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1 

Abstract 

The research considers the dewetting dynamics of heavy crude oil on solid 

substrates in the presence of chemical additives and at elevated temperatures and 

pressures. Increasing the temperature from 40 to 80 °C was found to increase the initial 

receding rate of an oil droplet on substrate from 0.07 to 3.73 °/s, a consequence of the 

reduced oil viscosity. Higher temperatures also induced release of natural surfactants and 

thus decreased the oil-water interfacial tension (𝜎𝑂𝑊), promoting increased oil droplet 

dewetting (equilibrium contact angle (𝜃) decreased from 63.7° to 51.3°), with the effect 

described by the Young’s equation. At high pressure (200 bar at 140 °C), asphaltenes 

partition less at the oil-water interface leading to slightly higher 𝜎𝑂𝑊 (14.4 mN/m at 10 

bar to 17.6 mN/m at 200 bar). Increase in 𝜎𝑂𝑊 led to less oil dewetting as the 𝜃 increased 

from 17.9° to 23.1°. Adding a surfactant demonstrated the benefit of reducing 𝜎𝑂𝑊 and 

increasing oil-substrate electrostatic repulsion. At high surfactant concentration the oil 

droplet attained low 𝜃, and eventually pinched-off from the surface when the ultra-low 

oil-surface adhesion was exceeded by droplet buoyancy. 

Oil droplet dewetting was studied in brine fluids at 60 °C where the addition of 

salt was shown to change 𝜎𝑂𝑊 depending on the synergistic interfacial adsorption of salt 

ions and native surface-active species (i.e. naphthenic acids and asphaltenes). However, 

the oil droplet contact angles in brines were more influenced by the disjoining pressure 

and not 𝜎𝑂𝑊 as described by the Young’s equation. Increased oil droplet dewetting (𝜃: 

43.2° in water → 18.1°) was observed in low-salinity NaCl fluid (2,000 ppm), with 

hydration forces strongly influencing repulsion between the oil droplet and substrate. In 

contrast, attractive hydrophobic forces, as measured in CaCl2 brines, acting between the 
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oil droplet and hydrophobised substrate (via divalent cation bridging), reduced the oil 

droplet dewetting rate and increased 𝜃 (≥ 27.2° at 60 °C). Initial droplet receding rates 

were increased by a strong oil-substrate repulsion and low steady-state 𝜃, without the 

influence of changing 𝜎𝑂𝑊. 

Surface-active nanoparticles, poly(N-isopropylacrylamide) (PNIPAM), were 

synthesised to study their effect on lowering 𝜎𝑂𝑊 and enhancing the dewetting dynamics 

in the presence of surfactant. Blends of PNIPAM and SDS (1:1 mass ratio) were 

considered at different bulk concentrations. At low concentration (5 × 10-4 wt%), SDS 

interfacial adsorption was greater than PNIPAM with the dominance reversed at high 

concentration (5 × 10-3 wt%). The difference in interfacial activity was shown to influence 

the oil dewetting process, but is not fully described by the Young’s equation. Increased 

oil dewetting by nanoparticles was shown at low concentration, with the PNIPAM and 

SDS blend displacing the oil droplet at 5.66 °/s and attaining low 𝜃 (37.0°), while 𝜎𝑂𝑊 

remained relatively high (25.3 mN/m). This was due to PNIPAM particles remaining in 

the bulk fluid and self-assembling in the oil-water-substrate “wedge”, thus inducing a 

structural disjoining pressure, which promoted oil dewetting. In the presence of NaCl 

(2,000 ppm), contributions from PNIPAM induced further structural forces that led to a 

gradual liberation of oil from the substrate, even though the droplet buoyant force was 

less than the oil-substrate adhesion force.  
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1. Introduction 

Chapter 1 

Introduction 

 

This chapter introduces droplet dewetting dynamics in the context of oil recovery, 

and considers the importance of oil-water interfacial tension and contact angle. 

Subsequently the research novelty, research aims and objectives are described. An 

outline of the thesis Chapters is provided.  

 

1.1 Droplet in Oil Recovery  

Oil recovery where the oil phase is displaced by an immiscible wetting phase (i.e. 

water) is governed by a number of surface and interfacial phenomena. Following natural 

drive in primary oil recovery, if the oil-water interfacial tension is sufficiently low and 

decreases the capillary pressure, oil droplets can form. This potentially leads to the 

formation of an oil-in-water emulsion which is then recovered.1 The oil-rock interaction 

influences the ease by which oil droplets detach from the rock substrate.2 Figure 1.1 

shows oil droplets and subsequent recovery from inside the porous media of reservoir 

rock.  
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Figure 1.1. Schematic of a petroleum reservoir (a) with macroscopic view of oil droplets 

in porous media (b) and microscopic view showing spherical oil droplets detaching from 

the rock substrate (c). Images (b) and (c) were adapted from Török et al.3 and O’Brien et 

al.4, respectively.  

 

To increase oil production, Enhanced Oil Recovery (EOR) is frequently used 

following water-flooding or after depletion of natural drive.5, 6 Sophisticated EOR 

processes involve a modification of the injecting fluid to detach or repel the oil droplet 

from the rock surface (e.g. surfactant injection), and increase the sweep or ‘flood’ of 

residual oil in the reservoir (e.g. polymer flooding).7, 8 The former is of particular interest 

and relies on oil dewetting, which is governed by wettability and the oil-water interfacial 

tension.5 As the oil droplet-substrate contact area increases, so does the droplet-substrate 

adhesion force, hence a greater ‘lifting force’ is needed to liberate the oil droplet from the 

substrate.2 To minimise the droplet-substrate adhesion force, the contact area can be 

reduced by decreasing the oil-water interfacial tension9, 10 and decreasing the oil droplet 

contact angle.   

 It is worth noting that in oil recovery the dewetting process is one contributing 

factor to increase oil recovered. While not necessarily important in primary recovery, the 

dewetting process becomes more relevant in secondary and tertiary production. Oil 

dewetting is a governing mechanism in the recovery of oil from strongly water-wet or 
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neutrally-wet environments, e.g. sandstone and oil-sands, while it is less likely to 

contribute to oil recovery from strongly oil-wet environments, where the majority of oil 

is recovered via enhanced sweep efficacy. 

 

1.2 Research Novelty and Opportunities   

 Injection of additives (e.g. surfactants) in the flood water has been shown to 

promote oil dewetting. Oil droplet dewetting can be quantified by the contact angle 

(substrate-water-oil) and is associated with the balance of interfacial energies as described 

by the Young’s equation.9 However, it has been shown that some EOR fluids induce other 

effects that lead to greater oil dewetting which is not simply described by the Young’s 

equation alone.11, 12 Hence, greater understanding of these effects is needed via a 

systematic study of interfacial and colloidal forces. For example, nanofluids have shown 

additional affinity at the three-phase contact line where nanoparticles accumulate to 

induce a structural disjoining pressure.11 New mechanisms for oil droplet displacement 

by introducing additional colloidal species is leading to greater recovery of oil from 

depleted reservoirs, and as such, a greater understanding of these resulting forces is 

needed to optimise flooding strategies. The contribution of these forces can be highlighted 

when studying the dynamics of oil dewetting. However, most studies only consider the 

steady-state condition, and thus a mechanistic understanding of the forces governing oil 

droplet dewetting has not been established.13, 14, 15, 16  

 It is known that the petroleum sub-surface environment at high temperatures and 

pressures is not necessarily represented by studying phenomena at ambient conditions.17 

This leads to challenges when predicting behaviour under such harsh conditions. For 

example, low-salinity water flooding has shown promise to increase oil recovered. Yet 
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the fundamental understanding of this process and the interfacial/surface forces governing 

droplet behaviour is limited to only a few studies at ambient conditions. In order to 

optimise the low-salinity flooding, research is needed under more relevant conditions.  

In addition, the scientific community is increasingly interested in nanofluids for 

use as EOR fluids.18 However, nanoparticles (e.g. SiO2) typically have negligible surface 

activity and thus are not effective at lowering the apparent oil-water interfacial tension.19  

In order for EOR fluids to function, nanoparticles must be blended with a surfactant. 

Therefore, there is an opportunity to consider surface-active nanoparticles (e.g. N-

isopropylacrylamide nanogel) and their impact to recede oil in the absence and presence 

of surfactants.20, 21  

 

1.3 Research Aim and Objectives  

Aim: To elucidate the governing role of surface and interfacial forces in oil droplet 

displacement, and optimise the water chemistry to promote rapid oil droplet dewetting as 

well as minimising oil droplet-surface contact area. To achieve this, the following 

objectives were defined. 

Objectives: 

1. Determine the dominant parameters that govern oil droplet dewetting on model 

substrates at ambient and reservoir-like conditions (i.e. high pressure and high 

temperature), and assess the variation in surface and interfacial properties at extreme 

conditions.  

2. Elucidate the critical mechanism for brine-enhanced oil droplet dewetting. Brine 

solutions are considered for improved oil recovery, yet the fundamental interfacial and 
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surface forces governing this enhancement, and how those forces correlate to the optimum 

brine concentration is not yet understood. 

3. Fabricate nanoparticles that exhibit strong interfacial activity for application to improve 

oil recovery. Nanofluids have shown great promise in enhancing oil droplet dewetting, 

yet the fluids are often a complex mix of nanoparticles and surfactants. The added 

performance is achieved through the synergistic activity of both components, which can 

be simplified by using strongly surface-active nanoparticles.    

 

1.4 Thesis Outline    

 

 

Figure 1.2. Structure of the PhD thesis.
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Figure 1.3. Pictorial diagram of the research undertaken and integration of research findings to meet the research aim.
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A flow chart outlining the thesis structure is shown in Figure 1.2 with Chapters 4 

– 6 presenting the main contributing result chapters that are schematically illustrated in 

Figure 1.3. Chapter 2 summarises oil film and droplet theory, along with oil film 

recession including a review of oil displacement in EOR fluids. Chapter 3 describes the 

materials and experimental techniques used throughout the study. 

In Chapter 4, the dewetting dynamics of heavy crude oil films coated on model 

glass substrates were studied using the tensiometry technique, with oil film dewetting 

promoted by carefully flooding the oil-coated substrate with water. The effect of 

temperature was studied over the range 40 – 80 °C. The dynamic contact angles were 

measured and fitted by two theoretical models, namely hydrodynamic and molecular-

kinetic models, to better understand parameters governing oil droplet dewetting. The 

contribution of interfacial tensions to the equilibrium contact angle, as described by the  

Young’s equation, were addressed and the influence of high temperature (≤ 140 °C) and 

high pressure (≤ 200 bar) considered, with pressure effects shown to be minimal but 

temperature effects more significantly influencing the oil-water interfacial tension and 

substrate wettability. Oil-water interfacial tension was decreased and oil droplet surface 

charge increased when surfactant (sodium dodecyl sulfate) was added to the water phase, 

leading to increased oil dewetting. At surfactant concentration > CMC, the ultra-low 

interfacial tension and continual reduction in oil-substrate contact led to eventual droplet 

pinch-off when the buoyant force exceeded the adhesion force. This chapter provides a 

fundamental understanding of oil droplet dewetting dynamics and the relevant interfacial 

properties that are considered in more detail in Chapters 5 and 6. 

In Chapter 5, heavy crude oil droplet dewetting was studied in brine solutions of 

increasing concentration from 2,000 to 60,000 ppm (also 0 ppm in the absence of brine) 

to elucidate the low-salinity mechanism for EOR. Two brine types were considered; 
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monovalent (NaCl) and divalent (CaCl2). The oil-brine interfacial tension showed a 

negligible effect on oil droplet dewetting, indicating the weak influence of interfacial 

tensions (Young’s equation). However, the substrate-water-oil disjoining pressure as 

measured by atomic force microscopy (AFM) was shown to significantly govern oil 

droplet dewetting dynamics in the presence of brine solutions. The influence of high 

pressure and high temperature was also studied and clearly showed an effect when 

studying oil droplet dewetting dynamics at more relevant (reservoir-like) conditions. 

Chapter 6 describes the effect of surface-active nanoparticles, using Poly(N-

isopropylacrylamide), on the displacement of a heavy crude oil droplet on hydrophilic 

smooth surfaces. The competitive adsorption between the nanoparticle and surfactant was 

studied at the oil-water interface and showed two-step adsorption, with the PNIPAM 

particles increasingly prevalent at the oil-water interface with increasing total bulk 

component concentration. Oil droplet dewetting was studied as a function of the total 

component concentration. The mechanism for oil dewetting by nanoparticles was 

described based on the structural disjoining pressure. The optimal brine concentration as 

elucidated in Chapter 5 was also considered in the presence of PNIPAM nanoparticles to 

examine the combined contribution from structural and hydration forces on oil droplet 

dewetting.  

Chapter 7 provides a summary of the research conclusions and future work. The 

research was aimed at promoting rapid oil droplet dewetting and minimising the oil 

droplet-surface contact area (as inferred from the oil droplet contact angle). Research 

findings are summarised.  
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2. Theoretical Background and Literature Review 

Chapter 2 

Theoretical Background and Literature Review 

 

2.1 Synopsis  

This chapter describes the interfacial and colloidal forces governing oil film 

displacement from solid surfaces. Direct contact of oil with the reservoir rock transforms 

the solid surface from a water-wet to neutrally-wet and oil-wet as a result of the 

deposition of polar components of crude oil, with lower oil recovery from oil-wet 

reservoirs. To enhance oil recovery, chemicals can be engineered and added to the 

injection water to modify the oil-water interfacial tension and solid-oil-water contact 

angle. In the presence of certain surfactants and nanoparticles, a ruptured oil film will 

dewet to a new equilibrium contact angle, reducing the work of adhesion to detach an oil 

droplet from the solid surface. Similar oil dewetting enhancement is also expected from 

low-salinity water injection. Dynamics of contact-line displacement are reviewed and the 

effect of surface-active agents on enhancing oil displacement discussed. The chapter is 

intended to provide an overview of the interfacial and colloidal forces controlling the 

process of oil film displacement and droplet detachment for enhanced oil recovery.             

A comprehensive summary of chemicals tested at various stages of development is 

provided. 
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2.2 Reservoir wettability and contact angle 

Before describing the underlying principles that govern each step, it is worth 

considering the likely interaction between the oil and solid surface, i.e. the reservoir 

wettability. The reservoir environment can be characterised as either: (i) water-wet (water 

droplet contact angle, 𝜃 = 0° to ~ 70°), (ii) oil-wet (𝜃 = ~110° to ~ 180°) and (iii) neutrally-

wet (𝜃 = ~70° to ~ 110°) exhibiting a similar affinity to both water and oil.22, 23, 24 While 

it is understood that most reservoir environments were initially water-wet, the reservoir 

rock can evolve to become more oil-wet due to the deposition/adsorption of several 

indigenous organic polar species (asphaltenes, resins and naphthenic acids) present in 

crude oil.25, 26, 27, 28 For oil-wet reservoirs, oil recovery is poor due to no capillary 

imbibition. Hence, one of the criteria for successful EOR is to enhance capillary 

imbibition and alter the wettability change by using chemical additives, although 

complete reversal to strongly water-wet surfaces might be not favoured for EOR with the 

pore occupancy and permeability need to be accounted for.29, 30, 31, 32 

 

2.2.1 Oil film stability 

 

Figure 2.1. Schematic showing the four stages of oil film dewetting from a uniform thick 

film (I) to film thinning (II), formation of discrete oil patches (III), and recession of oil 

patches to form oil droplets at the new equilibrium wetting condition (IV).    
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Oil recovery from the reservoir rock occurs by either displacement from 

squeezing or oil film thinning and rupture to form discrete oil droplets (Figure 2.1) that 

are removed by shear; the latter is of interest here.  

The long-time transformation from water-wet to an oil-wet reservoir occurs 

following the collapse of a thin aqueous layer separating the solid surface and oil layer. 

The stability of the thin water layer is attributed to the disjoining pressure which accounts 

for surface forces between the solid-water and water-oil interfaces. According to the 

classical DLVO theory, the total disjoining pressure (𝛱) includes contributions from 

electrostatic (𝛱𝑒𝑙) and van der Waals (𝛱𝑣𝑑𝑊) forces33 

 𝛱 = 𝛱𝑒𝑙 + 𝛱𝑣𝑑𝑊 (2.1) 

with the thin water layer collapsing when 𝛱 is negative. The disjoining pressure as a 

function of aqueous layer thickness has been calculated for a silica-water-oil (bitumen) 

system of salinity 1 mM KCl and pHs 3, 5 and 9, see Figure 2.2. While 𝛱𝑣𝑑𝑊 depends 

on the interaction Hamaker constant, 𝛱𝑒𝑙 is sensitive to pH and salinity, with the 

magnitude of the electrostatic force dependent on the surface (zeta) potentials of silica 

and bitumen, and the Debye length. For crude oil, the pH dependent surface potentials 

result from ionisation and surface activity of natural surfactants (naphthenic acids).34, 35, 

36 At higher pHs, dissociation of the carboxylic-type surfactant increases the surface 

potential (negative) of the oil-water interface, with the magnitude increasing as more 

surfactant partitions at the interface. The high surface potentials at pH 9 form very stable 

thin-water layers, whereas in more acidic conditions, the disjoining pressure maxima 

decrease, and the thin-water layer in pH 3 is entirely unstable. 
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Figure 2.2. Disjoining pressure (𝛱 = 𝛱𝑒𝑙 + 𝛱𝑣𝑑𝑊) as a function of thin-water layer 

thickness (ℎ) and pH. Zeta potentials (𝜓) at pH 3, 5 and 9 are: 2.5, -55.6 and -78.2 mV 

for oil (bitumen),37 and -12, -30 and -38 mV for silica, respectively. The Hamaker 

constant (𝐴𝑆𝑊𝐵) for silica-water-oil system is 5.7 × 10-21 J.10  𝛱𝑣𝑑𝑊 =  
𝐴𝑆𝑊𝐵

6𝜋ℎ3 , 𝛱𝑒𝑙 =

 
1

2
𝜀𝜀0𝜅2 2𝜓1𝜓2 𝑐𝑜𝑠ℎ(𝜅ℎ)−𝜓1

2−𝜓2
2

𝑠𝑖𝑛ℎ2(𝜅ℎ)
 , where 𝜀 and 𝜀0 are the dielectric permittivity of vacuum 

and relative dielectric permittivity of water, respectively. 𝜅 is the Debye length which 

accounts for changes in salinity. 

 

The stability of thick oil films is governed by the balance of gravity and capillary 

forces, with instability and the formation of discrete oil patches having been described 

analytically by Sharma,38 with the critical film thickness, ℎ𝑐𝑟, (Equation (2.2)) dependent 
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on the oil-water interfacial tension (𝜎𝑂𝑊), the contact angle (𝜃), and the minimum radius 

of the hole (𝑟𝑚) 

 

ℎ𝑐𝑟 = 𝑟𝑚𝑙𝑛 (
2𝑠𝑖𝑛 (𝜋 − 𝜃)

𝑟𝑚[1 + 𝑐𝑜𝑠(𝜋 − 𝜃)]
√

𝜎𝑂𝑊

𝑔𝜌
) (2.2) 

where 𝑔 is the acceleration due to gravity and 𝜌 the density of oil. For a typical oil-wetted 

solid surface of contact angle of 145° and 𝜎𝑂𝑊 = 30 mN/m, ℎ𝑐𝑟 is 0.05 mm for a stable 

minimum hole radius of 10 µm. Dependence on the fluid and surface properties is rather 

weak over the range of general applicability, with ℎ𝑐𝑟 strongly influenced by the size of 

the stable hole in the oil film.10 For very thick films (ℎ >> ℎ𝑐𝑟), thinning of the oil film is 

needed for dewetting, otherwise holes formed in the film will spontaneously collapse. 

The mechanisms for film thinning have not been extensively considered but are most 

likely to result from fluid shear in confined environments. Other factors which can 

influence the onset of film rupture include gas bubbles trapped in the oil film,39 and 

surface asperities which lead to non-uniform film thickness. 

 

2.2.2 Oil droplet energy balance  

With the oil film ruptured, the circular hole begins to expand at a rate dependent 

on the fluid and interfacial properties (to be discussed in Section 2.3).40 Away from 

equilibrium, the process of droplet dewetting is driven by a change in energy following 

the creation of new solid-water interface and the loss of oil-solid interface, assuming the 

change in oil-water interface during droplet recession can be considered negligible, that 

is 
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 𝑑𝐺

𝑑𝐴
=  𝜎𝑆𝑊 − 𝜎𝑂𝑆 (2.3) 

where 𝜎 is the interfacial tension and subscripts S, W and O describe the solid, water and 

oil phases, respectively. Equation (2.3) can be simplified by the Young’s equation for an 

oil droplet on a solid surface given by 

 𝑐𝑜𝑠𝜃 =
𝜎𝑂𝑆 − 𝜎𝑆𝑊

𝜎𝑂𝑊
 (2.4) 

to express the energy change during oil recession in terms of the equilibrium contact angle 

and oil-water interfacial tension (two measurable properties) 

 𝑑𝐺

𝑑𝐴
=  −𝜎𝑂𝑊𝑐𝑜𝑠𝜃. (2.5) 

With 𝜎𝑂𝑊 always greater than zero, Equation (2.5) confirms that oil recession is a 

spontaneous process when 𝜃 < 90°, i.e. the wetted solid surface is more water-wet 

(hydrophilic). The simple form of Equation (2.5) provides fundamental insight for 

effective EOR, highlighting the value of modifying surface wettability and oil-water 

interfacial tension.30 The smaller the 𝜃, the more favourable the condition for oil 

recession. Once the oil droplet has reached equilibrium, the work of adhesion (𝑊𝐴) 

between oil and solid surface must be exceeded to liberate the oil droplet. By the reduction 

in area of oil-solid interface and generation of oil-water and solid-water interfaces, 𝑊𝐴 is 

given by 

 𝑊𝐴 =  𝜎𝑆𝑊 +  𝜎𝑂𝑊 −  𝜎𝑂𝑆 (2.6) 

which when combined with the Young’s equation leads to 

 𝑊𝐴 =  𝜎𝑂𝑊(1 − 𝑐𝑜𝑠𝜃) ≥ 0. (2.7) 

With the unlikely condition of 𝜃 = 0 for spontaneous liberation (droplet detachment from 

the solid surface), Equation (2.7) confirms the need for energy to detach oil droplets from 
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the wetted surface. In order to detach an oil droplet from the solid surface the 

hydrodynamic lift force must exceed contributions from the body and adhesion forces. 

An approximation of the adhesion force for a partially wetting droplet is, 𝐹𝐴 =

𝜋𝑟𝜎𝑂𝑊sin (𝜋 − 𝜃), where r is the radius of oil-solid surface contact area.2 The contour 

map in Figure 2.3 indicates strongest adhesion (red colour) when the oil-water interfacial 

tension and water droplet contact angle are high. Therefore, reducing both the oil-water 

interfacial tension and oil-water-solid contact angle leads to more favourable oil droplet 

liberation.  

 

 

Figure 2.3. Apparent adhesion force for a partially wetting droplet (10 µL droplet). 
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2.3 Dynamics of Oil Film Recession 

After creation of a hole in the oil film, the oil film recedes rapidly, governed by 

the receding force, 𝐹𝑅 = 𝜎𝑂𝑊[cos (𝜋 − 𝜃𝑑) − cos(𝜋 − 𝜃)], acting at the three-phase 

contact line (𝜃𝑑 is the dynamic contact angle and 𝜃 the equilibrium contact angle), with 

𝐹𝑅 diminishing towards the new equilibrium wetted-state, hence, the velocity of three-

phase contact line decreases with time. The dynamics of oil displacement on a solid 

surface are frequently described using the (i) hydrodynamic (HD), (ii) molecular-kinetic 

(MK), or (iii) combined models. 

 

2.3.1 Hydrodynamic model 

For more viscous fluids, such as heavy crude oil, the hydrodynamic model relies 

on the solution of creeping flow in the vicinity of the three-phase contact line, with the 

no slip boundary condition relaxed to allow for finite slipping of the fluid-fluid contact 

line on a solid surface. Considering an effective slip length (𝐿𝑆), Cox presented a 

comprehensive hydrodynamic solution by segmenting the dynamic three-phase contact 

line into inner, intermediate, and outer regions, and correlated the apparent contact angle 

to the three-phase contact line displacement velocity (𝑈),41, 42 

 
𝑈 =

𝜎𝑂𝑊

9𝜇𝑜

[(𝜋 − 𝜃)3 − (𝜋 − 𝜃𝑑)3] [𝑙𝑛 (
𝐿

𝐿𝑆
)]

−1

 (2.8) 

where 𝜇𝑜 is the oil viscosity, 𝜃 the contact angle measured through the water phase, and 

𝐿 and 𝐿𝑆  are the characteristic length of the oil droplet and the slip length, respectively. 

While determination of the slip length is nontrivial, the term is often used as a fitting 

parameter of the experimental data. 
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2.3.2 Molecular-kinetic model 

The molecular-kinetic model accounts for molecular displacements 

(adsorption/desorption) in the vicinity of the dynamic three-phase contact line. The model 

assumes that the solid surface behaves as a source of identical adsorption sites, and liquid 

molecules can detach and attach to neighbouring sites by overcoming an energy barrier 

to molecular displacements.43 The work to overcome the energy barrier is provided by a 

driving force governed by 𝜎𝑂𝑊 and an imbalance between the equilibrium and dynamic 

wetting states. The three-phase contact line displacement is described in terms of 

molecular displacement, defined as the distance between adsorption sites (𝜆) and a 

frequency (𝜅0) of adsorption/desorption events at equilibrium, as shown in Figure 2.4. 

 

 

Figure 2.4. Molecular-kinetic model describes the distance between adsorption sites (𝜆) 

and a frequency (𝜅0) of adsorption/desorption events. Figure adapted from Blake.44 
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The relationship between the dynamic contact angle and the three-phase contact 

line velocity is given by 

 
𝑈 = 2𝜅0𝜆𝑠𝑖𝑛ℎ (

𝜎𝑂𝑊[𝑐𝑜𝑠(𝜋 − 𝜃𝑑) − 𝑐𝑜𝑠 (𝜋 − 𝜃)]𝜆2

2𝑘𝐵𝑇
) (2.9) 

where 𝑘𝐵 is the Boltzmann constant and 𝑇 the absolute temperature. The molecular 

displacement parameters (𝜆 and 𝜅0) are often combined and treated as the coefficient of 

contact-line friction, 𝜁 =
𝑘𝐵𝑇

𝜅0𝜆3
, to describe the energy dissipated at the three-phase contact 

line, and neglecting any viscous dissipation in the bulk liquid.44, 45 Similar to the HD 

model, 𝜁 is treated as an adjustable parameter of the experimental data. Simplification of 

Equation (2.9) then follows when 𝑠𝑖𝑛ℎ function is small, i.e. not far from equilibrium, 

and Equation (2.9) reduces to the linear form 

 𝑈 =
𝜎𝑂𝑊

𝜁
[𝑐𝑜𝑠(𝜋 − 𝜃𝑑) − cos(𝜋 − 𝜃)] (2.10) 

   

2.3.3 Combined model  

Since each model neglects a contributing factor, a combined model approach can 

be considered to account for both the contact-line friction and viscous dissipation. As 

described by de Gennes and Brochard-Wyart,46, 47 the combined model for contact-line 

displacement is given by  

 
𝑈 =  

𝜎𝑂𝑊[𝑐𝑜𝑠(𝜋 − 𝜃𝑑) − 𝑐𝑜𝑠(𝜋 − 𝜃)]

𝜁 +
6𝜇𝑜

𝜃𝑑
𝑙𝑛 (

𝐿
𝐿𝑆

)
 (2.11) 
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2.3.4 Influencing parameters on the dewetting process 

Contributing factors relevant to the reservoir environment and their influence on 

oil dewetting performance are briefly summarised here. Chemical additives which 

provide a performance enhancement for oil displacement are discussed in Section 2.4.  

Temperature: The contribution from temperature can be simply viewed as a 

decrease in oil viscosity which leads to an increase in oil droplet receding rate. However, 

when studying bitumen droplets, Basu et al. showed that not only is the oil dewetting rate 

influenced by temperature but the equilibrium contact angle also decreased slightly due 

to the increased solubility of naphthenic acids (natural surfactants in crude oil) in the 

aqueous phase, therefore lowering the oil-water interfacial tension,13, 48 see Figure 2.5. 

