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Abstract 

This thesis presents theoretical and experimental aspects concerning the wettability of 

Carbon Dioxide (CO2) at conditions deemed likely for sequestration in subsurface 

formations. The findings of this investigation between 800-6000 psi (55-414 bar) at 

104-208°F (40-80°C) show water-wet drainage angles for synthetic formation brines up 

to 1.1M ionic strength. Contact angle hysteresis was observed where the pH of the 

solution in which the mineral was immersed approached the isoelectric point of the 

surface. This was exacerbated by high ionic strength. Nitrogen was found to be 

demonstrably different than CO2 using a glass micromodel flow experiment. Silica 

surface chemistry was found to have a large impact on CO2-brine wetting angles as 

affirmed by the measurement of the surface Hydroxyl content. Creating uniform 

micron-scale topological features using laser ablation reduced the CO2 contact angle to 

strongly water-wet conditions. This indicates that heterogeneous pore morphologies can 

assist with capillary trapping through the ingression of water-films between the fluid 

and the rock surface. The theoretical framework was applied to low salinity 

waterflooding in oil reservoirs, where more water-wet conditions were produced as the 

ionic strength of brine was reduced. Desorption of oil from the solid surface was 

enhanced by double-layer expansion as affirmed by zeta-potential measurements.  
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CHAPTER 1: OVERVIEW OF THIS WORK 

A broad overview and motivation for this work are discussed here. In principal, this 

project addresses the fundamental wetting properties of CO2-brine interactions 

pertinent to Carbon Sequestration and Enhanced Oil Recovery (EOR) processes where 

Carbon Dioxide (CO2) is utilised. A deeper understanding of the framework governing 

these fundamental forces was developed in the approach used to characterise the 

response of low salinity water flooding as a potential wettability modifier for enhanced 

oil recovery. 

Wettability measurement is of critical importance to a range of natural and industrial 

applications. It governs the behaviour of many systems where fluid-solid interactions 

are of importance. Daily examples include the wetting of fibres and fabrics used for 

clothing and industrial materials. There is a recent surge of interest in bio-mimicry 

whereby surfaces are designed to mimic the behaviour of materials found in nature. 

Textured surfaces inspired by the micron-sized features on the lotus leaf have been used 

to improve de-icing performance on airplanes and enhance self-cleaning performance 

on glass. A transfer of this knowledge to microfluidic devices for biological and 

medical studies can improve experimental possibilities.  

 

Wettability measurements at elevated conditions are widespread in the oil and gas 

industry yet there is still an incomplete understanding of wettability, and it is sometimes 

described as a ‘black box’ for unexpected results. This is due to the number of variables 

that control wettability, which are generally ascribed to crude oil composition, connate 

and injected water composition, mineralogy and reservoir conditions. This limits the 

predictive capability we have for the pore-scale behaviour of reservoir fluids from the 
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outset. In reality, experimental measurements must be performed to guide modelling 

and other laboratory processes. 

 

There is therefore a practical need for accurate wettability characterisation particularly 

to assist with accurate relative permeability measurement, recovery measurements and 

trapping phenomena. As a practical example, wettability restoration of core samples is 

paramount to the performance of the cores used to guide recovery potential. Besides 

trying to preserve core at the well site; water-wet, intermediate-wet and oil-wet core 

conditions are achieved by aging cleaned core under temperature and pressure for a 

number of weeks at a given connate water saturation. Bulk oil is generally displaced 

with mineral oil and slugs of solvent to achieve a repeatable and realistic wetting state. 

How long should core be subjected to aging? What is the impact of connate and injected 

water salinity? What is the effect of crude oil type?  To investigate the impact of 

different variables in a more controlled fashion, contact angle and adhesion 

measurements can be performed using homogenous rock samples or analogues, and 

different fluids under reservoir conditions.  

 

A consideration of wettability has been given here from the crude oil-brine-rock 

standpoint. Addressing experimental uncertainties with aging is an example of one of 

them. This knowledge from an oil and gas background is applied to Carbon 

Sequestration, where the reservoir conditions and data availability are generally less 

defined and currently inconclusive. Saline aquifers are generally not purposefully 

drilled and logged by the industry. Testing their capacitance for injecting gas has 

previously been limited to underground natural gas storage, where the gas could be 

produced as needed. Natural gas is fundamentally different to CO2 in terms of 

solubility, phase behaviour, geochemical reactivity, interfacial tension and impact upon 
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brine pH. Despite this, Nitrogen or Methane are commonly used as analogues for 

Carbon Dioxide. Linking the best practises and knowledge gained from Enhanced Oil 

Recovery (EOR) can greatly assist the application of CO2 for storage. It is also evident 

that systems containing CO2 are ‘under-researched’ as far as pore-scale interactions 

such as adhesion, wetting and displacement behaviours are concerned. Wetting 

processes are critical as far as CO2 is concerned because of the potential effect on 

injectivity, capillary trapping and caprock leakage. Opposing the ease at which 

experiments can be performed are the dynamic fluid properties that CO2 possesses, 

which makes predictions without some form of measurement more difficult.  

 

This work presents novel measurements concerning the wettability of CO2-brine 

systems at elevated temperatures and pressures, which is supported by a study on low 

salinity waterflooding to emphasise the role and impact of interfacial forces governing 

wettability. For the first time, measurements on different mineral species are presented 

using CO2 with reservoir brine. Micromodel experiments have been included to 

‘upscale’ the contact angle measurements. The structure of this thesis is subsequently 

described. 

 

Chapter 2 addresses the importance of wettability on fluid transport and recovery. The 

methods of determining wettability are discussed, with some examples given of their 

usage. Ultimately, wettability has a large impact on the measured properties that are 

used as inputs in reservoir simulation models. Literature examples are given for systems 

of different wettabilities or where the aging and cleaning technique has been different. 

The measurement procedures were found to impact both capillary pressure and relative 

permeability results. This underlines the importance of taking care of the core 
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wettability during downhole coring, retrieval method used, preservation technique, 

restoration and cleaning procedures.  

 

Chapter 3 discusses the physics governing molecular interactions and wettability, with a 

particular emphasis on identifying the various forces at work and their length scales. It 

has been written in a pyramid fashion so that the fundamental atomic-scale forces 

progress to macroscopic solid-fluid behaviour. This provides the reader with a 

condensed account of the current theoretical framework in the literature. 

 

Chapter 4 describes the experimental setup and measurement protocols for the high-

pressure and temperature instrument and ambient instrument. The customised 

instruments have been specifically adapted for this work and required great sensitivity 

by the user to repeatable cleaning procedures and delicate measurement control.  

 

Chapter 5 presents new work on CO2-brine systems drawn from prospective field 

conditions in a UK North Sea (UKNS) reservoir. Previous studies have utilised brines 

containing a single monovalent salt (Sodium Chloride) which leaves the impact of real 

brines unaddressed. This work uses synthetic multivalent brines from locations where 

CO2 injection for storage is being considered. Homogeneous Quartz and Mica plates 

were used as ideal substrates to negate the effect of roughness on contact angle 

measurement. Measurements were performed on different mineral species that are 

present in sandstone and carbonate rock types. This presents new work on the impact of 

mineralogy on wettability and has been performed for Plagioclase Feldspar, Labradorite 

and Calcite so far. Nitrogen drainage and receding angles were found to be different to 

CO2 above and below the CO2 critical point. Micromodel measurements were 

performed to visualise the impact brine and gas type in a connected pore network at the 

4 



 

same reservoir conditions. The different behaviour of CO2 and Nitrogen contact angles 

were verified using the micromodel.  

 

Chapter 6 addresses the impact of Silica surface chemistry on water-Octane, water-

Decane and CO2-brine contact angles. The Fused Silica and Fused Quartz surfaces were 

first characterised using X-ray Photoelectron Spectroscopy (XPS) to identify the 

oxidation state and abundance of Silicon and Oxygen on their surface. The number of 

surface Hydroxyl groups that are pertinent to wetting were determined using water-

octane contact angles at different levels of pH. The calculated values correlated well 

with contact angle observations, and may explain some of the large variations in contact 

angle measurements on Silica that are currently published. The CO2 contact angle on the 

intermediate-wet surface could be made strongly water-wet by etching a repeatable 

micron-sized pattern on the surface over an area of 100mm2 using laser-ablation and 

wet-etching. This mimicked the natural roughness of the porous media and induced a 

different wetting state not previously studied for supercritical CO2 or other high-

pressure applications.  

 

Chapter 7 applies the knowledge gained from the work with CO2-brine systems to 

investigate the effect of low-salinity water injection on wettability alteration. Of the 

mechanisms that have been put forward, expansion of the electric double-layer ties in 

well with the changes in contact angle towards more water-wet as salinity is decreased. 

Support for this mechanism is provided using zeta-potential measurements, which 

showed that low salinity brine increases the strength of the negative potential measured 

on Quartz and Mica powders. The powdered minerals were closely aligned with the 

Quartz and Mica plates used for contact angle measurements. Wettability measurements 

are presented for samples have been used in a clean state and also aged in crude oil.    
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Chapter 8 presents the conclusions and important findings of this work. Conclusions are 

detailed for specific systems i.e. CO2-brine, the impact of surface chemistry, the role of 

controlled roughness on wettability and measurements pertaining to Low Salinity EOR. 

Suggestions for further work are also included in addition to final remarks regarding 

wettability and its measurement. 
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CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

Wettability is critical to the initial distribution of fluids in a reservoir and their 

subsequent flow properties. Careful attention must be paid to the protection of core 

during recovery in order to obtain a representative view of reservoir conditions. Where 

preserved core cannot be used, a restoration programme must be performed to re-

establish initial conditions. The function of wettability as a controlling parameter for 

relative permeability behaviour and capillary pressure is postulated to discuss its 

implications at the field scale. 

Wettability as a result of intermolecular and surface forces is encountered directly or 

indirectly in a number of disciplines including medicine, personal care, materials 

science and engineering, and unknowingly relied upon in biological systems. Systems 

where wettability alteration is a desired effect include the design of water-repellent 

textiles, self-cleaning surfaces and anti-corrosion treatments on structures and pipelines. 

General examples consider droplets of water deposited upon surfaces where air is the 

bulk phase. Reducing the surface energy and water-wetness of a weatherproof jacket 

prevents liquid penetration, enhances beading and therefore runoff. In the case of the 

jacket, heterogeneity from the weave of the fabric also prevents water penetration. 

Chemical treatment can therefore be enhanced by surface topography. There is 

significant scope to relate the lessons learned from such examples in the discipline of 

materials science to subsurface technologies. There are many examples of analytical 

methods and chemical design being a part of knowledge exchange over the years; more 

recently, these are being applied in a routine fashion to maximise our understanding of 

characterising and enhancing fluid flow to maximise asset value. 
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2.1 Historic context and future development 

For research purposes, the fundamental theories governing a system with heterogeneity 

tend to break down as we move away from ideal conditions and towards real-world 

applications. This is because the surface must be chemically homogeneous, smooth, 

inert and rigid. In its simplest form, the Young equation describes the balance of 

interfacial tensions (γ) acting at the juncture of three phases (solid, liquid and gas) for a 

droplet of liquid resting upon a solid in a gaseous atmosphere 

𝛾𝐺𝑆 − 𝛾𝐿𝑆 =  𝛾𝐿𝐺 . 𝑐𝑜𝑠𝜃. 

 

Fluid-fluid and solid-fluid interactions involve highly complex physical and chemical 

forces, which are difficult to predict from the outset. The most notable scientists who 

developed the fundamental concepts in this area are: Pierre-Simon Laplace (1749-

1827), Thomas Young (1773-1829) and Louis Athanase Dupré (1808-1869). Their 

mathematical and philosophical treatments of the physics of capillarity and wettability 

form the foundation of today’s understanding. More recent figures such as Johannes 

van der Waals (1837-1923), Josiah Willard Gibbs (1839-1903), John Strutt, 3rd Baron 

Rayleigh (1842-1919) and Jean Baptiste Perrin (1880-1942) have influenced the field 

through their wider work in Physics during the exploration and development of the 

atomic model. More specific investigations of surface chemistry by ‘modern day’ 

scientists have focussed on the peculiarities of the solid surfaces and polymers. A 

particular interest in films and monolayers was taken by Irving Langmuir (1881-1957); 

general wettability, adhesion and methods for measuring solid surface energy have been 

recently developed by William Zisman (1905-1986), Frederick Fowkes (1915-1990) and 

others. A more comprehensive timeline of surface chemists and associated research 

contributing to wettability has been described elsewhere [1]. It is needless to say that 

many of the original concepts in wetting exist to this day. The 21st century approach to 
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CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

understanding wetting dynamics – beyond experimental observations – has been 

conducted through pore network and molecular modelling. Molecular modelling utilises 

a simulation-based approach to better understanding wetting phenomena; however the 

technique is currently in its infancy in being able to predict the true physical behaviour 

of complex systems, particularly when hydrocarbons are involved. Simulations are 

generally limited to droplet volumes of 5,000 molecules with diameters of 150 Å 

modelled over 40ns [2]. Disjoining pressure models are a reasonable approximation to 

the relationship between capillary pressure and wetting films in the pore network as 

discussed later on in this chapter.  

 

In reality, a variety of physical experiments are undertaken in parallel to determine the 

value and magnitude of fluid-fluid and solid-fluid interactions such as contact angle 

measurement by capillary rise, goniometry, Wilhelmy plate and imbibition-type tests. 

Table 2-1 depicts three wetting states based on suitable ranges for their subtended 

contact angles. An intermediate-wet surface is defined as having equal preference to oil 

and water (90º). A mixed-wet system is more appropriate terminology for mixed-

mineral systems such as in a porous medium, where some minerals show water-wet 

behaviour and others may be oil-wet. ‘Dalmatian wetting’ is an example of this. The 

careful employment of experimental design gives us the immediate control of several 

variables to test within reasonably practicable timescales. The following sections 

describe how wettability is affected during core handling and its possible knock-on 

effect in reservoir description. The outcomes at the field scale are also discussed to 

emphasise the central role that wettability plays during migration and trapping. 
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Table 2-1: Photographs from this work showing oil-wet, intermediate-wet and water-wet Quartz. The Quartz 
substrate was initially submerged in brine before a droplet of oil was released below the substrate using a 
curved needle. Different wetting states were achieved using different oils for aging and different cleaning 
method to restore wettability. A reflection of the droplet appears above the dotted line for bright, polished 
surfaces. This is not normally visible on reservoir rock.  
 

 

 

 
OIL –WET  
[100°-180°] 
 
Oil occupies smallest pores in 
a network and excludes water. 
In larger pores, oil wets the 
rock surface with water 
resting in the centre of the 
pore. 
 

 

 

 
INTERMEDIATE–WET  
[80°-100°] 
 
Water wets the smallest pores, 
however oil may wet the 
surfaces of larger pores after 
primary migration through 
wettability alteration over 
time. The capillary entry 
pressure for the smallest pores 
remains too large. 

 

 

 
WATER –WET  
[0°-80°] 
 
Water is present as a 
continuous wetting phase 
throughout the network, 
existing as a wetting film in 
the largest pores and 
completely filling small and 
cul-de-sac pores. Imbibition 
to water will readily take 
place compared to oil which 
will not. 
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CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

2.2 Core handling and cleaning 

Subsurface cores are a highly valuable commodity and provide much of the necessary 

input information to predict fluid flow in the reservoir. When the person-hours, rig and 

equipment costs during the coring process are also accounted for, then the full value of 

core can be financially realised. Wettability is an important parameter to protect to 

ensure that good quality data can be subsequently acquired. Achieving representative 

conditions for the retrieved core is technically very challenging; reservoir pressure and 

temperature should be maintained as the core is brought to surface to prevent saturation 

changes and asphaltene or wax precipitation. In addition to preserving the wettability or 

the core, it should also be kept intact as much as possible by taking great care with the 

equipment used for cutting and tripping the core. Thick, continuous sections used for 

analysis will generate more representative information about the formation than short 

plugs taken from discontinuous core or rubble; this also reduces the influence of 

capillary end-effects. Core may be preserved in the inner barrel to reduce chemical and 

mechanical damage; however, the choice of product can have an adverse effect on the 

core itself. Structural and geochemical analyses have shown that expandable foam and 

Lithotarge preserve the core permeability, whereas resins alter the wettability of the 

stabilised rock and impregnate the core to some degree [3].  

 

Core can be described as being in a ‘native’ or ‘preserved’ state when steps are taken to 

ensure that the in-situ conditions of the core are maintained.  A primary concern is that 

drilling fluids are non-invasive, and will have little or no impact on wettability 

alteration during coring. Certain oil-based and some water-based drilling fluids can been 

used to maintain the natural wettability of the core provided that the formation is not 

sensitive to either fluid and no additives are used. ‘Cleaned’ core is generally strongly 

water-wet and is used for routine analysis such as porosity, permeability, thin section 
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and ESEM analysis where true wettability is not fully necessary, or a surface without an 

organic coating is required (ion microprobe or other elemental analysis). Many 

laboratories will routinely ‘restore’ core to in-situ wettability and saturation conditions. 

As a first step, solvents (Toluene and Methanol) are forcibly injected or extracted using 

the Soxhlet technique, vacuumed and then saturated with de-gassed formation water 

followed by mineral oil and dead crude oil to establish the connate water saturation. 

Injecting Decane or lighter hydrocarbons can cause asphaltene instability during contact 

with crude oil. The choice of solvents or their ratios to one another can be important.  

Any surfactants present in the drilling fluid should be removed [4] as they will 

undoubtedly affect the interfacial tension within the system. Adsorbed polar compounds 

are progressively removed according to the series obtained from chromatography: n-

Heptane, Toluene, Chloroform, Ethylacetate, Ethanol and Methanol [5]. Extensive use 

of solvents, notably Chloroform and Methanol is likely to produce strongly water-wet 

conditions.  

 

Toluene has the added benefit during Soxhlet extraction that it boils at 111ºC and will 

distill off any water present in the sample. Methylene Chloride is another suitable 

solvent for oil; Calcium Carbonate boiling chips should be added to prevent carbonate 

dissolution in the core by reaction with HCl released during solvent decomposition [6]. 

Carbonate minerals influence pH and ion-activity during waterflooding and should be 

carefully maintained. Separately, clay-rich samples are sensitive to temperature, flow-

rate and water. Rocks and substrates used for contact angle measurements also utilise 

specific cleaning techniques depending on whether the substrate is porous or will be 

subjected to chemical treatment. Chemical treatments on silica are generally dependent 

on the concentration of surface hydroxyls to act as anchor points for the chemical being 

applied. In addition to the solvent choices and aging times, dead oil is generally used as 
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CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

a restoration agent for the core. The higher concentration of wettability altering 

components per unit volume of dead oil compared to live oil introduces some initial 

uncertainty to subsequent measurement. This raises an important question regarding the 

importance of aging the core in live-oil and live-brine i.e. where both the oil and brine 

contain dissolved gases. Typically, core is aged under reservoir conditions for up to 7 

weeks with dead oil to restore wettability to reservoir conditions. There is significant 

ambiguity in this value, but it is a legacy value derived from imbibition experiments 

aged up to 1,000 hours [7, 8]. Both temperature and pressure are needed to achieve a 

reasonable degree of aging.  

 

For contact angle measurements, a repeatable technique to obtain a ‘clean’ surface is 

paramount to obtaining substantive results. Unfortunately there is no standardised 

technique that has been developed to enable benchmarking of results across multiple 

laboratories. A variety of techniques have been summarised in Table 2-2 to demonstrate 

that:  

1. A wide variety of methods are employed that are laboratory dependent 

2. Correct solvents are not always used for the intended purpose i.e. the removal of 

organic material 

3. Insufficient detail of the samples thermal history is provided 

4. Contact angle measurement with probe liquids are not used to verify intrinsic 

wetting state 

5. Substrates are used in their native form as received from the manufacturer 

6. Substrates are obtained for the ease of their procurement rather than (a) being 

able to verify other studies (b) or their suitability for the experimental conditions 

i.e. glass microscope slides, which have higher solubility in water and may have 

variable surface properties. 
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7. Contact angles being measured under brine have different aging periods in the 

embedding phase.  

8. The duration of sample exposure to ambient laboratory air is not provided, nor is 

the humidity.  

  

14 



CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

Table 2-2: Summary of various cleaning procedures employed for contact angle measurements for a range of 
measurement interests 
Author Substrate Summarised Cleaning Procedure 
Chiquet et al., (2005) Quartz 

Mica 
Tensioactive solution cleaned with 
ultrasonication (30mins), rinsed with 10% 
Nitric-acid solution, wash with deionised 
water 

Dickson et al., (2005) Glass 
microscope 
slide 

Silane treatment, cyclohexane, ethanol, oven 
at 110ºC 

Espinoza and 
Santamarina (2010) 

Various None given. Oil-wet glass prepared with 
toluene, n-heptane and coated with oil 

Jung and Wan (2012) Silica plate Rinsed with Ethanol 
Wang et al., (2012) Various 

minerals 
Acetone bath (3h non-clays, 0.5h clays), 
heated to 120ºC, sonicated in deionized 
water, dried in nitrogen 

Bikinna (2012) Quartz 
Calcite 

None at first, subsequently acetone and 
water in a bath sonicator (15-30mins). Oven 
dried at 105ºC (2h) 

Broseta et al., (2012) Quartz 
Mica 

Not described 

Buckley et al., (1989) Glass 
microscope 
slide 

Hydrogen Peroxide (ultrasonication), 
soaking in brine for days-week 

Del Castillo et al., 
(2011) 

Sliding 
bubble along 
glass wall 

Glassware cleaned with high-purity water, 
soaked in 1M KOH (1.5h) rinsed with water. 
Steel needle cleaned with high-purity water, 
immersed in 10% Nitric-acid solution 
(0.5h), water, stored in ethanol. 

D’Onofrio et al., 
(2009) 

Sand, VX 
nerve agent 

None given 

Drelich et al., (1995) Microscope 
slide 
Aluminium 
plate 
PTFE plate 

Various. Surface film formation (PE-
Toluene solution, chlorotrimethylsilane, 
Cyclohexane). Wash with chromic-sulfate 
solution, distilled water, ethanol, argon 
plasma (0.5h). Cyclohexane, heat at 110-
115ºC (2h). 

Janczuk et al., (1983) Marble Distilled water, boiled (1hr), dried at 150ºC 
(2hr) and cooled to ambient in a dessicator 

Nasralla et al., (2011) Mica None, as received  
Stanton et al., (2012) PDMS Ethanol sonication (5mins), Nitrogen dried, 

baked at 70ºF (20mins)  
Choi et al., (2009) Silicon wafer Immersion (5mins) in Fluorodecyl POSS in 

Asahiklin (AK225, 3 wt.%), oven dried 
60ºC (0.5hr)  
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2.3 Aging 

As previously mentioned, core handling is a highly important part of the core analysis 

process. The preservation of wettability is highly conducive to achieving representative 

reservoir information and flow characteristics. Figure 2-1 and Figure 2-2 show 

sandstone cores from a UK North Sea field. Figure 2-1 was aged in brine initially; after 

aging in crude oil the rock was dipped in toluene for some minutes, which effectively 

stripped all the visible surface oil from the surface. Figure 2-2 shows samples, where 

two likely belong to the same facies, which have been aged in dead oil with no connate 

water. The change in colour to dark brown is significant and the resulting contact angles 

were strongly oil-wet. Cleaning with toluene in the same manner as before did not 

remove the oil to the same degree as before and gave intermediate wettability.  

 
Figure 2-1: A sandstone sample aged in brine followed by live crude oil (left) and after immersion in Toluene 
for a very short duration (right). 
 

 
Figure 2-2: Sandstone samples aged in dead oil for 3 days at 92ºC without prior aging in brine 

 

To illustrate the additional uncertainty associated with aging, Figure 2-3 shows two 

Quartz plates immersed in brine, aged for 3 days in brine at 60ºC followed by aging in 
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two different crude oils ‘A’ (top) and ‘B’ (bottom) at 90ºC. Bulk oil was removed using 

Cyclohexane then the samples were immersed in brine. Oil ‘B’ was then contacted with 

both substrates and left for 24 hours. The top image shows oil-wet behaviour whereas 

the bottom image shows intermediate-wet behaviour. The jury is still out on the factor 

responsible for wetting differences but it is thought to be a function of multiple 

parameters centred around acid-base interactions and asphaltene solvency as previously 

discussed [9-15].  
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Figure 2-3: Images of a light oil contact angle measured on a Quartz plate in brine at ambient conditions 
showing the effect of aging using two different crude oils. The first oil with known ability to generate an 
intermediate to oil-wet surface was used in the top image, whereas the second oil has been found to be 
generally less oil-wet and used in the bottom image. Oil number two was used as the drop phase for both 
experiments. Decane could be used as a control fluid for subsequent tests.  

Aged Quartz Plate 

Aged Quartz Plate 
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2.4 Impact of Fluids on Initial Wettability 

There are several fluid parameters that affect wettability, for crude oil systems this 

becomes very complex. The water composition and pH play a strong role in 

cementation within the pores, diagenesis of minerals and the subsequent changes in 

porosity. On that note, water-wet sands have been shown to have lower porosities than 

oil-wet sands [16]. In the presence of oil or gas the cementation rate is greatly reduced, 

with gas being the most effective at suppressing further alteration of the pore space. 

 

Water exists as a primary wetting film before the pore space is invaded by 

hydrocarbons; the stability of the water film is a function of its pH and ionic strength, 

oil components soluble in water, capillary pressure and the mineralogy and morphology 

of the grains. It is feasible then, given that these characteristics are unique to any given 

reservoir, that each reservoir possesses a unique wettability distribution at the local 

scale, whilst still obeying general trends in vertical distribution corresponding to water 

saturation gradient.  

 

Changing the ionic strength and pH of injected brine can favourably alter the wettability 

to enhance oil recovery. The interrelationship of pH and ionic strength and its effect on 

wettability alteration is highly complex due to the respective changes in both the oil and 

rock simultaneously. Reservoir minerals are wetted by oil and water when measured in 

air at atmospheric conditions. Submersion of the mineral in brine simulates the in-situ 

condition within the pore space where water forms a continuous wetting phase 

throughout the connected pore network. 

 

The ionic strength of meteoric water is negligible but increases during flow through 

rock as part of the hydrological cycle. Seawater has an ionic strength of approximately 
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0.7-1.0M with total dissolved solids normally around 35,000ppm. Evaporites can 

greatly affect connate water salinity, increasing it to 642,748ppm as seen in the Salina 

dolomite of Michigan [16]. The ions present in formation water and their relative 

abundance impacts the stability of water films at the mineral surface as reflected by 

electrostatic forces and the resulting interaction potential across the brine-rock interface. 

At neutral pH, fresher brine is more water-wet than high salinity brine.  

 

When the formation is charged with hydrocarbons, molecules with low carbon numbers 

are highly soluble in brine compared with heavy-ends. Adsorption of organic matter and 

polar molecules can render the rock less water-wet, and may also interact across thin 

brine films. Polar surfactants are naturally present in crude oil, these micelles contain 

hydrophobic and hydrophilic moieties and interact with the rock through electrostatic 

attraction, ion-exchange, chemisorptions, chain-chain interactions, hydrophobic and 

hydrophilic bonding [17]. Since crude oils have a highly unique fingerprint, it can be 

difficult to establish the primary cause of wettability alteration as a result of any single 

molecular component. For each crude oil property that is determined to be the driver for 

wettability alteration, a counter-example is presented. For the case of asphaltene 

content, both high and low asphaltene contents have shown a tendency to water-

wetness. It is thought that the solvency of the oil to its asphaltenes is an important factor 

in their contribution to surface adsorption. The list of compounds thought to be 

responsible may be extended to acidic oxygen compounds (phenols and carboxylic 

acids), sulphur compounds (sulphides, thiopenes) and nitrogen compounds (carbazoles, 

amides, pyridines, quinolines and porphyrines) [18]. It is unlikely that compounds can 

be analytically screened due to the number of different molecules present in oil and the 

difficulty in reducing uncertainty in the development of such a process in the laboratory. 
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2.5 Impact of Mineralogy on Initial Wettability 

It is now well documented that sandstone reservoirs are not strongly water-wet and 

carbonate rocks are strongly oil-wet under all circumstances. It is easy to appreciate 

how there must be a wide variety of initial wettability in the field due to the complexity 

of rock-fluid interactions under reservoir conditions. The intrinsic composition of the 

reservoir determines plays a role in the distribution of wettability due to provenance and 

diagenetic processes during burial. Structural variation in wettability is mainly due to 

proximity to the oil-water-contact i.e. water saturation and capillary pressure, 

environment of deposition and the presence of gas.  

 

Minerals have unique structures, which results in different electrostatic forces 

associated with each of them. In air, all minerals are naturally wetted by oil and water 

because of their surface energies with respect to oil-water interfacial tension. In brine, 

their behaviour is more complicated and is discussed in more detail in Chapter 3. In 

principle for an oil-brine system, Quartz is water wet due to the strong repulsive force it 

exerts by its negative surface charge. Calcite and Dolomite are positively charged at 

reservoir conditions and are therefore attracted to negative surface charges existing at 

the oil interface. Clays are negatively charged, but are less so than Quartz at reservoir 

conditions and easily respond to changes in brine composition through cation exchange.  
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2.6 Outcrop versus Reservoir Core 

One aspect of core analysis research that has not received strong attention with respect 

to wettability is the assumed analogue of outcrop to reservoir core. The major 

distinguishing features separating the two are the changes in porosity, permeability, 

diagenesis and oxidation relating to interstitial water and burial history [19]. These are 

strongly coupled processes. Figure 2-4 compares the type of fluids that outcrop and 

reservoir core may be exposed to with respect to the difference in pH and reduction 

potential (Eh).  

 
Figure 2-4: Approximate reduction potential and pH conditions for rainwater, seawater and connate water, 
reproduced from [16] 
 

Rainwater has negligible salinity and is highly acidic due to the presence of humic, 

carbonic and nitrous acid from the atmosphere and soil. Exposed limestone buildings 

are noticeably weathered because of the acidity of rainwater. During percolation 

through the soil, rainwater becomes ‘meteoric’ and its acidity is neutralised quickly 
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particularly as it passes through carbonate rocks [16]. Seawater and meteoric water have 

an intermediate pH but both are oxidising. Oil field brines are alkaline and are strongly 

reducing. The pH and Eh conditions of interstitial water control the precipitation and 

solution of clays and other cements associated with diagenesis. In field brines, dissolved 

gas such as H2S and CO2 can cause more acidic conditions. The Eh values are 

controlled by the availability of free oxygen (more oxidising) and metals (more 

reducing) in solution. Subsurface waters are generally of mixed origin – juvenile, 

meteoric and connate. Meteoric water is previously described and can still interact with 

field water provided they are hydraulically connected. Juvenile waters are of magmatic 

origin and connate waters have been “buried in a closed geological cycle for a long 

time” [20].  

 

Since a detailed examination of the differences between outcrop and reservoir core from 

the same, or representative formations is not available, the contact history with water is 

a suitable demonstration of the relative differences between the two environments. The 

primary concern with outcrop samples would be the characteristics of interstitial clays 

and the alteration of primary minerals. Are the differences noticeable for the purposes of 

coreflooding? The morphology and grain-size distribution could be more dominant than 

the mineral composition if capillary forces are more strongly affected by provenance. 

This is yet to be determined. It is generally assumed that the restoration and aging of 

cleaned outcrop core to mixed-wet conditions should be comparable for reservoir core. 

Any differences in surface energy between the reservoir and outcrop core of the same 

formation have not yet been sufficiently described. 
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2.6.1 Outcrop and reservoir thin section analysis 

Thin sections are a useful way of visually characterizing the pore space and identifying 

the nuances associated with the mineralogies present. They can be used to guide 

wettability studies so that representative minerals can be chosen for measurement based 

upon their abundance in the thin section sample. Quartz is an appropriate mineral for a 

sandstone facies, where it is typically in high abundance. It should not be used as an 

analogue for carbonate facies since Quartz is chemically different to minerals such as 

Calcite and Dolomite that are typically in high abundance. If Quartz grains have a thin 

oxidized layer, it can be useful to perform measurements on Hematite to account for this 

grain coating. Other representative minerals from each facies can be used to build a 

comprehensive set of facies wettability. For this project, thin sections were prepared to 

observe differences between various outcrop core samples and one reservoir core. This 

technique is ‘destructive’ hence only one reservoir core could be made available for 

analysis. The relative abundance of different minerals present is best measured using x-

ray diffraction using a powdered sample. These thin sections have been presented here 

to familiarise the reader with some of the minerals at the pore-scale and highlight the 

roughness, pore texture, structure and composition of porous media, which affect 

reservoir wettability. 

 

Thin sections were prepared from a small section of core with the plane of interest (x,y) 

bonded to a resin block to initially trim the plug down to a few centimetres thick. Epoxy 

impregnation of the rock and mounting to a glass microscope slide provided a solid 

surface from which excess material is slowly polished away to leave a slice 

approximately 30µm thick mounted onto the transparent microscope slide. The slices of 

rock were observed using an Olympus BH-2 UMA Triocular Polarising Microscope, 

and digital camera. The main features observed in this study are the (1) widespread 

24 



CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

cementation by calcite, particularly in the reservoir core and (2) compaction resulting in 

pressure solution of quartz grains. All scale bars have divisions of 0.1 mm.  

  

25 



 

Subarkose Arenite Clashach outcrop sandstone (1) 
Porosity: 19.7 % Core Permeability (probe permeameter): 465 mD 
Textural Features   
Texture Structureless, well-sorted, sub-rounded to angular grains with 

low sphericity, high intergranular porosity 
Matrix None, Grain supported 
Cement Little cement, Quartz overgrowths 
Mineralogy  
Major Constituent: Quartz 
Notable presence of: Alkali Feldspar – Microcline, Partially dissolved Alkali 

Feldspar, rock fragments with traces of highly birefringent 
inclusions. 

Surface core sample obtained from the Clashach quarry, Scotland. High intergranular 
porosity. Dominated by Quartz, Microcline and partially dissolved Alkali Feldspar. This 
lithology has high reservoir potential. 
 

 
 
 
 

 
  

A1 

A2 (XPL) 

Each division equal to 100 microns 
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 Subarkose Arenite Clashach outcrop sandstone (2) 
Porosity: 11.5 % Core Permeability (probe permeameter): 286 mD 
Textural Features   
Texture Structureless, very well-sorted, rounded grains with low 

sphericity 
Intergranular Porosity Intermediate with numerous large pore spaces. 
Matrix None, Grain supported 
Cement Little cement, Quartz overgrowths 
Mineralogy  
Major Constituent: Quartz 
Notable presence of: Plagioclase Feldspar with dissolution Alkali Feldspar – 

Microcline, Deformed quartz with patchy extinction, Quartz 
rock fragments with highly birefringent inclusions, chert 

Darker in hand specimen than previous Clashach sample. Plate B1 clearly shows Quartz 
overgrowths with the original grain size outlined with a brown rim of iron oxide.   

 

 
 
 
 

 
  

B1 

B2 (XPL) 

Original Quartz grain 
outlined with Iron Oxide 

Quartz overgrowth reduces 
the pore volume 
 

Each division equal to 100 microns 
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 Subarkose Arenite Locharbriggs outcrop sandstone (heterogeneous) 
Porosity: 27.6 % kv (methane): 3mD; kh (methane): 893mD 
Textural Features   
Texture Sub-rounded with low sphericity; bands of compacted sediment. 

Moderately sorted. 
Intergranular Porosity High except in compacted regions 
Matrix None, grain supported 
Cement Little cement, Quartz overgrowths 
Mineralogy  
Major Constituent: Quartz with brown rim of Iron Oxide  
Notable presence of: Alkali Feldspar  
Locharbriggs sample taken from surface outcrop. Iron Oxide grain coating due to 
weathering. The sample shows bands of strong compaction orthogonal to long axis of the 
core. In un-compacted zones the intergranular porosity is high; grains appear to be in 
light contact. In compacted zones, porosity is low and grain size is below average 
suggesting pore reservoir flow performance in vertical direction. 
 
 

 
 
 
 

 
 
 
  

C2 C2 (XPL) 

 

C1 C1 (XPL) 

 

Each division equal to 100 microns 

Each division equal to 100 microns 
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Feldspathic Litharenite Tight Reservoir Sandstone 
Porosity: 22.8 % Brine permeability: 0.3mD 
Textural Features   
Texture Angular with low sphericity, Structureless, poorly sorted. 
Intergranular Porosity Low intergranular porosity 
Matrix Grain supported with some support from calcite deposits 
Cement Calcite <10% 
Mineralogy  
Major Constituent: Quartz and deformed Quartz with undulose extinction 
Notable presence of: Alkali Feldspar with dissolution, Plagioclase Feldspar, Calcite,  

Rock Fragments, Mica, Minor heavy minerals with high 
birefringence 

Tight reservoir core with abundance of feldspar, rock fragments, micas and calcite. 
Intergranular porosity is lower than other samples. 
 

