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ABSTRACT 

The wettability condition of a reservoir rock is known to have a significant impact on the 

multiphase flow characteristics of the subsurface fluid-rock system by controlling critical 

attributes such as fluid saturation distribution, capillary pressure, relative permeability and 

displacement efficiency. Therefore, for any given system, it is paramount to gain an in-depth 

understanding of how possible natural variations in wettability may alter the dynamic behaviour 

of the underground system over the intermediate to long term. Furthermore, where necessary, 

the ability to effectively modify this critical parameter in the reservoir has implications in a 

range of areas such as mitigating liquid banking/blockage around hydrocarbon production 

wells, CO2 geosequestration, enhanced hydrocarbon recovery, and separation of CO2 using 

porous media.  

Due to the diverse functionalities of silane coupling agents, application of these chemicals 

have gained substantial attention in the area of material surface modification in various 

industries. The ability to create cross-links between inorganic (e.g., quartz) and organic (e.g., 

alkyl groups) materials by applying these chemicals have demonstrated applications which are 

not limited to improving adhesiveness, mechanical strengthening, inorganic material 

modification, thermal resistivity, electrical properties, water resistivity, etc. To achieve the 

objectives of this research, the surface chemistry of four different sandstone rock types were 

modified using five different silane agents through both conventional and scCO2-based 

silylation routes. A combination of X-ray photoelectron spectroscopy (XPS) analysis and 

contact angle measurements was utilized to evaluate and compare the surface coverage and 

effectiveness of the mentioned techniques. Subsequently, given the negligible impact of the 

treatments on the pore sizes/network of the rock samples, spontaneous imbibition and core-

flooding experiments were conducted before and after treatment to understand the effects of 

wettability alteration on the multiphase flow characteristics of the fluid-rock system. 

The XPS results demonstrated that superior chemical surface coverage was achieved through 

scCO2-based silylation as compared to that of the conventional techniques that use liquid 

solvents such as toluene as the silane carrier. Moreover, contact angle measurements were 

indicative of a strong change in wettability state of the treated sandstone surfaces from strongly 

water-wet to strongly CO2-wet. Furthermore, spontaneous imbibition experiments before and 

after treatment showed a considerable reduction in the rate and volume of water uptake in the 

post-treatment samples. The core-flooding results indicated that the effective permeability to 

the water phase was significantly increased, demonstrating higher water removal from the rock 
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matrix (i.e., lower Swr). Subsequently, the gas (i.e., scCO2) relative permeability was 

substantially enhanced after treatment.  

This research helps to fill an existing gap in the published literature by providing reliable 

experimental evidence about the effect of wettability on dynamic multiphase flow 

characteristics of CO2-brine system. For this, the relative permeabilities and residual saturations 

are measured under the two extremes of strongly water-wetting and strongly CO2-wetting 

conditions while keeping other system parameters (e.g., rock properties) unchanged. 

Furthermore, the outcomes of this research reveal the benefits of the novel scCO2-based 

treatment technique in achieving an effective surface modification. 
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 Introduction 

One major focus point of this research work has been to compare the multiphase flow 

characteristics of the CO2-brine-rock system under the two wettability states of strongly water-

wet and CO2-wet. To achieve this goal, a novel supercritical CO2-based (scCO2-based) 

silylation technique has been developed and tested, that could be used to induce the necessary 

wettability alteration to porous sandstone rocks under elevated pressure and temperature. The 

primary objective of the current chapter is to set the scene by giving a brief background to the 

problem at hand, presenting a snapshot of the objectives pursued by this research and finally 

providing a brief picture of how this thesis is organised.  

1.1 Background and Problem Description 

Fluid flow through porous media is a critical subject area pertaining to subsurface operations 

and in particular, those related to hydrocarbon recovery and CO2 geosequestration (Avraam and 

Payatakes 1995; Speight 2017). The ability to control or maintain fluid flow behavior is central 

to a broad range of critical petroleum engineering-related tasks such as field development, 

reservoir management, hydrocarbon production and fluid injection. Therefore, for example, 

early characterization of multiphase fluid flow will serve to constrain related uncertainties and 

assist in predicting future performance and possible problems, thus, allowing engineers to 

determine the best course of action (Higdon 2013). 

Successful implementation of environmental strategies such as carbon capture and storage 

(CCS) also hinges on a comprehensive understanding of multiphase fluid flow properties 

(Iglauer et al. 2017). A number of researchers have demonstrated that in a water-hydrocarbon-

rock system, higher amounts of hydrocarbon can be produced if the formation wettability shifts 

towards a more water-wet state (Anderson 1987; Jadhunandan and Morrow 1995). Assuming a 

similar scenario to be valid for a water-CO2-rock system, the mobility of CO2 plume would 

increase as the rock formation deviates towards a less water-wetting condition. Subsequently, 

the upward migration of CO2 can cause a substantial reduction in the containment security of 

the formation (Arif et al. 2017; Iglauer et al. 2015). 

When a porous medium is filled with multiple fluid phases (water, oil and gas), the flow of 

a given phase within the pores is not primarily a function of the medium permeability alone as 

predicted by Darcy’s equation in its original form applicable to single-phase flow. Given the 

multiphase nature of such a system, the transport is also a function of the saturation level and 

relative permeability of a given phase, the interactions of fluids with the pore surfaces and the 



2 

 

geometry of the fluid-filled part of the pore space (John et al. 2015). The above factors are then 

strongly influenced by the wettability of the medium (Morrow 1990; McCaffery and Bennion 

1974; Jackson, Valvatne, and Blunt 2005). For example, for a water-oil system, the relative 

permeability of the oil phase increases as the wettability of the rock shifts towards a neutral or 

more water-wet state (Jadhunandan and Morrow 1995; Sari et al. 2017; Nwidee et al. 2017). As 

another general example, from a pore-scale perspective, the way various mechanisms entrap the 

wetting phase is somewhat different from how the non-wetting phase is rendered immobile in 

the pores. At the end of a drainage displacement, the wetting phase is left behind primarily in 

the form of thin-film covering pore surfaces and within the smaller range of pore sizes. 

However, at the conclusion of an imbibition displacement, the residual non-wetting phase is 

trapped mainly due to the snap-off mechanism in the form of blobs and ganglia in the centre of 

the large pores (Land 1968; Dullien 1992; Holtz 2002).  

Although the impact of wettability alteration on multiphase fluid flow characteristics of the 

oil-brine-rock system has been evaluated and discussed in the literature extensively, a similar 

experimental study on evaluating the same for the CO2-brine-rock system under representative 

dynamic conditions seems to be nonexistent. The lack of representative experimental data is 

particularly evident from the recently published studies where authors opted to use hypothetical 

data in their numerical simulation work (Al-Khdheeawi et al. 2017a; 2017b; Al-Khdheeawi et 

al. 2018). One major concern with using such data, as opposed to a field or experimentally 

measured data, is the introduction of further uncertainties which then create operational 

challenges and undermine the ability to make informed decisions. Therefore, there is a pressing 

need for a representative experimental study to evaluate the relationship between wettability 

and multiphase fluid flow characteristics under reservoir conditions for CO2-brine-rock system. 

The above has been done in this study using a structured and systematic approach to alter 

wettability, providing a unique opportunity to evaluate wettability effects while keeping other 

influencing factors (e.g., rock petrophysical properties) effectively unchanged. This study is not 

using model surfaces (e.g., quartz crystals) which are typically used in the literature. Using 

model surfaces, while valuable, would yield results not representative of reservoir conditions. 

In this research, the silylation treatment approach has been adopted to modify the wettability of 

natural sandstone rocks using a novel scCO2-based silylation technique for the first time. 

1.2 Research Objective  

Given the above general background and problem description, the following key objectives 

have been pursued by this research work: 
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 Qualitative investigation of solubility performance of a number of selected silylation 

agents in scCO2. 

 Comparison between two different silylation techniques, namely, conventional and 

supercritical fluid-based, in achieving the best surface coverage necessary for the 

sought wettability alteration. 

 Investigating the degree of wettability alteration for a number of sandstone rocks, as 

controlled by the effectiveness of chemical modification attained through scCO2-

based versus conventional silylation techniques. 

 Investigating the effect of wettability alteration on dynamic multiphase flow 

characteristics of scCO2-brine-sandstone systems, such as residual saturations and 

relative permeabilities. This would also yield the much-needed representative 

experimental data about the effect of wettability state of sandstone rocks on the flow 

properties of the CO2-brine fluid system.  

1.3 Organization of Thesis 

This thesis consists of five chapters. In Chapter 2 (Literature Review), first, the fundamentals 

of surface wettability and its effect on multiphase flow in porous media are discussed. 

Subsequently, a number of techniques applied in the technical community to evaluate the 

surface wettability are reviewed. Then, various approaches that may be followed to change the 

wettability of a rock are described. Finally, as the particular topic of interest in the current 

research, silylation technique as a means for surface treatments and wettability alteration is 

discussed by providing a detailed review of the previously published works in this area. 

Chapter 3 (Experimental Setup, Materials and Methodology), divided in two major sections 

presenting a detailed description of experimental apparatuses and material used during this 

research followed by a detailed outline of the experimental procedures followed in conducting 

the intended experiments.  

Chapter 4 (Experimental Results, Interpretation and Discussion), presents the experimental 

results obtained along with their detailed analysis, interpretation and discussions. 

Finally, in Chapter 5 (Conclusions, Recommendations and Outlook for Future Work), 

includes a condensed summary of the research findings together with a number of 

recommendations for possible future investigations. 
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It is worth noting that Chapter 4 (Experimental Results, Interpretation and Discussion) is 

compiled primarily based on the author’s journal publications, which have been reproduced in 

this thesis as an individual chapter. The reader may wish to refer PUBLICATIONS BY THE 

AUTHOR section for the titles of the published works. 
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 Literature Review 

2.1 Introduction 

In this chapter, a comprehensive introduction to wettability phenomena and the effect on 

multiphase flow characteristics within porous media is presented, followed by an outline of 

different techniques (qualitative and quantitative) applied to assess the wettability state of a 

solid surface. Next, a number of different techniques employed to change the wettability state 

of reservoir rocks are discussed, which includes silylation (the technique adopted for this 

research). Finally, this chapter will conclude with a brief overview of the thermodynamic 

properties of CO2, which is the primary experimental fluid used in this work. 

2.2 Fundamentals of Wettability 

Wettability is defined as the tendency of one fluid to wet or spread over a solid surface in 

the vicinity of another immiscible fluid phase (Speight 2017; Craig 1971). The general 

multiphase flow characteristics of a porous medium are controlled by this intrinsic surface 

property, which is one of the fundamental physicochemical parameters of the system. In a 

system where three fluid phases are present (water, oil and gas), depending on the preferential 

affinity of the solid surface to any of the fluids, the surface can be termed as hydrophilic (water-

wet), oleophilic (oil-wet) or lyophobic (gas-wet), respectively. As demonstrated in Figure 2.1, 

at the pore-scale, the wetting phase covers the surface of the rock grains and occupies the smaller 

pores due to their high capillary pressure that opposes the intrusion of the non-wetting phase. 

On the other hand, the non-wetting phase, which can be present as a continuous phase across 

several pores, occupies the centre of the pores and is surrounded by a thin film of the wetting 

phase keeping it away from pore surfaces (Anderson 1986). In addition to the strong wetting 

tendency of a surface towards a specific fluid phase, fractional-wettability and mix-wettability 

terms have also been extensively used in the area of reservoir characterization (Brown and Fatt 

1956; Salathiel 1973). Fractional-wettability refers to the local variation of wettability within a 

single rock formation, attributed to the range of minerals covering the rock pore surfaces, which 

can result in heterogeneous surface chemistries and fluid-phase adsorption capacities (Wolthers, 

Charlet, and Van Cappellen 2008). Mixed-wettability is one of the relatively common 

wettability states of a reservoir formation if more than one fluid phase is present (Figure 2.1, 

middle image). Considering that initially a reservoir pore space is filled with native water prior 

to the hydrocarbon migration, the pore surfaces are at equilibrium with the formation water and 

therefore have a strong hydrophilic tendency (Kyte, Naumann, and Mattax 1961). Once the 
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hydrocarbon migrates through to the target formation, it displaces the native water from the 

larger pores; however, it cannot penetrate the smallest pores due to high capillary forces. 

Subsequently, as demonstrated in Figure 2.1 (middle image),  the smallest pores remain water-

wet, and the surfaces of the larger pores which now contain the hydrocarbon phase may be 

altered to an oleophilic state (Abdallah et al. 2007). In fact, the polar and heavy component of 

the oil such as asphaltenes can interact with the surface minerals of the formation and adsorb 

onto the surface, and subsequently lead to the wettability alteration of the rock formation 

(Agbalaka et al. 2008). A study by Hirasaki (1991) demonstrated that the wettability of a brine-

oil-rock system would be directly influenced by the thickness of the wetting phase (water in this 

case) film covering the rock surface, meaning that the surface remains water-wet if a stable and 

thick water film remains on the surface. On the other hand, a possible fissure within an unstable 

water film covering the surface allows for the polar components of the oil to adsorb onto the 

rock surface, and the subsequent deposition may lead to possible wettability alteration of the 

surface towards a less water-wetting state. A number of factors which are known to contribute 

to the degree of wettability alteration through this process are the brine composition occupying 

the pore space, the grain surface mineral chemistry and the hydrocarbon chemical composition 

(William G Anderson 1986).  More than 50% of remaining oil reserves are those of carbonate 

nature which are generally oil-wet (Chilingar and Yen 1983). In contrast, the tendency towards 

water-wetness is observed more in sandstone reservoirs, except for those formations which 

contain a considerable amount of clay minerals distributed on the sandstone surfaces (K. Ma et 

al. 2013). 

Water-wet Mixed-wet Oil-wet 

Oil (hydrocarbon)            Brine (water)         Grains 

Figure 2.1. Pore-scale demonstration of the effect of wettability conditions of a rock 

formation on fluid distribution within pores. Water-wet (left), where the water phase 

covers the pore surfaces and occupies smaller pores, and the hydrocarbon is held in the 

centre of the larger pores. Oil-wet (right), which is the opposite condition of water-wet 

system and water remains in the centre of the larger pores, and oil covers the grain surfaces 

and remains in smaller pores. Mixed-wet (middle), where oil has expelled the native water 

from some of the pores but not all of them (modified from Abdallah et al. 2007) 
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2.3 Effect of Wettability on Multiphase Flow in Porous Media 

In terms of reservoir properties, a number of dominant aspects of multiphase flow 

characteristic are controlled by the wettability state of the porous formation, such as the residual 

fluid saturation, immiscible fluid distribution, relative permeability of the fluid phases and the 

capillary pressure of the rock formation (Anderson 1986; Anderson 1987; Morrow 1990; 

Chaudhary et al. 2013; Jackson et al. 2005). The following sections will provide insight into 

each of the mentioned parameters which are directly influenced by the wettability state of a rock 

formation. 

2.3.1 Fluid Phase Saturation and Distribution 

Multiphase fluid distribution within a reservoir rock formation has a direct impact on the 

production potential of the reservoir, and the fluid distribution is in turn influenced by the 

wettability of the formation. Wettability would control how fluids position themselves relative 

to each other under static and dynamic conditions. Therefore, it can influence many reservoir 

scale processes from the hydrocarbon migration from the source rock to enhanced hydrocarbon 

recovery processes including water or gas flooding as well as other subsurface processes such  

CO2 geosequestration and natural gas storage (Morrow 1990).  

Numerous studies have investigated the effect of rock wettability on multiphase flow in oil 

reservoirs under various wettability states including strongly water-wet, mixed-wet and strongly 

oil-wet conditions. During the primary hydrocarbon recovery, the wettability of the system is 

one of the main factors that determines the recovery efficiency of a reservoir. In a strongly 

water-wet system, during water-flooding (or imbibition of water from an active aquifer), the 

water penetrates the smallest pores and moves the hydrocarbon through the larger pores. If a 

desirable viscosity ratio between the two immiscible phases is in place (which controls the 

fractional multiphase flow), a stable displacement pattern would be achieved during which the 

oil phase passes uniformly through the centre of the larger pores, while water proceeds along 

the walls of the pores and within the smaller pores where no oil is present (Raza et al. 1968; 

Donaldson and Thomas 1971; Agbalaka et al. 2008). Although under the scenario mentioned 

above the oil front flows in a uniform and stable manner, some of the oil would still become 

immobile and trapped in the centre of pores surrounded by water (Morris and Wieland 1963). 

Furthermore, it has been demonstrated that in a strongly water-wet system, most of the mobile 

hydrocarbon tends to be produced before the water breakthrough with no substantial 

hydrocarbon recovery taking place after the breakthrough, meaning that any post-breakthrough 

water injection may not contribute to further oil recovery (Jadhunandan and Morrow 1995; 

Donaldson and Thomas 1971; Morris and Wieland 1963). In other words, the ultimate oil 
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recovery would be almost equal to the oil recovery at breakthrough (i.e., for water-wet 

systems 𝑆𝑟𝑜𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ
≅ 𝑆𝑟𝑜𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒

). 

The fluid distribution in a strongly oil-wet system follows an almost opposite trend to that 

of the strongly water-wet systems. In strongly oil-wet reservoirs, the oil phase fills the smallest 

pores and covers the grain surfaces, while the water phase is located in the centre of the larger 

pores. Primary oil recovery in these systems are reported to be the lowest, owing to a low 

relative permeability of the oil compared to that of water, which is explicitly a function of 

wettability. During a water-drive primary recovery, unlike strongly water-wet system, a non-

uniform water-front would create fingers and channels, as promoted by less restricted flow of 

water in the centre of the larger pores whose surfaces are coated with oil (wetting phase). Hence, 

under the scenario depicted above, a substantial amount of oil would be left behind in smaller 

pores and cavities and as a film covering pore surfaces in larger pores (Erie C Donaldson and 

Thomas 1971). Generally, in strongly oil-wet systems, the oil recovery at water breakthrough 

is considerably lower than that of their strongly water-wet counterparts. However, unlike water-

wet systems, the ultimate oil recovery can be substantially more than that achieved at water 

breakthrough (W Anderson 1987). A work by Jennings has revealed the effect of wettability on 

the residual oil saturation during water-flooding in a water-wet versus an oil-wet porous 

medium when both media were initially 100% saturated with a synthetic oil. During water-

flooding experiments, the breakthrough occurred at water saturations of 75% and 53% pore 

volume (PV) for water-wet and oil-wet samples, respectively, which is a clear indication of the 

expected early water breakthrough in the oil-wet system. However, after a longer-term water-

flooding, the ultimate oil recoveries were reached at comparable water saturations of 85% and 

81% PV for water-wet and oil-wet systems, respectively. As concluded by Jennings, the oil 

recovery for the oil-wet system gradually increases with a considerable amount of water injected 

through the system during breakthrough times, whereas for the water wet-system, the increase 

in oil recovery is not appreciable once water breakthrough occurs (i.e., for oil-wet systems 

𝑆𝑟𝑜𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ
≫ 𝑆𝑟𝑜𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒

) (Jennings 1957).  

As explained earlier, unlike strongly water- or oil-wet surfaces, a mixed-wet porous medium 

can have a preferential wetting tendency towards water or oil. Generally in mixed-wet 

reservoirs, the smallest pores remain water-wet, and the larger pores are rendered oil-wet. Since 

the mixed-wet porous media have the best of both strong water- and oil-wet systems, commonly, 

the ultimate recovery from these systems are higher (i.e., lower residual oil saturation). This is 

attributed to the lower amount of trapped hydrocarbon in large pores as seen in water-wet 

systems and lower volume of oil trapped in smaller pores as experienced in oil-wet systems  

(Anderson 1987). It must be noted that to achieve a low residual oil saturation in mixed-wet 
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systems, similar to oil-wet systems, a considerable amount of water needs to be injected into 

the formation after the water breakthrough to achieve the potential ultimate recovery of the field 

(Salathiel 1973). In an experimental study, Humphry et al. (2014) investigated the effect of 

wettability on residual oil saturation in a number of sandstone rocks with different wettability 

conditions. They concluded that in their experiments, as the wettability of the sandstones moved 

from strongly water-wet to mixed-wet, the residual oil saturation decreased from 50% to 15%. 

Similar outcomes were observed by other researchers who have reported higher oil recoveries 

for mixed-wet reservoirs compared with strongly water-wet or oil-wet systems (McDougall and 

Sorbie 1995; Larpudomlert et al. 2014; Morrow 1990; Abeysinghe et al. 2012). 

2.3.2 Relative Permeability 

In order to understand and optimise subsurface processes such as production or injection in a 

given fluid-rock system (e.g., a hydrocarbon reservoir), it is necessary to evaluate the multiphase 

flow characteristics of the system. Considering a hydrocarbon reservoir upon discovery, having 

high porosity and high in-situ hydrocarbon saturation may not be necessarily reflective of the 

high quality of the reservoir. In general, the above-mentioned properties primarily control static 

fluid distribution and may not (directly) control the fluid flow characteristics of the subsurface 

system. Instead, those petrophysical properties (e.g., permeability (𝑘)) that control the passage 

and transmission of the fluid/s within the reservoir matrix and subsequently through to the 

production wells (or to the reservoir from injection wells) control the dynamics of the system. 

In 1856, Henry Darcy developed an empirical law which describes the single-phase fluid flow 

in a porous medium. Through experimentation, he concluded that flow rate of a fluid passed 

through a porous medium is proportional to the cross-sectional area and the pressure gradient 

across the medium and inversely proportional to the viscosity of the fluid used and the length of 

the medium (Figure 2.2). Darcy named the proportionality constant of his equation the 

permeability (k) which is described using Darcy as a unit (Equation (2.1)).  