 

 

Figure 2.5. Equilibrium contact angle as a function of pH at elevated temperatures. The 

figure is adapted from Basu et al.13 
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pH: The aqueous phase chemistry has been shown to have a marked effect on the 

dynamic and equilibrium contact angles. The rate of bitumen droplet recession was shown 

to increase in acidic rather than basic conditions, but the equilibrium contact angle was 

found to be lower in basic conditions.13 Basu et al. has also shown that pH strongly 

influences the oil droplet equilibrium contact angle compared with temperature (Figure 

2.5). The strong pH dependence can again be attributed to the contribution from 

naphthenic acids which readily partition at the oil-water interface when soluble in the 

aqueous phase.49 Beyond the pKa (~4.5), the concentration of anionic naphthenic acids 

increases as highlighted by a reduction in the oil-water interfacial tension.50, 51 Surfactant 

partitioning at the oil-water interface increases the negative surface charge of bitumen 

(from –36.0 mV up to –80.4 mV).35 Furthermore, increasing pH also leads to increased 

ionisation of hydroxyl groups on silica (sand) which increases surface negative charge 

and hydrophilicity, thus enhancing oil dewetting.35, 52 These strongly negatively charged 

surfaces result in a greater electrostatic repulsion between the droplet and substrate 

(disjoining pressure), repelling the droplet away from the wetted surface as discussed in 

Section 2.2.1. 

Pressure: While pressure is an important property to consider given the reservoir 

conditions, few studies have considered the effect of pressure on oil droplet dewetting. 

One recent study of crude oil dewetting on sandstone between pressures of 200 – 500 bar 

showed that the equilibrium contact angle was insensitive to pressure,17 similar to Zhang 

et al.53 who studied the pressure effect on oil dewetting from a range mineral substrates. 

On the contrary, Nowrouzi et al.54 reported a substantial decrease in contact angle at 

slightly high pressure (≤ 140 bar) which also reduced the oil-water interfacial tension. 

Yang et al.55 studied the crude oil-carbonated brine-rock system and found the contact 

angle decreased at high pressure (≤ 200 bar). The decreased contact angle at high pressure 



 

 

21 

 

 

could be attributed to oil swelling due to CO2 diffusion while the oil-substrate contact 

area remained unchanged. Such conflicting findings require further systematic study 

under high pressure conditions to better understand the effect of pressure on oil dewetting.  

Fine Particles (clays): Although clays are widely encountered in reservoir 

environments, their presence has been shown to have a negative impact on the equilibrium 

oil droplet wetting condition. In the presence of a swelling clay (montmorillonite), the 

equilibrium contact angle was shown to increase as a function of clay concentration, 

although the effect on the dynamic contact angle was found to be negligible.56  Similar 

trends were observed in the presence of kaolinite (a non-swelling clay) but to a lesser 

extent.15, 57  While clays are hydrophilic, they can become hydrophobic by organic matter 

contamination.27, 58  This change in particle wettability and increased affinity for the oil-

water interface appear to have a negative effect on the oil droplet displacement 

dynamics,15, 57 although the impact of particle-stabilised interfaces on oil droplet 

recession has not yet been considered. Furthermore, no observable effect of salt addition 

(on clay swelling) was found to change the effect of clay on oil droplet recession.56 

 

2.4 Oil Droplet Displacement by EOR Fluids    

2.4.1 Surfactants 

Surfactants are widely used in EOR to reduce 𝜎𝑂𝑊 and enhance water-wetting of 

the solid surface. Surfactants are often described as amphiphilic molecules composed of 

a hydrophilic head and a hydrophobic tail, thus surfactants favourably partition at solid-

liquid and liquid-liquid interfaces. The accumulation of surfactants at an interface is a 

function of the surfactant concentration in the bulk fluid as described by the general form 

of the Gibbs’ adsorption equation for a binary, isothermal system, 
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 𝑑𝜎 = −𝑅𝑇𝛤𝑠𝑑𝑙𝑛𝐶𝑠 (2.12) 

where 𝛤𝑠 is the surface excess of surfactant, 𝐶𝑠 the surfactant concentration in the bulk 

fluid, and 𝑅𝑇 the thermal energy of the system. As a function of concentration, surfactants 

in solution exist in the monomer-form at low surfactant concentrations, reaching a 

concentration of maximum solubility of the monomer-form, forming micelles via self-

association. This concentration is termed the critical micelle concentration (CMC). 

Surfactant adsorption and displacement of organic species on solid surfaces and the 

resultant wettability modification is dependent on the surfactant concentration. At 

extremely low concentrations, surfactant monomers adsorb as individual molecules with 

no interaction between the adsorbed molecules. At higher concentrations (< CMC) 

surfactant molecules associate to form patchy hemi-micelles on the solid surface, with 

surfactants coordinating in the tail-tail confirmation. Further increases in concentration 

lead to saturation of all available surface sites and the formation of a surfactant bi-layer 

at the CMC.59 Formation of a bi-layer would orientate the surfactant hydrophilic head 

group away from the solid surface, thus increasing the water-wetting nature of the 

reservoir rock, favourable for oil droplet displacement (Equations (2.5) and (2.7)). 

Mechanisms for wettability modification by different surfactants are described below.     

Composition of the reservoir surface (sandstone, carbonate and deposited organic 

species) often dictates the surfactant selection for wettability modification, with 

surfactants categorised as cationic, anionic and non-ionic, based on the charge 

characteristics of hydrophilic groups. Surfactant adsorption on the solid surface can occur 

via electrostatic, van der Waals forces, and hydrogen bonding, with the extent of 

wettability modification a function of several properties including surfactant adsorption 

kinetics, surfactant structure, temperature, pH, salinity. A brief summary of surfactants 
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considered for EOR is provided in Table 2.1 with remarks provided for changes in solid 

surface wettability and interfacial tension. 

While electrostatic interactions are often considered to describe surfactant-solid 

surface adsorption, such simplicity does not describe the potential for surfactants to 

modify solid surface wettability, when many other factors such as oil saturation, clay 

content, divalent cations, pH and temperature influence the action of the surfactant.  

Cationic surfactants are frequently used to treat carbonate reservoirs and include 

permanently charged ammonium groups (ammonium bromide, ammonium chloride).60 

Adsorbed polar components of crude oil (i.e. negatively charged naphthenic acids) can 

be removed from the solid surface by forming ion pairs with cationic surfactants via 

strong ionic interaction. Removal of contaminants transforms the solid surface wettability 

to more water-wet.60, 61 The use of cationic surfactants to treat sandstone has also been 

demonstrated, although the chemical effectiveness in carbonate reservoirs is greater.62 

Anionic surfactants including sulfates, sulfonates, phosphates and carboxylates, 

have been shown to modify wettability in both carbonate and sandstone reservoirs. 

Wettability modification occurs via two mechanisms:60, 61 (i) anionic surfactants interact 

with the organic species via hydrophobic forces, exposing the surfactant head group to 

make the solid surface more water-wet (wettability modification for sandstone 

reservoirs), and (ii) via strong electrostatic forces with carbonate surfaces, anionic 

surfactants can displace organic species exposing the underlying water-wet surface.62 

  Non-ionic surfactants such as alcohols, esters and ethers have been used to modify 

the wettability of carbonate and sandstone surfaces,63 being highly effective in high 

salinity water. With no contribution from electrostatic forces, non-ionic surfactants 

interact via hydrophobic forces with deposited organic species, and hydrogen bonding 

with hydroxyl groups on the solid surface.64, 65   Research has shown that non-ionic  
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Table 2.1. Surfactants. 

Surfactants Conc. Solid surface Oil type Remarks a Ref. 

Cationic surfactants 

n-C8-N(CH3)3Br (C8TAB) in brine 4.0 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 57°, 

𝜎𝑂𝑊 b = 2.85 mN/m 
60 

n-C10-N(CH3)3Br (C10TAB) in water 0.4 wt% Calcite 
Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 2.67 mN/m 61 

n-C12-N(CH3)3Br (C12TAB) in water 0.4 wt% Calcite 
Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 0.59 mN/m 61 

n-C12-N(CH3)3Br (C12TAB) in brine 5.0 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 12°, 

𝜎𝑂𝑊 = 0.81 mN/m 
60 

n-C16-N(CH3)3Br (C16TAB) in brine 1.0 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 27°, 

𝜎𝑂𝑊 = 0.38 mN/m 
60 

Cetyltrimethylammonium bromide (CTAB) 

in brine 
0.3 wt% Quartz Crude oil Contact angle = 57° 66 

n-Decyl triphenylphosphonium bromide 

(C10TPPB) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 3.56 mN/m 61 

Cocoalkyltrimethyl ammonium chloride (CAC)  

in brine 

75 – 2620 ppm 

(0.0075 – 0.262 wt%) 
Dolomite Crude oil  63 

Dodecyltrimethylammonium bromide (DTAB)  

in brine 
0.5 wt% Calcite Crude oil 

Contact angle = 69°, 

𝜎𝑂𝑊 = 4.8 mN/m 
67 

Dodecyltrimethylammonium bromide (DTAB)  

in brine 
0.06 wt% Quartz Crude oil 

Contact angle = 95°, 

𝜎𝑂𝑊 = 2.49 mN/m 
68 

n-(C8-C18)-N(CH3)2(CH2-Ph)Cl (ADMBACl)  

in brine 
0.5 wt% Chalk 

Crude oil mixed with 

heptane 

Contact angle = 26°, 

𝜎𝑂𝑊 = 0.41 mN/m 
60 

n-C8-Ph-(EO)2-N(CH3)2(CH2-Ph)Cl (Hyamine)  

in brine 
0.2 wt% Chalk 

Crude oil mixed with 

heptane 

Contact angle = 21°, 

𝜎𝑂𝑊 = 0.48 mN/m 
60 

Coconut oil alkyl trimethylammonium chloride 

(ARQUAD C-50) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 0.53 mN/m 61 
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Table 2.1. Surfactants. (Cont.) 

Surfactants Conc. Solid surface Oil type Remarks a Ref. 

Trimethyl tallowalky ammonium choride  

(ARQUAD T-50) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 0.69 mN/m 61 

Methyldodecylbis ammonium tribromide 0.0001 – 1 mM Mica 
Kerosene mixed with 

decane 

Contact angle = 87°, 

𝜎𝑂𝑊 = 0.18 mN/m 
69 

Anionic surfactants 

n-(C12-C15)-(EO)15-SO3Na (S-150) in brine 0.5 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 63°, 

𝜎𝑂𝑊 = 2.29 mN/m 
60 

n-C13-(EO)8-SO3Na (B 1317) in brine 0.5 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 40°, 

𝜎𝑂𝑊 = 0.78 mN/m 
60 

n-C8-(EO)3-SO3Na (S-74) in brine 0.5 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 49°, 

𝜎𝑂𝑊 = 6.72 mN/m 
60 

n-(C12-C15)-(PO)4-(EO)2-OSO3Na (APES) in brine 1.0 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 44°, 

𝜎𝑂𝑊 = 0.082 mN/m 
60 

n-(C8O2CCH2 )(n-C8O2C)CH-SO3Na (Cropol)  

in brine 
0.5 wt% Chalk 

Crude oil mixed with 

heptane 

Contact angle = 55°, 

𝜎𝑂𝑊 = 8.77 mN/m 
60 

n-C8-(EO)8-OCH2-COONa (Akypo) in brine 0.5 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 48°, 

𝜎𝑂𝑊 = 2.99 mN/m 
60 

n-C9-Ph-(EO)x-PO3Na (Gafac) in brine 0.5 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 75°, 

𝜎𝑂𝑊 = 0.42 mN/m 
60 

Sodium dodecyl sulfate (SDS) in brine 0.1 wt% Chalk 
Crude oil mixed with 

heptane 

Contact angle = 39°, 

𝜎𝑂𝑊 = 2.95 mN/m 
60 

Sodium dodecyl sulfate (SDS) in water 0.4 wt% Calcite 
Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 4.77 mN/m 61 

Sodium dodecyl 3EO sulfate in brine 0.05 wt% Calcite Crude oil 
Contact angle ~ 45°, 

𝜎𝑂𝑊 = 0.003 mN/m 
70 

Alkyldiphenyloxide disulfonate 

in Na2CO3/NaCl 
0.05 wt% Calcite Crude oil 

Contact angle ~ 110°, 

𝜎𝑂𝑊 = 0.0011 mN/m 
71 
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Table 2.1. Surfactants. (Cont.) 

Surfactants Conc. Solid surface Oil type Remarks a Ref. 

Polyether sulfonate in Na2CO3/NaCl 0.30 wt% Calcite Crude oil 
Contact angle ~ 80°, 

𝜎𝑂𝑊 = 0.00812 mN/m 
71 

Sodium nonyl phenol ethoxylated sulfate (4EO) 

in Na2CO3/NaCl 
0.05 wt% Calcite Crude oil 

Contact angle ~ 60°, 

𝜎𝑂𝑊 = 0.003 mN/m 
71 

C12-C13 propoxy sulfate (8PO) in Na2CO3/NaCl 0.05 wt% Calcite Crude oil 
Contact angle ~ 40°, 

𝜎𝑂𝑊 = 0.0001 mN/m 
71 

Alkyldiphenyloxide disulphonate + C14T-isofol 

propoxy sulfate (8PO) in Na2CO3/NaCl 
0.075 wt% Calcite Crude oil 

Contact angle ~ 70°, 

𝜎𝑂𝑊 = 0.116 mN/m 
71 

Methyl alcohol+Proprietary sulfonate in brine 0.02 – 0.20 wt% 
Shale 

(siliceous) 
Crude oil 

Contact angle = 38°, 

𝜎𝑂𝑊 = 0.4 mN/m) 
72 

Sodium laureth sulfate in brine 0.02 – 0.05 wt% Quartz Crude oil 
Contact angle ~ 110°, 

𝜎𝑂𝑊 = 2.007 mN/m 
66 

Sodium lauryl monoether sulfate in brine 0.035 wt% Quartz Crude oil 
Contact angle = 116.1°, 

𝜎𝑂𝑊 = 2.49 mN/m 
68 

Nonionic surfactants 

Poly-oxyethylene alcohol (POA) in brine 
750 – 1050 ppm 

(0.075 – 0.105 wt%) 
Dolomite Crude oil 𝜎𝑂𝑊 = 2.0 mN/m 63 

Ethoxylated C11-C15 secondary alcohol  

(Tergitol 15-S-3) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 4.44 mN/m 61 

Ethoxylated C11-C15 secondary alcohol  

(Tergitol 15-S-7) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 1.39 mN/m 61 

Ethoxylated C11-C15 secondary alcohol  

(Tergitol 15-S-40) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 11.5 mN/m 61 

Nonylphenoxypoly(ethyleneoxy)ethanol  

(Igepal CO-530) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 0.33 mN/m 61 

C12-C15 linear primary alcohol ethoxylate  

(Neodol 25-7) in water 
0.4 wt% Calcite 

Decane mixed with 

naphthenic acids 
𝜎𝑂𝑊 = 2.02 mN/m 61 
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Table 2.1. Surfactants. (Cont.) 

Surfactants Conc. Solid surface Oil type Remarks a Ref. 

Secondary alcohol ethoxylate 

in Na2CO3/NaCl 
0.10 wt% Calcite Crude oil 

Contact angle ~ 20°, 

𝜎𝑂𝑊 = 0.0017 mN/m 
71 

Nonyl phenol ethoxylate 

in Na2CO3/NaCl 
0.10 wt% Calcite Crude oil 

Contact angle ~ 80°, 

𝜎𝑂𝑊 = 0.0006 mN/m 
71 

Branched alcohol oxyalkylate in brine 0.02 – 0.20 wt% 
Shale 

(siliceous) 
Crude oil 

Contact angle = 60°, 

𝜎𝑂𝑊 = 9.8 mN/m 
72 

Polyoxyethylene octyl phenyl ether 

in brine 
0.04 wt% Quartz Crude oil 

Contact angle = 95°, 

𝜎𝑂𝑊 = 4.05 mN/m 
66 

Alkylpolyglycosides in brine 0.05 wt% Quartz Crude oil 
Contact angle = 58.8°, 

𝜎𝑂𝑊 = 2.49 mN/m 
68 

anot all studies report contact angle or interfacial tension data. b𝜎𝑂𝑊 is interfacial tension. 
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surfactants can modify highly oil-wet carbonate to weakly oil-wet or even water-wet (𝜃 

< 80°) following the addition of 0.1 wt% surfactant.71 

 

2.4.2 Low-salinity water 

Low-salinity EOR or dilution of connate water has shown great promise in oil 

recovery, despite the mechanism for enhanced recovery remaining controversial and 

discussed in relation to fines migration,73, 74 mineral dissolution,75, 76 double-layer 

expansion,77 multi-ion exchange,78 emulsion stabilisation,79 reduction in oil-water 

interfacial tension and wettability alteration.12, 17, 76, 80 The latter two are of interest to oil 

film displacement and the reduction of oil droplet-substrate adhesion force, where the 

presence of salt ions can modify both surface and interfacial properties through the 

interactions with native surface-active species (naphthenic acids and asphaltenes). Table 

2.2 summarises the role of low-salinity fluids on oil droplet dewetting.  

The oil-water interfacial tension has been shown to depend on the surface-active 

species (component type) and salt ions.81, 82, 83, 84 High brine concentrations were shown 

to promote adsorption of surface-actives species at the oil-water interface by charge 

neutralisation. Cation adsorption at the oil-water interface reduces the surface charge and 

hence the surface-active species (i.e. mostly negatively charged) are more favourably 

adsorbed. At very high ion concentration, the oil-water interface can become saturated 

with ions resulting in excess ions in the bulk. As such, a negative surface excess leads to 

an increase in interfacial tension, also known as the Jones-Ray effect.85 It has been 

reported that the dipole-ion interaction between cations and water molecules increases at 

high salt concentrations,  due to reduced asphaltene ionisation and associated interaction  
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Table 2.2. Low-salinity water. 

Brines Conc. 
Solid 

surface 
Oil type Remarks a Ref. 

NaCl 0.058 – 58,440 ppm Mica Crude oil 

Contact angle ~ 0° (pH = 8), 

Contact angle increased up to 58.4 ppm  

(55° at pH < 8) 

12 

NaCl and CaCl2 0 – 30,000 ppm Muscovite Decane 
Contact angles slightly decreased with dilution (NaCl: up to 

5°, CaCl2: up to 55°) 
80 

NaCl and CaCl2 0 – 200,000 ppm NA b Crude oil 
𝜎𝑂𝑊

 c decreased and then increased with concentration.  

NaCl had 𝜎𝑂𝑊 lower than CaCl2 ~ 2 mN/m 
81 

NaCl, Na2SO4  

and CaCl2 
0 – 284,080 ppm NA Decane 

𝜎𝑂𝑊 decreased and then increased with concentration,  

Na2SO4 had 𝜎𝑂𝑊 lower than NaCl and CaCl2, respectively 
86 

NaCl, Na2SO4  

and CaCl2 
142 – 142,040 ppm Quartz 

Octane, decane 

and dodecane 

mixed with 

crude-oil acids 

Pure oils: contact angles decreased slightly up to ~14,000 

ppm and then increased ∆𝜃 = 5° with brine concentration, 

Crude-oil acid mixed: contact angle increased with brine 

concentration, ∆𝜃 = 50° 

87 

NaCl, MgCl2 and CaCl2 0 – 30,000 ppm NA 

Pentane, 

hexane, 

heptane, 

benzene and 

toluene 

𝜎𝑂𝑊 decreased and then increased with concentration, 

Divalent brines found higher 𝜎𝑂𝑊 reduction than 

monovalent in aromatic oils and vice versa 

88 

NaCl, MgCl2 and CaCl2 1,182 – 100,000 ppm Sandstone Crude oil 
Contact angles decreased with dilution,  

More decrease without divalent salts 
89 

NaCl, MgCl2 and CaCl2 3,432 – 34,322 ppm Carbonate Crude oil 
Contact angles and 𝜎𝑂𝑊 decreased with dilution,  

Contact angle at 10% higher than 25 – 50% dilutions 
90 

Formation water d 57,670 – 213,734 ppm Calcite Crude oil 
Diluting brines decreased contact angle from 50° to ~ 0°, 

𝜎𝑂𝑊 slightly decreased with concentration ∆𝜎 ~2 mN/m) 
76 

Formation water  

and seawater 
1,751 – 179,855 ppm Carbonate Crude oil Contact angle decreased ~10° –  15° with brine dilution 91 
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Table 2.2. Low-salinity water. (Cont.) 

Brines Conc. 
Solid 

surface 
Oil type Remarks a Ref. 

Formation water 2,522 – 252,244 ppm Carbonate Crude oil Contact angle increased from 30° to 81° with brine dilution 92 

Formation water 1,424 – 142,431 ppm Quartz Crude oil 
Contact angles decreased from 53° to 28° 

with brine dilution 
17 

Synthetic brine 3,587 – 18,739 ppm Quartz Crude oil 
Contact angles decreased from 84° to 11° with brine 

dilution, 𝜎𝑂𝑊 reduced from 32 to 2 mN/m 
93 

Formation brine  

and seawater 
1,759 – 179,855 ppm Carbonate Crude oil 

𝜎𝑂𝑊 decreased from 11.8 to 7.2 mN/m with brine dilution, 

Contact angles decreased with brine dilution 
94 

Seawater 731 – 29,260 ppm Carbonate Crude oil 
Contact angles decreased from 150° up to 20 times dilution 

(=30°) and increased slightly at 40 times dilution (=45°) 
95 

Synthetic brine 108 – 10,780 ppm 
Calcite  

and dolomite 
Crude oil Contact angles decreased with brine dilution 96 

Formation water 1,679 – 136,855 ppm Sandstone Crude oil 
Contact angles decreased with brine dilution 

(∆𝜃 = 10 - 35°) 
97 

Formation brine  

and seawater 
1,270 – 198,428 ppm Calcite  Crude oil 

Contact angles decreased  

(120° to 75° for NaCl; slight decrease in MgCl2 and CaCl2),  

𝜎𝑂𝑊 reduced (50 to 30 mN/m) with brine dilution 

98 

Formation water 1,954 – 164,473 ppm Carbonate Crude oil Contact angles and 𝜎𝑂𝑊 decreased with dilution 99 

Formation brine  

and seawater 
1,238 – 35,720 ppm 

Quartz  

and mica 
Crude oil 

Contact angles decreased with dilution, At brine without 

divalent contact angle was lowest but 𝜎𝑂𝑊 was highest 
100 

Synthetic brine 1,000 – 100,072 ppm Carbonate Crude oil 
Contact angles decreased with dilution, 

Divalent decreased contact angles better than monovalent. 
101 

anot all studies report contact angle or interfacial tension data. bNA is not available. c𝜎𝑂𝑊 is interfacial tension. dincludes monovalent and divalent salts. 
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with cations.82 Asphaltenes become more soluble in the oil phase and prefer aggregate 

rather than partition at the oil-water interface.  

Wettability alteration by brine solutions is attributed to changes in interfacial 

forces (i.e. the extended-DLVO theory) and includes the repulsive hydration force. 

Equation (2.1) can then be modified to include this force as follows: 

 𝛱 = 𝛱𝑒𝑙 + 𝛱𝑣𝑑𝑊 + 𝛱𝐻 (2.13) 

where 𝛱𝐻 is the hydration force. The hydration force exists at intermediate brine 

concentrations and results from hydrated ions (salt) increasing the hydration free energy 

in the water film leading to a strong repulsion. This hydration force often dominates the 

van der Waals and electrostatic forces, thus governing the contact angle which cannot 

simply be described by the Young’s equation.102  

Brine dilution from very-high salinity has been reported to decrease the contact 

angle due to strong hydration and electrostatic forces. The hydration force in brine fluids 

has been measured by atomic force microscopy and reported to correspond to changes in 

surface wettability.12, 76 High brine concentration promotes the development of a 

hydration force but very high brine concentrations (i.e. above a critical concentration) 

weakens the hydration repulsion due to the cations requiring more energy to hydrate, 

hence reducing the hydration force.103 Electrostatic repulsion is increased since the oil-

water and solid-water surface (zeta) potentials are larger in low-salinity brines due to 

electric double-layer expansion (increased Debye length).104, 105, 106 Some research 

suggests that the zeta potentials of the solid-water and oil-water interfaces govern the oil 

droplet contact angle in brine solutions, since dilution of brines led to more negatively 

charged surfaces and lower oil droplet contact angles.94, 107, 108, 109, 110  
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It has been reported that the brine type influences oil displacement. Greater oil 

dewetting (i.e. less contact angle) has been reported for a monovalent ion due to increased 

double-layer thickness and electrostatic repulsion compared to divalent ion at the same 

concentration.105, 111, 112 The hydration force was also shown to depend on the brine 

type.102, 108 Monovalent ion would lead to higher hydration force compared to divalent 

ion which has a higher hydration energy. Moreover, divalent cations (e.g. Ca2+ and Mg2+) 

were found to bind with dissociated acidic materials (e.g. naphthenic acids), asphaltenes 

(R–COO–Ca2+) and the negatively charged silica surface to form a ‘bridge’ which is not 

observed for monovalent ions (e.g. NaCl). This so-called ‘bridging’ was reported to 

reduce oil dewetting by increasing the strength of interaction between the oil droplet and 

wetted-substrate.80, 113 

 

2.4.3 Nanoparticles  

The use of ultra-small particles (nanoparticles) to enhance oil film displacement 

has been demonstrated. Nanoparticles are typically 1 to 100 nm and are ideal for EOR 

applications with particle sizes smaller than the pore diameter, hence nanofluids flow 

through the porous media without obstructing the porous network. In addition, their high 

surface area to volume ratio increases their effectiveness at low particle concentrations, 

and promotes their kinetic stability.114 An overview of nanoparticles (nanofluids) used to 

displace oil films is provided in Table 2.3. 

For oil film displacement, different nanoparticles have been considered including 

metal oxides, organic, inorganic and composite particles. Metal oxides nanoparticles (e.g. 

Al2O3, CuO, TiO2 and Fe2O3) have been shown to lower 𝜎𝑂𝑊
115 and increase the 

disjoining pressure between the solid surface and oil-water interface.116 
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Table 2.3. Nanoparticles/fluids. 

Nanoparticles/fluids Solid surface Oil type Remarks a Ref. 

Metal oxides 

TiO2 

(0.01 – 1 wt%) 
Sandstone Heavy oil Contact angle = 90° 117 

TiO2 

(0.01 – 0.10 wt%) 
Sandstone Heavy crude oil Slight 𝜎𝑂𝑊 b reduction ~ ∆𝜎 = 1 mN/m 115 

TiO2 

(0.01 – 0.05 wt%) 
Sandstone Heavy oil 

Contact angle change from 127° to 81°, 

Slight 𝜎𝑂𝑊 reduction 
116 

Al2O3 

(0.01 – 0.10 wt%) 
Sandstone Heavy crude oil Slight 𝜎𝑂𝑊 reduction ~ ∆𝜎 = 1 mN/m 115 

NiO 

(0.01 – 0.10 wt%) 
Sandstone Heavy crude oil Slight 𝜎𝑂𝑊 reduction ~ ∆𝜎 = 1 mN/m 115 

Organic 

Janus nanoparticles 

(0.0025 – 0.0004 mM) 
NA c Hexane 𝜎𝑂𝑊 = 12 mN/m 118 

Carbon nanotubes 

(0.05 – 0.50 wt%) 
Glass Crude oil 𝜎𝑂𝑊 reduction ~ 3 mN/m 119 

Nanocellulose 

(0.2 – 1.0 wt%) 
Glass Crude oil 𝜎𝑂𝑊 = 0.7 mN/m 120 

Inorganic 

SiO2 

(0.1 – 0.6 wt%) 
Carbonate Crude oil Contact angle = 51° 121 

SiO2 

(0.5 – 4.0 wt%) 
Calcite (oil-wet) Decane Contact angle = 20° 122 

SiO2 

(0.1 – 5 wt%) 
Glass Crude oil Contact angle = 0° 123 

SiO2 

(0.025 – 0.2 wt%) 
Calcite (oil-wet) Heptane Contact angle = 41.7° 124 
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Table 2.3. Nanoparticles/fluids. (Cont.) 

Nanoparticles/fluids Solid surface Oil type Remarks a Ref. 