 
 
 
 

 
 

D1 D1(XPL) 

D2 

Each division equal to 100 microns 

Each division equal to 100 microns 

29 



 

2.7 Measurement techniques 

Wettability can be determined using quantitative and qualitative techniques. Ideally, 

several techniques should be used in tandem to justify behaviour at different length 

scales and the impact within a pore network. This would also account for limitations of 

different experiments. As an example, heterogeneous reservoir rock is not always 

suitable for contact angle measurement especially where there is significant difference 

in grain size and relative hardness. Weakly consolidated samples are difficult to obtain 

reliable contact angle measurements from. Imbibition tests however, may be more 

suitable. An example from the UK North Sea (UKNS) is shown subsequently in Figure 

2-5.  

 

The measurement techniques can be split into quantitative and qualitative measurement. 

Quantitative methods include: contact angle measurement, forced displacement, 

imbibition and the USBM method. Qualitative techniques include imbibition rates, 

pore-scale observations using ESEM or CT-scanning, floatation, relative permeability 

curves, displacement capillary pressure, nuclear magnetic resonance imaging to name a 

few [21]. The techniques in the literature do not generally mention adhesion 

measurement as a primary measurement; it also is a critical parameter in the wettability 

picture and is applicable to enhanced oil recovery techniques and has been extensively 

investigated by Dr. Jill Buckley [22]. Adhesion can be observed using the contact angle 

measurement technique (drop shape analysis or dual drop dual crystal) and using the 

Wilhelmy plate technique, where adhesion is inferred from contact angle hysteresis. 

Atomic force microscopy is a good way of quantifying adhesion but is currently limited 

by operating pressure and the ability to functionalise the probe with crude oil that is 

sufficiently representative.  

30 



CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

 

 
 

 
 

 
 
Figure 2-5: An example of contact angle measurements on a weakly consolidated core from the UK North Sea. 
During hand-polishing of the original core (top) with Silicon Carbide powder, the finer matrix was easily 
stripped from the sample while the hard Quartz nodules and rock fragments remained largely intact as flat, 
extruded surfaces (middle). During oil deposition in air, the droplet is comparable in size to the large 
roughness features and results in a highly contorted droplet on the surface (bottom)  
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2.7.1 Contact Angle Measurement 

An experimental technique to measure wettability directly is best determined using 

axisymmetric drop shape analysis, whereby a droplet or bubble of fluid A is deposited 

on a solid substrate immersed in fluid B. The major advantage of this method is that it is 

highly customizable to the needs of the user and can be performed under high pressure 

and temperature conditions. In extreme circumstances, measurements can be performed 

using molten metal at over 500°C to investigate adhesive joints, or in a high-vacuum in 

sub-zero temperatures.  

 

For general surface characterisation of silicon wafers for example, batch processing can 

be performed using multiple motorised syringes to measure the contact angle using 

different fluids at one time to characterise surface free energy. For subsurface 

applications, it is necessary to submerge the test substrate under brine and inject the 

droplet (oil or gas) from beneath the substrate. This respects the buoyancy effect of the 

fluids. It is also possible to inject the fluid from above the substrate provided that the 

needle is sufficiently close to the substrate to prevent the droplet floating away. 

Capillary forces are certainly going to be different in the latter example of top-bottom 

injection than bottom-top. The top-bottom method came into practise from Buckley’s 

(1989) earlier work on adhesion mapping, due to the equipment readily available at the 

time. This has clearly influenced how subsequent authors have performed contact angle 

measurements. 
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2.7.2 Dual Drop Dual Crystal 

The dual-drop-dual-crystal (DDDC) technique has been used to simultaneously measure 

drainage and imbibition angles as well as observe adhesion behaviour at reservoir 

conditions [23, 24]. The simultaneous measurement of all three parameters is a step in 

the right direction to observe behaviour of static equilibrium receding angles using the 

captive bubble technique as well as equilibrium imbibition angles without possible 

artefacts induced from a capillary needle used to emplace the droplet.  

 

In the construction of this unique instrument, the capillary needle can be moved 

vertically in addition to the upper crystal, while the lower crystal can be moved 

horizontally and rotated about its axis. To summarise the method described by the 

authors using Figure 2-6, two droplets are initially injected onto the upper and lower 

substrates submerged in brine at reservoir conditions (A). After a period of aging, the 

lower plate is rotated 180º (B) where the lower droplet attached to the substrate (B1), 

detaches leaving a smaller oil droplet (B2) or detaches fully indicating non-adhesion 

(B3). The upper substrate is lowered so that the upper and lower droplet come into 

contact and coalesce (C). Horizontal movement of the lower plate puts the droplet under 

non-equilibrium forces to induce movement of the three phase contact line to a new 

position, thereby establishing an imbibition angle.  
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Figure 2-6: A schematic showing the procedure for simultaneously measuring drainage and imbibition angles 

using the DDDC method (reproduced from [23]) 
  

34 



CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

2.7.3 Wilhelmy Plate Method 

The dynamic Wilhelmy plate method utilises a microbalance to measure the force acting 

on a plate as it moves through a fluid-fluid interface at a constant speed. The benefit of 

this method is that a contact angle is area-averaged over the wetted portion of the 

substrate and heterogeneity can be averaged over this area. This reduces the uncertainty 

associated with mixed-wet plates and the placement of droplets on the surface. This may 

be a limiting factor if heterogeneity across the substrate or on either side of the substrate 

is being specifically measured.  

Since the contact angle is calculated from the cosine function relating to the Wilhelmy 

Force (F), buoyancy force (FB), wetted length (l) and fluid-fluid IFT (σ) it is susceptible 

to the error that propagates through the equation used to calculate it, specifically the 

measurement of the wetted perimeter of the plate [cos(𝜃) = (𝐹 − 𝐹𝐵)/(𝑙𝜎)]. See Xie 

and Morrow (1997) for its application to oil-brine systems [25, 26]. As yet the system is 

not equipped for high-pressure and temperature conditions but it is feasible to do so.  
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Figure 2-7: Illustration of the Wilhelmy plate method 
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2.7.4 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is used to measure the force profile of a microscopic 

point or sphere on a cantilevered probe approaches the solid surface. Forces enacted on 

the tip can be quantified by its deflection for a range of applications [27-31]. Its 

employment as a visual observation tool was utilised in this thesis to observe adsorbed 

crude oil components at the micron-scale.  

 

The technique relies on accurate measurement of the forces encountered by the 

cantilevered tip down to 0.1nN/nm where possible. Using a combination of 

piezoelectric materials, transducers and force feedback controls the effect of hysteresis 

can be minimized. A ‘light lever sensor’ is one method to quantify the deflection of the 

tip. It utilises a laser light to measure the change in reflected angle of the light returning 

from the back of the cantilever. Knowing the normal stiffness of the probe 

(approximately 0.1-1.3 N/m) and the magnitude of deflection enables the force to be 

determined. Measurements are acquired by bringing the probe into contact with the 

substrate using the very accurate piezo-motor. The attractive force gradient increases as 

the probe approaches the surface and exceeds the normal spring constant in close 

proximity to contact. An instability is created and the probe ‘snaps’ into contact with the 

sample. The probe is deflected further to attain a maximum value and then retracted. 

During retraction, the probe remains in contact with the substrate until the spring 

constant overcomes the attractive force gradient. The probe ‘snaps’ back to its un-

deflected position. Probe velocity is approximately 1 × 10−6𝑚/𝑠 during this process 

[28]. In brine, this force profile differs slightly due to the ionic double-layer formed at 

the solid surface, which is initially repulsive. In water, the pull-force is reduced by 

about an order of magnitude.  
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Figure 2-8: Force-distance curves measured by AFM for Quartz and Calcite [28]. The full features of these 
curves are discussed in the subsequent chapter.  

 

 

This measurement technique is highly specialised and is not a ‘classic’ wettability 

determination method used by the oil and gas industry. In fact, it is generally used as a 

quantitative imaging tool to characterise surface topography and the size of adsorbed 

material at the micron scale. In scanning mode, the cantilevered tip sweeps the surface a 

controlled velocity (scan rate) whilst simultaneously measuring the force response to 

characterise the height of surface features. The imaging feature is limited by the 

dimensions and shape of the probe and the size of the features being imaged. As a 

research tool, the AFM is an accurate way of quantifying adhesion strength between 

individual minerals and the tip when functionalised with a polar hydrocarbon.  
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Figure 2-9: Illustration of the AFM probe contacting a solid sample. The incident angle of photons on the 
detector changes with the cantilever deflection [32] 
 

 

 
Figure 2-10: AFM image of the Labradorite sample used in this study with RMS roughness of 1.21 nm  
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2.7.5 Spontaneous Imbibition and Centrifuge Method 

The spontaneous imbibition and forced imbibition method (Amott test) is a common 

technique used to determine the core-averaged wettability from a core plug using 

reservoir fluids in the absence of contaminants. It measures the rate of flow of wetting 

fluid spontaneously imbibed into the core at the expense of the non-wetting fluid. The 

process is described in several stages by Tiab and Donaldson (2004): 

1. The core plug is reduced to the residual oil saturation (Sor) by forced 

displacement using brine. 

2. It is subsequently immersed in oil and the volume of brine (Vwsp) displaced by 

the spontaneous imbibition of oil is recorded 

3. Water is then displaced to the residual water saturation (Swi) by the imbibition of 

oil and through forced displacement and recorded as Vwt. 

4. The core plug is immersed in brine and the volume of oil displaced by 

spontaneous imbibition is recorded (Vosp) 

5. Remaining oil in the core is displaced with brine to irreducible oil saturation 

(Sor) and the total volume of displaced oil is totalled (Vot). 

 

Spontaneous imbibition measurement is performed using a simple glass cell, whereas 

the forced displacement is performed using a centrifuge or loaded in a core holder 

connected to accurate pumps. Great care must be taken with centrifuge measurements to 

ensure that the core is counter-weighted and the speed increments are adjusted slowly 

from zero revolutions per minute.  

 

The Amott wettability index is defined as a ratio between the displacement by oil and 

by water: 

 𝐼𝑤 = 𝑉𝑜𝑠𝑝
𝑉𝑜𝑡

− 𝑉𝑤𝑠𝑝
𝑉𝑤𝑡

= 𝛿𝑤 − 𝛿𝑜 (2.1) 
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The values obtained from this equation range from -1 (oil-wet) to +1 (water-wet), with 

neutral wettability existing at a value of 0. Establishing neutral wettability, from either 

intermediate wettability or mixed-wettability is less precise. At neutral wettability, the 

imbibition of fluids is very slow and subject to error if the tests are not run for sufficient 

time until no further imbibition takes place.  

 

Another centrifuge technique utilising the centrifuge was developed by Donaldson et 

al., to determine the wettability index from the hysteresis loop of capillary pressure 

curves [33, 34] and is known as the United States Bureau of Mines method (USBM). 

Water and oil are alternately displaced from a small core to obtain the capillary pressure 

curves, from which the ratio of the areas beneath each curve is used to indicate the 

wettability. The thermodynamic work required for the displacement of a wetting-phase 

by a non-wetting phase (Sor to Swi) and vice-versa (Swi to Sor) is reflected by the shifts in 

these curves. Examples of water-wet and oil-wet curves using the area method are given 

in Figure 2-11. 
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Figure 2-11: Capillary pressure curves that are used to generate a USBM wettability index for a water-wet 
core (top) and oil-wet core (bottom)   
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2.7.6 Relative Permeability measurement 

The relative permeability of a porous media to two or three fluids can be measured by 

steady-state and unsteady-state methods. Steady-state methods are performed by co-

injecting two or three fluids at a specific fraction flow until pressure and saturation 

equilibria are attained. The fractional flow can then be increased. Available steady-state 

experiments are the (1) multiple cores, (2) high-rate, (3) stationary-liquid and (4) 

uniform capillary pressure methods. The multiple core method uses two similar plugs 

on either end of the target core to reduce capillary-end effects during the co-injection of 

fluids. This also provides a longer sample. The first (upstream) and third (downstream) 

cores assist with the distribution of the fluid phases and reduce end-effects experienced 

by the second (target) core. This method is particularly applicable when only small 

reservoir plugs are available and a composite core is thus created. It can also serve to 

‘average’ some of the characteristics of the core provided saturation gradients are 

carefully monitored. Where a 4” core barrel is used for a vertical well, it may be 

preferable to take core that is orthogonal to the well direction if the bedding planes are 

truly horizontal. Knowing that horizontal permeability – or permeability along the 

bedding plane – is generally higher than vertical permeability, it is likely that more 

uniform flow characteristics can be achieved. Under these circumstances it is also 

preferable to use a composite of several cores since the effective length in this case 

would be less than 2” per plug.  

The high-rate method – as the name sounds – utilises high-rate co-injection of the 

wetting and non-wetting phases to reduce capillary end-effects. Care must be taken to 

ensure that the rate is sufficiently low not to introduce error caused by turbulent flow. 

The stationary-liquid method is applied to highly mobile gas systems where the 
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wetting-phase is used as a stationary (immobile) fluid in the core at low pressure 

gradients. 

Unsteady-state relative permeabilities are generated by injecting a single fluid at either a 

high or low rate whilst monitoring the pressure gradient and recovery. The pressure 

gradient should be large enough to minimise capillary end-effects, and the pressure 

differential across the core should be sufficiently small compared with the total 

operating pressure so that compressibility effects are insignificant [35]. Numerical 

models are used to fit the experimental data using other known properties of the rock. 

In all cases, endpoint saturations are particularly important since the Swi assists with 

calculation of oil in place, and the Sor following waterflood defines the maximum 

amount of oil that can be recovered from the reservoir. Knowing that a dynamic, 

coupled relationship exists between the rock and fluids at different operating 

environments, relative permeability measurements should be performed at full reservoir 

conditions where possible.  
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2.8 Effect of Wettability on fluid flow 

Wettability has a major impact on relative permeability and capillary pressure since it 

controls the distribution of fluids within pores of different size, influences their 

connectivity and flow characteristics i.e. as film flow or through the centre of the pore 

body. Accounting for natural variability in core samples due to mineralogy and 

morphology, and the possible gradients in oil composition through the formation, it is 

not surprising that companies reviewing SCAL data derived from more than one 

laboratory see a variation in measured properties [36, 37]. Differences in cleaning (hot 

or cold solvent), establishment of realistic Swi and Sor values, selected flow rate, 

viscosity ratios, fluid preparation, temperature, pressure and core length are variables 

that also influence flow behaviour. The over-arching control that affects relative 

permeability and capillary pressure (where reservoir oil and brine is used) is the 

wettability system. According to the Young-Laplace equation for a pore with circular 

cross-section, where r is the pore radius, σ is the IFT between the non-wetting (nw) and 

wetting (w) phase and θ is the contact angle subtended through the wetting phase, the 

capillary pressure is: 

 Pc = 2σcosθ
r

  (2.2) 

 

The non-wetting phase will displace the wetting phase if: 

 

 Pnw − Pw > 𝑃𝑐  (2.3) 
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Water-wet system 

In a strongly water-wet system, water will occupy the smallest pores and exist as a 

continuous wetting film spanning all surfaces within the system. As the non-wetting 

phase, oil will occupy the centre of the largest pore bodies and will only displace water 

provided the capillary pressure can be overcome through wettability alteration or a 

significant decrease in the IFT. Counter-intuitively, oil will typically reach a high 

effective permeability that approaches the absolute permeability of the core, but only at 

low water saturations. This is caused by the imbibition of water into the smallest pores 

first, while the oil will flow through the centre of larger pores. At higher water 

saturations, film flow of water can cause the oil ganglia to ‘snap-off’ as disconnected 

droplets. Disconnected oil droplets can block pore throats and reduce the water 

(wetting-phase) relative permeability. Sandstone reservoirs are generally thought to be 

closer to mixed-wet rather than strongly water-wet. 

Oil-wet system 

In a strongly oil-wet system, oil occupies the smallest pores and exists as a continuous 

wetting film throughout the pore network. Being the non-wetting phase, interstitial 

water will exist in the centre of the largest pore bodies. The water relative permeability 

is higher in an oil-wet system because oil has the tendency to flow through the smallest 

pores, whereas water flows through the larger pores. At low oil saturations, the effective 

permeability to brine will often approach the absolute permeability, indicating that the 

wetting phase (oil) has not significantly restricted the flow of water in this case. At 

higher oil saturations however, water can easily become trapped as discontinuous 

droplets near pore throats of a critical size. Carbonate reservoirs are considered as 

mixed-wet to oil-wet. 
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Mixed-wet system 

The mixed-wet system alludes to a distribution of wettabilities throughout the 

formation, where some minerals are oil-wet and others water-wet. Assuming the case of 

a sandstone reservoir, pores that would otherwise have strong water films may have 

collapsed, allowing oil to contact the rock directly. Intermediate wettability may exist 

where surface roughness causes localised rupture of wetting films, sufficient enough for 

oil to partially contact the pore wall. Water may still ingress beneath parts of the oil 

droplet, giving an apparent intermediate wettability. Mixed-wet conditions may also be 

controlled by mineralogy, such as by oil-wet clays and carbonaceous minerals. During 

imbibition, there is a slow but equal preference to both oil and water. Reservoir studies 

on Prudhoe bay [38] describe it as a mixed-wet system, with a “large region of two-

phase flow with a finite but very small oil-rate continuing down to low saturations.”  

 

2.8.1 Capillary Pressure 

According to Anderson (1987), there is “no simple relationship that relates the capillary 

pressure determined at two different wettabilities.” The link between capillary pressure 

and saturation history depends upon the synergies between wettability, grain 

morphology and initial saturation [39]. In simple terms for a water-wet system, 

displacement of water from the residual oil saturation to irreducible water saturation 

requires more work than the displacement of oil from irreducible water saturation to 

residual oil saturation. A key feature is that a threshold pressure must be overcome for 

oil to enter the water-wet pores. 

 

At oil-wet conditions, oil will spontaneously imbibe into the core and displace water in 

a co-current or counter-current fashion. Injection of oil reduces the water saturation to 
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Swi, since the core in this case is oil-wet; a threshold pressure to water exists requiring 

forced injection to displace oil from the pores down to Sor. Oil will spontaneously 

imbibe into the core, though oil injection is required to displace water back to Swi. In 

thermodynamic terms of work, the displacement of the non-wetting phase by the 

wetting-phase is energetically favourable; therefore the logarithm of the area ratio 

shown previously in Figure 2-11 is positive in a water-wet case and negative in an oil-

wet case. 

 

 Figure 2-12 illustrates the potential shift in capillary pressure caused by different 

cleaning steps. Forced cleaning makes the carbonate core more water-wet, with a high 

connate water saturation and a lower residual oil saturation. Carbonate cores were 

cleaned in solvent using the standard technique of Soxhlet extraction, capillary pressure 

was measured followed by hot solvent injection under pressure for a second capillary 

pressure measurement. Both samples seem to indicate very low threshold capillary 

pressure. The curves also indicate higher Swirr after two cleaning steps (Soxhlet and 

forced) and lower Sor.  
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Figure 2-12: Capillary pressure curves affected by core cleaning procedure. The Carbonate core was cleaned 

using Soxhulet extraction ( - - - ) and by further cleaning with solvent under pressure ( – ) [40]  
 

Contact Angle dependence 

In his review of the effect of wettability on capillary pressure, Anderson (1987) judges 

the contact angle dependence of drainage and imbibition in capillary pressure based on 

studies performed with PTFE, mercury or pure chemicals where the contact angles in 

the studies review were measured in air [41, 42]. Mercury is insensitive to rock because 

of its high force of cohesion i.e. lack of adhesion with pore walls. Imbibition results are 

stated as being insensitive to contact angles such that contact angles less than 22º are 

comparable to a contact angle of 0º. Similarly, drainage results are the same when the 

contact angle is less than 50º. Average contact angles derived from imbibition 

experiments are thought to be an inappropriate representation of the core wettability, as 

the ‘bundle of capillary tubes’ model is not a convincing analogy of the pore network. 

Rather, several waves of studies have focussed on assigning shape factors and different 

wettability distributions through pore network simulation, where half-corner angles can 

be usefully employed to describe wetting film collapse [43-46].  
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Using primary experimental evidence, this thesis verifies that there is confusion 

concerning the impact of contact angles at the pore scale. This can be traced back to the 

nature of the porous media itself. Pore morphology as we know from pore network 

models is an important condition for film stability. If the pore could be unwrapped to 

form a single sheet, its roughness would present some significant challenges in 

interpreting wetting behaviour for the following reasons: 

 

1. The wetting film exists as an unperturbed layer, except where the radius of 

curvature of surface features is of a certain size that the wetting film can 

disconnect in the presence of the non-wetting fluid. 

2. The non-wetting fluid rests upon the wetting film, except at locations where this 

film is discontinuous for the reason mentioned. Here, the non-wetting fluid may 

adhere to the rock surface. 

3. Adhesion takes place due to a combination of forces affected by the composition 

of both the wetting and non-wetting fluid. Adhesion may occur even if the 

advancing and receding angles are both considered as non-wetting angles. 

4. Problems with roughness occur along the solid surface where physical and 

chemical heterogeneity cause non-unique advancing and receding angles where 

stick-slip wetting takes place.  

 

With these points in mind, if better characterisation of the adhesion force could be 

obtained at the pore-scale, its contributions to capillary pressure and relative 

permeability would assist with the understanding of pore-level displacement without the 

uncertainty of contact angles. 
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2.8.2 Impact of Low Salinity Brine on Spontaneous Imbibition 

As a capillary dominated regime, spontaneous imbibition experiments give us 

measurable insight of some of the unaided forces that can control recovery. Using the 

case of water salinity waterflooding, there are dynamic changes between the fluids and 

rock manifesting in wettability alteration that cause additional recovery. It is thought 

that mixed-wet conditions are the best candidate for increased recovery. This is partly 

caused by the presence of different minerals. Mineral dependent contact angle changes 

and adhesion forces were not considered sufficiently in Anderson’s terminology. Since 

the IFT and pore radii can be considered as constants during low salinity waterflooding, 

it is the change in contact angle that improves the imbibition response to low salinity 

waterflooding. There are now multiple examples of improved recovery in sandstones 

[47, 48] and carbonates [49], an extensive list is not presented here. Figure 2-13 shows 

improved recovery from Berea outcrop core for three brines of different salinity. It is 

unlikely that the improved recovery stems from IFT, rather the wettability change and 

desorption of oil through will enhance the recovery potential from the core.  
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Figure 2-13: Oil recovery from spontaneous imbibition of different salinity brines showing more favourable 
recovery during low salinity imbibition [50] 

  

Low Salinity displacing Low Salinity 
Medium Salinity displacing Medium Salinity 
High Salinity displacing High Salinity 

52 



CHAPTER 2: THE IMPORTANCE OF WETTABILITY 

2.8.3 Relative Permeability  

The preferential flow of oil or water in the pore space is previously discussed, where the 

wetting phase will occupy the smallest pores and as films in the larger ones. The non-

wetting phase will reside the centre of the larger pores, or displaced into larger pores by 

the imbibing fluid at moderate mobility ratios. This impacts relative permeability 

behaviour since the effective permeability to the non-wetting phase will be higher due 

to easier flow through the large pores with a higher volume. The effect of core 

restoration upon relative permeabilities is shown in Figure 2-14, where native and 

restored core indicate slightly more oil-wet behaviour. The use of purified fluids for the 

clean core is not necessarily comparable to the other curves.  

 

Figure 2-14: Relative permeabilities for native core, restored core and cleaned core [51] 
 

Figure 2-15 illustrate the effect of various wettability states on relative permeability. 

The point at which the relative permeabilities to oil and water are the same can be used 

to indicate the wettability state of the system. If this point is greater than 50% water 

saturation then the core is more water-wet; below 50% it is more oil-wet. This is also 
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reflected in the effective permeabilities, which increases for oil in a more water-wet 

system than in an oil-wet system. Water-wet reservoirs are also considered to have 

higher connate water saturation, which is not strongly reflected by the curves below.  

 

Figure 2-15: Relationship between wettability and relative permeability [52] 

 

2.8.4 Waterflood Performance 

Waterflooding is a mature technique used for pressure maintenance and sweeping oil 

towards producing wells. The availability of aquifer water, seawater or formation water 

to use for injection still makes it an attractive EOR method. The mobility ratio between 

oil and water is an important factor that separates performance in light and heavy oils. 

Low salinity or ‘designer’ water injection has created a recent surge of interest in 

improving the productivity of waterflooding. Low salinity water injection has been seen 

to perform well in light and intermediate crude oils, but there is currently sparse data on 

heavy oils. Mechanisms for recovery include saponification and microemulsion 

formation, wettability alteration through double-layer expansion and fines migration. 

These mechanisms are addressed in Chapter 7. As with all EOR methods, there are 

limiting factors associated with each method. Brine compatibility and treatment is one 
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issue associated with waterflooding to avoid scaling; by-passed attic oil is a challenge 

not addressed by waterflooding. Gravity segregation and ‘thief zones’ can be 

troublesome for waterflood operations but are generally addressed through accurate 

reservoir description. Performance is dominated by capillary forces, wetting conditions 

and the resulting relative permeability of the fluids. The high interfacial tension between 

water and oil means that a larger capillary force has to be overcome to displace oil 

compared with near-miscible conditions. The dimensionless capillary number describes 

this effect based upon the fluid velocity (v), fluid dynamic viscosity (µ), interfacial 

tension (σ) and contact angle (θ): 

    

 𝑁𝑐𝑎 = 𝑣.𝜇
𝜎.𝑐𝑜𝑠𝜃

  (2.4) 

  

Wettability plays a large role in waterflood performance. At water-wet conditions, oil is 

displaced through large pores.  Oil moves ahead of water and is produced at a high ratio 

to water before water breakthrough. The disadvantage of strongly water-wet conditions 

is the risk of residual oil succumbing to ‘snap-off’ as the water front moves through the 

pore space, and the limited recovery after breakthrough. In the case of an oil-wet 

system, water can finger through the larger pores with low oil recovery before 

breakthrough. Recovery from an oil-wet rock is inefficient; oil is slowly produced after 

breakthrough but at a high oil-water ratio as water has found a continuous path through 

the centre of the connected pores. Mixed-wet conditions are thought to exhibit the 

highest recoveries from waterflooding. The range of wettabilities in the reservoir makes 

it likely that a shift in direction of wettability can result in enhanced recovery. This 

would certainly be a driving mechanism for recovery using low salinity brines i.e. an 

initially strongly water-wet system would not likely respond as well as a mixed-wet 

system to low salinity brine, which makes the system more water-wet.  
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It is desirable therefore, to modify in-situ wettability and reduce the IFT between the 

fluids to enhance recovery. Low salinity waterflooding as discussed already, will in 

most cases change the balance of forces acting upon oil to remain adhered to the rock. 

The expansion of the electric double-layer and release of oil through desorption 

contribute to a more water-wet state, which is preferred for waterflooding.  

 

2.9 Impact of Wettability on CO2 Storage 

The relative permeability and capillary pressure effects using CO2 are critical to 

simulation modelling and the predictions of trapping capacity for various formation 

conditions. The characteristics of the displacement processes between CO2-brine are 

important to establish CO2 injectivity, flow rate, risk of caprock leakage and the rate at 

which the plume spreads through the formation. The wettability is important in this 

respect since it influences the path taken by CO2 as it is injected into the formation, 

corresponding to water drainage.  

 

The geoengineering problem facing CO2 injection is the uncertainty of caprock 

integrity. Since CO2 is a buoyant phase, it is likely to migrate along pathways near the 

top of the formation structure. Not wanting CO2 to leak, the impermeable barrier 

normally comprised of tight mudstone or shale should be free of leakage pathways 

associated with fractures, poor completions and impervious to CO2 diffusing through 

micro-pores. Unless CO2 is a wetting phase or is at sufficient pressure to overcome the 

threshold capillary pressure of the overburden, then leakage at the pore-scale is unlikely. 

Conduits such as fractures or improperly completed wells may present leakage risks 

also. As CO2 migrates through the formation, water may imbibe behind the moving 

plume and snap off CO2 as disconnected, trapped ganglia of gas that are effectively 

stored in the pore space [53].  
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In developing the Gorgon Field, Australia, several geological and mechanistic studies 

have been performed to evaluate injectivity and storage performance assuming 3.8 

MTPA CO2 injected [54, 55]. Although three phase flow was not addressed explicitly, 

CO2 mobility was hampered by mobile and immobile oil (highest So equal to 25%) at 

high water saturation. It gradually improved as the water saturation decreased; 

injectivity was hampered further through interference by other wells. Low water 

compressibility coupled with high volumes of injected CO2 could be alleviated if 

sufficient water can be produced from the formation, however the economics of this 

were not fully addressed. The influence of pressure was also described in another study 

[56] using the generic ‘PUNQ-S3’ heterogeneous model; WAG (also known as chase-

brine injection in a CO2 storage context) was concluded as the most effective method to 

enhance capillary trapping, rather than relying on in-situ processes. Limiting 

bottomhole, fracture and fault activation pressures would be risks associated with this 

strategy [55, 56]. Evidence limiting this method of injection appears to be associated 

with the economics of drilling multiple producing wells to alleviate pressure build up; 

well costs would need to be discussed on a case-by-case basis that is relevant to the 

location of the target formation.  

 

It would also be of further interest to discuss the contingency plans available should it 

be necessary for injection to be stopped. Onshore sources of CO2 from a power station 

would need somewhere to go; it is not clear if the gas would be flared if an unforeseen 

technical difficulty should arise. An illustration of the buoyant nature of CO2 and its 

migration up-dip are shown in Figure 2-16. 
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Figure 2-16: Illustration of CO2 plume movement and buoyancy effects during injection into a saline aquifer. 
Adapted from reference [56] 
 

From the experimental and modelling point of view, it is critical to ascertain whether 

Nitrogen or Methane are suitable analogues for CO2 flow behaviour. Differences 

between conventional gases manifest through solubility, IFT and chemical interactions 

with the aqueous phase and porous media. As an example, the solubility of CO2 in brine 

is an order of magnitude higher than brine in CO2; similarly, the CO2-brine IFT shows 

stronger changes (up to 30-40 mN/m from gas phase to supercritical conditions) with 

respect to temperature and pressure than Nitrogen and Methane.  

 

Their solubility in brine is also relatively minor compared to CO2. For a gas-water 

system, water is the wetting phase except under extreme cases of oil-wetness as 

discussed in Chapter 5.1. It is unlikely that either gas will truly replicate CO2 because of 

their higher mobility, higher interfacial tension to water, different adhesion behaviour, 

diffusion, compressibility and geochemical inertness. 
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The laboratory measurements of binary CO2-brine systems without oil have been 

subject to various issues including: 

 

• Measurements using a horizontal core influenced by gravity effects 

• Short cores that are liable to strong capillary end-effects 

• Non-equilibrated fluids 

• Heterogeneous core that is hard to replicate elsewhere 

 

In general terms from a limited set of CO2-brine relative permeabilities, which show a 

wide range in effective permeabilities; brine has a higher effective permeability than 

CO2, except of course where water reaches the irreducible saturation. Other authors 

have observed different trends however. Secondary imbibition effectively traps CO2 and 

limits its flow as shown in the micromodel experiments performed here in Chapter 5. In 

a review of CO2 relative permeabilities, Müller (2011) ascertains that there is currently 

inconclusive knowledge in the area of CO2-brine relative permeabilities. The literature 

examples are subsequently reviewed in this thesis with respect to work performed on 

wettability.  

 

The impact of hysteresis in the relative permeability curves enhances the capillary 

trapping mechanism. Quantifying the hysteresis of contact angles in this work for CO2 

contact angles has shown that imbibition angles (CO2 receding) do not exceed 90º. This 

indicates that water-wetness is preserved, where the surface was originally weakly 

water-wet to begin with. The impact at the core scale is not entirely clear, but it has 

been addressed through micromodel studies in Chapter 5. It makes CO2 fundamentally 

different to the behaviour of crude oil when strong adhesion is observed. Unlike an oil-

wet system, either one or both of the advancing or receding angles exceeds 90º with a 
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tendency to approach 180º in the most oil-wet scenario (although 180º is not thought as 

a likely angle for oil during imbibition in porous media). The impact of these forces at 

the core scale manifests as differences in relative permeability hysteresis during the 

imbibition of water.   

 

The impact of wettability upon capillary pressure is particularly important, since 

wetting conditions would provide an opportunity for CO2 to migrate through the tight 

pores of the caprock. Again, there is limited work on imbibition processes using the 

porous plate or other methods. Bennion and Bachu (2005) demonstrate that full 

reservoir conditions are critical to CO2-brine relative permeabilities as it results in 

higher CO2 saturations and effective permeabilities to CO2 [57]. As an example of the 

differences in permeability between air and CO2, they are co-plotted in Figure 2-17. 

Differences in these gas permeability values may be affected by the irreducible water 

saturation values being different between experiments. It is likely however that CO2 

effective permeability is reduced due to adhesion forces within the core causing a 

reduced permeability. The differences in adhesion forces have been verified in this work 

between Nitrogen and CO2 but not explicitly measured in terms of permeability. 

 

Figure 2-17: A comparison between air-brine and CO2-brine permeabilities at irreducible water saturation. 
Adapted from reference [57] 
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The level of uncertainty surrounding CO2-brine relative permeabilities is depicted by 

the illustration in Figure 2-18. The grey areas are coloured in to show the range between 

the upper and lower curves and simplify the graph that was presented in greater detail in 

Schembre-McCabe et al., (2007). Three curves were chosen to model injectivity over a 

period of several years. The optimistic case had a krCO2 endpoint at zero connate water 

saturation of 1; the reference case used 0.8 and 0.3 was used for the pessimistic case. 

All three assumed the formation was fully saturated with water. Normalising the 

reference relative permeability curve as having an injectivity of 1, the optimistic and 

pessimistic injectivities were 1.8 and 0.2 times the base case. Injectivity improves 

beyond 1 after 3,000 days as shown in Figure 2-19. 

 

 

 

Figure 2-18: An illustration showing the very large spread of relative permeability curves used to support 
simulation studies of CO2-brine systems. Data adapted from another source [55]. This figure is for illustrative 
purposes only, and is shown to elucidate the level of uncertainty that is currently encountered in this area. The 
solid and dashed arrows indicated the dynamic range between the upper and lower curves available from the 
public realm. 
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Figure 2-19: Injectivity cross-plot for a CO2-brine system taken from literature sourced relative permeability 
data shown in the previous figure [55].  
 

2.10 Summary 

Wettability is a critical parameter that governs fluid flow in porous media. This chapter 

has highlighted several controls and processes that should be considered for the design 

of a core analysis programme. This includes the correct handling of core during 

retrieval, selection of appropriate drilling mud, benefits of core preservation and 

suitable solvent extraction techniques for core restoration. Contact angle analysis can be 

used effectively as a screening tool to measure the effective changes of wettability and 

interfacial tension for different EOR strategies. This information can be leveraged to 

optimise the conditions used for coreflooding, which is a more time-consuming 

experiment. The impact of different core restoration techniques the importance of using 

reservoir conditions was shown to affect both relative permeability and capillary 

pressure responses. Improper estimation of the residual oil saturation combined from 

log data and core analysis can greatly affect the economic development of a field. 

Usually some sort of uncertainty band is used to assist the decision making process. To 

ensure a reasonable constraint on the uncertainty of the expected process being 

modelled, proper treatment of wettability should be enforced.  
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CHAPTER 3: THEORETICAL BACKGROUND 

To fully grasp the outcomes of practical measurements requires a sound understanding 

of the theoretical underpinning of the way fluids and surfaces interact at various length 

scales. This chapter addresses the underlying physics related to the forces associated 

with fluid-fluid and fluid-solid interactions. This is to achieve the former consideration 

and to outline the complexities of three-phase interactions when molecular scale 

processes are taken into consideration. 

Solids, liquids and gases are extensively described by thermodynamic principles of 

work and reversibility. The systems investigated in this work using two or three-phases 

contain dissolved solutes – salts in this case – meaning that molecular interactions may 

be considered as a many-body interaction governing how molecules interact in free 

space or in a medium. Wettability is a complex manifestation of this, through the 

competition of attractive and repulsive forces for condensed states of matter. The 

following sections have been prepared to address the underlying physics leading to 

wetting. This theoretical framework illustrates that (1) ternary systems of CO2-brine-

rock or oil-brine-rock are inherently complex systems to describe without some a priori 

knowledge and (2) is relevant to describing the results obtained from experiments.  

 

3.1 Crystal structure 

The structure of crystal lattices varies with mineralogy and the corresponding growth 

environment. They form as a result of atoms in the lattice being in direct contact such 

that their outer electron shells produce chemical bonding at low enough temperatures 

that the potential energy of attraction exceeds their vibrational kinetic energy. Crystal 

properties generally differ from individual molecules of the same composition due to 

the high-symmetry packing of atoms by neighbours of a different sort [58]. 
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Heterogeneities form during crystal growth as terraces, steps and dislocations among 

other morphologies that have an impact on growth and localised atomic interactions. It 

is at the quantum-mechanical scale that the properties of crystals (and fluid interactions) 

such as bonding are fully realised. An ionic bond is a coulombic attraction resulting 

from an increase in the electron concentration of some atoms and a decrease in others. A 

covalent bond forms from shared electrons that are predominantly concentrated on 

orbitals that are spatially fixed relative to the bonded atoms. If outer electrons are 

distributed throughout the crystal lattice then it is a metallic bond. Van der Waals forces 

and Hydrogen bonding are not as strong as the previous three interactions and are 

discussed subsequently. 

