated silica  

at 0.1 cm3 min–1 and 75 °C. The upper and lower dashed lines show the surface tensions of Permian brine 

and surfactant solution at the CMC, respectively at 25 °C. 
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Figure 6.8. Air-water surface tension of the effluent samples related to dried SK chalk cores injected with  

Permian brine followed by 0.05 wt.% ZN in Permian brine with and without 0.01 wt.% ES-coated silica at 

0.1 cm3 min–1 and 75 °C. The upper and lower dashed lines show the surface tensions of Permian brine and 

surfactant solution at the CMC, respectively at 25 °C. 
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The use of anionic surfactants is common in EOR yet they experience substantial 

adsorption on cationic carbonate rocks.291, 292 Zwitterionic surfactants have recently 

received attention for EOR. Zwitterionic surfactants are thought to have lower adsorption 
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onto rocks due to their lower pH-dependent charge density but recent results show that 

they may adsorb largely onto rocks with a large clay content.134 Previous studies also 

suggest that sulphate-based zwitterionic surfactants are cheaper than sulfonate-based ones 

but they may experience sulphur-oxygen bond hydrolysis making them not suitable for 

EOR.293, 294 Therefore, sulfonate-based AHS and ZN surfactants are interesting options 

for EOR but still need to be evaluated for adsorption onto rock. The adsorption limit onto 

rocks for commercially accepted surfactants for EOR in calcite-based rocks has been 

reported to be 1 mg m–2.269 Nanoparticles have received greater attention than polymers 

and alkali recently due to their EOR effectiveness and low cost but their effects on the 

adsorption behaviour of zwitterionic surfactants on rocks are less known.  

The surfactant concentration in a solution can be determined using a variety of techniques 

such as titration, UV-vis spectroscopy, conductivity, surface tension, high-performance 

liquid chromatography (HPLC) and total organic carbon (TOC). In this study, the first 

three were tried and failed (see Appendix D.1). Therefore, previously measured air-water 

surface tensions were used as calibration curves.  

Figure 6.9 shows the equilibrium surfactant concentration relative to the original 

surfactant concentration (Ce/Co) versus pore volume injected of Permian brine (7 PV) 

followed by AHS or ZN solutions with and without 0.01 wt.% ES-coated silica particles 

in Permian brine (4 – 5 PV). In such a plot, a Ce/Co close to one at sufficient injected pore 

volumes means low surfactant adsorption onto rock which is ideal for surfactant flooding 

in EOR. As shown, ZN has a lower Ce/Co and  thus higher adsorption onto rock compared 

to AHS. The nonionic C10–12E9 in ZN may account for this higher adsorption by further 

interacting with the rock surface through hydrogen bonding and hydrophobic 

interactions.61 The addition of 0.01 wt.% particles increases and lowers the adsorption of 

AHS and ZN onto rock, respectively (Figure 6.9). However, the changes are not very 

large here probably due to the low particle concentrations used in the dynamic mode. 

Greater adsorption changes were obtained in static adsorption results when higher particle 

and surfactant concentrations were used.  

Figure 6.10 compares the static and dynamic adsorption results conducted in this study. 

The dynamic adsorption behaviours of surfactants, with and without particles, are 

consistent with the static results on rock powder, however both indicate high adsorption 

values which might be due to the aerobic lab. conditions. Levitt and Bourrel declared that 

oil reservoir rocks are in a reduced (or anaerobic) condition while the rocks in labs are 

mostly in an oxidized condition. Therefore, it is vital to induce a reduced condition in 



 

341 
 

rocks before implementing surfactant adsorption analysis in labs to have adsorption 

results analogous to those of reservoirs. They proposed to lower the oxidized potential of 

the rock using reducing agents like sodium dithionite and buffering or chelating agents 

like sodium bicarbonate, ethylene diamine tetraacetic acid (EDTA) or sodium citrate295 

which are missing in Permian brine. Previous studies also show that 9 – 10 PV injections 

of surfactant solutions are required to determine the equilibrium surfactant concentration 

and saturated adsorption.289 Therefore, such high surfactant adsorption is thought to be 

normal. Comparing static and dynamic adsorption, the surfactant adsorption on rock 

powder is greater than in porous media which is probably due to the larger surface area 

the rock powder presents and the higher experimental temperature during the dynamic 

investigation (Figure 6.10), as also observed by previous researchers.289, 290 Being an 

exothermic process, the surfactant adsorption onto rock decreases with temperature 

elevation.257  

Although there are many studies on the adsorption of ionic surfactants on cationic and 

anionic rocks mostly in the presence of a single salt,296-298 the literature lacks systematic 

studies on the adsorption behaviour of zwitterionic surfactants onto rocks. Having both 

charges in the headgroup, zwitterionic surfactants can have a more complex adsorption 

behaviour on rocks than anionics and cationics, especially in the presence of inorganic 

salts and rock impurities (like clays). For example, it has been reported that due to the 

lower solvation area of divalent calcium than monovalent sodium (e.g. 1.45 nm2 for Ca2+ 

versus 1.96 nm2 for Na+), the divalent cation tendency towards anionic rock surfaces is 

higher leading to a higher cation concentration in the electric double layer of the rock. 

Therefore, the adsorbed calcium can facilitate interactions between the anionic headgroup 

of a zwitterionic surfactant and anionic rock minerals by cation bridging and precipitation. 

These interactions are dependent on the calcium concentration.218, 290 When no calcium 

is present in brine, the positive headgroup of the zwitterionic surfactant tends to interact 

electrostatically with the anionic sites on rock while the sulfonate headgroup is 

electrostatically repelled largely. At low calcium concentrations, the adsorbed surfactant 

molecules on rock turn angled with the sulfonate headgroup closer to the rock surface due 

to the reduced repulsion between the sulfonate headgroup and anionic sites or attractions 

between the sulfonate headgroup and adsorbed calcium cations on rock. This type of 

adsorption has the lowest adsorption density on rock. If calcium concentration rises, the 

anionic sites turn cationic resulting in the vertical adsorption of zwitterionic surfactant on 

the rock. Even if calcium is absent in the brine, calcite dissolution can supply the 

dissolved divalent ions in the system. Therefore, if calcite dissolution occurs seriously, 

an increase in surfactant adsorption onto rock is expected in the presence of Permian brine 
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ions. Monovalent ions like Na+ are not potential-determining but they can shrink the 

electric double layer of the rock or particle.299  

Permian brine ions lower the electrostatic attraction between anionic particles and 

zwitterionic AHS. The same effect is expected to happen with ZN since it mainly consists 

of AHS but the interactions between the headgroup of the nonionic surfactant and the 

particle surface are independent of the salinity leading to ZN savings by particles. Since 

the nonionic surfactant and particle concentrations are not large, the ZN savings are also 

not pronounced. Surfactant adsorption at different surfaces decreases as follows: oil-

water > particle-water > gas-water. Therefore, the surfactant molecules tend to stay 

adsorbed on the particle surface in an air-water system but spontaneously leave the 

particle surface close to the oil-water. This may prove the role of particles as surfactant 

carriers.119 Therefore, it is thought that ES-coated silica particles enhance AHS surface 

activity but act as surfactant carriers for ZN. This behaviour is probably due to the 

presence of the nonionic surfactant in ZN.  