SiO2 

(0.4 effective volume fraction) 
Glass Model oil  11 

SiO2 

(0.01 – 0.10 wt%) 
Sandstone Crude oil 

Contact angle = 22°, 

𝜎𝑂𝑊 = 7.9 mN/m 
125 

SiO2 

(0.10 wt%) 
Sandstone Light crude oil 

Contact angle change from 34° to 32°, 

𝜎𝑂𝑊 reduced from 20 to 10 mN/m 
126 

SiO2 

(0.01 – 0.10 wt%) 
Sandstone Heavy crude oil Slight 𝜎𝑂𝑊 reduction ~ ∆𝜎 = 1 mN/m 115 

Hydrophilic silica 

(0.01 – 0.10 wt%) 
Glass/Sandstone Light crude oil 

Contact angle ~ 20°, 

𝜎𝑂𝑊 ~ 8 mN/m 
127 

Hydrophilic, neutralized,  

and hydrophobic silica 

(0.2 – 0.3 wt%) 

Sandstone Crude oil Contact angle ~ 35° 125 

Hydrophobic silica 

(0.1 – 0.4 wt%) 
Sandstone Crude oil 

Contact angle = 95.4°, 

𝜎𝑂𝑊 = 1.75 mN/m 
128 

Nanostructure particles 

(0.05 – 0.50 wt%) 
Sandstone Light crude oil 

Wettability index = 0.36  

(wettability index = 1 is water-wet) 
129 

Silica colloidal nanoparticles 

(0.05 – 0.50 wt%) 
Sandstone Light crude oil 

Wettability index = 0.57  

(wettability index = 1 is water-wet) 
129 

anot all studies report contact angle or interfacial tension data. b𝜎𝑂𝑊 is interfacial tension. cNA is not available.  
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The interfacial tension decreases as nanoparticles partition at the oil-water 

interface from the aqueous phase. Unlike surfactants, nanoparticles are not amphiphilic 

and their affinity to partition at an oil-water interface is governed by their particle size 

and surface wettability. The general expression of 𝐸 = 𝜋𝑎2𝜎𝑂𝑊(1 ± 𝑐𝑜𝑠𝜃)2, describes 

the particle detachment energy from an oil-water interface (± describes detachment into 

either liquid phase), where 𝑎 is the particle radius.19 When 𝑐𝑜𝑠𝜃 = 0 the particle 

detachment energy is maximised, although for nanoparticles 𝐸 can be of the order of a 

few 𝑘𝐵𝑇 which theoretically can result in reversible adsorption, similar to a surfactant 

molecule. The reduction in oil-water interfacial tension has been shown to correlate to the 

nanoparticle size and the particle specific surface area.130 It is important to note that the 

reduction in oil-water interfacial tension is apparent since the oil-water interfacial area is 

occupied by particles without changing in interfacial energy (unlike a surfactant).19 Al2O3 

nanoparticles of diameter 20 nm and 45 nm were shown to lower the oil-water interfacial 

tension to ~13.6 mN/m and ~8.6 mN/m, respectively.131 Compared to surfactants, 

interfacial tension reduction by nanoparticles is often smaller. For example, silica 

nanoparticles (7 – 14 nm) dosed at 0.01 – 0.10 wt% reduced 𝜎𝑂𝑊 to ~10 mN/m from ~15 

– 20 mN/m,125, 126, 127 while TiO2 nanoparticles (58 nm) reduced 𝜎𝑂𝑊 from 23 mN/m to 

18 mN/m when dosed at 0.01 – 0.05 wt%.116 As such, enhanced oil film displacement by 

nanoparticles is likely to occur via other mechanisms, i.e. structural disjoining pressure 

and wettability modification. 

Structural disjoining pressure is a consequence of nanofluids exhibiting super-

spreading behaviour. Nanoparticles self-assemble in the vicinity of the three-phase 

contact line to form a liquid wedge at the de-pinning point, see Figure 2.6. As 

nanoparticles accumulate in the liquid wedge a structural disjoining pressure (Equation 

(2.15)) gradient is established with the highest pressure at the oil droplet-solid surface 
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vertex, driving the nanofluid to spread and cause the oil film to recede. As explained by 

Wasan and co-workers,11, 132 the spreading coefficient (𝑆) of the nanofluid is determined 

by the sum of the capillary pressures at the equilibrium film thickness (𝛱0(ℎ𝑒)) and 

disjoining pressure (𝛱(ℎ)) 

 

𝑆 = 𝛱0(ℎ𝑒)ℎ𝑒 + ∫ 𝛱(ℎ)𝑑ℎ

∞

ℎ𝑒

 (2.14) 

 

 

Figure 2.6. Schematic showing the ordered accumulation of nanoparticles to form a 

liquid wedge. The structural disjoining pressure increases towards the de-pinning point. 

The structural disjoining pressure exceeds the Laplace pressure, deforming the meniscus 

profile as represented by inner and outer contact lines. The contribution from the long 

range structural disjoining pressure dominates the short range electrostatic and van der 

Waals forces. The figure has been modified from Zhang et al.133 and Chengara et al.33 
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When the thickness of the liquid wedge exceeds one particle diameter, 

nanoparticles accumulate in ordered layers. This layered arrangement of nanoparticles 

increases the excess pressure in the liquid wedge with the structural disjoining pressure 

(𝛱𝑠𝑡) described based on the theory of thin liquid films:134 

 
𝛱𝑠𝑡(ℎ) = 𝛱0 𝑐𝑜𝑠(𝜔ℎ + ∅2) 𝑒−𝜅ℎ + 𝛱1𝑒−𝛿(ℎ−𝑑), ℎ ≥ 𝑑 

𝛱𝑠𝑡(ℎ) = −𝑃, 0 < ℎ < 𝑑 

(2.15) 

where 𝑑 is the nanoparticle diameter, 𝑃 the osmotic pressure of nanofluid, and all other 

parameters (𝛱0, 𝛱1, 𝜔,  ∅2, 𝜅 and 𝛿) are fitted as cubic polynomials varying with particle 

concentration.  Contributions from van der Waals, electrostatic and structural forces have 

been considered by Chengara et al.33 (Figure 2.6). The extended-DLVO theory of the 

thin film becomes: 

 𝛱 = 𝛱𝑒𝑙 + 𝛱𝑣𝑑𝑊 + 𝛱𝑠𝑡. (2.16) 

The structural forces are long-range and govern the behaviour of thick liquid films, with 

nanoparticle size, concentration, temperature, fluid salinity all contributing to the 

magnitude of the structural disjoining pressure.  

Wettability modification by nanoparticles enhances oil droplet displacement 

when nanoparticles deposit on the solid surface. The deposition/adsorption is influenced 

by electrostatic forces, with the nanoparticle decorated solid surface more water-wet 

when hydrophilic particles deposit to form a heterogeneous surface with increased 

nano/micron-scale roughness.135, 136, 137, 138, 139 Wettability of heterogeneous surfaces has 

been described by Cassie-Baxter,140 with the apparent contact angle on a composite solid 

surface given by, 

 𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑓1𝑐𝑜𝑠𝜃1 + 𝑓2𝑐𝑜𝑠𝜃2 (2.17) 
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where 𝑓1 is the fractional area of the surface with contact angle 𝜃1, 𝑓2 is the fractional 

area of the surface with contact angle 𝜃2, and 𝜃𝐶𝐵 is the Cassie-Baxter contact angle. The 

Cassie-Baxter model can be combined with the Wenzel wetting model141 to account for 

surface roughness effects, 

 𝑐𝑜𝑠𝜃𝑊 = 𝑅′𝑐𝑜𝑠𝜃 

𝑐𝑜𝑠𝜃𝑊 = 𝑅′𝑐𝑜𝑠𝜃𝐶𝐵 

(2.18) 

where 𝑅′ is the ratio of the true area of the solid to its planar projection and 𝜃𝑊 the Wenzel 

contact angle. With 𝑅′ always greater than 1, the Wenzel model confirms nano/micron-

scale roughness lowers the contact angle of a water-wet surface, thus increasing the 

potential for oil droplet displacement.  For example, metal oxide nanoparticles (ZrO2 and 

NiO < 50 nm) were shown to deposit on an oil-wet surface and modifying the contact 

angle from 152° (untreated surface) to 44° and 86° for ZrO2 and NiO, respectively. The 

mean roughness of those surfaces was shown to increase from 70.6 nm (untreated surface) 

to 2.32 µm (ZrO2 treated surface) and 330 nm (NiO treated surface).142 

Oil film displacement can be enhanced when nanoparticles are mixed with 

surfactants. Fluid blends lower the oil-water interfacial tension below a surfactant only 

system, with surfactants increasing the interfacial activity of the nanoparticles.143 The 

decrease in oil-water interfacial tension depends on the surfactant-particle interaction and 

surfactant concentration.144 The contribution of nanoparticles is weakened at surfactant 

concentrations greater than the CMC. The use of surfactant blends and composite 

particles (polymer-coated particles) to enhance oil film displacement have also been 

considered.145, 146 Recent studies have considered composite fluids (particles) which are 

summarised in Table 2.4. 
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Table 2.4. Composite fluids. 

Composite fluids Solid surface Oil type Remarks a Ref. 

Blend systems 

SDS and SiO2 

(Patented nanofluid – No reported concentration) 
Glass Crude oil Contact angle = 1.2° 133 

SDS and hydrophilic and hydrophobic SiO2 

(Surfactant: 100 – 6000 ppm, particle: 1000 – 2000 ppm) 
Sandstone Kerosene 𝜎𝑂𝑊 b = 1.81 mN/m 143 

SDS and ZrO2 

(Surfactant: 0.001 – 5 CMC, particle: 0.001 – 0.050 wt%) 
NA c Heptane 𝜎𝑂𝑊 = 10 mN/m 147 

Composite nanoparticles 

Zwitterionic polymer and SiO2 (coated) 

(No reported concentration) 
Sandstone Decane 𝜎𝑂𝑊 = 35 mN/m 145 

anot all studies report contact angle or interfacial tension data. b𝜎𝑂𝑊 is interfacial tension. cNA is not available.  
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2.5 Conclusion    

The theory of oil film collapse and oil droplet recession has been considered. 

Changes in interfacial energy and the corresponding change in droplet contact angle are 

frequently described by the Young’s equation, however, through addition of certain 

chemical additives other forces such as the disjoining pressure dominate behaviour. This 

chapter clarifies the contribution of surface and interfacial forces on oil droplet dewetting, 

with forces strongly influenced by the water-phase chemistry. Two theories for dynamic 

droplet dewetting, hydrodynamic and molecular-kinetic, were presented. Influencing 

parameters on the process of oil droplet dewetting have been considered, with the effect 

of temperature, pH, pressure and fine particles (clays) introduced. Different approaches 

to EOR fluids such as surfactant, low-salinity fluids and nanoparticle fluids, have been 

summarized in the context of oil droplet dewetting performance. While surfactants 

significantly decrease the oil-water interfacial tension, low-salinity fluids and 

nanoparticle fluids contribute to the disjoining pressure that also enhances removal of oil 

droplets from surfaces.  
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3. Materials and Experimental Methods 

Chapter 3 

Materials and Experimental Methods 

 

3.1 Synopsis  

This chapter provides an overview of the materials used throughout the study and 

discusses the main experimental techniques used. The heavy crude oil properties 

including density and viscosity are provided along with SARA analysis of the oil. General 

experimental procedures are described along with more detailed discussion relating to 

the measurement principles and data analysis. This chapter describes the core materials 

and experimental methods used, while further specific details relating to the experimental 

methods set-up, reproducibility are provided in the relevant results chapters. 

 

3.2 Materials  

3.2.1 Heavy crude oil  

Heavy crude oil was obtained from a Colombian oilfield via primary recovery 

(without addition of any chemicals) and was used throughout the study. Prior to its use, 

the oil sample was shaken and de-gassed to obtain the homogenous oil without any 

dissolved gas (i.e. dead oil). To prevent further loss of volatile organic components (e.g. 

lightweight hydrocarbons), the oil container was kept sealed using Parafilm (Bemis, 
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USA) and stored in a cool environment. The oil density, viscosity and component analysis 

are discussed below.  

Oil density: The oil density at ambient pressure (~1 bar) was measured using the 

U-tube oscillation technique (Y-shaped oscillator, see Figure 3.1) which is a specific 

density meter for measuring the density of crude oils (DMA 4200M, Anton Paar, UK). 

The technique provides a density value based on a precise liquid volume and has been 

shown to be highly accurate. The measurement technique is based on the correlation 

between fluid density (𝜌) and oscillation period (𝜏) of the oil-filled U-tube: 

 𝜌 =  𝑀𝜏2 − 𝑁 (3.1) 

where 𝑀 and 𝑁 are constants based on the instrument geometry. At least two known 

fluids (e.g. dry air and pure degassed water) are used to calibrate with a specific oscillation 

period. 

 

 

Figure 3.1. Schematic of U-tube oscillation cell (a) and DMA 4200M digital density 

meter (Anton Paar, UK) (b). 

 

To measure the oil density at a desired temperature, a 5 mL oil sample was first 

pre-heated to the desired temperature and then injected into the U-tube cell (injection 

volume ~3 mL). With the sample and U-tube cell environment at the set-point 
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temperature (controlled by a built-in thermostat), the U-tube was electronically excited to 

oscillate at its characteristic frequency. The oscillation frequency was measured by 

detecting a light beam that was interrupted by a small coating on the oscillating glass 

sensor and the oscillation period (𝜏) determined (reciprocal of frequency). Toluene was 

used to clean the oil sample from the U-tube cell by injecting excess toluene until the U-

tube cell effluent became clear.  The oil density was measured at 20, 40, 60 and 80 °C 

with density values reported in Table 3.1. 

 

Table 3.1. Oil density as a function of temperature (ambient pressure). 

Temperature (°C) Density (g/cm3) 

20  0.97504  

40  0.96564  

60  0.94631  

80  0.93801  

 

For the high pressure studies, the oil density at high temperature and high pressure 

was estimated as follows. The oil density at 140 °C and 1 bar was estimated by 

extrapolating the oil density measured at 20, 40, 60 and 80 °C and 1 bar and was found 

to be 0.9131 g/cm3. The oil density at high pressure (ranging from 10 to 200 bar) was 

determined from the pressure-density relation determined for Athabasca bitumen and 

reported by Nourozieh et al.148 The estimated oil densities are shown in Table 3.2. 
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Table 3.2. Oil density at elevated pressures.  

Pressure (bar) Density (g/cm3) 

1 0.9131 

10 0.9138  

100 0.9207  

200 0.9285 

 

Oil viscosity: A rheometer (DHR-2, TA Instruments, USA) equipped with a 2° 

cone geometry was used to measure the oil viscosity as a function of temperature, see 

Figure 3.2. Prior to measurement, the oil sample was shaken for 24 h to obtain a 

homogenous oil at ambient conditions. To measure the oil viscosity at a given 

temperature, the oil sample was heated in a water bath to a desired temperature and then 

~2 mL oil was pipetted and placed on the rheometer base which was pre-heated to the 

same temperature. The geometry was then positioned over the oil sample to the 

predetermined geometry gap and any excess oil removed using a spatula. The oil and 

geometry were left in contact undisturbed until the set-point temperature was reached. To 

minimise evaporative loss of light oil fractions, the sample was covered using the 

geometry cell which was saturated with the same oil. With the sample at the desired 

temperature the measurement is initiated and the viscosity measured during a shear ramp 

between 0.1 to 1000 s-1.  

Three repeat measurements at each temperature were conducted and the average 

viscosities provided in Figure 3.3. Each measurement was conducted with a new oil 

sample to prevent contamination and any influence from possible evaporation of light oil 

fractions at high temperatures. At a given temperature, the oil viscosity was shown to be 

independent of the shear rate and behaved as a Newtonian fluid. 
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Figure 3.2. Schematic of the rheometer set-up with the oil sample positioned between the 

Peltier plate and 2° cone geometry. 

 

 

Figure 3.3. Heavy crude oil viscosity as a function of shear rate and temperature. 
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SARA: The composition of the heavy crude oil was determined by the SARA 

method to determine the saturate, aromatic, resin and asphaltene content by thin layer 

chromatography using IP 469 standard.149 The method separates fractions by solubility 

(asphaltenes and maltenes) and chromatography to separate fractions based on polarity. 

Firstly, asphaltenes are precipitated using heptane. The remaining factions 

(maltenes) are then separated using a chromatographic column and running solvents of 

different polarity. The saturate fraction consisting of nonpolar linear hydrocarbons and 

cyclic alkanes is removed by flushing the maltenes with alkanes through the column while 

all others fractions are adsorbed onto the column. The aromatic fraction is then washed-

off the column to separate this fraction from the adsorbent using an aromatic solvent, i.e. 

benzene. Resins are then eluted from the column using a polar solvent, such as methanol. 

The polarizability increases from the saturate to asphaltene fractions. All four crude oil 

components are reported as wt%. The SARA analysis of the heavy crude oil used in the 

current study is given in Table 3.3. 

 

Table 3.3. Properties of heavy crude oil. 

SARA analysis (IP 469) 
TAN (ASTM D664) H/C 

Saturate Aromatic Resin Asphaltene 

7.4% 37.8% 15.3% 39.5% 0.134 mg KOH/g 1.34 

 

TAN: Following ASTM D664, the acid number of the heavy crude oil was 

determined by potentiometric titration. The method determines the acidic components in 

the heavy crude oil by titrating the oil with potassium hydroxide (KOH). The mass of 

base needed to titrate the sample is expressed as mg of KOH per one g of oil sample and 

defines the total acid number (TAN).  



 

 

47 

 

 

The heavy crude oil was dissolved in a mixture of toluene, isopropanol and a small 

amount of water and then titrated potentiometrically with 0.1 M alcoholic potassium 

hydroxide (dissolved in propanol). A glass electrode and reference electrode were 

immersed in the sample to measure the voltage or potential as an acid or base indicator. 

The volume of KOH used to neutralise the oil sample was converted into unit of mg of 

KOH per one g of oil sample. The heavy crude oil used in the current study has TAN of 

0.134 mg KOH/g as reported in Table 3.3. 

H/C: An Elemental Analyser (CHNS-O, Flash EA2000, CE Instruments, UK) 

was used to determine the organic elements in the heavy crude oil. The oil was combusted 

in a furnace with excess oxygen. Then, the produced gases were separated through a 

chromatography column and passed through a thermal conductivity detector to obtain the 

elements (e.g. H and C elements) and their amounts. 

The hydrogen to carbon (H/C) ratio was determined with a high H/C ratio 

indicating saturated hydrocarbons in the crude oil (e.g. H/C of alkane > 2) and a low H/C 

ratio implying unsaturated or aromatic hydrocarbons (e.g. H/C of benzene = 1). The heavy 

crude oil sample had a H/C ratio of 1.34 (shown in Table 3.3), suggesting high aromatic 

and less saturated hydrocarbons present in the oil, qualitatively in agreement with the 

SARA analysis. 

 

3.2.2 Chemicals 

Sodium dodecyl sulfate (SDS; Sigma-Aldrich, UK) was used as an anionic 

surfactant without any purification. Sodium chloride (NaCl ≥ 99.5%, Sigma-Aldrich, UK) 

and calcium chloride dehydrate (CaCl2 ≥ 99.5%, Sigma-Aldrich, UK) were used as 
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received to prepare the brine solutions. Ultrapure Milli-Q water (Merck Millipore, USA) 

was used in all experiments with a resistivity of 18.2 MΩ·cm and pH of 5.5 ± 0.5.  

Brine density: The density of NaCl and CaCl2 solutions at relevant concentrations 

and 60 °C and ambient pressure (~1 bar) were determined from the temperature-

concentration-density relationship for each specific brine as described by Green and 

Perry,150 shown in Table 3.4. The brine density at elevated pressures from 10 to 200 bar 

and 140 °C was estimated using the high pressure equation of state for seawater given by 

Millero et al,151 see Table 3.5. 

 

Table 3.4. Brine density at various concentrations and 60 °C and ambient pressure. 

Concentration (ppm) 
Density (g/cm3) 

NaCl CaCl2 

2,000 0.9846 0.9847 

25,000 1.0001 1.0035 

60,000 1.0242 1.0325 

 

 

Table 3.5. Brine density at various concentrations and 140 °C and elevated pressures. 

Pressure 

(bar) 

Density (g/cm3) 

NaCl CaCl2 

2,000   

ppm 

25,000 

ppm 

60,000 

ppm 

2,000   

ppm 

25,000  

ppm 

60,000 

ppm 

1  0.9285   0.9443   0.9685   0.9200   0.9401   0.9709  

10  0.9292   0.9450   0.9694   0.9208   0.9408   0.9718  

100  0.9358   0.9521   0.9783   0.9273   0.9478   0.9807  

200  0.9427   0.9596   0.9879   0.9342   0.9553   0.9903  
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The density of brine + nanofluids were assumed to be equivalent to the brine fluid 

density at a given brine concentration, temperature and pressure, since the nanofluids 

concentration was very low and therefore considered to have a negligible effect on the 

fluid density.  

Density of aqueous fluids with particles and surfactants: On several occasions, 

fluids were prepared with very low concentrations of PNIPAM, SDS and blends of 

PNIPAM + SDS (i.e. at concentrations ≤ 5 × 10-3 wt%). For these fluids the pure water 

density was used at the given temperature and pressure. Water density at elevated 

temperatures ranging from 20 to 80 °C and 1 bar was measured using the U-tube 

oscillation density meter (DMA 4200M, Anton Paar, UK). The water density at 140 °C 

(ambient pressure) was determined by extrapolating the measured density at 20, 40, 60 

and 80 °C. The water density at elevated pressures and 140 °C was calculated from the 

high pressure equation of state given by Millero et al.151 The water density at elevated 

temperatures and pressures are given in Table 3.6 and Table 3.7.  

 

Table 3.6. Water density at various temperatures (ambient pressure). 

Temperature (°C) Density (g/cm3) 

20 0.99867 

40 0.99667 

60 0.98476 

80 0.98164 
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Table 3.7. Water density at various pressures (140 °C). 

Pressure (bar) Density (g/cm3) 

1  0.9273  

10  0.9280  

100  0.9346  

200  0.9415  

 

 

3.2.3 Nanoparticle synthesis 

Poly(N-isopropylacrylamide) was synthesised to test the performance of the 

nanoparticles to enhance oil droplet dewetting dynamics and equilibrium state. N-

isopropylacrylamide (NIPAM, Sigma-Aldrich), N,N' Methylenebisacrylamide (BA, 

Fluka) and potassium persulfate (KPS, Merck) were used as received to synthesise 

PNIPAM particles following the method published by Li et al.20, 152  

To synthesis the nanoparticles, NIPAM (2.25 g) was dissolved in 250 mL Milli-

Q water in a 500 mL three-necked flask. BA (75 mg) was then added under nitrogen 

bubbling through for 30 min with continuous magnetic stirring at 300 rpm. The 

temperature was raised to 70 °C via a thermostatically-controlled aluminium heating 

block and held for a further 30 min. During this time, KPS (0.25 g) was dissolved in 10 

mL of water and degassed via nitrogen. This solution was then added dropwise to initiate 

the reaction via a gas-tight syringe. The reaction was left to polymerise at 70 °C for 3.5 

h. The resulting dispersion was passed through glass wool to remove any agglomerated 

material and then further purified 5 times by centrifugation at 10,000 rpm. 
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3.2.4 Model substrate  

Glass microscope slides (Fisher Scientific, UK) of borosilicate (> 80% SiO2, 

Figure 3.4) were used as model substrates without any surface modification (unless 

specified). The ~1 mm thick glass slides were cut into squares of ~25 × 25 mm. It should 

be noted that the model glass substrates were used to represent the clastic reservoir (i.e. 

sandstone rock) which consists of silicate minerals and represents the majority of 

conventional petroleum reservoirs.  

 

 

Figure 3.4. SEM-EDX of glass slide showing main compounds (silica and oxygen). 

 

It should be acknowledged that reservoir rocks are porous with significant 

roughness that can influence the nature of heavy oil droplet dewetting. The former 

describes the porethroat and governs capillary pressure due to small pore radius,153 while 

the latter is known to affect the degree of wetting as discussed in Chapter 2. Since the 

study is focused on the fundamental nature of oil droplet dewetting at elevated conditions 

(i.e. high pressure, high temperature and high salinity) and in the presence of chemical 

additives, the solid substrate was chosen to be non-porous and smooth to enable greater 

interpretation of the data and provide more reliance on understanding the influence of 

experimental parameters.   
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The model substrate surface roughness was measured using a surface profilometer 

(Form Talysurf PGI 800, Taylor Hobson, UK) and had a RMS of 1.3 nm and an 

arithmetical mean deviation (𝑅𝑎) of 0.9 nm. These surfaces are considered to be very flat 

and smooth in comparison to reservoir rocks.153   

 

3.3 Experimental Methods 

3.3.1 Substrate preparation 

All substrates were prepared following the same treatment protocol of rinsing with 

Milli-Q water, drying with nitrogen and 15 min UV/Ozone (ProcleanerTM, Bioforce 

Nanosciences, USA) of the dry substrates to remove any residual organic components. 

Glass substrates were verified to be clean when the water contact angle in air was < 1°. 

Glass substrates were prepared on the day of experiments to minimise any possible 

interaction with organic materials or contamination by dust. 

 

3.3.2 Oil-water interfacial tension measurement   

Although there are several techniques to measure the oil-water interfacial tension 

including force measurements (e.g. Du Noüy ring and Wilhelmy plate), optical 

tensiometry using pendant drop shape analysis was used in the current study. The pendant 

drop technique for measuring liquid-liquid interfacial adsorption was favoured since it (i) 

allows the measurement of dynamic adsorption, (ii) verifies that the steady-state is 

attained and (iii) is independent of solid-liquid interactions. Using this approach, the 

interfacial tension can also be measured in relation to the droplet contact angle using the 

droplet shape analysis method. 
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The interfacial tension between two immiscible liquids is determined by the force 

balance of the pendent drop protruding from a needle.154 Balance of interfacial and 

buoyant forces enables the interfacial tension (𝜎) to be determined as follows: 

 
𝜎 =  

∆𝜌𝑔𝑅0
2

𝛽
 (3.2) 

where ∆𝜌 is the density difference between the two immiscible fluids, 𝑔 the gravitational 

constant, 𝑅0 the drop radius of curvature at the apex and 𝛽 the shape factor (Figure 3.5). 

 

 

Figure 3.5. Schematic of a pendent drop hanging from a needle with the droplet shape 

described by cylindrical coordinates, tangent angle (𝜑) and the apex curvature (𝑅0). 
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 The pendent drop obeys the Young-Laplace equation155 balancing the Laplace 

pressure across the interface with curvature of the interface. The pendent drop is assumed 

to be axisymmetric, with the shape factor (𝛽) expressed in the cylindrical coordinates: 

 𝑑𝑥

𝑑𝑠
=  cos (𝜑) (3.3) 

 𝑑𝑧

𝑑𝑠
=  sin (𝜑) 

(3.4) 

 𝑑𝜑

𝑑𝑠
=  2 + 𝛽𝑧 −

𝑠𝑖𝑛 (𝜑)

𝑥
 

(3.5) 

The solution is an iterative approximation of fitting a perimeter line to the droplet 

shape (image capture: OneAttension, Biolin Scientific, Finland). The size of the pendent 

drop is important to ensure reliable data. For the correct determination of interfacial 

tension, the droplet volume should be large enough to induce a pendent drop shape 

(becomes increasingly problematic for fluids of equivalent density). For the heavy crude 

oil-water system, drop volumes of ~10 µL were found to be sufficient to induce pendant 

shapes. An inverted or hooked needle was used for the oil-in-water system to allow the 

oil droplet to be visible in the water phase.  

In the current study, interfacial tension between heavy crude oil and water was 

measured using a Theta Optical Tensiometer (Attension®, Biolin Scientific, Finland) 

equipped with thermal cell (C217W, Biolin Scientific, Finland) and operated at desired 

temperatures, with the temperature monitored by k-type thermocouples (TC-08 data 

logger, Pico Technology, UK). A stainless inverted needle (Gauge 22) with a 1 mL gas-

tight syringe (Hamilton Co., USA) was filled with 1 mL of heavy crude oil and submerged 

in the aqueous solution at the experimental temperature for 10 min to ensure the needle 

and crude oil were at the desired experimental temperature. The oil drop was subsequently 

discharged from the needle using a micro-syringe pump (C201, Biolin Scientific, Finland) 
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to form a 10 µL droplet instantaneously. The droplet shape profile was recorded at a 

constant frame rate (2 fps) to capture the dynamics of interfacial tension as surface-active 

species partition at the oil-water interface. The measurement was stopped once steady-

state conditions were reached. 

 

3.3.3 Oil droplet deposition  

A 10 µL heavy crude oil droplet was deposited on a clean glass substrate in the 

centre of the substrate using a 100 µL auto-pipette. It is noted that at the experimental 

temperature of 60 °C, both gravitational and inertial effects on the 10 µL oil droplet 

dewetting can be neglected compared to the interfacial tension due to very low Bond and 

Weber numbers, respectively.13, 156 The substrate was warmed (~50 °C) to enhance heavy 

crude oil droplet spreading on the surface to form a thin circular oil film of approximately 

8 – 10 mm diameter (Figure 3.6) and having a contact angle ~172.7° (measured through 

air phase). The oil film was left undisturbed for ~2 h allowing the wettability of the 

strongly water-wet glass substrate to be slightly altered (although this change was not 

measured). Prior to each experiment the droplet contact angle measured through the air 

phase was ~172.7°, which was assumed to be the initial contact angle (𝜃𝑖) of the oil-

water-substrate system once air is displaced by water to induce oil droplet dewetting. It 

is noted that the initial contact angle (𝜃𝑖) of the oil-water-substrate is not equivalent to the 

contact angle of air-oil-substrate, however due to limitations of the experimental set up 

and data acquisition rates, the initial contact angle of the oil-water-substrate system could 

not be obtained (images compared in Figure 3.10a and c). 
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Figure 3.6. Thin oil film deposited on glass substrate: side view (a) and top view (b). 