                        

Figure 2.2. Single-phase flow through porous media (Darcy’s law) 

𝑞 = (
𝑘 ∗ 𝐴

𝜇 ∗ 𝐿
) ∗ ∆𝑃 

(2.1) 
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where q and μ are the flow rate (cm3.s-1) and viscosity (cP) of the fluid, respectively, A and 

L are the cross-sectional area (cm2) and length of the medium (cm), respectively, ∆P is the 

differential pressure (atm) across the length of the medium, and k is the permeability (D) of the 

medium. 

While Equation (2.1) appears straightforward, several assumptions need to be considered in 

order to apply the Darcy’s law: 

 The porous medium must be 100% saturated with a single incompressible fluid

phase.

 The flow in the porous media must follow a laminar flow pattern.

 Steady-state flow regime must prevail.

 There must be no chemical interactions between the fluid and the surface of the

pores.

As mentioned above, Darcy’s Law is only applicable if the pore space of the porous medium 

is 100% saturated with a single fluid, and therefore 𝑘 quantifies the absolute permeability of the 

medium. However, usually, there is more than one fluid phase (a combination of water, oil and 

gas) is present in any petroleum reservoir. Subsequently, Darcy’s Law could not be directly 

applied in its simple form to describe fluid flow in such systems. Muskat et al. made some 

observations about the multiphase flow through porous media and proposed an empirical 

modification to the original Darcy’s Law that could account for the flow of multiple immiscible 

fluids in the porous rock formations (Muskat et al. 1937). The study demonstrated that while 

more than one fluid phase would flow through a conductive porous space, each phase would 

possess its unique permeability trend, which would be a function of several factors. The above 

resulted in the introduction of the term Effective permeability (ki, where the subscript i refers to 

each individual fluid, e.g., water, oil or gas), which referred to the conductivity of a porous 

medium to a single fluid in the presence of other immiscible fluid phase/s. Subsequently, 

another term was driven from the effective permeability and referred to as the Relative 

permeability (kri, where the subscript i refers to each individual fluid, e.g., water, oil or gas). 

The relative permeability was defined as the ratio of the effective permeability of a given fluid 

phase to the absolute permeability (k) of the medium. Integration of the effective permeability 

term into the Darcy’s Law resulted in the following equation that could be used to quantify 

multiphase flow:  
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𝑞𝑖 = (
(𝑘 ∗ 𝑘𝑟𝑖) ∗ 𝐴 

𝜇𝑖 ∗ 𝐿
) ∗  ∆𝑃𝑖 

(2.2) 

where subscript “i” refers to each fluid phase (e.g., water, oil and gas) flowing through a 

porous medium.  

In a dynamic fluid-rock system where more than one fluid is present, a number of factors 

affect the permeability to each individual phase. A list of such factors may include fluid 

saturation, interfacial tension, fluid viscosity, fluid displacement flow rate, capillary end effect, 

temperature, in-situ stress, flow direction, clay content and type, fluid saturation history 

(hysteresis) and wettability of the rock surface (Bennion et al. 1998; Crotti and Rosbaco 1998; 

Payatakes et al. 1996; Bennion et al. 1993; Chen et al. 1998). As stated in the previous chapter, 

two primary objectives of this research are to develop an effective technique to chemically alter 

the wettability of a rock’s pore space and then examine the effect of such wettability alteration 

on the multiphase flow characteristics of rock samples. Therefore, from the above-mentioned 

list of factors, only the effect of surface wettability on relative permeability will be discussed in 

more details in the following section. 

    Quantification and analysis of the wettability alteration of a system through relative 

permeability curve construction is challenging and time-consuming. Nevertheless, a number of 

researchers have performed core-flooding experiments under the various wettability states of a 

particular porous medium in an attempt to evaluate the potential relationship between the 

relative permeabilities of various fluid phases and the wettability tendency of the medium. 

Jennings (1957) measured the relative permeabilities of oil and water for a synthetic porous 

sample under water-wet and oil-wet conditions. His experiments were of steady-state type 

where water was injected into the core samples initially saturated with oil. The resultant relative 

permeability curves normalized for absolute rock permeability measured at 100% oil saturation 

are presented in Figure 2.3 (left). For a water-wet system (circular markers- black and green 

lines), the water endpoint relative permeability at residual oil saturation (Sor) is below 40% 

whereas, at the same Sor, the endpoint relative permeability of water for an oil-wet system 

(diamond markers- red and blue lines) is almost 80%. Furthermore, the relative permeability 

cross-over points for the water-wet and oil-wet systems fall at 65% and 35% water saturation, 

respectively. The cross-over point indicates that, for instance, in a water-wet system, for water 

and oil to have the same relative permeabilities, the water saturation has to be at 65%, on the 

other hand in an oil-wet system, a water saturation of 35% results in the same relative 

permeabilities for the two phases. In other words, in a water-wet system, a higher wetting phase 

(i.e., water) saturation is required for water and oil to flow at the same relative permeability. 
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The endpoint relative permeabilities (for water and oil) and the relative permeabilities cross-

over points reported by Jennings (1957) are in line with the general rules specified by Craig's 

(1971) (Table 2.1). 

Table 2.1. Craig's (1971) general rules for determining wettability from relative 

permeabilities 

 Water-wet Oil-wet 

 

Initial water saturation 

 

Usually greater than 

20 to 25% PV 

Generally less than 

15% PV 

 

Relative permeability cross-over point (i.e., 

saturation at which relative permeability for 

water and oil are equal 

Greater than 50% 

water saturation 

Less than 50% 

water saturation 

 

 

Relative permeability to water at maximum 

water saturation (i.e., residual oil saturation); 

normalized to effective oil permeability at  

residual water saturation 

 

Generally less than 

30% 

Greater than 50% 

and approaches 

100% 

  

Figure 2.3. Left: Steady-state relative permeability curves for oil and water for water-wet 

and oil-wet systems (modified from Jennings 1957). Right: The relative permeability 

curves for different wettability conditions at the same initial water saturation (modified 

from Owens and Archer 1971) 
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In another study, Owens and Archer (1971) investigated the effect of wettability on the 

relative permeabilities of water and oil in strongly water-wet to strongly oil-wet sandstone 

rocks. The wettability condition of the surfaces were first evaluated through contact angle 

measurements, for which the water contact angles of 0° and 180° indicated strongly water- and 

oil-wet systems, respectively. A steady-state flooding procedure (water injection) was then 

performed on each sample at an irreducible water saturation (Swir) of 20%. Their measured 

relative permeabilities are presented in Figure 2.3 (right), where, similar to Jennings, the relative 

permeability data were normalized to the absolute permeability of oil for each system. They 

concluded that as the wettability of the system varies from strongly water-wet (Ɵ = 0° - circular 

marker, black lines) towards strongly oil-wet (Ɵ = 180° diamond marker, blue lines), the relative 

permeability of water increases whilst the relative permeability of oil declines. Furthermore, as 

the rocks become more oil-wet, the cross-over point for relative permeability curves shift 

towards a less water saturation condition. For instance, when Ɵ = 0°, the cross-over point falls 

at 65% water saturation, whereas the corresponding point for Ɵ = 180°, falls at 45% water 

saturation.  

Both of the above-mentioned studies indicated that as the wettability of a rock surface 

changes from strongly water-wet to strongly oil-wet, the relative permeability of water increases 

while the relative permeability of the oil decreases. Additionally, they indicated that, in a water-

wet medium and at Swir, the relative permeability of oil (non-wetting phase) could approach 

unity (100%). These conclusions are attributed to the particular distribution of the immiscible 

fluid phases within the rock pore space, which in turn is governed by the wettability of the rock. 

As explained in Section 2.3.1, in a water-wet medium, the wetting phase (water) fills the 

smallest pores and covers the grain surfaces, whereas the non-wetting phase (oil) is located in 

the centre of the larger pores. Subsequently, during an imbibition process (i.e., water injection), 

the water tends to flow through the smallest pores and close to the pore surfaces, both of which 

impose high restrictions on water flow. On the other hand, the oil phase moves through the 

centre of the largest pores feeling the least resistance to its flow. In addition, even at the end of 

the imbibition flood (i.e., at residual non-wetting phase (oil) saturation), the permeability of the 

wetting-phase (water) is still low. That is because the residual non-wetting phase is usually 

trapped in the centre of the large pores and induces a considerable resistance to the flow of the 

wetting phase. On the other hand, at the end of a drainage flood (at residual wetting-phase 

saturation), the non-wetting phase relative permeability approached the unity, which can be 

again attributed to the locations in which the wetting-phase is trapped (i.e., smallest pores and 

as a thin film covering grains), imposing the least resistance to the non-wetting phase flow 

(Owens and Archer 1971; Jennings 1957; Craig 1971; Heiba et al. 1983). It is worth noting that 
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an imbibition process is referred to the increase in wetting phase saturation, whereas the 

drainage process refers to the decrease in wetting phase saturation. 

So far in this section, it has been demonstrated that in a water-oil-rock system, as the 

wettability shifts towards more oil-wet state, the water relative permeability increases while 

the oil relative permeability decreases. This can indicate that under dynamic conditions, if 

all other system parameters remain unchanged, the oil productivity (flow rate) tends to be 

lower in oil-wet systems compared to that for their water-wet counterparts (Agbalaka et al. 

2008). In 1941, Leverett developed the fractional flow theory for an immiscible water flood 

in porous media, which is defined as the ratio of water flow rate to the total flow rate (2.3).  

𝑓𝑤 = (
𝑞𝑤

𝑞𝑤 +  𝑞𝑜
)

𝑆𝑤

 
(2.3) 

where, fw is the water fractional flow as a function of water saturation (Sw), and qw and 

qo are the water and oil flow rates respectively. By integrating the Darcy’s equation (2.2) 

into Equation (2.3), the following equation is obtained: 

𝑓𝑤 = (
1

1 + 
𝜇𝑤
𝜇𝑜

∗  
𝑘𝑟𝑜
𝑘𝑟𝑤

)

𝑆𝑤

 

(2.4) 

where, μw and μo are the viscosity (cP) of water and oil, respectively, and krw and kro are 

also the relative permeability of water and oil, respectively. Therefore, Equation (2.4) is a 

function of viscosity ratio, the relative permeabilities of the immiscible fluid phases and the 

water saturation at any given time. As indicated earlier, the relative permeability is an 

explicit function of saturation and an implicit function of wettability condition of a porous 

medium, subsequently, the fractional flow becomes an implicit function of the wettability 

state of the rock formation (Anderson 1987; Agbalaka et al. 2008). Assuming the viscosity 

ratio of the fluids remains unchanged, the fractional flow is essentially controlled by the 

wettability condition of the rock. A graphical demonstration of water fractional flow for a 

constant viscosity ratio and variable wettability conditions is presented in Figure 2.4. Welge 

(1951), demonstrated that the point of tangency for a tangent line drawn from Swir to the 

water fractional flow curve corresponds to the water fractional flow encountered at water 

breakthrough and the shock-front water saturation (the water saturation seen at the 
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production side of the system at the time of breakthrough). For instance, considering the 

curve for the water-wet system (blue curve), the tangent line intersects the curve at water 

saturation of 60%. At this point, the water fractional flow is as high as 78%. On the other 

hand, for the oil-wet system (red curve), the tangent intersects the curve at 26% water 

saturation and corresponds to 57% water fractional flow at breakthrough. Referring back to 

Equation (2.4), if the viscosity ratio is kept constant, and the wettability of the rock shifts 

towards a more oil-wet condition, the relative permeability of oil would be reduced while 

the relative permeability of water would improve, and subsequently, the water fractional 

flow would increase. Such effects tend to create an unstable flood front and result in an 

early breakthrough of water in oil-wet reservoirs (Agbalaka et al. 2008; McDougall and 

Sorbie 1995). 

 

Figure 2.4. Effect of wettability on water fractional flow at constant viscosity ratio. Water-

wet (blue curve), oil-wet (red curve) and mixed-wet (green curve). (modified from, Ahmed 

2001). The tangent lines drawn from Swir to the water fractional flow curves corresponds 

to the water fractional flow encountered at water break through and the shock-front water 

saturation. 

2.3.3 Capillary Pressure 

Capillary pressure (Pc) is defined as the discontinuity in pressure at the interface of two 

immiscible fluids that are in contact. This parameter is dependent on the curvature of the 

interface between the two fluids (governed by the wettability and interfacial tension) and their 
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saturations. In porous media, the capillary forces are directly influenced by pore geometry, 

interfacial and surface tensions of the fluids and the surface, and the wetting tendency of the 

pore surface. In such media, in order for an invading non-wetting fluid to displace the defending 

wetting fluid, the pressure in the non-wetting fluid is required to be larger than that of the 

wetting phase by an amount equal to Pc. In general, the balance between these forces is 

responsible for the capillary rise or depression of the fluids inside a capillary tube (Anderson 

1987).  

Accordingly, the capillary pressure in the simplest form can be demonstrated by the 

following equation: 

𝑃𝑐 =  𝑃𝑛𝑤 −  𝑃𝑤 (2.5) 

where, Pnw and Pw are the non-wetting and wetting phase pressures, respectively. The 

capillary pressure can also be defined by the well-known Laplace equation: 

𝑃𝑐 =  𝑃𝑛𝑤 −  𝑃𝑤 =  
2𝜎𝑛𝑤,𝑤  cos 𝜃

𝑅

(2.6) 

where: 

 σnw,w = interfacial tension (IFT) between non-wetting and wetting fluids

 Ɵ = the measured contact angle of wetting phase and surface

 R = the effective pore radius

 It must be noted that Equation (2.6) is applicable for a single capillary tube with a defined 

diameter. However, in a rock formation, various pore throat diameters may be present, and 

subsequently, a porous rock may be considered as a bundle of capillary tubes (Purcell 1949). 

Therefore, since every given pore throat size would have a particular capillary force (assuming 

all the other parameters such as fluid saturation, IFT, wettability, etc. remaining constant), a 

complete desaturation capillary curve is required to fully characterize the capillarity of the 

porous rock (Humphry et al. 2014). As per Equation (2.6), assuming the interfacial tension 

between the immiscible fluids and pore throat sizes of a rock remain unchanged, an alteration 

of the wettability state of the reservoir rock (contact angle) may have a pronounced effect on 

the distribution of fluids within the reservoir. Figure 2.5 demonstrates the shift in the capillary 

pressure curve for a water-air-sandstone system when wettability changes from a strongly 
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water-wet (blue lines) to a weakly water-wet (red lines) state. Furthermore, from a qualitative 

point of view, Figure 2.5 demonstrate the potential differences between the imbibition (solid 

lines) and drainage (dashed lines) capillary pressure curves of a fluid-rock system. The 

following additional points may be inferred from the capillary pressure curves presented in 

Figure 2.5, (Ahmed 2001):  

 Drainage curves (solid lines): 

o At 100% water saturation, for the strongly water-wet system, the minimum 

pressure required for the non-wetting phase to enter the largest pore throat 

is considerably larger compared to the weakly water-wet system. This 

minimum capillary pressure is referred to as capillary entry pressure or 

displacement pressure (Pd).  

o In general, for any given saturation of the wetting fluid, in a strongly water-

wet system, the pressure required for the non-wetting phase to drain-out the 

wetting phase is higher compared to that for the weakly water-wet system. 

This difference becomes more pronounced towards higher values of 

capillary pressure corresponding to smaller pore sizes. Hence the curvature 

of the capillary pressure curve is less for the weakly water-wet system. 

o Towards the end of the drainage process, any increase in the capillary 

pressure does not contribute to any further water saturation reduction, and 

the curve approaches vertical asymptote. This point corresponds to the 

irreducible water saturation. The irreducible water saturation for the weakly 

water-wet system is lower than that for the strongly water-wet system. This 

is attributed to the ability of the non-wetting fluid to invade smaller pores 

and expel water from them under a weakly water-wet state.  

 Imbibition curves (dashed lines): 

o During the imbibition process (i.e., increase in water saturation with 

decrease in the capillary pressure), for the strongly water-wet system, the 

water saturation increases considerably for a small decrease in capillary 

pressure, whereas in the weakly water-wet system, this increase is more 

subtle (steeper overall slope in a weakly water-wet system). This is 

attributed to the affinity of the strongly water-wet system to imbibe water 

spontaneously due to higher capillary forces. 
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o When the capillary pressure reaches zero, the water saturation is higher for 

a strongly water-wet system compared to a weakly water-wet system. This 

is due to the ability of water to imbibe inside the smallest pores and expel 

the air, whereas, in a weakly water-wet system, water may not penetrate the 

smallest air-filled pores, subsequently, resulting in lower water saturation. 

 

 

Figure 2.5. Capillary desaturation curves during drainage (solid lines) and imbibition 

(dashed lines) processes for air-water system. Strongly water-wet system (blue) and weakly 

water-wet (red lines) systems (modified from Bradford and Leij 1995). 

2.4 Wettability Evaluation Techniques 

As mentioned earlier, the wettability of a reservoir rock has a considerable impact on the 

multiphase flow characteristics of the formation, including the fluid phase saturation 

distribution, relative permeability, capillary pressures, etc. Therefore, an accurate evaluation of 

the wettability state of a rock formation under representative conditions is an essential element 

of the reservoir characterization process. The above has led to the development of a number of 

qualitative/quantitative approaches and techniques to assess this surface property. The current 

section of this chapter provides a brief outline of the most common techniques used to evaluate 

the wettability of solids in general surface or porous structure. 
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2.4.1 Contact Angle Method 

Contact angle measurement is one of the most widely utilized quantitative technique in 

wettability evaluation of a solid substrate. This method can accommodate for experiments 

conducted under high pressure and temperature, which is especially important for deep 

geological systems containing gas-liquid-solid configuration such as hydrocarbon reservoirs 

and CO2 geosequestration sites (William Anderson 1986). In addition, contact angle 

measurements have been extensively applied to analyse the effect of pressure, temperature and 

fluids’ chemistry on the wettability of rock surface (Shojai Kaveh et al. 2012; 2014; Arif et al. 

2015; Al-Yaseri et al. 2016). To date, a number of contact angle measurements techniques have 

been introduced, out of which, the sessile drop and captive drop are the most widely utilized 

methods in petroleum industry (Mccaffery and Mungan 1970; A.W. and R.J. 1979; William  

Anderson 1986).  

Contact angle measurements of a three-phase vapour-liquid-solid system is a function of 

three interfacial tensions (Figure 2.6) as first presented by Young’s equation: 

cos 𝜃𝑌 =  
(𝜎𝑠𝑣 − 𝜎𝑠𝑙)

𝜎𝑙𝑣
 

(2.7) 

where, 𝜎𝑠𝑣, 𝜎𝑠𝑙 and 𝜎𝑙𝑣 represent the solid-vapour, solid-liquid and liquid-vapour interfacial 

tensions, respectively and 𝜃𝑌 is the Young’s contact angle (Figure 2.6). Theoretically, the above 

relationship implies that the contact angle is based on the force balanced between the solid and 

the liquid drop at the triple-phase contact line, where the forces in question are generated from 

the interfacial and surface tensions between the phases in contact (Packham 2005). In addition, 

the adhesion force which is the product of 𝜎𝑙𝑣 ∗ 𝑐𝑜𝑠 𝜃𝑌 can be used to calculate the capillary 

number (Equation (2.8)) which is an important parameter in evaluation of the relative 

permeability and residual saturations during multiphase flow in a porous medium (Anderson 

1986; D. Yang et al. 2008). 

𝑁𝑐𝑎 =  
𝜇𝑣

𝜎𝑙𝑣 ∗ 𝑐𝑜𝑠 𝜃𝑌
 

(2.8) 

Where, v is the velocity of the injected fluid. 
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𝝈𝒔𝒗 - Solid-vapour interfacial tensions   

𝝈𝒔𝒍 - Solid-liquid interfacial tensions   

𝝈𝒍𝒗 - Liquid-vapour interfacial tensions   

𝜽𝒀 - Young’s contact angle 

Figure 2.6.  Schematic of force field acting on a three-phase substrate-water-scCO2 system 

 Although the contact angle measurement is one of the most commonly utilized techniques 

in wettability evaluation, a number of factors may affect the accuracy of this technique such as 

surface chemical heterogeneity (Brandon and Marmur 1996), surface roughness (Eick et al. 

1975), surface contamination (Iglauer et al. 2014) and adsorption/desorption of liquid molecules 

(Carré et al. 1996). Practically, some degree of roughness is present on all surfaces, which 

results in creating non-equivalent advancing (Ɵa) and receding (Ɵr) contact angles on a test 

surface (Kwok and Neumann 1999). The difference between Ɵa and Ɵr is termed the contact 

angle hysteresis (H). To reduce the effect of the hysteresis on measured contact angle data (i.e., 

reducing hysteresis), well-polished and homogeneous surfaces such as pure minerals (e.g., 

mica, calcite, etc.) are used which may be good representatives of actual lithology of rock 

formations (Morrow 1990; D. Yang et al. 2008). The measured contact angle on such surfaces 

is termed “apparent contact angle” which represents the average wettability state of a real 

specimen (Anderson 1986;  Lin et al. 1993) 

As demonstrated in Figure 2.6, within a multiphase test condition, generally, the Young’s 

contact angle is measured through the denser phase, which corresponds to the wettability of the 

given substrate. In a brine-rock-CO2 system, the rock is strongly water-wet for 𝜃𝑌 < 50°, weakly 

water-wet for 50° < 𝜃𝑌 > 70°, intermediate-wet for 70° < 𝜃𝑌 > 110°, weakly CO2-wet for 110° 

< 𝜃𝑌 > 130° and strongly CO2-wet for 130° < 𝜃𝑌 > 180° (Iglauer and Pentland 2017).  