 

By considering the atomic scale, although several orders of magnitude smaller than 

experimental conditions, an appreciation for the fundamental properties of the solid that 

influence wetting properties is introduced. A more comprehensive knowledge of crystal 

structure could be a necessary precursor to understanding wettability more acutely at the 

ion scale. To do so, would create a stronger bond between thermodynamics associated 

with crystal morphology and the resulting surface free energy that is important in 

wetting processes.  

 

There are two applied works that are relevant in translating crystallography into factors 

that are pertinent to wetting. Suzuki and Kasahara (2010) measured the specific surface 

free energy (SSFE) of different natural Quartz faces using simple equipment [59]. 

Despite the limitations of the experimental approach and execution, which could be 

improved using motor-driven apparatus and a measurement algorithm, the results show 

a measurable difference for the contact angle and specific surface free energy of each of 

six crystal faces taken from a set of 200 images per face. The energies were determined 
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from contact angle measurements using the Fowkes approximation, which is one 

particular approach to determining surface energy using two liquids with known 

dispersive and polar components.  

   

   𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃) = 4 � 𝛾𝐿𝑉
𝑑 .𝛾𝑆

𝑑

𝛾𝐿𝑉
𝑑 +𝛾𝑆

𝑑 + 𝛾𝐿𝑉
𝑝 .𝛾𝑆

𝑝

𝛾𝐿𝑉
𝑝 +𝛾𝑆

𝑝�    (3.1) 

 

The liquid surface tension is given by 𝛾𝐿𝑉, where the superscripts p and d refer to the 

polar and dispersive forces of the liquid respectively. The contact angle θ, is measured 

through the denser reference fluid  i.e. water or formamide rather than air. The contact 

angle values for water on bi-pyramidal Quartz crystals varied from 18±4º to 51±4º 

depending on the face selected. In this particular study, the surface free energy was 

found to vary between 54±3 mN/m 69±1 mN/m. Water-air interfacial tension is 

approximately 72 mN/m, which will result in a water-wet condition. Mercury has a 

surface tension of >400mN/m and will not wet the Quartz surface.  

 

Figure 3-1: Illustration of plane orientations used to describe crystal faces 
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Figure 3-2: Illustration and photograph of the faces of natural Quartz investigated by Suzuki and Kasahara 
(2010) 
 

Taking Kaolinite as an example, the mineral is arranged in a sheet-like manner and may 

be visualised at the pore-scale as having a book like structure. The energy of the face 

and edges is different because of the difference in charge density associated with the 

arrangement of atoms in each plane and interlayer. The high specific surface area of 

Kaolinite results in  a large number of sites that may interact through cation exchange. 

Brady (1996) modelled the Kaolinite surface [60] and describes the surface charges in 

terms of: 

1. The Si basal plane where substitution of Al3+ or Fe3+ would give rise to a small 

permanent negative surface charge 

2. Edges where Al and Si centres terminate with hydroxyls [-OH]  

3. The hydroxyl basal plane where hydroxyl groups are coordinated with two 

underlying aluminium atoms are understood to be less reactive than edge 

aluminols and silanols 

4. Interlayer cations that can be easily exchanged with protons in solution 

 

In the case of low salinity water-flooding, these properties are highly conducive to the 

EOR process. Electric double-layer and cation exchange are critical components that 

contribute to the low salinity effect where the ionic composition of the invading brine is 
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tailored to the rock type. As discussed later in this thesis, ion composition and the total 

ionic strength of the brine affects contact angle and adhesion phenomena.   

 

3.2 Van der Waals Forces 

Van der Waals forces are critically important in colloid and surface science as they 

relate ideal behaviour to corrected molecular properties averaged over a volume. The 

term is sometimes used loosely to describe the gross attractive or repulsive 

intermolecular forces. In this sub-section, a vast amount of potential material on the 

topic has been condensed so that the fundamental principles relating to ionic liquids 

becomes  easily apparent [61, 62].  

 

The classic equation to describe the deviation from ideality in gases for isolated 

molecules is given below, where a is the van der Waals attraction, b is in the intrinsic 

volume of the molecules and n is the number of moles in volume V: 

 

 �𝑃 + 𝑎𝑛2

𝑉2
� (𝑉 − 𝑛𝑏) = 𝑛𝑅𝑇 (3.2) 

 

This modification accounts for the incompressible volume of the molecules themselves, 

which is subtracted from the total volume V, and the attractive force between the 

molecules when their kinetic energy is reduced sufficiently as the temperature is 

decreased.  

 

In a simple system two-body system, the potential energy u(r) between two spheres 

decreases with separation as 𝑟−6, where β is a modified constant and the subscripts K, D 

and L are the contribution from Keesom, Debye and London contributions to the 
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potential. This becomes more complex for more than one pair of bodies or macro-

bodies such as planar surfaces or macro-spheres and is designated U(r). 

 

 𝑢(𝑟) = − (𝛽𝐾+𝛽𝐷+𝛽𝐿)
𝑟6

   (3.3) 

 

For real systems as one may expect, there is a contribution from other 

neighbouring molecules or atoms that influences the balance of forces; this is known as 

the nonadditivity of an interaction. Molecules pertaining an uneven distribution of 

charge such that they are polar, may attract or repel each other depending upon their 

orientation. Water (H2O) is an example of a polar molecule with a dipole moment of 

1.85 Debye caused by the asymmetrical arrangement of oxygen atoms. Carbon Dioxide 

(CO2) is a straight-chained molecule with the oxygen atoms directly opposing each 

other about the carbon atom. The symmetry leads to zero net dipole moment and 

therefore is non-polar. Polarity plays a deeper role in the interpretation of van der Waals 

forces. Keesom elaborated on the theory that two polar molecules approaching each 

other will statistically experience attraction over repulsion, where p1 and p2 are the 

fields of the first and second dipole and 𝜀0 is the dielectric permittivity of a vacuum. 

The Keesom contribution can also be rearranged to give the Debye equation with the 

inclusion of an orientation term (𝑝2/3𝑘𝑇) set to equal α (Equation 3.5) 

 

 𝑢(𝑟) = − 2𝑝12𝑝22

3(4𝜋𝜀0)2𝑘𝑇𝑟6
 (3.4) 

 

Debye discovered that interactions may also take place between polar and non-polar 

molecules, whereby a correctly oriented non-polar molecule may develop an uneven 
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charge distribution as induced by a polar molecule, which introduces a polarizability 

term α: 

 𝑢(𝑟) = −𝑝12𝛼2+𝑝22𝛼1
(4𝜋𝜀0)2𝑟6

  (3.5) 

 

London dispersion forces operate between non-polar molecules and are explained by 

quantum mechanical perturbation theory. In short, electrons rapidly circulate about a 

positive nucleus (1016 s-1) meaning that at any given instant the molecule is polar, but 

the direction changes with the frequency of oscillation. Following on from the 

explanation of Keesom, as two molecules approach each other at a given instant the 

electron clouds between the two molecules momentarily synchronise leading an 

energetically favourable state of net attraction. Dispersion forces are important in 

wetting and adsorption; as an example, hexane is held together only by dispersion 

forces. For attractive forces between two dissimilar molecules where the new term 

∆𝑖𝑜𝑛𝑢 gives the ionisation energy of the molecule: 

 

 𝑢(𝑟) = −3
2

𝛼1𝛼2
(4𝜋𝜀0)2𝑟6  

∆𝑖𝑜𝑛𝑢1.∆𝑖𝑜𝑛𝑢2
∆𝑖𝑜𝑛𝑢1+∆𝑖𝑜𝑛𝑢2

 (3.6) 

 

All three forces share the same 𝑟−6 term, except when retardation forces are considered, 

which leads to a momentary change to 𝑟−7 for dispersion forces at a certain separation. 

This is due to the time taken for the electric field of the first atom to become apparent to 

the atom it is approaching if the period becomes comparable to the period of the 

oscillation of the dipole. This reduces the attractive interaction between the two atoms 

particularly in a liquid medium where the speed of light is slower.  
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McLachlan (1965) considers that atoms and molecules may have more than one electron 

participating in ionization, such that a number of frequencies (v) are needed. He also 

considers the effect of a medium acting between the molecules.  

 

 𝑢(𝑟) = − 3ℎ
(4𝜋𝜀0)2𝜋𝑟6 ∫

𝛼1(𝑖𝑣)𝛼2(𝑖𝑣)𝑑𝑣
𝜀32(𝑖𝑣)

∞
0   (3.7) 

 

The new features of this equation are that dielectric permittivity of the medium (𝜀3) is 

included and the polarizability of α now depends on frequency v, which must be 

integrated over all values of v to find u(r). An imaginary term is introduced for 

convenience. Planck’s constant (h) could have also been used previously as hv to 

describe the ionisation energy∆𝑖𝑜𝑛𝑢.  

 

As an addendum to this section, a strong repulsive force exists between two 

approaching atoms or molecules at a separation close to their bare radii. Their approach 

is halted at the point that their electron shells begin to overlap, which is not allowed by 

the Pauli Exclusion Principle, which forbids the outer orbital electrons of one atom to 

enter that of another. This is known as ‘steric repulsion’, ‘hard core repulsion’, 

‘exchange repulsion’ or ‘Born repulsion’ (for crystals). This is most easily visualised 

macroscopically by tightly packing a set of billiard balls together.  This is paired with 

the van der Waals attractive force to give an energy (pair) potential curve shown in 

Figure 3-3 where, u(r) is the interaction potential, rm is the separation where the 

maximum force of attraction takes place and σa is the minimum separation of the two 

atoms where there is an exponential increase in the energy required to draw the atoms 

any closer. 
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Figure 3-3: Lennard-Jones type pair-potential 
 

3.3 Ion-Dipole interactions in water 

Polar molecules have been addressed in the various approaches taken to characterise 

dispersion forces in a liquid medium using the approach by McLachlan. Of particular 

noteworthiness is that water is not only a highly polar molecule due to the offset of 

oxygen atoms in its structure, but it is also a hydrogen-bonding liquid. Brines contain 

monovalent and divalent ions in greater abundance than trivalent ions – such as Na+, 

Mg2+ and Al3+. These ions will orient water molecules around them at an angle of 

approximately 𝜃 = 0° for near cations and 𝜃 = 180° near anions and become hydrated, 

where the number of water molecules bound to them is the hydration number. Water 

molecules can slowly exchange with the bulk water.  

 

The hydration radius is a term used to describe the radius that is inclusive of bound 

water molecules. Small ions tend to be more hydrated and have larger hydrated radii 

than larger ions due their strong electric field. Israelachvili (2011) states that very small 

ions such as Be2+ have lower hydration numbers, because they can only accommodate 

four water molecules for their given volume. Ion type can lead to repulsive hydration 
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forces that are beyond predictive capabilities of general theories (DLVO theory). 

Hydrated cations at high salt concentrations can bind to negatively charged sites on 

mineral surfaces such as Mica, and retain some of their bound water molecules. This 

was noted  as a strength and range increase in hydration force for very small separations 

between molecularly smooth Mica plates that increases with greater hydration numbers 

of the cations studied [63]. The practical implications of hydration radius may 

contribute to more water-wet conditions for a given brine composition that could 

prevent the penetration and adsorption of polar components in crude oil [64].  

 

Table 3-1: Hydration number and hydration radii for ions that exhibit repulsive forces between hydrophilic 
surfaces 
 

Ion Mg2+ Ca2+ Li+ Na+ K+ Cs+ 
Hydration Number 6 6 5 4 3 1 

Hydration Radius (nm) 0.43 0.41 0.36 0.36 0.33 0.33 
 

3.4 Electrostatic Forces 

Van der Waals forces acting alone are restricted to simple systems in a vacuum or 

between non-polar liquids wetting a surface [61]. In reality, long-range electrostatic 

forces play a role to prevent charged molecules and colloids in a liquid with a high 

dielectric constant from clumping together. This is of course highly important in porous 

media since this interaction between brine and mineral species can strongly influence 

water film stability and the overall water-wet or oil-wet nature of the rock.  

 

Molecules can become charged by (a) the ionization or dissociation of surface groups, 

such as the deprotonation of carboxylic groups (−𝐶𝑂𝑂𝐻 → −𝐶𝑂𝑂− + 𝐻+ ); (b) ion 

adsorption or binding from a solution to an uncharged site or through ion exchange over 

a given period (Mg2+ binding to positive sites on −𝐶𝑂𝑂− that has lost a positive cation). 
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Lastly, (c) acid-base reactions may take place between two dissimilar surfaces that are 

sufficiently close together so that protons or electrons may transfer, leaving two 

oppositely charged, attractive surfaces. 

 

If we assume a case where Quartz or Mica are both negatively charged surfaces in brine, 

their surface will be laden with counterions i.e. ions which are oppositely charged. Of 

relevance to low salinity water flooding of course is the concentration change of 

divalent ions at the surface such as Na+, Ca2+ and Mg2+ that assist in changing surface 

wettability. Equations pertinent to ionic solutions are modified from Israelachvili (2011) 

and Tokunaga (2012) where the second work puts the forces in context for a CO2-brine 

system. The 1D Poisson-Boltzmann equation expresses the variation of electrostatic 

potential normal to the plane of the solid-water interface, where ѱe is the electrostatic 

potential, e is the electron charge, z is the ion valence, n∞ is the ion concentration in the 

bulk solution, ɛ0 and ɛ3 are the dielectric permittivities in a vacuum and in water, κB is 

the Boltzmann constant, and T is the temperature (K) [65].  

  

 𝑑2𝜓𝑒
𝑑𝑥2

= 𝑒𝑧𝑛∞
𝜀0𝜀3

�exp �𝑒𝑧𝜓𝑒
𝑘𝐵𝑇

� − exp �−𝑒𝑧𝜓𝑒
𝑘𝐵𝑇

�� (3.8) 

 

 𝑑2𝜓𝑒
𝑑𝑥2

= 2𝑒𝑧𝑛∞
𝜀0𝜀3

sinh �𝑒𝑧𝜓𝑒
𝑘𝐵𝑇

� (3.9) 

 

The electric double layer decay length or Debye length (κ-1) generally ranges from 1-

30nm and is given by:  

 

 𝜅−1 = �𝜀0𝜀3𝜅𝐵𝑇
2𝑒2𝑧2𝑛∞

 (3.10) 
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The Debye length values for monovalent ions vary mostly with concentration, but not 

particularly for subsurface depth (with respect to temperature). By relating ѱe to κBT/e, 

the 1D Poisson-Boltzmann equation can be expressed as: 

 

 𝑑2

𝑑𝑥2
𝜅𝐵𝑇
𝑒

= 𝜅2 sinh �𝜅𝐵𝑇
𝑒
� (3.11) 

 

These equations are fundamental to the calculation of the surface potential in an ionic 

medium. The potential is determined by counterions that adsorb at the solid surface in a 

dehydrated, partially-hydrated or fully hydrated state. One can refer to Table 3-1 for 

details of the impact of hydration state and the effective hydrated radii of various ions. 

Adsorption will depend on site density, depth and most probably their orientation in a 

crystal, which would vary with crystal morphology. The density of counterions at the 

solid-water interface can be determined using the Grahame equation, where σ is the 

surface charge density: 

 

 𝜎 = �8𝜀0𝜀𝑟𝑛∞𝜅𝐵𝑇 sinh �𝑧𝑒𝜓𝑒
2𝜅𝐵𝑇

� (3.12) 

 

The Grahame equation can be expressed at greater length [61] and allows the 

combination of different ionic species expressed as bulk concentration. Why is this 

important? Charge density and potential rarely remain constant under realistic 

conditions. This is due to changing conditions (such as pH and ionic strength) in the 

solution and the association or dissociation of ionisable solid surface groups by ions in 

solution. This is the case for both CO2 injection and waterflooding.  
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Mineral species each have specific, but difficult to measure, isoelectric points (IEP) or 

points of zero charge (PZC) where there are as many negatively charged surface sites as 

there are positive ones. Quartz is an example of a negatively charged mineral above a 

pH 2-3. High concentrations of divalent ions (such as Ca2+ and Mg2+) chemically bind 

to negative surface sites at the expense of monovalent ions. At high concentrations of 

di- or trivalent ions it is possible that the surface charge of a mineral may be totally 

neutralised or slightly reversed at critical pH conditions. The Grahame equation can be 

adapted to include appropriate binding constants in addition to the effect of pH so that 

double-layer forces can be more accurately modelled for complex multi-component 

brines. Where the electric double layer between rock-oil or rock-CO2 is sufficiently 

compressed this leads to adhesion and wetting.  

 

The electric double-layer is affected by the amount of oppositely charged ions that the 

surface can hold at its exchange sites. Clay minerals typically have a much higher cation 

exchange capacity (CEC) than Silica due to a higher density of active sites. This is 

particularly important for soils, as the CEC at a given pH determines the fertility of the 

soil and its ability to retain nutrients. The soil composition and its CEC are also used in 

the prediction and or treatment of areas that may be subject to groundwater pollution.  

 

3.5 DLVO Theory 

Van der Waals forces follow an exponential trend of 𝑢(𝑟) =  −𝑟−6, which results in 

strong attraction at short molecular separations (negative potential). The van der Waals 

forces were combined with the electrostatic forces in DLVO theory to describe the 

interaction of two charged plates approaching each other in a liquid medium. It is so 

named after its pioneers: Derjaguin and Landau (1941), and Verwey and Overbeek 

(1948).  DLVO forces dominate at a long range as shown in Figure 3-4. For an ionic 
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liquid (brine) between two approaching negatively charged surfaces (such as Mica and 

oil where the effect of surface active materials is removed) an absence of van der Waals 

forces will result in repulsive forces alone shown by curve 1 (positive interaction 

potential). When van der Waals forces are accounted for, a positive inflection point can 

be seen in curve 2 that represents an energy barrier resulting from a strong, long-range 

repulsion force beyond the Debye length. With the two surfaces approaching from the 

right along curve 1, the surfaces must overcome this energy barrier in order to rest at the 

deeper primary minimum where strong adhesion or coagulation (between colloids) will 

occur. If not, the surfaces will remain comfortably apart or may experience weak 

adhesion at the secondary minimum.  

 

From a reservoir standpoint, decreasing pH, increasing ion-binding or screening the 

electrostatic effect by increasing the ion concentration in the intervening brine layer will 

cause a shift towards curve 2. Here there is an instability, which may easily lead to 

adhesion between the two surfaces. Further increasing the ion concentration for 

example, causes a shift towards curve 3. In the absence of double-layer repulsion, the 

pure van der Waals curve shows attraction at all separations.  
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Figure 3-4: Illustration of the interaction potential versus separation according to DLVO theory. Figure 
adapted from Israelachvili (2011)  
 

A practical measurement of the degree to which the electrical double layer has become 

compressed is through zeta-potential measurement. The net surface charge is measured 

between colloids suspended in brine. The zeta-potential reflects the potential difference 

between the ‘shear’ or ‘slipping’ plane and the bulk solution shown in Figure 3-5. This 

potential indicates the magnitude of electrostatic repulsion, which can be easily linked 

to colloid stability and the onset of flocculation or adhesion. Wetting studies benefit 

greatly from this measurement as described in Chapter 7, because the rock-brine 

interactions give meaningful results that support wettability alteration due to ionic 

strength, pH change, oil type and mineralogy. Measured potentials that are highly 

negative indicate a thick water-wetting film around a colloid, values that approach zero 

or become positive illustrate electrolyte screening or charge reversal that could lead to 

wettability alteration. 

 

Table 3-2 outlines several models that have been proposed to delineate the double-layer 

forces. The mathematical descriptions of these are not discussed further here, but a 

practical application is used later for powdered minerals and powdered reservoir core. 

The zeta-potential (ζ, mV) is calculated below, where U is the electrophoretic mobility, 

Double-layer repulsion 

Van der Waals attraction 

Net DLVO interaction 

Secondary Minimum 

Primary Minimum 
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µ is the viscosity of the liquid used for suspension and D is its dielectric constant. A 

correction factor (fka) is suggested that accounts for the relaxation effect [66]. 

 

 𝜁 = 4𝜋𝜇
𝐷

.𝑈𝑓(𝑘𝑎)  (3.13) 
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Figure 3-5:  Standard model for the electric double layer at a rock surface immersed in brine 

 

 

 

Table 3-2: Comparison between electric double layer models and their surface potentials 

Helmholtz Model Gouy-Chapman Diffuse 

Charge model 

Stern Triple Layer 
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Potential Potential Potential 

sorbed layer 

Surface with negative charge 

Stern Layer [closely adsorbed] 

Slipping Plane 
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3.6 Disjoining Pressure and the Hamaker Constant 

Hirasaki (1991) consolidated the known molecular forces involved in reservoir systems 

with respect to wetting, so that it was of practical understanding to engineers. In the 

DLVO framework given previously, the structural (repulsive) force has not been 

illustrated. The underlying mechanisms of structural forces are currently not well 

understood, but are attributed to hydrogen-bonding, specific ion-water interactions and 

the formation of a gel-layer [67, 68]. In principle, water molecules and hydrated ions 

will form layers at the solid surface, which may be random or disordered. This ordering 

may also be affected by the structure of the crystal lattice and enforce ‘in-plane’ or ‘out-

of-plane’ ordering [61].  

 

Brine solutions with high ionic strength are particularly challenging to describe with 

DLVO theory alone. Of relevance to later chapters is that strong repulsive forces at 

small separations are caused by hydrated cations that bind to negative surface sites at 

the solid surface. The strength and range of repulsion is determined by the hydration 

number of the ions shown in Table 3-1 decreasing as Mg2+ > Ca2+ > Li+ > Na+ > K+ > 

Cs+.  

 

The disjoining pressure (Π) is an addition of contributions from of van der Waals, 

electrostatic and structural (hydration) forces to give an indication of the stability of 

water films at a solid surface. 

 

 Π𝑑𝑖𝑠𝑗𝑜𝑖𝑛𝑖𝑛𝑔 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  Π𝑉𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 + Π𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 + Π𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 (3.14) 
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Figure 3-6: Specific and total interaction potential associated with water film stability including steric forces 
 

The Hamaker constant is a term that is roughly proportional to the square of 

polarizability and volume of atom, and provides an interaction parameter in relation to 

Van der Waals forces. The limiting assumption using the Hamaker constant derived 

from the original equation is that it acts in a vacuum i.e. with no intervening media and 

is pairwise additive. The Lifshitz (1956) theory avoids these assumptions and instead 

uses the bulk properties of the system. This is given below where the subscripts 1 and 2 

refer to materials interacting across medium 3, ɛ is the dielectric constant of the 

material, v is the orbiting electron frequency and n is its refractive index.  

 

𝐴 ≈
3
4
𝜅𝐵𝑇 �

𝜀1 − 𝜀3
𝜀1 + 𝜀3

� �
𝜀2 − 𝜀3
𝜀2 + 𝜀3

� +
3ℎ𝑣
8√2

(𝑛12 − 𝑛32)(𝑛22 − 𝑛32)

�𝑛12 + 𝑛32.�𝑛22 + 𝑛32. ��𝑛12 + 𝑛32 + �𝑛22 + 𝑛32�
 

(3.15) 

  

Busireddy and Rao (2004, 2007) provide a workflow to generate a set of disjoining 

pressure isotherms for reservoir studies. The van der Waals contribution between two 

infinite planes is given below where, λ is the London wavelength determined from the 

Double-layer repulsion 

Van der Waals attraction 

Total interaction 

Structural repulsion 
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bulk properties of the system, A is the calculated Hamaker constant and h is the film 

thickness that was converted into a summation up to 100,000 terms [69, 70].  

 

 Π𝑚(ℎ) =  
−𝐴(15.96

𝜆 +2)

12𝜋ℎ3(1+5.32ℎ
𝜆 )2

 (3.16) 

 

The electrostatic contribution using the Poisson-Boltzmann equation in 1D space for a 

solution containing a monovalent solution of NaCl is given by:  

 

 Π𝑒 =  − 𝜎𝑜2

2𝜀𝜀𝑜
+ 4𝑛𝑜𝑘𝑇 sinh2 �𝑒𝜓𝑜

2𝑘𝑇
� (3.17) 

 

Where σo is the Outer Helmholtz Charge, ѱo is the Outer Helmholtz Potential and no is 

the bulk electrolyte number density and k is the Boltzmann constant.  

 

 Π𝑠 = 𝐴𝑘𝑒
−ℎ
𝐼𝑜  (3.18) 

 

Structural forces are solved for a given film thickness, and a decay length (0.05 from 

[71]) that is appropriate for the mineral selected and associated cationic activity. To the 

author’s knowledge, there is currently not a disjoining pressure model that includes ion 

activity of a higher valence that makes use of the Grahame equation expressed earlier. 

Modelling the impact of brine composition on double-layer forces for real reservoir 

cases would be a fundamental step towards a deeper understanding of the force balance 

at the solid-liquid interface that leads to non-adhesion in a mixed-wet rock.   
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3.7 Solid Surface and Interfacial Tension 

Solid surface energy is the free energy change when the surface area of the solid is 

increased by unit area and is usually reported in energy terms as mJ.m-2 [61]. It is the 

intermolecular forces that determine the surface free energy and is more easily 

explained as an excess of energy at the surface. As an example, in preparing Mica plates 

for contact angle measurement, a layer is cleaved to produce a fresh surface. If 

performed in a vacuum its surface energy is very high; under normal conditions, 

airborne matter such as water vapour adsorb to the surface and reduce its energy.  

 

Primary measurement of the solid surface free energy is impractical as errors are 

imposed by stretching the surface (elastic and plastic contributions to energy change). 

Indirect methods such as the Zisman [72], Owens and Wendt [73], Fowkes [74] and van 

Oss [75] theories can be applied to determine the surface energy using a variety of 

probe liquids. Reservoir minerals typically have high surface energies, therefore the 

probe liquids should be chosen so that they respect the polar non-polar relationship of 

the surfaces and should form measurable contact angles with the due consideration that 

is necessary for the measurement technique to be successful. Given the complexity of 

interactions that take place in CO2-brine-rock systems, surface energy measurements are 

of minor importance in this work. 

 

Interfacial tension (IFT) is a measurement between of the force imbalance arising 

between two fluid surfaces as a result of cohesive and adhesive forces being different at 

the interface than in the bulk. Nearly miscible fluids will have very low interfacial 

tensions (𝛾 ≪ 1𝑚𝑁.𝑚−1) whereas two immiscible fluids (at ambient conditions) such 

water in air is 72mN.m-1.  The IFT is somewhat time-dependant because molecules at 

the interface rearrange themselves with those in the bulk to minimise their energy. The 
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IFT is a dynamic property that is affected by temperature, pressure and pH. Surface 

active materials in oil also help to reduce IFT.  

 

3.8 Drop Volume and Capillarity 

The forces described above show that there are complex interactions between fluids at 

their interface and with the solid substrates upon which fluids interact. These short-

range interactions manifest in the presence of surfactants and dissolved salts, or when 

the pH of one or both fluids changes.  

 

Very large droplets – depending upon the density of the liquid – will deviate from the 

‘spherical cap’ shape and become more flat-topped. In this instance, the influence of 

gravity affects the shape of the droplet and therefore detracts from the molecular 

interactions alone. When generating a droplet at the tip of a syringe or capillary tube, 

the drop volume will form a repeatable volume that depends upon the capillary radius 

(r), interfacial tension which is governed by the mass, m of the droplet multiplied by 

gravity g. 

 

 𝑚𝑔 = 2𝜋𝑟𝛾 (3.19) 

 

Contact angle measurements may unknowingly be affected by various experimental 

errors that have been addressed in Chapter 3. Fundamental to drops or bubbles is the 

affect of gravity (and buoyancy) on the contact angle. For a droplet of water in air, the 

gravity effect can be quantified by the capillary length (κ-1) where 𝜅−1 = 𝛾/(𝜌𝑔)1/2 

which for water gives a drop radius of 2.7mm. Below this value, the drop volume is 

sufficiently small to neglect gravity forces. Buoyancy forces for rising bubble 

measurements can act to decrease the contact using high volumes.  

84 



CHAPTER 3: THEORETICAL BACKGROUND 

3.9 Line Tension 

Strictly speaking, surface tension at the three-phase line causes a deformation of the 

solid surface with a given height. Experiments conducted on soft-solids such as soils, 

show this wetting ridge, or surface bump to be a prominent feature measured by 

confocal microscopy. This wetting ridge occurs at the three-phase-line. This is not a 

concern for solid surfaces which exhibit non-plastic behaviour at conventional pressures 

and temperatures. As an example, Shanahan and Possart (2011) describe that aluminium 

has a shear modulus of 25 GPa, and for water, γlv is approximately 70mN/m-1. Taking 

sinθe as 1, the wetting ridge height is calculated to ca. 3 × 10−12𝑚, which is smaller 

than atomic dimensions.  Wetting ridges on ‘strong’ solid surfaces used in this work are 

not likely to succumb to deformation of this type [76]. 

 

Line tension in the most simplified sense is the tension experienced between 

monolayers of two phases, resulting predominantly from short-ranged forces. In three-

dimensional droplet systems it is the tension along the three-phase line – the juncture 

where three-phases meet. Surface tension – as the name implies – is considered across 

the surface or interface between two bulk values, and is reasonably well determined for 

many fluids in air. Line tension on the other hand, is a difficult value to corroborate 

between studies, primarily because the value is minute, sensitive to experimental error 

and the fluid-surface system being used. This makes droplets and wettability in general 

so fascinating to study, because the seemingly innocuous systems are extremely 

challenging to describe and analyse. It has been most recently and comprehensively 

reviewed by Amirfazli and Neumann (2004), where they state that “theoretically, line 

tension is more complicated than surface tension because only two bulk phases can 

meet at a surface, whereas several bulk and also surface phases meet simultaneously at a 

85 



 

line.” From an experimental point of view, values of line tension between 10-11 and 10-5 

N are difficult to quantify [77]. 

 

Experiments have shown that line tension acts to reduce the contact angle (measured 

through the bulk phase) and reduce the wettability of the probe fluid towards the surface 

[78, 79]. Gu (2001) showed that the contact angle could be increased up to 8º from 

equilibrium for droplet radii much less than 1mm (Figure 3-7). The effect has not been 

explored in much depth for oil-water systems. Line tension measurement and resolution 

of its effects are less likely at length-scales similar to the heterogeneity of the solid 

under study. 

  

To confirm this behaviour using an unmodified surface, distilled water droplets were 

dispensed onto a Fused Silica substrate that was immersed in Decane. The main 

experimental difficulty in studying micro or nano-droplets is that their dispersal is quite 

difficult; researchers result to studying emulsions or perform contact angle 

measurements at larger drop volumes [79-81]. In this study, nano-droplets (0.001µL) 

were created using an ultrafine steel needle normally used for Neuroscience (0.19 mm 

O.D.). This kept the droplet volume to a minimum and could be further enhanced if the 

wettability to water could be reduced. Figure 3-8 is a cross-plot of the contact angle 

versus drop volume for water in Decane measured in this study; the contact angle 

increases by 20º as the volume is reduced. Photographs of this effect are shown in 

Figure 3-9.  
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Figure 3-7: Line tension effect measured between water-silicone oil on a hydrophobic glass slide [79] 
 
 

 

Figure 3-8: Line tension effects measured in this study between droplets of water on Fused Silica submerged in 
Decane using a very fine stainless steel needle for neuroscience (outer diameter 0.185mm).  
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Figure 3-9: Images showing water-wet (top) and weakly water-wet (bottom) droplets of water on Fused Silica 
immersed in Decane. The needle width is the same in both images (0.185 mm, 34 gauge); the bottom image has 

been enlarged, which makes the needle appear wider  
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3.10 Thermodynamic work of adhesion 

The theoretical background given in this chapter highlights the number of competing 

forces that need to be considered for a practical interpretation of measurements. 

Adhesion is a complex phenomenon in subsurface systems and its measurement is rife 

with additional uncertainties associated with the solid and fluids used. Strong adhesion 

is a deliberate design objective for the production of coatings, composite materials and 

of course the adhesives we use in everyday life. Negative impacts of adhesion include 

the fouling of contact lenses, heat exchangers and the corrosion of oil platforms or hulls.  

 

It is most easily expressed as the difference in work required in bringing two surfaces 

together and separating them, manifesting as hysteresis in terms of work and energy 

terms. Hysteresis in energetic terms is synonymous with contact angle hysteresis, where 

the difference between advancing and receding contact angles indicates non-

reversibility due to the influence of other forces.  

 

Adhesion between a solid surface and a liquid across an ionic medium are thought to be 

determined solely by disjoining pressure curves associated with the conditions of the 

system. Positive values of disjoining pressure result in stable water-films at all 

separations and therefore non-adhesion. Negative disjoining pressure can be visualised 

in a similar fashion to pure Van der Waals attraction in that attractive forces are 

dominant, leading to an unstable water-film and adhesion. Calculated adhesion regions 

are shown in Figure 3-10. Measurements with oil-brine and CO2-brine systems are 

generally between these two extremes and are observed as (sometimes rapid) attraction 

to the solid surface, high contact angle hysteresis leading to a droplet left attached to the 

surface and the droplet not floating away if the solid is upturned. An adhesion map 

generated by contacting an oil droplet with a glass plate for 2 minutes at different pH 
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and salinities is shown in Figure 3-11. More recently, adhesion has been measured 

quantitatively using an AFM by measuring the pull off force of a modified cantilevered 

tip from a solid surface whilst immersed in brine [27, 28].  

 

 

Figure 3-10: Calculated adhesion map from disjoining pressure profilesat zero capillary pressure 
 (adapted from [70])  

 

 
 

 
Figure 3-11: Experimentally derived schematic for typical adhesion and non-adhesion regions  

(adapted from [22] )  
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3.11 The effect of pH on surface forces 

Fluid-fluid and fluid-rock interactions are largely affected by pH, the most prominent 

effect being upon surface charge, dissociation reaction and resultant film stability 

(electrostatic interactions). Its impact has been quantified through numerous coreflood, 

geochemical and wettability studies [47, 64]. Figure 3-12 shows the zeta-potential for 

an oil-brine emulsion with respect to Na+ concentration and pH. As previously 

discussed, the zeta-potential reflects the overall charge in the suspension, with negative 

values indicating the degree of repulsion. As pH decreases, the isoelectric point is 

reached giving a net zero charge. Reduction in pH impacts the shape of the disjoining 

pressure curve leading to unstable water-films; this is exacerbated by high ionic 

strength.  

 

Figure 3-12: Aged emulsion of oil-brine zeta-potential measured for ST-86 crude oil [adapted from Buckley, 
1989] 

 

Formation waters generally lie at the more acidic end of pH5-7. The pH of a fluid is 

determined by the level of free hydrogen ions (H+), with a higher concentration of free 

ions resulting in a lower, more acidic pH. 
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CO2 injection into brine creates a highly acidic and corrosive fluid and acts to reduce 

pH in a short span of time. Film thickness profiles have only recently computed for 

CO2-brine interactions and have shown film thicknesses to be less than 10nm on 

average [65]. Unlike crude oil, CO2 is highly soluble in brine where solubility may 

decrease with increasing temperature or salt concentration. Knowing that the DLVO 

theory is unsuitable for high ionic strengths, it has not been determined whether the 

reduced solubility of CO2 could lead to any positive gains in film thickness at higher 

salinities. Reduced pH conditions for a CO2-brine flood in Calcite dominated cores can 

lead to high rates of dissolution as shown in Figure 3-13.  

 

Figure 3-13: A high-resolution CT image showing a dissolved channel and extracted pore network in a Calcite-
dominated reservoir core caused by CO2 injection into brine. Test performed at the Centre for Enhanced Oil 
Recovery and CO2 solutions, Heriot-Watt University. 
 

Typical precipitation reactions that occur from CO2-brine-rock interactions result in the 

formation of Calcite, Dawsonite and Wollastonite. Their precipitation is a function of 

brine composition and mineralogy of the host rock, which would lead to dynamic 

changes in the porosity and permeability of the formation. What has not been discussed 
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in much detail is their impact on wettability. These carbonate species are all positively 

charged alkaline minerals. CO2-contact angle measurements in this thesis on Calcite, do 

not indicate that no adhesion takes place, nor is there any significant alteration of 

wettability away from water-wet. Precipitation of carbonate minerals along a core may 

have a positive influence on maintaining water-wetness during subsequent CO2 

injection, provided that there is sufficient precipitation through key areas of the pore 

space. An example of a key area might be in pore throats to enhance water-collar 

formation and snap-off.  

 

The effect of basic solutions on crude oils causes them to emulsify. Crude oil in itself 

has acid and basic components in different ratios from one another. It may be 

characterised macroscopically using a titration process to identify a Total Acid Number 

(TAN) and Total Base Number (TBN). Individual species can be identified using 

advanced chromatographic methods; the latest technique that has had success with 

crude oil analysis is Ion Cyclotron Resonance utilising a high magnetic field strength. 