 

3.3.4 Contact angle measurement  

The contact angle (𝜃) is determined by drop shape analysis using a sessile droplet 

positioned on the substrate. The angle formed between the substrate baseline and the 

tangent line to the droplet interface is the contact angle (determined using the Theta 

software; OneAttension, Biolin Scientific, Finland), see Figure 3.7. The software fits the 

Young-Laplace equation (Equation (3.6)) to the droplet shape using multiple points on 

the droplet profile. Intersect of the tangent line at the three-phase contact point and the 

baseline defines the contact angle. It is worth noting that the contact angle is normally 

defined through the dense fluid phase, i.e. measuring the contact angle in the dense fluid 

phase relative to light fluid phase. In the present work, for the oil-water-substrate system, 

the contact angle is measured through the water (aqueous) phase.  

 
∆𝑃 = 𝜎 (

1

𝑅1
+

1

𝑅2
) (3.6) 
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Figure 3.7. Schematic of sessile oil droplet on a substrate submerged in water. The 

contact angle (𝜃) is measured through the water phase. 

 

After the thin oil film is deposited on the substrate, the glass substrate is then 

placed on a fabricated base in the middle of the insulated thermal cell and the cover lid 

added until the desired experimental temperature was reached and remained constant 

(~10 min). A thermocouple (TC-08 data logger, Pico Technology, UK) with 2 sensors 

was used to monitor fluid temperature inside the cell during the measurement both above 

the substrate and near the cell bottom, see Figure 3.8.  

The water (aqueous solution) was pre-heated to the desired temperature and added 

to the thermal cell at 1,400 mL/min for 60 mL with the fluid discharged onto the base of 

the cell, below the glass substrate. The water flow rate was chosen to ensure that water 

quickly flowed over the oil thin film to prevent any air bubbles from being generated on 

the oil droplet, which was a problem with a slow water influx (the oil prefers to wet air 

rather than water). The oil droplet then dewetted spontaneously due to a negative 

spreading coefficient and the rate of dewetting was independent of the water influx.  
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Figure 3.8. Insulated thermal cell and heat circulator with the oil-deposited substrate 

placed in the centre of the measurement cell. Two temperature sensors are placed above 

the substrate and near the cell bottom to monitor fluid temperature. 

 

 

 

Figure 3.9. Image and schematic of the Attension Theta Optical Tensiometer with the 

thermal cell used to observe oil droplet dewetting (monitored by the contact angle). The 

oil droplet is illuminated by a back light source through transparent optical windows. 
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Figure 3.10. Images showing the process of water flooding in the measurement cell. 

Before water flooding (a); immediately prior to water contacting the thin oil film (b); 

water in contact with the thin oil film with the condition defined as 𝑡 = 0 (c); droplet 

recession following complete submergence of the thin oil film by water (d). 

 

The tensiometer camera (Theta Attension®, Biolin Scientific, Finland) was 

triggered prior to oil droplet recession (Figure 3.9) and images of the droplet dewetting 

were collected until a steady-state condition was reached (i.e. the contact angle remained 

constant). The time when water phase fully submerged the oil phase was defined as the 

initial dewetting time (𝑡𝑖 = 0) with an initial contact angle (𝜃𝑖), shown in Figure 3.10. 

The substrate-water-oil contact angle (measured through the water phase) was determined 

from image analysis using the OneAttension software.   

The thin oil film receded inwards in the radial direction to form a droplet, 

contributing to the perfect axisymmetric and spherical-cap shape (Figure 3.11a). On 

occasions the oil droplet was observed to pin and did not recede due to imperfections on 

the surface or resulting from air trapped within the oil droplet (Figure 3.11b).  These data 

were not considered in the analysis. Two to four repeat experiments were made to ensure 

good reproducibility for each test condition.  
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Figure 3.11. Oil droplet shape during dewetting. The droplet maintains axisymmetric and 

spherical shape during dewetting (a). The droplet is asymmetric due to air bubbles being 

engulfed in the oil droplet, or pining of the oil droplet due to surface asperities (b).  

 

3.3.5 Zeta potential measurement   

Zeta potential (𝜓) is an electric potential measured at the slip plane as colloid 

particles/droplets migrate in an electric field (Figure 3.12). The zeta potential represents 

a potential difference between the attached fluid layer to the dispersed colloid and 

dispersing medium. It is noted that the zeta potential is smaller in magnitude than the true 

electrostatic surface potential as it measured at a distance away from the colloid surface.  

 The zeta potential is not measured directly but determined from the 

electrophoretic mobility of the dispersed colloids.157 An electric field is applied across 

the colloidal dispersion promoting colloids to migrate towards the electrode of opposite 

charge. The zeta potential is proportional to the migration velocity and is calculated by 

the Smoluchowski’s theory158 

 
𝑣 =  

𝜀𝜀0𝜓

𝜇
𝐸′ (3.7) 
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where 𝑣 is the colloid migration velocity (electrophoretic), 𝜇 the dispersing fluid (water) 

viscosity and 𝐸′ the electrical field strength. The migration velocity (𝑣) is measured using 

laser Doppler electrophoresis.  

 

 

Figure 3.12. Schematic showing the decay in surface charge due to ion screening and the 

location of the slipping plane that describes the surface zeta potential.  

 

 In the current study, the zeta potentials of oil droplets, silica particles 

(representative of the glass substrate) and PNIPAM nanoparticles dispersed in aqueous 

(water or brine solutions) media were measured using the Zetasizer Nano ZS (Malvern 

Instruments, UK). The experimental temperature was controlled within ± 1 °C by the 

instrument thermostat. For each solution, 12 measurements were performed and the data 

averaged. 
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A very low concentration oil-in-water emulsion was prepared by adding 10 µL 

crude oil in 60 mL Milli-Q water and homogenised (T18 digital ULTRA-TURRAX®, 

IKA, Germany) at 70,000 rpm for 5 min, producing oil droplets of ~80 µm diameter. Only 

stable oil droplets were sampled at 5 min after homogenisation for the measurement. The 

refractive index of the crude oil was taken to be 1.50.159, 160 100 nm silica particles 

(AngstromSphere, USA) and PNIPAM nanoparticles were prepared at 1,000 ppm in the 

aqueous solutions and ultra-sonicated (FB120, Fisher Scientific, USA) for 5 min prior to 

measurement.  

 

3.3.6 Atomic Force Microscopy 

Interaction forces between an oil-coated colloidal probe and glass substrate were 

measured in brine solutions. To prepare the oil-coated probes, silica spheres (30 ± 2 µm 

diameter; Duke Scientific, USA) were dip-coated in oil solution.161 Oil solution was 

prepared by dissolving heavy crude oil in 1:1 heptol solution to a concentration of 0.5 

g/L. The solution was centrifuged at 10,000 rpm for 30 min to remove any contained 

ultra-fine solids. The silica spheres were dipped into the solution for 1 min. Heptol 

solution was allowed to evaporate for 24 h. The oil-coated silica spheres were glued onto 

a tipless AFM cantilever (TL-CONT-10, Nanosensors, Switzerland) using a two-part 

epoxy and allowed to cure overnight. The probes were then examined by SEM (Hitachi 

TM3030, UK) to verify that colloidal probe was appropriately orientated (Figure 3.13a). 

The hydrophobicity of oil-coated silica spheres was examined by measuring the water 

contact angle in air (on representing glass slide after the same dip-coating treatment) to 

verify that it was sufficiently coated by oil components (Figure 3.13b and c).  
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Figure 3.13. SEM of colloidal probe glued on a tipless AFM cantilever confirming the 

central location of the silica sphere and free of glue contamination (a). Oil components 

sufficiently coated on silica surface were confirmed by the increase in water contact angle 

after coating (b) – (c).   

 

The glass substrate was prepared following the method described for oil dewetting 

experiments. Substrate topography and high profiles were obtained by an Innova AFM 

(Bruker, USA), see Figure 3.14. RMS and 𝑅𝑎 determined by AFM ~2.5 ± 4 and 1.9 ± 

2 nm, respectively, agree with measurement from surface profilometer. 

To ensure the brine solutions were representative of those used in dewetting 

experiments, 60 mL brine solution was contacted with 10 µL heavy crude oil at 60 °C for 

3 h, to allow exchange of soluble species (such as naphthenic acids) into the brine 

solution.34  

 



 

 

64 

 

 

 

Figure 3.14. Solid substrate topography (a) – (d) and high profiles (e) obtained by AFM. 

 

Force-distance measurements were performed using a Bioscope II AFM (Bruker, 

USA) at ambient conditions. The cantilevers spring constant were 0.21 – 0.35 N/m as 

determined by the thermal tune method. Two or three drops of the brine solution were 

deposited onto the glass substrate before the colloidal probe was immersed into the brine 

solution. Force curves were obtained at 0.2 Hz at a minimum of three different surface 

locations. A minimum of 10 force curves per area were collected. Disjoining pressure 

between oil-coated sphere and glass substrate was determined from the approaching force 

curve assuming the Hertz theory.162  
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𝑎3 =

𝑅𝐹

𝐾
 (3.8) 

 
𝛱 =

3𝐹

2𝜋𝑎2
 

(3.9) 

where 𝑎 is contact radius, 𝑅 the colloidal (oil-coated) sphere radius, 𝐹 the force, 𝐾 the 

elastic modulus of colloidal probe and glass substrate (taken to be 70 GPa),103 and 𝛱 the 

disjoining pressure. 
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4. Fundamentals of Oil Droplet Dewetting 

Chapter 4 

Fundamentals of Oil Droplet Dewetting 

 

4.1 Synopsis  

The dynamics of oil droplet dewetting can be dramatically influenced by the 

environment and water chemistry (for example: temperature, pressure and chemical 

additives). This chapter considers a simple set-up to study the recession of a thin oil film 

forming a droplet on a model substrate. Heavy crude oil film recession was studied at 

ambient pressure and increasing temperatures from 40 to 80 °C, with the rate of oil 

droplet recession increasing with temperature (initial receding rate increased from 0.07 

to 3.73 °/s over the 40 – 80 °C temperature range). This effect was mostly attributed to 

the reduction in oil viscosity (1,150 to 220 mPa·s for 40 °C and 80 °C, respectively). 

Further contributions from the release of natural surfactants from the heavy crude oil 

slightly decreased the oil-water interfacial tension from 28.3 to 25.5 mN/m, which lead 

to a decrease in the equilibrium contact angle from 63.7° to 51.3°.  Dynamic dewetting 

theories were used to model the experimental data where the role of oil viscosity was 

confirmed to predominantly influence oil droplet dewetting dynamics.  

Experiments were conducted at high pressure (≤ 200 bar) and high temperature 

(140 °C) to better represent the reservoir environment. At elevated pressures, surface-

active species such as asphaltenes were dissolved in the heavy crude oil as confirmed by 

the slight increase in oil-water interfacial tension from 14.4 to 17.6 mN/m when the 
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pressure was increased from 10 to 200 bar. As a result, the oil droplet showed less droplet 

recession at high pressures (contact angle increased from 17.9° to 23.1° over the same 

pressure range) and was attributed to the change in the interfacial tension.  

Finally, the role of surfactants for improving oil dewetting was considered. The 

reduction in oil-water interfacial tension and increase in oil-substrate electrostatic 

repulsion led to an increase in the rate of oil droplet dewetting and lower equilibrium 

contact angles. However, at concentrations > CMC, the surfactant concentration was 

sufficiently high to promote droplet pinch-off due to the very low oil-surface adhesion 

(2.01 µN) being exceeded by the oil droplet buoyancy force (3.77 µN). 

 

4.2 Introduction 

Understanding the fundamental mechanisms for oil film rupture and subsequent 

oil droplet displacement on reservoir rock is critical to improve oil recovery from 

challenging environments.163, 164 Interfacial properties such as substrate wettability and 

oil-water interfacial tension are often targeted to improve oil recovery from the field.6, 7, 

165 For a single oil droplet on a substrate, the solid-water-oil contact angle (𝜃) is often 

considered to describe the potential for oil removal. As previously discussed, the 

interfacial energies govern the contact angle as described by the Young’s equation. To 

reduce the oil-substrate contact area, the oil-water interfacial tension should be decreased 

(maximising the oil-water contact area) to increase the probability of oil droplet 

detachment from the substrate.7, 166  

Although the equilibrium contact angle (𝜃𝑒) is used to define rock wettability in 

the reservoir environment (oil-connate water-rock), the dynamic contact angle (𝜃𝑑) 

(changing droplet contact angle with time) is rarely considered, although this may be 
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thought of as a better indicator for oil recovery.16 Basu et al.13 established a simple 

experimental method to observe spontaneous oil (bitumen) droplet recession by water 

displacement at elevated temperatures in order to understand the hot water extraction 

process in oil sands mining. The authors noted that the preferential water wetting on oil 

sands occurs if the free energy of the water-sand interface is exceeded by the oil-sand 

interface, hence oil is displaced and released from the sand. A bitumen thin film on a 

model glass substrate receded spontaneously upon contact with water to form a spherical 

droplet. High temperatures were shown to increase the droplet receding rate, while high 

pH reduced the initial droplet receding rate. The reduction in oil viscosity at high 

temperature was found to promote faster droplet receding.156, 167 However, the 

contribution of the oil-water interfacial tension on the contact angle remained to be 

considered. 

To better understand oil dewetting at subsurface conditions, the influence of high 

pressure and high temperature needs to be studied. Only a few groups have studied the 

contact angle and oil-water interfacial tension at such extreme conditions, but their 

findings remain controversial. Yang et al.55 studied a crude oil-carbonated brine-rock 

system and found the contact angle decreased at high pressure (≤ 200 bar), with the 

behaviour attributed to oil swelling due to CO2 diffusion, and the oil-substrate contact 

area remaining unchanged. Xie et al.17 did not find any influence of pressure (≤ 500 bar) 

when studying a crude oil-brine-rock system, but showed a slight increase in oil droplet 

contact angle at high temperature (≤ 140 °C), similar to the findings of Zhang et al.53 who 

studied oil droplet contact angles on a range of mineral substrates. On the contrary, 

Nowrouzi et al.54 showed a significant decrease in contact angle and oil-water interfacial 

tension with increasing pressure. Although some studies attribute the high temperature 

effects to a disjoining pressure,17, 54, 168 while the pressure effects remain controversial.  
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The methodology established by Basu et al.13, 14 has been adopted to study the 

dewetting of heavy crude oil as a function of temperature, with the experimental data 

compared to the dewetting dynamic theories previously discussed. The study is extended 

to high pressure and high temperature environments to assess the dewetting dynamics 

under extreme conditions, as well as the addition of surfactants that are commonly used 

to promote droplet recession via a reduction in oil-water interfacial tension.  

 

4.3 Experimental Methods  

Experimental techniques to measure the oil-water interfacial tension and contact 

angle were described in Chapter 3. For the study at elevated temperatures, the fluid 

temperature was set to either 40, 60 and 80 °C at ambient pressure (~1 bar). For the 

surfactant study the fluid temperature remained constant at 60 °C and ambient pressure. 

To study the effect of high pressure and high temperature, the high pressure chamber was 

used with the temperature fixed at 140 °C and the pressures increased from 10, 100 to 

200 bar.  

The high-pressure chamber (HPC1, Attension® Theta High Pressure, Biolin 

Scientific, Finland) was equipped with a manual hydraulic pump which was used to 

pressurise the measurement cell (Figure 4.1). The fluid temperature was measured and 

controlled by the OneAttension software. Due to the complexity of operating at a desired 

pressure and temperature (pressure-volume-temperature integration), a 10 µL oil droplet 

was first deposited on a glass substrate before completely filling the high-pressure 

chamber with the test fluid, which was then sealed at ambient pressure prior to increasing 

the pressure or temperature.  
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Preliminary testing of a heavy crude oil droplet in water showed an increase in 

oil-water interfacial tension and oil droplet contact angle (measured through water) with 

increasing pressure or decreasing temperature. The pressure was first increased to either 

10, 100 or 200 bar (order of minutes) before the test fluid was heated to 140 °C (order of 

hours). This method of first increasing pressure followed by increasing temperature was 

adopted to minimise adsorption of surface-active species during experimental set-up 

(adsorption at room temperature < adsorption at 140 °C). At high temperatures, 

adsorption of surface-active species is substantial, and due to irreversibly adsorbed 

asphaltenes,169, 170 this would lead to results that are not meaningful. Fluid expansion 

during heating slightly increased the cell pressure, so the desired cell pressure was 

attained by using the manual hydraulic pump.   

 

 

Figure 4.1. Picture showing the high-pressure chamber mounted on the tensiometer (a). 

Schematic of high-pressure chamber (b) showing the stage where the oil droplet is 

deposited, and shows the location of the oil droplet on the substrate in the high-pressure 

chamber (c). 
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For the high-pressure tests, the oil-water interfacial tension was measured using 

the sessile drop method rather than the pendent drop method. Due to the nature of the 

heavy crude oil (very high viscosity ~6,700 mPa·s at 20 °C), the oil could not be injected 

into the high-pressure chamber using a syringe/needle. For contact angle measurements, 

the sessile drop method was used. Once at steady-state (~3,600 s after the test conditions 

were reached), the oil-water interfacial tension and contact angle were determined using 

the Young-Laplace equation.154 

 

4.4 Results and Discussion   

4.4.1 Oil droplet dewetting dynamics at elevated temperatures  

 

Figure 4.2. Time-dependent dewetting of a heavy oil droplet on a hydrophilic solid 

surface. For these images the solid surface and water temperature were constant at 40 °C.  

 

The sequence of images in Figure 4.2 show the dewetting process for an oil 

droplet deposited on a solid surface. Since 
𝑑𝐺

𝑑𝐴
 < 0, oil droplet recession occurs 

spontaneously and the oil-solid contact area reduced to attain a new equilibrium wetted-

state, as described by the Young’s equation (Equation (2.4)). 
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Figure 4.3. Dewetting dynamics of an extra heavy oil film immersed in Milli-Q water at 

different temperatures: 40 °C, 60 °C and 80 °C. Inset is an expanded region of the initial 

dewetting dynamics to differentiate between the two higher temperatures. Each 

experimental condition was repeated four times with measurement variability considered 

to be negligible. 

 

The rate of oil film dewetting can be determined from the dynamic contact angle, 

see Figure 4.3, with faster dewetting dynamics observed for higher temperature 

environments. Clearer differentiation between 60 °C and 80 °C is shown in the inset of 

Figure 4.3, with the new equilibrium wetted-states (oil-water-solid surface) attained 

within a few minutes, contrasting the 40 °C sample which required more than 1 h to reach 

equilibrium. Moreover, the contact angles at equilibrium were shown to depend on 

temperature, decreasing from 63.7° to 54.1° and 51.3° with increasing temperature from 
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40 °C to 60 °C and 80 °C, respectively. Equation (2.4) shows that changes in equilibrium 

wetted-state result from a change in the balance of energies acting on the three interfaces. 

Measuring 𝜎𝑂𝑊 at equivalent temperatures, Figure 4.4 confirms a small decrease in 𝜎𝑂𝑊 

with increasing temperature. Hence, if it were assumed that 𝜎𝑂𝑆 and 𝜎𝑆𝑊 remained 

independent of temperature, then 𝜃 would decrease, in good agreement with the Young’s 

equation. Previous studies showed variation in the oil-water interfacial tension as a 

function of pH and temperature,34, 35, 171, 172, 173, 174 with the effect attributed to the partial 

solubility of naphthenic acids in water175, 176 and adsorption of asphaltenes at the oil-water 

interface.177, 178, 179 

 

 

Figure 4.4. Initial oil droplet receding rate as a function of temperature, correlated to 

changes in oil viscosity and oil-water interfacial tension (error ± 0.03 mN/m). Symbols: 

circle – oil droplet receding rate, triangle – 𝜎𝑂𝑊, square – 𝜇𝑜. 
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Naphthenic acids are considered to be cyclic carboxylic acids of the general form 

R-COOH, where R can be any cyclo-aliphatic group.180 Compared to asphaltenes, 

naphthenic acids are of lower molecular weight, typically less than 450 g/mol, spanning 

mainly C10 to C50 compounds with up to six fused ring structures that are mostly 

saturated.181  

 

 

Figure 4.5. Surface tension of extracted water from an oil-water interfacial tension test 

conducted at 40, 60 and 80 °C. All surface tension measurements are completed at 20 °C. 

The red line denotes the surface tension of pure water at 20 °C, ~72.8 mN/m.  

 

The surface tension of water extracted from an oil-water interfacial tension 

measurement at different temperatures (10 µL droplet of heavy crude oil in 60 mL of test 

fluid) was measured at 20 °C.  Figure 4.5 shows the surface tension of extracted water 
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decreased slightly with increasing experimental temperature (droplet receding test), thus 

confirming the presence of more naphthenic acids in the water phase at higher 

temperatures.  

 

 

Figure 4.6. Fourier transform infrared (FT-IR) spectrum shows O–H and C=O stretches 

of naphthenic acids (carboxylic acids) functional groups in extraction of supernatant 

water containing dissolved naphthenic acids.  

 

To pseudo-quantitatively assess the naphthenic acids dissolved in the water phase, 

a standard liquid-liquid extraction was performed using Fourier transform infrared (FT-

IR).34, 182 The extracted water was acidified to pH 2.3 using 1 M HCl. Then, the carboxylic 

acids were extracted from the acidified water into dichloromethane (DCM, Fisher 

Scientific, UK) using 2:1 volume ratio. The extraction was repeated three times to recover 
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almost all of the carboxylic acids.34 The DCM extractions were combined and left to 

evaporate off the solvent in a vented fume hood. The remaining residue was re-dissolved 

in 20 g of DCM and analysed by FT-IR (Nicolet iS10, Thermo Scientific) with a DCM 

background. Figure 4.6 shows the FT-IR spectra confirming O–H and C=O stretches of 

naphthenic acids (carboxylic acids). The higher absorbance for the higher extracted water 

temperatures implies more naphthenic acids present in the water phase, thus increased 

adsorption at the oil-water interface lowering the oil-water interfacial tension at higher 

temperatures.174  

 Asphaltenes are the heavy component of crude oil that can adsorb at the oil-water 

interface. Compared to surfactants, asphaltenes are much larger in molecular weight, from 

400 to 1,500 g/mol, are polyaromatic with alkyl side-chains and contain heteroatoms and 

trace metals. It has been shown that higher temperatures increase asphaltene adsorption 

to the oil-water interface.177, 183, 184 Orientation of asphaltenes at the oil-water interface is 

likely to be more perpendicular than parallel with increasing temperature, resulting in 

more asphaltenes being adsorbed.185, 186, 187 Also at high temperatures, asphaltenes are 

more dispersed (less aggregated) which leads to a greater surface excess (denser packing) 

and hence decreases the oil-water interfacial tension relative to low temperatures.177 

 The equilibrium contact angles measured in the current study are in good 

agreement with the research by Basu et al.13 With pH increasing, the concentration of 

naphthenic acids in the water phase increased, resulting in greater reduction in the oil-

water interfacial tension and increased electrostatic repulsion between the oil droplet and 

substrate, see discussion in Section 2.3.4. Data collected at pH 5.5 were compared with 

the pH tests conducted by Basu et al.13 at pH 3, 7 and 11, as shown in Figure 4.7. The 

data is in excellent agreement with the trend in pH and can be attributed to the variation 

in naphthenic acid concentration. In addition, the trends in pH are also consistent over the 
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temperature range 40 to 80 °C, with the equilibrium contact angle slightly decreasing at 

higher temperatures, which can again be attributed to the increased solubility of 

naphthenic acids.   

 

 

Figure 4.7. Equilibrium oil droplet contact angles (measured through the water phase) in 

water at pH 5.5 (red symbols) and compared to the pH-dependent data published by Basu 

et al.13 Lines are included to guide the eye. 

 

The initial receding rate (
𝑑𝜃

𝑑𝑡
) of the oil film was compared for each temperature 

with the rates correlated to changes in 𝜎𝑂𝑊 and 𝜇𝑜, see Figure 4.4. Based on the HD 

model for contact-line displacement (Equation (2.8)), which includes both parameters, 

the oil viscosity is the rate dependent parameter since the change in oil viscosity (-80.9%) 

with temperature is more significant than that of oil-water interfacial tension (-9.9%); 
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between 60 °C and 80 °C the oil viscosity decreased by 38.9% and the initial receding 

rate increased by 107.2%. The same oil displacement data was fitted to both the HD and 

MK models (Figure 4.8). A least-squares difference between the experimental and 

theoretical 𝜃𝑑 was made 

 

∆ = ∑(𝜃𝑚 − 𝜃𝑒𝑥𝑝)2

𝑡𝑒

𝑡=0

 (4.1) 

where 𝜃𝑚 and 𝜃𝑒𝑥𝑝 are the theoretical and experimental dynamic contact angles at time 

𝑡, respectively, and the model fitting parameters were determined by minimising the least-

squares value.  

During the process of oil film dewetting, the model fits appear in reasonable 

agreement with the experimental data. Slight variation is magnified at higher 

temperatures when the receding dynamics can be considered rapid for extra heavy crude 

oil, and experimental variability is more evident. The adjustable fitting parameters for 

each model (HD – 𝑙𝑛 (
𝐿

𝐿𝑆
), MK – 𝜁) reduced with increasing temperature, suggesting that 

the slip length of fluid-fluid contact line on a solid surface (𝐿𝑆) increases and the 

coefficient of contact-line friction (𝜁) decreases when the oil viscosity is reduced, in good 

agreement with previous findings.156, 167 

 



 

 

79 

 

 

 

Figure 4.8. HD and MK model fittings of oil film dewetting at 40 °C (a), 60 °C and 80 

°C (b). Shaded lines represent the experimental data and the HD and MK models 

identified by the solid and dash lines, respectively. (c) Optimal fitting parameters, HD 

(closed symbols) – 𝑙𝑛 (
𝐿

𝐿𝑆
), MK (open symbols) – 𝜁.    

 

4.4.2 Oil droplet dewetting under high pressure and high temperature  

 

 

Figure 4.9. Oil-water interfacial tension (a) and equilibrium contact angle (b) in Milli-Q 

water at 140 °C as a function of pressure. Lines to guide the eye. 
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Very high temperature and high pressure conditions were studied to better 

represent the real reservoir conditions. To study behaviour at 140 °C it was necessary to 

increase the pressure to 10 bar to avoid boiling (water boiling point = 351 °C), whereas 

the study at 60 °C was conducted at ambient pressure (Figure 4.4). Based on the results, 

the contribution from the pressure difference (10 → 200 bar at 140 °C) can be neglected 

when compared to the contribution from the temperature difference (60 °C at 1 bar → 

140 °C at 10 bar), since changes in 𝜎𝑂𝑊 and 𝜃 due to pressure (+22.3% ∆𝜎𝑂𝑊 and +29.0% 

∆𝜃) were smaller than the changes due to temperature (-46.1% ∆𝜎𝑂𝑊 and -66.9% ∆𝜃).  

Increasing temperature from 60 °C to 140 °C led to a significant reduction in 𝜎𝑂𝑊 

(26.8 → 14.4 mN/m) indicating a greater partition of surface-active species (e.g. 

asphaltenes and naphthenic acids) at the oil-water interface as discussed in previous 

section. Reduction in the oil-water interfacial tension accordingly promoted the oil 

dewetting and the contact angle decreased from 54.1° to 17.9° due to the Young’s law.  

Increase in 𝜎𝑂𝑊 with increasing pressure (Figure 4.9a) suggests that the surface-

active molecules (i.e. asphaltenes) partition less at the oil-water interface. At high 

pressures asphaltenes are more soluble in the oil phase and thus their interfacial affinity 

is less.188, 189 In addition, at high pressure the water and oil molecules at the interface 

become more confined which contributes to increased intermolecular forces and hence 

higher interfacial tension.81, 190 The increase in 𝜎𝑂𝑊 was only slight even at very high 

pressure (200 bar). Figure 4.9b shows a reduction in oil dewetting with increasing 

pressure and this effect can be attributed to the increase in 𝜎𝑂𝑊. The direct contribution 

of pressure on the contact angle was considered to be negligible since the oil contained 

no dissolved gas (dead oil) and the water contained negligible dissolved gas.  
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These initial findings suggest that oil droplet dewetting dynamics observed at 

ambient condition may not describe the behaviour under reservoir-like conditions. The 

𝜎𝑂𝑊 still has a relationship with the contact angle via the Young’s equation. 