2.4.2 Amott Method 

Another most commonly practiced quantitative measurement techniques to evaluate the 

wettability of a porous medium is the Amott test (Amott 1958). In this technique, two fluids of 

interest are sequentially displaced through forced and spontaneous displacement in a porous 

rock in the following order (assuming an oil-water fluid system and that the rock core plug is 

initially 100% saturated with water): 

                        σSL      Substrate(Rock sample) 
σSV 

σLV 

ƟY 

Water 

scCO2 
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 Forced displacement of water from pore space by oil (using a centrifuge or forced 

injection in a Hassler core-holder), until initial water saturation is reached (Primary 

drainage-forced) 

 Spontaneous imbibition of water to displace the oil (Primary imbibition-

spontaneous) 

 Forced displacement of oil by water through centrifuge or forced injection (Primary 

imbibition-forced) 

 Spontaneous drainage of oil to displace water (Secondary drainage-spontaneous) 

 Forced displacement of water by oil (Secondary drainage-forced) 

It is worth noting that some of the technical terminology used in the above procedure and 

Figure 2.7 assumes that the rock is water-wet; however, the overall general procedure outlined 

and subsequent analysis of the experimental results as presented shortly remain valid regardless. 

 

Figure 2.7. Capillary pressure (Pc) versus water saturation (Sw) curves as measured during 

an Amott test (modified from Morrow 1990). This graph will also be used to describe 

USBM technique in following Section 2.4.3. 
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The amount of fluids produced and the corresponding capillary pressure during each step is 

measured periodically, so the wettability condition of the porous medium can be evaluated. The 

wettability indices to water (Iw) and oil (Io) are then calculated from the following equations: 

𝐼𝑤 =
∆𝑆𝑤𝑠

∆𝑆𝑤𝑡
(2.9) 

𝐼𝑜 =
∆𝑆𝑜𝑠

∆𝑆𝑤𝑡
(2.10) 

where, ∆𝑆𝑤𝑠 and ∆𝑆𝑜𝑠 are the spontaneous changes in water and oil saturation, respectively,

and ∆𝑆𝑤𝑡 is the total change in the water saturation within the rock through both spontaneous

and forced displacements (Morrow 1990). The Amott indices indicate that the rock is strongly 

water-wet when Iw = 1 and Io = 0, and strongly oil-wet when Iw = 0 and Io = 1. A major drawback 

of Amott test is its insensitivity towards mixed/neutral wettability conditions, in which case, a 

modified version can be applied to overcome this problem. The Amott-Harvey index (IAH) was 

introduced to express the wettability of the rock with a single value ranging from -1 to +1 by 

combining the Iw and Io as follows: 

𝐼𝐴𝐻 =  𝐼𝑤  − 𝐼𝑜 (2.11) 

Subsequently, based on the Amott-Harvey index (Equation (2.11)), the rock is considered to 

be: 

 Water-wet when 0.3 ≤  IAH ≤ 1.0

 Weakly water-wet when 0 ≤  IAH ≤ 0.3

 Weakly oil-wet when -0.3 ≤  IAH ≤ 0

 Oil-wet when -1 ≤  IAH ≤ -0.3

One other major issue with the Amott test is its potentially time consuming spontaneous 

displacements, making the overall test to take substantially longer time to complete compared 

with the contact angle measurement technique.  

2.4.3 USBM Method 

The USBM (U.S. Bureau of Mines) method is another quantitative measurement technique 

which is widely applied for rock wettability assessment (Donaldson et al. 1969).  Similar to the 
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Amott test, wettability measurement using the USBM method consists of consecutive drainage 

and imbibition cycles in a similar fashion to that depicted in Figure 2.7 (both spontaneous and 

forced processes). In this technique, the work required to displace the wetting or non-wetting 

fluid phases from the pore space is analysed. During the drainage process, initially, the sample 

at its initial water (wetting phase) saturation (Swi) is immersed in an Amott cell filled with oil 

(non-wetting phase) and subjected to spontaneous imbibition. Subsequently, the sample is 

placed inside a sample-holder filled with oil and subjected to forced phase displacement in a 

centrifuge with an incremental increase in speed (i.e., increased force). From the forced 

displacement, capillary pressure data are obtained, and finally, the work required for water 

displacement by oil is measured from the area under the curve (Figure 2.7 – A1). Similar 

procedures are then repeated during imbibition steps, where, the oil and water are displaced and 

displacing fluids, respectively. The area under the imbibition curve (A2) indicates the work 

required for water to displace oil in the system (Figure 2.7). Finally, the logarithm of the ratio 

between the areas under the capillary pressure curves define the USBM wettability number 

(NUSBM): 

𝑁(𝑈𝑆𝐵𝑀) = log
𝐴1

𝐴2
 

(2.12) 

Subsequently, the wettability of the system from the USBM number is characterized as 

follows: 

 If NUSBM > 0, the system is water-wet  

 If NUSBM < 0, the system is oil-wet  

 If NUSBM ≈ 0, the system is near neutral-wet  

The main advantage of the USBM technique over the Amott test is its demonstrated 

sensitivity for near neutral-wettability systems; however, since similar to the Amott test the 

samples are subjected to high centrifugal force, only consolidated cores samples can be tested 

in this technique, which limits the application of the USBM test (Anderson 1986). 

2.4.4 Spontaneous Imbibition  

Spontaneous imbibition (SI) is an indirect method for evaluating the wettability of a system 

based on the rate of imbibition of fluids or the total amount of fluids imbibed into a porous 

medium. The above is based on the fact that the spontaneous imbibition is controlled by the 

capillary pressure and largely influenced by wettability (Zhang et al. 2007). Depending on the 
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expected wettability state of a core sample, the spontaneous displacement test is performed by 

either immersing the oil (or gas) saturated core sample in water, or the water saturated core in 

oil (or gas). The amount and rate of fluid displaced is then measured and plotted against time to 

evaluate wettability (Xie and Morrow 2001). The amount and rate of imbibition depend on a 

number of parameters, including rock wettability, interfacial tension (IFT), and saturation 

history (MA et al. 1999). According to the accepted conventions, in a strongly water-wet 

system, capillary pressure is considered positive, and water would imbibe into the rock until 

residual non-wetting saturation (Snwr) is reached. In contrast, the capillary pressure is considered 

negative when the rock is strongly non-water-wet (e.g., oil-wet), hence oil would spontaneously 

imbibe into the rock and displace water in the test (Tiab and Donaldson 2012).     

The advantage of this technique over the Amott and USBM test is evident, knowing that 

both of the mentioned methods have limited applicability if the wettability of the system falls 

within a certain range. The Amott method does not appropriately distinguish between the 

systems with high wettability index, and collectively describes the system as strongly water-

wet. Additionally, this test tends to be insensitive for near-neutral wettability formation 

(Anderson 1986). In the USBM test, the residual oil saturation achieved through spontaneous 

imbibition is not recognised (MA et al. 1999). In spontaneous imbibition experiments, 

appropriate wettability characterization can be achieved through both the rate and the amount 

of fluid produced during the earlier period of  recovery (MA et al. 1999).  

2.4.5 Other Techniques 

Multiphase flow characteristics analysis of a fluid-rock system can provide a qualitative 

assessment of wettability state of a given formation. As explained in Section 2.3.2, for example, 

the relative permeabilities are heavily and directly influenced by the wettability (Iglauer et al. 

2017). For instance, as discussed before, in a water-oil-rock system, where water and oil are 

wetting and non-wetting phases, respectively, the relative permeability to water increases as the 

system shifts towards less water-wetting state while the relative permeability to oil phase (the 

non-wetting phase) decreases as demonstrated in Figure 2.3 (Jennings 1957; Craig 1971).  

2.5 Wettability of Sandstone Rocks 

As mentioned earlier (Section 2.2), in general, sandstone reservoirs are considered to be 

strongly water-wet. The pore space of this reservoir rock would be in equilibrium with the 

formation brine for a prolonged period of time prior to the migration of hydrocarbon phase to 

its pore space (in case of a hydrocarbon bearing reservoir); consequently, the rock surface tends 

to be hydrophilic (Kyte et al. 1961). Once the hydrocarbon migrates into the previously brine 
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filled formation, a number of interactions might take place, which may result in naturally 

occurring wettability alteration of the pore space towards a less water-wetting state. Parameters 

such as brine pH and salinity, acid/base number of formation fluids, hydrocarbon components, 

and rock mineralogy (e.g., clay content) may have a considerable effect on the eventual 

wettability condition of a sandstone formation (Xie et al. 2002; Buckley et al. 1996; Buckley 

and Liu 1998; Liu and Buckley 1999). Buckley and Liu (1998) proposed four main mechanisms 

which explain the possible interactions of water-oil-rock systems and their effect on the 

wettability of sandstone rocks: polar interactions, surface precipitation, acid/base interactions, 

and ionic bonding. Polar interactions can occur on a clean surface through the interactions of 

the polar components of the oil and the surface. Surface precipitation can occur when the oil is 

unable to keep its heavy components (e.g., asphaltenes) in solution, and subsequently, they may 

precipitate and cover the rock surface. Commonly, a more oil-wet rock condition is attributed 

to the heavier component of the crude oil (Denekas et al. 1959). Wettability alteration through 

acid/base interactions can occur in systems where the hydrocarbon possesses low acid numbers 

and high base numbers, whereas, ionic bond interactions take place if the hydrocarbon possesses 

low base numbers and high acid numbers (Buckley et al. 1996). The wettability alteration 

through these techniques is achieved by reducing the water film stability on the rock pore 

surfaces. 

Wettability state of a sandstone formation may be of great interest for subsurface processes 

that do not involve a hydrocarbon phase, such as CO2 geosequestration in deep aquifers. Deep 

saline aquifers are known to be good candidates for CO2 geosequestration (Bikkina 2011). A 

number of studies have investigated the wettability condition of brine-CO2-sandstone systems 

and concluded that generally, in the presence of CO2, sandstone formations tend to be strongly 

hydrophilic and in some cases weakly water-wet. Krevor et al. (2012) investigated the trapping 

capacity of sandstone formations through relative permeability analysis of brine-CO2-rock 

system and concluded that such systems would be good candidates for CO2 geosequestration 

because they demonstrate strong water-wetting tendency. Their founding was further confirmed 

by Pini et al. (2012), who also demonstrated the water-wetting tendency of sandstone 

formations in the presence of CO2. However, they indicated that as the pressure increases, the 

rock wettability diverts towards weakly hydrophilic, which was attributed to the reduction in 

the interfacial tension (IFT) between the fluid phases (Georgiadis et al. 2011). Chiquet et al. 

(2007) studied the wettability alteration of caprock towards weakly water-wet in the presence 

of CO2 and attributed this effect to the reduction of brine pH due to dissolution of CO2 in brine 

at elevated pressures. Subsequently, the increased brine acidity contributed to the reduction of 

the electrostatic attraction and stability of water film on the sandstone surface, thus impacting 

the interfacial repulsion between phases (McGrail and Schaef 2005; Sharma and Yen 1984). 
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Effect of ionic strength on the wettability of silica surfaces has also been investigated (Jung and 

Wan 2012). This study concluded that the wettability for silica diverts from strongly water-wet 

state (Ɵ ≈ 0°) for pure water, to a less water-wet condition (Ɵ ≈ 19.6 ±  2.1°) when 5 mol of 

NaCl was used to prepare the brine. In another research, Chalbaud et al. (2009) demonstrated 

that the ionic strength has a direct effect on the interfacial tension between brine and CO2, which 

can potentially impact the wettability of the rock formation. Sandstone formations owe their 

water-wetness tendency to the presence of surface silicon dioxide (SiO2). Quartz, which is one 

of the polymorphs of silicon dioxide, constitutes a majority of sandstone’s mineralogy, and once 

exposed to water, hydroxyl (-OH) groups can be generated with concentrations ranging from 0 

to 4.6 OH/nm2 (Zhuravlev 2000). The wettability of a sandstone formation is proportionally 

influenced by the concentration of the surface hydroxyl groups due to its high polarity nature, 

subsequently, the surface becomes more water-wet with increased concentrations of this species 

on the rock surface (Iglauer et al. 2017).  

2.6 Wettability Alteration by Chemical Treatment 

One of the areas of interest in the oil and gas industry is wettability alteration of reservoir 

rocks to render the rock surface wettability to accommodate for an intended requirement. For 

instance, in enhanced oil recovery (EOR) it is more favourable if the rock surface is more water-

wet rather than oil-wet (Morrow 1990; Ravari et al. 2011; Sari et al. 2017; Nwidee et al. 2017). 

Similarly, in CO2 geosequestration applications, a more water-wet rock formation can provide 

improved residual CO2 trapping. Furthermore, a water-wet caprock would provide a superior 

sealing in a CO2 geosequestration site, hence improving the structural trapping mechanism of 

CO2 (Al-Khdheeawi et al. 2017; Iglauer and Pentland 2017). In some cases, it is more 

favourable to render the rock formation from a lyophilic state to more gas-wetting conditions. 

For instance, in gas reservoirs which suffer from water blockage or hydrocarbon condensate 

banking, the gas flow rate would dramatically be reduced, impacting on the well deliverability 

substantially (McCain and Alexander 1992; Barnum et al. 1995). In the case of the absence of 

favourable wettability state for the above-mentioned situations, if feasible, wettability alteration 

may be an option to consider. The following sections outline a number of chemicals and 

techniques used to render the wettability of rock surfaces for various applications. 

2.6.1 Surfactant Application 

Surfactants are amphiphilic molecules (containing both hydrophilic and hydrophobic 

moieties) composed of a polar group (ionic or nonionic) and hydrophobic chains (usually alkyl 

chains) (Pinazo et al. 2019). Surfactants are used in various applications and processes, owing 

to their dual molecular structure, which makes them active at interfaces. These compounds have 
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been extensively investigated in oil and gas industries, and have demonstrated promising 

applications in EOR for hydrocarbon producing fields with high trapped oil saturation (e.g., oil-

wet formations). It has been revealed that reduction in IFT and wettability alteration (from oil-

wet to more water-wet state) are the two main mechanisms behind the effectiveness of 

surfactants as EOR agents (Chegenizadeh et al. 2017; Standnes and Austad 2000; Giraldo et al. 

2013). The efficiency of a surfactant application in achieving its objectives is influenced by a 

number of factors of which the most dominant are, the surfactant classifications/types (anionic, 

cationic, nonionic, biosurfactant and zwitterionic surfactants), the solvent used in surfactant 

preparation, native fluids characteristics (e.g., reservoir’s brine salinity, hydrocarbon 

characteristics), operational conditions (pressure and temperature), surfactant concentration, 

and the chemical characteristics of the reservoirs rock (Chegenizadeh et al. 2017; Gupta and 

Mohanty 2010; Schramm 2000; Karnanda et al. 2013).  

2.6.2 Low Salinity Flooding 

Low salinity water injection (LSWI) has become one of the major research areas in EOR for 

both sandstone and carbonate reservoirs, because of its added advantages over conventional 

seawater or formation water injection. LSWI has attracted the attention of field operators 

because of its affordability, availability, ease of injection in the oil bearing zones, minimal 

capital and operational costs and proven applicability to displace medium to high API crude oil 

with high efficiency. To date, a number of possible mechanisms associated with LSWI have 

been proposed by researchers, which generally constitute fluid-fluid and rock-fluid interactions 

(Al-Shalabi and Sepehrnoori 2016). Wettability alteration has been proposed as the main EOR 

mechanism during LSWI in carbonate rocks. It has been demonstrated that the electrical double 

layer expansion caused by multi-ion exchange (MIE) during LSWI contributes to wettability 

alteration of carbonate rocks (Strand et al. 2003; Yousef et al. 2012; Sari et al. 2019). In 

sandstone formations, researchers have proposed that during LSWI, multi-ion exchange, salt-in 

effect, pH effect and fines migration are the main mechanisms contributing to the increased oil 

recovery (Lager et al. 2008; Rezaeidoust et al. 2009; Austad et al. 2010; Bernard 1967; Alotaibi 

and Nasr-El-Din 2009). 

2.6.3 Nanoparticle Treatment 

Nanoparticles (NPs) have attracted significant attention of researchers in oil and gas industry 

because of their properties. Nanoparticles come in diverse chemical composition, surface area, 

shape and size (Oberdörster et al. 2005). Depending on their chemical composition, and the 

surfactant used to create the nano-fluids, they can be hydrophilic, hydrophobic or lyophobic, 

making them attractive for various applications (Nel et al. 2009). Nanoparticles have found 



28 

 

applications in a number of subsurface processes including the CO2 geosequestration, viscosity 

and interfacial tension control during heavy oil recovery, drilling fluid optimization and 

wettability alteration of hydrocarbon reservoirs (Al-Anssari et al. 2017; Al-Anssari et al. 2017a; 

LI et al. 2007; Ponmani et al. 2016; Jin et al. 2017; Zhang et al. 2016). During the nanoparticle 

treatment of a porous structure, it has been proposed that five phenomena may take place 

including nanoparticle transportation, adsorption, desorption, aggregation and blocking (Li and 

Torsaeter 2015). Once the nanoparticles arrive at deposition sites (pore surfaces), forces such 

as double-layer and London-van der Waals would assist with their adsorption/desorption 

(Lecoanet et al. 2004). In the context of surface wettability alteration, the efficiency of a 

nanoparticle treatment depends on a number of factors including, solid surface chemistry, 

nanoparticle characteristics, and operational conditions such as temperature, pressure and 

deposition aging time (Täuber et al. 2013; Moghaddam et al. 2015; Al-Anssari et al. 2016; 

Zhang et al. 2015).  

2.6.4 Fluorinated Chemical Application 

Fluorinated chemicals are synthetic compounds of organic chemicals in which the hydrogen 

atoms (or alkyl tails) are substituted by halogen fluorine tails, which results in the production 

of fluorinated hydrophobes (Craddock 2018). These chemicals have been applied to alter the 

wettability of reservoir rocks. They can be used in the form of fluorinated surfactants, polymers, 

polymeric surfactant, or nanoparticles fluorinated surfactants (Li and Firoozabadi 2000; Fahes 

and Firoozabadi 2007; Murphy and Hewat 2008; Mousavi et al. 2013; Karandish et al. 2015; 

Naghizadeh et al. 2020). In the context of wettability alteration of solid surfaces such as the 

rock pore surfaces, it is well understood that such treated surfaces owe their wettability shift to 

the very low surface free energy induced by the fluorinated chemicals (Huang et al. 2004), 

making the surfaces to be more lyophobic. A number of researches have shown that the 

treatment of the near wellbore region with fluorinated chemicals in gas reservoirs which suffer 

from water blockage or condensate banking can result in significant well productivity 

improvement (Zhang et al. 2014; Lee et al. 2008). Wang et al. (2015) investigated the 

effectiveness of wettability alteration of sandstone rocks from liquid-wetting to preferentially 

gas-wetting state by applying a number of fluorinated surfactants at elevated temperature. They 

concluded that the wettability alteration of the lyophilic pore space towards preferentially gas-

wetting was strongly influenced by the reduced surface free energy from 70 to 3.29 mN/m. 

Despite the promising application of fluorinated chemicals in EOR and production optimisation, 

there are a number of concerns associated with their use. Fluorinated chemicals persist in the 

environment, due to the strong chemical bonding between the fluorine and carbon atoms, 

subsequently, the chemical stability of their molecule tends to be very high, making them highly 
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resistive to biodegradation (Stahl et al. 2011). Subsequently, fluorinated chemicals pose a threat 

to the environment and human health. Furthermore, synthesising fluorinated compounds are 

known to be expensive and may not be cost-effective in many applications (Li et al. 2011; 

Craddock 2018).  

2.6.5 Silylation 

Silylation process is one of the most commonly applied surface modification techniques. 

This process takes place when active hydrogen of an organic or inorganic molecule is 

substituted by a silyl group (R3Si-) from a silane agent (Roth 1972). The active hydrogen groups 

from the test substrates are usually classified as -OH (phenol, alcohol, carboxylic acid), -SH 

(thiol) or -NH (urea, amine, amide). In general, organosilanes are presented in the form of 

RnSiX4-n, where, R is the non-hydrolysable organic group which possesses the functionality, and 

X is either a halogen, alkoxy, acyloxy, or amino group (Combes et al. 1999b; Pape 2006). 

Mechanistically, during surface treatment, the X group containing hydrolysable group 

undergoes hydrolysis as triggered by the water present in either the applied solvent, water 

moisture in the test environment or the adsorbed water on the treated substrate’s surface. The 

hydrolysis process creates hydroxyl moieties (-OH) in the silylation agent which can then react 

with the hydroxyl groups (e.g., surface silanol groups (Si-OH) on hydrolysed quartz surfaces) 

on the substrate to create strong covalent bonds with concomitant water creation (Si-O-Si + 

H2O). Subsequently, the R group (silanes’ functional group) extended from the surface impart 

the physical and chemical functionality based on the required application (Tripp and Hair 1993; 

Voort and Vansant 1996; Arkles et al. 2014). A simplified depiction of the mechanisms 

involved during the silylation process on a quartz (SiO2) surface is presented in Figure 2.8. 