Components that are of particular interest in wettability studies include Carboxylic 

Acids, which are more broadly named as Naphthenic Acids with the formula 

𝐶𝑛𝐻2𝑛+𝑧𝑂2. Buckley at al., (1998) described that polar functional groups in the crude 

oil can behave as negatively-charged acids if they give up a proton or as bases by 

gaining a proton and becoming positively charged. As a direct wettability modifier, the 

authors suggested that acid/base interactions cannot usually be separated from other 

complex interactions such as the ion-binding mechanism. The authors verify that a 

correlation of imbibition versus base/acid number as grouped by API gravity exists, 

where low base/acid values tended to be more water-wet. Since the combination of 

alkaline and surfactant have been found to assist the stability of CO2 foam for EOR, the 

co-injection of alkaline with CO2 for storage may be a worthwhile area of investigation.  
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3.12 Summary 

This chapter has progressively outlined the factors controlling wettability from the 

atomic to the pore scale. At the most fundamental level, the structure and composition 

of the host rock provides a set of initial conditions that contribute to the thickness and 

continuity of wetting films. Localised roughness can maintain hydrated layers close to 

the solid surface and can be related to disjoining pressure if the radius of curvature is 

known. Dissolution and precipitation reactions over long periods in acidic brine 

solutions can act to assist or hamper locally stable brine films, however this has not 

been fully realised. 

 

From a purely electrostatic perspective, Quartz is an example of a mineral with a point 

of zero charge that is sufficiently low (pH 2) so that an overall repulsive charge can be 

maintained under acidic conditions. Provided that the ionic strength of the brine is not 

high enough to screen its charge, we can expect more water-wet conditions in general. 

For this reason, Quartz is typically less susceptible to wetting through electrostatic 

interactions alone. CO2 can interact with the solid surface through dissolution into the 

hydrated phase. Dissolution of crude oil species is not as important in this sense, but 

may act across the water film if it is sufficiently thin. It is recommended that thorough 

core analysis programmes should include measurements of pH before, during and after 

testing. This can be helpful in monitoring the injected water front and compliment any 

analysis performed on the ionic composition of the produced brine. The impact upon the 

surface charge is clear; at a pH greater than the point of zero charge the mineral has a 

net negative charge. At pH values less than the point of zero charge, the surface has a 

net positive charge [82]. 
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It is clear that subsurface systems are challenging to characterise by a comprehensive 

analytical expression; disjoining pressure isotherms are a good approach to map 

adhesion behaviour given that appropriate constants can be measured or approximated 

with enough accuracy. The uniqueness of crude oils in particular means that 

experiments are a necessary approach to understand wettability, particularly where non-

DLVO forces can have a strong impact on the observed wetting regime. The main 

factors that contribute to non-ideal transitions in wetting and adhesion arise from 

heterogeneities associated with both the solid and fluid phases: 

 

• Mineral composition, apparent surface energy and chemical heterogeneity 

• Grain roughness and hydration state 

• Brine composition, pH and ionic strength  

• CO2 phase behaviour and reactivity 

• Crude oil composition: asphaltene stability and surface active materials 

• Disjoining pressure and capillary pressure 

• Effect of temperature and pressure that cause variations in the above 
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A combination of different instruments has been used in this study to investigate wetting 

phenomena on different substrates. A customised high-pressure and temperature optical 

cell was used to perform contact angle measurements. Ambient measurements were 

performed using a motorised syringe and camera array. Complimentary measurements 

and investigations are also described to give a comprehensive overview of the processes 

undertaken to perform these experiments. 

For many purposes, wettability measurements are suitably performed at ambient 

conditions and usually in an air atmosphere. The evaluation of fibres, silicon and 

polymers are often performed under the conditions in which they are usually exposed 

to. This has led to a number of different instruments being employed to evaluate 

wettability. This study has required similar design considerations with respect to the 

system used and in the same spirit, the experimental conditions performed as closely as 

possible to suitable reservoir conditions unless another objective has been described. 

 

4.1 Fluid Preparation 

Brine 

Careful attention has been paid to the fluids used in all aspects of this work to ensure the 

purity of components and in avoiding contamination. While all efforts were undertaken 

to ensure cleanliness during experiments, the unit was not housed within a clean-room 

environment. With this in mind, experiments were performed in line with a repeatable 

standard operating procedure that avoided the introduction of artefacts. This has 

affected the approach taken in preparing fluids and materials by (1) rinsing ‘clean’ 
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beakers, vessels and instrumentation prior to use and (2) procuring suitable materials, 

which will most easily facilitate this aim.  

 

Brine compositions based upon their parts-per-million (ppm) composition were 

recalculated into a measurable amount for any given salt based upon the molecular 

weight of the components. When brine with a concentration of parts-per-million is 

given and Chlorine concentration is 30,000ppm for example, the actual Chlorine 

concentration will be different in reality due to the presence of Chlorine in other salts – 

such as MgCl2. The actual chlorine composition has been adjusted and reported here. 

Total ionic strength has also been calculated for brines, which accounts for the valence 

of the ionic component (Na+ versus Mg2+).  

 

Glassware was used only for this wettability project and was not shared with other 

fluids (such as oil and surfactants). Materials contacting water only were flushed six 

times with freshly distilled water and dried in air followed by nitrogen. Methanol was 

used to give glassware a final rinse followed by Nitrogen again. Salts were weighed out 

using disposable trays to 0.01g using a clean measuring spoon, which was rinsed with 

distilled water and Methanol followed by Nitrogen after each use to avoid cross-

contamination of salts. Each salt was then carefully poured into a conformity certified 

Blaubrand 2L class ‘A’ volumetric flask until the desired salt composition was attained. 

Approximately 1.5L of freshly distilled water was dispensed into the flask and shaken 

until the salt had completely dissolved; more water was dispensed from a wash bottle 

into the flask until the total liquid level reached the 2L mark and agitated again. Brine 

was then dispensed into small (0.5L, 1L) or large (2L) glass vacuum flasks for de-

gassing as required. As a preventative measure, glassware and measuring spoons were 

not used to handle oil-based fluids or other chemicals. 
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Table 4-1: Brine compositions used in the CO2 study 
 Persian Gulf NaCl only UKNS Low Salinity Persian Gulf 
Sodium (Na) 16,843 25,294 11,700 1,684 
Calcium (Ca) 664 0 1,170 66 
Magnesium (Mg) 2,278 0 326 228 
Potassium (K) 0 0 123 0 
Sulphate (SO4) 3,559 0 3180 356 
Bicarbonate 
(HCO3) 

193 0 0 19 

Chlorine (Cl) 31,055 39,006 18,827 3,105 
     
TDS 54,593 64,300 35,327 5,459 
Ionic Strength  1.10 M 1.10 M 0.67 M 0.11 M 

 

Carbon Dioxide 

CO2 (BOC, 99.8%) was used straight from the bottle to fill the optical chamber to a 

given pressure in a stepwise manner, or transferred to a Proserv piston cell to use as a 

bubble phase or gas-cap. The piston cell and associated fittings was used solely with 

CO2 and was cleaned with Toluene, Acetone, Methanol and distilled water prior to 

pressurising. Nitrile o-rings with PTFE backups were fitted to the end-caps and either 

side of the o-ring on the piston. Corning high-vacuum grease was spread across the 

groove on the water side, on top of which an additional seal was positioned. With the 

piston pushed to the empty position, 300cc of water was filled behind it on the water-

side. The CO2 side was then connected to a vacuum pump for 30-60 minutes before 

connecting to a set of Quizix pumps, booster and CO2 bottle. The CO2 bottle was used 

to pressurise and bleed the lines leading to the CO2 cell inlet. The booster was turned on 

and used to pressurise the cell while retracting the piston at a constant rate. Typically, 

the CO2 piston cell was filled with 250-300cc initially and slightly over-pressured to 

allow for cooling without a significant loss of volume. Seals normally lasted until the 

cell needed refilling; the cell would be stripped, cleaned and the seals were replaced. 
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Crude oil  

Samples were initially withdrawn from the original oil drum using a disposable syringe 

and dispensed into centrifuge tubes. The samples were centrifuged at 6,000 rpm for 2 

hours at 40°C or at 90°C for waxy samples to remove any thermal history of the sample. 

Oil used for ambient measurements was poured into a clean 100cc glass beaker and 

covered with cling film and tape for a short time between measurements. For high-

pressure measurements, oil was poured into a proserv cell with a defined volume (50cc 

for example). The cell was purged of any remaining air by orienting it vertically in a 

stand (oil-side facing up) and connecting it to a set of pumps at the water side. A short 

piece of tubing was connected at the oil-side with the valve left open to ambient 

conditions. The pump was engaged under ‘constant rate mode’ to push the piston 

upwards until any air was expelled from the cell. The cell was then rotated about its axis 

and fitted to a stand so that the oil-side faced downwards. The effect of this was to 

ensure any remaining air bubbles would rise up and away from the outlet. This ensured 

that oil would be the first fluid produced from the cell. 

 

4.2 Substrate Preparation 

The cleaning and preparation of substrates for measurement is a critical component of 

the measurement programme. Nitrile gloves (Kimtech, Kimberly-Clark worldwide) 

were worn at all time when handling substrates. In the first instance, Toluene is used to 

rinse materials to strip organic and oily material followed by a cycle of Methanol and 

distilled water. White residues on glass plates were noted when using Acetone and 

Isopropanol; these fluids have been subsequently avoided. Ultra-sonication is an 

effective mechanism for cleaning and is used particularly for deep cleaning materials 

exposed to crude oil.  Surfactants have been avoided in this work, but could be 

examined to refine the cleaning procedure. Cleaning treatments by ozone or plasma 
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have not been considered as part of this study to remove all organic deposits from 

mineral surfaces. Ambient humidity and airborne contaminants in a non-clean room 

environment can quickly adsorb to surfaces and reduce surface free-energy. It is perhaps 

less representative to use highly clean surfaces to represent reservoir conditions. As far 

as cleaning procedures were repeated with due care and attention, contact angle results 

were repeatable and followed expected trends. 

 

Commercially produced plates and four mineral samples from prepared from hand-

specimens were used in this study. The manufactured plates are optical-grade Quartz 

(Fused Quartz, UQG Optics), Corning 7890 (Fused Silica, UQG Optics) and Mica (V1 

Ruby Mica, S&J Trading). Quartz is temperature stable well above reservoir conditions 

and consists of densely packed tetrahedra of Si-O bonds with trigonal or hexagonal 

symmetry. It is unlikely to achieve pure Quartz due to presence of trace elements below 

15ppm or greater.  

 

Fused Silica is more soluble in brine than Quartz. Studies of the silica surface show that 

adhesion between silica surfaces increases over time due the formation of a gel-like 

layer in a humid environment, formed of silanols and silicilic acid groups protruding 

from the surface [67]. These subtle differences can amount to differences in the 

benchmarking of laboratory data and relevance to reservoir conditions; and raise 

additional questions regarding the effect of repeated exposure to CO2-brine systems.  

 

Quartz is a dominant mineral in sandstone reservoirs, Micas can be considered a minor 

constituent (except in mudstones) and both are unlikely constituents in carbonate rock 

formations. To account for chemical differences between processed surfaces and 

reservoir minerals, these processed minerals are compared with natural minerals 
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prepared from hand-specimens: Quartz, Calcite, Orthoclase (alkaline) and Labradorite 

(calcic) feldspar. Minerals that are representative of reservoir rock are high-energy 

crystals, signifying that they are highly wetted by water and oil in an atmosphere of air.  

Mineral hand samples Table 4-2 were bonded to glass and polished using a modified 

thin section preparation technique giving  an overall mineral thickness of 1mm [83]. 

The samples were prepared at an arbitrary orientation i.e. the surface plane was not 

considered. Initially, hematite was selected in addition to the aforementioned minerals 

to investigate whether red sandstones with significant iron oxide deposits would exhibit 

any wetting change, however it could not be effectively trimmed and polished due to the 

structure of the mineral.  

 

Table 4-2: Composition of minerals used in this study 

Mineral Empirical Composition Likely Occurrence 

Quartz/Silica SiO2 Sandstones, Shale  

Biotite K(Mg,Fe)3(AlSi3O10)(F,OH)2 Sandstone, Shale 

Muscovite (analogue for Illite) KAl2(AlSi3O10)(F,OH)2 Sandstones, Shale 

Orthoclase (Alkaline Feldspar) KAlSi3O8 Sandstones, shale 

Labradorite (Calcic Feldspar) Na0.4Ca0.6Al1.6Si2.4O8 Minor in sandstones/shale 

Calcite CaCO3 Carbonates, Sandstone cement  

 

4.3 Contact Angle Measurement - Ambient Conditions 

Measurements at ambient conditions reported in this work have been performed using a 

Krüss DSA 100 with a movable sample stage. A motorised dispenser allowed droplets 

to be dispensed at a very low rate on the order of 1µL/min (equivalent of 0.06cc/hr). A 

glass syringe (Hamilton) was connected via a luer-lock connector to a stainless steel 

needle of diameter 0.513mm or larger depending on experimental need (sample 

viscosity dependent). On its own, this facilitated the measurement of sessile droplets in 
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an air atmosphere and deposited from above the substrate. A camera (25fps) and light 

source were integrated into the instrument and could be controlled and adjusted using 

the software; the needle position and injection rate was also computer controlled. Unlike 

many other applications that utilise the contact angle measurement technique, reservoir 

applications strictly require the use of a ternary system i.e. a solid-fluid-fluid system, 

where one fluid is generally brine. Solid substrates must therefore be fully immersed in 

brine.  

 

The injection of a fluid less dense than the immersive (bulk) fluid requires the use of a 

curved needle with the ambient setup in order to inject a droplet from below the 

substrate. The techniques for drop delivery are discussed vigorously in the realm of 

colloid science [84] and part of this investigation is directed towards emphasizing this 

strong link between core analysis and surface chemistry in terms of best practises.   

 

The main experimental design consideration therefore, is whether the injected fluid is 

more or less dense than surrounding bulk fluid. To facilitate a wide variety of 

measurement conditions, a custom sample supporter was designed to allow 

measurements of sessile and captive droplets on conventional core plugs and small 

substrates. The material of choice was Polyether-ether-ketone (PEEK) because of its 

chemical inertness and durability. Highly transparent borosilicate glass windows were 

mounted on recesses at either end of the supporter and sealed with a silicon adhesive. 

The sealing performance of silicone adhesive in brine-oil systems was found to be 

highly durable unless a pure hydrocarbon like Decane was used – an alternative sealant 

should be used for extensive testing using pure hydrocarbons as the bulk to avoid 

deterioration of the seals. 
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Figure 4-1: Schematic and illustration of the PEEK substrate supporter. Units are given in mm 
  

103 



CHAPTER 4: EXPERIMENTAL FACILITIES 

4.4 Contact Angle Measurement - Elevated Conditions  

To enable the measurement of contact angles and interfacial tension under reservoir 

conditions, a custom high-pressure and temperature viewing cell was procured in order 

to withstand high-salinity brines and corrosive CO2.  

 

From literature, different droplet (bubble) delivery methods and embedding fluids have 

been used, which sometimes makes direct comparison difficult [85-88]. To replicate the 

reservoir conditions, brine has been used as the embedding phase and CO2 as the 

injection fluid. The captive bubble technique was used for this study to respect the 

buoyant nature of the CO2 drop (bubble) being injected. Alternatively, the needle can be 

oriented in the downward direction, which would enact a downward force from the 

needle and not allow a free CO2 bubble to be measured.  

 

The pressure and temperature limits of the instrument are 7,500 psi and 130°C in its 

current configuration. The instrument was found to be sensitive to leakage by virtue of 

the self-sealing mechanism of the sapphire windows and the number of connections on 

the cell. This has been addressed in another study where the gold seal between the 

sapphire window and the Hastelloy fitting began to deteriorate after prolonged exposure 

to CO2 [89]. With the overall volume of the optical cell and lines being so small, the 

slightest leak was found to have a major impact upon the success of each measurement. 

PTFE o-rings on the sight glass were changed intermittently; the main source of leakage 

was typically from ¼” fittings on the cell itself and at the needle connection when it 

required removal for cleaning. 
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Figure 4-3: Illustration of the HPHT optical chamber in cross-section  

 

 

Figure 4-4: Photograph of the drop shape apparatus mounted on a vibration-free optical table, with the 
camera and light source mounted separately alongside the computer  

 

    

Figure 4-5: Video still image showing a CO2 bubble released at elevated conditions into brine 
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The instrument was initially prepared by cleaning all the lines with cycles of toluene, 

methanol and acetone before first use. Solvents were allowed to diffuse for several 

hours into dead-end volumes before displacing with the next fluid. Nitrogen followed 

by distilled water cleared the lines of any remaining chemicals. Optical windows were 

flushed with toluene, methanol and distilled water after each test to ensure their 

transparency. Brine was de-gassed using a vacuum pump and stirrer; large 2L flasks 

were left overnight until no gas bubbles could be seen to exsolve from the water. 

Smaller 0.5L flasks de-gassed more efficiently for faster measurement during the course 

of a day. pH measurements were normally taken after de-gassing  so that the pH value 

was not affected by dissolved CO2 from the atmosphere.   

 

A procedure was developed to ensure conditions could be replicated in a repeatable 

fashion.  For measurements using carbonated brine at 2,000psi, the optical cell was 

connected to two CO2 Proserv cells filled to 2,000psi.  One provided a pressure 

controllable gas-cap at the top of the cell, and the second to be used as the drop phase 

(connected to the needle). Freshly de-gassed brine filled the storage container connected 

to the hand-pump. The CO2 bottle (approximately 800psi) was connected to the top of 

the optical chamber using a three-way Hastelloy valve. The clean substrate being tested 

was loaded onto the PEEK sample supporter inside the chamber and levelled by means 

of clean nitrile tipped tweezers. The optical windows were then carefully screwed tight 

by hand and adjusted slightly with a spanner.  

 

With the fluids now connected to the apparatus and the substrate loaded in the chamber, 

the instrument was ready to operate. CO2 from the bottle was cyclically injected into the 

optical cell up to 300-500psi each time and purged from the rear of the instrument. 

Ideally a vacuum pump would be used to remove any air from the system however it 
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was found that this tended to draw minute amounts of trapped fluid in the system 

towards the substrate. After air had been purged from the system, CO2 was injected 

from the bottle (under its own pressure) to fill the instrument to bottle pressure. The 

heating jacket was switched on to the set temperature using the controller on the front of 

the assembly and the over-temperature alarm was set 5ºC above test temperature. The 

alarm is independently connected to the instruments power and uses a secondary 

thermocouple to monitor the temperature of the cell. In case the heating jacket 

malfunctions and runs hot, the over-temperature controller will cut power to the system 

and render it safe.  

 

As the cell heated up, brine was injected via the bottom of the cell using the hand-pump. 

The liquid level could be visualised using the video image from the camera displayed 

on the computer. The liquid level was carefully increased so that the substrate was fully 

immersed and an adequate volume remained in the cell for the CO2 to occupy as an 

equilibrating gas-cap. At this point, the fitting between the needle and the CO2 cell was 

opened slightly to bleed the line with brine. This ensured that the needle was fully 

saturated with water and that the CO2 front would pass as a connected phases from the 

cell to the chamber to generate a good bubble.  

 

From experience, it was helpful to establish equilibrium conditions approximately 200-

300psi below the target pressure. It was found that thermal cycling in the room, and 

therefore the instrument, could cause micro-bubbles to come out of solution and 

nucleate on the solid surface. Increasing the pressure immediately prior to testing would 

cause these bubbles to go back into solution and improve experimental conditions. 
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Upon pressure stabilization, the CO2 cell pressure was set 10psi higher than chamber 

pressure, and the valve was then opened to the cell. The pressurised gas-cap was set to 

constant pressure mode so that injection of the drop phase did not increase the system 

pressure. CO2 was injected at a low rate of 3cc/hr until a bubble showed at the needle 

tip. Flow rates on the order of 10cc/hr would result in too high a velocity that could be 

controlled and resulted in turbulent flow that caused multiple droplets to escape from 

the needle at once. When a CO2 bubble entered the chamber, it was recorded using 

high-speed video and still images. The bubble was left to equilibrate up to 45 minutes to 

allow any mass transfer to take place (water into CO2) and for IFT to stabilise.  

 

Contact angle measurements were made in either of two ways. Firstly, the substrate 

could be initially positioned close to the needle so that the CO2 bubble could be injected 

close to the surface, and advancing-receding measurements could be performed by 

carefully controlling the injection rate and direction. Secondly, the substrate could be 

positioned further away from the needle tip so that the bubble would detach and come to 

rest against the solid surface. This method facilitates a true equilibrium angle for water-

receding angles since the effect of adhesion to the needle is discounted. In an oil-wet 

system, oil would easily advance using this method and form a high wetting angle.  

 

Adjustments to this method were necessary to facilitate other experimental conditions, 

but in principle this method remains the same throughout this work. Non-equilibrium 

conditions (no gas-cap) were created by simply filling all the lines and cell with brine. 

The instrument was connected to a Proserv cell filled with brine to provide pressure 

support. 
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4.5 Adhesion measurement 

It is most common for adhesion measurements to be performed using the drop shape 

analysis method and ‘Wilhelmy plate’ method. Recent improvements in atomic force 

microscopy have provided quantitative measurement of adhesion forces in three-

component systems (oil-brine-rock). This provides an accurate measure of the ‘pull off 

force’ required for a treated probe to overcome adhesion forces at the surface of a rock 

or planar substrate. Quantifying this parameter provides useful insight into the short-

range forces that are linked to the oil-brine-rock interface that can be favourably altered 

to induce higher recovery. 

 

In this project several indicators have been used to determine adhesion behaviour. At 

the point CO2 or oil contacts the solid surface, it may ‘jump’ towards the surface 

indicating dissipation of surface free energy at the surface. This may tend to wet the 

surface more fully. Contact angle hysteresis is a good measure of adhesion, but is also 

affected by uncertainties surrounding surface roughness and chemistry. However, large 

differences in drainage and imbibition angles generally point towards adhesion 

behaviour. Adhesion can be observed if the plate can be inverted in-situ; under non-

adhesion conditions the bubble will easily float away, whereas adhesion forces will 

otherwise keep it stuck to the surface for some time. The current rule of thumb is that 

adhesion forces are considered significant when the droplet or bubble favourably 

attaches to the rock during withdrawal into the needle.  
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4.6 High Pressure Micromodel 

The high-pressure micromodel instrument used in this study to investigate the behaviour 

of CO2-brine in an artificial pore network is shown schematically in Figure 4-6. The 

instrument consists of the following main components: 

 

Fluid Storage Tank 

A temperature-controlled oil bath is used to house test fluids, lines and connections at 

constant temperature. In this part of the rig, there are five high-pressure fluid storage 

cells. Four of them are used for injection of different fluids, e.g. crude oil, water, CO2, 

N2 and one cell is used to collect the effluent of the micromodel. 

 

Micromodel Tank  

This is also a temperature-controlled oil bath, which is used to maintain the overburden 

and micromodel-housing chamber at constant temperature. The micromodel is loaded 

vertically in its housing chamber to investigate gravity-stable systems, but can be 

rotated to investigate horizontal displacement. 

 

Low Rate Pumps 

To inject fluids around the flow system (micromodel and overburden chamber) two 

very accurate low-rate pumps are used. A third pump is used to pull back fluids and 

collect them into the retract cell. Deployment of two injection pumps enables co-

injection of two fluids through the micromodel if needed. The pumps are capable of 

working at pressures up to 6000 psi with a flow rate in the range of 0.0001-900 cm3/hr. 
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Glass Micromodel 

The micromodel (Figure 4-7) is a two-dimensional pore structure, which is etched onto 

the surface of a glass plate that is otherwise completely flat. A second un-etched 

optically flat glass plate is then placed over the first, covering the etched pattern and 

thus creating an enclosed pore space. This ‘cover plate’ has an inlet hole and an outlet 

hole drilled at either end, allowing fluids to be displaced through the network of pores 

(Figure 4-7). Because the structure is only one pore deep, and the containing walls are 

all glass, it is possible to observe the fluids as they flow along the pore channels and 

interact with each other. It is also possible to observe how the geometry of the pore 

network affects the patterns of flow and fluid trapping. 
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Figure 4-6: Schematic of the micromodel rig  

 

 

 

Figure 4-7: Illustration of the glass micromodel 
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Figure 4-8: Pictures of the geometric pore pattern in the micromodelfully saturated with blue-dyed water. 
Pores are shown in blue and unetched glass in white. (a) A magnified section of the pore pattern which has 
been constructed by repeating the pattern shown in (b).  

 

(a) 

(b) 
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Computer Controlled Linear Drive System 

A computer controlled linear drive system is used in the tests, which allows a camera 

equipped with a magnifying lens to be positioned automatically at any point on the 

micromodel, or sequentially sweep the micromodel for digital recording. These digital 

records can then be used in image analysis to determine fluid saturation. The optical 

system can provide magnifications of up to 200 times. Figure 4-9 shows a schematic 

diagram of the optical system.  

 

 
Figure 4-9: Schematic diagram of optical system of the micromodel rig 
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CHAPTER 5: CO2-BRINE WETTABILITY AND FLOW BEHAVIOUR 

Contact angle measurements have been performed at elevated pressure and 

temperature conditions for Carbon Dioxide and Nitrogen on solid substrates and 

minerals immersed in brine of different compositions. The wetting behaviour of CO2 at 

the pore scale at subsurface conditions remains a subject of active interest since it 

impacts injectivity, capillary trapping storage capacity and the upon the risk of leakage. 

This chapter presents data, which largely indicate that water-wet conditions prevail at 

supercritical conditions, with small shifts due to temperature and pressure. Contact 

angle hysteresis resulting from adhesion of CO2 to the solid surface was observed. 

Nitrogen did not show the same propensity to adhesion as CO2, which was reflected by 

low hysteresis between drainage and imbibition angles. Except for an un-equilibrated 

system where CO2 goes into solution, it did not exceed 90º for natural mineral samples. 

This result indicates that in one respect, Nitrogen and CO2 should differ during 

migration through a pore network. This was reinforced using the glass micromodel at 

elevated conditions to observe the migration of Nitrogen and CO2 through a connected 

pore network.   

Sedimentary rocks are comprised of complex mineral assemblages which are controlled 

by provenance and digenetic change during burial and exposure to subsurface fluids. 

Sandstone reservoirs are primarily composed of framework silicates such as Silica and 

Feldspar minerals. Sheet silicates include the Mica group and Clays, which are critically 

important to wettability. Clays have a high cationic exchange capacity manifested by 

their high specific surface area and exhibit dynamic behaviour with respect to injected 

water salinity. Ortho- and ring silicates are of minor importance to the reservoir quality 

but contain exotic or heavy minerals that help with chemostratigraphic correlation and 
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provenance studies. As they are usually in very low abundance, they are not considered 

further in terms of their wettability. Non-silicates such as Oxides, Sulphates and 

Carbonates occur in varying proportions and play a role in cementation (Calcite and 

Dolomite) and grain-coatings where sediments have been aerially exposed (Hematite). 

An example of how sandstones may be classified by its Quartz, Feldspar and lithic 

composition is given in Figure 5-1. Solid surface chemistry is a complex field, in which 

wettability is addressed. Reservoir minerals play an essential role in the development of 

this field of research, and have been addressed for the first time in a cross-disciplinary 

manner for CO2-brine systems using pure mineral samples of common rock forming 

minerals. These were Crystalline Quartz, Biotite, Orthoclase, Labradorite and Calcite. 

The behaviour of these minerals with respect to CO2 had not been explored until part of 

this work had been published.  

 

 

Figure 5-1: A field example from the Fulmar Field, UK North Sea showing a mineralogical classification of 
three sandstone members.Hydrocarbon potential decreases from member III – I [90]. 
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Figure 5-2: Polished mineral substrates obtained from hand specimens [Quartz, Plagioclase and Labradorite 
shown]. Mounted on a microscope slide, they measure approximately 2.5x3cm  
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5.1 Recent Literature Review on CO2 Wettability 

Chiquet et al., (2005, 2007) report different wetting regimes for Mica including 

intermediate wetting behaviour [86, 88]. They highlight that their needle orientation (i.e. 

top to bottom) is less appropriate for low pressure, buoyant CO2; they claim there was 

no difference between needle orientations at 100 bar although they have not described 

the bubble size used for comparison between systems, which is important. Very large 

bubbles that are tens of microlitres in volume can compress at the solid surface if the 

three-phase line does not move; this causes a decrease in observed contact angle. They 

report contact angle results for three different brine conditions (0.01, 0.1 and 1 M NaCl) 

using processed Quartz and Mica substrates. Contact angles varied from 30-40° for low 

pressure Mica and 20-30° for Quartz.  At 100 bar (1450psi) on Mica the value increased 

moderately to 70°. At 90 bar (1305psi) on Quartz the angle increased to 35-55°. There 

was some variance with brine salinity. Although the high salinity brine was typically 

less water-wet, there are opposing trends reported for the 0.1M and 0.01M brines. 

Hysteresis in drainage and imbibition angles is limited to 15º for Quartz and 50º for 

Mica. The degree of hysteresis is possibly limited by the measurement method i.e. not 

recording the maximum imbibition angle at the point of detachment from the needle. 

Adhesion from these results cannot be accurately speculated.  

 

Dickson et al., (2006) illustrates a change in wetting conditions with CO2 pressure 

below the critical point of CO2 on chemically treated glass slides [91]. The surface 

coverage of Silanol (SiOH) groups was adjusted using dichlorodimethylsilane 

(DCDMS) to 37% and 12% – the value represents the approximate percentage of 

surface groups remaining at the surface, such that the lower value is the most 

hydrophobic. Using water as the drop phase and CO2 as the embedding phase at 1 bar 

pressure (14.5psi), the 37% SiOH surface was intermediately water-wet (70-75° through 
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the water phase) and upon pressurization with CO2 up to 200 bar (2900 psi), it increased 

to approximately 100°. This surface (12% SiOH) exhibited a contact angle of 95-100º at 

ambient pressure and increased to 160º at 200 bar indicating CO2-wet conditions. CO2-

wet conditions were therefore achieved for the surface containing the fewest surface 

Silanol groups. The significant change in wettability is attributed to CO2 capping the 

remaining Si-OH surface groups. The authors modelled the change in water-CO2, solid-

CO2 and solid-water surface tensions to predict the contact angle values obtained during 

their experiment. The increase in water-solid surface energy combines with a decrease 

in CO2-solid surface energy to contribute to increased contact angles. The balance of 

interfacial forces was later summarised as follows, where the subscripts g, s, w refer to 

CO2, water and solid respectively  [87]: 

  

 𝑑(𝑐𝑜𝑠𝜃)
𝑑𝑃

= −𝜎𝑔𝑠−𝜎𝑤𝑠
𝜎𝑔𝑤2

𝜕𝜎𝑔𝑤
𝜕𝑃

+ 1
𝜎𝑔𝑤

𝜕𝜎𝑔𝑠
𝜕𝑃

− 1
𝜎𝑔𝑤

𝜕𝜎𝑤𝑠
𝜕𝑃

 (5.1) 

 

Chalbaud et al., (2009) performed IFT and micromodel experiments under drainage 

between CO2-brine at gaseous, liquid and supercritical conditions [92]. Micromodel 

tests were performed for water-wet glass plates that were aged in either crude oil for 

intermediate-wet behaviour or treated with a Silane compound to produce strongly oil-

wet surface. Although the experimental procedure and micromodel orientation is not 

explicitly stated, distilled water was first injected into the micromodel at ambient 

conditions and it is assumed that the pressure was then increased to test pressure. CO2 

was then injected into the pressurised micromodel; mass transfer took place between the 

un-equilibrated fluids and the distribution of fluids was recorded after being left to 

stabilise. Distilled water was injected once again to establish an initial condition and the 

pressure adjusted. Following Dixon et al., (2006), the Silane treated micromodel 

showed the greatest tendency to becoming CO2-wet, although there are clearly some 
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bridging water films. Smaller interfaces tend to be flatter, than over larger spans 

between distant grains. The micromodel experiments illustrate that initially water-wet 

conditions remain stable at different environmental conditions, whereas initially oil-wet 

conditions favour CO2 wetting compared to water. The evolution of the wetting angles 

observed in the micromodel under static, un-equilibrated conditions for distilled water 

may likely reflect the effect of contact-line pinning on the rough pore walls as CO2 goes 

into solution. 

 

 Espinoza and Santamarina (2010) report a water-wet regime between CO2-deionized 

water and 3.4M brine (200g NaCl/kg) for Calcite and Quartz surfaces [87]. The contact 

angle oscillates close to 40° up to 6MPa as the gas pressure is increased in the chamber 

for water-Calcite, water-Quartz and brine-Quartz. The Calcite surface was not affected 

by salinity at lower pressures; increasing pressure promoted increased water-wetness in 

deionized water to 30º. Quartz remained nearly constantly water-wet with increasing 

pressure at 20 º. The addition of NaCl shifted the contact angle on Quartz towards 40 º 

at which it remained nearly constant and pressure increased. The importance of initial 

wettability conditions can be seen from their results. PTFE and oil-wet Quartz are both 

hydrophobic; the mechanisms of interacting with CO2 are different at the molecular 

scale due to their surface chemistry and adsorbed components. The contact angles on 

PTFE resemble the trend on dehydroxylated Silica measured by Dickson et al., (2006), 

where initial contact angles of 100 º increased with increasing CO2 activity towards 

CO2-wet (130-150º) at higher pressure. The oil-wet Quartz plate however showed 

neutral wettability at low pressure, which became weakly water-wet (< 80º) as pressure 

increased. This raises the question as to whether polymers or chemically treated 

materials with hydrophobic behaviour are suitable analogues to minerals, or minerals 

aged in crude oil. 
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Bikkina (2011) performed a series of contact angle measurements on Quartz and Calcite 

surfaces (TEMCO Division, Core Laboratories) using water as the drop phase and CO2 

as the bulk phase [93]. This approach is unusual since it does not sufficiently replicate 

geological storage conditions. The substrate was prepared by cyclically cleaning with 

acetone and distilled water using a batch sonicator. No additional solvents or surfactants 

were used to ensure organic matter had been removed from the surface. The solid was 

then heated to 105ºC in an oven for 2 hours. Since a vacuum oven was not used, this 

drying step may be redundant since the humidity level could still be sufficiently high to 

retain some bound water to surface sites. Dehydroxylation however, will also occur 

increasingly at, and above this temperature to reduce water-wetness [94]. Measurements 

were performed using a single droplet of water, which was then subjected to a pressure 

increase in-situ. The period and rate of pressure increase is not given. 

 

His colleague’s formal reply to this work [95] scrutinises the hydrophobic observations 

after noting that the single control experiment that was performed showed 5-11 at% 

Fluorine contaminating the surface. Fluorine atoms enhance hydrophobicity; PTFE has 

a high surface density of fluorine atoms and exhibits hydrophobicity because of its 

chemistry [91]. The experiment was performed using a single droplet of water under 

equilibrium conditions, which is then subjected to cycles of pressure increase and 

decrease to monitor the change in contact angle at different pressures. The timing of 

each cycle is not given, and it is not clear how the contact angles evolved over time to 

be sure that an equilibrium value was reached.  

 

Of critical importance are the reported values of drop volume, which can be seen to vary 

using this method. Two anomalous results appear on Quartz at 77ºF and 104ºF for drop 

volumes of 3µL and 4µL respectively. The contact angle at 4µL is approximately 35º 
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higher than a larger droplet at the same conditions after one hysteresis cycle. The author 

concludes that the solid shifts to less water-wet after prolonged exposure to CO2. Two 

experiments performed at 77ºF indicate no difference in contact angle between 

hysteresis cycles. During cycle one, the drop volume of 3µL subtends an angle of 60º. 

The next advancing cycle indicates that more water-wet conditions are achieved with a 

contact angle of 45º. There is evidence that a line tension effect may be playing a role in 

this series of tests. In summary, all the tests indicate that as the pressure is increased 

from 200-3000psi the contact angle becomes more water-wet. Later independent work 

shows that less water-wet conditions exist near the phase boundary at 800-1200psi [96]. 

 

Kim et al., (2012) performed micromodel experiments to visualise CO2 migration in a 

porous 2D network [97]. The micromodel was fabricated using fused Silica plates 

etched with hydrofluoric acid to form 576 discoid grains (Micronit Microfluidics BV). 

The pore pattern was designed specifically to prevent water films forming in pendular 

structures between the grains. The micromodel was vertically oriented and CO2 was 

injected in a gravity unstable mode, from bottom to top at a rate of 4µL/min. Degassed 

brine was injected into the micromodel but was not pre-saturated with CO2. 

Supercritical CO2 was injected into the micromodel, which had been pre-equilibrated 

with brine. The solubility of water in CO2 is much less than CO2 in water. Brines 

containing 0.01M, 1M, 3M and 5M NaCl were tested at 8.5MPa (1233psi) and 45ºC. 

Figure 5-3 shows the pore space at various salinities under pressure. From the 0.01M 

case, we can see that an isolated bubble of CO2 occupies the centre of the pore; the 

dewetting process is said to be more distinct with higher salinities. As salinity 

decreases, CO2 occupies the bulk of the pore space however there are still hydrophilic 

regions at high salinities as shown by low water-wetting angles. After 100PV 
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displacement, only 15% brine remained in the micromodel. The evolution of saturation 

over time is not given. 