 

4.4.3 Oil droplet dewetting dynamics in surfactant 

SDS, an anionic surfactant, was used to displace an oil film deposited on a glass 

substrate at 60 °C (Figure 4.10a). Adding SDS to the aqueous phase reduced 𝜎𝑂𝑊, and 

the CMC was found to be ~0.1 wt% (3.5 mM) at 60 °C (Figure 4.11a). The measured 

oil-water interfacial tension was fitted using the Langmuir isotherm model (Equation 4.2), 

see Figure 4.11a.191, 192 

 
𝜎 = 𝜎0 + 𝑅𝑇𝛤𝑠𝑙𝑛 (

1

1 + 𝐾𝐶𝑠
) (4.2) 

where 𝜎0 is the interfacial tension of the pure fluid (i.e. no surfactant), 𝐾 the adsorption 

constant.  

The CMC was verified by measuring the conductivity of the SDS solutions 

(Figure 4.11b) and was found to be in good agreement with the CMC ~0.15 wt%. The 

slightly lower CMC determined from measuring the oil-water interfacial tension likely 

results from the contribution of natural surfactants (naphthenic acids) adsorbed at the oil-

water interface.48, 193 At 20 °C, the CMC of SDS is ~0.24 wt% and a reduction in CMC 

at higher temperature is expected and agrees with published literature.194 Since higher 

temperatures decrease surfactant-chain hydration, owing to weaker hydrogen bonding, 

these conditions favour micellisation and thus the surfactant CMC is lower.195 
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Figure 4.10. Oil film dewetting at 60 °C with increasing SDS concentration (5 × 10-4 

wt% and 5 × 10-3 wt%) (a). Shaded lines represent the experimental data with the HD and 

MK models identified by the solid and dash lines, respectively. Oil film dewetting at 

60 °C with the SDS concentration > CMC (SDS = 0.12 wt%) (b). The surface-oil droplet 

contact diameter reaches a minimum of 0.34 mm at the point of oil droplet pinch-off. 

 

Increasing the SDS concentration from 5×10-4 wt% to 5×10-3 wt% increased the 

rate of oil film displacement and decreased the equilibrium contact angle (𝜃). The 

equilibrium contact angle decreased from 54.1° in the absence of SDS to 48.7° and 36.5° 

for 5×10-4 wt% and 5×10-3 wt% SDS, respectively, as a result of charge repulsion between 

the SDS anionic head group and negatively charged silica surface. While surfactant is 

added, the reduction in 𝜎𝑂𝑊 is small over the concentration range 5×10-4 to 5×10-3 

wt%, ∆𝜎 ~ 2 mN/m, and therefore is unlikely to be the main contributor to the substantial 

decrease in 𝜃. Fitting the HD and MK models confirmed an increased slip length (𝐿𝑆) and 

reduced coefficient of contact-line friction (𝜁) at higher SDS concentrations (Table 4.1).  
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Figure 4.11. Crude oil-water interfacial tension as a function of SDS concentration (a). 

The CMC was ~0.1 wt% at 60 °C. Conductivity of SDS solution as a function of the SDS 

concentration at 60 °C (b).  The intercept of two linear lines denotes the CMC 

(~0.15 wt%). 

 

Table 4.1. Model fitting parameters for oil droplets in SDS solutions. 

Concentration (wt%) 𝒍𝒏 (
𝑳

𝑳𝑺
) 𝜻 (Pa·s) 

5×10-4 83.7 33.5 

5×10-3 35.0 3.7 

 

Figure 4.10b confirms the benefit of injecting surfactants at concentrations higher 

than the CMC. The very low 𝜎𝑂𝑊 (~5.75 mN/m) caused the oil film to continually recede 

and eventually pinch off from the solid surface when the oil droplet buoyant force 

(3.77 µN) exceeds the oil droplet-substrate adhesion force (2.01 µN). Due to very low 

oil-water interfacial tension, when the oil droplet was deposited onto the glass substrate, 

the droplet did not form a spherical-cap but more a disk-shape (Figure 4.12).196 As a 

result the contact angle is not defined, this receding dynamics was determined from the 

oil droplet contact diameter on the substrate. Compared to the lower surfactant 
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concentration solutions, the oil droplet receding rate was much slower (0.022 mm/s at 

0.12 wt% SDS), see Figure 4.10.  

Delayed recession of the oil droplet was due to hindrance at the three-phase 

contact line resulting from a very low capillary force (capillary force: 𝜎𝑂𝑊𝑐𝑜𝑠𝜃), which, 

due to the flattened oil droplet disk-shape (𝑡 < 105 s), initially opposed to the direction of 

oil droplet dewetting, and thus slowed the initial receding rate.  In addition, the very low 

oil-water interfacial tension meant that the driving force to minimise the surface area to 

volume ratio (i.e. form a sphere) was low.  

With ultra-low 𝜎𝑂𝑊 and small oil-substrate contact area at 𝑡 = 192 s, the oil droplet 

buoyancy started to exceed the oil-substrate adhesion and thus the oil droplet pinched off 

from the substrate before complete droplet recession (much slower process). This led to 

oil droplet filament elongation and eventual liberation (at 𝑡 = 194 s) leaving a secondary 

daughter droplet attached to the surface. The 𝜎𝑂𝑊 and oil viscosity have been shown to 

control the kinetics of droplet pinch-off.197, 198 As reported in literature and seen in this 

study, the low 𝜎𝑂𝑊 reduced the rate of thinning of the filament neck (due to low capillary 

force), and high oil viscosity led to a highly elongated oil filament, with slow detachment, 

~2,000 ms compared to < 10 ms for a water droplet.197, 199 It is worth noting, and as 

discussed in Chapter 6, a real oil droplet detachment could be observed without the 

generation of a secondary droplet. Such detachment was controlled by a complete 

receding process and no pinch-off. 
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Figure 4.12. Oil droplet dewetting development in 0.12 wt% SDS (> CMC) at 60 °C. The 

oil droplet receded in axisymmetric shape but not in spherical-cap shape.   

 

4.5 Conclusion  

The current chapter has examined the nature of oil film recession on a model 

surface in pure water fluid. When changing from air-oil-solid to water-oil-solid system, 

the oil droplet dewetted spontaneously in spherical-cap shape in order to balance the free 

surface energy towards a new equilibrium. Also revealed is the importance of relevant 

parameters that alter the phenomena. In the study of temperature, oil viscosity was found 

to govern the dynamic dewettting of oil droplets (i.e. the oil droplet receding rate) while 

the oil-water interfacial tension mainly altered the equilibrium state of the Young’s 

contact angle. In a high pressure environment, the oil-water interfacial tension slightly 

increased, which further contributed to reduced adsorption of surface-active species. The 

contact angle was found to increase according to the interfacial tension change. 

Significantly low oil-water interfacial tension was demonstrated by adding surfactant and 

resulted in much lower contact angle. At higher CMC, ultra-low interfacial tension was 

obtained where the oil droplet pinched off from the substrate spontaneously. This was 

because the oil-surface adhesion was lower than the critical value allowing the oil droplet 
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buoyancy to overcome. Oil dewetting phenomena in this chapter exhibited the Young’s 

concept by using pure water and normal surfactant additive. The findings here represent 

a controlled system to compare with further investigations in the later chapters.  
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5. Oil Droplet Dewetting in Low-Salinity Fluids 

Chapter 5 

Oil Droplet Dewetting in Low-Salinity Fluids 

 

5.1 Synopsis  

Low-salinity EOR shows a great promise, yet the mechanism for its performance 

remains unclear. To better understand the interfacial interactions promoting EOR under 

various brine environments, a systematic study on the oil droplet dynamic dewetting was 

considered with monovalent (NaCl) and divalent (CaCl2) brines under temperatures 

≤ 140 °C and pressures ≤ 200 bar.  

Increasing brine concentration induced salt ion adsorption and hence neutralised 

the oil-water interfacial charge, leading to higher adsorption of negatively charged 

surface-active species (e.g. asphaltenes and naphthenic acids) and oil-water interfacial 

tension reduced. Such reduction in the interfacial tension with increasing brine 

concentration was found up to ~25,000 ppm, where a trend reversed to increase with 

further increasing concentration because salt ion saturated the interface and preferred 

to interact with water molecule via dipole-ion interaction hence less adsorption of the 

surface-active species. Contact angles observed were governed by disjoining pressure 

rather than the oil-water interfacial tension. Decreasing contact angles (43.2° in Milli-Q 

water → ≥ 18.1°) in brine confirms greater oil dewetting in the presence of NaCl, with 

hydration force strongly influencing the repulsion between oil and substrate. In contrast, 

attractive hydrophobic force, constructing in CaCl2 brines between the oil and 
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hydrophobised substrate (via divalent cation bridging the natural surfactants onto 

substrate), demotes the oil dewetting and thus higher contact angles (≥ 27.2°). Dynamic 

dewetting of oil droplet at the initial period was accelerated by a stronger oil-substrate 

repulsion and lower steady-state contact angle, without the interfacial tension effect.  

For both brines, the oil-water interfacial tension decreased with increasing 

salinity and temperature (21.6 → 3.9 mN/m from 60 to 140 °C at 60,000 ppm NaCl), 

which attributed to increasing adsorption of the surface-active species by charge 

neutralisation from the partitioning of salt ions. Higher pressure (10 → 200 bar) 

increased the oil-water interfacial tension due to decrease in interfacial adsorption 

(∆𝜎𝑂𝑊 ~3 mN/m). This led to slightly higher contact angles (∆𝜃 ~6°), i.e. reduced oil 

dewetting, although it should be noted that the pressure effect was minimal, especially in 

CaCl2 brines due to the dominant effect of hydrophobic attraction.  

Fluid temperature and brine type were shown to have a much greater influence 

on oil droplet dewetting than pressure. Based on our recent findings, the present study 

confirms that salt-dependent trends observed under ambient conditions do not fully 

represent those interfacial behaviours at conditions which are closer to the real reservoir 

at high temperature and pressure. 

 

5.2 Introduction 

Secondary and tertiary oil recovery methods are increasingly used in crude oil 

production to meet the growing global energy and chemical feedstock demands. Chemical 

EOR is used in both conventional and unconventional oilfields to alter connate-water 

chemistry. Injecting engineered water (chemical-doped water) can lead to greater oil 

recovery by decreasing capillary pressure following surfactant injection and increasing 
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sweep efficiency from polymer flooding. There are however limitations to this practice, 

most notably the environmental impact as well as increased operational costs due to 

frequent chemical injections.200 Proposed in the 1990s, Morrow et al.201, 202 demonstrated 

an alternative to EOR by diluting connate water, leading to what is now more commonly 

known as low-salinity EOR. Considered to be greener and cheaper than conventional 

chemical EOR, many studies have considered low-salinity EOR from a molecular scale 

through to field trials. Mechanisms to improve oil displacement by low-salinity water 

injection include interfacial interactions, namely a reduction in oil-water interfacial 

tension and wettability alteration.12, 17, 76, 80 

Displacement of crude oil is partly influenced by the solid-liquid and liquid-liquid 

interfacial energies of the interacting three phases: crude oil, connate water and reservoir 

rock.203, 204, 205 Saline water (up to ~30,000 ppm) has been shown to promote adsorption 

of crude oil surface-active species such as asphaltenes and naphthenic acids, lowering oil-

water interfacial tension.54, 81, 82 However, for high-salinity water both an increase54, 81, 82 

and decrease84, 206 in oil-water interfacial tension has been observed controversially. The 

increasing interfacial tension is attributed to the salt-ion negative adsorption.85 

The effect of salinity on the contact angle (wettability) is debated. Haagh et al.80, 

113 showed that low brine concentrations decreased the water contact angle (surface 

becomes more water-wet), attributing changes to the increasing electrostatic forces, and 

suggested that lower surface hydrophilicity resulted from cation bridging between 

surface-active materials in the oil and substrate. Basu et al.15, 56 studied both monovalent 

and divalent salts for bitumen droplet recession on glass substrates, and showed higher 

water contact angles for higher brine concentrations. Drummond and Israelachvili12 

considered contact angle alteration in different fashion by brine solutions and argued that 

interaction forces (classical DLVO forces) should also account for structural forces in 
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brine solutions. Their contribution agreed with Basu and Sharma102 who showed 

wettability in brines depends on both capillary and structural (hydration) forces. 

Israelachvili and co-workers76 considered the effect of brine dilution on the contact angle 

of crude oil-brine-rock. Diluting formation water to ~80,000 ppm decreased the contact 

angle to ~12°, with further dilutions causing an increase in contact angle (~80° at ~500 

ppm). A ‘wettability map’ (oil droplet wettability) was used to describe the influence of 

interfacial forces acting between oil-water and water-substrate interfaces as a function of 

brine concentration. Applying DLVO forces to quantify the contact angle, the authors 

concluded that hydration force dictates wettability behaviour. 

Low-salinity brines have been considered at high temperatures and pressures to 

better understand mechanisms at subsurface conditions, though the findings remain 

controversial. Yang et al.55 studied crude oil-rock-carbonated brine and showed a 

decreasing contact angle at high pressure (≤ 200 bar), a result of oil swell due to CO2 

diffusion, while the oil droplet-substrate contact area remained constant. Xie et al.17 

showed no pressure effect in crude oil-quartz rock-brine solution but observed a slight 

increase in contact angle at higher temperature (≤ 140 °C). Zhang et al.53 observed a 

similar temperature effect for oil droplets on mineral surfaces, although noting that the 

brine salinity effect was more pronounced than any temperature and pressure 

contributions. Nowrouzi et al.54 reported substantial reductions in the contact angle at 

higher pressure (≤ 14 bar) using different brines, with behaviour attributed to a decrease 

in the oil-water interfacial tension. Although some study has reported the temperature 

effect on the contact angle in associated with disjoining pressure, discussions on direct 

effects of pressure and interfacial adsorption on the contact angle were still short of. Thus, 

the integrated study including all main factors are needed to address the mechanism and 
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clarify whether the study in ambient condition can really represent the one under reservoir 

condition. 

To understand oil dewetting mechanism in low-salinity EOR, the current study 

considers the dewetting dynamics of heavy crude oil droplet on hydrophilic glass 

substrates with the effect of monovalent (NaCl) and divalent (CaCl2) brines ranging from 

2,000 to 60,000 ppm. Investigation into effect of high pressure and high temperature 

(reservoir condition) under low-salinity environment has not yet been reported. In this 

study, the oil dewetting in the brine system was observed as a function of temperature 

(≤ 140 °C) and pressure (≤ 200 bar). The disjoining pressure between oil-coated particle 

and glass substrate was also examined to elucidate the prominent behaviours governing 

heavy crude oil droplet dewetting in brine environment.   

 

5.3 Experimental Methods  

To study the dynamic oil dewetting in brines, the techniques to measure the oil-

water interfacial tension and contact angle were as described in Chapter 3. The 

experimenting temperature was set to be 60 °C at ambient pressure.  

In the later section, the effect of high pressure and high temperature was also 

examined on the oil-water interfacial tension and contact angle. The experimenting 

environment was set at 140 °C with pressures of 10, 100 and 200 bar using the high-

pressure chamber whereas the experimental detail was described in Chapter 4.  

Zeta potentials of oil-water and silica-water interfaces were measured as described 

in Chapter 3. The disjoining pressure between oil-coated colloidal probe and glass 

substrate under brine environment was determined as discussed in Chapter 3.  
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It is the fact that the heavy crude oil used throughout the thesis is the same but the 

oil used in this chapter was sampled a long time apart from the other chapters, which 

could lead to change in the oil properties (e.g. due to loss of some light oil components). 

The oil dewetting control system of Milli-Q water at ambient condition was then 

conducted specifically with this oil (Figure 5.1) to only compare with the data in this 

chapter. The oil dewetting results and model fittings were in a good agreement with 

Chapter 4. 

 

 

Figure 5.1. Dynamic oil droplet dewetting in a control system of Milli-Q water. Light-

coloured symbols are two repetitive experimental plots. The initial receding rate and the 

equilibrium contact angle are shown next to the plot. Solid and dash lines are HD and MK 

model fittings, respectively. The fitting parameters are shown next to the fitted lines. 
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5.4 Results and Discussion   

5.4.1 Oil droplet dewetting 

 

 

Figure 5.2. Dynamic contact angle of heavy crude oil droplet dewetting on glass substrate 

in brine solutions at 60 °C. NaCl brine at 2,000, 25,000 and 60,000 ppm, respectively (a) 

– (c). CaCl2 brine at 2,000, 25,000 and 60,000 ppm, respectively (d) – (f). The light-

coloured symbols represent two repeat measurements. The initial receding rate and 

equilibrium contact angle are shown inset. Solid and dash lines are the HD and MK 

models, respectively. 
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The effect of brine concentration on heavy crude oil dewetting is shown in Figure 

5.2 and summarised in Table 5.1. Three brine concentrations were considered: case (I) 

2,000 and 60,000 ppm were selected due to the fluids exhibiting similar oil-water 

interfacial tensions (𝜎𝑂𝑊 ~21.6 mN/m and 20.5 mN/m for NaCl and CaCl2); and case (II) 

25,000 ppm was chosen as this produced the lowest oil-water interfacial tension, see 

Figure 5.4 (𝜎𝑂𝑊 = 21.0 mN/m for NaCl and 20.1 mN/m for CaCl2). Hence for case (I), 

the effect of brine concentration independent of 𝜎𝑂𝑊 is compared and case (II) compares 

changes in  𝜎𝑂𝑊 for both brine types.   

During the oil dewetting, the thin film of crude oil recedes axis-symmetrically in 

the radial direction to form a spherical cap as reported in Chapter 4. The droplet dewetting 

is represented by the dynamic contact angle (𝜃𝑑), with the initial receding rate (o/s) and 

steady-state contact angle (𝜃𝑒) of particular interest. 

 

Table 5.1. Summary of experimental data and model fitting parameters at 60 °C. 

Aqueous phase 

Experimental data Model parameters 

𝜽𝒆 (°) 
𝝈𝑶𝑾 

(mN/m) 

Initial receding rate 

(°/s) 
𝒍𝒏(𝑳/𝑳𝑺) 𝜻 (Pa·s) 

0 ppm (Milli-Q water) 43.2 22.7 1.72 378 101.4 

NaCl 2,000 ppm 18.1 21.7 9.46 237 18.7 

NaCl 25,000 ppm 22.2 21.0 6.85 259 23.6 

NaCl 60,000 ppm 25.3 21.6 1.89 622 139.9 

CaCl2 2,000 ppm 27.2 20.7 7.40 201 21.7 

CaCl2 25,000 ppm 27.2 20.1 5.38 362 49.1 

CaCl2 60,000 ppm 35.8 21.3 4.47 220 33.3 

 

The initial receding rate of heavy crude oil droplet dewetting strongly depends on 

the brine concentration. Compared to Milli-Q water (initial receding rate = 1.72 °/s), at 

2,000 ppm brine (NaCl and CaCl2) the rates of oil droplet dewetting increase 



 

 

95 

 

 

substantially, with the fastest rate (9.46 °/s) measured for NaCl at 2,000 ppm (Figure 

5.3). Further increases in brine concentration reduce the initial rate of oil droplet 

dewetting, and for 60,000 ppm NaCl the rate is almost equivalent to salt-free water. The 

increase-decrease in initial rate of oil droplet dewetting with brine concentration is also 

observed for CaCl2, although the rates are slightly lower than NaCl brine, except at 

60,000 ppm where an initial oil droplet dewetting rate of 4.47 °/s is greater than that for 

NaCl and equivalent brine concentration.  

 

 

Figure 5.3. Initial receding rate of heavy crude oil dewetting in NaCl and CaCl2 brines 

as a function of concentration at 60 °C.  
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Considering Equations (2.8) and (2.10), contact-line velocity depends on the fluid 

and surface properties: 𝜇𝑜, 𝜎𝑂𝑊 and 𝜃𝑒.  For the data shown in Figure 5.3, the contribution 

from oil viscosity on droplet receding rate can be neglected since the fluid viscosity is 

constant at 60 °C. The contribution from brine viscosity is also negligible since the brine 

viscosity varies within 0.1 mPa·s for the different brine types and concentrations 

considered.207, 208 For case I (equivalent 𝜎𝑂𝑊 at 2,000 and 60,000 ppm brines), significant 

differences in the initial receding rate of oil droplet confirm that behaviour is not only 

influenced by 𝜎𝑂𝑊. Better agreement between the initial receding rate and 𝜃𝑒 is generally 

observed, with the initial receding rate decreasing as 𝜃𝑒 increases, although this simple 

parameter assessment is not comprehensive to describe the observed differences between 

NaCl and CaCl2.  

The dynamic dewetting models considered two further parameters: (i) 𝑙𝑛(𝐿/𝐿𝑆) 

for HD model and (ii) 𝜁 MK model. Generally there is good agreement between the heavy 

crude oil droplet receding rate and the fitting parameter values, with higher values of 

𝑙𝑛(𝐿/𝐿𝑆) and 𝜁 corresponding to a reduced rate of oil droplet recession. This is sensible 

since both parameters describe a contact-line friction or hindrance to oil droplet 

displacement. From the HD theory, a higher brine concentration shortens the slip length 

and consequently reduces the rate of oil displacement. Many hydrated salts near the solid 

surface103, 209 might demote the elongation of the slip length rather than enhance the fluid 

slip. Due to its bigger hydrated radius, Ca2+ was found to hinder the slip length elongation 

more than Na+.210 From the MK model, increasing contact-line friction (𝜁) at higher brine 

concentrations reduces the oil dynamic displacement due to a higher solid-liquid friction 

at the three-phase contact line. According to the MK concept,43, 44 Many hydrated salt 

ions in water near the solid surface might disrupt the liquid molecule jumping as an 
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obstacle and consequently slow down the oil droplet recession. As discussed above, 

bigger hydrated size Ca2+ implies a higher disruption than the smaller size Na+. 

It should be noted that 60,000 ppm CaCl2 fitting does not appear to agree with the 

general trend, that is the 𝑙𝑛(𝐿/𝐿𝑆) and 𝜁 values are lower than 25,000 ppm CaCl2 even 

though the oil droplet dewetting rate is slower. However, when compared to 2,500 ppm 

CaCl2 the behaviour is consistent. The goodness of fit for the 25,000 ppm data (R2 ≤ 0.98) 

may contribute to this inconsistency.  

However, compared to the pure water system, the ‘optimum’ brines (i.e. 

2,000 ppm) showed remarkable ability to elongate the slip length and believably energise 

the oil-water molecular shuffle, hence attained a faster oil recession with low fitting 

model parameters.  

 

5.4.2 Oil-brine interfacial tension 

Oil-water interfacial tension was measured in NaCl and CaCl2 brine solutions of 

increasing salt concentration from 2,000 ppm to 100,000 ppm at 60 °C (Figure 5.4). An 

initial increase in brine concentration reduced the oil-water interfacial tension relative to 

no brine, 𝜎𝑂𝑊 = 22.7 mN/m. For both NaCl and CaCl2 a minima in the oil-water 

interfacial tension was measured at ~25,000 ppm and found to be independent of the salt 

type. At > 25,000 ppm, the oil-water interfacial tension increased and at the highest brine 

concentration (100,000 ppm) the oil-water interfacial tensions approximated to that of the 

no-brine interfacial tension, as found in literature.81, 82, 83, 84  
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Figure 5.4. Oil-water interfacial tension as a function of brine type and concentration at 

60 °C. The pink line at 25,000 ppm divides two phases which define the interfacial tension 

reduction and increase, respectively.  Error bars are standard deviation. Dashed lines are 

used to guide the eye. 

 

The interfacial tension behaviour can be divided into two phases. Phase I (0 – 

25,000 ppm) describes the reduction in oil-water interfacial tension and can be attributed 

to increased adsorption of surface-active species (e.g. naphthenic acids and asphaltenes) 

at the oil-water interface, which is promoted by charge neutralisation of the heavy crude 

oil-water interface by increased partitioning of cations at the oil-water interface.81, 82, 112 

Increased salt partitioning at the oil-water interface can be described by the Gibbs’ 

adsorption isotherm, Equation (2.12). The surface excess of salt ions increases (𝛤 > 0) 

leading to the interfacial tension decrease (𝜎 < 𝜎0). Phase II (25,000 – 100,000 ppm) 
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describes the increase in oil-water interfacial tension. At higher brine concentrations, the 

oil-water interface becomes saturated by cations and higher brine concentration lead to 

an increase in the salt excess in the bulk fluid.81 This condition leads to a negative surface 

excess (𝛤 < 0) and an increase in the interfacial tension, also known as the Jones-Ray 

effect.85, 88, 211 It has also been reported that very high brine concentrations, the dipole-ion 

interaction between cations and water molecules increases at interface thus the 

asphaltenes are less ionised or bound by the cations.82 This leads asphaltenes to stay in 

the oil bulk rather than partition. This was confirmed by the less interfacial skin formed 

(quantifying amount of asphaltene adsorbed at the interface) studied by crumpling 

experiment) as follows. 

According to Gao et al.,212 crumpling is observed during the droplet volume 

contraction since asphaltene rigid skin is formed at the interface. The higher crumpling 

(skin formation) indicates the asphaltene adsorption at higher amount at the interface, 

quantifying by the crumpling ratio (𝐶𝑅 =
𝐴𝑓

𝐴𝑖
) where 𝐴𝑓 is the projected area of droplet 

when crumpling is first observed and 𝐴𝑖 is the projected area of initial droplet before 

volume contraction. To ascribe the asphaltene interfacial behaviour in the present study, 

the crumpling test was examined as a function of CaCl2 brine concentration. Asphaltenes 

were precipitated and dissolved in 1:1 heptol at 0.3 g/L. Asphaltene droplet (~10 µL) was 

suspended in water phase at different brine concentration for 1 h and then the droplet was 

retracted to observe the interfacial crumpling.  

Figure 5.5 shows the result of that crumpling ratio increased from 0 up to 25,000 

ppm (Phase I) and then inversely decrease to 60,000 ppm (Phase II). This suggests that 

asphaltene adsorption was enhanced with brine in Phase I where the higher brine 

concentration in Phase II prevented the adsorption as discussed previously. This finding 
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well agrees with the interfacial tension results shown in Figure 5.4, ascribing the 

asphaltene adsorption is a dominant factor at the oil-water interface.    

 

 

Figure 5.5. Crumpling ratio as a function of CaCl2 brine concentration. Inset images are 

crumpling asphaltene in 1:1 heptol droplet at each brine concentration. Pink arrows point 

the droplet wrinkles. Lines to guide the eye. 

 

Comparing CaCl2 and NaCl, Figure 5.4 shows the reduction in interfacial tension 

at equivalent brine concentrations is greater for CaCl2 than NaCl, with stronger 

coordination of the divalent cation (Ca2+) to naphthenic acids likely attributing to this 

effect.112 Cation partitioning at an oil-water interface is influenced by its hydration-

state,213 with the more hydrated Na+, compared to Ca2+, contributing to stronger 

interfacial repulsion and consequently less favourable conditions to bind with naphthenic 

0 20000 40000 60000
10

15

20

25

30

35
C

ru
m

p
lin

g
 R

a
ti
o
 (

%
)

CaCl
2
 brine concentration (ppm)



 

 

101 

 

 

acids.214, 215 Divalent cations have also been shown to strongly interact with asphaltenes, 

and thus a reduction in interfacial tension via asphaltenes partitioning at the oil-water 

interface becomes more favourable.82, 83, 216 Considering the crumpling ratio (Figure 5.5), 

the brine concentration dependent crumpling ratio was found to be the inverse of the oil-

brine interfacial tension, and may indicate that the dominant interfacially active species 

for the case of heavy crude oil is asphaltenes. The prevalence of asphaltenes at the oil-

water interface is reasonable based on the very high asphaltene content in the heavy crude 

oil, 39.5 wt%.  Moreover, divalent cations are thought to interact more strongly with 

aromatic oil via cation–π interactions.217, 218 With the cation–π interaction energy 

correlated to the electrostatic potential,219 the more positively charged cations strongly 

interact with the aromatics of the hydrocarbon fluid. The heavy crude oil used in the 

current study has a high aromaticity (H/C ~1.34), and thus favours such interaction with 

the divalent cations resulting in more hydrocarbon-cation binding and its consequent the 

much reduced interfacial tension as recently reported by Kakati and Sangwai.88  

 

5.4.3 Equilibrium contact angle 

At the end of the oil droplet dewetting process, the equilibrium contact angle was 

measured, see Table 5.1. Figure 5.6 compares the equilibrium contact angles for NaCl 

and CaCl2 brines at three concentrations and shows (i) all contact angles are lower than 

the pure water system (𝜃 = 43.2°); (ii) 𝜃𝑒 increases with increasing brine concentration; 

and (iii) heavy crude oil droplets dewet more in NaCl brines than CaCl2 brines (𝜃𝑒 are 

comparatively lower by ~5-10° at equivalent brine concentrations). For the latter, this 

behaviour has previously been observed and attributed to divalent cation bridging 

between the oil droplet and negatively charged solid surface.80 The lowest equilibrium 
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contact angles were measured at 2,000 ppm: NaCl (18.1°) and CaCl2 (27.2°) and do not 

correspond to the minimum in oil-brine interfacial tension. Reduced dewetting at higher 

brine concentrations confirms that low-salinity brine is desired to enhance oil dewetting 

to promote greater oil recovery.76, 220 

 

 

Figure 5.6. Oil droplet equilibrium contact angles as a function of brine type, NaCl (a) 

and CaCl2 (b), and brine concentration at 60 °C. The measured and calculated equilibrium 

contact angles (Equation (5.1)) are shown by the open and closed symbols, respectively.  