 

 

 

 

 

 

 

 

 

Figure 6.9. Ratio of equilibrium to original surfactant concentration (Ce/Co) versus injected pore volume 
for dried SK chalk cores injected with Permian brine followed by 0.03 wt.% AHS and 0.05 wt.% ZN in 

Permian brine with and without 0.01 wt.% ES-coated silica at 0.1 cm3 min–1 and 75 °C.  
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Figure 6.10. Surfactant adsorption values onto rock powder (static adsorption at 25 °C) and porous media 

(dynamic adsorption at 75 °C) for AHS and ZN solutions with and without 0.01 wt.% ES-coated silica  

particles. 
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6.4 Oil recovery experiments 

Surfactant flooding has been proved effective for EOR in conventional and, more recently, 

unconventional oil reservoirs. The main idea is that surfactants can reduce oil-water 
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interfacial tension, lower rock hydrophobicity and prevent asphaltene precipitation.300 

With a decrease in oil-water interfacial tension, the capillary number grows by orders of 

magnitude, lowering the remaining oil saturation by reducing the resistance that oil 

droplets encounter as they pass through the pore throats. Recently, nanoparticle-surfactant 

dispersions have attracted great attention for EOR. It has been suggested that 

nanoparticles may have a role in decreasing surfactant adsorption onto rocks (like for ZN 

here) or increasing surfactant activity (like for AHS here). Additional oil recoveries have 

also been achieved by blending nanoparticles and surfactants.133, 301  

Spontaneous imbibition tests were used in this study to examine the efficiency of 

candidate dispersions on oil recovery. They entail immersing an oil-saturated core in the 

EOR solution and waiting for the solution to spontaneously imbibe into the core to 

produce oil. Capillary-driven spontaneous imbibition tests provide more precise 

simulations of fluid flow in porous media compared to core flooding in which the viscous 

forces that the injection pressure places on the oil within pore throats may lead to larger 

oil recoveries, especially in rocks with high permeability. In addition, surfactant flooding 

may not be possible in some cases like in unconventional tight rocks (e.g. shale as 

observed in this study) because of the extremely low permeability and poor injectivity of 

the rocks.  

Aged crude oil-saturated SK chalk cores with brine saturation of Sw = 10% were used for 

imbibition tests (Table 6.2). The imbibition test with Permian brine was carried out as a 

reference, mimicking secondary oil recovery. Candidate dispersions determined earlier in 

Section 6.1 were used as imbibition fluids. To examine the EOR effectiveness of 

surfactants alone, two imbibition tests were also carried out with AHS or ZN in Permian 

brine (without particles). This series of tests allows for the comparison of chemical EOR 

with secondary brine injection and the impact of adding ES-coated silica particles to 

surfactant solutions on oil recovery. A single tertiary imbibition was also performed to 

examine the power of dispersions in producing residual oil after secondary brine 

imbibition. 

 

Table 6.2. Specifications of crude oil-saturated chalk cores used for spontaneous imbibition tests. The 

initial brine saturation (Sw) was 10% in all cores. Vp and Vb are the pore and bulk volumes of cores, 

respectively.  

Core 

No. 

Length 

/ cm 

Diameter 

/ cm 

Vp / 

cm3 

Vb / 

cm3 

Porosity 

/ % 

Permeability 

/ md 

Imbibition fluid 
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1 7.028 3.822 36.6 80.6 45.4 2.6 ± 0.8 Secondary: Permian brine 

Tertiary: 0.01 wt.% ES-coated 

silica + 0.05 wt.% ZN in Permian 

brine 

2 7.080 3.826 38.2 81.4 47.0 3.7 ± 0.2 Secondary: 0.05 wt.% ZN in  

Permian brine 

3 6.972 3.810 37.0 79.5 46.5 3.5 ± 0.4 Secondary: 0.01 wt.% ES-coated 

silica + 0.05 wt.% ZN in Permian 

brine  

4 7.000 3.812 36.3 79.9 45.5 3.0 ± 0.2 Secondary: 0.03 wt.% AHS in  

Permian brine 

5 6.970 3.814 39.7 79.6 49.9 4.0 ± 0.7 Secondary: 0.01 wt.% ES-coated 

silica + 0.03 wt.% AHS in  

Permian brine 

 

 

 

 

 

 

 

 

 

 

 

6.4.1 Secondary mode 

6.4.1.1 Permian brine 

The oil recovery factor and oil imbibition rate for the oil-saturated core imbibed with 

Permian brine in secondary mode are depicted in Figure 6.11. As shown, the oil 
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production peaked in the first few days and then abruptly stopped after 10 days, producing 

only 23% of the original oil in place (OOIP) and leaving a significant volume of oil within.  

6.4.1.2 Effect of surfactant 

Figures 6.12 and 6.13 show the imbibition results for 0.03 wt.% AHS and 0.05 wt.% ZN 

in Permian brine, respectively. Surfactant solutions retrieved 35 – 37% more oil than 

Permian brine which is explained by their involvement in lowering the oil-water 

interfacial tension and rock oil-wetness, as was previously noticed.302, 303 When 

comparing surfactants, ZN recovered somewhat more oil than AHS after a month (60.1% 

OOIP versus 58.4% OOIP) but the difference is not substantial. Such high oil recovery 

factors have been observed with this rock by imbibition of smart water, ionic liquids or 

surfactants before.62, 304, 305 

The contact angle of fresh crude oil drops on the halved cores immersed in DIW was 

measured through the water. Table 6.3 summarizes all the results including contact angles 

(both on rock chips and halved cores), interfacial tensions and oil recovery for different 

dispersions and solutions used in imbibition tests. Note that ageing cores with crude oil 

does not induce uniformly strong hydrophobicity as observed with rock substrates. The 

cores usually become mixed-wet (locally hydrophobic and hydrophilic) and/or partially 

hydrophobic after ageing with crude oil.137, 306 Therefore, oil-water contact angles on 

cores are lower than on rock substrates probably due to the lower oil-wetness achieved in 

core ageing. As shown in Table 6.3, both surfactant solutions caused a similar contact 

angle on halved cores (θwo = 41 ± 2°) and rock substrates (θwo ~ 118°). Both surfactants 

reduced the oil-water interfacial tension significantly to the same level which plays a role 

in improving oil mobility. Oil-in-water emulsions are expected to form during imbibition 

tests by both surfactants. The resulting emulsions have a higher viscosity than water 

leading to an enhanced mobility ratio.115 Based on the interfacial tension and emulsion 

results obtained earlier, neither of the surfactants exhibited Winsor type III (third phase) 

associated with ultralow interfacial tensions.307 As the asphaltene content of the crude oil 

used here is low (< 1 wt.%), prevention of asphaltene precipitation by surfactants is not 

thought to be strong.  

Figure 6.11. Oil recovery factor (RF) and imbibition rate for the crude oil-saturated SK chalk core imbibed 

with Permian brine in secondary mode at 75 °C. The standard deviations of the oil recovery factor and 

imbibition rate are below 0.5% and 0.2 cm 3 day–1, respectively.  
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Figure 6.12. Oil recovery factor (RF) and imbibition rate for the crude oil-saturated SK chalk core imbibed 

with 0.03 wt.% AHS with or without 0.01 wt.% ES-coated silica particles in Permian brine, both in 

secondary mode at 75 °C. The standard deviations of the oil recovery factor and imbibition rate are below 

0.5% and 0.2 cm3 day–1, respectively.  
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Figure 6.13. Oil recovery factor (RF) and imbibition rate for the crude oil-saturated SK chalk core imbibed 

with 0.05 wt.% ZN with or without 0.01 wt.% ES-coated silica particles in Permian brine both in secondary 

mode at 75 °C. The standard deviations of the oil recovery factor and imbibition rate are below 0.5% and 

0.2 cm3 day–1, respectively. 
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Table 6.3. Summary of EOR results obtained in this study. 
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Recovery 

mode 

Imbibition 

fluid 

Rock 

substrates 

Cores after 

imbibition 

RF as 

a %OOIP 

Secondary 

Permian brine 171 ± 8 – 12.6 ± 0.2 23.2 

0.03 wt.% 

AHS 
119 ± 5 

 

43 ± 4 

1.07 ± 0.01 58.4 

0.05 wt.% ZN 118 ± 7 

 