 

Figure 2.8. Simplified mechanism of silylation reaction (modified from Sánchez-Vicente et 

al. 2014) 

It’s worth noting that the surface silylation may be accompanied by a number of other side 

processes. For instance, the condensation of organosilanes molecules on the substrate and self-
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assembled polymerization (oligomers creation) within the silane solution may occur prior or 

during the hydrolysis and silane’s chemical bonding to the surface (Tripp and Hair 1993; Arkles 

et al. 2014). Self-assembled polymerization occurs when the adjacent silane molecules interact 

and form a monolayer on the surface of the test substrate prior to surface reactions. A number 

of factors such as the amount of water present during the silylation process, selected solvent, 

and the silylation agent’s characteristics affect the competition between self-assembled 

polymerization and the surface reactions; subsequently, it is essential to consider all of these 

variables prior to the surface treatment (Ulman 1996; Voort and Vansant 1996; Sánchez-Vicente 

et al. 2014).  

The surface groups of the test substrate also play an important role in controlling the 

silylation efficiency. In general, organosilanes can create stable bonds with the oxide of 

inorganic materials. For instance, oxides of materials such as silicon, aluminium and copper can 

create strong bonds with the silylation agents, whereas the reaction of silanes with materials 

such as lead and carbon is considerably lower. This behaviour highlights the importance of the 

surface hydroxyl groups in the silylation process. Figure 2.9 provides a guide on the 

effectiveness level of silylation reactions on various inorganic material (Sanli and Erkey 2015). 
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Figure 2.9. Reaction efficiency of silylation agents on inorganic materials (modified from 

Sanli and Erkey 2015) 
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2.6.5.1 Conventional Silylation 

There are two techniques used in conventional silylation of surfaces. The first method 

involves placing the substrate in contact with the silane-solvent mixture. The silylation agent is 

usually mixed with aqueous solvents; however, in some cases where the silylation agent 

demonstrates minimal solubility in aqueous solvents, organic solvents such as toluene, 

tetrahydrofuran and benzene etc., is used to prepare the mixture (Aissaoui et al. 2012; Jakša et 

al. 2013; Soliveri et al. 2014). In this technique (regardless of the type of solvent used), surface 

silylation does not occur directly (post-synthesising is required); hence, further reactions take 

place prior to covalent bonding of the silane molecules to the surface (Tripp and Hair 1992a; 

1992b). Initially, hydrolysis of silane is initiated with the water present in the mixture, and the 

self-assembled polymerization takes place within the silane solution. The amount of water in 

the system determines the degree of hydrolysis and self-polymerization (oligomer creation). 

Subsequently, the created oligomers precipitate and physisorb to the surface, from which the 

chemical reactions between the oxides of the surface and the hydrolysed silane molecules take 

place. One of the main drawbacks of this technique is the pre-polymerization of the silanes 

before reacting with the surface groups, which results in a non-uniform multilayer surface 

coverage and pore blocking (López-aranguren et al. 2012). Despite the mentioned inherited 

disadvantages of silylation with silane-solvent mixture, a number of researchers have 

demonstrated that uniform self-assembled monolayers (SAMs) can be obtained through this 

route, given that the test conditions are optimised. Wang and Lieberman (2003) investigated the 

SAMs of octadecyltrichlorosilane (OTS) on silica surfaces. Their work demonstrated that a 

uniform monolayer can be obtained when a number of factors such as the amount of water in 

the solution, sample aging time in the mixture and surface pre-treatment are closely monitored 

and controlled. Their finding was in agreement with that of other researchers who have drawn 

similar conclusions (Tripp and Hair 1992a; Aissaoui et al. 2012; Jakša et al. 2013). Other 

disadvantages of silylation through liquid mixtures are the general toxicity of the solvents, 

prolonged reaction times and the inability of silane-solution to reach small pores due to high 

capillary forces and relatively high viscosity of the mixtures (Adam et al. 2009; Kartal and 

Erkey 2010).   

An alternative conventional silylation method is the chemical vapour deposition (CVD). In 

this method, surface functionalization takes place by vaporization of silylation agent in a 

controlled high-temperature and low-pressure closed chamber (Soliveri et al. 2014). The actual 

silylation process in CVD follows similar steps as those described for the solution silane 

deposition; however, in this route, the amount of water present in the environment and on the 

substrate surface are closely controlled. Since there is no free water present with the silylation 
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agent prior to surface deposition, the silane does not undergo self-polymerization in the solution; 

subsequently, more uniform SAMs would be created on a substrate’s surface (Yadav et al. 2014; 

Soliveri et al. 2014). A number of parameters can be taken into consideration in order to create 

a more uniform monolayer on a surface during CVD route, such as dehumidification of the 

chemical deposition environment, reduction in the deposition temperature and time, and the 

application of monofunctional silylation agents (Diebold and Clarke 2012). One major 

advantage of CVD surface treatment over solution-phase treatment is the rapid deposition and 

bonding of silanes to the surface (Fadeev and McCarthy 1999). Gao and McCarthy (2008) 

applied trimethylchlorosilane and tetrachlorosilane to functionalize silicon wafer using the 

CVD route. Their work demonstrated that a chemical treatment time as short as 2 min was 

sufficient to effectively alter the surface characteristics of the silicon wafer. Other advantages 

of CVD route over solution-phase deposition are, eliminating the concerns around the solvent 

recovery and disposal (which are associated with high operational cost, low efficiency and 

severe environmental pollution  (Lazghab et al. 2015)), possible reproducible functionalized 

surfaces with higher chemical surface coverage and density, more homogenous covalently 

bonded chemicals and reducing the use of solvent to rinse the surface after treatments, since this 

technique is less susceptible to chemical solution impurities (Voort and Vansant 1996; F. Zhang 

et al. 2010; Zhu et al. 2012). A major disadvantage of this technique is the high temperature (T 

> 70 °C) and low pressure (Pr > 5 torr) operational conditions which would limit the application 

envelope of this technique (Tripp and Hair 1993; Fadeev and McCarthy 1999; Deniz Sanli and 

Erkey 2015).  

2.6.5.2 Supercritical Fluid Silylation 

Chemical surface modification through supercritical fluids (SCF)-based silylation has 

attracted the attention of researchers in recent years. In this route, the surface of a substrate is 

exposed to a silylation agent dissolved in a SCF. Similar hydrolysis and surface covalent 

bonding mechanisms as those outlined for the conventional techniques would take place in this 

method; however, the SCF-based silylation process has several advantages over the 

conventional techniques, and will be elaborated on in the following sections. One of the most 

commonly used solvents for SCF-based silylation is supercritical CO2 (scCO2). The scCO2 

demonstrates a number of desirable chemical and physical properties, besides being naturally 

abundant, nontoxic and non-flammable (Desimone 2014; Tenorio et al. 2018). This solvent is 

highly tunable with liquid-like density, gas-like viscosity and high diffusivity, making its 

application very appealing because it reduces the limitation of diffusion and mass-transfer, 

especially if tight porous media chemical modification is of interest (Gu et al. 2006; López-

aranguren et al. 2012). Having a relatively mild critical pressure and temperature (Pc = 7.38 
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MPa, Tc = 304.1 K) is another significant characteristic of scCO2, which can be easily achieved 

on an industrial scale. Figure 2.10 illustrates the P-V-T diagram for the pure CO2 system. It is 

evident from the diagram that the pressure has substantial impact on the density of scCO2 close 

to the critical point, thus, a slight variation in system’s pressure can result in considerable 

change in its density. Such variations in scCO2 density can potentially impact its solvation 

capacity (Khaw et al. 2017; Peach and Eastoe 2014). Furthermore, scCO2 can easily be 

separated from the surface after treatment and leaves the surface solvent-free, which is another 

advantage of silylation through scCO2-based route (Combes et al. 1999b; López-Periago et al. 

2014).  

 

Figure 2.10. P-V diagram of pure CO2 system, where the single, two-phase and 

supercritical regions are emphasised. The isotherms are represented by dashed lines. 

(modified from Erkey 2011) 

With respect to the earlier mentioned advantages offered through scCO2-based silylation, a 

wide range of silane agents has been employed in chemical modification of different oxide 

surfaces (e.g., SiO2, TiO2, Al2O3, etc.) through this technique (Combes et al. 1999b;  Cao et al. 

2001; Gu et al. 2006; Vyhmeister et al. 2013; Tenorio et al. 2018). Yarita, Nomura, and 

Horimoto (1996) applied hexamethyldisilazane in chemical surface modification of silica gel in 

both conventional and scCO2-based routes, who then analysed the performance of each 

technique by high-performance liquid chromatography as well as pyridine/phenol test in 

supercritical fluid chromatography. Their work demonstrated that the chemical surface 
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coverages were 3.91 µmol/m2 and 4.13 µmol/m2 for conventional and scCO2-based silylation, 

respectively. They proposed that the enhanced surface coverage in scCO2-base route was 

probably due to lower viscosity and higher diffusion rate, which contributed to the faster mass-

transfer of the silane-scCO2 solution. Kartal and Erkey (2010) chemically modified the silica 

aerogels by hexamethyldisilazane (HMDS)-scCO2 mixtures. They concluded that the 

functionalization of the silica aerogel was not only limited to the surface of substrates, but also 

the pore space of silica aerogel demonstrated the same level of surface modification, which was 

attributed to the high diffusion rate of HMDS molecules to aerogel disc’s pore space. 

Sánchez-Vicente et al. (2014) studied the chemical surface modification of mesoporous 

silica SBA-15 with tertiary aminosilane in conventional and scCO2-based silylation. Their 

experimental data indicated that the scCO2-based silylation could result in a grafting density of 

2.6 mmol.g-1 after only 2 hr of treatment. In fact, they demonstrated that 30 min of scCO2-based 

silylation could yield a similar grafting density as that achieved with a conventional technique 

in 24 hr of treatment (1.9 mmol.g-1 and 1.7 mmol.g-1 for scCO2-based and conventional 

treatments, respectively). Zemanian et al. (2001) analysed the deposition of 

mercaptopropyltrimethoxysilane self-assembled monolayers in mesoporous silica through 

conventional and SCF-based routes. Their work demonstrated that the surface population 

density of the chemical agent in scCO2-based treatment was considerably higher than that of the 

solution-based deposition (6.5 versus 4.6 silanes/nm2). Additionally, they indicated that in 

scCO2-based technique, full surface coverage with higher quality monolayer was completed in 

as short as 5 min, whereas during the conventional method, an extended period of treatment 

time was required (over 10 hr), followed by days of post-treatment and drying. Higher surface 

coverage density of SCF-based technique was attributed to reduced surface defects. Pinholes 

and dangling hydroxyls are the two main defects associated with the monolayer surface 

coverage. It was demonstrated that higher treatment pressure would fill out the pinhole defects 

during the scCO2-based route. Additionally, the high pressure treatment conditions in scCO2 

route would assist with ironing-out the dangling hydroxyls which create wrinkles and bumps in 

the monolayer’s morphology (pre-polymerization in liquid solution). Subsequently, by reducing 

the impact of these two defects, higher monolayer quality and silane population density could 

be obtained through scCO2-based treatment (Zemanian et al. 2001; Diebold and Clarke 2012). 

The accessibility of silylation agent to surface hydroxyl groups is considered to be one of 

the dominant factors in determining the efficiency of surface functionalization with silanes, 

thus, increasing the surface hydroxyl moieties increases the reaction sites for silane-surface 

covalent bonding proportionally (Sanli and Erkey 2015). In 2005, McCool and Tripp 

demonstrated that the inaccessible surface hydroxyl groups are in fact accessible when scCO2 
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was used as a solvent and reaction medium. In addition, they showed that the 

octadecylydimethylchlorosilane could react with the isolated hydroxyl groups when scCO2 was 

used as a solvent, whereas, these reactions would not be possible when liquid solvents were 

used. Although CO2 suffers from dissolving polar and ionic species due to its linear molecule 

and quadrapole moment (Peach and Eastoe 2014), it has been demonstrated that residual 

adsorbed water on the silica surface could be extracted by scCO2, exposing the isolated and 

inaccessible silanol moieties (Gu et al. 2006; Sánchez-Vicente et al. 2014). 

This chapter so far has covered the fundamentals of wettability followed by a discussion as 

to how wettability may influence multiphase flow in porous rocks. Then a number of methods 

used to evaluate the wettability state of reservoir rocks were reviewed. Also, in the current 

section, various methods applied to alter the wettability of material surfaces have been 

presented. In the preceding few pages, silylation with the use of supercritical CO2 as an option 

for chemically modifying surfaces was discussed. The purpose of this last part is to elaborate 

on an essential link as to how a scCO2-based silylation may be of relevance given the current 

state of the relevant industry.  

2.7 Subsurface Applications of CO2 

There are a number of important subsurface operations that involve the extensive use of CO2. 

Such operations have enhanced the experience, knowledge and confidence of the relevant 

technical community in handling, injection and understanding the behaviour of the injected CO2 

which would be present in the subsurface environment in its supercritical state. According to 

the International Energy Agency (IEA) reports (IEA 2020), during the past two decades, the 

CO2 emissions have increased from 20.5 Gt/yr to 33.3 Gt/yr (Figure 2.11), and this emission is 

forecasted to reach 42 Gt/yr by the year 2040 (Center For Climate And Energy Solutions 2020). 

Additionally, this report indicates that CO2 contributes to as high as three-quarters of 

greenhouse gas emissions, responsible for a measurable rise in global atmospheric temperature 

(Ritchie and Roser 2019). CCS has been proposed and used to some extent as a viable option 

to mitigate and reduce CO2 emissions. In this technique, the unwanted gas is captured, 

compressed and then injected and stored into a suitable geological formation. There are a 

number of active and under development pilot or commercial-scale CO2 geosequestration 

projects worldwide (Figure 2.12).  

The first commercial-scale CCS project (Sleipner saline aquifer in the North Sea) 

commenced in 1996 and has injected CO2 into a sandstone formation located beneath a low 

permeability caprock. This project demonstrated that 1 Mt/yr can be injected into subsurface 

sedimentary reservoirs and stored safely (Baklid et al. 1996). The Salah (Algeria) CO2 storage 
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project stared in 2004 and injected 1.2 Mt/yr of CO2 into a depleted oil reservoir. In the USA, a 

pilot geosequestration project (Cranfield Project – Mississippi) began in 2008, which is now 

injecting over 1.5 Mt/yr CO2 into the Tuscaloosa Sandstone Formation. At the Snøhvit project 

in the Barents Sea, since the field became operational in 2008, 0.7 Mt/yr of CO2 has been 

injected into Tubasan Sandstone Formation reservoirs (Eiken et al. 2011). In Western Australia, 

the Gorgon and South West Hub projects, at full capacity, are going to store 3-4 Mt/yr and 5-6 

Mt/yr of CO2, respectively, which will make them the largest CO2 geosequestration project 

worldwide (Chevron 2019; Government of Western Australia - Department of Mines and 

Petroleum 2013). In addition to the above, there numerous other operational/proposed pilot or 

commercial projects scattered around the world as depicted in Figure 2.12. 

 

Figure 2.11. CO2 emissions, 1990-2019 (modified from IEA 2020) 

The use of CO2 in EOR has also been studied extensively in the laboratory scale and 

implemented in a number of successfully field scale cases resulting in a considerable 

incremental recovery. In fact, where possible, it would be highly advantageous to combine 

geological storage of CO2 with EOR, as the produced oil can help with offsetting the cost 

associated with CCS (Cook 2007). So far CO2-EOR has been applied in more than 74 oil fields 

in the USA (IEA Greenhouse Gas R&D Programme 2004). The pilot CO2-EOR project in 

Sundown Slaughter Unit (Texas, USA) commenced in 1976, which achieved an incremental 
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tertiary oil recovery of 19.6% of original oil in place by 1984 (Folger and Guillot 1996). In 

1983, a commercial-scale CO2 miscible flood commenced in the Means Field in Andrews 

County (Texas, USA), which increased the estimated oil recovery factor of this field from 25% 

to 50% (Stiles and Magruder 1998; Kuuskraa 2008). Canada has also operated a number of 

successful projects including the Weyburn and Joffre Viking. In fact, the first commercial CO2-

EOR project in Canada was implemented in Joffre Viking in 1984, which is estimated to give 

an additional oil recovery of up to 25% (Pyo et al. 2003). The Weyburn project (Saskatchewan, 

Canada) is another successful example of field-scale CO2 injection for the combined purpose of 

EOR and geosequestration. In this project which commenced in 2000, about 1 Mt/yr of CO2 

was injected into an oil reservoir resulting in an increase in the daily oil production from 8000 

barrels to nearly 30000 barrels (Emberley et al. 2004; The Prasino Group 2012). 

 

CO2 sequestration facilities, projects, and opportunities 

Large scale facilities Pilot projects CO2 sequestration 

 Completed  Completed  Highly prospective sedimentary 

reservoirs 

 Operating  Operating  Basaltic formations 

 Future   Future  Ultramafic formations 

Figure 2.12. Map of CO2 sequestration facilities, pilot projects, and long-term storage 

potential in geologic formations (modified from Kelemen et al. 2019) 
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 Experimental Setup, Materials and Methodology 

To achieve the particular objectives set for this research, as outlined in Chapter 1 

(Introduction), various types of experiments were conducted. This chapter is to present the 

necessary information about the experimental plan followed in three consecutive main sections; 

a brief introduction of the major equipment used in conducting various experiments, a detailed 

description of the materials (rock samples, chemicals and fluids) used and finally the 

experimental procedures followed in conducting the planned experiments.  

3.1 Experimental Equipment 

3.1.1 High Pressure-Temperature Visual Cell 

The cloud point (CP) pressure of a binary system and the wettability state of rock surfaces 

are among the important parameters requiring evaluation in this study. The CP pressure provides 

information on the lowest possible pressure for a binary system (e.g., silane-scCO2) at a given 

temperature, for which the mixture exists as a single-phase state. For this research, the visual 

cell included in Vinci IFT-700 apparatus (Figure 3.1) was used to measure the necessary CP 

pressure data. This visual cell is also designed to assess the wettability condition of a rock 

substrate. This instrument can operate under elevated pressure (P) and temperature (T) 

conditions (up to 70 MPa and 473 K, respectively). 

 

Figure 3.1. The high pressure-temperature visual cell apparatus used to measure cloud 

point pressure and contact angle (Vinci IFT-700). 

Figure 3.2 depicts the IFT apparatus schematic and consists of six main modules: 1. high 

pressure-temperature viewing cell, 2. pressure and temperature controlling system, 3. hand 
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pumps, 4. high definition digital camera (CR-GEN0-M1020, DALSA Genie, Canada), 5. light 

source, and 6. supervisory control and data acquisition (SCADA) system. The main body of the 

viewing cell (20 ml capacity) is made of Hastelloy C, which is highly corrosion-resistant. The 

viewing windows are made of sapphire glass, providing adequate strength to contain the 

pressurized fluids at high-temperature conditions. In addition, the sapphire glass does not react 

with chemicals used in various experimental investigations. The two hand pumps (10 ml each) 

are used to adjust the bulk fluid pressure and to produce liquid droplets (for wettability analysis). 

The SCADA is the main module that controls the light source intensity (which illuminates the 

viewing cell), heating system and the camera settings. Produced images from the experiments 

are then analysed using Vinci software specifically designed for this equipment (embedded in 

the SCADA). This software is used to extract the contact angle value for the brine-gas-rock 

system (Figure 3.2) as well as the interfacial tension (IFT) of immiscible fluids (i.e., gas and 

brine). The software can also measure both sessile and captive drop contact angles on a test 

surface. 

 

 

Figure 3.2. The schematic diagram of IFT-700 apparatus. 
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3.1.2 High Throughput Surface Modification Setup 

The apparatus and technique used to chemically modify the surfaces of the rock samples in 

scCO2 were adopted from an existing high throughput gravimetric extraction (HTGE) 

technique. The HTGE technique has been developed by Bray et al. (2005) which allows for 

rapid parallel solubility tests on a number of chemicals in supercritical fluids. The final 

procedure specifically designed for this research is referred to as the high throughput surface 

modification (HTSM) technique, which was used to treat multiple rock samples in a single 

silane-scCO2 mixture environment at once (Figure 3.3). This equipment consists of two main 

parts, namely the extraction cell body and the sample holder stand/racking system (Figure 3.3-

a and b, respectively). The extraction cell body has a 1000 ml capacity and is made of stainless 

steel (grade 316) which can be used for elevated pressures and temperatures (up to 69 MPa and  

453 K) investigations. The racking system can accommodate up to 40 rock samples at a time 

and is designed in a way that samples can be randomly distributed over five levels along the 

height of the cell. This configuration allows to validate the chemical concentration uniformity 

of a mixture within the cell by testing the chemical composition of a particular rock sample 

taken from different levels after treatment (e.g., a sample taken from lower levels could be 

compared to another taken from higher levels). Borosilicate open-ended glass tubes (ID = 6.5 

mm, L = 60 mm) were used to hold the rock samples in the holder column. To avoid the rock 

powder from falling out of the tubes but allowing for the silane-scCO2 mixture to easily pass 

through, the tube bottoms were plugged with permeable quartz frits. 

The necessary CO2 injection for the HTSM procedure was supplied form a high pressure and 

temperature accumulator. An air-driven gas compressor (Haskel, AGT-30/75, USA) was used 

to fill up and pressurize the accumulator and the HTSM cell. A high precision syringe pump 

(BTSP 500-5, Vinci Technologies, France) was then used to inject CO2 from the accumulator 

through the HTSM cell at a constant flow rate. A dome-loaded back-pressure regulator 

(Equilibar, USA) was used at the cell’s outlet to keep the pressure constant during CO2 injection. 