 
Figure 5-3: CO2 in white after primary drainage at various salinities by Kim et al., (2012) 

 

 
Figure 5-4: Photograph showing the migration of the CO2 front and rapid breakthrough time due to an 

unsuitably high injection rate, from Kim et. al., (2012) 
 

From Figure 5-4, the CO2 injection lasted for 20 minutes and breakthrough was 

achieved in 20 seconds. With a pore pattern length of 2mm this equates to a frontal 
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velocity of 115 m/day (35 feet/day), which is 30 times higher than at expected reservoir 

conditions of 1 ft/day. With this velocity in mind, it is likely that the shear forces within 

the micromodel are high enough to strip the water from the surface of the pores. The 

high flow rate coupled with the choice of pattern is likely to have affected the process of 

fluid redistribution in the micromodel, and cannot be solely attributed to a marked 

change in wettability.   

 

In the group’s subsequent paper, Jung and Wan (2012) performed CO2-brine contact 

angle measurements to investigate the effect of pressure, ionic strength and 

measurement method at a fixed temperature of 45ºC. The substrates used are quoted as 

“fused pure silica plates (VWR VistaVision−Cover Glasses, amorphous SiO2)”. In 

actual fact, the product they likely used is a Borosilicate glass; the composition is 

neither high purity or composed primarily of Silica. Rather, it is most likely a blend of 

Quartz, Sodium Carbonate, Aluminium Oxide and Boron. Glasses containing Boron are 

typically less water-wet than Boron-free glass [98]. The quality of the surfaces used 

does not make a comparison possible to other works unless their measurements are 

repeated with another surface. 

 

For a limited number of tests, they found that the impact of experimental setup for CO2  

injected into brine, and brine injected into CO2 did not have an effect on the resulting 

contact angle. Brines were prepared using NaCl only, up to 5M ionic strength 

corresponding to approximately 240,000 TDS. At a 5M NaCl concentration, the CO2 

advancing angle was the highest 60-70°. Consistent trends were noted due to the effect 

of increasing pressure (decreased water-wetness) and increasing salinity (decreased 

water-wetness). Contact angles increased sharply near the CO2 phase boundary at 

approximately 7.5 MPa (1088 psi) reaching equilibrium values above 10 MPa (1450 
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psi). One important feature of their measurement, which was not studied systematically 

as part of their study was the effect of hysteresis. Evaporating droplets may demonstrate 

a (1) constant base diameter resulting in reduced contact angle as the droplet shrinks or 

(2) a decreasing base diameter with contact angle staying the same as the contact line 

retreats. When the authors increased the pressure of CO2-brine system, the base 

diameter reduced indicating movement of the three-phase-line. Systems with high 

hysteresis and strong adhesion would normally show increased contact angle and 

pinning of the three-phase-line. As this did not occur, we can infer that their method 

does not indicate adhesion behaviour when brine advances. Ideally, hysteresis 

measurement should be performed with environmental conditions remaining the same 

so that adsorption behaviour isn’t unknowingly affected. 

 

Kim et al., (2012, 2013) developed a technique to measure the thickness of brine films 

on Silica [99] and Mica [100] using synchrotron X-ray fluorescence (SXRF) subjected 

to CO2 confinement at 7.8MPa (1131 psi) and 40ºC.  It is expected that high ionic 

strength and acidic conditions caused by CO2 in solution will contribute to water film 

thinning, which has not been previously measured at high-pressure conditions. Their 

approach allowed CO2 capillary (disjoining) pressure to be carefully controlled to 

investigate the range of film thicknesses existing on smooth and rough surfaces. The 

impact of surface roughness supported thicker water-wetting films for both Silica and 

Mica, which scaled with the AFM measurement of their roughness. Rougher surfaces 

will have greater contributions to wetting phase retention than smooth surfaces, because 

of their capacity to contain mass in deeper channels at near-zero capillary potentials 

associated with large radii of curvature.  
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Figure 5-5: Water film thickness measured by SXRF at elevated conditions for smooth (A) and roughened 
substrates (B). Adapted from Kim et al., (2012, 2013).  
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Measurements by Chiquet (2005) indicate that Mica should be less water-wet (60-69º 

drainage angle) than Quartz (25-32º drainage angle) at a pressure of 7.5MPa, which are 

the conditions measured by Kim et al., (2012, 2013). At film thicknesses on Silica of 

only several nanometres, one would expect that CO2 would exhibit higher wetting 

angles and hysteresis than on Mica, which shows thicker wetting films on smooth and 

rough surfaces.  

 

Wang et al., (2012) reported CO2 contact angle measurements for distilled water, 1.1-

1.2M brine and buffered brine using six minerals common to the Viking sandstone 

[101]. Quartz, Microcline (Feldspar), Calcite, Kaolinite, Phlogopite and Illite were 

lapped and polished from natural mineral specimens. A schematic showing their length 

and thickness was not given. Realistic brine containing Na+, Cl-, Ca2+, SO4
2-, and Mg2+ 

was used in addition to buffered brine and deionised water for comparison. The in-situ 

pH was measured using a high-pressure and temperature glass bead pH probe (Corr 

Instruments). At atmospheric conditions, the normal brine and buffered brines were 

pH7.8-10 respectively. At experimental conditions, the normal brine and distilled water 

had pH 3-5; the buffered brine was less acidic at pH 5.8-5.9. They report water-wet 

angles for 30ºC and 7 MPa (1015 psi) and 50ºC at 20 MPa (2900 psi) for all minerals 

tested in their study.  

 

Contact angles in deionised water were higher than normal brine in nearly all 

circumstances. Buffered brine was consistently the most water-wet. The ionic strength 

of the buffered and non-buffered brines was not the same unfortunately, which could 

have some impact on the interaction potential at the solid surface. The most surprising 

results of the data generated was that Illite was the most water-wet at high pressure and 

ionic strength, and Calcite was the least water-wet in deionised water. Calcite is 
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expected to buffer the pH effect of CO2 and potentially stabilise the water film at the 

solid-brine interface through this mechanism. 

 

Wang (2013) subsequently reported adhesion observations for CO2-brine systems on 

amorphous Silica, Calcite and Phlogopite [102]. Low contact angles of 16-22º were 

observed on Quartz, Dolomite and Kaolinite. Supplementary videos produced by the 

authors showed the effect of in-situ stirring of the solution while CO2 bubbles were 

injected into the optical chamber. The resistance to detachment was a strong indicator of 

adhesion. Adhesion was observed for many droplets of CO2 on Phlogopite and Calcite, 

more so when brine was used instead of distilled water. Nitrogen also showed adhesion 

behaviour, however the experimental method is not sufficiently described to ensure that 

all fluids were in equilibrium. Nitrogen is sufficiently soluble in brine at pressure to 

observe false positives for adhesion behaviour.  

 

Farokhpoor et al., (2013) performed CO2-brine measurements at 36ºC and 66ºC for 

Quartz, Calcite and Feldspar (source unknown)  in distilled water, 0.2M NaCl and 0.8M 

NaCl systems[96]. Water was prepared with a CO2 gas-cap in the optical chamber to 

ensure there was no mass-transfer between the bubble and bulk water phase. The CO2 

bubble was dispensed from below the substrate and its volume increased while the 

needle remained connected to the bubble; published photographs in their paper show the 

bubble being deposited from above. Substrates were polished and clean in two ways; 

Quartz and Feldspar were washed with distilled water, rinsed with 6% Nitric-acid 

solution heated at 30ºC and flushed with distilled water. Calcite was cleaned with the 

surfactant Deconex in an ultrasonic bath and rinsed with distilled water. A repeatability 

study was not performed as part of their work. Each substrate appears to have been used 

repeatedly under different conditions, with the Calcite being polished between tests to 
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smooth out any roughness caused by etching of the acidic brine. Their results indicate 

strongly water-wet conditions for all substrates, with a maximum brine receding angle 

(measured through the brine phase) of 23º. An extended test for 50 days was performed 

on Calcite but did not show any major change. 

 

Summary of Contact Angle Results in the Literature 

The results for several of these studies is summarised graphically in  

Figure 5-6. The graph highlights the variability in the trends of independent data sets, 

which use Quartz, Silica or glass. With the exception of Bikkina (2011), the cross-plot 

shows measurements that have been performed using a bubble of CO2 in water. It is 

thought that measurements of water in a CO2 atmosphere likely reflect the CO2 receding 

angle since a droplet of water is deposited from the needle and displaces CO2 from the 

surface. The true angle using this method may be complicated by droplet evaporation 

and mass transfer unless the experiment conditions are carefully controlled, and excess 

water is placed within the chamber to prevent the droplet volume from decreasing. The 

effect of this would likely be a decrease in contact angle as the droplet remains pinned 

to the surface. When a CO2 bubble is injected into water, it displaces water from the 

surface and rests against a thin film of bound surface water. This represents a (water) 

drainage angle. Jung and Wan (2012) indicate that the methods are interchangeable at 

high pressure conditions, however further repetition is required.  

 

From the data presented in Figure 5-6, for each expected pressure, temperature and 

salinity trend relating to CO2 solubility there is a counter example found in another 

study. This truly highlights the difficulty of benchmarking these measurements, 

particularly if the substrates are dissimilar and cannot be quantitatively characterised 

using another method.    
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Figure 5-6: Cross-plot summarising the water in CO2 contact angle measurements for several studies performed to date. The notation shown in the legend besides the lead author’s name 
shows the temperature the study was performed at, DW for distilled water and the molarity of the brine used if appropriate. In the work of Bikkina (2011), Q1 and Q3 refer to the Quartz 
crystal used, which will help the reader locate the original data to which this graph refers.  
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5.2 CO2 Contact Angle Results  

Contact angles (θ) are measured through the brine (embedding phase) as average, 

equilibrium values between the left and right side unless otherwise stated. Advancing 

angles are reported with respect to the CO2 drop advancing (water receding); receding 

angles refer to the CO2 drop being retracted into the needle (water advancing). Unless 

stated explicitly, contact angles are published for CO2 advancing. Drainage and 

imbibition refers to retreating and advancing of the water phase respectively. By 

convention, the dynamic captive bubble method refers to the gas bubble held in a fixed 

position against the substrate and advance-recede measurements of the CO2 bubble are 

performed. The static method refers to a bubble which detaches fully from the needle 

and comes to rest against the substrate and is allowed to spread by interfacial forces 

alone. The repeatability of measurements is verified in terms of trends found between 

different systems. Measurements not presented here for a crude oil-brine system were 

found to be within 1° with respect to the drainage angle after cleaning the system and 

the substrate and repeating the measurement. Where contact angles are within several 

degrees of each other on un-aged substrates they are determined to be similar unless 

described otherwise. 

 

5.2.1 CO2-Brine interactions on Quartz and Mica 

Quartz and Mica are representative minerals for sandstone formations, where Quartz is 

a more dominant mineral. The Muscovite Mica used in this study chemically resembles 

Illite clay. It is therefore a good analogue for the material of which caprock is 

composed. As these substrates can be obtained in a smooth form, they are ideal for 

performing repeatable contact angle measurements. Measurements are performed by 

introducing a bubble of CO2 into carbonated brine to measure the equilibrium 

advancing (drainage) angle.  
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Effect of temperature – Quartz 

A bubble of supercritical CO2 was injected into pre-equilibrated carbonated brine at 

2000psi and two temperature extremes of 40ºC and 80ºC. The droplet was allowed to 

age in the carbonated brine for 40 minutes before being deposited on the substrate 

where it was left for 20 hours to allow the bubble to reach an equilibrium contact angle. 

At 40ºC, the equilibrium contact angle was 38º and at 80ºC it was 35.2º. A new 

substrate was used for each experiment. At 6000psi, the contact angle at 40°C is more 

water-wet (31.1°) than at 80°C (34.3°). This trend at higher pressure was also observed 

using a 0.11 M brine in subsequent experiments described later. 

 
Figure 5-7: CO2-Persian Gulf Brine contact angle on Quartz [2000psi, 40ºC] 

 
Figure 5-8: CO2-Persian Gulf Brine contact angle on Quartz [2000psi, 80ºC] 
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Effect of pressure – Quartz 

The effect of pressure is thought to be an influential parameter controlling CO2 

wettability as it undergoes a phase change from a gas or liquid to supercritical state. A 

careful review of published trends to date of NaCl brines suggests otherwise for natural 

minerals i.e. not something such as PTFE, which is wetted by CO2. The evidence here 

using potential reservoir brine, illustrates that the contact angle at a pressure of 6000psi 

is approximately 31.1º at 40ºC and 34.3º at 80ºC. These values are lower than their 

respective temperatures at 2000psi. The system has become slightly more water-wet and 

is consistent with the minor changes in trends observed at these conditions [87, 103].  

 

 
 

Figure 5-9: CO2-Persian Gulf Brine contact angle on Quartz [6000psi, 40ºC] 
 

 

 
 

Figure 5-10: CO2-Persian Gulf Brine contact angle on Quartz [6000psi, 80ºC] 
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Effect of temperature – Mica 

The trend of increasing water-wetness of Quartz is now compared with Mica to 

represent the interactions with an analogue for clay. The most noticeable difference is 

that the wettability is more time-dependent for Mica; the final contact angles measured 

here are at least 10º higher than the point of first contact approximately 20 hours later. 

At 2000psi, the final contact angles measured are 44.2º at 40ºC and 42.5º at 80ºC shown 

in Figure 5-11 and Figure 5-12. This indicates only a minor impact of temperature at 

this pressure and is within the range of expected error.  

 
Figure 5-11: CO2-Persian Gulf Brine contact angle on Mica [2000psi, 40ºC] 

 

 
Figure 5-12: CO2-Persian Gulf Brine contact angle on Mica [2000psi, 80ºC] 
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Effect of pressure – Mica 

Quartz showed increasing water-wetness as pressure was increased from 2000psi to 

6000psi. In the case of Mica, the system becomes less water-wet outside the expected 

range of error. For the measurement at 2000psi and 40ºC, the contact angle was 44.2º 

and at 6000psi and 40ºC it rose to 57.5º. At 2000psi and 80ºC the contact angle was 

42.5º and at 6000 psi, 80ºC it rose to 47.0º. Clearly the effect of pressure is more 

pronounced at a lower temperature, which is possibly due to the increased solubility of 

CO2 in brine. 

 
Figure 5-13: CO2-Persian Gulf Brine contact angle on Mica [6000psi, 40ºC] 

 
Figure 5-14: CO2-Persian Gulf Brine contact angle on Mica [6000psi, 80ºC] 
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SUMMARY: PRESSURE AND TEMPERATURE EFFECT ON QUARTZ AND MICA 

Quartz underwent subtle changes as pressure and temperature increased, which cannot 

be directly related to the solubility of CO2 in solution. Recalling the data presented in  

Figure 5-6, contact angles did not undergo much change above the critical pressure for 

CO2. The Quartz substrate showed a greater tendency to become more water-wet as 

pressure increased at 40°C, which is outside the expected range of error. At 80°C the 

difference is minor but the same trend was observed at 80°C using low salinity brine. 

Conversely, the Mica substrate showed a consistent increase in contact angle with 

pressure; the temperature effect is more pronounced at higher pressure. The Mica 

substrate is less water-wet than Quartz at the conditions tested. 

 

Figure 5-15: Cross-plots showing the effect of temperature and pressure on (top) Quartz and (bottom) Mica. 
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EFFECT OF BRINE TYPE 

There is very limited data on the effect of brine type on CO2 wettability. Several issues 

regarding the type and quantity of dissolved salts were raised elsewhere [104], stating 

that the concentrations of salts such as MgCl2 and CaCl2 can raise the CO2-brine 

interfacial tension. Other studies typically use NaCl as the only salt component, which 

is helpful for benchmarking studies, however it doesn’t address whether divalent ions 

play a role in CO2 wetting phenomena.  In this work, the primary goal has been to focus 

on realistic reservoir conditions as much as possible so complex synthetic brines have 

been used. Rather than performing measurements on distilled or de-ionized water, a low 

salinity brine type was formulated that would be more representative of freshwater 

formations. The ionic strength of the low salinity brine was based on the original 

Persian Gulf seawater composition made at one-tenth of the salinity of the original 

brine. 

 

NaCl Brine – 1.1M NaCl 

As a comparative study, 1.1M NaCl brine was used to compare with results on Quartz 

and Mica. This is the equivalent of 64.30g per litre of distilled water (64,300 ppm).  

From the previous contact angle measurements at 40ºC using the Persian Gulf brine, the 

equilibrium contact angle was 39.4º at 40ºC on Quartz and 44º on Mica at 40ºC. Using 

the NaCl brine at the same ionic strength, the results were water-wet overall, yielding 

values of 34º on Quartz and 39.7 º on Mica at 40ºC. The 1.1 M NaCl brine reduced the 

contact angle for both systems by approximately 5°. Naturally, the geochemical 

interactions between NaCl, Quartz and CO2 are likely to differ greatly from more 

complex brine types. A preliminary measurement showed that the addition of another 

salt type did impact the wetting angle; however, as this line of investigation was not 

pursued it is recommended as an item of further work.   

138 



 

 
 

 
Figure 5-16: CO2-1.1M NaCl Brine contact angle on Quartz [2000psi, 40ºC] 

 
 

 

 
Figure 5-17: CO2-1.1M NaCl Brine contact angle on Mica [2000psi, 40ºC] 
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UK North Sea Brine (UKNS) – 0.66M 

The UKNS brine is less saline than the Persian Gulf and 1.1M NaCl brines and has a 

different ratio of divalent salts. The salinity contrast is reflected in the measured contact 

angles at 40°C for two pressures, 838psi and 2000psi. At 838psi, the CO2 is below 

supercritical conditions and behaves as a gas. With all gas systems, using the contact 

angle method employed here meant that it was difficult to control the droplet because to 

its mobility. Because of this, the experiments typically had a higher failure rate than 

experienced using a crude oil system. Careful control of the needle valve was needed 

and the injection rate was kept to a very low value of 2-3cc/hr.  

 

This measurement shows that the gas behaves marginally more water-wet on Quartz and 

Mica at low pressure, and also had the tendency to roll of the plate. It is also clear that 

the wetting behaviour at low pressure is comparable for both Quartz and Mica. At 

2000psi, Mica shows a more significant change as the contact angle increases to 40.5°. 

Compared to the Persian Gulf Brine (1.1 M), the UKNS system is more water-wet by 

approximately 4-6°. The UKNS brine however, performs comparably to the 1.1 M NaCl 

brine. As the role of dissolved salts is still unclear – though it is thought to affect the 

CO2-brine IFT – the total change in ionic strength is likely the determining factor.  

 
Figure 5-18: CO2-UKNS Brine contact angle results on Quartz and Mica [838psi and 2000psi, 40ºC] 
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Low Salinity Persian Gulf Brine – 0.11M 

The result using 1.1M NaCl at 2000psi and 40°C was slightly more water-wet Persian 

Gulf brine (1.1M) at the same ionic strength. Here, the impact of a largely reduced total 

salinity was investigated while still maintaining reasonable aquifer salinity. The 

‘extreme’ endpoints were examined to quantify the effect of temperature at a high 

pressure of 6000psi on Quartz, which could be easily benchmarked to other studies at 

similar conditions. The equilibrium angle was found to be higher than corresponding 

values on Quartz at these conditions. Figure 5-19 and Figure 5-20 show equilibrium 

angles at 6000psi of 39.5° and 46.7° at 40°C and 80°C respectively. These wetting 

angles are less water-wet than 1.1M Persian Gulf Brine at the same conditions (31.1°, 

40°C; 34.3°, 80°C). 

 
Figure 5-19: CO2-0.11M Persian Gulf Brine contact angle on Quartz [6000psi, 40ºC] 

 
Figure 5-20: CO2-0.11M Persian Gulf Brine contact angle on Quartz [6000psi, 80ºC] 
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The result using dilute Persian Gulf brine is in agreement with the study by Farokhpoor 

et al., (2013) who showed that the contact angle at approximately 4350psi was less 

water-wet for the low salinity brine (0.2M) at 36°C than the high salinity brine (0.8M) 

[96]. Referring to the trends observed by Jung and Wan (2012), the effect of ionic 

showed a clearer increase in wetting angle with salinity, when water was used as the 

drop phase [103]. They also demonstrated that by measuring the contact angle at 

ambient CO2 pressure and subtracting it from the high pressure data a different trend 

was noticed. Their trend showed that the system becomes less water-wet according to 

the series, where 5M had the highest contact  angle:  3M < DW < 1M < 5M. An 

allegory to this trend indicates that CO2 measurements at ambient pressure will unlikely 

give predictable behaviour for pressure above 1400psi, with respect to the brine type.  

Hysteresis observation for Mica 

Measurement of both the drainage and imbibition angle is useful for determining 

adhesion forces, the effect of heterogeneity and as an input into network models. With 

high-pressure gases it is a challenging measurement to perform because of the precise 

control required of a droplet that has a volume of ~10μL through a network of valves 

and high-pressure pumps. Figure 5-21 shows the contact angle oscillations of a droplet 

attached to the capillary needle at elevated conditions.  

 

The droplet subtends an angle of 40º as it advances (water drainage). The period of 

oscillation is approximately 45 minutes, during which the droplet reaches an apparent 

maximum of 60º as it is withdrawn from the surface. A similar measurement was 

performed by Chiquet et al., (2005) to determine the maximum imbibition angle of 

CO2. Relying on the angles generated through the oscillations of CO2 is only part of the 

story however, and was not captured by the author’s of that study; at 11½ hours the 
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bubble reaches a maximum imbibition angle of 78º before detaching from the needle 

and adhering to the surface. It quickly comes to rest at a more water-wet angle. 

 

 

Figure 5-21: Drainage and imbibition angles measured for Mica and Persian Gulf brine [2000psi, 40ºC] 
 

This observation is important, since it better quantifies the maximum angle reached 

before CO2 succumbs to, or overcomes adhesion forces at the surface. The shape of the 

droplet prior to snap-off is shown in Figure 5-22. From Figure 5-23 and Figure 5-24, a 

different view of adhesion is presented. In these subsequent tests at higher pressure, 

CO2 did not remain attached to the surface. Rather, the droplet exhibited ‘stick-slip’ 

wetting as it partially adhered to the surface and exhibited an increase in contact angle 

before re-establishing itself at a more energy favourable position on the surface with a 

lower contact angle. 
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Figure 5-22: Maximum CO2 imbibition angle recorded prior to the bubble adhering to the surface. The two 
horizontal lines at the bottom of the image are used to gauge the needle width; they are positioned higher than 

normal for illustrative purposes.  
 

 

 

 

Figure 5-23: A cross-plot of stick-slip wetting observed for CO2-Persian Gulf brine on Mica [6000psi, 40ºC] 
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1. Initial condition    2. Receding with fixed diameter 

  
3. Receding Diameter decreases (stick/slip)   4. Receding, diameter jumps 

  
5. Receding, diameter just before releasing  6. Droplet releases from Mica and returns to needle 

Figure 5-24: Screenshots of a CO2 bubble being drawn in to the needle at elevated conditions. Arrows 
indicated the original contact diameter of the bubble on the surface.   
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Effect of un-equilibrated conditions – CO2-Brine-Mica 

To represent the initial injection of CO2, measurements were performed using un-

equilibrated conditions. The main disadvantage of this is that the contact angle cannot 

be tracked for an extended period since the bubble goes into solution. The other 

disadvantage is that the chemical equilibrium of CO2 at the surface is unknown, and 

makes it difficult to interpret the types of interactions at the surface between CO2 and 

surface groups. An advantage to this technique is that the receding angle can be 

measured as the CO2 droplet retreats during dissolution. This is illustrated in Figure 

5-25 and Figure 5-26 using square symbols (□) to represent the base diameter of the 

droplet, and diamonds (♦) as the contact angle.  

 

The increasing contact angle in early time (t1) represents the change in contact angle 

from an advancing state to a receding state as CO2 dissolves. The three-phase line is 

pinned at a fixed base diameter (D1) as the contact line hinges about this point. After 10 

minutes of dissolution, it is more energy favourable for the bubble to remain in the 

shape of a spherical cap, rather than form a thin film of CO2 at the surface. Images of 

this process are shown in Figure 5-27.  

 
Figure 5-25: Contact angle variation during CO2 dissolution into un-equilbrated brine on Mica [840psi, 40ºC] 
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Figure 5-26: Repeat experiment of contact angle variation during CO2 dissolution on Mica [868 psi, 40ºC] 
 

In both examples, the CO2 receding angle does not exceed 100º and are consistently 

recorded as ~96º. The effect of receding angles greater than 90º is not well-defined in 

the literature. Likewise, the definition of wetting is generally defined for an advancing 

contact angle rather than a receding one. This raises an important, unaddressed question, 

which is whether a receding angle greater than 90º can be an indication of wetting 

during drainage. 

 

A good analogue of this process is the investigation of evaporating droplets, which 

dates back to Maxwell’s experiments in 1870 on evaporative cooling. Recent 

applications include inkjet printing, spraying of pesticides and micro/nano-fabrication 

[105]. The evaporation of a droplet may occur in two general forms; the contact angle 

will change but the base diameter remains fixed, or the contact angle remains constant 

and the base diameter shrinks. Hybrids of this behaviour have been observed as 

affirmed by the work presented in the figures above for CO2 [106-108]. The contact 

angle (through brine) increases to a certain drop volume and then the base diameter 

retreats whilst maintaining a constant contact angle. It is likely that the droplet does not 
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shrink at a low wetting angle because the CO2 is interacting chemically with the surface 

and has a saturation history which causes the contact line to anchor itself at the surface.   

 

 

 

T = 0      T= 5 minutes 

  
 

T =  10 minutes    T ~ 15 minutes 

  
Figure 5-27: CO2 bubble behaviour during dissolution. The base diameter remains nearly constant for the first 
10 minutes as CO2 goes into solution, manifesting as a contact angle change  

D1 D1 

D1 D1+n 
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Effect of un-equilibrated conditions – N2-Brine-Mica 

The CO2 receding contact angle during dissolution increased above 90º. A similar 

experiment was performed using Nitrogen as the drop phase. Hysteresis was noticeable 

as the bubble went into solution, albeit over a longer period due to the lower solubility 

of Nitrogen in brine (Figure 5-28). The size of droplet is comparable to CO2; the main 

difference with CO2 is that the receding angle remains in the region of 60-65º as the 

base diameter shrinks. The hysteresis between the advancing and receding angle 

indicates that Nitrogen is also interacting chemically with the surface; subsequent tests 

on Calcite do not show hysteresis in the contact angles. Although this test was 

performed at higher pressure, the data is presented here since the full region of interest 

is available. The trapping of CO2 and N2 in a pore network is likely to be aided by the 

hysteresis in the gas contact during imbibition as the partial adhesion to the solid 

surface can assist the gas remaining trapped in-situ. The shear force exerted by flowing 

brine would need to overcome the gas-solid adhesion to mobilise the fluid.   

 
Figure 5-28: Contact angle variation during N2 dissolution into un-equilbrated brine on Mica [6000psi, 40ºC] 
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T = 0       T=10 minutes 

  
 
 

T = 20 minutes     T ~ 120 minutes 

  

Figure 5-29: N2 bubble behaviour during dissolution into brine. The base diameter remains nearly constant for 
the first 20 minutes as N2 goes into solution, manifesting as a contact angle change. Subsequent to this, the 

contact angle remains fixed as the base diameter shrinks  
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5.2.2 CO2-Brine interactions on Minerals 

Effect of Mineralogy – CO2-UKNS Brine 

Polished mineral sections were prepared from hand specimens. CO2 and Nitrogen 

contact angle measurements were performed to determine whether any notable 

differences exist between the two gases, and how the natural minerals performed.  As 

discussed previously, there are various minerals present in reservoir formations. At the 

time these measurements were performed and published, they were the first broad set of 

data measured on smooth, naturally occurring minerals. Now that the first sets of data 

have been published on other minerals besides these presented here, there is a better 

understanding of the range of contact angles observed for other minerals besides Quartz 

and Mica. The current knowledge gap that still exists lays with the hysteresis in the 

contact angle measurements for each mineral at a range of temperatures using various 

brine types i.e. the level of adhesion observed for each mineral at the pH conditions of 

supercritical CO2. The scope of work required for such an extended investigation was 

not feasible within the timescale of this project.  

 

Figure 5-30 shows the drainage contact angles for Biotite, Calcite, Labradorite, 

Orthoclase and Crystalline Quartz. Apart from Calcite, the minerals showed partial or 

full adhesion of the CO2 bubble as it was withdrawn from the surface at 1900psi and 

40°C. The behaviour is not dissimilar from Fused Quartz and Mica. The minerals 

Labradorite, Orthoclase and the Crystalline Quartz exhibited contact angles higher than 

that of Fused Quartz. The Crystalline Quartz was also higher than Mica (40.5°). The 

minerals exhibit water-wet drainage angles and imbibition angles less than 75°. The 

CO2 did not predictably remain attached to the surface of the mineral during imbibition 

during repeat measurements on the surface; therefore a conclusion as to the adhesion 
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behaviour cannot be presented concisely. The brine composition and solution pH may 

drive this behaviour.  

 

Figure 5-30: Drainage contact angle measurements for various minerals with CO2-UKNS brine [1900psi, 
40°C] 
 

Hysteresis Observations – the impact of Nitrogen versus CO2  

Contact angle data measured under non-equilibrium conditions was previously 

presented showing that imbibition angles were less than CO2 as the gas dissolved in 

brine. The following cross-plots demonstrate the effect of using Nitrogen as an analogue 

for CO2 at reservoir conditions. Figure 5-31 demonstrates the level of hysteresis in the 

contact angle using CO2 as the injected phase. At high-pressure, the droplet exhibited 

‘adhesive jumping’ thought to be the dissipation of excess surface free energy of the 

surface. The CO2 droplet was held between the needle tip and the solid surface and the 

bubble was allowed to expand (advancing). Retracting the droplet (receding) gave rise 

to the imbibition angle, demonstrating the level of hysteresis in the sample; this 

consequence is known as adhesion or stick-slip wetting if there is partial adhesion to 

surface protrusions. Adhesion is inherently difficult to describe as it may also result 

from both chemical and physical heterogeneity. Above a critical level of heterogeneity 

the effects will be mitigated. 
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Figure 5-31: Cross-plots of CO2-UKNS brine during drainage and imbibition at (top) supercritical and 
(bottom) gaseous conditions [2000psi, 841psi; 40°C] 

 

These measurements are compared to Nitrogen at the same pressure and temperature 

using the same substrate. There is a notable difference between the two datasets. The 

CO2 drainage angle (44°) was higher than Nitrogen (27°) at high pressure. Similarly, the 

contact angles were higher at low pressure conditions for CO2 (38°) and Nitrogen (32°). 

Importantly, adhesion was not observed on the Orthoclase substrate; although stick-slip 

wetting was seen, the bubble did not remain stuck on the solid surface. The level of 

hysteresis is very low (< 5°) as Nitrogen is withdrawn into the needle. This is a good 

indication of non-wetting conditions of Nitrogen gas.  
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Figure 5-32: Cross-plots of N2-UKNS brine during drainage and imbibition at (top) high and (bottom) low 
pressure [2000psi, 841psi; 40°C] 

 
Although the Orthoclase mineral demonstrated adhesion qualities using CO2, the Calcite 

surface did not. It is hypothesised that the calcite surface has the capacity to buffer the 

pH of the brine and enhance film stability local to the surface. Knowing that Calcite is 

positively charged at acidic conditions, this may assist with the low hysteresis behaviour 

to CO2. Examples of Carbonate minerals in reservoir rocks are shown in the thin 

sections below (Figure 5-33). Although Calcite is not particularly resistant to 

dissolution by CO2, pore lining carbonate minerals could assist with non-wetting 

behaviour of CO2 and trap the gas within the pore bodies rather than the CO2 sticking to 

portions of the pore walls during flow.   
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Figure 5-33: Two thin section photographs showing calcite in carbonate and sandstone systems. The top image 
shows an outcrop limestone rich in peloids and bivalves. Calcite cement is extensive between grains and 
micritization has replaced many skeletal remnants. There are some vuggy pores, secondary porosity is high 
but connectivity is uncertain. The bottom image of reservoir sandstone shows pore filling calcite cement under 
crossed-polars showing in yellow/gold.  
 

  

Each division equal to 100 microns 
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The drainage and imbibition angles for CO2 and Nitrogen on Calcite are shown below. 

The maximum drainage angle to CO2 on was 26.5° and 28.7° for Nitrogen. The 

hysteresis was low for both tests; Nitrogen showed a minor tendency to pin on the 

surface as it was fully withdrawn but the impact on the contact angle is negligible in this 

case.  

 

 

 

Figure 5-34: N2 and supercritical CO2 drainage and imbibition angles on Calcite showing low hysteresis in 
both cases. 
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Following the CO2 tests on Calcite a visible amount of pitting was observed on the 

calcite surface. The substrate was placed under a reflectance microscope and the image 

below was captured. Although feint, the encircled area appeared cloudier than the 

surrounding area. Ensuring that the image was scaled correctly, an estimate of the 

surface diameter was determined to be 3.5mm, which is approximately the size of the 

largest cluster of CO2 bubbles that generated at the solid surface during several 

experiments. 

 

 

 

Figure 5-35: Microscope image showing feint etching caused by CO2 on the Calcite surface. The black ridge-
like features are lines of cleavage on and below the surface. The divisions on the scale bar are 1mm.  
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5.2.3 CO2-Brine interactions on samples aged in crude oil 

Preliminary measurements of the impact of CO2 contact angle on samples aged in crude 

oil were performed at 80ºC and 2000psi to measure whether residual oil would alter the 

wettability behaviour of injected CO2. Deep saline aquifers are generally considered as 

potential sequestration sites because they are widespread and offer significant volumes 

for storage. They are less likely to be oil-bearing although certain formations near to 

known oil plays may have participated in migration of hydrocarbons. That being said, 

aquifers are generally considered to be water-wet. Hydrocarbon-bearing formations can 

exhibit mixed-wet or intermediate-wet characteristics due to the presence of oil, and 

would likely participate differently to injected CO2, although this has not been studied 

systematically for sequestration only. Unlike the work of Dixon et al., (2005) whom had 

rendered the Silica plates hydrophobic using DCDMS treatment, this experiment used 

crude oil to perform the alteration process. 

 

New Quartz and Mica substrates were aged in a 1.1M seawater-type brine for 3 days at 

60ºC in a sealed plastic container to hydrate the solid surfaces and equilibrate with the 

brine. They were removed using tweezers and excess water was drained by holding the 

substrate vertically and wicking away moisture from the bottom edge using a tissue. 

They were each placed in a small beaker (30ml) that was slightly larger than the plate 

itself, crude oil with 26.5ºAPI and viscosity of 8.5cp was carefully poured into the 

beaker to submerge the plate. This was sealed and aged for 3 days as before. When it 

was removed from the oven, the plate was flushed with Cyclohexane in the fume 

cupboard until the effluent was colourless. This solvent does not strip the surface of 

closely adsorbed hydrocarbons, but will remove the bulk of oil to facilitate this 

experiment. 
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Each substrate was measured using carbonated brine following the same experimental 

technique as before to obtain an equilibrium contact angle. At a stable temperature and 

pressure, the CO2 bubble was introduced into the chamber and aged for approximately 

40 minutes before releasing the bubble to contact the substrate freely. The contact angle 

evolution was recorded for 24 hours at which point it reached an equilibrium angle. The 

angle evolution on for both surfaces appears relatively unstable, and can be seen to 

fluctuate by several degrees between points. The measurements on Quartz and Mica 

gave contact angles of 45.8° and 39.8° respectively, which is mildly higher for clean 

Quartz and reasonably un-changed for Mica. 

 
Figure 5-36: CO2 contact angle on Quartz and Mica surfaces aged in crude oil [2000psi, 80C] 

From the CO2 bubble profile during early time behaviour on both substrates, the bubble 

appears to sit on a water-film formed at the solid surface. This is maintained for the first 

20 minutes until further contact line evolution and images give less certainty that the 

water-film is clearly maintained. The contact angle increase over the first 3-5 hours of 

the experiment was more rapid than at later stages of the experiment when equilibrium 

conditions are assumed to have been reached. Thermal or pressure cycling may cause 

small shifts in the contact angle over long periods of investigation.  
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The low angles observed here were not in line with the behaviour that was expected for 

the system according to treatments using DCDMS [91] or other aging techniques [87] 

where weakly water-wet systems were expected. Without further investigation of the 

surface it is difficult to identify the mechanism that has taken place after aging. Visual 

inspection of the surface was sufficient to identify discernible coverage of an oleic 

substance adsorbed on the surface. The result may be due to several factors. Firstly, if 

the adsorbed material is insoluble in water and CO2, then the deposits will affect the 

sample roughness, which could impede movement of the CO2 bubble. This may give an 

apparent contact angle that is higher or lower than the true angle reflected by the surface 

energy. Since CO2 was used to fill the chamber prior to measurement, remaining 

hydrocarbons may have been desorbed from the surface at this stage. This is unlikely, 

since the Quartz and Mica surfaces were certainly not any cleaner once they were 

retrieved after measurement.  