39 ± 5 

0.87 ± 0.08 60.1 

0.03 wt.% 

AHS + 0.01 

wt.% ES-

coated silica  

90 ± 12 

 

38 ± 2 

1.03 ± 0.03 72.3 

0.05 wt.% ZN 

+ 0.01 wt.% 
ES-coated 

silica 

56 ± 9 

 

45 ± 2 

0.38 ± 0.01 59.2 

Tertiary 

0.05 wt.% ZN 

+ 0.01 wt.% 

ES-coated 

silica 

56 ± 9 

 

40 ± 2 

0.38 ± 0.01 6 

 

 

6.4.1.3 Effect of adding particles 
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The ultimate oil recovery factor of the AHS solution was 58.4% OOIP which was 

enhanced by ~ 14% OOIP when 0.01 wt.% particles were added (Figure 6.12). The oil 

production stopped at the same time for the AHS solution both with and without particles 

but the dispersion could cumulatively produce more original oil in the rock. Similar 

synergy in oil recovery by mixing nanoparticles and surfactants has been observed by 

previous researchers. Zhong et al. observed synergy in oil recovery by injecting a mixture 

of 0.08 wt.% zwitterionic cocamidopropyl hydroxysultaine and 0.2 wt.% ES-coated silica 

in API brine into sandstone cores. They reported an incremental oil recovery of 3% OOIP 

and 5% OOIP in the tertiary stage by the blend after the secondary injection of particles 

alone and surfactant alone, respectively which were linked to the additional oil-water 

interfacial tension decrease and rock wettability alteration by the blends.229 Table 6.3 

shows nearly similar oil-water contact angles on cores with and without particles but a 

lower contact angle on substrates when particles were added. Similar oil-water interfacial 

tensions were also observed when the AHS surfactant solution or surfactant-particle 

dispersion was used. However, the addition of ES-coated silica to AHS solutions was 

observed earlier to create more stable oil-in-water emulsions which subsequently 

produced more residual oil.  

On the other hand, ZN and ZN + particles both resulted in a similar oil recovery factor 

(60.1% OOIP and 59.2% OOIP). The literature contains some studies with no or little 

additional oil recovery by the addition of nanoparticles.101, 308 Figure 6.13 shows that the 

oil production by the ZN solution stops after two weeks but a more continuous oil 

production is observed in the presence of particles. Thus, although the ZN solution 

initially produced more oil, the blend could finally reach a similar cumulative oil 

production after a month. Despite the lower oil-water contact angle on rock substrates 

upon adding particles to ZN, the contact angles on cores after imbibition are similarly low 

indicating a water-wet rock (Table 6.3). The oil-water interfacial tensions are also the 

same with or without particles in ZN solutions. Therefore, it is thought that the 

inefficiency of emulsification is the reason for the lack of improved oil recovery with the 

blend of ZN and particles.  

The mixture of particles and AHS outperformed that of ZN in terms of ultimate oil 

recovery (72.3% OOIP versus 59.2% OOIP). Considering contact angles on cores, both 

surfactant solutions and dispersions yielded similar rock wettability. Although both rock 

wettability alteration and interfacial tension reduction have significant effects on oil 

recovery, they cannot be used to compare the EOR efficiency of dispersions here. As for 

surfactants, it is thought that the emulsification of crude oil and water in the presence of 
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surfactants and particles is mainly the reason for this behaviour. The emulsion results 

showed that the addition of particles to AHS solutions created oil-in-water emulsions that 

were more stable to coalescence than ZN. Previous studies argue that Pickering emulsions 

made with particles and surfactants have a higher viscosity and force on oil droplets 

trapped in the pore throats which results in improved oil displacement.115 Using blends 

of ES- and polyethylene glycol-coated silica and a sulfonate surfactant in API brine, 

Singh and Mohanty observed a low oil recovery (33% OOIP) by brine injection due to 

the channelling of the injected brine in the high permeability region leaving the oil in the 

low permeability region unproduced while the foam made with surfactant and particles 

was found to create in situ emulsions that blocked the high permeability region and 

diverted the injected phase towards the low permeability zone to produce more oil.131 

Note that other EOR mechanisms e.g. water viscosity increment,309 crude oil viscosity 

reduction99, 100 and prevention of asphaltene precipitation310 by nanoparticles should not 

be significant here due to the low particle concentrations used, the lack of catalytic 

behaviour and the low asphaltene content of crude oil, respectively.  

6.4.2 Tertiary mode 

After the oil production ceased in the imbibition test with Permian brine (Core no. 1 in 

Table 6.2), the imbibition fluid was replaced with a dispersion of 0.01 wt.% particles + 

0.05 wt.% ZN in Permian brine in order to examine the tertiary power of the blend in 

producing residual oil. Figure 6.14 shows the secondary and tertiary imbibition results 

with Permian brine and the blend of ZN and particles at 75 °C. Replacement of Permian 

brine with particle-surfactant dispersion can enhance oil recovery by 6% OOIP in tertiary 

mode. This additional oil recovered by the blend is the residual oil previously trapped due 

to the high capillary pressures available in the pore throats of the rock which could not be 

produced by brine alone. The dispersion took 12 days to produce this amount of oil. It is 

concluded that EOR by dispersions in the secondary stage is more efficient than in the 

tertiary stage. 

 

 

Figure 6.14. Oil recovery factor (RF) and imbibition rate for the crude oil-saturated SK chalk core imbibed 
with Permian brine in secondary mode and the blend of 0.01 wt.% ES-coated silica particles and 0.05 wt.% 

ZN in Permian brine in tertiary mode at 75 °C. 
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6.5 Summary of findings 

This chapter investigated the selective particle-surfactant dispersions to examine their 

adsorption onto rock during flowing in rock cores. It also studied their efficiency in 
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producing crude oil from cores in spontaneous imbibition tests. The main findings of this 

chapter are as follows:  

• No fluid saturation or injectivity was found in shale cores due to poor rock 

permeability and pore connectivity. Therefore, SK chalk cores with high porosity and 

low permeability but with the same mineralogy were replaced for spontaneous 

imbibition tests. 

• Consistent with stability inspections in sample vials, no particle aggregation was 

observed during the injection of 0.01 wt.% ES-coated silica in Permian brine implying 

the suitability of synthesized particles for high temperature and high salinity EOR.  

• In dynamic mode, pressure difference fluctuations obtained during the injection of 

different solutions and dispersions into chalk cores decreased as follows:  

Particles > surfactants + particles > surfactants > Permian brine 

The above results show that the presence of particles increases the pressure 

fluctuations. Particles can significantly cause local pore blockage and temporary 

permeability reductions which can re-route the injected phase into adjoining oil-filled 

channels in porous media and enhance oil displacement.  

• The oil recovery by secondary spontaneous imbibition with Permian brine was 23% 

OOIP which was increased by 35 – 37% OOIP by surfactants (slightly higher by ZN 

surfactant) in the secondary mode due to their involvement in lowering the oil-water 

interfacial tension and rock oil-wetness.  

• The post-imbibition contact angles of fresh crude oil drops on cores used in the 

imbibition tests showed rock hydrophilicity (~ 40°) by both surfactant solutions with 

and without particles. ZN surfactant recovered somewhat more oil than AHS after a 

month (60.1% OOIP versus 58.4% OOIP).  

• The ultimate oil recovery factor with AHS surfactant was enhanced by ~ 14% OOIP 

when 0.01 wt.% ES-coated silica was added while ZN surfactant and ZN surfactant + 

particles both resulted in a similar oil recovery factor which was consistent with the 

more stable oil-in-water emulsions formed with the blend of AHS and particles. The 

resulting emulsions have a higher viscosity than water resulting in more displacement 

of trapped oil in the pore throats.  