The outflow silane-scCO2 mixture was passed through a water trap and then released into a 

fume cupboard (Figure 3.3-c). To maintain a constant temperature at prescribed test condition, 

the HTSM cell was placed inside a fan-forced oven for the duration of the experiment. 



41 

 

 

a) 

 

b) 

 

 

c) 

Figure 3.3. The High Throughput Surface Modification (HTSM) used for scCO2 silylation. 

a) HTSM cell. b) Demonstration of sample distribution in the stand/racking system. c) The 

schematic of HTSM experimental setup.  
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3.1.3 X-Ray Photoelectron Spectroscopy 

As indicated earlier, this work involves treating rock samples with silanes using a scCO2-

based silylation technique. To evaluate the efficiency of this technique, it is necessary to 

characterize and analyse the surface chemistry of the rock substrates pre- and post-treatment. 

To achieve this objective, X-ray photoelectron spectroscopy (XPS) was used to map the rock 

surfaces’ elemental compositions and associated chemical state. 

X-ray photoelectron spectroscopy is a widely used surface analysis technique to characterize 

the surface chemical composition (with a characterization depth of 2 to 5 nm) through the 

generation of photoelectrons by exposing the surface to X-ray radiation. By measuring the 

ejected electron’s energy and the energy shift, one can identify the elemental composition and 

chemical bonding, respectively. This technique is also referred to as electron spectroscopy for 

chemical analysis (ESCA) if the chemical bonding of the surface is analysed, which is of interest 

in analysing organic materials on the surface.  

The XPS can be utilized to obtain surface elemental analysis as well as chemical state, which 

is achieved by dividing the electron energy level of an atom into two types. The first type reflects 

the highest electron energy level and is located on the first electron orbit of an atom (1s) and is 

referred to as the core level. The second type is referred to as a valance level and reflects the 

electron energy in the outer electron orbits of an atom (2s, 2p, etc.). For example, when pure 

carbon is subjected to XPS analysis, a high-intensity peak and two peaks with lower intensity 

will be recorded with different binding energies. The high-intensity peak corresponds to the 

core level binding energy (BE - 284.8 eV), and the two lower intensity peaks refer to the energy 

released from the valance levels, which are weakly bonded to the atom. The chemical bonding 

in molecules are formed when the valance levels of an atom react with the valance levels of 

another atom to create a new species, and subsequently, the BE peaks will shift slightly 

corresponding to the presence of different chemical states. 

During this research, elemental analyses tests were carried out on the pre- and post-treatment 

sandstone samples with an AXIS Ultra X-ray photoelectron spectroscopy (KARATOS) located 

at CSIRO (Melbourne, Australia) as shown in Figure 3.4. Further information on this setup and 

its specific parameters settings as considered for this research will be presented in the upcoming 

experimental procedure section of this chapter (Section 3.3.6).   
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Figure 3.4. AXIS Ultra X-ray photoelectron spectroscopy (KRATOS) 

3.1.4 Core-Flooding Setup 

Core-flooding is widely used in experimental evaluation of multiphase flow in porous rocks. 

The custom-made core-flooding setup used for this study is shown in Figure 3.5. The system is 

capable of operating at elevated pressure and temperature conditions (up to 70 MPa and 473 K, 

respectively). It can be utilized in various core-flooding scenarios, including horizontal/vertical 

injection, single-phase/multi-phase flow (two-phase relative permeability and recovery 

measurement), and steady/unsteady-state injections.  

 
Figure 3.5. The core-flooding system used in this study. 

Figure 3.6 is a schematic of the core-flooding system (shown in Figure 3.5) together with 

other auxiliary equipment attached to it. To keep the equipment safe against mechanical failure, 

rust and corrosion, high tensile strength and corrosion-resistant materials (e.g., 2507 super 

duplex stainless steel and  Hastelloy C-276) are used in the manufacturing of the metal parts of 
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the system (e.g., core-holder body, flow lines, fittings, etc.). The above considerations were 

necessary due to the use of acidic and potentially corrosive fluids (e.g., saline brine-CO2 

mixture) during experiments. 

Overall, this system can be divided into six main modules, namely: core-holder, injection 

pumps, fluid accumulators, the supervisory control and data acquisition (SCADA) system, 

heating system and back-pressure regulator. In order to achieve the necessary thermal 

equilibrium during each experiment, the core-holder, the accumulators, and the flow lines 

connecting them together that hold the injection fluids are kept inside a convection fan-force 

oven.  

To accommodate for multiphase injection, three accumulators were connected in parallel, 

and their outlets were connected to the inlet port of the core-holder as shown in Figure 3.6. Each 

accumulator has a floating piston which isolates the hydraulic fluid (water) from the injection 

fluid (silane-scCO2, live brine, scCO2). All the accumulators have a 1000 ml capacity, which is 

sufficient for uninterrupted fluid injection during a flow cycle. Two high precision syringe 

pumps (BTSP 500-5, Vinci Technologies, France) were used in order to pressurize the 

accumulators and subsequently inject the desired fluid/fluids into the core-holder. A 0.5 micron 

sintered line filter was installed just before the core-holder inlet to remove any fine materials 

from the injection lines, which may potentially damage the rock sample.  

Figure 3.6. The schematic diagram of the core-flooding setup. 
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The core-holder used in this research was a Core Laboratories standard biaxial HCH series. 

A schematic of the core-holder is presented in Figure 3.7-a. This type of core-holder is referred 

to as standard biaxial type because the same radial and axial pressures are applied on the core 

sample from the confining fluid in the annular space. The radial pressure is applied along the 

length of the core sample by means of the radial Viton sleeve, and the axial pressure is exerted 

to the end of the core sample using a floating end plug (Figure 3.7). A ¼” high-pressure tubing 

is connected to the centre of the floating end plug and passed through the end-cap of the core-

holder which can slide in and out as required. This degree of freedom allows for different lengths 

of core plugs to be used in the core-holder, as well as keeping the end plug in contact with the 

rock sample throughout the experiment (Figure 3.8-f).  

 

 

a) 

 

Spider web type grooves                 Fluid injection ports 

b) 

Figure 3.7. a) The schematic cross-section of the standard biaxial HCH core-holder, b) 

Picture of the end plug design configuration. 

Figure 3.7-b demonstrates the distribution end plugs’ design configuration. As it can be seen, 

the spider-web-pattern groove is implemented, which uniformly distributes the injection fluid 
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across the entire face of the rock sample. Additionally, the inlet distribution end plug has two 

injection ports which may be utilized if a simultaneous injection of two fluids is required. 

Due to the high diffusivity of injected supercritical CO2 into an ordinary flexible Viton core 

sleeve which can cause sleeve failure (e.g., explosive decompression), a multilayer sleeve 

configuration was used. The possible movement of CO2 not only affects the integrity of the 

sleeve but can also affect the accuracy of the material balance calculations (high accuracy is 

essential for fluids saturation determination inside the core sample). The multilayer combination 

sleeve sequence adapted for this research is shown in Figure 3.8-b to e. First, a layer of Teflon 

tape is wrapped around the core sample followed by a layer of aluminium foil and then Teflon 

heat-shrink, and finally, the sample was placed inside a Viton sleeve. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 3.8. Combinational sleeve sequence. a) Core sample. b) Teflon tape layer. c) 

Aluminium foil layer. d) Heat-shrink sleeve. e) Viton sleeve. f) Core sample placement 

fixed at both ends. 
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Confining pressure is applied through the injection of fluid via the overburden injection port. 

There are two confining pressure ports (fluid injection and air/fluid purging Figure 3.7-a) 

incorporated in a standard biaxial core-holder. A high precision syringe pump (ISCO 100D, 

Teledyne; 0.1% FS pressure accuracy) was used to pressurize the confining fluid, and it was 

kept connected to the system throughout the experiment duration in order to keep the 

overburden pressure constant in an unlikely event of slight temperature variations. 

To prevent backflow of the produced fluids into the core plug and to keep the pore pressure 

constant for the duration of the core-flooding experiments, the downstream of the core-holder 

was connected to a dome-type back-pressure regulator (BPR). The advantage of using this type 

of BPR over other types (e.g., spring-loaded BPR) is its ability to handle multiphase flow 

injection with very high precision and quick response to changing process conditions. 

Additionally, this type of BPR is compatible with highly aggressive chemicals. A cylindrical 

gas reservoir filled with pressurized nitrogen was used to apply the required reference pressure 

(equal to the desired experimental value) on the diaphragm within the BPR. The use of nitrogen 

gas as a BPR’s pilot pressure over liquids is advantageous as its high compressibility can help 

provide smooth pressure regulation, and its pressure will fluctuate less compared to liquid with 

slight temperature variations. It is worth noting that due to thermodynamic properties of CO2, 

freeze-up can occur within the BPR when CO2 is expanded rapidly through a small opening to 

atmospheric condition (Liu, Maruyama, and Matsusaka 2010). The occurrence of freeze-up can 

potentially plug the regulator’s orifices and substantially affect the pressure readings. This 

problem was effectively eliminated by heating the BPR with an adjustable temperature hotplate 

(Figure 3.6). 

Two types of data were recorded during the core-flooding experiments: volume of the 

effluent brine and the differential pressure across the core plug. These data can be analysed 

together to examine the multiphase flow characteristics such as relative permeability, fluid 

residual saturation, qualitative analysis of the rocks wettability state, etc. The effluent brine was 

collected and monitored continuously in a graduated tube placed at the BPR’s outlet. At the 

start of any fluid injection stage, the effluent brine volume was recorded after short time 

intervals (e.g., every 30s) but as the experiment progressed, the frequency of the volume 

recordings could be decreased if the experimental circumstances allow (e.g., every 5 min). This 

particular volume reading strategy is considered optimum because at the beginning of a flooding 

stage, only the fluid that is initially saturating the core sample is produced and therefore 

saturation change in the sample versus time is rapid. However, once the breakthrough occurs, 

both fluids would be produced simultaneously, which means that the saturation change would 

occur at a slower pace. Given the fact that only two fluid phases (CO2 and brine) were used in 
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the flooding experiments, it was only necessary to record the production of brine. The amount 

of CO2 produced versus time can then be calculated readily using a simple material balance 

calculation. 

The differential pressure across the core sample was monitored and recorded using two high 

precision pressure transducers (Keller, series 33X, 0.01% FS accuracy, Switzerland) installed 

at each end of the core plug. The data logging software can record the measured pressure data 

as frequent as one reading per second (Figure 3.9).  

 

 

  

a) b) 

Figure 3.9. a) Data acquisition software. b) Pressure transducer 

3.1.5 Nuclear Magnetic Resonance 

The application of NMR has become a valuable tool in various fields such as medical, 

biology, chemistry and physics since its discovery in 1946 by Bloch et al.. Nuclear magnetic 

resonance refers to the respond of any nucleus which has an odd number of neutrons, protons 

or both (such as, hydrogen (1H), which has non-zero spin), when it is located within a static 

magnetic field (B0) and then excited by a radio frequency (RF) oscillating magnetic field (B1) 

perpendicular to the B0. The signals recorded during NMR measurements are generated from 

the nuclear spins with the applied magnetic field, subsequently, important petrophysical 

information such as fluid quantity, fluid properties, total and effective porosity and pore size 

distribution, permeability, bulk volume irreducible (BVI), free-fluid index (FFI) also referred 

to as bulk volume movable (BVM) and clay-bound water (CBW) can be obtained from NMR 

relaxation time response (Dunn et al. 2002; Coates et al. 1999). Relaxation time refers to a time 
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constant related to the return of nuclear spins to their original positions once the oscillating 

magnetic field (B1) is removed. 

In general, to study a porous medium, a low-field NMR spectrometer is used to measure the 

longitudinal or spin-lattice (T1) and transverse or spin-spin (T2) relaxation times. The T2 

relaxation time as measured for a porous medium is a factor of parameters such as bulk fluid, 

pore fluid diffusion and surface transverse relaxation processes (T2-bulk, T2_diffusion, T2_surface) and 

is driven by the following equation:  

1

𝑇2
=  

1

𝑇2_𝑏𝑢𝑙𝑘
+ 

1

𝑇2_𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
+ 

1

𝑇2_𝑠𝑢𝑟𝑓𝑎𝑐𝑒
  

(3.1) 

Theoretical analysis indicates that the system is referred to be within fast diffusion limits if 

the T2 relaxation occurs at the pore surfaces (solid-fluid interface). Subsequently, the T2_diffusion 

contribution in Equation (3.1) would become negligible. In addition, when T2 is measured for a 

fluid-filled porous medium, T2-bulk would be considerably larger than T2_surface, and again the 

contribution of this term in the above equation can be ignored (Coates et al. 1999). Therefore, 

for such systems, the measured T2 would become directly proportional to T2_surface, which is a 

function of the surface-to-volume ratio of pores within a rock specimen. The measured 

transverse relaxation time for such conditions are considered to reflect the pore size distribution 

of the rock sample relative to the fluid type and is expressed as: 

1

𝑇2
=  𝜌𝑒  (

𝑆

𝑉
)

𝑝𝑜𝑟𝑒
 

(3.2) 

where, 𝜌𝑒 is the surface relaxivity (determined empirically) and (
𝑆

𝑉
)

𝑝𝑜𝑟𝑒
 is the ration of pore 

surface to fluid volume (fully-fluid saturated pore volume). 

Evaluating the T2 relaxation characteristics of core plugs are important in this research since 

the changes to the pore size distribution of the treated and untreated plugs before and after core-

flooding can be investigated and quantified. The changes in apparent pore size distribution, as 

inferred from alteration to T2 values, can originate from possible mineral dissolution or 

precipitation, fines migration and clay swelling as induced by the flooding process and/or 

wettability alteration of the pore surfaces induced by the chemical treatment. In order to obtain 

the above-outlined information, NMR measurements on pre- and post-treated core plugs were 
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carried out using a low field GeoSpec 2-53 instrument (Oxford Instruments, UK) located in 

CSIRO (Perth, Australia) as shown in Figure 3.10.  

Figure 3.10. The Nuclear Magnetic Resonance (NMR) spectrometer used in this research 

(GeoSpec2) 

3.2 Materials 

3.2.1 Fluids and Chemicals 

In order to achieve the objectives of this research as outlined in Chapter 1 (Introduction), six 

different types of non-fluorinated silanes were used. Dodecyltriethoxysilane (DD_TS, 99% 

pure), (3-chloropropyl)triethoxysilane (CPTS, 95% pure), (3-glycidyloxypropyl)triethoxysilane 

(GPTS, 98% pure), (4-chlorophenyl)triethoxysilane (CPhe_TS, 97% pure), 3-[bis(2-

hydroxyethyl)amino]propyl-triethoxysilane solution (BHEA_TS, 65% in ethanol), and (3-

aminopropyl)triethoxysilane (APTES, 99% pure) were all purchased from Sigma Aldrich. The 

chemical structure and basic properties of these selected silane agents are presented in Figure 

3.11 and Table 3.1, respectively. These silanes can be categorized into three types of 

organosilanes, as decided based on their chemical composition build-up. Group one (CPTS and 

CPhe_TS) contain halogen moieties, group two (BHEA_TS and APTES) contain amino 

moieties and group three (DD_TS and GPTS) possess alkoxy moieties in their chemical 

structures (Sanli and Erkey 2015). 
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a) b) 

  

c) d) 

 
 

e) f) 

Figure 3.11. Chemical structure of selected silanes. a) DD_TS, b) CPhe_TS, c) BHEA_TS, 

d) GPTS, e) CPTS, f) APTES. 

In addition to the main chemicals (organosilanes) mentioned above, five fluids were also 

used in various stages of the work as outlined below:  

1. dead (degassed) synthetic brine with a total dissolved solid (TDS) of 60,000 ppm 

which was prepared in the laboratory by dissolving 0.54 mol of Clˉ, 0.27 mol of Na+ and 

0.14 mol of K+
 in ultrapure deionized (DI) water. The above TDS is an arbitrary value 

chosen based on a number of publications, which indicate that this concentration 

corresponds to a high salinity formation brine (Robertson 2007; Mahzari and Sohrabi 

2014), 

2. high-purity grade carbon dioxide (99.9 mol% - BOC gas, Australia),  

3. supercritical CO2 saturated with water vapour, 

4. brine saturated with CO2 (the procedure followed for mutual saturation of CO2 and 

brine is explained in Section 3.3.5), 

5. silane-scCO2 binary mixture. 

The necessary PVT properties (e.g., mutual solubility of water and CO2 and viscosities) 

for the above fluids under experimental conditions were obtained from a number of 

literature resources and databases including the National Institute of Standards and 
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Technology Interactive online models (Kestin et al. 1981; Lemmon et al.). In the case of a 

silane-scCO2 binary mixture, some of its properties such as the cloud point pressure at the 

desired conditions were measured in the laboratory whose particular measurement 

procedure will be discussed in a later section (Section 3.3.3). For restoring and cleaning the 

rock samples, high-purity organic solvents including toluene (99.5 mol%), ethanol (EtOH, 95 

mol%) and methanol (MeOH, 99.8 mol%) were purchased from Chem-Supply, Rowe 

Scientific and Univar, respectively. All the above mentioned chemicals were used as received 

without further purification. 

Table 3.1. Basic properties of selected silane agents used in this research 

Silane Agents 

Chemical 

Formula 

Boiling Point 

(K) 

Mw 

(g/mol) 

Silane density 

(g/ml) at    

298 K 

a) DD_TS C18H40O3Si 383.15 332.59 0.875 

b) CPhe_TS C12H19ClO3Si 357.15 274.82 1.069 

c) BHEA_TS C13H31NO5Si ----- 309.47 0.92 

d) GPTS C12H26O5Si 417.15 278.42 1.004 

e) CPTS C9H21ClO3Si 494.15 240.80 1 

f) APTES C9H23NO3Si 490.15 221.37 0.946 

3.2.2 Rock Samples 

Geological surveys indicate that as high as 78% of Earth’s continental crust has siliciclastic 

sedimentary characteristics with the remaining having carbonate characteristics (Rudnick, R.L. 

& Gao 2003). Siliciclastic sedimentary formations consist of 47% sandstone and 53% shale 

(Saeedi 2005). In addition, the majority of hydrocarbon reservoirs worldwide are located within 

siliciclastic formations (with quartz as their main mineral composition). Figure 3.12 

demonstrates the distribution of such reservoirs based on their lithology category (adopted after 

Ehrenberg and Nadeau 2005). As a result, due to the abundance of this rock formation in 

hydrocarbon fields and their considerable potential application for CO2 geosequestration, the 

wettability investigation and multiphase flow characterization of these formations are very 

important. Therefore, four sandstone rock types with different mineral compositions and 

petrophysical properties were purchased from the USA (Kocurek Industries-Texas) which 

included Gray Berea (GB), Upper Gray Berea (UGB), Bentheimer (BT) and Bandera Brown 

(BB). The mineral composition of these rocks are presented in Table 3.2, with quartz making 
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up the major mineral composition (64% to 98%) of the samples. All four rock types were used 

during the first phase of this research, which focused on wettability alteration using silane 

treatments. For the second phase of the work (core-flooding experiments), only four Gray Berea 

core plugs with similar permeabilities were selected.   

Table 3.2. Mineral composition of selected rock samples 

Rock Types 
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Gray Berea (GB)  63.9 8.5 2.1 - 3.8 0.6 18 3.1 

Upper Gray Berea (UGB) 89.3 1.5 2.2  - 1.6 0.4 - 5.1 

Bentheimer (BT)  98.1 - 0.6 - - - - 1.3 

Bandera Brown (BB) 74.4 10.5 2.6 6.3 3.9 2.3 - -   

 

 

 

a)  

Figure 3.12. Geographical distribution of petroleum reservoirs: a) Siliciclastic reservoirs, 

b) Carbonate reservoirs (modifies from Ehrenberg and Nadeau 2005). 
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3.3 Experimental Methodology 

The remaining sections of this chapter provide a detailed outline of a number of experimental 

procedures followed in obtaining the necessary data and information for this research work. 

These procedures were devised based on the standard protocols presented in various literature 

sources.  

3.3.1 Sample Preparation 

3.3.1.1 Rock Discs and Powder 

A major part of this research was performed on finely grinded rock powder and highly-

polished rock discs. For the purpose of quantifying the effectiveness of various organosilane 

chemical treatments, thin slices were cut from the four rock types named in Section 3.2.2. Some 

of these slices were grounded into a powder form. The reason for powdering the rock samples 

was to have a higher surface area per unit volume of the rock, and subsequently, provide more 

reactive sites for the sought silylation processes. For contact angle measurements, the remaining 

slices were polished with a fine-grit sandpaper (P3000) to reduce the surface roughness as much 

as possible, to reduce the effect of surface roughness and hysteresis during these measurements. 

An example of prepared rock powder (left) and disc (right) for GB rock type is presented in 

Figure 3.13.  

  

Figure 3.13. Prepared GB samples. Powder for chemical surface modification tests (left) 

and polished disc for contact angle measurements (right). 

After preparing the powder samples, in order to eliminate any possible contaminations, first, 

the samples were rinsed with toluene and dried inside an oven. The dried samples were then 

placed inside chromatography column filters (CCFs) (ID = 16 mm, volume = 20 ml) and flushed 

with 200 cc of DI water followed by 30 cc of MeOH and finally flushed with 200 cc of DI 

water. A microspatula was used to stir the solids inside the CCF during the washing process.  