 

The contribution of the oil-water interfacial tension (𝜎𝑂𝑊) on the equilibrium 

contact angle can be pseudo-quantitatively assessed by the Young’s equation,9 Equation 

(2.4), without considering the changes in 𝜎𝑆𝑂 and 𝜎𝑆𝑊 (although the brine will influence 

𝜎𝑆𝑊 by adsorption of hydrated salts on solid surface).221 Considering the measured 

contact angle in the pure water system as the Young’s contact angle (without brine), 

Equation (2.4) can be given as: 
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 𝜎𝑂𝑊
0 cos(𝜃0) = 𝜎𝑂𝑊

𝐵𝑟𝑖𝑛𝑒 cos(𝜃𝐼𝐹𝑇) (5.1) 

where 𝜎𝑂𝑊
0  and 𝜃0 are the oil-water interfacial tension and contact angle in pure water 

(no brine), respectively. 𝜎𝑂𝑊
𝐵𝑟𝑖𝑛𝑒 is the oil-brine interfacial tension,  𝜃𝐼𝐹𝑇 the calculated 

contact angle that solely depends on the 𝜎𝑂𝑊
𝐵𝑟𝑖𝑛𝑒. 

Figure 5.6 compares the measured and calculated contact angles (𝜃𝐼𝐹𝑇), and while 

the trends with brine concentration are consistent, interestingly, 𝜃𝐼𝐹𝑇 significantly over 

predicts the measured contact angles, with the effect more pronounced for NaCl brine. As 

such, changes in the heavy crude oil-water interfacial tension cannot directly describe the 

changes in equilibrium contact angle with other forces contributing the equilibrium 

condition.  

Disjoining pressure describes the thin film stability between two interfaces (i.e. 

oil-water-solid),102 and in the case of high brine concentrations, a positive disjoining 

pressure (repulsive interaction) has been attributed to a dominant hydration force that 

screens the electrical double layer interaction forces. This repulsive force arises due to an 

increase in the hydration free energy of salt ions in the thin water film separating two 

interfaces.222 This repulsion is observed above a ‘critical’ hydration concentration when 

the hydrated cations bind to negatively charged substrate.103  

To measure the disjoining pressure between oil-water and water-solid interfaces, 

a colloidal probe coated by surface-active components in the heavy crude oil (hard solid), 

mimicked the surface properties of an oil droplet, although the interface is rigid and does 

not deform. The force curves measured in brine fluids at 20 °C between the coated-

colloidal probe and uncoated glass substrate represents the configuration of the dewetting 

experiment. Brine fluids were prepared by storing the fluid in contact with the heavy 

crude oil at 60 °C for 3 h (details in Chapter 3) to better represent the real phenomena 
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occurring in the dewetting experiment at 60 °C, e.g. releasing of naphthenic surfactants 

into brine fluid. The measured force curves were then interpreted using Hertz theory as 

described in Chapter 3. Figure 5.8 shows the disjoining pressures measured in NaCl and 

CaCl2 at brine concentrations: 2,000, 25,000 and 60,000 ppm. The classical DLVO force 

contribution (van der Waals and electrostatic repulsion) was theoretically calculated using 

a Hamaker constant of 3 × 10-21 J108 and the electrostatic force determined using the 

Poisson-Boltzmann equation assuming constant potential boundary conditions with 

measured zeta potentials reported in Figure 5.7.223, 224  

 

 

Figure 5.7. Zeta potentials of heavy crude oil-in-water and silica particle-in-water as a 

function of NaCl (a) and CaCl2 (b) brine concentrations. The error bars are the standard 

deviations. Lines to guide the eye. Note that the left y-axes are the inverse of those 

presented in the right.  

 

Figure 5.7 shows the zeta potentials of heavy crude oil droplets and silica particles 

as a function of brine type and concentration, and the results were found to be in good 

agreement with published data.107, 108, 109 For both brine types, the negative zeta potential 
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decreased with increasing brine concentration due to increased ionic screening of the 

heavy crude oil surface potential.104, 105, 106 The zeta potential of the heavy crude oil is 

known to be attributed to the dissociation of acidic materials in the crude oil. Since the 

solution pH (~7) was much higher than the acid dissociation pH (~4.5),34, 35 the heavy 

crude oil droplets were negatively charge when dispersed in aqueous solutions. Silica is 

also strongly negatively charged when dispersed in aqueous phase due to disassociation 

of surface hydroxyls. For the heavy crude oil, divalent cations (i.e. Ca2+) can bind with 

dissociated acidic components forming positively charged R–COO–Ca2+ complexes at 

the interface, with the divalent ions also able to bind to negatively charged silica, hence 

a significant reduction in the negative zeta potentials for both heavy crude oil and 

silica.105, 112 Figure 5.7b shows that the divalent cation (Ca2+) eventually neutralised 

charge and reversed the silica and heavy crude oil surface potential, unlike the 

monovalent (Na+) which only lowered the negative zeta potential to -5 mV (Figure 5.7a). 

 

 

Figure 5.8. Oil-brine-glass disjoining pressures in NaCl (a) and CaCl2 (b) of increasing 

brine concentration. All measured data as shown by the closed symbols were collected at 

ambient conditions. The open symbols represent the contributions from the van der Waals 

and electrostatic forces only.  



 

 

106 

 

 

In NaCl, the DLVO force was unable to predict the short-range interactions, with 

the disjoining pressure almost independent of the brine concentration and purely 

attractive. Similarly for the case of CaCl2, both long-range and short-range behaviours 

was not satisfactorily described by classical DLVO force. The strongly attractive DLVO 

force, which would imply a less stable water film, results from the van der Waals force 

component exceeding the electrostatic forces. Measured short-range forces in brines are 

strongly repulsive indicating hydration force constructed as found by Yang et al.108, 109  

For NaCl, the short-range behaviour is shown to depend on the brine 

concentration with the disjoining pressure at a fixed distance (c.a. 4 nm) decreasing in the 

order: 2,000 ppm > 25,000 ppm > 60,000 ppm. At higher brine concentrations, the 

positive disjoining pressure is weakened and this is attributed to weakening hydration of 

cations at higher ion concentrations.103 Similarly, the dependence on ion concentration is 

observed for CaCl2, however, the long-range interaction is dominated by negative 

disjoining pressures, which eventually become positive at very short separation distances. 

This long-range attraction is thought to result from a hydrophobic force225, 226 between 

the oil-coated sphere and glass substrate. By contacting the heavy crude oil with brine 

solution prior to measurement, native surfactants in the heavy crude oil (naphthenic acids) 

transfer to the brine solution. The naphthenic acids are anionic and can adsorb on 

negatively charged surfaces (glass substrate) via divalent cation bridging,226, 227 with the 

hydrophobic tail of the surfactant molecule increasing the hydrophobicity of the glass 

substrate. At higher brine concentrations, the hydrophobic force is stronger due to 

increased surfactant adsorption via cation bridging on the glass substrate. The influence 

of brine concentration on the amount of surfactant released from the heavy crude oil is 

negligible, thus the bulk surfactant concentration can be considered to be constant. As 

shown in Figure 5.9, the absence of naphthenic acids in brine solution shows the 
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disjoining pressure to be totally repulsion (hydration force) confirming an effect of native 

surfactant contributing to a hydrophobic force. 

 

 

Figure 5.9. Measured disjoining pressures in fresh CaCl2 brines (no natural surfactants). 

The data shows no attractive long-range hydrophobic force between a hydrophilic silica 

substrate and oil-coated colloidal probe.  

 

The measured force interactions qualitatively correlate with the equilibrium 

contact angles in Figure 5.6. For brine solutions, increasing the cation concentration led 

to larger equilibrium contact angles (lower oil dewetting), and thus increased stability of 

the thin water film (by decreasing cation concentration) resulting in increased oil droplet 

dewetting. The comparison between NaCl and CaCl2 (Figure 5.6) is reasonably 

consistent as well, with the more stable water films in NaCl leading to increased oil 
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droplet dewetting compared to CaCl2. While the disjoining pressure in CaCl2 is 

dominated by the hydrophobic force contribution, it is worth noting that the weaker 

hydration of Ca2+ compared to Na+ may also contribute to a weaker hydration force at 

short separation distances.210    

The contact angle data in Figure 5.6 is similar to the ‘wettability map’ proposed 

by Israelachvili and co-workers76 who underlined the extended-DLVO theory including 

the hydration force. The authors stated that for low-salinity EOR, decreasing the brine 

concentration benefits oil recovery up to an ‘optimum’ concentration with further 

dilutions leading to reduced performance, consistent with the findings by Wei et al.220 At 

concentration lower than the optimum, the repulsive hydration force might fail to form 

and consequently de-stabilises the water film while the attractive van der Waals becomes 

more pronouncing.103  

In addition to the static wetting of thin film stability, the disjoining pressure could 

also attribute to the wetting dynamics228, 229 as found in nanofluids system with structural 

force reported by Wasan et al.230 In the present study, the measured disjoining pressure 

was related to the initial receding rate. The higher disjoining pressure shows stronger 

repulsion between the oil-water and water-solid interfaces and hence a rapid oil droplet 

dewetting.  

 

5.4.4 Effect of temperature and pressure 

The influence of high temperature and high pressure was also considered with 

brines. As discussed in Chapter 4, the study at 140 °C was necessary to observe at 10 bar 

to avoid water boiling. The pressure dependent effect was observed for all three brine 

concentrations (Figure 5.10a), which the increasing 𝜎𝑂𝑊 with increasing pressure 
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suggests that the surface-active molecules (i.e. asphaltenes) less partitioned at oil-water 

interface as discussed in Chapter 4. Considering the pressure effect on 𝜃 (Figure 5.10b), 

there is a clear dependency on the brine type. For NaCl, higher pressure results in higher 

equilibrium contact angles which is consistent with the behaviour described by the 

Young’s equation. For CaCl2, the pressure effect at a fixed brine concentration is 

negligible and this can be attributed to the strongly negative disjoining pressure (Figure 

5.8b) that results from a long-range hydrophobic force that creates a preferred 

environment for oil droplet wetting. It is clear that the small changes in 𝜎𝑂𝑊 with pressure 

are insufficient to affect the equilibrium contact angle.  

Figure 5.10a clearly shows that the temperature increase from 60 °C to 140 °C 

led to a significant reduction in 𝜎𝑂𝑊 for both brines due to a greater adsorption of surface-

active species (e.g. asphaltenes and naphthenic acids) at the oil-water interface (details in 

Chapter 4). For NaCl, increasing the temperature led to a decrease in 𝜎𝑂𝑊 from 21.7 to 

13.2 mN/m at 2,000 ppm brine and 21.6 to 3.9 mN/m at 60,000 ppm brine. The substantial 

reduction in 𝜎𝑂𝑊 at the highest brine concentration likely results from higher charge 

neutralised at the interface due to the more partitioning of salt ions. Due to increase in 

thermal energy, salt ions further partitioned at the interface leading to less negative 

surface charge and then promoted interaction with asphaltenes and naphthenic acids.  

It worth noting that at 140 °C, the phase behaviour as observed in Figure 5.4 is 

not consistent and the minima in 𝜎𝑂𝑊 up to brine concentrations of 60,000 ppm is not 

measured (only Phase I obtained). Previously, the mechanism for the increase in 𝜎𝑂𝑊 was 

attributed to the Jones-Ray effect and also the dipole-ion interaction that the adsorbed 

cations prefer to interact with water rather than asphaltenes. At higher temperatures, 

higher amount of salt can still adsorb at interface with increasing brine concentration. As 
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such, the saturated brine concentration where the minima in 𝜎𝑂𝑊 expected is believed to 

be much higher concentration at 140 °C. 

 

 

Figure 5.10. Influence of temperature (60 – 140 °C) and pressure (10, 100 and 200 bar) 

on the heavy crude oil-brine interfacial tension (a). Influence of pressure (b) and 

temperature (c) on heavy crude oil equilibrium contact angles (measured through water 

phase) at brine concentrations of 2,000, 25,000 and 60,000 ppm. Lines to guide the eye. 

 

The temperature effect on 𝜃 also depends on brine type (Figure 5.10c). In NaCl, 

reducing in 𝜎𝑂𝑊 decreased the contact angle distinctively described by Young’s equation. 

The 𝜃 decreased ~10° from 60 to 140 °C with > 10 mN/m 𝜎𝑂𝑊 reduction. For CaCl2, 

strong attraction (hydrophobic force) is found to dominate the contact angle rather than 

𝜎𝑂𝑊 reduction effect. With much reduced 𝜎𝑂𝑊 indicating highly adsorbed divalent 

cations at oil-water interface, such increasing divalent cations would bridge oil droplet 

onto substrate hence less oil dewetting at this high temperature.  
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It is noted that the disjoining pressure would have slightly altered as a function of 

temperature, which is negligible at the studied temperatures. Increasing thermal energy 

could reduce the Debye length but these temperatures were not high enough to 

distinctively affect the electrostatic force in the present study. The oil-water-silica 

Hamaker constant could have increased with increasing temperature,17 thus possibly 

increasing the van der Waals attractive forces but it appeared that the effect was minima 

due to the contact angles observed. The hydration force is also not strongly temperature-

dependent.103  As such, increasing contact angle as a function of brine concentration was 

still observed due to the brine concentration effect itself, not the temperature change.  

 

5.4.5 Implication for EOR and underlined mechanism  

To liberate oil droplet from substrate, an adhesion of oil-water-substrate system 

needs to be decreased. The adhesion can be quantified by the adhesion work (𝑊𝐴 =

𝜎𝑂𝑊(1 − 𝑐𝑜𝑠𝜃)) or adhesion force (𝐹𝐴 = 𝜋𝑟𝜎𝑂𝑊𝑠𝑖𝑛(𝜋 − 𝜃)) as discussed in Chapter 2. 

Reducing in 𝜎𝑂𝑊 or 𝜃 decreases those adhesions and thus favours the oil droplet 

liberation.  

In brine system, the equilibrium state of the oil dewetting, i.e. the contact angle, 

strongly depends on the hydration force which does not exist in the pure water. With brine 

salinity decreasing, the 𝜃 has been found to change substantially whereas the 𝜎𝑂𝑊 was 

merely constant. Therefore, it is worth to emphasise that the main EOR interfacial 

mechanism to reduce the oil-substrate adhesion is wettability alteration rather than a 

reduction in oil-water interfacial tension (∆𝜃 >> ∆𝜎𝑂𝑊) for low-salinity EOR.  

Considering reservoir condition, it is inevitable to note that the temperature 

screens the pressure effect at high pressure and high temperature condition. The high 
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temperature mainly controlled the steady state of the oil dewetting via a great 

enhancement on the oil-water interfacial adsorption. Substantial reduction in 𝜎𝑂𝑊 

compared to 𝜃 (∆𝜎𝑂𝑊 > ∆𝜃) underlines the crucial mechanism under reservoir 

environment to be concerned on oil-water interfacial energy. 

Figure 5.11 illustrates the oil-substrate adhesion depending on 𝜎𝑂𝑊 and 𝜃 

influenced by (i) high pressure and high temperature condition and (ii) brine salinity. 

Increasing temperature and pressure results in a massive reduction in oil-substrate 

adhesion contributed to oil-water interfacial tension decrease although the contact angle 

slightly increases, a white route (a) in Figure 5.11. On the contrary, the brine salinity 

effect much influences the adhesion decrease by reduction in contact angle while the oil-

water interfacial tension has a minor effect, a black route (b) in Figure 5.11. 

 

 

Figure 5.11. Contour map illustrates oil-substrate adhesion changed as a result of (a) 

increasing pressure and temperature (HPHT) and (b) decreasing brine salinity. 
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5.5 Conclusion  

Oil droplet dewetting dynamics in brines, with equivalent concentration ranges 

from formation water to EOR low-salinity fluid, have been investigated. Brine influences 

the oil-water interfacial behaviour through crude oil surface-active materials and salt ions 

adsorption. Diluted brines dewetted more oil from substrate resulting in lower contact 

angles which generally favour oil droplet liberation. The repulsive hydration force 

existing in brines was found to be an influencing factor in the dewetting of oil droplet 

rather than the oil-water interfacial tension. With increased brine concentration, oil 

droplets dewetted less and the contact angles increased due to weaker interfacial repulsive 

forces. In the divalent brines, the solid substrate became hydrophobic due to divalent 

cations bridging the natural surfactants on the substrate resulting in attractive 

hydrophobic force between the oil droplet and hydrophobic substrate. This hydrophobic 

force caused less oil to be dewetted and hence the higher contact angle obtained.  

In NaCl brines at high temperature (140 °C), a reduction in oil-water interfacial 

tension led to reduced contact angles. Although the pressure effect was minimal, it 

increased the oil-water interfacial tension, leading to slightly higher contact angles. For 

CaCl2, the hydrophobic force strongly dominates the oil dewetting rather than the 

interfacial tension hence the contact angles were lower at this high temperature, with 

negligible pressure influence. Despite thermal energy increasing, the disjoining pressure 

likely remained unchanged.  

The recent findings suggest that salt-dependent trends observed under ambient 

conditions do not represent those interfacial behaviours found at reservoir conditions. In 

considering the oil-substrate adhesion energy, a reduction in interfacial tension was found 

to be less important than wettability alteration, which is considered as the main interfacial 
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mechanism for low-salinity EOR. On the contrary, in high pressure high temperature 

condition the influencing factor was a reduction in oil-water interfacial tension to reduce 

the oil-substrate adhesion. As high temperature induces a more effective interfacial 

adsorption than the high pressure demoting the adsorption. 
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6. Surface-Active Nanoparticles: Interfacial Activity and Oil Droplet Dewetting 

Chapter 6 

Surface-Active Nanoparticles: 

Interfacial Activity and Oil Droplet Dewetting 

 

6.1 Synopsis  

Nanoparticles typically used in EOR applications have negligible surface activity 

(i.e. the particles weakly partition at the oil-water interface, hence the reduction in 

interfacial tension is minimal), and their contribution to modifying the oil-substrate 

contact angle by changing the interfacial tension is negligible. In the current work, 

surface-active nanoparticles (PNIPAM) were synthesised and their contribution to 

modifying the oil-water interfacial tension and dynamic dewetting of a heavy crude oil 

droplet was considered in the presence of an anionic surfactant (SDS). Adsorption 

kinetics of PNIPAM and SDS blend (1:1 mass ratio) showed that the surface excess (two 

components) of each surface-active species was a function of the total bulk concentration. 

Adsorption of SDS exceeded PNIPAM at low bulk concentration (5 × 10-4 wt%), while 

PNIPAM showed greater surface excess than SDS at high bulk concentration (5 × 10-3 

wt%), with the balance of both species residing at the oil-water interface as a function of 

their size (bulk diffusion) and surface activity.  The larger PNIPAM particles diffuse 

slower than SDS, hence limitations in diffusion can be overcome at high concentrations 

when the increased surface activity of PNIPAM compared to SDS is evidenced.   
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The interfacial activity of both PNIPAM and SDS was shown to contribute to 

modify the rate of oil dewetting. PNIPAM + SDS blend at low concentration (5 × 10-4 

wt%; where SDS > PNIPAM at the interface) displaced the heavy crude oil droplet faster 

than at high concentration (5 × 10-3 wt%; where PNIPAM > SDS at the interface: initial 

receding rate: 1.72 °/s → 5.66 °/s) and reached a lower contact angle (60.9° → 37.0°), 

even though the oil-water interfacial tension remained relatively high (25.3 mN/m). This 

behaviour results from the presence of excess PNIPAM particles remaining in the bulk 

fluid and self-assembling in the oil-water-substrate “wedge” (region close to the three-

phase contact line) to induce a structural disjoining pressure that promoted greater oil 

droplet dewetting. At high concentration (PNIPAM + SDS; at 5 × 10-3 wt%), the PNIPAM 

particles strongly adsorbed at the oil-water interface and were able to bridge the solid-

liquid and liquid-liquid interfaces, thus reducing the oil dewetting rate.  

The performance of the PNIPAM + SDS blend was studied in low-salinity brines. 

In the presence of brines, PNIPAM particles reduced in size (less solvated) but remained 

dispersed with a weakly negative surface charge, and this led to the faster bulk diffusion 

of PNIPAM and greater adsorption at the oil-water interface to increase the reduction in 

oil-water interfacial tension. In NaCl, a hydration force resulting from the accumulation 

of hydrated ions in the oil-water-substrate wedge enhanced oil droplet dewetting, and in 

the presence of PNIPAM, disjoining pressures resulting from hydration and structural 

forces led to the gradual liberation of the oil droplet from solid surface, even though the 

droplet buoyant force did not exceed the oil-substrate adhesion force.  

The benefit of using temperature-responsive particles was considered by studying 

the stability of water-in-oil emulsions. PNIPAM stabilised emulsions at T > LCST were 

less stable when T < LCST and this was due to reduced partitioning of PNIPAM at the 

oil-water interface. Under such conditions, the PNIPAM particles were more hydrated 
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and preferred to stay in the bulk aqueous phase as confirmed by the higher oil-water 

interfacial tension.  Using functional particles to switch the stability of an emulsion could 

be advantageous when separating emulsions after the well-head.  

 

6.2 Introduction 

Due to its broad performance, nanoparticles are increasingly of interest in a 

number of applications including the oil recovery process. Although typical nanoparticles 

(e.g. SiO2) have been reported to have no ability to adsorb at the oil-water interface,19, 231 

research suggested that nanoparticles could partition at the interface with particle surface 

modified. This could reduce the apparent interfacial tension, hence suggesting surface 

wettability alteration (contact angle decreases) as reviewed in Chapter 2. The nanofluid 

injection has also been reported to change the contact angle per se by constructing the 

structural disjoining pressure at the three-phase contact line.133 

It has been found that the blend of silica nanoparticles and surfactant (SDS) can 

reduce the oil-water interfacial tension greater than the sole surfactant system because the 

surfactant functionalised the particles to be more hydrophobic and able to partition at the 

interface.143, 144 Research by Wasan’s group11, 33, 221 has investigated the silica 

nanoparticle self-arrangement at the water wedge forming the structural disjoining 

pressure. As discussed by the authors, the nanofluids contained small amount of 

surfactant in order to generate enough water wedge room for particle self-arrangement. 

The formation of structural disjoining pressure by nanoparticles was also found in other 

particle type that were also not surface-active, i.e. polymer-coated nanoparticles.145 Such 

structural disjoining pressure has been suggested to be main nanoparticle EOR 

mechanism.133 However, the study of clay particles (modified to be hydrophobic by 
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asphaltenes) that could also partition at the oil-water interface caused detrimental oil 

dewetting.57 It is believed that the asphaltenes on clay could bridge the oil onto solid 

surface and hence resists oil dewetting. So far, it has not been clear that how the 

adsorption/partitioning property of nanoparticles at the oil-water interface affects the oil 

dewetting that governed by the structural disjoining pressure. 

As such, an interest in the current chapter is of specific nanoparticles that can 

energetically adsorb at the oil-water interface per se, hence the interfacial energy reduced. 

This brings to the hydrogel nanoparticles viz poly(N-isopropylacrylamide) or PNIPAM. 

These particles are soft and known to be interfacially active.21, 152, 232 The PNIPAM 

particles are suitable to investigate what actually the nanofluids need to construct the 

disjoining pressure (with or without surface-active property). It is worth to note that 

adsorption of PNIPAM at the interface is quite unique. Li et al.20, 152 differentiated the 

particle adsorption into two steps: (i) diffusion-controlled adsorption and then (ii) particle 

deformation and spreading on the interface. PNIPAM is also size-responsive with 

temperature: large at T < the lower critical solution temperature (LCST ~32 °C) and small 

at T > LCST.233 This would benefit the oil-water separation process (demulsification).234, 

235 In addition to interfacial phenomenon, PNIPAM could also benefit the flow in porous 

media. Particle softness could prevent severe particle jamming into porethroat after the 

flow, which occurs with solid particles causing a serious productivity decline and 

formation damage.73, 236 Routh and co-workers237, 238 have found that the particle thermal 

responsivity can control the nanofluid viscosity and flow permeability. The authors 

reported the particles precipitating at T > LCST leading to blockage of flow paths. 

Nanofluid viscosity was found to increase at T < LCST where the particles were hydrated. 

The present chapter focuses on the interfacial activity with competitive adsorption 

of PNIPAM and SDS at the oil-water interface. Oil droplet dewetting dynamics was 
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investigated to examine effects of oil-water interfacial activity and nanoparticle structural 

force. Following the previous chapter, workability of the particles in brine environment 

was assessed. Demulsification test of particle-stabilised water-in-oil emulsions was also 

studied at T > LCST and < LCST.  

 

6.3 Materials and Experimental Methods 

6.3.1 Nanoparticle characterisation 

The ZetaSizer Nano ZS (Malvern Instrument, UK) was used to measure the 

hydrodynamic diameter and zeta potential of PNIPAM particles dispersed in aqueous 

solutions with the temperature varied from 20 to 65 °C. The temperature was controlled 

within ± 1 °C, with the dispersion left for 10 min to attain the steady-state temperature. 

Particle size measurements were repeated at least 3 times and zeta potentials were an 

average of 12 measurements.  

 

6.3.2 Preparation of nanofluids 

The PNIPAM + SDS blend was compared to the individual components, and the 

base fluid in the absence of any surface-active species. The PNIPAM + SDS blend was 

prepared by mixing the same concentration of PNIPAM and SDS at a 1:1 mass ratio, 

therefore the total concentration of the blend remains unchanged. The PNIPAM solution 

was added to SDS solution under gentle agitation. The PNIPAM + SDS blend was then 

mixed for 30 min to ensure good dispersion. All solutions were prepared fresh and 

sonicated for 5 min prior to use.  To prepare the PNIPAM + SDS blend in brine solution, 

SDS and PNIPAM were first prepared separately in the brine solution at the desired 
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concentration. These solutions were then mixed together at a 1:1 mass ratio to obtain the 

blend. 

It should be noted that the SDS concentrations considered in the current study are 

lower than the CMC of SDS (Figure 4.11), therefore no micelles were present in the 

nanofluids.  At the brine concentration (2,000 ppm) used in the current study, the CMC 

of SDS was not reduced (CMC in brine ≈ CMC in water), hence no micelles are expected 

to be present in either fluid.  

 

6.3.3 Interfacial tension and contact angle measurements  

The technique to measure the oil-water interfacial tension and contact angle has 

been described in Chapter 3. The aging time for oil-water interfacial tension 

measurements was ≤ 4,000 s.  The experimental conditions were kept constant at T = 

60 °C and ambient pressure. The control test of Milli-Q water only (T = 60 °C and 

ambient pressure) has been reported in Chapter 4.  

 

6.3.4 Destabilisation of water-in-oil emulsions 

Destabilisation of water-in-oil emulsions stabilised by PNIPAM particles was 

considered by changing the temperature of the emulsion (Temulsion < and > LCST) to 

induce a conformational change of the PNIPAM particles.239, 240 To minimise the 

contribution from a changing fluid viscosity, the experimental temperatures were selected 

close to the LCST of PNIPAM: lower temperature equal to 30 °C where T < LCST, and 

higher equal to 33 °C where T > LCST.  
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Due to the opaqueness of the heavy crude oil, a transparent base oil (220R, 

Chevron, Belgium) was used with PNIPAM particles dispersed in Milli-Q water 

at 5 × 10-4 wt% and pH 7. Water-in-oil emulsions (10 vol% water) were prepared in 

20 mL glass vials and homogenised (IKA T25 Ultra-Turrax instrument, Germany) at 

10,000 rpm for 1 min at 60 °C. The emulsions were placed in the TurbiscanTM Lab 

(Formulaction, France) stability analyser and the phase separation monitored immediately 

by changes in the backscattered signal (∆BS) along the sample cell.241 The cell 

temperature was maintained at either 30 or 33 °C. The ∆BS was recorded at 1 min 

intervals for 1 h. Destabilisation performance was evaluated according to the rate of phase 

separation.  