• The dispersion of 0.01 wt.% ES-coated silica + 0.05 wt.% ZN surfactant in Permian 

brine could produce an additional 6% OOIP in tertiary mode after secondary 

imbibition with Permian brine. This additional oil was the residual oil previously 

trapped due to the high capillary pressures in the pore throats.  
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• The secondary and tertiary imbibition results confirm the higher EOR efficiency of 

the dispersion in the secondary stage. 
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Chapter 7 Summary of findings and future work 

 

 

 

In this thesis, aqueous nanoparticle-surfactant mixtures were investigated in a formation 

brine, namely Permian brine (12.6 wt.%), for EOR in tight oil reservoirs. Bare silica 

particles were first covalently grafted using two silanes, namely ES and AS, for long-term 

stabilization at high temperatures (75 °C) and high salinity. The specifications of silanized  

particles were determined both alone and in combination with two commercial surfactants, 

namely zwitterionic alkyl hydroxysultaine (AHS) and binary zwitterionic-nonionic (ZN) 

(AHS + nonionic C10–12 nonaethylene glycol ether). The effect of particles, surfactants or 

the blend on reservoir properties including rock wettability, oil-water interfacial tension 

and emulsification of oil and water was studied to choose effective dispersions for 

spontaneous imbibition in a calcite-rich rock. The surfactant adsorption onto the rock and 

the way it is affected by particle addition were also investigated both statically (on rock 

powder) and dynamically (in cores). The key findings of this study along with some 

potential future works are presented in this chapter. 

7.1 Summary of findings 

In Chapter 3, the properties of chemicals including particles, surfactants and rocks were 

determined using different techniques. As steric stabilization using physical grafting of 

silica with AHS or ZN was determined to be insufficient, covalent grafting with AS and 

ES was adopted for long-term colloidal stability. A pH-dependent behaviour was 

observed with AS-coated silica (68% silane coverage) from a positive charge at low pH 

(+30 mV) to a weak negative charge at its isoelectric point. An optimum ES/silica ratio 

was determined for ES-coated silica above which excess silane led to particle aggregation. 

Both particles showed limited colloidal stability in Permian brine at 75 °C at their original 

pH but were electrostatically stabilized for a long time by pH adjustment. Surfactants 

were shown to stabilise particle dispersions further sterically in DIW, whereas 

electrostatic grafting was only moderately successful in brine. Therefore, careful attention 

must be given to nanoparticles as surfactant carriers since a lack of sufficient steric 

stabilization may cause particle aggregation and formation damage. Bare silica showed 

higher electrostatic interactions with surfactants than silane-coated particles. ZN had a 

narrower zero net charge pH and was more surface-active at air-water and oil-water 
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interfaces due to its nonionic C10–12E9. The air-water surface tension was observed to 

consistently decrease with the addition of ES-coated silica to AHS in Permian brine 

(increasing surface activity) while no discernible effect was detected for ZN. Small pore 

volumes and a significant BET surface area (2.21 – 2.95 m2 g–1) were revealed by the 

analysis of shale, signifying a high capacity for chemical adsorption in EOR.  

The findings of surfactants (with and without particles) at the rock-fluid interface were 

described in Chapter 4. Oil-water contact angle variations and surfactant adsorption onto 

rock were largely consistent. Significant crude oil-water contact angle reductions were 

observed by both surfactants in DIW (more so for AHS). Permian brine addition increased 

the minimum contact angle by AHS due to the reduced surfactant-rock electrostatic 

attraction by ions (consistent with reduced AHS adsorption on rock) but had no effect on 

that of ZN. Excess surfactant adsorption at high concentrations was revealed to induce 

hydrophobicity again. A large rock wettability alteration was observed with bare silica 

alone by interacting with adsorbed cationic crude oil components on the rock. For silane-

coated silica particles, this mechanism proved ineffective, resulting in a negligible change 

in rock wettability. The mixture of ES-coated silica and surfactants showed a pH-

responsive behaviour in which particles might serve as carriers (isoelectric pH) or surface 

activity improvers (high pH) for surfactants. The former provided the largest interactions 

of zwitterionic surfactant with moderately anionic particles (V-shaped adsorption) and 

crude oil components (ion pairs) leading to a synergistic contact angle reduction. The 

latter led to excess surfactant adsorption on rock resulting in a high oil-water contact angle. 

Although expected to be beneficial, calcite dissolution increased rock hydrophobicity at 

low pH, probably due to the free rock surface serving as an adsorbent for crude oil 

components or excess aqueous surfactant. The surface morphology of rock was shown to 

change in SEM images when treated with blends of ES-coated silica and AHS. The EDX 

results disclosed the adsorption of anionic particles and AHS onto the cationic rock. 

Particles and AHS were revealed to serve as an adsorbent for Permian brine ions leading 

to reduced counterion adsorption onto the rock.  

Chapter 5 examined the effects of particles and surfactants on the interfacial tension and 

emulsification of oil and water. Oil-water interfacial tensions decreased considerably on 

the addition of AHS and ZN to DIW or Permian brine at ~ CMC with and without 

particles (more so for ZN). An increasing interfacial tension was observed when using 

crude oil and surfactants in Permian brine. Increasing particle concentration in AHS in 

DIW had no clear effect on the crude oil-water interfacial tension but systematically 

reduced that of ZN. Temperature elevation increased the crude oil-water interfacial 
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tension in the presence of surfactants (with and without particles) probably due to reduced 

solvation of surfactant molecules at the interface by counterions (more so for ZN). 

Emulsification of toluene, heptane and heptol and AHS in DIW was found to be 

a function of interfacial charge and oil molecules at the oil-water interface (decreasing as 

toluene > heptol > heptane). A synergy in emulsification was observed when using heptol 

(fo = 0.2 after 100 days for [AHS] = 0.1 wt.% in DIW) due to the mixed effects of 

individual oils. Ions provided a more compact surfactant monolayer at the oil-water 

interface and produced more emulsions of toluene and heptol (fo < 0.2 after 100 days for 

[AHS] = 0.05 – 0.07 wt.%). Emulsions of ZN were unstable due to surfactant 

demulsification ability. Independent of the oil type, surfactant and background electrolyte, 

all emulsions demonstrated considerable creaming. Pickering emulsions were formed 

with weakly anionic AS-coated silica particles and ES-coated silica alone depending on 

hydrophobization extent with interfacial oil through polar-polar (toluene) or solvophobic 

interactions (heptane). Heptol took advantage of both and produced an emulsion with no 

coalescence for up to 3 months (fo ~ 0 for 1 wt.% ES-coated silica in DIW). Physical 

grafting of ES-coated silica with zwitterionic surfactant was seen to add hydrophobicity 

to particles (see zeta potential measurements), often resulting in higher emulsification 

(Figure 7.1). The particle-surfactant mixture exhibited a pH-responsive emulsification 

behaviour, switching between an oil-in-dispersion emulsion (high pH, low [AHS]) and a 

Pickering emulsion (isoelectric pH, high [AHS]). Permian brine ions were discovered to 

slow coalescence and creaming in emulsions of crude oil and water. It was found that 

bare silica exhibits greater particle hydrophobization by crude oil molecules than ES-

coated silica, resulting in more stable Pickering emulsions. However, slightly aggregated 

bare silica in Permian brine could stabilise the emulsions more than particles in DIW. 

 

 

 

 

 

Figure 7.1. A silica particle hydrophobized by (a) ES, (b) ES and zwitterionic AHS at an oil-water interface. 