The cleaned/washed samples were then dried inside an oven at 333 K for 24 hours or until their 

weights stabilized. The procedure to remove contaminations from rock discs was similar to that 

used for the core plugs, as explained in Section 3.3.1.2. 
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3.3.1.2 Core Plug Preparation and Preliminary Measurements 

The core plugs and rock discs used in this research were reasonably clean as they were 

extracted directly from outcrops; however, they were still cleaned in a Dean-Stark apparatus 

with toluene and methanol to remove any possible contaminants (Gluyas and Swarbrick 2004). 

Core plugs and discs were placed in the Dean-Stark apparatus, as demonstrated in Figure 3.14 

and heated to maintain a consistent solvent reflux for 48 hr. The samples were then dried in an 

oven at 333 K for 24 hr or until their weight stabilized. This temperature was chosen based on 

the fact that exposing the samples to a high temperature during washing and drying can cause 

dehydration of any clay components within their matrix resulting in irreversible damage to their 

pore structure (Gluyas and Swarbrick 2004). The dried core plugs were then cooled down to 

room temperature and their dimensions were measured with a calliper tool (Table 3.3). 

 

Figure 3.14. Dean-Stark apparatus (used for core plug and rock disc washing). 

The gas porosity and permeability of clean samples were measured using the AP-608 

automated porosi-permeameter (Coretest Inc., USA). The instrument applies the Boyle’s law 

and a pressure decay technique to measure the porosity and Klinkenberg-corrected 

permeability, respectively. Additionally, this instrument is capable of measuring the mentioned 

parameters under confining pressures of up to 69 MPa. Low pressure nitrogen gas (1.4 MPa) is 
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applied as pore fluid, due to its high diffusivity and non-damaging/non-toxic nature. Gas 

porosity and permeability of the four GB rocks used in core-flooding experiments are presented 

in Table 3.3 as measured using the mentioned instrument. The data provided in Table 3.3 is for 

the confining pressure of 27.6 MPa, which is equal to the overburden pressure applied to the 

core plugs during the core-flooding experiments. 

Table 3.3. Basic petrophysical properties of core plugs used during core-flooding 

experiments. 
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Gray 

Berea 

GB.1 

27.6 

7.62 3.81 193.5 19.15 16.6 

GB.2 7.64 3.82 223.85 19 16.6 

GB.3 7.62 3.815 188.6 18.88 16.5 

GB.4 7.61 3.8 205 19.1 16.5 

After measuring their porosity and permeability, the core plugs were placed inside specially 

designed saturation cells (Figure 3.15) to have them fully saturated with a degassed synthetic 

brine (Section 3.2.1). Subsequently, their pore size distribution was evaluated (in the form of T2 

distribution) using low field NMR (Section 3.1.5).  

 

Figure 3.15. The high-pressure apparatus used to fully saturate the core plugs with 

synthetic brine. 
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Prior to brine saturation, the dry weights of the core plugs were measured with a high 

precision digital scale. The core plugs were then placed inside the saturation cells and vacuumed 

for a period of 24 hr. This time frame allows for the trapped air within the pore space of the 

rock samples to be removed. Subsequently, degassed brine was injected into the cells at 0.7 

MPa.min-1 until reaching the desired pressure of 20.7 MPa. At this condition, the system was 

aged for 48 hr. At the conclusion of the saturation process, the pressure of the cells was gradually 

reduced to atmospheric condition, and the samples were extracted, and their weights were 

immediately measured. The combination of increased weight of the samples with the density of 

the degassed brine was then used to calculate the pore volume of the plugs. These results were 

found to be in good agreement with those obtained from gas porosimeter apparatus.  

3.3.2 NMR Measurements  

Nuclear magnetic resonance measurements were performed on fully brine saturated core 

plugs and those used in spontaneous imbibition experiments as tested before and after silane 

treatments. In this exercise, transverse T2 relaxation time measurements were carried out using 

the Carr–Purcel–Meiboom–Gill (CPMG) pulse sequence (Carr and Purcell 1954). As indicated 

earlier, the NMR data for the fully brine saturated core plugs were used to determine the possible 

pore size distribution changes caused by the core-flooding experiments pre- and post-treatment. 

Similar data obtained for spontaneous imbibition experiments were mainly used to accurately 

detect the ultimate volume of brine imbibed into a sample during these experiments. The 

following steps were carried out during each NMR tests:  

 The connected porosity is directly derived from the NMR signal amplitude, which is 

proportional to the hydrogen index (HI) of the fluid present in the sample. The NMR 

amplitude is calibrated using a known volume of brine, assuming a hydrogen index of 

one  (Kenyon 1997). Since the same brine is used for all the experiments, any porosity 

changes in the tested samples would be therefore directly proportional to the calibrated 

NMR amplitude and HI. 

 To eliminate any temperature-related errors, all rock samples were placed inside air-

tight containers and then submerged inside a temperature-controlled water-bath at 35 

°C (corresponding to the magnet temperature) to equilibrate for few hours before 

placing them in the NMR machine. 

 Subsequently, to minimise possible sample dehydration due to atmospheric air 

exposure, each sample was tightly wrapped with an elastic cling film. Any possible free 
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water on the cling wrap surface was removed prior to placing the sample inside the 

NMR probe. 

 The sample was placed inside the NMR magnet chamber using a Teflon sample holder 

with no NMR signal. The CPMG sequence was optimised for the tested samples with 

having the minimum signal-to-noise ratio (SNR) of 300, a number of echoes (NE) set at 

30702, an echo-spacing time (τ) of 57μs, and an inter-experimental delay time (TW) of 

5250 ms. This CPMG setting satisfies the T2,max / 3 τ ≤ NE criteria which is required for 

the detection of full T2 components (Coates et al. 1999).  

3.3.3 Cloud Point Pressure Measurements 

The application of visual observation at high pressure and temperature to measure the CP 

pressure of a miscible substance in supercritical fluids has been widely reported in the literature 

(Tan et al. 2009; Pérez et al. 2008). The solubility of the selected silane agents in scCO2 was 

assessed using CP pressure measurements conducted in the high pressure-temperature visual 

cell is shown in Figure 3.1, following a procedure designed based on the above-mentioned 

literature.  

To remove any possible contamination, prior to initiating any experiment, the visual cell was 

washed extensively with toluene and methanol and rinsed with DI water and then dried inside 

an oven at 333 K. The schematic of the high pressure-temperature visual cell is presented in 

Figure 3.2. To achieve a 2 wt. % fully dissolved silane in scCO2, an accurate amount of silane 

was injected onto the turning plate inside the visual cell  (Fadeev and McCarthy 2000; D Sanli 

and Erkey 2013). The following equation was used in order to determine the mass of silane 

required in scCO2 to create a 2 wt. % mixture (Zhang et al. 2011):  

𝜒𝑠𝑜𝑙. =
𝑚𝑝

𝑚𝑝    +   𝜌𝐶𝑂2  .  (𝑉𝑐𝑒𝑙𝑙    −     
𝑚𝑝

𝜌𝑝
)
 

(3.3) 

where, 𝑋𝑠𝑜𝑙  is the weight ratio of the soluble silane in scCO2 (2 wt. % in this work), 𝑚𝑝 (g) 

and 𝜌𝑝 (g/ml) are the mass and the density of the silane which is dissolved in scCO2 respectively, 

𝑉𝑐𝑒𝑙𝑙 is the volume of the visual cell which is equal to 20 cc, and 𝜌CO2
 (g/ml) is the density of 

scCO2 at the prescribed pressure and temperature (P = 21 MPa, T = 333 K). The density of 

scCO2 at desired conditions was obtained from the thermodynamic properties for CO2 (Lemmon  

et al.). The required mass of each silane for this study was calculated using Equation (3.3), and 

the calculated values are given in Table 4.1. 



59 

 

After placing the silane sample in the cell, it was vacuumed for 20 min, followed by purging 

the system with a low pressure CO2 injected at a low flow rate. A syringe pump (BTSP 500-5, 

Vinci Technologies, France) was then used to increase the cell pressure with CO2 at a slow rate 

(0.5 MPa.min-1) to minimise the thermal instability. At this stage, heating of the system was 

initiated to reach and then maintain a constant temperature of 333 K (this temperature was 

applied for all the experiments). The pressure of the system was raised to the point at which all 

the silane was dissolved in scCO2, and a transparent single-phase binary mixture was achieved 

(≈ 21 MPa). The system was kept at this condition for 60 min to reach thermal equilibrium. 

To determine the cloud point pressure of a mixture, the pressure of the cell was decreased at 

a 1.4 MPa.min-1 rate. A lower depressurization rate (0.4 MPa.min-1) was used by Al Hinai et al. 

(2017) who investigated the solubility of polymers in natural gas for gas thickening 

applications; however, due to the very low molecular weight of the selected silanes in this work, 

that rate proved to be inapplicable, and the transition at the cloud point pressure was not visible. 

Since this technique is a visual method, the cloud point pressure was estimated to be equal to 

the system pressure at which the back of the visual cell was no longer visible through the cell 

glass window (90% reduction in light intensity). This procedure was repeated three times for 

every silane to validate the reproducibility of the results, which was confirmed to be within ± 

0.25 MPa accuracy. A high speed/high definition camera was used to constantly monitor the 

visual cell during CP pressure measurements. 

3.3.4 Rock Discs and Powder Treatment Process 

Two different techniques of conventional solvent-based and scCO2-based silylation were 

adopted to treat the samples with the selected silanes. Since one of the major objectives of this 

research is to assess the viability of scCO2-based silylation in treating real rock formations, it 

was important to make qualitative and quantitative comparison between the two techniques. 

3.3.4.1 Conventional Silylation Technique 

Conventional silylation of the rocks in the powder and disc forms was performed according 

to a procedure designed based on those presented in the literature, and a summary of which is 

provided below (Voort and Vansant 1996; Duchet et al. 2000; Ko, Shin, and Choi 2011). 

Toluene was used as the solvent to create a 2 wt. % silane solution. The desired amount of the 

selected silane was placed inside a glass beaker followed by addition of the appropriate amount 

of toluene which was subsequently stirred for 20 min with a magnetic stirrer. A rock sample 

(powder or discs) was then submerged into the mixture, and the beaker was capped to eliminate 

any solvent loss. The system containing the solution and the rock sample was stirred for an 
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additional 30 min, and finally, the sealed beaker was placed inside an oven at 333 K for 24 hr 

to age. At the conclusion of the aging process, the sample was extracted from the beaker and 

flushed with 30 cc of toluene to remove any residual and unreacted silanes from the rock’s 

surface. The sample was then placed inside a beaker filled with 30 cc of EtOH to remove the 

residual toluene. It was then placed inside a CCF and flushed with 300 cc of DI water, followed 

by 30 cc of MeOH and finally rinsed with an additional 200 cc of DI water. The washed sample 

was then placed inside an oven at 333 K for 24 hr to dry. This extensive washing and drying 

process of the treated samples would remove any unreacted silane or solvent residue from the 

rock surface. Any potential changes observed during the surface characterization procedures 

(e.g., XPS tests, contact angle measurements) would then be solely due to the chemically 

bounded silane. 

3.3.4.2 Silylation in Supercritical CO2 

For the scCO2-based silylation, various rock types (e.g., GB, UGB, etc.) in different forms 

(e.g., rock powder or polished disc) can be treated simultaneously in one silane-scCO2 mixture 

inside the HTSM setup described in Section 3.1.2. This is advantageous over the conventional 

treatment technique where, if multiple rock samples are placed in a beaker, cross-contamination 

through the liquid solvent may occur. In order to silylate the rock surfaces inside a silane-scCO2 

mixture, techniques similar to the scCO2-based silylation introduced in the literature were 

applied (Combes, et al. 1999b; Yoshida et al. 2001; Vyhmeister et al. 2013; Sánchez-Vicente 

et al. 2014; Bray et al. 2005). Equation (3.3) was used to determine the necessary amount of a 

selected silane (see Table 3.4) to create a 2 wt. % silane in scCO2 mixture, for a 1000 ml volume 

at test conditions (HTSM - Figure 3.3). Clean and dry rock powders were placed inside glass 

tubes which were plugged at the bottom with permeable quartz frits. The glass tubes were then 

randomly distributed and secured in the setup’s racking system as shown in Figure 3.3-b. 

Additionally, the rock discs were randomly suspended within the system. At this stage, the 

HTSM cell was tightly assembled and put under vacuum for 30 min. Subsequently, the 

controlled release of CO2 into the cell at a low flow rate was initiated. With the aid of an 

auxiliary gas compressor and a syringe pump, the cell was then pressurized to 8.3 MPa at room 

temperature (~296 K). The pressurized cell was then transferred to an oven and heated at 333 

K for 24 hr to age the samples in the silane-scCO2 mixture. It is worth noting that, at this final 

temperature, the pressure of the cell elevated further to 27 MPa, which is above the CP pressure 

(as will be presented in results, Section  4.1), resulting in a single-phase mixture.  
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Table 3.4. The calculated mass of individual silanes to achieve a 2 wt. % solution within 

the HTSM cell (volume of 1000 cc). 

 Silane Agents 

 
DD_TS CPhe_TS BHEA_TS GPTS CPTS APTES 

Mass of silane 

in HTSM (g) 
14.73 14.78 14.74 14.76 14.76 14.75 

After the 24 hr of sample aging process, the HTSM cell was flushed with two litres of clean 

scCO2 at 20 cc.min-1, to remove any excess silane-scCO2 mixture from the cell into the water 

trap at its outlet and then vented via fume cupboard (Figure 3.3-c). As indicated earlier, to ensure 

that the pressure inside the HTSM cell would remain constant at 27 MPa during this process, a 

dome-type BPR was placed at the outlet of the HTSM cell. Subsequently, the BPR set pressure 

was reduced gradually at 0.35 MPa.min-1 until reaching ambient conditions. After 

depressurization, the rock samples were extracted and thoroughly washed and dried following 

a procedure similar to that described in Section 3.3.4.1. The chemically modified rock powders 

and rock discs were then used for surface chemical analysis (XPS tests) and wettability 

alteration evaluation (contact angle measurements), respectively.  

3.3.5 Mutual Pre-Saturation of CO2 and Brine 

It was necessary to eliminate the two-way mass transfer between the dead brine and dry CO2 

in the high pressure and temperature experiments involving these two fluids. Therefore, both 

phases were pre-equilibrated with each other at test conditions (T = 333 K and P = 21 MPa) 

using a procedure that will be described in this section. Some complications which may arise if 

the two phases are not mutually saturated include: 

 One of the main constraints during contact angle measurements is the immiscible nature 

of the two fluid phases (i.e., scCO2 and brine in this work) brought in contact. In the 

case of the mass transfer taking place between the two phases, the size of the droplet 

introduced into the test cell would keep changing until equilibrium may be reached. 

During this time, the observed changes in the contact angle may not be a true reflection 

of the wettability state of a substrate surface being tested but mainly caused by the 

droplet size variation (Shojai Kaveh et al. 2014; Yang et al. 2008). 

 During core-flooding experiments, if the brine and CO2 are not mutually saturated, 

phase vaporization and diffusion will affect the accuracy of saturation and recovery 

calculations. As a result, the residual saturation of the pore fluids will be misjudged, 

and subsequently, the derivation and construction of relative permeability curves would 
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be significantly affected. Additionally, depending on the salinity of the injected brine, 

if the vaporization of brine continues, a phenomenon known as the salting-out effect 

can develop. The salting-out effect can alter the flow characteristics of the formation 

by inducing additional pressure drop in the porous medium (Berntsen et al. 2019). 

A stirred reactor shown in Figure 3.16 (Autoclave Reactor, Tmax = 423 K, Pmax = 35 MPa) 

was used to mutually saturate the degassed brine and CO2 at in-situ pressure and temperature 

conditions. Initially, 600 ml of degassed brine was placed inside the reactor, and the remaining 

air inside the reactor chamber was vacuumed. Subsequently, the reactor was pressurized using 

a syringe pump in combination with an air-driven gas compressor connected to a CO2 gas 

supply. The compressor was used to raise the reactor pressure to the desired experimental value, 

but the syringe pump was primarily used to maintain the pressure inside the reactor during the 

subsequent equilibration process. Just before the commencement of CO2 injection, the reactor’s 

temperature was increased to the required test value (333 K), and the rotation speed of the 

stirring impeller mechanism was set at 200 RPM. Once the required temperature and pressure 

conditions where reached, the mixing continued for further two hours until the two fluid phases 

were fully equilibrated. This was indicated by the pressure stability and zero flow rate reading 

of the syringe pump connected to the system. At the conclusion of the above process, the CO2-

saturated brine was transferred at constant pressure into a fluid accumulator through the bottom 

port of the reactor, and similarly, the water vapour-saturated CO2 was displaced into a second 

accumulator. These two accumulators formed part of the core-flooding setup and were placed 

inside an oven at constant test temperature (333 K) to keep the saturated fluids in thermal 

equilibrium. At times, the accumulators containing the pre-equilibrated brine and CO2 were also 

used for contact angle measurements. 

Figure 3.16. The stirred reactor used to mutually saturate the brine and CO2. 
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3.3.6 X-Ray Photoelectron Spectroscopy Measurements 

As indicated earlier, the X-ray photoelectron spectroscopy (XPS) analysis was used to 

analyse the surface chemistry of the powdered rock samples and qualitatively assess the 

efficiency of each of the two silylation techniques used in this work. In this work, a standard 

XPS measurement procedure was adopted from the literature (Koegler et al. 2014; Kaur et al. 

2015). The XPS analysis was performed using an AXIS Nova and AXIS Ultra-DLD 

spectrometers (Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα source 

at a power of 180 W (15 kV × 12 mA), a hemispherical analyser operating in the fixed analyser 

transmission mode and a standard aperture (analysis area: 0.3 mm × 0.7 mm). The total pressure 

in the main vacuum chamber during analysis was typically between 10-9 and 10-8
 mbar. Survey 

spectra were acquired at a pass energy of 160 eV. To obtain more detailed information about 

the chemical structure, oxidation states etc., high resolution spectra were recorded from 

individual peaks at 40 eV pass energy (yielding a typical peak width for polymers of < 1.0 eV).  

The powder samples were filled into shallow wells of a custom-built sample holder and 

analysed at a nominal photoelectron emission angle of 0º with respect to the surface normal. 

However, the actual emission angle is ill-defined in the case of particles and powders (ranging 

from 0º to 90º) the sampling depth may range from 0 nm to approximately 10 nm. For 

quantification of the XPS results, data processing was performed using Casa XPS processing 

software version 2.3.15 (Casa Software Ltd., Teignmouth, UK). The dominant elements present 

were identified from the survey spectra. The atomic concentrations of the detected elements 

were calculated using integral peak intensities and the sensitivity factors supplied by the 

manufacturer. Binding energies were referenced to the C 1s peak at 284.8 eV (i.e., adventitious 

carbon). The precision (i.e., reproducibility) of the initially acquired XPS data depends on the 

signal-to-noise ratio but is usually better than 5%. The latter is relevant when comparing similar 

samples against each other.  

3.3.7 Contact Angle Measurements 

Contact angle measurements allow the wettability of a specific surface to be evaluated 

qualitatively (Kwok and Neumann 1999). As indicated earlier, this technique was employed 

here to assess the change in the wettability state of the rock discs pre- and post-treatments using 

the IFT-700 apparatus (Figure 3.1). An axisymmetric drop shape analysis (ADSA) technique 

integrated into the instrument’s SCADA software was utilized to measure the dynamic and 

equilibrium contact angle of a sessile droplet under high pressure and temperature conditions 

(Chen et al. 1998). Here, the dynamic contact angle measurement refers to a non-

thermodynamically equilibrated system in which the two fluid phases may diffuse into one 
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another which may subsequently influence the contact angle measurements (Yang et al. 2008). 

In this research, both dynamic and equilibrated systems were utilized; however, the dynamic 

results will not be elaborated on due to the limitation of these results as explained under Section 

3.3.5.  

As mentioned earlier, surface roughness has a direct impact on contact angle measurements; 

therefore, it was crucial to have similar surface roughness on the corresponding pre- and post-

treated rock samples. To achieve this, the rock discs (Figure 3.13) after polishing were split into 

smaller useable portions. A number of these portions were used to analyse their un-treated 

surfaces, and the rest with the same surface roughness were treated with silanes as explained in 

Section 3.3.4. The following procedure was followed in conducting the contact angle 

measurements on the pre- and post-treatment samples: 

1. Prior to performing any experiment, the apparatus was thoroughly washed and dried to 

remove any possible contamination. A piece of a rock disc was then secured with epoxy 

resin onto the cell’s turning plate. The turning plate provided the possibility of 360° rotation 

of the substrate that may be essential for a detailed examination of the deposited fluid 

droplet. The high pressure-temperature visual cell containing the sample (Figure 3.2) was 

then secured inside the apparatus’s heating system.  

2. The system was vacuumed out and purged with low pressure CO2 to remove air from the 

visual cell and all the flow lines. Then, the system was pressurized with CO2 and heated 

until it reached the experimental conditions of 21 MPa and 333 K, where it was kept for 60 

min to reach equilibrium. This equilibrium was indicated by a constant pressure reading 

and a zero flow rate of the syringe pump. It must be noted that, during the contact angle 

measurements, the bulk fluid was the pre-saturated scCO2 phase and the droplet fluid was 

the pre-saturated brine.  

3. A hand pump was used to produce the brine droplet on the rock substrate through the 

capillary needle. For this, the clean empty hand pump was filled with CO2-saturated brine. 