 

Although it is well documented in the next chapter that mixed-wet conditions may arise 

on a homogeneous surface, the aging process was found to be repeatable and yielded 

reasonable results. There should not be any bias in the approach since the measurement 

protocol was similar for both experimental objectives. The spacing of hydrocarbon 

deposits on the Quartz and Mica surfaces is sufficiently small so that a CO2 bubble is 

highly likely to interact with adsorbed components; therefore, it is likely to be question 

of the existence and extensiveness of water films at the surface and the type of chemical 

interaction between the CO2 and desorbed oleic material.  
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5.3 CO2-Brine micromodel study 

The up-scaling of contact angle measurements can be best performed using the glass 

micromodel at reservoir conditions to observe flow through the porous network. Tests 

were performed to observe the migration of CO2 using two brine types, of which the 

drainage contact angles at 40°C are different by 5°. During contact angle experiments 

using the Persian Gulf brine the droplets showed a slightly greater tendency to adhere to 

Quartz during measurement, although this has not been previously quantified.  

 

The contact angles measured using Nitrogen indicated negligible hysteresis compared to 

CO2 on Orthoclase. During some tests, Nitrogen showed partial adherence to the solid 

substrates but it is not clear whether it was an experimental artefact or due to some other 

force.  It is expected that Nitrogen will not affect wettability. Nitrogen therefore, was 

used as part of the comparison with CO2. The experiments were conducted to 

investigate the differences in behaviour of two brines with CO2 (UK North Sea and 

Persian Gulf) and to determine the difference between CO2 and N2 within a pore 

network. The list of experiments is given below in Table 5-1. 

 

 
Table 5-1: List of micromodel experiments 

 Purpose Gas Brine type 

Experiment 1 Effect of brine type CO2 UK North Sea  

Experiment 2 Effect of brine type CO2 Persian Gulf  

Experiment 3 Verify Experiment 2 CO2 Persian Gulf  

Experiment 4 Effect of injected gas N2 Persian Gulf  
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Test conditions 

Measurements were performed at 2505±5 psi and 38ºC. Brines were pre-equilibrated 

with CO2 and stored in the fluid oven. CO2 was equilibrated with distilled water and 

also stored in the fluid oven at test temperature.  The experiments were performed in 

gravity-stable mode by injecting CO2 from the top of the micromodel, and subsequent 

brine injection from the bottom of the micromodel at a rate of 0.01cc/hr. 

 

Cleaning 

To ensure that the micromodel had not traces of crude oil from prior experiments, the 

model was initially flooded with toluene to remove any organic components from the 

lines and the micromodel. Toluene was injected for more than 1,000 PV to ensure that it 

was fully clean. Methanol was then injected to displace Toluene. Methanol was then 

shut-in to ensure that all the traces of Toluene were displaced from the system, and 

Methanol could diffuse in any dead-end pores. This was then displaced by distilled 

water and distilled water itself was displaced by pre-equilibrated brine.  In order to 

allow the micromodel to achieve electrostatic and chemical equilibrium with the brine, 

the micromodel was saturated with brine for 4 days and more than 1000 PV of brine 

were injected through the pore network. 

 

Experimental Procedure 

1. The micromodel was initially saturated with pre-equilibrated brine and soaked 

for 4 days. 

2. Gas was injected through the bypass line for a few days to ensure the system 

was in pressure equilibrium.  

3. Initial gas flood: Gas (CO2 or N2) was injected from the top of the micromodel 

at a low rate (representing reservoir conditions) to model initial drainage 
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process. This simulates the advancing contact angle measurement tests.  Gas 

injection continued for 3 days to achieve an equilibrium state between gas/brine 

and the micromodel glass. 

4. First waterflood: Pre-equilibrated brine was injected through the bypass and then 

the micromodel at a low injection rate to simulate process of imbibition during 

subsequent water injection. This represents the receding contact angle 

measurements. This stage continued for few hours. 

5. Second waterflood: De-gassed, un-equilibrated brine was injected into the 

micromodel until all the gas had been dissolved in the water and removed. 

Injection continued for 3 days. 
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Experiment 1: CO2-UK North Sea brine 

Observing a moving interface is the best technique to understand the state of wettability 

in the micromodel and is depicted in Figure 5-38. The micromodel showed strongly 

water-wet behaviour during the initial CO2 injection period corresponding to water 

drainage. Through the majority of the micromodel, strong water films were visible 

(Figure 5-37) and the CO2-water interface showed concave curvature towards water 

(water-wet) which corresponds to the observed behaviour from contact angle 

measurements. In a few pores, CO2 could be seen to adhere to the micromodel glass i.e. 

a water film was not clearly visible (Figure 5-39). 

 

 

Figure 5-37: Magnified view showing water films between the CO2 and the glass surface indicated by red 
arrows. CO2 has been digitally coloured in yellow to show the gas phase more clearly  
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Figure 5-38: CO2 advancing through the water-wet micromodel 

CO2 advancing 

CO2 advancing 
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Figure 5-39: Magnified view showing occasional pores where intermediate-wet behaviour could be observed. It 
is possible that the CO2 may be ‘hinging’ at the corners of the micromodel at the point indicated by arrows  
 

During secondary waterflood, dark precipitants were observed in the micromodel at the 

water-CO2 interfaces. After continuous injection of de-gassed brine, all the remaining 

CO2 was dissolved in the injected water but these particles remained in the micromodel. 

They were specifically observed in the locations that adherence between CO2 and 

micromodel glass had taken place during primary flooding. These precipitants were not 

dissolved in Toluene or Methanol which is an indication of their non-organic nature. 

This suggests that these particles are mineral precipitants as a result of CO2 interaction 

within ions in the brine. If they were salt precipitants, we would expect that they would 

be dissolved during Methanol injection. Time-lapse images of this process are shown 

for Experiments 2 and 3 in Figure 5-42. 
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 Such observations were also observed during contact angle measurements (most easily 

noticed on glass) when the substrate had a white precipitant on the surface. The 

minerals most frequently precipitated between the solid supported and the substrate 

rather than at the bulk brine-CO2 interface. This may have been a function of lower 

turbulence caused by convection currents in the optical cell. The formation of these 

precipitants at the interface may play an important role in the process of wettability 

alteration and illustrate the reactivity between CO2-brine under laboratory conditions  
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Experiment 2 and 3: CO2-Persian Gulf brine 

During the initial CO2 injection period (CO2 drainage) water-wet behaviour was 

observed in most of the pores. Compared to the UK North Sea brine, the adherence of 

CO2 to the micromodel was seen in more locations. After secondary waterflood, a 

considerable number of pores showed CO2 adhering to the pore walls indicating higher 

imbibition angles. During subsequent waterflooding, dark precipitants were observed as 

before in Experiment 1. The formation density was larger than the previous test using 

more saline brine at a higher ionic strength. A series of time-lapse photographs are 

shown in Figure 5-43 for 600 minutes as CO2 goes into solution. The changes in 

wettability behaviour of CO2 as observed by adhesion to the glass micromodel and the 

formation of precipitants in larger quantity indicate that the brine composition plays an 

important role in the wetting behaviour of CO2.  

 

Initial CO2 Injection 

During CO2 injection (water drainage), generally water-wet behaviour was observed 

throughout the micromodel. Using the Persian Gulf brine however, CO2 tended to 

adhere to the pore walls in more locations (Figure 5-40).  

  

Figure 5-40: CO2 adhering to the pore walls of the micromodel during initial CO2 injection 
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1st Waterflood 

During the 1st waterflood, equilibrated brine was injected for several hours until the 

distribution of CO2 was stable after breakthrough. CO2 was observed to remain adhered 

to the micromodel glass in a considerable number of pore sites but remaining as 

trapped, isolated ganglia and as longer connected ganglia through the centre of wider 

pores. Figure 5-41 shows three magnified sections of the micromodel in which adhesion 

of CO2 to micromodel glass can be seen. As can be seen in these figures most of the 

interfaces show convex behaviour towards brine, indicating water-wet behaviour. Thick 

water films seem to be present on the outside corners of the flow-path to water (marked 

with a red circle). Arrows indicate positions where CO2 ‘wraps around’ part of the 

micromodel indicating possible adhesion to the glass. 

  
 

 
 

Figure 5-41: A series of images of isolated CO2 ganglia during the first waterflood using Persian Gulf brine.  
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2nd Waterflood 

Un-equilibrated Persian Gulf brine was injected into the micromodel and CO2 was 

trapped by dissolution in the aqueous phase. With a high solubility in water at these 

experimental conditions, CO2 was fully soluble after 6 hours throughout the network. 

Similar to Experiment 1, Experiments 2 and 3 both showed the precipitation of 

insoluble materials thought to be a mineral precipitant. Using the Persian Gulf brine 

(1.1M ionic strength), a greater concentration of precipitation was observed although 

difficult to quantify the abundance directly. A series of time lapse images are shown 

below. From 300-360 minutes into the waterflood, the precipitants appear stable as no 

more soluble CO2 is available.  

   
t = 120 min      t= 150 min 

  
t = 180 min      t= 210 min 
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t = 240 min      t= 270 min 

  
t = 300 min      t= 360 min  

 
Figure 5-42: Time-lapse images taken during the second un-equilibrated waterflood. As the ganglia of CO2 go 
into solution (120-180mins) red arrows point to disconnection of the CO2 phase. Red circles at t = 360 minutes 

encircle the precipitated solids left behind after dissolution.  
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Figure 5-43: Solid precipitants after complete dissolution of CO2 following the final water flood at t=600mins 
for Experiment 3. The pore network has been digitally coloured blue to show the model is fully saturated  
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Experiment 4: N2-Persian Gulf brine 

As a control experiment to compare the relative differences between CO2 and N2 using 

the Persian Gulf brine, Nitrogen was injected in the clean micromodel to observe any 

differences in adhesion and interfacial curvature. The brine was equilibrated with 

Nitrogen and the Nitrogen equilibrated with distilled water. De-gassed brine was 

injected at the final stage to allow remaining Nitrogen to go into solution.  

 

Initial N2 Injection 

During initial N2 injection, strongly water-wet conditions were observed in the 

micromodel. Water films appeared stable at the glass interface and the interfaces 

appeared water-wet. Secondary waterflood using Persian Gulf brine also indicated 

water-wetness. 

 

  
Figure 5-44: Micromodel images during Experiment 4 between Nitrogen-Persian Gulf brine indicating water-
wet conditions through interfacial curvature. Nitrogen has been digitally coloured green.  
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Figure 5-45: An enlarged view of the water being drained from the pores by Nitrogen. Compared with CO2, 
the interfaces do not show adhesion to the micromodel glass; the effect being that the gas moves through pore 

more symmetrically and does not 'hug' the corners.  
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1st Waterflood 

During N2 injection into equilibrated brine, the micromodel maintained its water-wet 

character and did not show and partial adherence to the glass micromodel. Equilibrated 

was injected to simulate the imbibition process, which acted to reduce the N2 saturation 

to its residual value. Disconnected ganglia of N2 are shown below; they do not show the 

same characteristics as CO2-brine in Experiments 1-3 in that partial adherence is not 

seen.  

 

  

 

   

Figure 5-46: A series of images showing residually trapped N2 after primary waterflood. The upper left image 
shows a bubble of N2 at the inlet, which forms a discrete bubble that does not adhere to the pore walls. 
Subsequent images are included to show the convex interfaces of N2 indicating water-wet behaviour.   
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2nd Waterflood 

Un-equilibrated brine was subsequently injected into the micromodel to dissolve 

remaining N2 that was physically trapped after primary waterflood. In Experiments 1-3, 

dark precipitants were deposited as CO2 went into solution. Interestingly when using N2 

as the gas phase, this process was not observed anywhere in the micromodel; time-lapse 

images in Figure 5-47 depicts the dissolution process and lack of precipitated solids.  

  
t = 0 min      t= 60 min 

  
t = 90 min     t= 120 min 

  
t = 150 min     t= 180 min  

 
Figure 5-47: Time-lapse images taken during the second un-equilibrated waterflood 
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5.4 Summary 

A series of contact angle measurements coupled with micromodel experiments have 

been presented. From a comparative literature review on available CO2-brine data, the 

main elements of uncertainty in CO2-brine contact angle measurements appear to be 

associated with the choice of solid surface used. This was highlighted in the literature 

review where one study utilised a substrate that may have become contaminated with 

Fluorine [93] (hydrophobic molecule) that led to less water-wet conditions, and another 

used glass cover-slips [103] that are likely to be laden with impurities such as Boron, 

rendering the glass less water-wet. Evidence for this argument is unequivocally 

demonstrated in the subsequent chapter for two Silica surfaces with subtly different 

surface chemistries, which impose large differences between their drainage angles. 

Differences in the solid surface coupled with differences in experimental technique 

make comparisons with other studies difficult. 

 

The main finding of the results so far indicates that CO2 generally exhibits low 

advancing angles as water drains from the pore space. Depending upon the mineral 

being studied, hysteresis in the contact angle is observed during imbibition due to 

adhesion forces between CO2 and the solid. This is attributed to the chemical interaction 

between CO2 and the surface rather than a manifestation of physical or chemical 

heterogeneity. The ramifications of adhesion have not been suitably described in the 

literature on the effect of CO2 flow, but are addressed using the micromodel study 

presented here. During contact angle measurements the CO2 receding angle could reach 

near intermediate wettability (Mica and Orthoclase), however the bubble did not always 

remain attached to surface as might be expected for crude oil. The best example of this 

was demonstrated on the Mica surface. CO2 was seen to perform in two different 

manners, either (1) adhering to the surface and remaining as a static bubble or (2) 
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exhibiting stick-slip wetting before withdrawing into the needle. In the latter case, the 

three-phase line moved sporadically across the surface as the bubble tried to reduce its 

shape to a more energy favourable state. The low cohesive strength of CO2 may play a 

role in whether it maintains stable as it is withdrawn from the surface. 

 

The glass micromodel concisely summarised the differences observed between CO2 and 

different brines. Using the North Sea brine, adhesion to the glass was less frequently 

observed and CO2 became disconnected during the gas flood in shorter ganglia. The 

Persian Gulf brine appeared to adhere to the glass in more locations, and had relatively 

few disconnected ganglia during gas injection. CO2 could be seen to span the pore 

bodies more frequently; however the route that CO2 took through the network was 

typically through the largest pores. This would also appear to point towards a water-wet 

system. During subsequent imbibition, both systems showed a high propensity to 

capillary trapping with the CO2-Persian Gulf system becoming trapped as longer 

ganglia than the North Sea brine system.  

 

Interestingly, the path travelled by the CO2 in Persian Gulf is unlike the previous system 

where the UKNS brine was used. This point is being raised as it addresses concerns that 

surfaces may shift towards becoming less water-wet due to repeated exposure to CO2 

[93]. If this was so, there would be clear evidence from the micromodel data that CO2 

preferably takes the same pathway through the micromodel as a function of the 

saturation history from previous experiments. Other work shows this is not the case 

since CO2 ‘de-gasses’ from the solid [91].   

 

A greater areal density of mineral precipitation was seen in Persian Gulf system also, 

indicating that the molarity and composition of the brine may be important. The 
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precipitation reactions were not observed in the Nitrogen system, indicating that these 

reactions are solely due to CO2 being present in the system. 

 

During Nitrogen injection from top to bottom under gravity-stable conditions, the gas 

seemed to evenly flood the micromodel. More localised snap-off took place during gas 

injection than during initial CO2 injection; CO2 tended to form larger clusters during 

snap-off than Nitrogen but remained water-wet with both fluids being distributed  

among the lager pore bodies. Nitrogen had a wider front than CO2 i.e. it showed better 

lateral coverage of the micromodel than CO2 in the Persian Gulf system, which 

travelled through the micromodel in a narrower path.  

 

Adhesion is likely to be the mechanism that reduces the effective permeability of CO2 

compared to air. Contact angle measurements on Orthoclase showed that adhesion 

occurred for the CO2-brine system but not with the N2-brine system. During injection 

into the micromodel, adhesion was observed for CO2 but not N2 as the gas invaded the 

pore network. As the effective permeability to CO2 is lower at supercritical conditions 

than air, it is likely that the difference in adhesion forces is responsible for the reduction 

in flow of CO2 during injection. 
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This chapter highlights novel work to investigate wettability of a regularly patterned 

Fused Silica surface created by laser ablation. Extensive work has been performed to 

elucidate the effect of surface roughness caused by surface morphology or chemically 

enhanced hydrophobicity. This chapter presents new evidence that the contact angle 

can be reduced from intermediate-wet to strongly water-wet through controlled surface 

modification. Advancement has been made here, as it was observed that the intrinsic 

wettability of Fused Silica was very weakly water-wet, which has been shown to be a 

result of dehydroxylation believed to be caused by its manufacturing method. CO2-

brine, Water-Decane and Water-Octane contact angle measurements, and X-ray 

photoelectron spectroscopy were employed to characterise the surface for this material 

for the first time. The implication of these measurements is that (1) microscopic 

roughness may preserve water wetness of CO2-brine systems to enhance capillary 

trapping even at weakly water-wet conditions, and (2) that the differences in surface 

chemistry of innocuous Silica surfaces could be a major cause of discrepancies between 

laboratories where manufactured substrates are used. 

Surface micromachining through physical and chemical etching has rapidly grown in 

popularity in the past decade as technologies new biomedical and industrial processes 

have been encountered. Wet-etching with hydrofluoric acid is a mature technique to 

modify the morphology of surfaces and through various ‘masking’ processes it is still a 

dominant method used today to generate devices such as high-pressure glass 

micromodels [109-111] from which a network model can be simulated [46]. 
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The current trend in the application of these surfaces is ascribed to the ‘lotus and rose-

petal effect’. The two processes, although different, have inspired scientists to look to 

nature for examples of naturally occurring hydrophobic behaviour, with low or high 

adhesion properties. In the case of fibrous material, trapped air in asperities between the 

fibres creates a composite surface, which reduces the contact area available to the 

percolating phase and ‘traps’ air within the matrix of fibres (Figure 6-1). The organic 

surface may itself be water-wet, but hairs on the surface prevent liquid penetration. 

Hydrophobicity can also be attained for high-energy surfaces such as metal and glass, 

which are normally wetted by water by chemical treatment (various silane treatments) 

or through physical modification. Recent literature is subsequently discussed.  

 

In this chapter, a second type of Silica substrate (Fused Silica) was etched with a 

repeating series of trenches to investigate the effect of surface roughness. Upon initial 

contact with water droplets in air on the smooth side of the substrate, it was found to be 

less water-wet at ambient conditions in air than the Fused Quartz surface used earlier in 

this study. This observation prompted a detailed comparative study of the surface 

chemistry of the Fused Quartz and Fused Silica surfaces, followed by measurements on 

the patterned surface to see how the contact angle changes. This had an impact upon the 

CO2-brine contact angle at elevated conditions. The objectives of this extension of work 

were as follows: 

• Identify any relevant literature that would reveal whether any chemical treatment 

had been performed on the surfaces. 

• Determine how the intrinsic wettability of Silica is normally adjusted (Silane 

treatment [91] or dehydroxylation through heating in a furnace [112]) 

• Investigate other spectroscopic or surface measurements that could quantify the 

differences between Fused Silica and Fused Quartz 
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Figure 6-1: Photograph and ESEM image of a hydrophobic leaf. This garden leaf (top) had high run-off 
capability when it was watered with a hose and is shown with two droplets of water on the surface. An ESEM 
image was then taken (bottom) on a condensing stage.   

182 



 

6.1 Literature Review 

6.1.1 Super-hydrophobicity and bio-mimicry 

Chemical deposition and surface micro-machining techniques have a well-known ability 

to enhance the wetting properties of materials to improve the efficiency of industrial 

processes. Wettability alteration in this way originated in the study of the natural water-

repellency of plants by two German botanists, and engineers working on fractal surfaces 

[113]. The majority of recent work in this area focuses on inorganic surfaces such as 

fluorinated polymers (PTFE) and Polydimethylsiloxane (PDMS), which are intrinsically 

hydrophobic and easily deformable into various topographies [114, 115]. These surfaces 

however, are low-energy surfaces and are typically weakly-wet at ambient conditions. 

They make ideal surface with which super-hydrophobicity can be attained. Drawing a 

direct parallel to reservoir systems from these systems is difficult, which is why this 

investigation has used high-energy Silica to replicate a similar effect. 

 

Early capillary rise measurements by Morrow (1975) show that sufficient roughening of 

PTFE capillary tubes is sufficient to markedly change the advancing and receding 

angles, which would otherwise be the same on PTFE  [116]. The author surmised that 

the capillary force required to mobilize oil exhibiting contact angle hysteresis would be 

a barrier to mobilization. Zuo et al., (2013) present a micromodel study showing CO2 

ex-solution from brine as pressure was dropped over a period of hours. They 

hypothesise that the low mobility of water in CO2-brine experiments is caused by the 

formation of disconnected and dispersed gas phase that blocks the flow of brine. The 

pore blocking mechanism is also described in earlier work by Roof (1970), who found 

that pore morphology and irregularities would support the ‘ingression’ of the wetting 

phase to enhance the snap-off mechanism in a water-wet system [117].  

 

183 



CHAPTER 6: IMPACT OF SILICA SURFACE CHEMISTRY AND TOPOGRAPHY 

 
Figure 6-2: Photograph of a droplet resting upon a hierarchical structure in a Cassie-Baxter regime  [118] 

 

  
Figure 6-3: ESEM image of a cured polymer during advancing and receding angles on a textured TCL surface 

[119]  
 

 
Figure 6-4: A series of images comparing the droplet behaviour on a smooth Silicon and pillared surface 
viewed under ESEM. The bottom row of images were taken after the droplet sank between the pillars, 

showing transition from a Cassie-Baxter regime to Wenzel-type wetting [120]   
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6.1.2 Silica surface chemistry 

The composition of Fused Quartz and Fused Silica surfaces is essentially the same, 

however the fabrication process and raw components differs. Fused Quartz is a non-

crystalline form of Silicon Dioxide (SiO2) formed by melting high-purity silica sand 

(Quartz) at several thousand degrees centigrade in an electrically heated furnace or in a 

gas-oxygen fuelled furnace known as ‘flame fused.’ In this study, Fused Quartz 

(Vitreosil 077, UQG optics) is manufactured by flame fusion and Fused Silica (Corning 

7890) is manufactured by flame hydrolysis. Flame fusion is performed by trickling high 

purity silica sand at a controlled rate into a high temperature hydrogen-oxygen flame. It 

is collected after melting to form a solid ingot. Flame hydrolysis, is a process whereby 

Silicon Tetrachloride (SiCl4) is hydrolysed inside a hydrogen-oxygen torch. The 

ingredients are deposited onto a collector to form a nano-porous body, which is dried in 

a dehydration furnace to remove hydroxyl groups created during the deposition process. 

It is formed into a transparent body using a large sintering furnace. Comparing available 

material data sheets for the two types of Silica indicated that Fused Silica had a higher 

OH content as an ‘impurity’ than Fused Quartz. This was misleading since the 

Hydroxyl content should be a good indicator of water-wetness, whereas a reverse trend 

was measured.  

  

It is widely assumed in wettability literature that amorphous Silica (anhydrous SiO2; 

hydrous Si(OH)4), Quartz and glass coverslips are ubiquitously water-wet in their ‘as 

received’ state. Silica however, has a complex surface chemistry despite its simple 

elemental composition. Care must also be taken using glass coverslips, as these are not 

normally composed of pure silica; various components such as Boron and Aluminium 

Oxide are added to tailor their properties under temperature and should be used with 

caution. 
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The Silica surface either terminates in a Siloxane group (≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡) with oxygen 

at the surface or as a number of differently configured Silanol groups, such as ≡ 𝑆𝑖 −

𝑂𝐻 [121]. Hydroxyl groups (OH) can be bound via the valence bond with Si atoms on 

the silica surface [94] and are temperature and process sensitive. The Zhuralev model 

represents the various states of surface Silanol groups and Siloxane bridges of 

amorphous silica.  

 

 

Figure 6-5: An illustration of the types of Silanol groups and Siloxane bridges on amorphous Silica 
according to the Zhuralev model [94] 

 

Dehydroxylation refers to the removal of these groups at temperatures usually well 

above 100ºC to ensure bound water deeper in the sample is desorbed. The concentration 

of surface OH groups and the nature of Silanol and Siloxane bonds are important in 

wetting processes as they govern the hydrophilicity of the surface through hydrogen 

bonding. This value has been reported capillary columns as 2.8 OH nm-2 and 0.4 OH 

nm-2 when dehydroxylated at 600ºC [122], 0.2 OH nm-2 for untreated Fused Silica 

[122],  2.23 OH nm-2 for an E-glass surface [98], 4.5 OH nm-2 [94]. The surface site 

density can be linked to wetting in that the surface is more hydrophilic at higher 

densities, and promotes more frequent hydrogen-bonds between water and the surface 
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groups. This has also been investigated with respect to thin films at controlled humidity 

after dehydroxylation at different temperature steps [112, 123]. Birch et al., (2008) 

describes how surface contamination in laboratory air can also affect the observed 

wetting behaviour [124] and McMillan (1986) measured FTIR for high and low water 

content glasses, indicated that low-water content had more free OH than high water 

content glass [125]. McCool and Tripp (2005) indicate that CO2 can access and become 

incorporated within inter-particle Silanol groups for Silica powders. They hypothesise 

that CO2 remains inside these regions and may in fact generate more inter-particle 

hydroxyl species within fumed Silica [126].  

 

There are several spectroscopic techniques available to semi-quantitatively study the 

surface of materials. Appropriate methods are Solid State Nuclear Magnetic Resonance 

imaging (SSNMR) to investigate thermodynamics, local kinetics and spin-states of solid 

systems; Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS), which uses a 

pulsed ion beam to determine the elemental and molecular abundance of surface species 

through desorption and ionisation; X-ray photoelectron spectroscopy (XPS) to conduct  

photo-ionization and energy-dispersive analysis of surface emitted electrons in order to 

determine the composition and electron state of the surface of condensed matter. The 

SSNMR technique is highly specialised and may generate a level of data that is not easy 

to reconcile for this application. TOF-SIMS and XPS are often used together [127, 128] 

to probe the surface structure and depth dependence of film deposits. Fragmentation of 

molecular species during TOF-SIMS may be a barrier for some applications. XPS was 

used in the first instance to determine whether a noticeable difference in the substrates 

could be observed that would provide a direct link to the differences in wetting. The 

disadvantage of using XPS on Silica – a capacitor – is that the sample can build up 
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surface charge. This is avoided by mounting the sample on a carbon stub to help 

discharge the sample. 

 

The most relevant and applicable technique for this application was recently described 

by Liu et al., (2009). The result of decreased surface OH content is clearly depicted in 

Figure 6-6 and Figure 6-7 for two glass surfaces, which have undergone 

dehydroxylation by heating to several hundred degrees centigrade and rehydroxylated 

with water. In the case where the surface contains fewer OH groups, it is less water-wet. 

The magnitude of change is on the order of thirty degrees. The calculation of surface 

OH groups can be determined by measuring the contact angle of water under octane and 

are described for the Silica surface in more detail elsewhere [98, 129]. The primary 

linking equations are described in the subsequent sub-section below. 
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Figure 6-6: Measured contact angles through water on E-glass surfaces which have undergone different 
treatments (adapted from [98]) 
 

 

 

Figure 6-7: Calculated surface OH groups using the contact angle method for the above glass surfaces 
(adapted from [98]) 
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Measurement and Calculation of surface OH groups 

The silica surface is occupied by SiOH groups in various states as Silanols and 

Siloxanes. The relative abundance of each can impact surface forces and wetting. 

Characterising them however is notoriously difficult. The surface SiOH groups may be 

positively or negatively charged according to the following association and dissociation 

reactions: 

 𝑆𝑖𝑂𝐻2+ ↔ 𝑆𝑖𝑂𝐻 +  𝐻+ (6.1) 

 𝑆𝑖𝑂𝐻 ↔ 𝑆𝑖𝑂− +  𝐻+ (6.2) 

 

At the point of zero charge (PZC), there is balance of positive and negative surface 

charge. The point of zero charge varies for different minerals as described in Chapter 3 

from zeta-potential measurements. Quartz has a PZC of pH 2-3, above which it is 

negatively charged. Conversely, Carbonate minerals are positively charged up to pH 9.  

From Young’s equation, the surface energies remain constant as the acidity of water is 

adjusted: 

 𝛾𝑠𝑣 = 𝛾𝑠𝑤 + 𝛾𝑐𝑜𝑠𝜃 (6.3) 

 

The contact angle therefore changes as: 

 

 −𝑑𝛾𝑠𝑤 =  𝛾𝑑(𝑐𝑜𝑠𝜃)  (6.4) 

 

As previously mentioned, charge regulation from free ions will occur such that protons 

(H+) will adsorb or desorb from the Silica surface. From the Gibbs adsorption equations: 

 

 𝑑𝛾𝑠𝑤 =  −𝑅𝑇Γ𝐻+𝑑 ln[𝐻+] = 2.303RTΓ𝐻+𝑑(𝑝𝐻) (6.5) 
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Where T is the temperature (Kelvin), R is the ideal gas constant, Γ𝐻+ is the 

concentration of excess surface protons. The surface charge density (σ) of the water-

glass interface relates to Γ𝐻+ as σ =  Γ𝐻+ .𝐹 where F is the Faraday constant.  

 

 𝑑(𝑐𝑜𝑠𝜃)
𝑑(𝑝𝐻)

=  −2.303𝑅𝑇𝜎
𝐹𝛾

 (6.6) 

 

This indicates that a change in contact angle is caused by a change in the surface charge 

density. At the point of zero charge where σ = 0 then: 

 

 𝑑(𝑐𝑜𝑠𝜃)
𝑑(𝑝𝐻)

=  0 (6.7) 

 

This indicates that a maximum in the contact angle will occur at the point of zero 

charge.  

 

Octane is selected as the second fluid of charge since it has a dispersion component to 

its energy that is similar to water, and does not exhibit any non-disperion interactions. 

This means that the water-silica interactions are through specific, non-dispersion forces 

𝐼𝑠𝑤𝑛𝑑, that can be calculated from the well known Young and Dupré equations where θ is 

the contact angle through water: 

 

 𝛾𝑠𝑜 =  𝛾𝑠𝑤 + 𝛾𝑤𝑜𝑐𝑜𝑠𝜃 (6.8) 

 

 𝛾𝑠𝑤 =  𝛾𝑠 + 𝛾𝑤 − 𝐼𝑠𝑤𝑑 − 𝐼𝑠𝑤𝑛𝑑 (6.9) 

 

 𝛾𝑠𝑜 = 𝛾𝑠 + 𝛾𝑜 − 𝐼𝑠𝑜𝑑 − 𝐼𝑠𝑜𝑑  (6.10) 
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Using the convenient relationship that 𝐼𝑠𝑤𝑑 ≈  𝐼𝑠𝑜𝑑  and 𝐼𝑠𝑜𝑛𝑑 = 0, then: 

 

 𝐼𝑠𝑤𝑛𝑑 ≈ 𝛾𝑤 − 𝛾𝑜 + 𝛾𝑤𝑜𝑐𝑜𝑠𝜃 (6.11) 

 

Assuming the surface tension of water (𝛾𝑤) and octane (𝛾𝑜) as 72.8mJ/m2 and 

21.3mJ/m2 respectively and their interfacial tension (𝛾𝑤𝑜) as 51mJ/m2 the number of 

Hydroxyl bonds per unit interfacial area (n) can be determined. This can be estimated 

from the hydrogen bond (non-dispersion) energy at the point of zero charge (𝐼𝑠𝑤𝑛𝑑), 

Avogadro’s constant and the molar energy of hydrogen bonds (E=24kJ/mol): 

 

 𝑛 = 𝐼𝑠𝑤𝑛𝑑×𝑁𝐴
𝐸

 (6.12) 

 

Combining these relationships allows the number of Hydroxyls at the Silica surface to 

be determined where the contact angle is the only variable. For improved accuracy, the 

surface tensions and interfacial tension of the fluids used can also be measured.  

 

To illustrate the importance of surface Silanols, an example is given in Figure 6-8  for a 

CO2-distilled water system [91]. Chemical modification of surfaces is a common route 

taken to modify the wetting properties of glass. Dichlorodimethylsilane (DCDMS) was 

used to treat Silica surfaces so that only 12% and 37% of surface Silanols remain. This 

resulted in weakly hydrophilic and hydrophobic surfaces respectively. This treatment 

manifested at higher pressure to change contact angle by 55°. The measurement was 

performed using a droplet of water in a CO2 atmosphere. After measurement, the 

wettability of the glass was unaffected by CO2 provided it was placed in a dessicator for 

a week.   
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Figure 6-8: Cross-plot showing the effect of Silane treatment and subsequently different levels of 
hydrophobicity for a CO2-distilled water system [91]  

 

 

  

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

0 500 1000 1500 2000 2500 3000 3500 

D
ra

in
ag

e 
C

on
ta

ct
 A

ng
le

 (°
) 

Pressure (psi) 

Dickson (2005) 23°C DW 12% SiOH 

Dickson (2005) 23°C DW 37% SiOH 

193 



CHAPTER 6: IMPACT OF SILICA SURFACE CHEMISTRY AND TOPOGRAPHY 

6.2 Experimental Procedure 

6.2.1 Etched Surface Pattern - Machining Approach 

Microstructures were ablated using femtosecond laser radiation emitted from a 

Ti:Sapphire laser operating at 800nm with a pulse width of 100 femto-seconds. The 

average laser power ranges from 20-400mW corresponding to pulse energies from 55nJ 

to 1µJ. To prepare the patterns used in this study, a series of channels were cut into the 

surface at a potential writing speed of 100-500µm/s. In reality, these were cut at a 

slower rate, which produced a plate on the order of several hours. Areas were hit 

multiple times with the laser, particularly at channel intersections where the depth is 

slightly increased. After laser exposure, the sample was immersed in a low-

concentration solution (2.5-5%) of Hydrofluoric (HF) acid. Following etching, the 

sample was rinsed in copious amounts of distilled water and cleaned in an ultrasonic 

bath containing isopropanol. Prior to contact angle measurement, the sample was rinsed 

with Toluene and Methanol followed by drying under a gentle stream of Nitrogen. The 

sample was then flushed with distilled water and dried again under Nitrogen.   

 

 
Figure 6-9: ESEM image of the patterned fused Silica substrate showing repeating square pillars 
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Figure 6-10: Top view of the laser ablated Silica surface using a white light interferometer 
 

 
Figure 6-11: 3D view of the laser ablated Silica surface at the pattern boundary using a white light 

interferometer 
 

The white light interferometer gave the best semi-quantitative measure of the sample 

with high spatial and depth resolution. Physical measurement of the features was 

practically impossible owing to the depth of the trenches etched in the surface. Two 

physical measurements were attempted. A Veeco Dektak stylus profiler normally used 

for large surface features and an Atomic Force Microscope (AFM) were both unable to 

measure the trench depth or provide reasonable three-dimensional images shown above. 
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6.2.2 Characterisation using XPS 

Measurement  

Samples were cleaned with Toluene, Acetone and Methanol. The samples were loaded 

in a sealed container whilst transporting to the instrument. Under ideal conditions, the 

surfaces would have been cleaned using plasma prior to measurement to remove any 

carbon contamination, and the samples would have been cleaned in-situ using Argon. 

As this was not possible, and Carbon contamination is usually difficult to avoid, the 

Carbon peak appears on the spectra but may be conveniently used to calibrate the 

locations of the Silicon and Oxygen peaks.  

 

Measurements were performed at high vacuum with a VG Sigma Probe spectrometer 

(Thermo Scientific) using Al Kα radiation with a 30μm diameter spot (1.5 W). An initial 

scan was performed using a pass energy of 80eV and step size of 0.5eV. This gave wide 

sample spectra to enable the main peaks of each substrate to be identified. Localised 

high resolution scans were made at a pass energy of 20eV and a step size of 0.1eV at the 

locations of the Si 2p, C 1s and O 1s peaks.  

 

Data were analysed using CasaXPS software to perform curve fitting and allow the 

binding energies from kinetic energy data to be calculated. The intensity of each peak at 

specific binding energies is a summation of the number of electrons emitted at each 

energy step. Additionally, the area under each peak was used to identify the relative 

abundance of the Silicon to Oxygen. Figure 6-12 (top) is a photograph of a typical XPS 

setup and (bottom) a simple schematic of the instrument. Owing to the complicated 

spectra and need for more specialised interpretation, subsequent wettability 

measurements were used to provide further information to support this measurement.  
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Figure 6-12: An example of the XPS instrument (top) and schematic of the device showing the electron 
emission pathway (bottom) [130, 131] 
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6.2.3 Measurement of Hydroxyl (OH) Content  

Fluid Preparation 

Water droplets were deposited on to the silica substrates under an Octane environment. 