(a) 
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In chapter 6, the effective dispersions selected from previous results were tested in 

spontaneous imbibition. No particle aggregation was observed in porous media when 

injecting a dispersion of ES-coated silica in Permian brine implying the suitability of 

synthesized particles for high temperature and high salinity EOR operations. In dynamic 

mode, differential pressure fluctuations decreased as follows: particle dispersion > 

surfactant-particle dispersion > surfactant solution > Permian brine, serving as evidence 

that particles can drastically cause temporary permeability reductions to re-route the 

injected phase into adjoining oil-filled channels in porous media and enhance oil 

displacement. Surfactants increased the oil recovery of brine by 36 ± 1% OOIP in 

secondary mode due to their involvement in lowering the oil-water interfacial tension and 

rock oil-wetness. The ultimate oil recovery factor with zwitterionic AHS was enhanced 

by ~ 14% OOIP on adding only 0.01 wt.% ES-coated silica while no improvement was 

observed in that of ZN which was linked to the emulsification power of blends. The 

resulting emulsions have a higher viscosity than water, resulting in more displacement of 

trapped oil in the pore throats. Hydrophilic wettability (θow ~ 40°) was detected in cores 

after secondary imbibition with both surfactant solutions with and without particles. An 

additional 6% OOIP oil recovery was also observed in tertiary mode by the blend of 

particles and ZN implying the efficiency of the formulation in recovering residual oil that 

could not be produced using brine alone due to the high capillary pressures in the pore 

throats.  

7.2 Future work 

• ES-coated silica particles were shown to be colloidally stable in Permian brine at a 

temperature of 75 °C but it will be fascinating to examine how stability is affected at 

higher temperatures and salinities with different ionic compositions. The way the 

particle colloidal stability was assessed in this thesis is more like near wellbore 

conditions. Further investigations in long cores, for instance, are required to address 

long-term colloidal stability in deep reservoir injections. Also, more studies are 

required to address long particle transport in both matrix and fractures. The potential 

for reservoir blockage and limited application should be addressed  in future studies. 

• It is noteworthy that shale reservoirs exhibit inherently low levels of porosity and 

permeability necessitating the utilization of specialized techniques for oil extraction. 

Hydraulic fracturing is the prevalent method employed for this purpose. Consequently, 

there is a compelling need to undertake an in-depth investigation of particle transport 

within these fractures, considering the challenges associated with injecting liquids 
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into shale rocks and the physical feasibility of nanoparticles penetrating shale rock 

formations. 

• Future research on the impact of specific salts on the effectiveness of surfactants and 

particles or the mixture in oil-water and rock-water systems is attractive. 

• The efficiency of the particle-surfactant formulation should be evaluated using 

different crude oils (with higher polar groups) and rock types (sandstones, clays, etc.). 

• Surfactant partitioning between oil and water was investigated in this study using 

some conventional techniques but the results were not presented due to 

irreproducibility. One can employ more precise methods like HPLC.  

• Particle adsorption onto rock is crucial from an economic and technological 

standpoint. Since prior attempts to detect aqueous particle concentration using 

conventional methods failed, most likely due to the silane coverage, a suitable strategy 

should be sought out. 

• It is important to research how temperature affects the emulsification of different oils 

and water in the presence of surfactants and particles. 

• Future research can greatly benefit from the insightful findings from the 

emulsification behaviour of surfactants and particles using pure oils here to better 

understand the emulsification of model oils including polar groups (resin and 

asphaltene) or crude oil. 

• AS-coated silica displayed interesting pH-dependent behaviour in emulsification and 

rock wettability alteration but further research is required to determine its 

applicability for EOR. It is important to research its performance (either alone or in 

blends with surfactants) on interfacial tension and oil recovery. 
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Appendix A  

A.1 Charge of surfactant micelles  

Zeta potential measurements were used to determine the charge behaviour of surfactants 

with pH. The zeta potential measurements of different concentrations of ZN in DIW at 

the original pH were first performed to select a suitable surfactant concentration, as seen 

in Table A.1. It is noted that high surfactant concentrations act as a highly conductive 

electrolyte which can affect the dip cell electrodes of the instrument and result in wrong 

measurements. Therefore, 0.1 wt.% was chosen as the candidate concentration. 

Table A.1. Zeta potential measurements of different concentrations of ZN in DIW at original pH at 25 ± 

0.1 °C. The CMC of ZN in DIW at 25 °C is ~ 0.02 wt.%. 

[ZN] / wt.% pH at 25 ± 1 °C Zeta potential / mV 

0.1 (5 × CMC) 7.6 2.6 ± 0.2 

1.0 (50 × CMC) 7.3 – 0.3 ± 0.3 

2.0 (100 × CMC) 7.4 – 0.5 ± 0.1 

 

A.2 Stability of ES-coated silica synthesized by route from literature 

A.2.1 ES/silica dispersion ratio of 0.11 cm3 g–1 – one step synthesis 

Figure A.1 shows the stability of 0.1 wt.% and 2 wt.% ES-coated silica particles 

synthesized with a ES/silica dispersion ratio of 0.11 cm3 g–1 (one-step addition of silane) 

in DIW and Permian brine. The dispersions containing particles in DIW were stable at 

both temperatures for a long time while sedimentation was observed in the dispersions 

with particles in Permian brine at 75 °C after 7 days. However, the comparison of the 

stability of ES-coated silica and bare silica in Permian brine shows improved stability due 

to silane coverage on the surface of the silica. It is concluded that this amount of ES (0.11 

cm3 per g of silica dispersion) on the surface of silica particles is not enough to induce 

sufficient steric hindrance, especially at higher temperatures. The initial particle diameter 

of dispersions in DIW and Permian brine was measured at 19 ± 2 nm. The zeta potential 

of 0.1 wt.% ES-coated silica in DIW was measured at – 26 ± 2 mV. The dispersion of 2 

wt.% particles in Permian brine kept at low temperature had a particle diameter of 22 nm 

after 60 days while the one kept at 75 °C faced sedimentation; however, the particle 

diameter of the supernatant was 21 nm after 60 days.  
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Figure A.1. Appearance of 0.1 wt.% and 2 wt.% ES-coated silica in DIW and Permian brine at original pH 

at two temperatures. The particles were synthesized with a ES/silica dispersion ratio of 0.11 cm3 g–1 (top) 

and 0.25 cm3 g–1 (bottom) in a one-step synthesis based on the synthesis route from the literature. 
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A.2.2 ES/silica dispersion ratio of 0.25 cm3 g–1 – one step synthesis 

Figure A.1 shows the stability of 0.1 wt.% and 2 wt.% ES-coated silica particles 

synthesized with a ES/silica dispersion ratio of 0.25 cm3 g–1 (one step addition of silane) 

in DIW and Permian brine. The dispersions containing particles dispersed in DIW were 

stable at both temperatures for ~ 3 months while sedimentation was observed in 

dispersions containing particles in Permian brine at 75 °C after two weeks. The initial 

particle diameter of dispersions was 22 ± 4 nm. The zeta potential of 0.1 wt.% ES-coated 

silica in DIW was measured at – 27.4 ± 1.4 mV. The dispersion containing 2 wt.% ES-

coated silica in Permian brine at low temperature had a particle diameter of 22 nm after 

67 days while the one kept at 75 °C faced sedimentation (the particle diameter of the 

supernatant was 21 nm after 65 days). 

A.2.3 ES/silica dispersion ratio of 0.50 cm3 g–1  

A.2.3.1 One step synthesis 

Figure A.2 shows the stability of 0.1 wt.% and 2 wt.% ES-coated silica synthesized with 

a ES/silica dispersion ratio of 0.5 cm3 g–1 (one step addition of silane) in DIW and 

Permian brine. The dispersions with particles dispersed in DIW were stable at both 

temperatures for 110 days while sedimentation was observed in the dispersions with 0.1 

wt.% and 2 wt.% particles dispersed in Permian brine at 75 °C after 1 – 3 weeks. All of 

these dispersions had an initial particle diameter of 20 ± 2 nm. The zeta potential of 0.1 

wt.% ES-coated silica in DIW was measured at – 31.3 ± 1 mV. The dispersion with 2 wt.% 

particles in Permian brine kept at low temperature had a particle diameter of 22 nm after 

60 days while the one kept at 75 °C faced sedimentation; however, the particle diameter 

of the supernatant of this dispersion was measured at 21 nm after 60 days. 