To prevent the evolution of CO2 from brine during the filling process, the hand pump was 

initially pressurized to the experimental condition (21 MPa) with CO2 through one of the 

ports of a three-way valve. Then using a second port on the valve, the CO2-saturated brine 

stored inside an accumulator (Section 3.3.5) was injected into the hand pump at constant 

pressure.  

4. Once all components of the system reached stability, a brine droplet (≈ 7 µL ± 2µL) was 

produced through a capillary needle and place on top of the horizontally mounted substrate. 
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The contact angle of brine on the substrate was then monitored and recorded periodically. 

To confirm that there was no mass transfer occurring between the two fluid phases, all the 

contact angle data reported in this research was recorded after 10 min from the time the 

brine droplet was deposited on a substrate surface. 

3.3.8 Spontaneous Imbibition Measurements 

In addition to the contact angle measurements, spontaneous imbibition experiments were 

used to evaluate the wettability state of the rock samples before and after chemical treatments. 

Given the larger size of the samples used for these experiments (i.e., core plugs), their results 

are less prone to analytical errors and may be considered to be overall more representative in 

evaluating the true wettability state of a rock sample. The experiments were carried out inside 

a high-temperature Amott cell (Vinci Technologies, France) as shown in Figure 3.17. The 

pressure relief valve installed on top of the cell allows for experiments to be carried out at 

pressures and temperatures of up to 0.2 MPa and 393 K, respectively. It is important to note that 

the spontaneous imbibition experiments were carried out in atmospheric conditions, where the 

scCO2 phase is substituted with air. Despite the differences in the fluid properties of scCO2 and 

air, when normalized, the air in ambient condition can provide a relatively close qualitative 

approximation of scCO2-brine-rock configuration (Herring et al. 2014).  

(a) 

 

         (b) 

   

Figure 3.17. (a) Spontaneous imbibition test setup. (1) Pressure relieve valve (0.2 MPa), (2) 

Graduated neck, (3) Sample holder. (b) Imbibed brine displacing air bubbles from a water-

wet core plug. 
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Prior to an experiment, the Amott cell and the core plug were washed and dried as outlined 

in Section 3.3.1.2.  After drying, the weight of the clean sample was measured and recorded. 

Subsequently, the sample was placed inside the cell that was then filled with brine to the top of 

the cell neck, where the last calibration mark (0 ml) is located. The elapsed time is then tracked 

with the volume of brine imbibed into the pore space until equilibrium has been established. 

Periodically, over 14 days for each sample, the imbibed brine volume was recorded against 

time. At the conclusion of 14 days, the core plug was extracted and re-weighted immediately. 

This weight was required to cross-check and estimate the brine volume imbibed in the core 

sample. In addition, the NMR test was performed on the plug after spontaneous imbibition 

experiment as another technique of checking the volume of the imbibed brine. After the NMR 

measurements, the sample was washed and dried in preparation for core-flooding experiments 

(Section 3.3.9).  

3.3.9 Core-Flooding Experiments 

Brine-CO2 core-flooding was performed to investigate the effect of wettability alteration on 

the fluid flow characteristics of the core plugs. The main output of these experiments included 

the differential pressure across the core plugs and the brine saturation profile, both of which 

were recorded against time during the flooding experiments. Subsequently, these data were used 

to numerically history match and construct the relative permeability curves for the two fluid 

phases.  

Convectional core-flooding may be conducted using a steady-state (SS) or an unsteady-state 

(USS) technique with each methodology having their own advantages and disadvantages. This 

research used an USS procedure; however, a brief description of the SS method is also provided 

below. 

In the steady-state method, the core plug is fully saturated with one phase and then flooded 

in consecutive steps, mostly using a simultaneous injection of the two phases of interest. During 

this process, the fractional flow of the second phase is increased successively. In the last step, 

only the second fluid phase is injected. For each step, the injection continues until steady-state 

conditions are established, which means stable and constant pressure drop across the sample 

and having an identical inlet and outlet flow rates for the injection fluids. At this point, the 

Darcy’s equation (2.2) can be used to directly calculate the relative permeabilities of both 

phases. The experiment may be referred to as a drainage or imbibition displacement depending 

on whether the fractional flow of the non-wetting or wetting fluid increases, respectively, as the 

experiment proceeds. The main disadvantages of this technique include: 
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 It is assumed that at the end of each step, a uniform saturation profile exists along the 

length of the core sample. This may not be an accurate assumption in some specific 

cases, for example, when gravitational or capillary forces are dominant during flooding. 

 It may take days or even weeks for each injection step to reach the desirable steady-

state conditions making this technique extremely time consuming. 

The unsteady-state displacement technique refers to the injection of only one fluid phase at 

a time. Generally, the sample is fully saturated with one phase followed by the injection of the 

second phase at a constant flow rate (or constant pressure). The injection will continue until a 

pseudo-steady-state is established, at which the pressure drop across the sample remains 

constant, and the only produced phase at the outlet of the system is the injection fluid. The 

experiment may be referred to as a drainage or imbibition process depending on whether the 

injection phase is the non-wetting or wetting phase, respectively. During flooding, the pressure 

drop across the sample, as well as the volume of produced fluids are recorded regularly, and 

through analytical or numerical methods, the relative permeability curves can be obtained. The 

foundation of data analysis in unsteady-state technique is the Buckley-Leverett theory for linear 

displacement of immiscible and incompressible fluids. In this technique, at each time step, the 

relative permeabilities, the flow rate, the viscosity ratio of fluids and the capillary pressure are 

related to the fluid saturation (Hanarpour and Mahmood 1988). The most commonly used 

methods to analyse data from an USS technique are Welge, Johnson-Bossler-Naumann, and 

Jones-Roszelle (Johnson et al. 1959; Jones and Roszelle 1978; Hanarpour and Mahmood 1988).  

The main advantage of this method over the steady-state method is that a set of relative 

permeability curves can be obtained in a very short period of time (as short as a few hours). 

Nevertheless, there are also some issues associated with this technique which may affect the 

final results. Operational problems such as viscous fingering, capillary end effects, and 

channelling in heterogeneous cores are challenging to monitor and account for properly. In 

systems where the mobility of the displacing fluid is not considerably higher than that of the 

displaced fluid, the time period between the injection fluid’s breakthrough and a complete flood-

out is usually very short. Subsequently, the relative permeability curves can only be obtained 

for a small range of movable saturations. Additionally, in unsteady-state method, it is crucial to 

make an accurate measurement of the breakthrough time. Slight inaccuracy in breakthrough 

time measurement can create a substantial error in relative permeability data (Hanarpour and 

Mahmood 1988).  

In this research, the unsteady-state injection technique was utilized with the specific steps 

followed outlined below: 
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1. After the conclusion of preliminary experiments (e.g., gas porosity/permeability tests,

NMR measurements and spontaneous imbibition experiments), a clean and dry core

plug was placed inside a multilayer sleeve as explained in Section 3.1.4. Figure 3.8

presented the configuration of the multilayered sleeve, where the rock sample was first

wrapped with a layer of Teflon tape followed by a layer of aluminium, Teflon heat

shrinkage, and finally inserted into a Viton sleeve.

2. Then, the fixed end plug of the core-holder was inserted inside the Teflon heat shrink

and Viton sleeve. It is important to assure that the end plug surface makes complete

contact with the end face of the core plug. Then the sample-end plug assembly was

inserted into the core-holder, and the respective end-cap was secured. The adjustable

end plug (outlet side) was then inserted into the combinational sleeve, and its associated

end-cap was secured in place.

3. Next, the annulus space between the Viton sleeve and the internal diameter of the core-

holder was slowly filled with water from one end of the core-holder, and the air present

in the annulus space was expelled from the other end via a bleeding port. Once the

injected water appeared from the bleeding port, it was plugged, and the confining

pressure was raised gradually using further water injection until reaching 6.9 MPa (this

pressure represents the net effective pressure of the experiment). In order to confirm

the absence of cross-flow of the confining fluid into the core sample, the system was

kept at this condition for 2 hr while observing the volume reading of the syringe pump

used to maintain the confining pressure. Any instability in the volume reading may

indicate a leak.

4. Once the leak test was complete, the inlet and outlet of the core-holder were connected

to respective connections to establish a closed system.  The outlet of the core-holder

was connected to the system BPR pre-set to the pore pressure of 21 MPa. The heating

system was then initiated, and the temperature was raised to the desired experimental

value (333 K). Heating up the core-holder would increase the confining pressure

excessively (by thermal expansion of the confining fluid). However, the syringe pump

connected to the system collected the expanded fluid from the core-holder and kept the

pressure constant.

5. Once the confining pressure and the temperature stabilized, the air inside the core plug

and the flow-lines were vacuumed for 24 hr. The vacuum process was monitored using

the pressure readings from both ends of the sample.
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6. Subsequently, the sample was saturated with degassed brine and the pore pressure 

raised to the full in-situ value (21 MPa). Meanwhile, the confining pressure was also 

increased to its respective experimental value (27.9 MPa). It is important to fully 

saturate and pressurize the core plug and flow-lines with a degassed brine first. If the 

CO2-saturated brine was to be injected directly after vacuuming, its dissolved CO2 

would evolve undermining the validity of the subsequent measurement steps. The 

system was then left for 24 hr to achieve thermal and pressure stability. During this time 

the pore and confining pressures were maintained using syringe pumps. The pumps’ 

volume reading would also provide an indication of any possible leak that may take 

place in the system. 

7. In the next step, five pore volumes (PV) of the CO2-saturated brine was injected into 

the system to remove the degassed brine from the sample pore space. Subsequently, a 

multiple flow rate method was applied to measure the absolute permeability of the core 

sample by injecting the pre-equilibrated brine. At each flow rate, the injection continued 

until the pressure drop across the sample stabilized. The Darcy’s Law was then applied 

to the measured data to calculate the absolute permeability of the sample. 

8. At this stage, the sample was ready for the primary drainage displacement phase 

(assuming the system is water-wet, and the scCO2 is the non-wetting phase). Water 

vapour-saturated scCO2 (for simplicity, water vapour-saturated scCO2 will be referred 

to as scCO2) was injected at a constant flow rate of 2 cc.min-1 until steady-state 

conditions were reached, at which the differential pressure across the sample remained 

constant, and no more brine was produced. Throughout the injection phase, the pressure 

drop across the sample as well as the brine production was monitored and recorded 

regularly. When the complete flood-out was reached, the residual saturation of brine 

was calculated by applying material balance. To construct the relative permeability 

curves for the drainage phase, a numerical history matching method was applied to the 

recorded data.  

9. Next step was the primary imbibition process, where the core sample was flooded with 

the pre-equilibrated brine. Similar to the drainage step, the brine was injected into the 

sample at a constant flow rate of 2 cc.min-1 until steady-state conditions were reached. 

Brine recovery and pressure drop data were again recorded as the main outputs of this 

step. At this point, all necessary data for the pre-silylation stage of the investigation had 

been generated, and the sample was ready for chemical treatment. 
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10. Subsequently, the system was depressurized by reducing the pore pressure to 

atmospheric and the confining pressure to 6.9 MPa, and then the system was put under 

vacuum for 24 hr.  

11. As will be elaborated on in the next chapter of the thesis (Section 4.1), the minimum 

pressure required for the silane-CO2 mixture to remain in a single-phase state at 60 °C 

was approximately 10.4 MPa which is well below the pore pressure used (21 MPa), 

guaranteeing the silane to remain in solution during the flooding experiments. To avoid 

any phase separation during silane-CO2 injection, it is essential to raise the pore 

pressure to the experimental condition prior to injecting the silane-CO2 mixture. The 

pore pressure was increased to experimental condition with scCO2, following which 

seven pore volumes of pre-mixed scCO2 with the selected silane (2 wt. %) was injected 

through the system at a constant flow rate of 2 cc.min-1. The system was then left at this 

condition for 24 hr to age and for the silylation process to take place. 

12. After the aging process, to remove any untreated silane from the pore space, the system 

was flushed with another seven pore volumes of clean and dry scCO2 (not saturated 

with water-vapour). The system was then gradually depressurized to atmospheric 

condition. 

13. At this stage, the system was ready for post-treatment flooding. The earlier described 

steps 5 to 9 were repeated to measure the post-silylation multiphase flow properties of 

the rock sample. 

It must be noted that, after performing the first two core-flooding experiments (on GB.1 and 

GB.3 core samples), it was suspected that the pronounced presence of salt on the pore surfaces 

may have reduced the reaction of silane reagent with the rock surface, reducing the effectiveness 

of the silylation process. To eliminate the above deficiency, one more step was added to the 

remaining core-flooding experiments (on GB.2 and GB.4 core plugs) in which, prior to step 10, 

the core plug was flushed with five PV of a low salinity brine (2,000 ppm) before proceeding 

to subsequent steps. 

14. At the conclusion of Step 13, the system was depressurized, and the core sample was 

extracted from the core-holder and prepared for other experiments, including post-

treatment NMR measurement and spontaneous imbibition test (sections 3.3.2 and 

3.3.8). 
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 Experimental Results, Interpretation and 

Discussion 

This chapter presents the results of the various experimental work carried out in this research, 

together with their detailed interpretation and discussion. As outlined before, the experiments 

covered phase behaviour study, surface chemical alteration and analysis, quantitative analysis 

of surface wettability alteration through contact angle measurements, qualitative wettability 

alteration analysis through spontaneous imbibition experiments and finally, evaluation of the 

effect of wettability alteration on the multiphase flow characteristics of the CO2-brine-rock 

system using a number of sandstone core plugs. In addition to the above, NMR measurements 

were also conducted on the core plugs to investigate any possible alteration to their pore size 

distribution caused by the wettability alteration process. 

4.1 Cloud Point Pressure Measurement Results 

In this research, the surface chemical modification was performed within a silane-scCO2 

mixture environment, therefore, it was essential to investigate the phase behaviour of the 

mixture at the experimental condition. To achieve this, cloud point pressure for the selected 

silanes were measured at 333 K, as explained in Section 3.3.3. The cloud point pressure is an 

indication of the minimum pressure required for the binary mixture to remain in a single-phase 

state.  

As mentioned earlier in experimental procedure (Section 3.3.3), a 2 wt. % silane-scCO2 

binary mixture was used for all the experiments. The amount of an individual silane required to 

create this concentration was governed by its molecular weight when considering all the 

remaining variables such as pressure, temperature and the solvent remain the same. 

Subsequently, Equation (3.3) was applied to calculate the weight of silanes needed for the 

corresponding visual cell volume to achieve the 2 wt. % binary mixture. The required mass for 

each silane as calculated using the above method is presented in the first row of Table 4.1. As 

can be seen from this table, since the molecular weight of all six silanes are similar, the required 

mass for these silanes varies slightly.   

The images captured during the cloud point pressure measurement for BHEA_TS inside the 

visual cell are presented in Figure 4.1. At the beginning, the pressure is well above the cloud 

point pressure, and there is a clear single-phase silane-scCO2 mixture (Figure 4.1-a). When the 

pressure is further reduced, the phase separation starts to take place (Figure 4.1-b-c). The cloud 



72 

 

point pressure is reached once the light intensity is reduced by 90%, as shown in Figure 4.1-d 

(Al Hinai et al. 2017). Finally, as the pressure is decreased below the supercritical condition, 

all the silanes return to the liquid phase.  

 

a) 

 

b) 

 

c) 

 

d) 

Figure 4.1. BHEA_TS cloud point pressure measurement in the visual cell. The intensity 

of the light passing through the cell decreases as the pressure approaches the cloud point 

value.  

Except for APTES, all the remaining silanes (DD_TS, CPhe_TS, CPTS and GPTS) in this 

research followed a similar trend during cloud point pressure measurements. Once the 

depressurization of APTES-scCO2 mixture commenced, there was a clear solid precipitation at 

the bottom of the visual cell (Figure 4.2). This could be attributed to the formation of ammonium 

carbamate, due to chemical reaction of primary amine groups in APTES with scCO2. Under the 

dry condition, the two neighbouring amine groups in the silane react with scCO2 to form a 

zwitterion which leads to carbamate formation (Sanz et al. 2010). The possible mechanisms for 

this reaction are presented below: 

𝐶𝑂2 +  𝑅𝑁𝐻2  ⇋  𝑅𝑁𝐻2
+𝐶𝑂𝑂− (4.1) 
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𝑅𝑁𝐻2
+𝐶𝑂𝑂− +  𝑅𝑁𝐻2  ⇋  𝑅𝑁𝐻𝐶𝑂𝑂− + 𝑅𝑁𝐻3

+ (4.2) 

Since the formation of the solid ammonium carbamate was regarded as unfavourable 

towards meeting the objectives of this research (pore filling/blockage effect), the APTES was 

eliminated and was not included in further experiments. 

 

Figure 4.2. Visible deposition of ammonium carbamate during depressurization resulting 

from a chemical reaction of scCO2 with APTES. 

Given a silane is soluble in supercritical fluids (SCF), one of the factors which has an impact 

on its solubility is its molecular weight (Kirby and McHugh 1999). As the molecular weight of 

polymers decreases their solubility increases, and hence their cloud point pressure in a gas 

decreases (Johnston et al. 1998). The measured CP pressures for the non-polymeric silanes used 

in this research are presented in the second row of Table 4.1. The measured CP pressure data 

indicate that the selected silanes were soluble at relatively low pressures and had very similar 

cloud point pressures attributed to their very low but similar molecular weights. As indicated 

earlier, the objective of the CP pressure measurements and solubility studies were to obtain the 

minimum pressure required to have a fully dissolved silane in scCO2 at constant temperature. 

Subsequently, this information was used to determine the experimental conditions to be used 

for the silane-scCO2 chemical treatment process inside the HTSM cell (Section 3.3.4.2) and 

core-flooding experiments (Section 3.3.9). 

Table 4.1. Calculated mass of individual silanes to make up a 2 wt. % solution in the visual 

cell (internal volume of 20 cc) and the corresponding measured cloud point pressures. 

 Silane Agents 

 
DD_TS CPhe_TS BHEA_TS GPTS CPTS APTES 

Mass of silane (g) 0.2964 0.2955 0.2949 0.2953 0.2952 0.2942 

CP Pressure 

(MPa) at 333 K 
10.40 10.90 10.72 10.00 9.80 ---- 
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4.2 X-Ray Photoelectron Spectroscopy 

4.2.1 Supercritical CO2-based Silylation 

Elemental quantification derived from XPS survey spectra of the samples demonstrated that 

all the substrate were successfully modified with the various silanes with each rock 

demonstrating similar, trends (full XPS elemental quantification for all the samples are 

presented in APPENDIX - Table A. 1 to Table A. 4). Generally, for the elements solely 

attributed to the rock samples and not present in the silane reagents (e.g., Al and Fe), there is a 

decrease in their intensity measured for the silylated samples as compared with the control 

sample, also in general, the atomic concentration of carbon increases for all the samples after 

silylation. For instance, as can be seen for the Gray Berea substrate (Figure 4.3), when CPTS 

and CPhe_TS are applied to the surface, the C concentration increases from 9.99 % to 12.79 % 

for CPTS and to 16.99 % for CPhe_TS. The difference in carbon concentration between these 

two samples is attributed, at least in part, to the larger number of carbon atoms in CPhe_TS 

compared to CPTS. Furthermore, Al is reduced from 9.04 atomic % in the control sample to 

8.16 and 7.67 atomic % for CPTS and CPhe_TS, respectively, while an increase in the cloride 

concentration is due to the silylating reagent.  

Figure 4.3. The XPS elemental quantification (expressed as atomic %) of Gray Berea 

substrate before and after treatment. (Graph contains data for Control Sample and aged 

through scCO2 method with CPTS, CPhe_TS, BHEA_TS, GPTS and DD_TS). 
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When BHEA_TS is applied to the Grey Berea, the nitrogen concentration increases from 

0.38 atomic % for the control sample to 1.44 atomic % for the treated sample, which is attributed 

to the presence of amine group in this particular silane (Kartal and Erkey 2010; Chowdhury et 

al. 2013;  Combes et al. 1999b). For the Gray Berea sandstone, DD_TS results in the highest 

carbon concentration at 30.39 atomic %, while the suppression of the substrate signal is the 

most significant for Al and Cl, which are reduced to 6.35 and 0.00 atomic %, respectively. These 

results are consistent with expectations because DD_TS has the most C atoms per silane unit. 

Similar trends can be observed for all of the other rock surfaces, with related graphs presented 

in APPENDIX Figure A. 1 to Figure A. 3. 

4.2.2 Conventional vs. Supercritical CO2-based Silylation 

Regardless of the silylation technique employed in modifying the surface chemistry, the 

mechanisms dictating how the silanes may interact with a surface remain the same (Fadeev and 

McCarthy 2000, 1999; Combes et al. 1999b). However, the efficiency of the technique in 

achieving acceptable coverage over the surface may vary depending on the actual approach 

followed and the carrier solvent/fluid used. XPS elemental quantification was conducted on all 

the substrates modified through conventional silylation method for comparison with scCO2-

based silylation. Figure 4.4, Figure A. 4, Figure A. 5, and Figure A. 6 compares the two 

silylation methods (conventional vs. scCO2-based) for all rock samples treated with GPTS and 

BHEA_TS.  In all cases, the treated samples had a larger concentration of C and smaller 

concentration of Al compared to the control sample, consistent with the addition of a carbon-

rich overlayer on the top surface of the substrate. For both GPTS and BHEA_TS, the scCO2-

based silylation (GPTS-scCO2 and BHEA_TS-scCO2) leads to a larger concentration of C and 

a smaller concentration of Al when compared with the results of the conventional silylation 

(GPTS-Conventional and BHEA_TS-Conventional).  