 

6.4 Results and Discussion   

6.4.1 Nanoparticle characterisation 

Figure 6.1a shows the thermal response of the PNIPAM particles. In Milli-Q 

water and at T < LCST, the particle hydrodynamic diameter increases from ~152 to 

225 nm with decreasing temperature (30 to 20 °C), and at T > LCST the particle size is 

~55 nm and independent of temperature. The LCST is found to be in the region ~32 – 

35 °C and similar to values reported in the literature.20, 233, 242  

It has been shown that SDS binds to PNIPAM chains via hydrophobic interactions 

and can increase the LCST of PNIPAM.243, 244 However, low concentration SDS (i.e. < 

2 × 10-2 wt%) was reported to have minimal SDS-PNIPAM interaction and negligible 

effect on the LCST. Therefore, in the current study the presence of SDS (≤ 5 × 10-3 wt%) 

led to no change in the LCST of PNIPAM.  
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Figure 6.1. Hydrodynamic diameter of PNIPAM particles in Milli-Q water, and Milli-Q 

water + SDS of increasing concentration (a). Zeta potential of PNIPAM particles in Milli-

Q water as a function of temperature (b). The green shaded region indicates the LCST 

threshold. The error bars are the standard deviation and lines are added to guide the eye.  

  

A change in the hydrodynamic diameter was observed at T < LCST, but at T > 

LCST the effect on PNIPAM size was minimal. Below the LCST the hydrodynamic 

diameter decreased with increasing SDS concentration, which has been shown to result 

from fragmentation of the PNIPAM into smaller clusters by the SDS.245, 246 Some of 

PNIPAM chains from the particle may disperse into a single chain stabilised by the 

SDS.246 At T > LCST, PNIPAM de-swelled into a highly dense globule, thus the presence 

of SDS to fragment the PNIPAM particles was less.  

The zeta potential of PNIPAM particles dispersed in Milli-Q water is slightly 

negative (Figure 6.1b) due to residual sulfate groups of the KPS initiator.20 Below the 

LCST the zeta potential was ca. -14 mV at 20 °C and increased to ca. -27 mV when 

T  > LCST.20, 247 The change in PNIPAM zeta potential corresponded to the change in 

particle size20, 21, 242 and this can be attributed to the changing surface density of sulfate 

groups when the temperature transitions above (high surface density of sulfate groups due 



 

 

123 

 

 

to PNIPAM globule) and below (low surface density of sulfate due to PNIPAM coil) the 

LCST.248 

 

6.4.2 Oil-water interfacial activity  

 

 

Figure 6.2. Dynamic oil-water interfacial tensions at 60 °C: PNIPAM (a), SDS (b) and 

PNIPAM + SDS blend (c). Equivalent systems shown as semi-log plots (d) – (f) to 

highlight the difference in interfacial tension immediately following droplet induction. 

The boxes are included to show similarity between the PNIPAM + SDS blend and the 

individual components. The grey box highlights good agreement between the blend and 

SDS only (i.e. high 𝜎𝑂𝑊 following droplet induction (< 100 s)), and the green box 

highlights good agreement between the blend and PNIPAM only (𝜎𝑂𝑊 decreased to a 

value closer to PNIPAM).   
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Dynamic and equilibrium interfacial tensions: Figure 6.2 compares the heavy 

crude oil-water dynamic interfacial tension with the aqueous phase containing either 

PNIPAM particles, SDS, or both.   For PNIPAM (Figure 6.2a), the steady-state 

(𝑡 > 1,000 s) oil-water interfacial tension was shown to be independent of the PNIPAM 

concentration (~14 mN/m, see Figure 6.3), although the dynamic interfacial tension was 

a function of the PNIPAM concentration, and the change in interfacial tension 

corresponded to a two-step adsorption: (i) initial diffusion-controlled and (ii) 

relaxation/re-organisation of the PNIPAM particles.20, 152 At concentrations ≥ 5 × 10-3 

wt% PNIPAM, the heavy crude oil-water interfacial tension decreased rapidly reaching a 

steady-state value within the first few hundred seconds. Higher PNIPAM concentrations 

increased the rate of interfacial tension reduction, and this would agree with Fick’s laws 

of diffusion. At 1 × 10-4 wt% PNIPAM, the interfacial tension was characterised by three-

phase classical kinetics: (i) diffusion of PNIPAM to the oil-water interface; (ii) adsorption 

of PNIPAM at the oil-water interface; and (iii) relaxation/reorganisation of PNIPAM to 

a steady-state condition, similar to previous data.249, 250 

For SDS (Figure 6.2b), the equilibrium interfacial tension was reached within 

200 s following droplet induction. Since the SDS is in equilibrium with the bulk fluid and 

oil-water interface, the equilibrium values are a function of the SDS concentration until 

the CMC is exceeded, ~0.1 wt%. At equivalent concentrations, the reduction in heavy 

crude oil-water interfacial tension by SDS is lower than PNIPAM. Over an order of 

magnitude increase in the SDS concentration is needed for the interfacial tension 

reduction to exceed that resulting from PNIPAM particles.  

Figure 6.2c shows the heavy crude oil-water interfacial tension for the PNIPAM 

+ SDS blend, with SDS concentrations below the CMC to demonstrate the concentration 

effect. Compared to the individual species, the time required for the interfacial tension to 
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attain steady state is substantially longer, ~3,000 s, and the steady-state values show a 

dependence on the total component concentration. Qualitatively, the rate of change in 

interfacial tension is higher at 5 × 10-3 wt% compared with the two lower component 

concentrations. These characteristics result from the changing composition of the 

interface which is discussed below.     

 

 

Figure 6.3. The steady-state heavy crude oil-water interfacial tensions as a function 

component concentration: PNIPAM, SDS and PNIPAM + SDS blend, at 60 °C. The dash 

line is Langmuir isotherm fit of the SDS data. The red and purple solid lines are added to 

guide the eye. 
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Similar to SDS, adsorption of PNIPAM particles at an oil-water interface is shown 

to be a diffusion-controlled,251 with desorption (irreversible adsorption) considered to be 

negligible due to the high particle detachment energy (𝐸 = 5,900 𝑘𝐵𝑇) from the interface, 

as described by 𝐸 = 𝜋𝑎2𝜎𝑂𝑊(1 ± 𝑐𝑜𝑠𝜃)2.252, 253 Diffusion-controlled adsorption can be 

described by the Ward-Tordai equation: 253 

 

𝛤𝑡 = 2√
𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝜋
𝐶0√𝑡 (6.1) 

where 𝛤𝑡 is the interfacial concentration of material at time 𝑡, 𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 the diffusion 

coefficient at the interface and 𝐶0 the material bulk concentration. Here, the interfacial 

concentration (𝛤𝑡) equates to the surface pressure (𝜎0 − 𝜎𝑡) by:254, 255 

 𝜎0 − 𝜎𝑡 = 𝛤𝑡𝑅𝑇. (6.2) 

Combining Equations (6.1) and (6.2), the relationship for the time-dependent interfacial 

tension is given by: 

 
𝜎𝑡 = 𝜎0 − 2𝑅𝑇√

𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝜋
𝐶0√𝑡. (6.3) 

According to Equation (6.3), 𝜎𝑡 is proportional to √𝑡 for a diffusion-controlled process 

and the slope (𝑘) of 𝜎𝑡 versus √𝑡 is proportional to the bulk concentration (𝐶0), where: 

 
𝑘 = 2𝑅𝑇√

𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝜋
𝐶0. (6.4) 

For the data shown in Figure 6.4, the slope (𝑘) is directly proportional to 𝐶0 for both 

PNIPAM and the PNIPAM + SDS blend, confirming that adsorption in both these 

systems is diffusion-controlled. It should be noted that the slopes (𝑘) of the PNIPAM + 

SDS blend were calculated after 𝑡 > 400 s, where PNIPAM likely started to adsorb at the 

oil-water interface following SDS adsorption, see Figure 6.2b and c. The diffusion 



 

 

127 

 

 

coefficient at the interface (𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒) is calculated using Equation (6.4), and the bulk 

diffusion coefficient (𝐷𝐵𝑢𝑙𝑘) is calculated via the Stokes-Einstein equation:256 

 
𝑅ℎ =

𝑘𝐵𝑇

6𝜋𝜇𝐷𝐵𝑢𝑙𝑘
 (6.5) 

where 𝑅ℎ is particle hydrodynamic radius, 𝑘𝐵 the Boltzmann constant and 𝜇 bulk fluid 

viscosity.  

 

 

Figure 6.4. Slope 𝑘 as a function of the component concentration (𝐶0). The lines are 

linear fits and confirm diffusion-controlled adsorption for PNIPAM and the PNIPAM + 

SDS blend.  
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Since 𝐶0 is given as wt% and not mol/m3, the units of 𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 and 𝐷𝐵𝑢𝑙𝑘 are not 

consistent. Therefore, the normalised diffusion coefficients are used to compare 𝐷 rather 

than absolute values as discussed by Li et al.,21, 252 (Table 6.1). At equivalent component 

concentrations, the PNIPAM + SDS blend showed higher bulk diffusion coefficients 

compared to PNIPAM particles only, a result of the decrease in particle size. The 

negatively charged SDS molecules were believed to promote an electrostatic repulsion 

with negatively charged PNIPAM particles,143, 257 hence higher dispersion and increased 

diffusivity towards the interface.   𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 reduced with increasing component 

concentration (𝐶0) and this implies that adsorption of surface-active species is hindered 

at high concentrations, likely a result of a random-sequential adsorption mechanism and 

particle jamming dominating behaviour at longer times.152, 258 Increasing particle 

concentration has been shown to change the adsorption process from a diffusion-

controlled to interaction-controlled mechanism as a result of collisions between 

approaching particles and particles already partitioned at the oil-water interace.250, 259 

 

Table 6.1. Diffusion coefficients at the interface (𝐷𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒) and in the bulk (𝐷𝐵𝑢𝑙𝑘). 

Concentration 

(wt%) 

Diffusion coefficient at the interface Diffusion coefficient in the bulk 

𝑫𝑰𝒏𝒕𝒆𝒓𝒇𝒂𝒄𝒆 

(mol2/m4·s) 

Normalised 

𝑫𝑰𝒏𝒕𝒆𝒓𝒇𝒂𝒄𝒆 a 
𝑫𝑩𝒖𝒍𝒌 

(m2/s) 

Normalised  

𝑫𝑩𝒖𝒍𝒌 a 

PNIPAM particles in Milli-Q water 

1 × 10-4 0.552 1.00 1.85 × 10-11 1.00 

5 × 10-4 0.039 0.07 1.85 × 10-11 1.00 

1 × 10-3 0.014 0.03 1.85 × 10-11 1.00 

2.5 × 10-3 0.009 0.02 1.85 × 10-11 1.00 

5 × 10-3 0.007 0.01 1.85 × 10-11 1.00 

PNIPAM + SDS in Milli-Q water 

5 × 10-4 0.456 0.83 1.85 × 10-11 1.00 

1 × 10-3 0.188 0.34 2.18 × 10-11 1.18 

5 × 10-3 0.067 0.12 2.29 × 10-11 1.24 

a𝐷 is normalised by 𝐷 at 1 × 10-4 wt% in Milli-Q water. 
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Surface-active contributions and interfacially dominating regimes: In PNIPAM 

+ SDS blend, both PNIPAM and SDS adsorb to the oil-water interface and this is 

confirmed by the steady-state interfacial tension of PNIPAM + SDS blend being 

intermediate of the two individual components (Figure 6.3).  

Figure 6.2d and e show 𝜎𝑃𝑁𝐼𝑃𝐴𝑀 and 𝜎𝑆𝐷𝑆  on semi-log plots at three equivalent 

component concentrations. At the two lowest concentrations (5 × 10-4 and 1 × 10-3 wt%), 

the short-time behaviour of 𝜎𝑃𝑁𝐼𝑃𝐴𝑀 is almost independent of time until ~100 s after 

which the heavy crude oil-water interfacial tension gradually decreases to the steady-state 

value. At the highest concentration (5 × 10-3 wt%), the interfacial tension remains low and 

shows no time dependence, indicating a rapid decrease in heavy crude oil-water 

interfacial tension to the steady-state value immediately following droplet induction. In 

contrast, at all component concentrations, 𝜎𝑆𝐷𝑆 shows only a small time-dependence and 

the heavy crude oil-water interfacial tension remains higher than 𝜎𝑃𝑁𝐼𝑃𝐴𝑀.  

Compared to the individual components, 𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 (Figure 6.2f) showed a 

similarity to 𝜎𝑆𝐷𝑆 (grey box) immediately following droplet induction a similarity to 

𝜎𝑃𝑁𝐼𝑃𝐴𝑀 (green box) at longer times. This effect is emphasised at the highest component 

concentration, 5 × 10-3 wt%. For the PNIPAM + SDS blend, this behaviour would imply 

that SDS initially partitions at the heavy crude oil-water interface before competitive 

adsorption by PNIPAM particles changes the interfacial composition at longer aging 

times. This is reasonable since PNIPAM particles (at an equivalent component 

concentration) are more interfacially active than SDS.  

To determine the potential of the individual components in the PNIPAM + SDS 

blend to lower the oil-water interfacial tension, the decrease in interfacial tension can be 

described by −∆𝜎 = 𝜎0 − 𝜎 (i.e. the surface pressure), where 𝜎0 = 33.5 mN/m (initial 
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oil-water interfacial tension in the absence of surface-active species). Figure 6.5 shows 

the interfacial composition depends on the component concentration (wt%) with 

−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 (star symbol) between −∆𝜎𝑆𝐷𝑆 (square symbol) and −∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀 (circle 

symbol).  Taking a first-order approximation, the contribution of increasing −∆𝜎 from 

both PNIPAM and SDS can be taken as a weighted-arithmetic mean of the steady-state 

−∆𝜎 for each individual component, enabling an approximation of the surface-active 

contribution (𝐴) from PNIPAM and SDS in the blend.  

For one component, at a given component concentration and aging time, the single 

component contributes to the increase in −∆𝜎 (𝐴 = 1). For the blend (𝐴𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆), the 

increase in −∆𝜎 (−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆), is taken to be the summation of both components (𝐴𝑖) 

and the individual −∆𝜎𝑖: 

 
−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 =

∑ −∆𝜎𝑖𝐴𝑖
𝑛
𝑖=1

∑ 𝐴𝑖
𝑛
𝑖=1

 

−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 =
−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀𝐴𝑃𝑁𝐼𝑃𝐴𝑀 + −∆𝜎𝑆𝐷𝑆𝐴𝑆𝐷𝑆

𝐴𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆
 

(6.6) 

Since the blend is a two component system, the interfacial activity (𝐴𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 = 1) is 

equal to the combined contribution of PNIPAM and SDS (𝐴𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 ≈ 𝐴𝑃𝑁𝐼𝑃𝐴𝑀 +

𝐴𝑆𝐷𝑆 = 1), thus Equation (6.6) becomes: 

 
−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 =

−∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀(1 − 𝐴𝑆𝐷𝑆) + −∆𝜎𝑆𝐷𝑆𝐴𝑆𝐷𝑆

1
 (6.7) 

The surface-active contribution of each component (𝐴𝑖) partitioned at the heavy crude 

oil-water interface is then determined by Equation (6.7).  
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Figure 6.5. Steady-state values of −∆𝜎𝑆𝐷𝑆 (blue squares), −∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀 (red circles), and 

dynamic and steady-state −∆𝜎𝑃𝑁𝐼𝑃𝐴𝑀+𝑆𝐷𝑆 (purple stars) as a function of component 

concentration. Shaded regions define the two dominating component regimes: SDS (blue) 

and PNIPAM (red). The lines are added to guide the eye. 

 

The surface-active contribution (𝐴) from PNIPAM and SDS in the blend are 

calculated by Equation (6.7), and Figure 6.6 shows that 𝐴𝑆𝐷𝑆 decreased while 𝐴𝑃𝑁𝐼𝑃𝐴𝑀 

increased with time and the total component concentration.  At low concentrations 

(5 × 10-4 and 1 × 10-3 wt%), SDS is the dominant species at the heavy crude oil-water 

interface (due to high bulk diffusion coefficient = 2.9 × 10-9 m2/s), but with increasing 

time PNIPAM gradually displaces SDS, and at the near steady-state condition the 

composition of the interface approaches equal fractions of SDS and PNIPAM. At the high 

concentration (5 × 10-3 wt%), the interfacial composition at 𝑡 = 1000 s is almost an equal 
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balance of PNIPAM and SDS, with PNIPAM predominately occupying the oil-water 

interface as the steady-state condition is reached.    

 

 

Figure 6.6. Surface-active contributions from PNIPAM (a) and SDS (b) as a function of 

aging time and component concentration. The steady-state conditions are compared in 

(c). Lines to guide the eye. 

 

The preferential adsorption (higher interfacial activity) of PNIPAM was 

confirmed by studying the oil-water interfacial tension following the consecutive addition 

of the two components (Figure 6.7). First adding PNIPAM (Figure 6.7a and c) followed 

by SDS showed no change in the oil-water interfacial tension. The slight reduction in oil-

water interfacial tension for 5 × 10-3 wt% PNIPAM to SDS may have resulted from a 

disturbance of the droplet.  First adding SDS followed by PNIPAM (Figure 6.7b and d) 

showed a measurable reduction in oil-water interfacial tension when the component 

concentration was 5 × 10-3 wt%, and confirms the ability of PNIPAM to co-

adsorb/displace SDS at oil-water interface. This simple experiment validates our 

understanding that at high component concentrations PNIPAM preferentially partitions 
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at the oil-water interface. This is because PNIPAM is strongly adsorbed (particle 

detachment energy >> 𝑘𝐵𝑇)252 and can spread and pack more densely at the oil-water 

interface.232, 260 

 

 

Figure 6.7. The effect of adding PNIPAM and SDS consecutively to change the 

interfacial tension of heavy crude oil-water. PNIPAM → SDS (a) and (c), and SDS → 

PNIPAM (b) and (d).  𝜎𝑂𝑊 studied for low (5 × 10-4 wt%) and high (5 × 10-3 wt%) 

component concentrations. Addition of the second component occurred once the first 

component had reached steady state.  
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Figure 6.5 has been annotated to clearly define the SDS and PNIPAM dominant 

phases as a function of component concentration. The SDS dominant phase describes the 

component concentration where the interfacial tension of the blend is approximated to 

that of SDS (~5 × 10-4 – 1.5 × 10-3 wt%), while the PNIPAM dominant phase describes 

the component concentration where the interfacial tension of the blend is approximated 

to that of PNIPAM (~1.5 × 10-3 – 5 × 10-3 wt%).  

 

6.4.3 Dewetting dynamics of heavy crude oil droplet 

 

 

Figure 6.8. Heavy crude oil droplet dewetting on a hydrophilic glass substrate. Dynamic 

contact angles measured with either PNIPAM (red symbol), SDS (blue symbol) or 

PNIPAM + SDS (purple symbol) in the aqueous phase at component concentrations of 

5 × 10-4 wt% (a) and 5 × 10-3 wt% (b). Two repeats are shown. Inset shows the dynamic 

contact angle > 110°.  
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Figure 6.8 compares the dynamic contact angle of a heavy crude oil droplet 

dewetting on a hydrophilic glass substrate, with the aqueous phase containing either 

PNIPAM, SDS, or PNIPAM + SDS blend. The dewetting dynamics were compared using 

the theoretical dewetting models: (i) hydrodynamic and (ii) molecular kinetic, see Figure 

6.10. In the case of pure water (i.e. no added surface-active species), the oil droplet 

dewetting dynamics are slightly slower (1.80 o/s) than the those observed at the low 

component concentration (5 × 10-4 wt%), with the equilibrium contact angle attained after 

~100 s, see Figure 4.3. The oil droplet dewetting rate, equilibrium contact angle and 

steady-state oil-water interfacial tension are summarised in Table 6.2.  

 

Table 6.2. Experimental data for heavy crude oil droplet dewetting on a hydrophilic glass 

substrate.   

Component and concentration 
Dewetting properties 

𝜽𝒆 (°) 𝝈𝑶𝑾 (mN/m) Initial receding rate (°/s) 

PNIPAM 

5 × 10-4 wt% 
62.5 14.6 2.75 

SDS 

5 × 10-4 wt% 
48.7 27.2 4.45 

PNIPAM+SDS 

5 × 10-4 wt% 
37.0 25.3 5.66 

PNIPAM 

5 × 10-3 wt% 
75.9 13.8 1.62 

SDS 

5 × 10-3 wt% 
36.5 25.4 10.06 

PNIPAM+SDS 

5 × 10-3 wt% 
60.9 16.2 1.72 

 

At the lowest component concentration, 5 × 10-4 wt% (Figure 6.8a), the heavy 

crude oil droplet receding rate increases and the steady-state contact angle decreases in 

the following order: PNIPAM < SDS < PNIPAM + SDS. Conventional dynamic 



 

 

136 

 

 

dewetting theories (Chapter 2) correlate 𝜎𝑂𝑊 and 𝜃𝑒 to describe the dewetting process. 

The initial receding rate of the heavy crude oil does not follow the trend in 𝜎𝑂𝑊 but does 

agree with the trend in 𝜃𝑒, i.e. the oil droplet recedes faster as 𝜃𝑒 decreases, see Equations 

(2.8) and (2.10). This implies that the receding rate of the heavy crude oil droplet is less 

affected by 𝜎𝑂𝑊. In these nanofluids, changes in 𝜎𝑆𝑊 and 𝜎𝑆𝑂 are assumed to be negligible 

relative to the change in 𝜎𝑂𝑊,221 hence a decrease in 𝜎𝑂𝑊 should result in the contact 

angle decreasing (i.e. the Young’s equation), however, this contradicts to the results 

observed. Therefore, it is suggested that other factors from the nanoparticles influence 𝜃𝑒 

such as a structural disjoining pressure.11, 133 It is commonly discussed in the literature 

that nanoparticles enhance displacement of an oil droplet from a solid substrate by self-

assembling in the region of the three-phase contact line by inducing a structural disjoining 

pressure (repulsive force), and this effect is independent of the interfacial energies.132, 133, 

230 At low component concentration, SDS is preferentially partitioned at the oil-water 

interface with the PNIPAM particles mostly in the bulk fluid (minimal partitioning at the 

oil-water interface) as discussed previously, and the increased oil droplet receding rate 

from SDS to PNIPAM + SDS likely results from contributions from the structural 

disjoining pressure. Applying Wasan’s theory of nanoparticle structural force, for the 

PNIPAM + SDS blend at the low component concentration, the disjoining pressure of the 

water film between the heavy crude oil droplet and solid surface is 15.7 Pa, as described 

by 𝛱 =
2𝜎𝑂𝑊cos (𝜋−𝜃)

𝑟
.261 Using the structural disjoining pressure (Equation (2.15)) and 

assuming 30 vol% PNIPAM particles, the incipient film thickness is ~62.5 nm and can 

therefore accommodate the 50 nm PNIPAM particles.  

At high component concentration, 5 × 10-3 wt% (Figure 6.8b), the droplet 

receding rate increases and the steady-state contact angle decreases in the following order: 

PNIPAM < PNIPAM + SDS < SDS.  For SDS only, a substantially higher oil droplet 
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dewetting rate (10.06 °/s) is observed, and unlike the low component concentration 

system, the heavy crude oil droplet receding rate in the presence of SDS exceeds the 

droplet receding rate in the presence of PNIPAM + SDS blend. Compared to PNIPAM 

and PNIPAM + SDS blend, for SDS only the 𝜎𝑂𝑊 is high but 𝜃𝑒 is low, which cannot be 

described by the Young’s equation, and results from a stronger repulsion between the oil 

droplet surface and solid surface due to SDS adsorption at the oil-water interface. SDS is 

an anionic surfactant which is more negatively charged than PNIPAM.262 The faster oil 

droplet dewetting process is also contributed to low 𝜃𝑒 as described by the dynamic 

dewetting theories. At the high component concentration, the oil droplet dewetting in the 

presence of PNIPAM + SDS blend and PNIPAM are very similar, which agrees with the 

understanding that PNIPAM dominates the interfacial composition at high component 

concentrations.  

The synergistic enhancement of PNIPAM + SDS to enhance oil droplet dewetting 

is not seen at the high component concentration. While PNIPAM preferentially partitions 

at the oil-water interface, PNIPAM also adsorbs on the glass substrate. This is confirmed 

by the QCM (Q-Sense, Biolin Scientific, Gothenburg, Sweden) experiment in Figure 6.9 

where a decrease in resonance frequency and increase in dissipation of the 5 MHz silica 

sensor is characteristic of mass deposition. Using the Sauerbrey theory,263 the deposited 

mass is ~6.4 ng/cm2. Assuming the density of PNIPAM particles = 1.1 g/cm2, the 

deposited particle density is ~90 M particles/cm2. Since PNIPAM partitions at both the 

oil-water and solid-water interfaces, it is believed that the reduction in heavy crude oil 

droplet dewetting results from hindrance caused by the PNIPAM particles bridging the 

liquid-liquid (droplet) and solid-liquid (droplet-substrate) boundaries.264   
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Figure 6.9. QCM showing the changes in resonance frequency and dissipation of the 7th 

overtone for PNIPAM particles (5 × 10-4 wt%) adsorbing on a 5 MHz silica sensor. Inset: 

Contact angle of a water droplet on a clean QCM silica sensor (~0°) and the same silica 

sensor following adsorption of PNIPAM particles (~45°). 

 

Dynamic dewetting model: The dynamic contact angles were fitted using the 

dewetting models described in Equations (2.8) and (2.10). Figure 6.10 shows the best fits 

for all dewetting experiments with 𝑙𝑛(𝐿/𝐿𝑆) and 𝜁 used as the variable parameters. The 

best fits were obtained by a least-squares difference between the experimental and 

theoretical 𝜃𝑑, Equation (4.1). 

The best fits were obtained at the high component concentration and in general 

the HD and MK variable parameters, 𝑙𝑛(𝐿/𝐿𝑆) and (𝜁), decreased with increasing initial 

receding rate (i.e. the slip length 𝐿𝑆 is increased and the contact-line fraction decreased) 
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(Figure 6.11a and b). The mechanism to describe the change in initial receding rate is 

discussed below.  

 

 

Figure 6.10. Dynamic contact angles of heavy crude oil droplet dewetting (shaded 

symbols) fitted using HD (solid lines) and MK (dash lines) models. Component 

concentrations of 5 × 10-4 wt% (a) and (c) and 5 × 10-3 wt% (b) and (d) are compared. 

The model fitting parameters are shown in the Figures.   
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Figure 6.11. Comparison of HD (a) and MK (b) models fitting parameters as a function 

of initial receding rate and component type: SDS, PNIPAM, PNIPAM + SDS at 5 × 10-4 

and 5 × 10-3 wt%. 

 

Proposed dewetting mechanism:  Based on the experimental data, the following 

mechanisms are proposed for the dewetting of heavy crude oil in the presence of the two 

optimal systems at (i) high component concentration (SDS) and (ii) low component 

concentration (PNIPAM + SDS). 

(i) High component concentration (SDS): Adding SDS at 5×10-3 wt% decreases 

𝜃𝑒 from 54.1° → 36.5°, and the rate of heavy crude oil droplet dewetting increases from 

1.80 → 10.06 °/s according to the dewetting dynamic theories. As discussed in Chapter 

4, decrease in 𝜃𝑒 by surfactant is less likely governed by the reduction in 𝜎𝑂𝑊 but more 

the electrostatic repulsion between the oil droplet and solid surface. Due to charge 

repulsion between the anionic head group of SDS and the negatively charged silica 

substrate, SDS does not deposit on solid substrate,265, 266, 267 hence no bridging occurs and 

greater oil dewetting is observed. 
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(ii) Low component concentration (PNIPAM + SDS): While SDS is preferentially 

adsorbed at the oil-water interface, the change in 𝜎𝑂𝑊 (~4 mN/m) in the absence and 

presence of the component blend is negligible, hence the contribution to the significant 

increase in oil droplet receding rate and lower 𝜃𝑒 result from a structural disjoining 

pressure as the PNIAPM particles self-assemble in the water-wedge between the oil 

droplet and solid substrate near the contact line (as illustrated in Figure 6.12). Low 𝜃𝑒 

contributes to faster oil droplet dewetting in this low component concentration (PNIPAM 

+ SDS) based on the dewetting dynamic theories. 𝜎𝑂𝑊 does not influence the dewetting 

dynamics since it is screened by larger change in 𝜃𝑒 (~17.1°) driven by disjoining 

pressure. 

To pseudo-quantitatively assess particle ordering (concentration as a function of 

distance) in the water wedge, Cryo-SEM (LEMAS, University of Leeds) was performed 

on the low component system of PNIPAM + SDS. An oil film was deposited on glass 

substrate and left to recede in the nanoparticle fluid at 60 °C until the steady state had 

been reached in the specially designed cell and then cryo-frozen by submerging in liquid 

nitrogen and sublimed for 1 min. The glass substrate was then removed allowing the 

water-oil interface at the three-phase contact line to be imaged (Figure 6.13a). Three 

images of increasing magnification were taken and the particle coverage determined 

using ImageJ software (Figure 6.13b), which showed the particles arranged more densely 

close to the three-phase contact line and decreased in concentration outwards. 
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Figure 6.12. Proposed mechanism for oil droplet dewetting in the PNIPAM + SDS blend 

(low component concentration). SDS preferentially partitions at the oil-water interface 

(a) and PNIPAM particles accumulate in the liquid-wedge between the oil droplet and 

solid substrate, inducing a structural disjoining pressure (b).  