 

 

 

 

 

 

Figure A.2. Appearance of 0.1 wt.% and 2 wt.% ES-coated silica in DIW and Permian brine at original pH 

at two temperatures. The particles were synthesized with a ES/silica dispersion ratio of 0.5 cm3 g–1 in a one-

step synthesis based on the synthesis route from the literature. 
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A.2.3.2 Two step synthesis 

Figure A.3 shows the stability of 1.5 wt.% ES-coated silica synthesized with a ES/silica 

dispersion ratio of 0.50 cm3 g–1 in a two-step synthesis in DIW and Permian brine. Both 
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dispersions were stable for a long time at both temperatures. The two-step addition of 

aqueous ES to the bare silica during the synthesis seems to have improved the stability of 

particles in Permian brine at high temperatures. The initial particle diameter and zeta 

potential of 1.5 wt.% ES-coated silica in DIW were 18 ± 4 nm and – 33 ± 2 mV, 

respectively. The particle diameter of the dispersion in Permian brine was initially 

measured at 26 ± 1 nm. The dispersion in Permian brine kept at the low temperature had 

a particle diameter of 25 ± 1 nm after 50 days while the one kept at 75 °C showed a 

particle diameter of 42 ± 2 nm after 50 days. 

A.2.3.3 Four step synthesis 

To investigate the effect of the addition of ES to the bare silica dispersion during the 

synthesis on the stability of ES-coated silica particles in Permian brine, a four-step 

addition of silane to the bare silica dispersion was tried in the synthesis. Figure A.4 shows 

the stability of 0.1 wt.% and 2 wt.% ES-coated silica synthesized with a ES/silica 

dispersion ratio of 0.5 cm3 g–1 (four-step synthesis) in DIW and Permian brine. All 

dispersions were stable in DIW and Permian brine for 110 days. All dispersions had an 

initial particle diameter of 22 ± 2 nm. The zeta potentials of 0.1 wt.% and 2 wt.% ES-

coated silica in DIW were – 33.7 ± 1.1 and – 17.1 ± 1 mV, respectively. 

 

 

 

 

 

 

 

 

Figure A.3. Appearance of 1.5 wt.% ES-coated silica in DIW and Permian brine at original pH at two 

temperatures. The particles were synthesized with a ES/silica dispersion ratio of 0.50 cm3 g–1 in a two-step 

synthesis based on the synthesis route from the literature. 
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Figure A.4. Appearance of 0.1 wt.% and 2 wt.% ES-coated silica in DIW and Permian brine at original pH 

at two temperatures. The particles were synthesized with a ES/silica dispersion ratio of 0.5 cm3 g–1 in a 

four-step synthesis based on the synthesis route from the literature. 
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A.2.4 ES/silica dispersion ratio of 1.00 cm3 g–1 – one step synthesis 

Figure A.5 shows the stability of 0.1 wt.% and 2 wt.% ES-coated silica synthesized with 

a ES/silica dispersion ratio of 1 cm3 g–1 in a one-step synthesis in DIW and Permian brine 

at two temperatures. The dispersions with particles in DIW were stable for more than 

three months at both temperatures while the ones in Permian brine at 75 °C faced 
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sedimentation after a week. The initial particle diameter of dispersions was 25 – 34 nm. 

The zeta potential of 0.1 wt.% particles in DIW was measured at – 26 ± 2 mV. The particle 

diameter of the dispersion with 2 wt.% ES-coated silica in Permian brine kept at the low 

temperature was measured at 23 ± 2 nm after 50 days while no successful measurement 

was obtained for the one at 75 °C.  

A.2.5 Effect of silane volume on initial particle diameter 

The effect of silane volume used during the synthesis of ES-coated silica on initial particle 

diameter in DIW and Permian brine was investigated (Figure A.6). As can be seen, 

regardless of the ES volume used during synthesis, all particles are between 20 and 25 

nm in size. The reason is that the final dispersions made with this synthesis method were 

filtered, so the aggregates and large particles were all separated. 

 

 

 

 

 

 

 

 

 

 

 

Figure A.5. Appearance of 0.1 wt.% and 2 wt.% ES-coated silica in DIW and Permian brine at original pH 
at two temperatures. The particles were synthesized with a ES/silica dispersion ratio of 1 cm3 g–1 in a four-

step synthesis based on the synthesis route from the literature. 
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Figure A.6. Effect of silane volume used during the synthesis of ES-coated silica on the initial particle 
diameter in DIW and Permian brine. The particles were synthesized with different ES/silica ratios in a one-

step synthesis based on the synthesis method from the literature. The concentration of particles was 0.1 wt.% 

in all dispersions. 
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A.3 Stability of ES-coated silica made by modified synthesis route 

A.3.1 ES/silica particle ratio of 0.25 g g–1 

Figure A.7 shows the stability of 0.1 wt.% ES-coated silica synthesized with a ES/silica 

particle weight ratio of 0.25 g g–1 in a two-step synthesis in DIW and Permian brine 

(unchanged pH). The dispersion with particles in DIW was stable for up to 175 days at 

both temperatures while the one with Permian brine kept at 75 °C encountered 

sedimentation after a day. Lowering the pH could reduce the negative charges of particles 

which weaken the electrostatic attractions between cations and particles resulting in 

improved stability of particles in Permian brine at high temperatures. All dispersions had 

an initial particle diameter of 22 ± 1 nm but no successful zeta potential measurements 

were achieved. The pH decrease had no effect on initial particle diameter, but it did 

provide long-term particle stability at high salinity and temperature.  

A.3.2 ES/silica particle ratio of 0.50 g g–1 

Figure A.7 shows the stability of 0.1 wt.% ES-coated silica synthesized with a ES/silica 

particle ratio of 0.51 g g–1 in a two-step synthesis in DIW and Permian brine (unchanged 

pH). The dispersions containing particles in DIW were stable for up to 8 months at both 

temperatures while the one in Permian brine at 75 °C encountered aggregation after 2 

days and sedimentation after 4 days. Improved stability of particles in Permian brine at 

75 °C is observed with pH reduction since the particles become less negative at an acidic 

pH which was confirmed by the zeta potential measurements. The zeta potential of 0.1 

wt.% particles in DIW was measured at – 29 ± 2 mV while it increased to – 4.8 ± 1 mV 

with pH reduction. Therefore, fewer cations are electrostatically attracted to the particle 

surface and the dispersion has been stable for a long time. The initial particle diameter of 

dispersions was 22 ± 2 nm and pH reduction had no effect on the initial particle diameter.  

Comparing particle diameters of ES-coated silica synthesized by ES/silica particle ratios 

of 0.25 and 0.50 g g–1, there is no effect of silane volume on initial particle diameter at 

25 °C when dispersed in DIW or Permian brine. 

 

 

 

Figure A.7. Appearance of 0.1 wt.% ES-coated silica in DIW and Permian brine at original pH at two 

temperatures. The particles were synthesized with a ES/silica dispersion ratio of 0.25 g g–1 (top) and 0.5 g 

g–1 (bottom) in a two-step synthesis based on the modified synthesis route. 
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Appendix B  

B.1 Effect of immersion liquid on contact angle measurement 

This experiment was performed to investigate the effect of the type of liquid in which the 

rock substrates are immersed on the oil-water contact angle. An oil-conditioned shale 

substrate was vertically immersed and secured in a solution of 0.05 wt.% ZN in DIW. 