To prepare the drop phase, approximately 75ml of freshly distilled water was dispensed 

into a clean glass beaker and a glass stirring magnet placed inside. The InLab Routine 

Pro glass pH probe (Mettler-Toledo) was calibrated by emptying disposable sachets of 

three buffer solutions (Merck) at 2.00, 4.01 and 7.00 into separate disposable 30ml 

containers. The probe was flushed copiously with distilled water between calibration 

points, achieving an accuracy of better than 99.5%. The accuracy of the instrument 

however, is limited to two decimal places by the buffers available. The pH of distilled 

water was adjusted at 30% stirring power by adding droplets of 1.5M HCl (diluted from 

35% HCl, VWR Technical Grade) from a glass pipette as the solution was stirred. Each 

solution was pH stable for several hours. Equilibrium pH values were recorded using a 

Mettler-Toledo Seven Excellence meter. A clean glass syringe was fitted with a steel 

needle tip (outer diameter, 0.513mm) to draw fluid from the solution of water. The 

syringe was flushed three times with the solution to ensure it was fully saturated. 

 

Octane was used as received and poured into the custom PEEK sample supporter 

designed for ambient experiments used in this project immediately before the 

experiment. Octane did not readily evaporate during the duration of the tests and was 

shielded as much as possible.  

 

Substrate preparation 

Fused Silica and Fused Quartz substrates were flushed with Toluene and Acetone 

followed by drying under Nitrogen. Copious amounts of Methanol was used to flush the 

substrates and again dried under Nitrogen. When clean, a single substrate was loaded 
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into the ambient sample supporter and immediately covered with Octane to reduce 

airborne contamination. High energy surfaces (Silica and metals) are more likely to 

become contaminated in air than low energy substrates like PTFE. 

 

Measurement Method 

The glass syringe containing water at a given pH was attached to the stepper-motor of 

the drop shape analyser. The ambient sample supporter was placed upon the sample 

stage in line with the light source. The needle tip was slowly lowered into the Octane 

and a few large droplets were dispensed off to one side of the substrate to remove any 

trapped air.  

 

To obtain a representative set of measurements, approximately six or seven droplets 

were dispensed on each surface and their contact angles recorded at t = 0. The contact 

angle was then recorded approximately 20 minutes later to record the equilibrium angle. 

The change in angle after this time period was on the order of a few degrees and does 

not affect the final calculations significantly.  
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6.3 Results - Silica Surface Characterisation 

6.3.1 XPS analysis of Fused Quartz and Fused Silica 

X-ray photoelectron spectroscopy is a useful tool for surface characterisation and 

determination the thickness of thin films. Samples were loaded together in the sample 

chamber and measured one after another. The raw data gave a spectra with kinetic 

energy of electrons along the x-axis, and the intensity or counts per second on the y-

axis. The kinetic energy was converted to the binding energy by subtracting it from the 

photon energy of the radiation source of the instrument (Al Kα, 1486.6) and then 

performing a phase shift based on the Carbon emission line to align the peaks. For the 

Fused Quartz and Fused Silica the phase shift was by 38 and 46.1 respectively. Figure 

6-13 shows the results from the low resolution scan and the binding energies at which 

the principal emissions occur. The Si 2s peak arises from the emission of electrons at a 

different energy level in Silicon at a higher binding energy. The Si 2p peak is a standard 

reference peak. 

 

 
Figure 6-13: Wide spectral XPS scan of the Fused Quartz and Fused Silica substrates 
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A high resolution scan was performed for the Si 2p, C 1s and O 1s peaks. The raw data 

is gathered as counts per second data (as in Figure 6-13) from which was subtracted the 

computed background over an energy interval delimiting the peak. As can be seen from 

the spectra for the Si 2p peak in Figure 6-14, the emission line for Fused Quartz is 

shifted towards a higher binding energy, and has a greater intensity than Fused Silica. 

This indicates that there is a difference in the oxidation state of the element or a 

different local chemical or physical environment. A higher positive oxidation state is 

due to the extra coulombic interactions between the photo-emitted electron and the ion 

core.  

 

 

Figure 6-14: Narrow XPS spectral lines for the Si 2p peak of Fused Quartz and Fused Silica 
 

 

The peaks for Oxygen (O 1s) are shown in Figure 6-15. The O 1s peak for Fused Silica 

is asymmetrical and shifted towards a higher binding energy of 533.1eV compared to 

Fused Quartz at 532.6eV. This could be an indication that there is a greater contribution 

of surface water (532.9eV) and OH (532.1eV) than O (530.7eV) [132]. The intensity is 

lower for Fused Silica than Fused Quartz, indicating that there are potentially fewer 

Hydroxyl groups and bound water. 
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CHAPTER 6: IMPACT OF SILICA SURFACE CHEMISTRY AND TOPOGRAPHY 

 
Figure 6-15: Narrow XPS spectral lines for the O 1s peak of Fused Quartz and Fused Silica 

 

To further quantify the sample, the integrated intensity was adjusted for both relative 

sensitivity of the various photoelectric lines and energy dependent artefacts. This 

allowed the ratio of the atomic concentrations of Silicon and Oxygen to be obtained. For 

Fused Quartz and Fused Silica this was 0.651 and 0.734 respectively. The lower number 

indicates that there is a higher abundance of Oxygen from the O1s peak on Fused 

Quartz. This is a possible indication that there is a greater surface density of Oxygen-

type bonds at the surface, which could be related to free surface Silanols rather than 

Siloxane groups. 
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6.3.2 Quantification of surface OH content 

To comprehensively measure the abundance of surface Hydroxyls that are responsible 

for water wetting, a series of measurements were performed for distilled water under 

Octane. The XPS measurements give an indication that the Fused Silica has a lower 

relative abundance of Oxygen to Silicon and lower peak intensity than Fused Quartz, 

however further clarification was needed to quantify the intrinsic mechanism 

responsible for wetting. The pH of distilled water was adjusted using the method 

described in 6.2.3 and the OH content was calculated using equations given in 6.1.2. It 

was immediately clear that there was a marked difference in wettability between the two 

substrates. As acidity was decreased from pH1, a maximum contact angle was observed 

at pH 3.5 for Fused Silica (75.6º) and Fused Quartz (44.8º) as shown in Figure 6-16and 

Figure 6-17. The needle diameter is 0.513mm and the drop volumes are both 2µL. 

 

Figure 6-16: A droplet of distilled water at pH 3.5 at rest on Fused Quartz in an Octane environment 
 

 

Figure 6-17: A droplet of distilled water at pH 3.5 at rest on Fused Silica in an Octane environment 
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Measurements at each pH value were performed separately i.e. all the apparatus were 

fully cleaned and dried before moving on to the next pH value. In order to account for 

any error in the contact angles reported and to validate the cleaning method employed in 

this work, a control experiment was performed on the Fused Silica surface at three 

different pH values. This required rigorous cleaning and sample preparation in the same 

way for each experiment.  

 

The results of the control experiment are shown in Figure 6-18. Contact angles are an 

arithmetic average of 6-7 droplets at each pH value. The experiment shows good 

repeatability at these three pH values of 2.49, 3.02 and 3.95. The maximum difference 

between contact angles occurred at pH 2.49 with a difference of 2.1º. Since the 

measurement protocol employed in this study has produced accurate average contact 

angles at separate conditions, it is assumed that equilibrium angles have been attained 

and that an error of 2.1º is a meaningful account of the dispersion in these results to 

allow a reasonable determination of the surface OH density on each substrate. 

 

 

Figure 6-18: Control experiment results for the measurement of surface OH content of Fused Silica 
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Following the results of the control experiments, a standard error of ±2.01º was 

assumed for the remaining measurements shown in Figure 6-19. The PZC occurs at a 

maximum in the contact angle, which for Silica and Quartz substrates should be 

approximately pH 2-3. As observed by other authors, the contact angle reaches a 

secondary maxima between pH 4.5 and a neutral pH i.e. where ultrapure distilled water 

has no acid added and therefore contains a very low concentration of free ions [98]. This 

may be due to an unknown mechanism or reaction between silica and water at those pH 

values. Surface force measurements may help to shed light on this particular aspect. The 

firm understanding of electric double-layer forces quantified by zeta-potential 

measurement confirm that the PZC does not lie at pH for Silica – and indeed many 

other Silicate minerals – and an approximation of pH 3.5 in this study is coherent with 

other studies [22, 133, 134].  

 

Figure 6-19: Distilled water contact angle measurements at different pH values on Fused Quartz and Fused 
Silica under Octane. The point of zero charge is shown as an estimate corresponding to the maximum contact 

angle at high acidity.  
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CHAPTER 6: IMPACT OF SILICA SURFACE CHEMISTRY AND TOPOGRAPHY 

Contact angle were found to be at their maximum at pH 3.5, which corresponds to the 

point of zero charge for each material. These angles were used to calculate the surface 

OH content using the equations previously described. The contact angles, interaction 

energy due to non-dispersion forces and computed number of OH sites per nm2 are 

shown in Table 6-1. 

 
Table 6-1: Calculated OH surface density on Fused Quartz and Fused Silica from water-octane contact angle 

measurements 
 

 

 

As could be observed from the images presented previously (Figure 6-16 and Figure 

6-17), the contact angles are markedly different between the two samples. The contact 

angle was 30º lower on Fused Quartz than Fused Silica indicating that Fused Quartz is 

more water-wet. The mechanism through water is wetting the surface is through 

hydrogen bonding. From the XPS measurements, Fused Silica had lower Si 2p and O 1s 

peaks, indicating that there are likely to be fewer surface Silicon atoms, which may be 

an indicator that there are less surface Silanols that can participate in wetting 

interactions. It is not clear what the proportion of Silanol to Siloxane is. It is possible to 

infer from the shift in the Si 2p peak of Fused Quartz to a higher binding energy that it 

is more oxidised, and therefore has a greater propensity to be covered with free Silanols 

rather than a having a large proportion of Siloxane groups. The net result from the 

contact angle measurement is that Fused Silica has 27% fewer OH sites per nm2, which 

is sufficient to affect the wetting angle of water under a hydrocarbon environment. 

 

 

 θmax (º) 𝑰𝒔𝒘𝒏𝒅 (mJ.m-2) nOH (nm-2) 

Fused Quartz 44.76 ± 2.01 87.81 ± 1.38 2.20 ± 0.04 

Fused Silica 75.58 ± 2.01 64.20 ± 1.74 1.61 ± 0.05 
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6.3.3 Etched Surface - Ambient Contact angle measurement 

Measurements on Fused Silica and Fused Quartz indicated that there is notable 

difference in wettability to water.  Using the etched substrate with the micro-pillar 

array, contact angles using distilled water were measured under Decane and compared 

to droplets measured on the smooth part of the substrate. The smooth part of the 

substrate (around the substrate boundary) had a contact angle similar to water-Octane 

measured previously (88º at pH 7) of approximately 85º.  This confirms that the choice 

of Decane instead of Octane did not significantly change the contact angle values. The 

substrate remained intermediate-wet to water. The measurement on the etched surface 

however showed a significant change in contact angle to 165 ± 3.3º, which was 

unaffected by the drop volume between 0.256-2.67µL. To achieve such small drop 

volumes, a neuroscience syringe was used (0.157mm outer diameter). 

 

Figure 6-20: Distilled water droplet in Decane at ambient conditions. The droplet deposited on the left is on the 
etched pattern and illustrates super-hydrophobicity. The droplet on the right is deposited on the smooth 
surface of the Silica and is intermediate-wet. 
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This measurement was repeated using brine as the drop phase, with the Persian Gulf 

seawater composition (1.1M). In doing so, the droplet appears to sink slightly into the 

surface and spread slightly more than using plain distilled water. The mechanism 

causing this change may be a result of a change in electrostatic forces; in any case, the 

roughness has still played a major role in rendering the surface oil-wet. 

 

 

Figure 6-21: Brine (1.1M) droplet in Decane at ambient conditions. The droplets are deposited etched pattern 
and illustrate hydrophobicity. Notably, the droplet configuration has changed from sitting proud of the 

surface, to sitting at a more embedded state within the roughness features  
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Figure 6-22: View of the etched surface mounted within the ambient sample holder. The bulk fluid is Decane 
in this case and the droplets are distilled water.   
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6.3.4 Etched Surface - CO2-Brine interactions at 2000psi and 40ºC 

Experiment 1: Smooth Fused Silica substrate 

From ambient measurements between water-Octane and water-Decane, the Fused Silica 

surface was found to be intermediate-wet to water. Using the etched surface with a 

micropillar array caused a large increase in the contact angle towards strongly oil-wet 

i.e. hydrophobic. In this experiment, the sample was subjected to high-pressure and 

temperature conditions to determine the level of interaction with CO2 and brine at 

realistic reservoir conditions. The first experiment performed utilised a smooth Fused 

Silica substrate to obtain a benchmark for the CO2-water contact angle at 2000psi and 

40ºC using the Persian Gulf brine. From Figure 6-23 it is clear that the surface is weakly 

water-wet, resulting in a contact angle of approximately 87º at the end of the test. The 

test was repeated several times on a new Fused Silica substrate, on the edge of the 

patterned surface and on the smooth side of the patterned surface. 

 

 
 
Figure 6-23: A CO2 bubble deposited on a smooth Fused Silica surface embedded in a 1.1M carbonated brine 
[2000psi, 40ºC] 
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Intermediate wetting in this case has been determined to be a result of reduced Hydroxyl 

content of the surface. Determining the exact nature of CO2-H2O interactions at the 

surface is particularly complex owing to the physisorption of CO2, molecular ordering 

of water and possible capping of Silanols by CO2. A hypothetical illustration is given 

below, which draws upon the knowledge gained from Silane coverage on surfaces to 

control wettability. Incomplete Silane reaction to OH groups gives a more hydrophilic 

surface. In the same spirit, fewer OH groups available to water may lead to patchy 

surface wetting and disordering of subsequent water molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-24: Cross-section (top) and hypothetical top-down view (bottom) of water molecules bonding to OH 
groups. Some OH groups are shown for illustration purposes. In this context it is hypothesised that the fewer 
number of surface OH groups available could affect the molecular ordering of water at the surface. The 
consequence of this being that water does not extensively wet the surface and may present accessible sites for 
CO2 physisorption.  
 
  

 

OH 

OH 

  
   

 

  
 

  
 

  
 

OH 

  
 

  
 

  
 

Fused Quartz: water-wet Fused Silica: intermediate-wet 

211 



CHAPTER 6: IMPACT OF SILICA SURFACE CHEMISTRY AND TOPOGRAPHY 

Experiment 2: Etched Fused Silica substrate 

The second experiment was performed by initially drawing a vacuum on the system and 

filling it with CO2 gas at low pressure to ensure any air was eliminated from the 

trenches between the micropillars. The optical cell was then partly filled with brine 

above the substrate to leave room for a pressurised gas-cap. Once the pressure (2000psi) 

and temperature (40ºC) stabilised, a bubble of CO2 was injected and allowed to 

carefully come rest against the surface from below.   

 

Figure 6-25 shows a bubble of supercritical CO2 as the drop phase subtending a 

significantly lower drainage angle (~12°) compared to the un-etched, smooth substrate 

(87°) shown previously. This striking difference is caused by only a fraction of the 

Silica surface being in contact with CO2 bubble. As brine is the embedding phase, it has 

initially filled the space between the pillars; as discussed in the literature review, Kim et 

al., (2012, 2013) demonstrated that water films are thinned by the presence of CO2 in 

solution.  

 

Figure 6-25: A CO2 bubble deposited on the etched Fused Silica surface embedded in a 1.1M carbonated brine 
[2000psi, 40ºC] 

212 



 

A preliminary experiment where the plate was tilted showed the bubble roll of the 

patterned surface (Figure 6-26; Images 1-3) and come to rest against the smooth, un-

etched perimeter of the substrate. The CO2 bubble immediately stabilised on the smooth 

surface began to increase in contact angle. A subsequent bubble was introduced (Figure 

6-27; Image 4), which initially came to rest next the bubble on the patterned surface and 

formed a low wetting angle as seen using a level substrate. Since the bubble was subject 

to a resolved force acting along the inclined surface due to buoyancy, it came to rest 

against the initial droplet (Image 5). The second bubble coalesced with the initial bubble 

(Image 6) to form a larger bubble that subtended a water-wet angle.  

 

 

 

   
Figure 6-26: A series of images (1-3) showing droplet roll off behaviour using the inclined etched pattern 

[2000psi, 40°C]. The dotted line indicates the position of the Fused Silica surface 
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Figure 6-27: A series of images (5-6) showing the addition of a second CO2 bubble on the inclined etched 
pattern [2000psi, 40°C]. The droplet was imaged shortly after its release on the substrate  
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Roll of behaviour is considered a feature of superhydrophobic behaviour; this is a 

reasonable analogue of such as system, albeit it is for CO2 and not water. Further 

measurements using a much larger CO2 bubble showed a transition in behaviour 

towards a Wenzel-type wetting state, meaning that the bubble likely penetrated the 

surface sufficiently to show contact angle hysteresis. The bubble in the case of a much 

larger droplet had an imbibition contact angle of 42.7° through brine, which is likely to 

a function of the force enacted by the droplet against the surface. 

 

Since CO2 can have an overall thinning effect on surface water films that could give rise 

to higher CO2 contact angles or adhesion behaviour. The controlled roughness 

demonstrated here for the first time for a high pressure system, illustrates that trapped 

brine between pillars may not have been sufficiently displaced by CO2 to allow a high 

degree of wetting. If CO2 were to sufficiently wet the surface between pillars, one 

would expect a transition to a different wetting state (Cassie-Baxter to Wenzel 

transition) such that the contact angle may increase towards the equilibrium angle on the 

smooth surface. For the Fused Silica surface it is 87°. To illustrate this behaviour at an 

observable scale, Experiment 3 was performed using a larger macroscopic pattern 

discussed subsequently. 
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Experiment 3: Macroscopic Grid Pattern 

Identifying the level of CO2 penetration into the pore network was not possible using 

the micropillar array. To follow this up, a glass plate was trimmed with a dicing saw 

with trench widths equivalent to bubble diameter. The intrinsic wettability of the glass 

surface was water-wet with a drainage angle of 49.2º measured on the smooth side of 

the substrate. The patterned side was aligned with the needle in the chamber; upon 

introducing a CO2 bubble did not wet the surface or penetrate deep into the pattern as 

far as could be determined from photographs obtained during the experiment. Light 

refracted from the surface through the bubble profile indicates that water-layers were 

trapped between bubble and the bottom of the trench.  

 

 
Figure 6-28: Photograph of a CO2 bubble contacting the diced glass surface surrounded by brine 
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Top: An enlarged view of the interface between CO2, brine and the glass surface looking through the CO2 

bubble. The interfacial curvature may be distorted due to the refraction of light through the curved bubble 
 
 
 

 
Figure 6-29: Photographs of a CO2 bubble contacting the diced glass surface. The top image shows a magnified 

view of the image below and is a view through the CO2 bubble so appears distorted. The trapped brine 
between the glass and the CO2 bubble can be clearly seen.  
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6.4 Summary 

Two aspects were investigated in this chapter to elucidate the differences in wetting 

caused by controlled surface modification and Silica surface chemistry. With reservoir 

and outcrop core, it is impossible to extract a smooth surface from which the roughness 

parameter may be neglected. Equally, it is difficult to obtain smooth manufactured 

substrates, which if used ‘as is’ will be weakly water-wet without some form of surface 

treatment such as Silane treatment.  

 

The surface OH content was found to be an important characteristic governing the 

wetting of high purity Silica surfaces; a high density of surface OH groups improves the 

wetting of water in air and under Octane and Decane. In this work, Fused Quartz and 

Fused Silica were found to have 2.20±0.04 and 1.61±0.05 surface OH groups per nm-2 

respectively. This difference accounted for a 30º difference in the imbibition angle to 

water in an Octane environment. These observations suggest that the water-wetness of 

Silica is highly dependent on the nature of surface bonds. The XPS measurement gave 

some indication as to the possible oxidation state of Silicon, however it was not possible 

to strongly conclude the exact nature of Silanol and Siloxane bond configurations. It can 

be inferred that the surface which is less water-wet likely has a greater percentage of 

Siloxane bonds as the surface is more dehydroxylated. Illustrating the exact nature of 

water-CO2 interactions at the surface is highly complex. CO2 capping of Silanols and 

physisorption of CO2 within Silica particles has been suggested; since the Fused Quartz 

and Fused Silica surfaces exhibit different wetting characteristics even in a water-octane 

system, it illustrates that the CO2 is not necessarily the primary driving force in 

wettability alteration under these conditions. 
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If there was ever a compelling argument to be made that highlights the sensitivity of 

these measurements to the surface being used, it is demonstrated that the drainage 

contact angle of CO2-Persian Gulf brine increased by 49° solely due to differences in 

the surface properties of Fused Quartz (38°) and Fused Silica (87°). The nature of the 

hydrolysed Silica surface is likely to be one of the main causes of discrepancies between 

other CO2-brine studies.  

 

Despite finding nearly intermediate wettability to CO2 at elevated conditions on Fused 

Silica, changing the topography in a controlled manner using laser ablation reduced the 

fractional area of the surface available to CO2 and induced strong water-wetness. 

Ingression and trapping of water films between pore structures assists with the isolation 

of CO2 from the surface and could enhance snap-off of CO2 at the pore scale.  
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CHAPTER 7: LOW SALINITY WATERFLOODING 

There has been a surge of interest recently in the application of low salinity 

waterflooding to sandstone and carbonate reservoirs in both new and mature fields to 

significantly improve oil recovery. The primary mechanisms associated with this 

process occur at the pore-level and manifest as a change in wettability due to physical 

interactions between the crude oil, brine and rock. These mechanisms for enhanced 

recovery are therefore strongly linked with the investigation of surface forces previously 

described. The evidence for low salinity waterflooding at the laboratory scale indicates 

that waterflooding is not limited to just being a mechanical means of displacing oil from 

the reservoir. Changes in surface forces due to the composition of the invading brine 

are sufficient to enhance the movement or desorption of oil from the rock. Positive field 

trials have shown the potential of increasing recovery by 10% or more compared to 

normal waterflooding. The primary findings of this experimental work indicate that 

contact angles reduce in the presence of low salinity brine and adhesion forces between 

crude oil and the surface are reduced. 

Low salinity waterflooding is an attractive ‘string in the bow’ for the suite of IOR and 

EOR methods currently in practise today. Field injection relies solely on the facilities 

required to desalinate or source freshwater that can be treated prior to injection. 

Operators that cannot tap into CO2 technologies due to geographic proximity to natural 

sources, facility constraints or reservoir architecture can reap the benefits from years of 

experience with waterflooding techniques. The uncertainty associated with low salinity 

waterflooding to date is the mechanism by which additional recovery occurs. For each 

theory put forward to explain positive results there is generally a counter-example 

where additional recovery has not been observed for another system. Delineating false 
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positive and false negative results is extremely complex. As discussed in Chapter 2, the 

suitability of core and its wettability history may be one source of discrepancies 

between laboratory studies. 

7.1 Literature Review 

The mechanism of improved recovery from low salinity waterflooding remains widely 

contested. Since the reduced brine salinity does not affect miscibility or cause a 

significant reduction of oil-water IFT it is thought that a wettability change is a key 

driving force. A change in wettability is a highly complex process, which is determined 

by changes in the mineral surface and within the crude oil. Isolating the primary 

mechanism for a net wettability change is difficult but there is good physical evidence 

that it is caused by double-layer expansion with the consequential effect of multiple ion 

exchange (MIE). Figure 7-1 illustrates the various parameters that may play a role in 

low salinity recovery. Crude oil properties are the most challenging evaluate since the 

composition cannot be easily adjusted to isolate each parameter i.e. the removal of 

surface active material. 

 

Figure 7-1: An illustration showing the properties of crude oil, brine and rock that affect the low salinity 
recovery process 
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The process of increased recovery due to low salinity injection is not a laboratory 

artefact. Extensive work in this area by BP has been applied to field trials at Prudhoe 

Bay and at the Endicott Field with well-informed success. The low salinity brine used in 

the Endicott test had a TDS of 1,500ppm and the formation water has a TDS of 

approximately 32,000ppm. An incremental recovery of 6-15% was observed for a range 

of injection objectives.    

 

Multi-component ion exchange (MIE) was proposed by Lager et al., (2006) as a 

primary mechanism for oil recovery [135]. Lee et al., (2010) convincingly demonstrate 

the effect of low salinity on film thickness but incorrectly reference Lager et al., (2006) 

as having shown that “multicomponent  ion exchange is triggered by double-layer 

expansion” [136]. This reflects the overall uncertainty of the driving force of low 

salinity recovery; it is important therefore to clarify the cause and effect of low salinity 

water injection. It is acceptable that double-layer expansion assists the desorption of oil 

by providing conditions that facilitate the MIE process to take place. The MIE approach 

accounts for the various states at which oil may be adsorbed onto the rock surface. The 

exchange mechanisms were termed as: Cation Exchange, Anion Exchange, Protonation, 

Water bridging, Cation bridging, Ligand exchange, Hydrogen bonding and van der 

Walls interactions.  

 

To summarise the MIE process, the oil-brine-rock system may be composed of various 

bond states of different strengths acting to anchor oil to the mineral surface directly or 

via a positively charge ion for example. Disruption of these bonds through MIE causes 

organic polar compounds and organo-metallic complexes to be released from the solid 

surface, which may then be replaced by un-complexed cations. This results in a more 
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water-wet surface and an increase in oil recovery. The process is always described in 

terms of clay minerals, which have a high cation exchange capacity compared to Silica.  

 

 

 

 

Figure 7-2: Various types of adhesion between crude oil and a silicate mineral [135] 
 
 
Early coreflooding studies showed that an incremental increase in oil recovery due to 

low salinity water injection may arise due to the migration of fines [137]. The gradual 

decrease in absolute permeability was attributed to the detachment of fine particles from 

pore wall, which incited plugging. The fines were hypothesized to also have attached 

oil, thus their detachment would aid with extra oil being produced. One could argue 

O-
Na+

O-O-
Na+ Na+

R1

N+

O-

R3

R2

O- O-

C

O-

Ca2+

O O

C

O-

Ca2+

O-

O-

Mg2+

O- O-

C

H+H+

Van der Waals    Cation Exchange 

Cation Bridging Ligand Bridging  Water Bridging 

223 



CHAPTER 7: WETTABILITY ALTERATION DURING LOW SALINITY WATERFLOODING 

however that the levels of increased recovery would surely need a significant level of 

fines migration to achieve the quantities of additional oil reported. Measurements on 

Clashach outcrop core, which is largely devoid of clay also showed incremental oil 

recovery although it was lower than Berea. Berea was fired and acidized to remove 

metal oxides and stabilise the core; this resulted in less sensitivity to the invading brine, 

but a large overall recovery, which was attributed to a change in the pore structure. This 

work forms the foundation for the particle movement theory. 

 

Measurement on fired Berea was an important inclusion to their work; unfortunately it 

has not encouraged further studies on similar systems. Results from clean or artificial 

cores with no clay will contribute more to the current knowledge of the low salinity 

mechanism than rampant coreflooding of reservoir samples. Research that is driven by 

specific reservoir conditions rather than systematic parameterisation and measurement 

are very difficult to compare. The procurement of durable, homogeneous reservoir core 

is one challenge, but it is especially hard to secure reservoir core that has a dependable 

wettability and saturation history that is free from contaminants.  

 

Work on double-layer forces and cation exchange mechanisms are central to the low 

salinity effect. Double-layer expansion and the importance of divalent ions were 

discussed in Chapter 3. When linked with the effect of pH and adhesion it constitutes 

the bulk of parameters that impact wettability.  

 

Lee et al., (2010) demonstrated the thickness of the double-layer using Small Angle 

Neutron Scattering (SANS) using colloidal suspension of different wettabilities in 

heptane [134]. The ionic strength of seven different monovalent and divalent salt 

solutions was modified to 0.1M, 0.01M and 0.001M, which showed an increase in the 
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film thickness as salinity was decreased. There was no differentiation between distilled 

or deionised water used in their experiment, but it was used as a control experiment on 

the two types of particle. On the sand-like and clay-like colloids, pure water had a 

similar water thickness to the 0.01 M solution.  

 

The authors did not present an explanation for this mechanism; however it is likely a 

result of complex van der Waals forces and hydration effects. It is unlikely to be as a 

result of changes in the Heptane-water interface. Previous measurements using Surface 

Force Apparatus (SFA) have shown that using pure water and low pH solutions, van der 

Waals forces account for adhesion behaviour. As molarity is increased, hydration forces 

reduce the adhesive force between two planes. Divalent ions such as Ca2+ may exhibit 

higher adhesive strength due to ion-correlation forces and calcium cross-bridging effects 

[138].   

 

Ligtelm et al., (2009) describes experiments on a sandstone reservoir that was rendered 

more water-wet using low salinity water injection [139]. The impact of cation exchange 

between the rock and the invading brine was discussed in terms of the low salinity-high 

salinity front. The authors highlighted that the brine behind the front would be 

accompanied by the stripping of divalent ions from the solution. Contrary to this 

however, it should be noted that the use of very low salinity brine will strip ions from 

clay particles and result in their destabilisation. Brines with sufficiently low salinity 

without divalent ions have also shown positive recovery, indicating that the cation 

exchange process is not entirely necessary. 

 

The overall shift in wettability is important to additional recovery. In this Chapter, 

contact angles for seawater were higher than that of Formation Water, which has a 
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lower salinity. Ligthelm et al., (2009) affirms the conclusion of this work, which is that 

the injection of seawater into a formation of lower salinity would cause a shift in 

wettability towards more oil-wet, which would ultimately lead to a higher residual oil 

saturation in absence of an efficient water/oil gravity drainage process.  
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7.2 Experimental Facilities 

Crude oil  

A light crude oil ‘F’ was filtered and centrifuged, then heated up to 90°C. It cooled 

down to 60°C and a new filter was installed before injecting the fluid into a clean glass 

beaker for use for contact angle measurements at room temperature. Oil was withdrawn 

from the beaker using a syringe. The syringe and needle were cleaned with solvent after 

each pair of tests (Quartz and Mica). Its properties are shown in Table 7-1.  

Table 7-1: Properties of Crude Oil 'F' 

 Saturates 
(%wt.) 

Aromatics 
(%wt.) 

Resins 
(%wt.) 

Asphaltenes 
(%wt.) 

Crude F 53.37 39.76 6.84 trace 
     

 TAN 
(mgKOH/g) 

TBN  
(mgKOH/g) 

TBN/TAN  

Crude F 0.35 1.9 5.43  

Brine 

Synthetic brines were prepared as stocks of 2L each to ensure that a sufficient quantity 

was available to maintain all tests at the same conditions. For reasons of confidentiality, 

the exact specification of the Formation Water, Seawater (T2) and Low Salinity brine 

are not provided. The ionic strength is given as an indication as to the salinity level of 

the brine.   

Table 7-2: Ionic strength of the brines used in the Low Salinity study. The initial composition of the low 
salinity brines were made to have the same total dissolved solids. Calculation of their ionic strength shows 
small differences between them, which is addressed later in this chapter. Where ‘additional’ ions are used, 
NaCl salt was removed to maintain the amount of other ions in solution.  

Brine type Ionic Strength 
SW T1 1.10 M 
SW T2 0.71 M 
SW T2 (no divalent ions) 0.61 M 
FW 0.38 M 
LS (additional Mg) 0.036 M 
LS (additional Ca) 0.030 M 
LS (additional SO4) 0.025 M 
LS 0.024 M 
LS (no divalent ions, ND1) 0.021 M 
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Stock brine was stirred and degassed in a vacuum flask prior to each measurement 

before pouring into the clean sample supporter containing each substrate. The system 

was covered and allowed to equilibrate for approximately 3-4 hours prior to testing.  

 

Substrates 

Two model substrates were used in this study: Fused Quartz plates measuring 

25x25x3mm and Muscovite Mica (KAl2(AlSi3O10)(F,OH)) measuring 25x25x0.3mm. 

These surfaces enable a more quantitative analysis of contact angles and are used to 

represent two of the constituent minerals found in sandstones: Quartz and Illite. Whilst 

wearing powder-free nitrile gloves, these were both cleaned in the same way as the 

sample supporter (Toluene, Methanol and distilled water). New Mica and Quartz plates 

were used for every experiment. 

 

Aged Substrates 

The substrates mentioned above were used to investigate the impact of crude oil aging 

on contact angle. Five plates each of Mica and Quartz were cleaned and immersed 

upright in a two separate beakers containing formation water for 3 days at 60°C. This 

step mimics the reservoir charging process and equilibrates the solid surface charge; a 

surface water film prevents the solids from becoming strongly oil-wet. The plates were 

then remove using nitrile covered tweezers and bulk brine removed by wicking the 

water away from the lowermost edge using tissue. They were then placed upright in 

separate beakers and centrifuged dead-oil was dispensed by syringe into the bottom of 

the beaker until the plates were covered. The beakers were each covered with plastic, 

electrical tape and foil before being placed in an oven for 3 days at 60°C. Once 

removed, bulk oil was removed by the wicking method and then flushed with 10cc of 

Cyclohexane to remove remaining bulk oil using an adapted cleaning method from 
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Yang and Hirasaki (1999) followed by light drying under nitrogen [9]. Centrifugation 

under brine was also tried with little success. Plates were then immersed in the 

respective test brines until needed. 

 

Experimental Procedure 

Beginning with clean materials, Mica and Quartz plates were each loaded into separate 

PEEK sample supporters. De-gassed brine was poured into the supporter to fully 

immerse the substrates; these were then covered and left for 3-4 hours. On returning to 

the samples, the motorised dispenser was used to carefully lower the clean, water-wet 

needle into the brine. Any air in the needle was displaced by injecting crude oil at a rate 

of 20µL/min until several oil droplets had been discharged at the needle tip and allowed 

to float away to the surface of the water. The needle was then manoeuvred below the 

first substrate and a 6µL was delivered to the needle-tip. 

 

A series of 5 droplets were deposited for each test; where droplet volume was higher, 

only 3 droplets were dispensed onto each substrate. Contact angles were measured at t0 

and t20hours to account for early-stage droplet spreading. Between testing, the supporter, 

needle and substrates were thoroughly flushed with Toluene, Methanol (>99% purity, 

Chromasolv, Sigma-Aldrich) and distilled water, followed with drying cycles using 

Nitrogen.  
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7.3 Contact Angle Measurement – Elevated conditions 

Fluids  

Crude oil ‘F’ was filtered and centrifuged, then heated up to 90°C. It cooled down to 

60°C and a new filter was installed before injecting the fluid into a Proserv cell, keeping 

the fluid at pressure. Brines were stirred and degassed prior to testing and 300cc 

decanted into a clean Proserv cell that had been thoroughly cleaned with distilled water, 

methanol and dried.  

 

Experimental Procedure 

Measurements at elevated conditions were performed using a modified high-pressure 

and temperature optical cell connected to very accurate pumps. A Hastelloy high-

pressure needle (tip diameter 0.513mm) was inserted through the bottom of the chamber 

to enable captive bubble measurements. A diffuse light source is able to pass through 

two parallel sapphire windows at either end of the optical cell in order to visualise 

droplets being dispensed from the needle tip. A removable supporter inside the chamber 

holds the substrate being tested above the needle tip. Again, two model substrates were 

used in this study: Fused Quartz plates (SiO2) measuring 25x25x3mm and Muscovite 

Mica (KAl2(AlSi3O10)(F,OH)) measuring 25x25x3mm. New Mica and Quartz plates 

were used for every experiment.  
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7.4 Results 

7.4.1 Contact Angle Measurement – Ambient Conditions 

Ambient measurements were performed to initially screen different brine types with 

respect to contact angles and adhesion behaviour. Using the previously described 

methods, measurements on Quartz and Mica plates could be run in parallel making this 

technique more efficient and repeatable than relying on single measurements at elevated 

conditions alone.  

 

Figure 7-3 shows the results of multiple droplets dispensed under the same conditions 

using Seawater-type brine. The lowermost row of data points in each graph were 

obtained as the oil droplet first came into contact with the substrate. As the droplet 

spread, the equilibrium drainage contact angle was measured 20 hours later for each 

droplet. The positive spreading is indicated by higher angles as surface forces become 

balanced. These data were collected for every experiment. 

 

Figure 7-3: Contact angle measurements at t0 and t20hours on Quartz and Mica using Seawater T1. 
 

 

 

0 

10 

20 

30 

40 

50 

60 

70 

C
on

ta
ct

 a
ng

le
 th

ro
ug

h 
br

in
e 

(°)
 

Seawater-Quartz t0 
Seawater-Quartz t20hrs 
Seawater-Mica t0 
Seawater-Mica t20hrs 

Seawater (T1) Quartz Seawater (T1)  Mica 

231 



CHAPTER 7: WETTABILITY ALTERATION DURING LOW SALINITY WATERFLOODING 

Average values of multiple droplets are shown in Figure 7-4 for the higher salinity 

brines measured at ambient conditions.  Removing the divalent salts from SW-T2 while 

maintaining the same total dissolved solids, showed an increase in water-wetness. The 

high salinity brines show weak-water wetting on both substrates, with contact angle 

decreasing with salinity. 

 

Figure 7-4: Ambient contact angles for Quartz and Mica at different seawater conditions  
 

The formation water (FW) was diluted to 0.024M. At lower salinity, crude oil had a 

weaker tendency to spread after initial contact with the substrates, resulting in lower 

contact angles as shown in Figure 7-5. The normal low-salinity brine containing 

divalent salts have more water-wet angles on Mica (27.1°) compared to Quartz (39.2°). 