 

 

Figure 6.13. Cryo-SEM images showing the particle distribution from the three-phase 

contact line (arrow) in the water wedge (a). Inset is a black-and-white contrasted image 

prepared using ImageJ software. Three images of increasing magnification were used to 

determine the particle coverage distribution outwards from the interface (b).  
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6.4.4 Performance in low-salinity brines 

For PNIPAM + SDS blend at a component concentration of 5 × 10-4 wt%, the 

effect of low-salinity brine (2,000 ppm determined to be the optimal brine concentration, 

Chapter 5) on the dewetting dynamics of heavy crude oil droplet was considered. 

Monovalent and divalent (NaCl and CaCl2) brines led to a slight reduction in the 

hydrodynamic diameter of the PNIPAM particles, see Table 6.3. The slight decrease in 

particle size results from a dehydration of the PNIPAM particles as water molecules 

interact with excess salt ions,268, 269 as well as charge screening of the PNIPAM functional 

groups by cations.270, 271 The charge screening of the PNIPAM functional groups (sulfate 

anions) by cations was confirmed by the reduction in particle zeta potential. Even though 

the ionic concentration was high, no particle aggregation was observed in either NaCl or 

CaCl2, and this agrees with published literature where aggregation of PNIPAM particles 

was observed at a much higher salt concentration of 58,445 ppm or 1 M NaCl.268  

  

Table 6.3. PNIPAM particle size and zeta potential when prepared in the PNIPAM + 

SDS blend at a component concentration of 5 × 10-4 wt%. The PNIPAM + SDS blend is 

dispersed in Milli-Q water and monovalent and divalent brines at 2,000 ppm with the 

dispersion T < LCST of PNIPAM.   

In solution 
Hydrodynamic diameter (nm) Zeta potential (mV) 

20 °C 60 °C 20 °C 60 °C 

Milli-Q water 144.2 ± 6.4 47.9 ± 1.6 -26.7 ± 2 -35.4 ± 1 

2,000 ppm NaCl 113.5 ± 7.6 43.5 ± 5.3 -9.8 ± 4 -10.5 ± 2 

2,000 ppm CaCl2 117.6 ± 5.5 42.5 ± 3.5 -10.2 ± 5 -12.3 ± 5 

 

When compared to the performance in Milli-Q water, adding brines to the 

PNIPAM + SDS blend substantially lowered the oil-water interfacial tension, see Figure 
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6.14a. The steady-state oil-water interfacial tension decreased from 25.3 mN/m (Milli-Q 

water) to 12.3 and 11.2 mN/m in NaCl and CaCl2 brines, respectively. The interfacial 

diffusion coefficients in NaCl and CaCl2 brines were 4.310 and 3.422 mol2/m4·s, 

respectively, and significantly higher than 0.456 mol2/m4·s in Milli-Q water, thus the two 

interfacial components are more favourable to partition at the oil-water interface due to 

charge screening by brine cations. The presence of brine cations enables charge screening 

of the negatively charged heavy crude interface, therefore charge repulsion between the 

oil-water interface and anionic species in the bulk (PNIPAM and SDS) is reduced. This 

is also favoured by the weaker negatively charged PNIPAM particles, thus the 

electrostatic repulsion between the oil-water interface and PNIPAM particle is reduced. 

 

 

Figure 6.14. Oil-water interfacial tension in the presence of PNIPAM + SDS blend at a 

component concentration of 5 × 10-4 wt% in Milli-Q water, NaCl and CaCl2 brines (a); 

dynamic contact angle for the three systems and the complete oil droplet dewetting 

dynamics shown as the inset (b). Solid and dash lines reflect the HD and MK models, 

respectively. Blue star indicates detachment of the heavy crude oil droplet from the solid 

substrate in NaCl brine at 𝑡 = 155.9 ± 4.4 s. 
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Oil droplet dewetting in NaCl and CaCl2 brines was compared to Milli-Q water, 

see Figure 6.14b. In CaCl2 brine, the dewetting dynamic of the heavy crude oil droplet 

decreased in comparison to Milli-Q water, with the initial receding rate of the oil droplet 

equal to 2.58 °/s compared to 7.40 °/s in Milli-Q water. The steady-state equilibrium 

contact angle was 58.7° and higher than the case of Milli-Q water, but also significantly 

higher than the case of CaCl2 in the absence of PNIPAM + SDS,  𝜃𝑒 = 27.2°, (Figure 

5.2d). As previously discussed in Chapter 5, hindrance of oil droplet dewetting signifies 

stronger adhesion interaction between the heavy crude oil droplet and solid substrate. In 

CaCl2, PNIPAM bridging between the oil and substrate is the likely cause of the hindrance 

with contribution from increasing hydrophobicity of the solid substrate as PNIPAM and 

SDS adsorb through divalent cation binding.226, 264, 272    

Interestingly, for the PNIPAM + SDS blend in NaCl, the heavy crude oil droplet 

receded at 9.55 °/s (fastest rate) which eventually detached from the solid substrate at 

~160 s (Figure 6.14b, star symbol, and Figure 6.15). It is likely that the oil droplet 

detached through the combined contributions from structural disjoining pressure 

(accumulation of PNIPAM particles in the liquid wedge) and hydration forces associated 

to structuring of hydrated ions in the liquid wedge.  When compared to the oil droplet 

dewetting in NaCl only (Figure 5.2a), the initial droplet receding rate was comparable 

(9.46 °/s) and thus the rapid oil droplet receding Figure 6.14b can be attributed to the 

hydration forces. Comparing the two steady-state contact angles, 21.5° PNIPAM + SDS 

in NaCl, and 18.1° NaCl only, it is interesting to note that the heavy crude oil droplet 

detached in the presence of PNIPAM + SDS blend but not in the absence of the two 

surface-active species, even though the oil droplet was slightly less dewetting, supporting 

the hypothesis that the oil droplet detached due to contribution from disjoining pressures 

resulting from structural and hydration forces.  It is worth noting that the reduction in oil-
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water interfacial tension from NaCl only to PNIPAM + SDS blend in NaCl (21.7 → 

12.3 mN/m) did not lower the substrate-oil adhesion force (18.96 → 15.01 µN) below the 

oil droplet buoyancy (3.77 µN). Also, as shown in Figure 6.15, the heavy crude oil 

droplet remained almost spherical during detachment, unlike detachment induced by 

very-low interfacial tension when the droplet shape becomes pendant-like in Chapter 4. 

It is worth to emphasise that the oil detachment in this system was different from 

the SDS system where the oil droplet receded at a very slow rate with non-spherical 

shapes controlled by a strong interfacial repulsion and pinched off by exceeded substrate-

oil adhesion force (with long oil filament and oil residual), see Figure 4.12. Complete 

detachment in this study was clearly contributed to continuingly decreasing in oil-

substrate contact area (Figure 6.15) displaced by the repulsive disjoining pressure, which 

had no oil filament and left no oil residual on solid surface.  

 

 

Figure 6.15. Heavy crude oil droplet detachment in the presence of PNIPAM + SDS 

blend and 2,000 ppm NaCl. The heavy crude oil droplet receded gradually maintaining 

axisymmetric spherical shape. Red dash line identifies the solid-liquid interface. 
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6.4.5 Demulsification test  

To demonstrate the added benefit of using thermally responsive particles for EOR 

applications, the stability of water-in-oil emulsions was assessed. Addition of 

nanoparticles for EOR can lead to the formation of Pickering emulsions, where the two 

liquid phases are stabilised by a layer of nanoparticles partitioned at the oil-water 

interface. Since PNIPAM particles are thermally responsive, the hydrodynamic diameter 

of the particle increases when T < LCST.  Figure 6.16 compares the stability of water-

in-oil emulsions stabilised by PNIPAM particles at temperatures above and below the 

LCST. At T < LCST, water droplets coalesced leading to significantly higher ∆BS, with 

water droplet coalescence and sedimentation increasing the oil layer thickness, 

confirming poor emulsion stability (Figure 6.16a). The destabilisation of the emulsion 

when T < LCST results from the larger PNIPAM particles (swelled-state) prefer to reside 

on the aqueous phase rather than partition at the oil-water interface.273, 274  At T > LCST, 

the emulsion was comparably more stable with a lower ∆BS (Figure 6.16b). This was 

because the particles were in the coiled state and favoured to adsorb at the interface. The 

preference to partition at the oil-water interface as the dispersion temperature is increased 

has been shown previously, when the oil-water interfacial tension decreased from 

~12.5 mN/m to ~11.7 mN/m because the temperature is increased from 30 °C to 33 °C.152 

The transition to less stable emulsions at T < LCST is good for an application 

perspective and should promote faster separation of water-in-oil emulsions recovered at 

the well head. This is not the case for non-responsive particles such as silica, which have 

been shown to strongly stabilise emulsions when the particle size is sufficiently small.275, 

276  
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Figure 6.16. Dynamic ∆BS of PNIPAM stabilised water-in-oil emulsions at T < LCST 

(a) and T > LCST (b) with temperature comparison (c). 

 

6.5 Conclusion  

The interfacial activity at the oil-water interface and the dynamic dewetting of 

heavy oil droplets in the PNIPAM + SDS blend have been studied. Generally known as 

surface-responsive particles, PNIPAM adsorption has shown to be a diffusion-controlled 

process similar to SDS. PNIPAM + SDS blend results showed that a competitive 

adsorption at oil-water interface is a function of concentration. SDS dominates the 

interface at low component concentration (5 × 10-4 wt%) while PNIPAM partitioning 

controls the interface at high component concentration (5 × 10-3 wt%).  

Adsorption activity at the interface was found to play a role on oil droplet 

dewetting. PNIPAM + SDS blend at low component concentrations obtained a fast oil 

droplet dewetting with low contact angle, favouring the oil liberation. Since SDS 

dominates the oil-water interface, PNIPAM particles are more likely to be suspended in 

the bulk fluid and self-arrange at the water wedge to construct the repulsive disjoining 

pressure which displaces further oil. This is considered the main mechanism for 
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nanoparticle EOR. Unlike high component concentration, SDS has shown greater oil 

dewetting than PNIPAM, as a result of stronger repulsion between oil droplets and the 

silica surface. This is due to the anionic surfactant adsorbing at the oil-water interface. At 

high component concentration, PNIPAM partitions the interface and deposits onto the 

solid surface leading to oil-substrate bridging and hence resisting the oil dewetting. 

Bridging at the three-phase contact line screens the reduced oil-water interfacial tension 

caused by PNIPAM, therefore the oil-water interfacial tension effect on oil dewetting is 

negligible. 

Interestingly, the greatest oil displacement was demonstrated using a combination 

of nanoparticles and low-salinity fluids. The best system (PNIPAM + SDS blend in 

2,000 ppm NaCl) displaced the oil droplet rapidly and eventually detached the oil from 

substrate within two minutes. This enhancement is due to disjoining pressures which 

result from structural and hydration forces. The study has also demonstrated the 

temperature-responsive application of the particles. By decreasing temperature to be less 

than LCST, adsorbed particles which stabilise water-in-oil emulsions become more 

hydrated into water phase and the oil-water interfacial tension increases, resulting in less 

stable emulsions. This temperature effect on emulsion stability is a promising application 

for the separation process of water and oil in the downstream industry.  
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7. Conclusions and Future Work 

Chapter 7 

Conclusions and Future Work 

 

Heavy crude oil droplet dewetting on model glass substrate is studied in this 

project. EOR fluids have been examined including effect of pressure and temperature. 

Comprehensive investigations have been carried out to understand dewetting dynamics, 

oil-water interfacial energy and disjoining pressure between oil droplet and solid 

substrate, etc. The following conclusions are drawn from this research works. 

 

7.1 Conclusions 

7.1.1 Fundamentals of oil droplet dewetting 

After the water phase has been added to substitute air, oil sheet deposited on model 

glass substrate started to dewet continually until it reached a new equilibrium, forming a 

steady-state oil droplet with the contact angle defined. Increasing temperature of the 

system (40 – 80 °C) resulted in faster oil droplet dewetting dynamics (0.07 → 3.73 °/s) 

due to oil viscosity decrease. Natural surfactants (e.g. naphthenic acids) were found to 

release increasingly from the crude oil  to the water phase with increasing temperature, 

which attributes to a reduction in oil-water interfacial tension (28.3 → 25.5 mN/m) and 

consequently a decrease in the equilibrium contact angle (63.7° → 51.3°).  

The concept of interfacial energy still describes the contact angles in reservoir 

conditions well, i.e. high pressure and high temperature (≤ 200 bar at 140 °C). Oil-water 
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interfacial tension was much decreased (14.4 mN/m) at 140 °C with additional 

contribution from asphaltene partitioning at the interface, resulting in lower contact angle 

(17.9°). High solubility of asphaltenes and much lower oil viscosity at this temperature 

induced a better adsorption which reduced the oil-water interfacial tension. However, at 

high pressures (10 – 200 bar) asphaltenes have better solubility in crude oil and do not 

prefer to adsorb at the oil-water interface, hence an increase in interfacial tension (≤ 

17.6 mN/m). The contact angles were found to increase (≤ 23.1°) with increasing pressure 

due to higher oil-water interfacial tension.  

The oil droplet dewetting was further enhanced (i.e. the contact angle decreased) 

by adding surfactant (SDS) fluids via reduction in oil-water interfacial tension and 

increase in oil-substrate repulsion. At > CMC, maximum surface coverage at the oil-water 

interface led to substantial reduction in oil-water interfacial tension (~5.75 mN/m), which 

decreases the oil-substrate adhesion below the oil droplet buoyancy (2.01 < 3.77 µN). 

Such low adhesion triggered the oil droplet pinch-off leaving some residual oil on the 

solid surface. Overall, the findings demonstrated the relationship of the contact angle and 

the interfacial energy as described by the Young’s equation. 

 

7.1.2 Oil droplet dewetting in low-salinity fluids  

The performance of low-salinity EOR fluids were investigated in oil droplet 

dewetting by replacing the water phase in Chapter 4 to be model brines. To examine an 

effect of interfacial energy on the oil dewetting, the oil-brine interfacial tension was 

measured. Increasing brine concentration increased the quantity of salt ions adsorbing at 

the oil-water interface and hence induced heavy-crude-oil surface-active species (i.e. 

asphaltenes and natural surfactants) partitioning due to charge neutralisation and binding 
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with cations. Such adsorption led to a reduction in 𝜎𝑂𝑊 with increasing brine 

concentration up to ~25,000 ppm (22.7 → ≥ 20.1 mN/m) where the salt ions saturated the 

interface. At > 25,000 ppm, adding further salt resulted in salt negative adsorption (i.e. 

the Jones-Ray effect) and less binding with the oil surface-active materials increasing the 

𝜎𝑂𝑊 (≤ 21.6 mN/m at 60,000 ppm).  

Oil sheet in brines have a better dewetting compared to pure water (𝜃 = 43.2° → 

≥ 18.1°). The oil dewetting dynamics was greatly enhanced by decreasing brine 

concentration (diluted brines), e.g. oil droplet receded faster (1.89 → 9.46°/s) and the 

contact angle decreased (25.3° → 18.1°) from 60,000 to 2,000 ppm NaCl brines. Such 

dewetting improvement was not controlled by the 𝜎𝑂𝑊, suggesting other influencing 

factor. By an AFM measurement, repulsive hydration forces were found in brines. As the 

hydration forces were shown to decrease with higher brine concentration, this shows 

greater cation hydration is achieved at low concentrations which explains the improved 

oil dewetting. However, in divalent brine (CaCl2) the disjoining pressures, dominated by 

attractive hydrophobic forces, led to less oil droplet dewetting compared to the 

monovalent (∆𝜃 ≤ 10°). This was due to natural surfactant adsorbed on solid surface by 

divalent cation bridging, rendering solid surface to be hydrophobic.  

Brine effects greatly influenced the oil droplet dewetting under high pressure and 

high temperature condition. The 𝜎𝑂𝑊 continuingly reduced with increasing brine 

concentration (≤ 3 mN/m), likely resulting from higher charge neutralisation and further 

partitioning of surface-active species at 140 °C. Higher pressure slightly increased the 

interfacial tension (∆𝜎𝑂𝑊 ~2 mN/m) due to less partitioning at the interface as discussed 

in Chapter 4. Pressure effect on the contact angle strongly depends on the brine type. For 

NaCl, higher pressure increased the contact angle (≤ 25° at 200 bar) as a result of less oil 

droplet dewetting at higher 𝜎𝑂𝑊 ascribed by the Young’s equation. For CaCl2, the 
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pressure effect was negligible (∆𝜃 ≤ 1.3°), which was attributed to a strong hydrophobic 

force creating a preferred environment for oil droplet wetting. It is clear that the small 

changes in 𝜎𝑂𝑊 with pressure are insufficient to affect the equilibrium contact angle. 

  

7.1.3 Surface-active nanoparticles: interfacial activity and oil droplet dewetting  

Surface-active nanoparticles (PNIPAM) were synthesised and used in the 

presence of anionic surfactant (SDS) to examine an influence of oil-water interfacial 

activity on the oil droplet dewetting. The adsorption kinetics of PNIPAM and SDS blend 

showed that proportion of each surface-active species was dependent on the total 

component concentration. Adsorption of SDS was greater than PNIPAM at low 

component concentration (5 × 10-4 wt%).   With increasing component concentration         

(5 × 10-3 wt%), PNIPAM increasingly adsorbed at the interface since PNIPAM needs 

much higher concentration than SDS to diffuse and partition due to its larger particle size.  

The interfacial activity of the two species was also shown to influence the oil 

droplet dewetting. At low component concentration (5 × 10-4 wt%: SDS > PNIPAM at 

the interface), PNIPAM + SDS blend dewetted the oil droplet better than high component 

concentration (5 × 10-3 wt%: PNIPAM > SDS at the interface) with faster initial receding 

rate (1.72 → 5.66 °/s) and lower steady-state contact angle (60.9° → 37.0°), even though 

relatively high oil-water interfacial tension (25.3 mN/m) obtained. It is believed that at 

low component concentration, PNIPAM particles remained in the bulk fluid and self-

assembled at the water wedge to induce a structural disjoining pressure and enhance 

further oil dewetting. Unlike high component concentration, since PNIPAM highly 

adsorbed at the oil-water interface and also deposited on solid substrate, PNIPAM was 

able to bridge the solid-liquid and liquid-liquid interface leading to resist oil dewetting. 
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Much reduced oil-water interfacial tension (16.2 mN/m) also did not pronounce the oil 

dewetting. The Young’s equation did not appear to control the nanoparticle system via 

the oil-water interfacial tension.  

PNIPAM + SDS blend was also studied in the low-salinity brines, which is 

considered in Chapter 5. In the presence of salt, PNIPAM particles reduced in size but 

remained dispersed which led to faster diffusion and higher adsorption at the oil-water 

interface, hence much lower oil-water interfacial tension. In NaCl, faster oil droplet 

dewetting was promoted by a hydration force. Contributions from PNIPAM and brine 

repulsive structural forces induced the gradual liberation of oil droplet from the substrate, 

although the droplet buoyancy did not exceed the oil-substrate adhesion. Unlike in CaCl2, 

co-adsorption of polymeric PNIPAM particles and surfactants on solid surface led to 

bridging effect and stronger attractive hydrophobic forces, which in turn reduced oil 

droplet dewetting.     

Generally known to be temperature-responsive particles, PNIPAM is more 

hydrated at T < LCST and dehydrated at T > LCST. Change in particle size was shown 

to control a stability of water-in-oil emulsions stabilised by the particles. Following 

stabilisation of the emulsions at T > LCST, decreased stability was observed at T < LCST 

since the partitioned particles were more hydrated and oil-water interfacial tension was 

higher than at T > LCST. This would be a promising application for a separation of water 

and oil after crude oil production. 
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7.2 Initial Investigations and Future Work   

Although a number of fluids can enhance oil droplet dewetting by altering water 

chemistry and show a great ability to minimise the oil-water-solid contact angle, greater 

complexity of solid surfaces in reservoir configurations are more difficult to modify and 

requires in-depth knowledge to better understand its effect on the dewetting mechanisms. 

Therefore, clear comparisons in performance of the oil droplet dewetting between smooth 

substrates and rough and/or porous surfaces need to be made. 

Equilibrium wetting of liquid droplets stationed on rough substrate have been 

highly reported, however, dynamic studies of liquid droplet wetting/dewetting have not 

yet been investigated extensively.277, 278, 279 Future work will focus on understanding oil 

dewetting dynamics on model rough surface using the current technique. To observe 

capillary effects on droplet dynamics, a number of attempts have been carried out on glass 

frit.  

 

7.2.1 Dewetting dynamics on rough surface: role of solid-liquid retention 

Background: According to Wenzel theory, Equation (2.18), an oil droplet 

stationed on a rough surface in an underwater environment attains lower apparent 

equilibrium contact angle than flat surface of the same hydrophilic surface.  

Hypothesis: Rough surfaces contribute to different dewetting dynamics. 

Figure 7.1a shows the oil droplet dewetted on rough surface (RS) much slower 

compared to smooth surface (SS), having the lower initial receding rate (1.80 → 1.03 °/s) 

and longer time to the steady-state (100 → 350 s) but equilibrating at a much lower 

contact angle (54.1° → 16.4°; Figure 7.1b and c) as expected. Since the fluid viscosity 
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and oil-water interfacial tension are the same as experimenting in the same temperature 

and fluids, the slower oil receding rate was solely contributed to the substrate roughness. 

Droplet three-phase contact line is believed to experience some difficulty or hindrance to 

move/recede or be peeled along the rougher surface. An actual oil-substrate contact area 

also increased with roughness, hence the three-phase contact line has to travel or move 

on a longer distance where more time is needed with the same capillary drive, resulting 

in a longer equilibrium time. Significant decrease in apparent contact angle shows a 

promising EOR where an apparent oil-substrate area is much less, requiring a smaller 

energy requirement to detach or pinch the oil droplet off substrate. 

The liquid-solid retention force is believed to be a reason behind such oil 

dewetting deceleration. This concept has been confirmed with experiments reported by 

Butt and co-workers280, 281 and Elliott and co-workers279, 282, 283 in water-air-solid systems. 

The retention force (𝑓𝑅) is increasingly constructed on rougher surface calculated from 

the change in droplet recession (i.e. contact angle and oil-solid contact area):284, 285, 286, 287 

 
𝑓𝑅  =

𝑘

2
𝜎𝐷(cos 𝜃𝑟 − cos 𝜃𝑎) (7.1) 

where 𝑘 is a numerical constant depending on droplet shape and 𝐷 is droplet width 

perpendicular to droplet moving direction. 𝜃𝑟 and 𝜃𝑎 are receding and advancing contact 

angles. 

 However, the present work focuses on the oil-water-solid system which the 

retention force calculation (of liquid-liquid rather air-liquid on solid surface) is needed to 

be confirmed with experiment. It is also expected that the magnitude of the retention force 

is in accordance with the initial receding rate of the contact angle (the higher the retention 

force, the slower the initial receding rate) implying that the retention force directly acts 

as a hindrance on droplet receding dynamics. Since rough surfaces can dewet oil droplets 
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at much lower contact angles, albeit at a reduced rate, further studies should focus on how 

to accelerate the dewetting without disturbing the steady-state of dewetting (e.g. increase 

repulsion force between oil and substrate).  

 

 

Figure 7.1. Dewetting dynamics of heavy oil film on smooth (SS) and rough (RS) 

surfaces immersed in Milli-Q water at 60 °C (a). The initial receding rate is reported next 

to the plot. SEM images of the SS (b) and RS (c) are shown with insets of oil droplet and 

apparent contact angle at the equilibrium. 

 

7.2.2 Towards the oil imbibition: droplet dynamics on porous substrate   

Background: Cassie-Baxter model emphasises the substrate chemical and/or 

physical heterogeneous on droplet wetting steady-state without considering contribution 

of capillary pressure from connected pore network.  
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Hypothesis: Dynamic and equilibrium wetting of droplet on porous surface is 

dominated by capillary pressure at some condition, which represents the oil imbibition 

process in petroleum recovery. 

 

 

Figure 7.2. NMR pore size distribution (a). The inset shows actual geometry of pore 

space (left) and its estimated theoretical geometry (right). SEM averaged pore size well 

validated with the NMR result (b). 

 

A preliminary study was conducted using a glass frit as a model porous substrate. 

Borosilicate sintered disc (P0, Scientific Glass Laboratories, UK) of 30 mm diameter and 

4 mm thick was characterised by nuclear magnetic resonance (NMR: MARAN ULTRA, 

Oxford Instrument, UK) having pore radius averaged ~160 – 250 µm which agrees with 

result of SEM image analysis (~250 µm), see Figure 7.2. The hydrophilic substrate 

(toluene-water-surface contact angle = 28.3°) was submerged underneath model oil 

(toluene) as a non-wetting phase to obtain the initial saturated state of non-wetting phase. 

Then, a water droplet (~7.5 µL) as a wetting phase was placed on the substrate and the 

dynamic wetting on and/or imbibition into the substrate was observed by the Theta 
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Optical Tensiometer. It is noted that toluene was used as a model oil in the present study 

in order to prevent a viscosity effect and a long-time adsorption of surface-active 

materials from the crude oil at the oil-water interface (toluene-water 𝜎𝑂𝑊 = 35 mN/m).  

 

 

Figure 7.3. Droplet dynamic wetting quantified by normalised apparent contact angle 

(
𝜃

𝜃𝑖
), droplet volume (

𝑉

𝑉𝑖
) and droplet base (

𝐷

𝐷𝑖
). Non-porous surface has one stage of 

wetting: the contact angle decreases, constant droplet volume and droplet base increases. 

Porous surface is likely to have two stages:288 (i) similar to non-porous surface where 

macroscopic wetting dynamics dominates and (ii) when imbibition occurs dominated by 

capillary which the contact angle still decreases but droplet volume and base decrease. 
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The governing forces are the capillary force and those related to body of the 

droplet itself, i.e. buoyancy and gravitational forces.153, 289 The transition from macro-

scopic apparent wetting of droplet on the substrate to droplet imbibition (flow) into the 

substrate is of interest (dash line in Figure 7.3) as it has been simulated but not yet 

experimentally observed for a liquid-liquid system.288, 289, 290  

Water droplet contact angle decreased with time until attained equilibrium state 

at ~70 s and the droplet volume was constant, duplicating the study in the previous 

chapters observed on a flat surface (Figure 7.4a). The hydrophilic flat surface was found 

to decrease the contact angle to be ~20% of the initial (0.20𝜃𝑖). Considering the porous 

surface (Figure 7.4b), the ‘apparent’ contact angle decreased much slower and attained 

relatively high contact angle than on the flat surface (𝜃 = 0.98𝜃𝑖 at ~3 h), despite the same 

hydrophilicity. The droplet volume also decreased ~10% at 3 h indicating an imbibition 

occurred. Droplet wetting behaviour here appears to be only the second stage of the 

imbibition in Figure 7.3, suggesting the wetting on rough surface due to only Cassie-

Baxter is not the case.  

To further investigate the role of imbibition, the capillary pressure was reduced 

by decreasing the oil-water interfacial tension via surfactant add. 0.12 wt% SDS (> CMC) 

droplet (𝜎𝑂𝑊 = 3.4 mN/m) was examined, thus also increasing surface hydrophilicity and 

the actual contact angle (on flat surface) decreased from 28.3° to 17.2°. The capillary 

pressure (𝑃𝑐) can be estimated by: 

 
𝑃𝑐  =

𝑚𝜎𝑂𝑊𝑐𝑜𝑠𝜃

𝑟𝑝
 (7.1) 

where 𝑚 is the dimensionless pore shape multiplier, 2 ≥ 𝑚 ≥ 1.153 Using the pore radius 

of 250 µm, therefore the surfactant decreases the capillary pressure ~90% of the water 

solution. Such substantial decrease resulted in a better droplet imbibition into the 
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substrate, see Figure 7.4c. The apparent contact angle decreased rapidly at the beginning 

and attained ~0.90𝜃𝑖 at 3 h. The droplet also imbibed more at a faster speed. This better 

imbibition performance apparently favours the EOR where the porosity of the substrate 

is needed to be taken into account. The dynamic wetting on model flat surface could not 

represent the actual behaviour in the reservoir. 

 With varying size of the pore space, the capillary pressure is altered and hence the 

imbibition adjusted. Further investigation should focus on the role of pore radius and the 

threshold that controls the macroscopic dewetting regime.    

 

 

Figure 7.4. Dynamic wetting of water droplet on flat surface (a), water droplet on porous 

surface (b) and 0.12 wt% SDS droplet on porous surface (c). Blue squared symbols are 

normalised contact angle (
𝜃

𝜃𝑖
) and pink triangle symbols are normalised volume (

𝑉

𝑉𝑖
). Note 

that the contact angles in (b) and (c) are apparent. 
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