The solution was gently stirred (100 rpm) for 3 h at 18 ± 1 °C. After treatment, the contact 

angles of fresh crude oil droplets on the substrate immersed in the equilibrated surfactant 

solution or DIW were measured and compared (Figure B.1). The contact angles measured 

by both surrounding liquids are almost the same. However, the low oil-water interfacial 

tension caused by the surfactant makes it difficult to control the injecting oil droplets 

when doing the measurement in the equilibrated surfactant solution. Also, unlike the more 

flattened oil droplet in the presence of surfactant, the droplet profile is clearer for angle 

measurement when using DIW. For these reasons, it was decided to immerse the 

substrates in DIW or Permian brine in subsequent contact angle measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. (a) Three-hour equilibration of an oil-conditioned shale substrate in 0.05 wt.% ZN in DIW at 

18 ± 1 °C. (b) A small crude oil droplet spontaneously leaving the needle because of low oil-water 

interfacial tension during contact angle measurement in the equilibrated surfactant solution. (c) The 
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equilibrated contact angle of oil droplets on an oil-conditioned shale substrate after 3 h treatment with 0.05 

wt.% ZN in DIW at 18 ± 1 °C. The contact angle measurement was performed with both fresh DIW or the 

equilibrated surfactant solution as the fluid surrounding the rock substrate.  
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B.2 Contact angle measurements by AS-coated silica particles 

Figure B.2 compares the contact angles of crude oil droplets on oil-conditioned shale 

treated for 24 h with different concentrations of AS- and ES-coated silica particles in DIW 

at the original pH. As shown, increasing the AS-coated silica concentration in DIW 

reduces the oil-water contact angle. At low particle loading (low pH) where AS-coated 

silica is cationic, fewer particles adsorb onto cationic shale due to the similar charge of 

the adsorbate and adsorbent. On increasing particle concentration, the pH increases from 

6.5 towards the isoelectric point at 8 – 9 140 where the silane becomes deprotonated and 

uncharged. In this case, the negative charge on the uncoated sites of AS-coated silica 

makes the particles overall anionic with a proclivity to adsorb more onto cationic shale. 

The particles can also interact electrostatically with cationic components of crude oil 

adsorbed on the shale to promote wettability alteration. As ES is nonionic, this charge 

reversal with pH is absent for ES-coated silica particles and they are anionic at all pH 

values above the isoelectric point of bare silica (2 – 3). However, a pH increase due to an 

increase in particle concentration increases the negative charge on ES-coated silica which 

subsequently promotes hydrophobicity on the shale again, as explained before. Overall, 

like with ES-coated silica, there is no significant reduction in the oil-water contact angle 

for EOR with the addition of AS-coated silica to DIW. The potential reason could be a 

lack of surface activity of the particles (55% and 77% hydrophilic silane coverage on ES- 

and AS-coated silica). 

 

 

 

 

 

 

 

 

Figure B.2. Equilibrium contact angles of crude oil droplets on oil-conditioned shale treated for 24 h with  

different concentrations of AS-coated silica in DIW at the original pH. The black dashed line shows the 

contact angle of oil droplets on oil-conditioned shale treated with DIW. 
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B.3 Surfactant adsorption isotherms 

The equilibrium amount of AHS and ZN adsorbed onto bare shale was determined at 

25 °C. Different non-linear adsorption models including Sips, Langmuir, Freundlich, 

Redlich-Peterson and Temkin models were fitted to the experimental data. The model 

parameters (except for the Redlich-Peterson model which was shown in the main text) 

are shown in Tables B.1 and B.2. The models were compared based on the correlation 

coefficients (Figures B.3 and B.4). The plots show that the Redlich-Peterson and Sips 

isotherms best fit the experimental data (highest R2). The Redlich-Peterson adsorption 

isotherm was used in the discussions.  

Table B.1. Adsorption parameters related to different models fitted to experimental data for the adsorption 

of AHS from DIW and Permian brine to the bare shale with or without different concentrations of ES-

coated silica at 25 °C. 

Solvent [particle] / wt.% Sips Langmuir Freundlich Temkin 

DIW 

0 Qm = 12.05 

n = 0.55 

KS = 0.003 

Qm = 5.83 

KL = 0.037 

n = 2.42 

KF = 0.622 

KT = 0.67 

b = 2448 

0.01 Qm = 2.85 

n = 3.32 

KS = 0.013 

Qm = 3.50 

KL = 0.010 

n = 2.53 

KF = 0.253 

KT = 0.01 

b = 3195 

0.05 Qm = 4.03 

n = 4.31 

KS = 0.008 

Qm = 9.04 

KL = 0.002 

n = 1.33 

KF = 0.050 

KT = 0.10 

b = 2848 

0.10 Qm = 5.49 

n = 2.03 

KS = 0.009 

Qm = 28.17 

KL = 0.0008 

n = 1.07 

KF = 0.027 

KT = 0.05 

b = 1537 

Permian brine 

0 Qm = 1.14 

n = 2.43 

KS = 0.05 

Qm = 1.20 

KL = 0.05 

n = 4.77 

KF = 0.30 

KT = 1.14 

b = 13712 

0.01 Qm = 1.26 

n = 22.50 

KS =0.06 

Qm = 1.25 

KL = 0.11 

n = 6.20 

KF = 0.44 

KT = 5.66 

b = 15845 

0.05 Qm = 1.26 

n = 15.36 

KS =0.01 

Qm = 1.33  

KL = 0.02 

n = 3.86 

KF = 0.22 

KT = 0.63 

b = 12147 

0.10 Qm = 1.69 

n = 1.77 

KS = 0.12 

Qm = 1.73 

KL = 0.14 

n = 6.68 

KF = 0.65 

KT = 9.38  

b = 12133 

Qm is maximum adsorption (mg g–1). K is isotherm constant (L mg–1). b is Temkin isotherm constant and n 

is an exponent. 
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Table B.2. Adsorption parameters related to different models fitted to experimental data for the adsorption 

of ZN from DIW and Permian brine to the bare shale with or without different concentrations of ES-coated 

silica at 25 °C. 

Solvent [particle] / wt.% Sips Langmuir Freundlich Temkin 

DIW 

0 Qm = 3.24 

n = 26.82 

KS = 0.041 

Qm = 3.45 

KL = 0.04 

n = 3.94 

KF = 0.69 

KT = 0.68 

b = 4223 

0.01 Qm = 3.29 

n = 19.79 

KS = 0.040 

Qm = 3.70 

KL = 0.03 

n = 3.29 

KF = 0.53 

KT = 0.32 

b = 3463 

0.05 Qm = 2.10  

n = 40.46 

KS = 0.006 

Qm = 3.44 

KL = 0.003 

n = 1.70 

KF = 0.05 

KT = 0.08  

b = 4681 

0.10 Qm = 2.38 

n = 3.07 

KS = 0.034 

Qm = 2.66 

KL = 0.03 

n = 3.25 

KF = 0.37 

KT = 0.30 

b = 4803 

Permian 

brine 

0 Qm = 70.04 

n = 0.46 

KS = 4 × 10–6 

Qm = 4.08 

KL = 0.011 

n = 2.18 

KF = 0.22 

KT = 0.58 

b = 4277 

0.01 Qm = 2.10 

n = 1.06 

KS = 0.06 

Qm = 2.12 

KL = 0.056 

n = 4.36 

KF = 0.49 

KT = 2.49 

b = 8551 

0.05 Qm = 1.56  

n = 32.95 

KS = 0.18 

Qm = 1.54 

KL = 0.315 

n = 8.59 

KF = 0.71 

KT = 256  

b = 19485 

0.10 Qm = 1.90 

n = 7.05 

KS = 0.08 

Qm = 2.04 

KL = 0.074 

n = 4.39 

KF = 0.51 

KT = 1000 

b = 20233 

Qm is maximum adsorption (mg g–1). K is isotherm constant (L mg–1). b is Temkin isotherm constant and n 

is an exponent. 
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Figure B.3. Correlation coefficients (R2) of different adsorption models fitted to the experimental data 

related to the adsorption of AHS from DIW (top) and Permian brine (bottom) onto shale with or without 

different concentrations of ES-coated silica at 25 °C. 
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Figure B.4. Correlation coefficients (R2) of different adsorption models fitted to the experimental data 

related to the adsorption of ZN from DIW (top) and Permian brine (bottom) onto shale with or without 

different concentrations of ES-coated silica at 25 °C. 
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Appendix C  