Divalent salts were then removed, which brought about further increase in water-

wetness for both Mica (17.8°) and Quartz (21.89°). From the 0.024M low salinity (LS) 

brine composition, divalent salts were increased in concentration while keeping the total 

dissolved solids the same. This was achieved by removing NaCl as needed since this 

salt is not thought to influence the low salinity effect as strongly as other ions in small 

concentrations.  
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Figure 7-5: Ambient contact angles for Quartz at different low salinity conditions 
 

There is a clear variation in the impact of each of the brine types on contact angle on the 

order of 12-16°. In terms of enhancing the water-wetness of the LS brine, the brine with 

favourable potential as a wettability modifier is likely to be the LS brine with no 

divalent ions. For a better side-by-side comparison, the high salinity results have been 

plotted alongside the low salinity results to observe the trend of increasing water-

wetness as salinity decreases in Figure 7-6. 
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Figure 7-6: Average equilibrium contact angle results comparing main brine types 
 

7.4.2 Adhesion Observations  

Adhesion observations were used in unison with the contact angle measurements at 

ambient conditions to assist the interpretation of the wettability regime. In this test, two 

observations were used to guide analysis. Firstly, if a droplet rapidly spread when 

brought into initial contact with the solid then ‘adhesion’ was noted down and ‘non-

adhesion’ where the droplet was clearly not attaching to the surface. Secondly, to 

clearly delineate adhesion and non-adhesion after contact angle measurements had been 

performed (circa. 20hours) the plate upon which 3-5 droplets had been deposited was 

carefully turned over while stilled immersed in brine. It was then possible to clearly 

observe whether adhesion forces alone were strong enough to keep the droplet from 

floating away. ‘Transitional Adhesion’ was only noted if some initial attachment was 

observed; when upturned the droplet floated away but left a small surface residue.  

 

At the initial point of droplet release there were notable differences between high and 

low salinities; namely that that the droplet quickly adhered to the substrates at higher 

salinities than at low salinities. Figure 7-7 shows a photograph of oil droplets adhering 
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to the Mica plate after it was upturned whilst immersed in brine. Adhesion was 

conclusively observed for Quartz and Mica in formation water and seawater. When 

divalent ions were removed from seawater, oil showed less affinity to the Mica surface 

but left a residue when the Mica plate was upturned. Figure 7-8 shows an upturned 

Mica plate with no oil left on the surface.  

 

Figure 7-7: Photograph showing crude oil adhesion to Mica while still immersed in brine. Upturning the plate 
while still immersed in brine shows the adhesion strength of these five oil droplets to the substrate [High 
Salinity Brine]. The width of the plate seen here is 25mm.  

 

Figure 7-8: Photograph showing non-adhesion conditions for a Mica plate submerged in brine. As the Mica 
plate is carefully turned over the droplets float away under their own buoyancy [Low Salinity Brine]  
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Low salinity conditions did not show strong adhesive tendencies and also resulted in 

lower (more water-wet) contact angles as shown in Figure 7-9. The results show a 

general trend of increasing water-wetness as salinity decreases. Quartz remained 

slightly more water-wet than Mica at high salinities, with the exception being for the 

low salinity cases both with and without divalent ions. With divalent ions removed from 

the low salinity water case, a strong water-film was apparent at the Quartz and Mica 

surface, which prevented adhesion and caused droplet roll off unless the instrument was 

precisely levelled by adjusting the optical table pressure. As a new approach to plotting 

contact angle data, qualitative adhesion observations have been co-plotted with 

quantitative contact angle information to present a more informed view of spreading and 

desorption behaviour. 

 

 
Figure 7-9: Cross-plot of contact angle versus adhesion observations for the brines used in this study 
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The effect of reducing the adhesive force between crude oil and the rock surface is that 

more oil is susceptible to production after desorption. From the data generated so far, 

there are several interesting observations to be made. First of all, the Quartz plate is 

more susceptible to adhesion than the Mica plate at the conditions studied. High salinity 

brines showed strong correlation between salinity and contact angle, in addition to 

adhesion behaviour.  The impact of boosting the concentration of specific divalent ions 

acted to increase the water-wetness of both substrates compared with the original low 

salinity composition. This latter point is worth expanding upon to aid further work on 

this ‘tailored’ composition. 

 

The low salinity brine composition was initially adjusted based on the total dissolved 

solids as a first approach. The sensitivity of the measurements to brine composition 

have shown that working to a constant ionic strength for this study is particularly 

important to identify wettability alteration due each salt. Without doing so, the low 

salinity brines had small but calculable differences between them that show reasonable 

trends if two anomalous points are removed, although this would reduce the validity of 

the trend. More noticeably, there appears to be divergence between the Quartz and Mica 

plates as plotted below showing SO4
2-, Ca2+ and Mg2+ become less water-wet on Quartz 

and more water-wet for Mica. It isn’t entirely clear why the system becomes more 

water-wet on mica as the salinity increases in this case. It is worth noting that the 

addition of SO4
2- showed adhesion in the case of Mica; this is despite having an ionic 

strength comparable to LS, which did not exhibit adhesion. Although Muscovite Mica 

used here is chemically comparable to Illite, one could speculate that it does not show 

the same swelling characteristics as reservoir clays. In fact, as it indicates non-adhesion 

behaviour, the case may be that the clay swelling and the consequential desorption of oil 
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may not necessarily be one of the drivers of additional recovery from clay minerals - 

although it may compliment it. 

 

 

Figure 7-10: Cross-plot of contact angle versus calculated ionic strength at low salinity conditions 
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7.4.3 Contact Angle Measurement – Effect of aging 

The contact angles measured so far have been for un-aged plates, which does not take 

into account the impact of adsorbed oil. The purpose of using un-aged plates has been to 

establish the initial role that salinity plays in wetting forces, which is not complicated by 

other surface forces or exchange reactions. Due to the sensitivity of the contact angle 

measurement technique, a repeatable aging process is required in order to achieve 

consistent trends.   

 

Plates were aged in Crude ‘F’ using the previously described method. A second pair of 

plates was aged in Crude ‘P’ to investigate the impact of crude oil type on aging. Crude 

‘P’ showed a high propensity to altering Quartz and Mica to strongly oil-wet showing 

that Cyclohexane can remove bulk oil from the surface but does not strip the material 

from the surface entirely as evidenced by higher contact angles. When using Crude ‘P’ 

it is likely that a small volume of Toluene could be used to ‘restore’ the plate to more 

intermediate state that is generally accepted to be the case in reservoirs. Of course, 

reservoir wettability is an averaged value so it is conceivable that Quartz can be a 

different wettability to Mica so long as their averaged values reflects intermediate 

wetting relative to their abundance.  

 

Figure 7-11 shows a photograph of deposited crude oil droplets during measurement on 

an aged Mica plate. There are two aspects from this photograph that correlate well with 

the ESEM image taken after measurement. The second droplet from the top shows 

water-wetting on that portion of the Mica plate whereas other droplets have spread to 

form high wetting angles. These oil-wet droplets also show some heterogeneity at the 

three phase line (their perimeter) indicating that there are finite local energy barriers 

which prevent spreading.  
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Figure 7-11: Photograph of crude oil exhibiting patchy wetting on an aged Mica plate.The substrate is fully 
immersed in brine and has four oil droplets resting underneath the plate. The curved needle is below the 
furthest droplet.  
 

 

Figure 7-12: AFM image of a crude oil cluster on Mica after submersion in low salinity brine 

Figure 7-12 is an AFM image of an isolated crude oil deposit on Mica. Dark deposits 

such as this appeared to restrict oil receding/advancing; they appeared as small black 

irregular specs at the leading edge of oil layers. In places, these were seen to affect local 
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curvature. Application of the AFM and ESEM to this part of the work gave important 

insight to the surface behaviour and provides a link to contact angle observations. 

Figure 7-13 shows adsorbed oil (black) and bare Mica (white) using a composite of high 

resolution ESEM images. The low contact angle of the oil droplet is most likely to have 

been deposited on a bare Mica patch. The tiled images were produced using high-

resolution ESEM images, which were then stitched together. A plate retrieved from 

immersion in low salinity water showed a lower concentration of adsorbed oil across the 

surface as shown in Figure 7-14.  

 

Figure 7-13: ESEM back scatter image map of an aged Mica plate after immersion in FW brine. 

 

Figure 7-14: ESEM back scatter image map of an aged Mica plate after immersion in LS brine. 
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The combined results from the aging experiments show that Quartz did not undergo 

strong aging in crude oil and could be attributed to the aging time and possibly the 

method. Clearly however, the Mica plates reacted more strongly to aging and resulted in 

higher contact angles. The main observation is that Quartz contact angles are generally 

lower than their Mica counterpart, and low salinity brine exhibited a reduction in 

wettability compared to the formation water brine.  

 

It is worth bearing in mind that all the plates were initially aged in formation water 

before crude oil immersion in line with reservoir conditions. The plates are therefore 

treated in the same manner before immersion in test brine. Other studies of this nature 

(Xie and Morrow, 1998; Fogden, 2010; Lebedeva and Fogden, 2011) generally immerse 

a clean plate in the brine to be tested, followed by crude oil aging and measurement. To 

clarify this point, one would place Mica in Brine A followed by crude oil aging, then 

subsequent measurement using Brine A. In the authors view, this conditioning technique 

may skew the result at the outset and does not reflect some of challenges of this EOR 

process where the plate is initially charged with formation water. 

 

 
Figure 7-15: Ambient contact angle values for substrates aged in Crude 'F' for 3 days at 60°C 
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Figure 7-16 groups the average contact angles for multiple droplets measured on aged 

and un-aged Quartz and Mica plates at different salinity conditions. Mica can be seen to 

exhibit weakly water-wet behaviour for clean substrates, and the most oil-wet for aged 

substrates. Of primary interest is the behaviour at low salinity conditions. The aged 

Quartz (65.2°) and Mica (163.2°) shows a higher drainage angle in formation water than 

aged Quartz (38.4°) and Mica plates (117.2°) in low salinity brine. The exact 

mechanism at this stage is not entirely clear, but desorption prior to measurement may 

be a contributing factor. Subsequent zeta-potential measurements to support the 

expansion of electric double-layers at the surface, which would assist with desorption. 

 

 

Figure 7-16: Chart summarising the contact angle results obtained for aged and un-aged Quartz and Mica 
plates at ambient conditions 
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7.4.4 Contact Angle Measurement – Elevated Conditions 

Wettability measurements using dead-oil were performed at 3000psi and 60°C to 

measure the impact of temperature on contact angles for un-aged Quartz and Mica. 

Temperature is generally expected to play an important role in the rock-brine and brine-

oil interactions.  

 

One measurement for each rock-fluid pair at elevated conditions was performed. During 

several tests with low salinity brine, the crude oil droplet tended to roll across the 

surface of the plate; one successive droplet caused water-film rupture and began to 

adhere and spread to the surface. In this case it is unlikely that it has a meaningful value 

as hydrodynamic forces are likely to be playing a role to promote oil-wetting in the case 

where the droplet adhered. Measurements were repeated and corrected by re-levelling 

the optical table. After doing so, the deposited droplet remained stable for a long period 

of time (Figure 7-17).  

 

Figure 7-17: Crude 'F' in low salinity (LS) brine at 60°C and 3000psi. The droplet remained stable at ~23° for 
a 24 hour period 
 

Results at 20°C and 60°C are compared in Figure 7-18. There is a clearly observable 

trend at elevated conditions, which shows low salinity brine promotes a water-wetting 

regime for both Quartz and Mica on un-aged plates. Mica responded at higher 

244 



 

temperature more than Quartz using the formation water at this temperature and resulted 

in a contact angle of approximately 135°. This is attributed to weak negative surface 

charge at the oil-brine and brine-Mica interface, which promotes wetting at higher 

temperature. The low salinity measurement on Quartz is explained in the following 

section using zeta-potential measurement; however the increased water-wetness from 

ambient to high temperature is not yet clear. 

 

 

Figure 7-18: Comparison between wettability at ambient and elevated temperature for Quartz and Mica with 
respect to salinity [3000psi] 
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CHAPTER 7: WETTABILITY ALTERATION DURING LOW SALINITY WATERFLOODING 

7.4.5 Zeta-potential Measurement 

Wettability measurements have been complimented by a set of zeta-potential 

measurements at the same operating temperature using the same stock of brine. To keep 

as much of a link as possible to our system, Mica and Quartz powders have been used to 

replicate the behaviour seen in our measurements. This technique was used to quantify 

the degree of attraction or repulsion between colloid particles in brine, and fine oil 

droplets in brine.  

 

For each measurement, the size distribution was important to achieving properly 

suspended particles and stable oil-water emulsions.  Figure 7-19 illustrates that the 

average particle size for the Mica powder was 9.597µm and less than 10% is below 

4.301µm.  

 

 

Figure 7-19: Particle diameter distribution using the dynamic light scattering with Refractive Index=1.6  
 

In fact, less than 2.6% is in the sub-micron range, which meant only a fraction of the 

suspension could be drawn from each sample. Wet grinding the powder in each test 

brine did not improve results but ultrasonic stimulation helped. The reported zeta-
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potential values were measured by suspending 0.25ml of powder in 10ml brine followed 

by agitation in an ultrasonic bath. Light, suspended sediment was extracted and tested.   

 

Zeta-potential measurements were performed separately for the oil-brine system and the 

solid-brine system. The brines of choice were formation water and low salinity at 60°C. 

All systems showed negative zeta-potentials, however the magnitude plays an important 

role in explaining the resulting wettability behaviour. Mica-formation water was oil-wet 

at temperature, whereas Mica-low salinity water was water-wet. This is partly explained 

by the fact that the Mica zeta-potential was weakly negative in formation water and 

highly negative in low salinity water. Crude oil was also weakly negative in formation 

water and strongly negative in low salinity water.  

 

In formation water therefore, there is only weak repulsion between the oil-brine and 

brine-rock interface which ultimately leads to a thin water-film and oil being more 

likely to wet the surface. In low salinity water, both interfaces carried strong negative 

charge responding to stronger repulsion and most likely a thick enough water film to 

prevent oil desorbing onto the surface. Comparably, the Quartz systems behave in a 

similar fashion to Mica but it is more highly negative at both conditions. This links very 

well to the observed contact angles on Quartz being more water-wet than Mica in both 

cases.  
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CHAPTER 7: WETTABILITY ALTERATION DURING LOW SALINITY WATERFLOODING 

 

Figure 7-20: Zeta-potential measurements at 60ºC between Mica/Quartz-Formation Water (FW) and 
Mica/Quartz-Low Salinity water (LS) 
 

 

 

Figure 7-21: Zeta-potential measurements at 60ºC in Formation Water (FW) and Low Salinity water (LS) for 
Crude F. 
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Subsequent measurements were performed to demonstrate the sensitivity of pH on zeta-

potential at 60°C. Figure 7-22 demonstrates the changes in zeta-potential due to salinity 

and pH between a sandstone reservoir core and brine. The general trend indicates that at 

lower pH values the negative surface charge of the reservoir mineral is suppressed as 

the point of zero charge of the mixture is approached. This is enhanced with higher 

salinity solutions.  

 

The divalent ions were removed from Seawater Type 2 brine and the amount of NaCl 

was increased to match the ionic strength of the original SWT2 brine. Interestingly, it is 

more negative than the LS (0.024M) brine but less than the LSND1 (0.021M) and 

LSND2 (0.024M) brines, which were also absent of divalent ions. This leads to another 

observation, which is that the LS brine did not promote a negative charge that was 

comparable to the LS brines containing NaCl brine only. This indicates that the 

electrostatic forces are affected by the presence of divalent ions in solution even at a 

weak concentration on the order of 0.1-0.8g/L, and that the removal of divalent ions all 

together (SW or LS) may perform sufficiently to enhance water-wetness. This is 

supported by positive measurements that have used NaCl only brines and is in minor 

conflict with the MIE mechanism being necessary to enhanced recovery. 

 

Figure 7-23 represents the surface charge of crude oil at the same conditions. The 

results still obey a general trend with salinity and pH; it is clear again that the SW with 

no divalent ions (SWND1, 0.59M; SWND2 0.71M) demonstrates that the NaCl only 

brine is characteristically different than normal SW (0.71M). In LSND2 brine, crude oil 

is more highly negative than the LSND1, which is of a higher ionic strength. This is in 

line with the expected behaviour. As a potentially limiting factor to the low salinity 

effect, the pH values are useful since they provide an approximately guideline as to the 
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direction wettability may take moving from pH7 (more water-wet) to pH3 (less water-

wet). Decreasing the pH of the injected fluid would likely suppress the expansion of 

double-layers and cause film instability, which would in turn shift wettability towards 

more oil-wet. 

 

Figure 7-22: Sandstone reservoir core-brine zeta-potential varying with pH [60°C] 
 

 

Figure 7-23: Crude F-brine zeta-potential varying with pH [60°C] 
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Figure 7-24: Crude oil in seawater under ambient conditions during first contact with the Mica substrate (left) 
and following its detachment from the needle tip (right). A reflection of the droplet can be seen in the solid 
substrate  
 

 

Figure 7-25: An enhanced view of the stable brine film between crude oil and the Mica surface (top) and a 
sketch of the wetting state (bottom). The image levels in the photograph were auto-adjusted and the white 
pixels between the oil and solid were clarified using image software.  
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7.5 Summary  

Low salinity water injection offers great potential to enhancing recovery by naturally 

modifying wettability through controlled salinity. Prior to coreflooding or other SCAL 

measurement, contact angle and adhesion measurement is an excellent method for 

screening the effects of salt-type and ionic strength. 

 

At ambient conditions, the contact angles decreased with decreasing ionic strength. This 

trend was confirmed on un-aged Quartz and Mica, which can be explained by higher 

electrostatic repulsion between the crude oil and solid surface as a result of doubl-layer 

expansion. As adhesion was noted in the case of Quartz in low salinity brine, it is likely 

that the intervening brine film is meta-stable at low temperature and intermediate pH. 

Figure 3-11 is an example of an adhesion map to which the reader is referred as a 

reference. 

 

At elevated conditions of 3000psi and 60°C, Quartz became more water-wet in 

Formation Water and Low Salinity brine and followed the same general trend as 

experiments performed at room temperature. The observation of increased water-

wetness with temperature remains a topic of debate for crude oil systems and has been 

shown that an increase in temperature will reduce the adhesion properties of Quartz at 

low salinity and neutral pH. Imbibition experiments also show calculated contact angles 

to be more water-wet at temperature than at ambient temperature  [140]. Mica showed a 

tendency to be oil-wet in Formation Water and water-wet in Low Salinity brine. This 

was explained as being a direct result of electrostatic interactions demonstrated using 

zeta-potential measurement. Decreasing the pH of various brines showed that the rock-

brine and brine-oil interface became less negatively charged; this is a potentially 
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limiting case for enhancing recovery if the injected fluid pH is decreased below the 

formation pH. 

 

Modification of the salt content in low salinity brine brought about change in the 

wetting angles, which weakly correlated to ionic strength. The sensitivity of contact 

angle to ionic strength at low salinity shows that adjustments to brine composition 

should be conducted based on this indicator alone, rather than total dissolved solids in 

this type of study. The same could be applied successfully at high salinities provided 

ionic activity is accounted for. 

 
Spectroscopic methods enabled the differentiation between low salinity and high 

salinity brines and to explain why mixed-wettability conditions could be observed on 

the same surface. Atomic force microscopy and scanning electron microscopy were 

successfully used as part of the materials characterization process and to support contact 

angle measurement during the aging process. Plates that are initially aged in formation 

water followed by aging in crude oil can undergo wettability modification if placed into 

different brine types thereafter. The ESEM image showed greater oil coverage at high 

salinity than low salinity.  

 

Adhesion and contact angle measurements are generally not co-plotted in other studies; 

in this work it has been performed for the first time in order to discriminate between the 

conditions best suiting low salinity water injection. Adhesion was generally coupled 

with higher contact angles. Interestingly in the case of Quartz, adhesion did occur with 

the lower salinity brines but this was coupled with low contact angles. This could 

indicate meta-stability of the oil droplet to the surface, which could be desorbed in the 

presence of flow.   
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CHAPTER 8: CONCLUSIONS AND FURTHER WORK 

Wettability has been investigated experimentally in the context of CO2 storage and EOR 

in addition to addressing the mechanisms of Low Salinity waterflooding. The CO2-brine 

and oil-brine systems are complimentary to one another as they are both sensitive to, 

and rely upon, subtle changes in surface and interfacial chemistry to modify wettability. 

Positive recovery during low salinity waterflooding is generally attributed to an 

increase in water-wetness as shown in this study for aged and un-aged substrates. 

Particular attention should be paid to the formation salinity; injecting high salinity 

water into a low salinity formation would shift the contact angles towards a more oil-

wet state. The outcome of this may be higher residual oil saturation. This work presents 

new data on the wettability of different mineral species for a CO2-brine system and 

addresses whether Nitrogen is a suitable analogue for CO2 at high-pressure conditions. 

Particular attention has been paid to the conditions of other works on CO2 wettability; 

consistency of this parameter in the literature has been unclear to this point and is often 

negatively referenced in associated reservoir studies. The chemistry of the solid surface 

is a likely culprit for conflicting data in this discipline. This was resolved in part 

through the use of a Fused Silica surface, which showed intermediate wettability. 

Subsequent surface modification using laser ablation reduced the contact angle to 

strongly water-wet, which supports other topography measurements using synchrotron 

X-ray fluorescence. Water-wet contact angles supported the micromodel investigations, 

which showed that CO2 remains trapped within a pore network but in a slightly 

different distribution than buoyant Nitrogen. Trapping was influenced by brine 

composition through adhesive forces; more adhesive conditions tended to isolate CO2 

as longer trapped ganglia than short sporadic ones.    
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8.1 CO2-Brine results 

Contact angle measurements indicated that CO2-brine systems are water-wet up to 

pressures and temperatures of 6000psi and 80°C using realistic formation brine up to 

1.1M ionic strength. Contact angles were reasonably unchanged above the CO2 critical 

point, which is in agreement with other studies except in special cases where there may 

be doubt as to the validity of other’s data. These differences were highlighted in the 

literature review and results section.  

 

The UK North Sea brine generally showed mixed adhesion behaviour, whereas the 

Persian Gulf seawater generally showed initial adhesion to the substrate. The resultant 

contact angles were not too dissimilar; the largest change in contact angle with brine 

type resulted from the application of low salinity seawater. In the low salinity case using 

diluted Persian Gulf brine, a maximum deviation of 13° from the original brine was 

observed whilst still remaining water-wet. Contact angle differences up to 15° were 

noted between crystalline Quartz and Calcite at the same operating conditions; the 

adhesion behaviour was much different also, with Calcite exhibiting low hysteresis i.e. 

no adhesion. This illustrates that the choice of solid substrate plays a larger role in CO2 

wettability than just the brine type.  

 

The contact angle results indicate that CO2 will subtend a low drainage angle during 

injection and will likely exhibit adhesion on minerals that have a low point of zero 

charge. Adhesion was more notable on Quartz, Orthoclase and Mica. This is a result of 

the brine pH being lowered sufficiently for water films at the mineral surface to become 

less stable and liable to collapse, which renders the surface more prone to contact with 

CO2. The interactions are made more complex since the chemical structure of each 

mineral will impact the amount of physisorption of CO2 that takes place such that CO2 
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may be retained within the solid surface for some time [91, 126]. Measurements of the 

receding CO2 contact angle showed that there was hysteresis in the contact angle. 

During imbibition, it was confirmed using the micromodel that the adhesion of CO2 to 

the pore walls can assist with the isolation and trapping of CO2.  

 

Reservoir rock with a mixed mineralogy will likely exhibit non-uniform wetting and 

adhesion behaviours compared to Quartzite for example. The implication of different 

wetting and adhesion behaviour would be such that the flow and trapping of CO2 could 

be influenced by the mineralogy more than previously thought; this is evident from the 

low hysteresis exhibited between Calcite and CO2 compared with Quartz.   

 

Aging the Quartz and Mica substrates in crude oil using the same method used for the 

low salinity measurements did not significantly affect the CO2-brine contact angle. Two 

studies have shown that the contact angle can exceed intermediate wettability if the 

surface is made strongly oil-wet through (a) Silane treatment or (b) precipitating oil 

components using a Toluene: Heptane solution followed by Ethanol treatment. Both 

treatments likely give strongly oil-wet conditions, which do not likely reflect aquifer 

conditions. Under those strongly oil-wet conditions, CO2 was found to wet the oil-

covered surface preferentially to water. This effect could not be replicated in this work; 

using the same aging procedure used for the low salinity measurement yielded only a 

minor increase in the contact angle. The ramifications of a strongly oil-wet system 

would be experienced during injection into an oilfield but not in a virgin aquifer.  

 

The contact angle below critical point was approximately 10° lower than at supercritical 

conditions. Adhesion behaviour was also slightly reduced although this could not be 

quantified. All measurements were performed independently from each other, meaning 
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that the instrumentation was stripped and cleaned between measurements. A repeatable 

trend was encountered for CO2 when the low salinity Persian Gulf brine was used at 

6000psi and 80°C. Quartz was less water-wet at 80°C in both the Persian Gulf brine and 

the low salinity Persian Gulf brine than comparable measurements at 40°C.  Repeatable 

measurement procedures were also affirmed by the trends observed in the low salinity 

work discussed subsequently. 

 

Nitrogen was found to be an unsuitable analogue for CO2 on Orthoclase during contact 

angle measurement and during the micromodel experiments. Whereas Nitrogen showed 

negligible hysteresis at low pressure and high pressure, CO2 showed adhesive 

tendencies at sub-critical and supercritical conditions. This would likely affect the way 

in which CO2 distributes throughout a porous medium despite the fact that the contact 

angles were below 90°. Differences in interfacial tension, brine pH and chemical 

reactivity are strong arguments for using CO2 rather than Nitrogen for simulation or 

experimental purposes. The micromodel experiments demonstrated that both gases 

exhibit water-wet behaviour becoming disconnected during subsequent waterflood. 

Nitrogen showed a greater propensity to becoming locally disconnected and isolated by 

collars of water during gas flood. Subsequent water flood of CO2 and Nitrogen systems 

showed capillary trapping behaviour, with the main difference being that the Persian 

Gulf system showed more continuously extensive ganglia than Nitrogen in the same 

brine, which indicates that there are differences between the gases despite the overall 

water-wet behaviour. This visual observation validates the necessity of using CO2 at 

reservoir conditions rather than Nitrogen to achieve a realistic distribution of the gas 

within the porous medium. The net effect of contact angle hysteresis in a CO2-brine 

system will increase the capillary forces which oppose the mobilization of CO2. This 
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indicates why simultaneous or chase-brine injection is a good mechanism for enhancing 

capillary trapping of CO2.    

 

8.2 Etched Substrate 

The surface Hydroxyl (OH) content of Silica was found to be critical to the wettability 

of Silica. For the first time in Petroleum-related literature, two types of Silica were 

identified as having very distinct wetting properties without any modification such as 

Dichlorodimethylsilane (DCDMS) treatment. This was found to be a function of the OH 

content of the surface, which was quantified using water-Octane contact angle 

measurements supported by X-ray Photoelectron Spectroscopy (XPS). The Fused Silica 

substrate was found to be less water wet, and had 1.61±0.05 OH groups per nm-2. At a 

pressure of 2000psi and 40°C this resulted in a CO2 drainage contact angle of 87°. The 

Fused Quartz surface had 2.20±0.04 OH groups per nm-2 and gave a CO2 drainage 

contact angle of 38°. 

 

The intermediate-wet Fused Silica surface was etched using laser ablation to create a 

repeating array of micro pillars on the surface to mimic other investigations of super-

hydrophobicity, and to elucidate the effect of roughness within the pore space. The 

topography of core material is highly non-uniform and it is impossible to estimate the 

intrinsic wettability of the surface as if it were smooth and homogeneous. The approach 

of this work has demonstrated that an intermediate-wet surface to CO2 can be rendered 

strongly water-wet through controlled surface modification so that it becomes rough. 

This favours the stability of brine films within the pore space and reduces the fractional 

contact area of CO2 to the surface. This effect would favour capillary trapping despite 

the surface being intermediate-wet.  
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The Fused Silica surface exhibited hysteresis during imbibition using a larger droplet of 

CO2 and with water in a Decane environment, which is likely due to localised adhesion 

on the top of each pillar, but the imbibition angle was much less than previous 

measurements on Fused Quartz or Mica. It is hypothesised that residual brine in surface 

asperities could not be displaced by capillary forces otherwise CO2 would have 

penetrated and spread through the troughs in the pattern and strongly adhered to the 

surface. This was demonstrated at a larger scale using surface features that were at the 

same length-scale as the CO2 bubble.  

 

These measurements reveal a critical gap in the current literature surrounding CO2-brine 

wettability. They demonstrate that the rather innocuous appearance of Silica can largely 

affect the resultant wetting conditions should the surface chemistry be devoid of surface 

Hydroxyl groups. This is a likely explanation for differences in the current literature, 

which should be addressed with a suitable benchmarking study across several 

laboratories. At nearly intermediate wettability, the smooth Fused Silica surface would 

likely pose greater risk to storage security if it were representative of the reservoir 

overburden. When the surface was roughened to represent a reservoir core sample, the 

drainage contact angle was greatly reduced. This would have a positive impact on the 

trapping of CO2 in the pore space through the ingression of water films between rock 

surface features. 
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8.3 Low Salinity Measurements 

Controlled experiments to measure wettability using the contact angle method provides 

a good approach for the screening of overall system behaviour. This experimental 

technique gave good quantitative data that could be used to design coreflood 

experiments within a reasonably short period for different minerals.  

 

It was found that decreasing the total salinity (ionic strength) promoted low oil 

advancing contact angles under ambient and elevated pressure and temperature. 

Adhesion observations and measurement were performed alongside contact angle 

measurement, to evaluate overall system wettability. A cross-plot of adhesion versus 

contact angle provides a useful method for interpreting and ranking these values. 

Qualitative measurements showed that adhesion phenomena are more prominent at high 

salinities, and the strength of adhesion is reduced in the presence of low salinity brine.   

 

Modification of the salt content in low salinity brine brought about change in the 

wetting angles, which weakly correlated to ionic strength. The sensitivity of contact 

angle to ionic strength at low salinity shows that adjustments to brine composition 

should be conducted based on ionic strength alone, rather than total dissolved solids in 

this type of study. The same could be applied successfully at high salinities provided 

ionic activity is accounted for. 

 

Wettability alteration was observed to be an important mechanism for additional oil 

recoverable from low salinity waterflooding. Zeta-potential measurements were used to 

corroborate that a reduction in contact angle and desorption of oil as salinity decreases 

is likely to be due to the expansion of the electric double-layer. This would cause 

measurable change to the relative permeability behaviour of the system. 
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8.4 Recommendations for Further Work 

The measurement of wettability at high-pressure conditions was labour and time 

intensive, which made it difficult to perform measurements on a wide array of 

parameters. Given that high-pressure measurements usually suffer the consequences of 

leakage or other circumstances, a number of measurements were discarded for the 

purpose of this thesis. For these reasons there are several opportunities for extending 

this work.  

 

First and foremost, the experimental technique used here generally measured CO2-brine 

drainage angles using the captive drop method. This means that the bubble rested 

against the solid surface without any interference from the needle holding it in place. In 

the author’s view, a bubble which is held between the surface and the needle typically 

shows more water-wet conditions, or when adhesion takes place, gives a contact angle 

that reflects an imbibition angle. Low drainage angles on the order of 10° were shown 

in the CO2-brine cross-plot of other literature studies that use this method. Increasing 

the bubble size generally reduces the contact angle due to buoyancy and compression 

forces unless the three-phase line seeks a new equilibrium condition. Ideally, a movable 

needle at high-pressure would be utilised to penetrate a free-standing bubble and 

withdraw CO2 to measure the imbibition angle. Otherwise the DDDC approach could be 

used. 

 

It is known that the pH of brine in equilibrium with CO2 is reduced by several units. 

The pH was measured for several systems in this study by evacuating the system under 

pressure and quickly measuring the brine using a high-precision pH probe at 

atmospheric conditions. As an example, the pH value for 1.1M NaCl was originally 

pH6.3 prior to contact with CO2; this reduced to pH4.2 after contact with CO2. A high 
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pressure pH system was developed, but it could not be installed in time to obtain 

accurate measurements for this thesis. Similarly, interfacial tension measurements – 

although they follow a well-defined trend already in the literature – are best 

supplemented with accurate density information of the equilibrated brine. A high-

pressure density meter in a flow loop with a viscosity and pH probe would generate 

highly valuable information for a range of systems where accurate IFT is important or 

quantifying segregation effects is important. 

 

Using water as a drop-phase in a CO2 atmosphere had been shown in one literature 

study to be analogous to CO2 in water. Problems with this approach are the 

condensation of water on the optical window if it is not thermally isolated, and the 

resulting evaporation of the water droplet, which affects the contact angle. This should 

be verified if possible as it would allow for quicker measurement of contact angles at 

various pressure conditions if the conditions can be altered in-situ without extraction 

and cleaning of the system. 

 

Measurements using low salinity brine at constant ionic strength have already been 

discussed but it is emphasised here that the contact angle method did highlight 

differences between minute changes in the brine. It is also important that other crude 

oils types are utilised to determine under what conditions the low salinity effect cannot 

be observed. This project has contributed to subsequent coreflood studies where the 

impact of clay is currently being investigated. 

 

8.5 Final Remarks 

Wettability evaluation and measurement continues to be a subject of intense research, 

which reflects the over-arching complexity of the field. Key parameters such as ionic 
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strength, mineral composition and roughness are generally simplified from reservoir 

core conditions to a measurable standard – distilled water and smooth Quartz – as part 

of a good scientific approach; only to find that the topic becomes further complicated by 

molecular processes such as gel-layer formation [112, 123] and molecular ordering of 

near-surface water [63]. This typically leads research in a full-circle towards working 

with reservoir materials. There is a strong need for wettability to be more easily 

visualised as a three-dimensional process, where irregular surfaces and chemical 

heterogeneity can be accounted for. This is where imbibition and drainage processes at 

the core-scale reinforce measurements at the pore-level. It is also particularly important 

that careful attention is paid to the system from which wetting angles are obtained. It 

was demonstrated that the chemistry of Silica greatly influenced wettability to water and 

to CO2. Analogue, materials such as PTFE do not always replicate the behaviour of 

crystalline solids in terms of their van der Walls, hydrogen bonding, polar and acid-base 

interactions. Every attempt should be made to work with natural materials where 

possible and account for these interactions through suitable benchmarking. 

 

To build an accurate picture of wettability, systematic trends provide a good grounding 

upon which other experiments may be derived and planned. More often than not this has 

been through the application of the glass micromodel with subsequent coreflood studies. 

This integrated physical and mechanistic approach allows the affirmation of the effects 

of wettability at different length scales. This has been the experience with low salinity 

EOR within the group, where wettability measurements have assisted in the design of 

macroscopic studies.  

 

Good measurement protocols are needed to ensure consistent data. The uncertainties 

surrounding CO2-brine systems in particular has generated an uncertainty in industry as 
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to how to model the injection process, forecast plume movement and the risk of 

leakage. Aging core in crude oil at zero water saturation or chemical treatment with 

DCDMS illustrates the divergence from true reservoir wettability. The importance of 

good measurement protocol is equally applicable to Petroleum best practises. It is the 

role of researchers and practitioners to take an unbiased approach with their 

investigation of CO2 and utilise measurements at realistic conditions to improve the 

applicability to field conditions.  

 

Since reservoir modelling is inherently linked to the core studies from which the main 

flow behaviours are derived, wettability plays a major role in initialising those 

parameters. This was explored in Chapter 2 where the effects on fluid flow were 

illustrated using several cases where core preservation and cleaning determined the 

outcome of hydrocarbon recovery and displacement by water. The way in which we 

create wettability plays a significant role in the field. It is clear from the results of low 

salinity water injection that waterflooding is not simply a mechanical displacement of 

oil; chemical interactions causing wettability modification account for the additional oil 

recovery. Once could argue that there may be significant amount of remaining oil that 

may have had potential with this EOR technique during early production. I would 

encourage this injection strategy be considered for new fields from the first day of 

production. At present, there are an insufficient number of studies to date demonstrating 

the conditions where the mechanism may not work. It is likely that injecting an acidic 

low salinity solution would suppress double-layer expansion and interfere with proton 

donator-acceptor mechanisms. More likely conditions for adhesion would be created. 

The composition of the connate brine can be parameterised along with injected brines, 

and CO2 at some concentration can be used to simulate reservoir conditions more 

accurately. Crude oil composition is the missing part of the puzzle, which cannot be 
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readily broken down into separate components for measurement to ascertain the 

influencing molecules. The contact angle measurement technique can be easily 

employed to simultaneously measure adhesion and hysteresis for different crude oil-

brine systems to determine promising techniques for additional recovery. When used as 

a screening tool the technique is particularly useful. Subsequent measurement using a 

pore network is then necessary to quantify the effect of wettability alteration with 

respect to trapping and recovery. Given the heterogeneous nature of reservoir core and 

its susceptibility to contamination as previously discussed, its history should be tracked 

as much as possible to identify whether false negatives or indeed false positives are to 

blame due to improper core maintenance.  
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