C.1 Emulsions with AS-coated silica particles 

The effect of adding AS-coated silica particles on the emulsification of heptane and water 

at original and reduced pH is shown in Figure C.1. When using original pH dispersions, 

the initial and long-term coalescence and creaming in the emulsions are reduced 

noticeably by increasing particle loading from 0.01 wt.% to 0.1 wt.% beyond which they 

increase slightly (Figure C.2). The emulsions experienced considerable coalescence and 

creaming within an hour on pH reduction. The initial particle diameter and microscopy 

of the emulsions are shown in Figures C.3 and C.4, respectively. Spherical heptane 

droplets are formed in DIW and decrease in size with an increase in particle concentration 

from 0.03 wt.% to 1 wt.% at the original pH. No drop diameter measurements were 

possible for the emulsions made with reduced pH dispersions due to quick phase 

separation. 

AS-coated silica particles show pH-responsive behaviour. At the original pH, the amino 

group of the silane is deprotonated which makes the silane uncharged however the overall 

charge of particles is slightly negative (due to the charge of uncoated sites on silica). 

Therefore, higher emulsification of heptane and water is observed at the original pH than 

at the reduced pH. The amino group is protonated upon pH reduction which makes the 

particles cationic, redispersed and less efficient for adsorption at the oil-water interface.28, 

179 
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Figure C.1. Appearance of oil-in-water emulsions made from 5 g heptane and 5 g of dispersions containing 

different weight percentages of AS-coated silica in DIW at original pH (6.3 – 7.7) and reduced pH (4.0). 

HCl was used for pH adjustment.  
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Figure C.2. Effect of particle concentration on the stability against coalescence (upper) and creaming 

(lower) for oil-in-water emulsions formed from 5 g heptane and 5 g of dispersions containing different 

concentrations of AS-coated silica particles in DIW at the original pH (6.3 – 7.7).  
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Figure C.3. Initial emulsion drop diameter vs particle concentration for oil-in-water emulsions formed 

from 5 g heptane and 5 g of dispersions containing different weight percentages of AS-coated silica in DIW 

at the original pH (6.3 – 7.7).  
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Figure C.4. Optical microscope images taken immediately after preparation of oil-in-water emulsions 

formed from 5 g heptane and 5 g of dispersions containing different weight percentages of AS-coated silica 

in DIW at the original pH (6.3 – 7.7) and reduced pH (4). The pH was reduced by HCl. 
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Appendix D  

D.1 Determination of surfactant concentration 

D.1.1 Epton titration 

The Epton titration was used for the determination of aqueous surfactant concentration. 

As part of the calibration, titration of a basic SDS solution of known concentration (0.1 

wt.%) was performed by 0.004 M Hyamine multiple times (Figure D.1). The titration 

gave an acceptable concentration of 0.10 ± 0.05 wt.%. Then, titrations of known 

concentrations of AHS and ZN in DIW at low pH (by H2SO4) and high pH (by NaOH) 

using acid indicator solution (0.07 mM disulphine blue, 0.21 mM dimidium bromide and 

0.1 M sulfuric acid) or alkali indicator solution (0.07 mM disulphine blue, 0.21 mM 

dimidium bromide and 0.2 M sodium hydroxide) were performed. In all cases, the 

endpoint occurred earlier than expected resulting in incorrect concentration estimates 

(Figures D.2 to D.4). Therefore, this method could not be used for the determination of 

surfactant concentration.  

 

Figure D.1. Titration of 0.1 wt.% SDS in DIW (pH = 7.7 at 20 °C) with a 0.004 M Hyamine solution. The 

titration was performed with 1 cm 3 of the basic sample (pH was increased to 9.5 at 20 °C by 1 N NaOH) 

mixed with a few drops of 1 wt.% phenolphthalein (in 95% ethanol), 2 cm 3 of the acid indicator solution 

(containing 0.07 mM disulphine blue, 0.21 mM dimidium bromide and 0.1 M sulfuric acid) and 15 cm 3 of 

chloroform. The yellow titrant volume shows the endpoint which gives a concentration of 0.095 wt.%.  

 

 

 

D.1.1.1 Acid indicator solution 
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Figure D.2. Titration of 0.1 wt.% AHS surfactant in DIW (pH = 7.8 at 20 °C) with 0.001 M SDS in DIW. 

The titration was performed with 1 cm 3 of the acidic sample (pH was reduced to 3.2 at 20 °C by 1 N H 2SO4) 

mixed with a few drops of 1 wt.% phenolphthalein (in 95% ethanol), 2 cm 3 of the acid indicator solution 

(containing 0.07 mM disulphine blue, 0.21 mM dimidium bromide and 0.1 M sulfuric acid) and 15 cm 3 of 

chloroform. The red titrant volume shows the expected endpoint which was not observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.3. Titration of 0.1 wt.% (a) AHS and (b) ZN in DIW (pH = 7.5 ± 3 at 20 °C) with a 0.004 M 

Hyamine solution. The titration was performed with 1 cm 3 of the basic sample (pH was increased to 9.5 at 

20 °C by 1 N NaOH) mixed with a few drops of 1 wt.% phenolphthalein (in 95% ethanol), 2 cm 3 of the 
acid indicator solution (containing 0.07 mM disulphine blue, 0.21 mM dimidium bromide and 0.1 M 
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sulphuric acid) and 15 cm3 of chloroform. The red titrant volume shows the expected endpoint which was 

not observed.  

(a) 

 

(b) 

 

 

 

 

 

 

D.1.1.2 Alkali indicator solution 
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Figure D.4. Titration of 0.1 wt.% AHS surfactant in DIW (pH = 7.8 at 20 °C) with 0.001 M SDS in DIW. 

The titration was performed with 2 cm 3 of the acidic sample (pH was reduced to 3.2 at 20 °C by 1 N H 2SO4) 

mixed with a few drops of 1 wt.% phenolphthalein (in 95% ethanol), 2 cm 3 of the alkali indicator solution 

(containing 0.07 mM disulphine blue, 0.21 mM dimidium bromide and 0.2 M sodium hydroxide) and 15 

cm3 of chloroform. The red titrant volume shows the expected endpoint which was not observed. 
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D.1.2 Conductivity measurement 

The conductivity of different concentrations of AHS or ZN in DIW and Permian brine 

were measured at 25 °C to make calibration curves (Figures D.5 and D.6). As shown, a 

straight line with high accuracy can be fitted to conductivity values when surfactants are 

in DIW while no obvious trend is observed for surfactants in Permian brine. Therefore, 

this method cannot be used for the determination of surfactant concentration. 

Figure D.5. Conductivity measurements of different concentrations of AHS in DIW (pH = 6.4 – 7.2) (upper) 

and Permian brine (pH = 5.6 – 6.1) (lower) at 25 °C.  
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Figure D.6. Conductivity measurements of different concentrations of ZN in DIW (pH = 6.3 – 7.6) (upper) 

and Permian brine (pH = 5.2 – 6.0) (lower) at 25 °C.  
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D.1.3 UV-vis spectroscopy 

The absorbance of AHS in DIW was measured at 25 °C. However, the surfactant did not 

show any characteristic behaviour to be used for calibration (Figure D.7). This behaviour 

is expected due to the lack of an absorbing group in the surfactant structure. 

Figure D.7. Absorbance of 0.1 wt.% AHS in DIW (upper) and Permian brine (lower) at 25 °C. 
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