In general, the above comparison reveals that using scCO2 as a carrier during the silylation 

process would produce comparable or better results than the conventional solvents such as 

toluene. The scCO2-based method provides improved mass transfer and faster diffusion due to 

the considerably lower viscosity of scCO2 compared to organic solvents leading a more 

effective delivery of the silanes to a treated surface. This is expected to have contributed towards 

higher surface chemical adsorption for the case of using scCO2 as the carrier. Furthermore, as 

an added advantage, this technique provides solvent-free surfaces after treatment (Sanli and 

Erkey 2015; Cao, Fadeev, and Mccarthy 2001; Sánchez-Vicente et al. 2014). 
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Figure 4.4. The XPS elemental quantification (expressed as atomic %) of Gray Berea 

substrate before and after treatment. (Graph contains data for Control Sample and aged 

through scCO2 method with CPTS, CPhe_TS, BHEA_TS, GPTS and DD_TS). 

Evaluating the Si/C ratio values for BHEA_TS treated Gray Berea samples provides a means 

to assess the effectiveness and surface coverage of the two methods. BHEA_TS with a Si/C 

value of 0.08, and the uncoated control with a Si/C value of 2.39, it is expected that addition of 

a silane overlayer would lead to a decrease in Si/C. Comparing the Si/C values for the two 

silylation methods, the scCO2 (0.95) sample has a lower value than the conventional method 

(1.26), thus providing evidence that the scCO2 provides improved surface coverage. 

Further insight into the comparison of the two silylation methods can be gained from 

examination of the high resolution C 1s spectra. The spectra presented in Figure 4.5 were fitted 

using a 5 component using a GL(30) lineshape and a Shirley background. For the control 

sample, the spectral envelope is consistent with that of adventitious carbon, with the C 1 peak 

at 284.8 eV attributed to C-C and C-H. This is the dominant species that would exist in the 

sandstone sample, but other inorganic carbon, e.g., carbonate from the Ankerite phase, likely 

contribute intensity to this spectrum.  For the treated samples in both cases, the peak at 

approximately 286.5 eV (e.g., C3: C-N and C-O) increases relative to the C 1 peak, and this is 

attributed to the presence of both C-N and C-O groups within the BHEA_TS molecule.  In the 

case of scCO2 treatment, this enhancement is even more pronounced, providing additional 

evidence that scCO2 is leading to improved surface coverage relative to toluene treatment 

(Jakša, Štefane, and Kovač 2013). This demonstrates the surface chemistry that provides more 

information for atomic percentages and shows that C-N and C-O groups are present. 
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(a) 

 

(b) 

 

(c) 

Figure 4.5. Selected, representative, high resolution C 1s XPS spectra with peak fitting 

with a 5 component system for Grey Berea [(a) Control, (b) BHEA_TS in toluene and (c) 

BHEA_TS in scCO2]. Tentative assignments for components are as follows: C1 + C2: C-

C, C-H, C-Si; C3: C-O, C-N; C4: C=O, N-C=O, O-C-O; C5: CO3, COOR. 
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4.3 Contact Angle Measurement and Wettability Alteration Evaluation 

4.3.1 Supercritical CO2-based Silylation 

A major mineral component of the substrates used in this study was quartz (Table 3.2). 

According to previous studies, hydroxylated quartz is a high-energy solid with negatively 

charged surface groups that can readily attract water molecules (Arkles 2015; Zdziennicka, 

Szymczyk, and Jańczuk 2009a; Hilner et al. 2015a; C. Chen et al. 2015; Zhuravlev 1986). 

Organosilanes have the ability to change the surface properties of a material by covalently 

bonding to the surface. They may interact with a  substrate via strong physical adsorption or by 

creating a stable covalent bond with the substrate (Xie and Muscat 2005; Arkles et al. 2014; 

López-Periago et al. 2014). The surface silylation increases the hydrophobicity of the surface 

by reducing the high-energy hydroxyl sites for water adsorption and by incorporating organic 

nonpolar groups (Kim, Arkles, and Pan 2009). 

As indicated before (Section 3.3.7), contact angle measurement was used in this research to 

qualitatively evaluate the degree of wettability alteration in different sandstone rocks silylated 

with five different organosilanes using a scCO2-based approach. These measurements were all 

conducted using scCO2-brine fluid system under the experimental conditions of 333 K and 21 

MPa (Figure 4.6). The brine was pre-equilibrated with CO2 and all of the control samples were 

strongly water-wet with contact angles ranging from 6º to 16º. These results are in line with 

similar studies showing quartz (rock substrate used in this work are composed of 64% to 98% 

quartz (Table 3.2)) surfaces are strongly water-wet in the presence of CO2. Saraji et al. reported 

a contact angle of 17.14º at 11.7 MPa and 333 K for quartz-scCO2-brine system (Saraji et al. 

2013). Furthermore, Shojai Kaveh et al. demonstrated the Bentheimer-scCO2-brine system to 

be strongly water-wet (P = 12.74 MP, T = 318 K, and Ɵ ≈ 18º), which is in line with our findings 

(Shojai Kaveh et al. 2014). Previous studies on wettability tendency of pure quartz in CO2-brine 

system indicated that with, increased pressure, the wettability of quartz tends to shift from 

strongly water-wet to less water-wet condition (Al-Yaseri et al. 2016; Saraji et al. 2013; Arif et 

al. 2015), which is attributed to the reduced surface charges of quartz under the low pH value 

of the pre-equilibrated brine at elevated pressures. The brine pH reduces from 7 at 0 (partial) 

CO2 pressure to 3 at elevated pressures (as a result of dissolution of CO2 in brine), which has a 

direct effect on reducing the quartz (negative) surface charges to zero (McGrail and Schaef 

2005). The reduction in surface charges at low pH diminishes the electrostatic forces of quartz 

and, subsequently, destabilizes the water film covering the surface, which leads to reduced water 

wetness of quartz at higher pressures (Tokunaga 2012; Jung and Wan 2012). However, the 

sandstone rocks used in this work contain a number of different minerals, which react differently 

in CO2-brine system. Unlike pure quartz, the surface charges of sandstone approaches zero at 
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pH of ~8, and at lower pH values, the surface becomes more positively charged, which 

enhances the electrostatic attractions and, subsequently, increases the water film stability on the 

sandstone surfaces (i.e., enhanced water wettability) (Sharma and Yen 1984; Shojai Kaveh et 

al. 2014). 

   

(a) 

   

(b) 

  

(c) 

  

(d) 

Figure 4.6. Contact angle measurements to show the alteration made by the scCO2-based 

silylation of the sandstone rock samples [(a) Gray Berea, (b) Upper Gray Berea, (c) 

Bandera Brown, and (d) Bentheimer]. 

Generally, organosilanes used in this work rendered the surface of the rock samples tested 

hydrophobic to various degrees. The results presented in Figure 4.6 indicate that the highest 

degree of hydrophobicity was obtained with CPTS and CPhe_TS. Silanes GPTS and DD_TS 

displayed the second best wettability improvement towards CO2 on all surfaces, with contact 
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angles ranging from 143º to 146º; however, the changes between each silane were minimal. 

Silane BHEA_TS, which contains an amino group and several hydroxyl groups (aside from the 

methoxy groups that are reactive), induced the least level of hydrophobicity among the silanes 

tested, with an average contact angle of 135º. The amine present in BHEA_TS could interact 

with scCO2 to possibly form a carbamate, which would affect the rock-scCO2-brine wettability 

(Combes et al. 1999b). The hydrophobicity of a surface modified with organosilanes is 

governed by the organic substituent on the silanes, the degree of surface coverage, residual 

unsaturated groups (both from the silane and the surface), and the distribution and orientation 

of silane on the surface (Arkles 2015). In addition to the hydrophobic alkyl chain in 

organosilanes, chlorosilanes contain halogen, which can increase the hydrophobicity of the 

coated surfaces (Priimagi et al. 2013; Cavallo et al. 2016). 

4.3.2 Conventional vs. Supercritical CO2-based Silylation 

All functionalized substrates modified with silanes (with the exception of BHEA_TS) using 

toluene as a carrier also exhibited a hydrophobic surface (Figure 4.7). However, our data 

revealed that, for all surfaces treated using the scCO2-based method, the CO2 wettability was 

higher (i.e., higher hydrophobicity) compared to those treated using the conventional method, 

with the largest difference observed for Bentheimer treated in GPTS (∆Ɵ ≈ 5.6%). As a result, 

silanes may not have gained access to small air-filled cavities and pores scattered over the 

surface. Hence, the overall silane coverage for these samples may have been further reduced 

when treated using conventional solvents. The accessibility of pores and cavities would be 

improved with the use of the scCO2-based silylation method because scCO2 has high diffusivity 

and low viscosity, which can help to deliver the silanes into the cavities and pores more 

effectively (Zemanian et al. 2001; Mccool and Tripp 2005). 

It was found that not all the silanes selected for this work would be suitable for use with 

toluene as a carrier. After deposition of BHEA_TS on the discs of all the rock types, there was 

clear visual evidence that oligomerization/polymerization had occurred (gel formation). We 

hypothesize that the amine groups in BHEA_TS could have catalyzed the hydrolysis of the 

methoxy groups, causing longer molecular chains to form on the surface of the rock.  This is 

the reason why amine-based silanes are often deposited in the vapour phase, although, under 

certain conditions, it is possible to deposit from the solution phase (Yadav et al. 2014). Further 

investigation is required to validate this hypothesis, but this is beyond the scope of this study. 
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Figure 4.7. Contact angle measurements to show the alteration made by the conventional 

silylation of the sandstone rock samples [(a) Gray Berea, (b) Upper Gray Berea, (c) 

Bandera Brown, and (d) Bentheimer]. 

4.4 Effect of scCO2-based Silylation on Spontaneous Imbibition  

The effectiveness of wettability alternation via in-situ treatment in reducing water uptake in 

core plugs was investigated through spontaneous imbibition experiments. The results of the 

spontaneous imbibition of brine versus time in the pre- and post-treated GB.2 sample is 

presented in Figure 4.8. It is evident that the treated GB.2 imbibed less brine during the course 

of the experiment (10.7 ml of imbibed brine or final Sw = 58.9%) compared to the pre-treated 

sample (12.7 ml of imbibed brine or final Sw = 76.4%). Furthermore, by looking closer at the 

early stages of the experiment, it can be observed that the pre-treated sample has a substantially 
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higher imbibition rate and reaches a plateau during the first 10 min, and then the rate drops 

considerably for the remaining experimental time. In contrast, the post-treated sample 

demonstrates a considerably lower imbibition rate until reaching its plateau after approximately 

17 hr. A similar trend was observed in GB.4; however, only minor differences in spontaneous 

brine imbibition were observed for the other samples (APPENDIX - Figure A. 7, Figure A. 8 

and Figure A. 9). 

In the research by MA. et al. into the wettability characterization from spontaneous 

imbibition tests, it is indicated that the rate at which the non-wetting phase saturation decreases 

during such tests is a function of fluids’ viscosity ratio, the pore space structure, interfacial 

tension, core surface boundary condition, and the wettability of the rock surface (MA et al. 

1999). However, the considerable difference between the performance of our pre- and post-

treated samples in uptaking brine is primarily attributed to change in wettability of the samples 

from strongly water-wet to a less water-wetting condition. That is because all parameters other 

than wettability were kept constant between our pre- and post-treatment experiments.  

 

Figure 4.8. Spontaneous brine imbibition versus time in GB.2, pre-treatment (red triangle) 

and post-treatment (blue diamond). 

A summary of the spontaneous imbibition test results for all the core samples is presented in 

Table 4.2. Despite all the samples exhibiting similar trends, it is evident that after surface 

silylation a smaller shift in the final water saturation was obtained with samples GB.1 and GB.3 
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(31.1% and 40.6%, respectively) compared with that achieved with samples GB.2 and GB.4  

(50.6% and 58.9%, respectively). As mentioned earlier, after the first two experiments 

conducted on GB.1 and GB.3, a slight modification was applied in the experimental procedure 

prior to silylation of GB.2 and GB.4. This modification was done to reduce the negative effect 

of possible salt precipitation on the pore surfaces prior to the injection of a silane-scCO2 

mixture. The following section provides further elaboration on the wettability alteration process 

and the rationale behind the above-mentioned procedure modification.  

Table 4.2. A summary of the pre- and post-treatment spontaneous imbibition test results. 

  Pre-treatment Post-treatment  

Sample 

IDs 

Imbibed 

Brine (ml) 

Brine 

Saturation (%) 

Imbibed 

Brine (ml) 

Brine 

Saturation (%) 

Change in Brine 

Saturation (%) 

GB.1 12.35 75.6 11.1 68.9 8.86 

GB.2 12.7 76.4 10.4 41.1 46.21 

GB.3 12.75 77.4 11.25 59.4 23.31 

GB.4 12.45 75.5 10.4 49.4 34.57 

The wettability of a solid surface with complex chemistry, such as a rock, is strongly 

influenced by the interactions of fluids with the surfaces; hence, it is important to characterize 

the surface species of rock samples before undergoing wettability related studies (Shojai Kaveh 

et al. 2014). The main mineral species found in the GB rocks in this study is quartz (see Table 

3.2), which according to previous studies, possess negatively charged surface groups (in the 

presence of water) and high free surface energy (Chen et al. 2015; Zdziennicka et al. 2009b; 

Hilner et al. 2015b). Subsequently, due to the high polarity of water, water molecules are 

attracted to the highly charged quartz surface (Hilner et al. 2015b; Arkles 2015). Furthermore, 

it has been well established that in the presence of water, the surface silica (SiO2) readily reacts 

with water molecules to form silanol (Si-OH) groups (i.e., the surface becomes hydrated, which 

promotes water wettability) and to remove these species from the surface, high temperatures 

and dry conditions must be employed (e.g., temperatures exceeding 475 K and a completely dry 

environment) (Yang et al. 2005; Ma et al. 2005; Rovetta and Blacic 1989; Hair 1975). Given 

the comparatively mild test conditions in this study, the presence of silanol species on the quartz 

surface is inevitable, and consequently the surface is strongly water-wet. Hence, by coating the 

hydroxyl groups (-OH) on the surface and reducing the free surface energy of the pore walls, 

the wettability of the surface can be shifted (Kim et al. 2009; Zhuravlev 1986). Application of 

an appropriate organosilane reduces the water wetness of the surface not only by shielding the 

hydroxyl groups on the surface but also by incorporating non-polar organic moieties through 

silylation (Kim et al. 2009; Hara et al. 2012). However, it must be noted that the effectiveness 

of silylation is governed by the accessibility of the silane to the surface and the reactivity of the 
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surface with the organosilane reagent (Kim et al. 2009; Gun et al. 2000; Combes et al. 1999b). 

The degree of surface coverage of the treatment is governed by the population and accessibility 

of the hydroxyl groups; consequently, by inadvertently inhibiting these surface species, the 

silylation coverage could be reduced to varying degrees. For instance, given that the pre-treated 

samples were flooded with the experimental brine before silylation, a relatively high salt 

concentration used at this stage with GB.1 and GB.3 could have impacted the reactive sites on 

their pore surfaces and subsequently reduced the silane coverage. When a lower salinity brine 

was used to flush and wash out the pore spaces of GB.2 and GB.4 prior to injecting the silane-

scCO2 mixture, more of the hydroxyl groups became available with which the silane agent could 

react. This can explain the higher shift observed in the final water saturation obtained with 

samples GB.2 and GB.4 (i.e., lower post-treatment water-wetness) relative to GB.1 and GB.3.  

4.5 Core-Flooding Experiments 

To understand how the wettability alteration may impact the multiphase flow, detailed 

scCO2-brine core-flooding experiments were conducted on the four rock samples used in this 

study. Figure 4.9 and Figure 4.10 compare the pre- and post-treatment differential pressure 

profiles across sample GB.2 for the scCO2 and brine injection stages, respectively. For all four 

profiles, as expected, the differential pressure begins to increase from the onset of CO2/brine 

introduction into the inlet face of the sample, reaching a peak right before breakthrough, after 

which it starts to decrease, initially fast but more gradual during the latter stages. As indicated 

by a change in the differential pressure profiles plotted for the scCO2 injection stage (see Figure 

4.9), the scCO2 breakthrough, as determined from the pressure profiles, is delayed due to the 

wettability alteration. Additionally, the final quasi-steady-state differential pressure for the post-

treated rock is lower than that for the untreated one. The final readings of the differential 

pressures translate to about a 19% increase in the post-treatment scCO2 endpoint relative 

permeability (∆𝑘𝑟𝐶𝑂2
′/𝑘𝑟𝐶𝑂2

′ =  +19%). 
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Figure 4.9. Experimental differential pressure (denoted by Exp) vs. pore volumes of CO2 

injected through the GB.2 sandstone sample pre- (blue cross symbol) and post-silylation 

(red plus symbol) with 2 wt. % of CPTS (inset compares the breakthrough points) Solid 

and dashed black lines represent the numerical simulation history matched differential 

pressure for pre- and post-silylation, respectively (denoted by Sim). 

A similar trend to that described for the CO2 injection stage is detected in the differential 

pressure profiles during the brine injections (Figure 4.10). In general, the differential pressures 

recorded during the brine injection before treatment are noticeably higher compared to those for 

the post-treatment, especially towards the end of the two experiments. As clearly visible in the 

inset, the wettability alteration has delayed the occurrence of brine breakthrough. Further effects 

of the treatment on the petrophysical and multiphase flow characteristics of the sample are 

evaluated by calculating the change in its absolute, effective, and relative permeabilities (Table 

4.3). As can be seen from Table 4.3, the effective permeability and endpoint relative 

permeability to brine show noticeable increases after treatment (∆𝑘𝑟𝑤′/𝑘𝑟𝑤′ =  +61%), which 

is a clear consequence of the induced wettability alteration in this rock sample.  Similar 

differential pressure characteristics as described above for sample GB.2 were observed for the 

other samples (see Figure A. 10, Figure A. 11, Figure A. 12, Figure A. 13, Figure A. 14 and 

Figure A. 15). 
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Figure 4.10. Differential pressure vs. pore volumes of brine injected through the GB.2 

sandstone sample pre- (blue cross symbol) and post-silylation (red plus symbol) with 2 wt. 

% of CPTS (inset compares the breakthrough points). 

Ultimate brine recovery (see Figure 4.11 and Figure A. 16 - Figure A. 18) was measured by 

collecting the effluent brine, and subsequently, residual brine saturations were calculated at the 

end of the drainage floods conducted on the pre- and post-treated samples (see Table 4.3). As 

can be seen from Table 4.3 and Figure 4.11, the residual brine saturation for GB.2 was reduced 

from 61.5% to 45.5% due to the silylation treatment, which translates to a 26% improvement in 

the brine displacement by scCO2.  Similar behaviour in the differential pressure response and 

brine recovery factors was also observed for samples GB.1, GB.3 and GB.4.   

Table 4.3. Brine and CO2 effective and endpoint relative permeability and brine residual 

saturation before and after chemical treatment. 

Pre-Treatment Post-Treatment 

CO2 Injection Brine Injection CO2 Injection Brine Injection 

Sample 

IDs 

kabs 

(mD) 
𝑘𝑟𝐶𝑂2

′ Swri 

(%) 
krw’ 

kabs 

(mD) 
𝑘𝑟𝐶𝑂2

′ Swri 

(%) 
krw’ 

GB.1 61 0.28 55 0.148 59 0.35 41 0.22 

GB.2 93 0.16 61.5 0.124 86 0.19 45.5 0.2 

GB.3 53 0.25 63 0.25 48 0.286 53 0.33 

GB.4 74 0.196 61.5 0.147 65 0.25 45.5 0.28 
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The differential pressure and fluids saturation data recorded during the primary drainage 

floods were used to generate the relative permeability curves for the pre- and post-treated core 

samples. Such data for GB.2 are presented in Figure 4.12 (similar data for GB.1, GB.3 and GB.4 

are presented in Figure A. 19, Figure A. 20 and Figure A. 21, respectively). The respective 

relative permeability data were calculated using a numerical history matching technique 

(Bennion and Bachu 2008; Archer and Wong 1973; Sigmund and McCaffery 1979) for which 

Sendra software from PRORES AS was used.  

 

 
Figure 4.11. Experimental brine recovery profiles during scCO2 injection for pre-

treatment (blue diamond symbol), post-treatment (red triangle symbol) for GB.2 (denoted 

by Exp). Solid and dashed black lines represent the numerical simulated brine recovery 

for pre- and post-treatment, respectively (denoted by Sim). 

To integrate the spatially dependent experimental data with time and generating the relative 

permeability curves, a two-phase, 1-dimensional black oil simulation model with a routine 

automated history matching technique, which is implemented in Sendra software was applied. 

It is worth noting that this technique has a number of advantages over other relative permeability 

derivation methods such as JBN (Johnson, Bossler, and Naumann 1959). Other methods can 

calculate such data for post breakthrough portion of the laboratory experiments and therefore 

would require the extrapolation of the data before that, whereas, in the above mention technique, 

relative permeability data can be directly derived for the full range of movable saturations 
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(Abbas 2016). Additionally, unlike some other commonly used techniques, the above method 

accounts for the capillary pressure effect during the history matching process. If the capillary 

pressure data are not available, for history matching and modelling process, a suitable model 

can be chosen within the software package. Lastly, since one of the commonly employed 

relative permeability correlations (LET, Corey, Sigmund and McCaffery, etc.) is used during 

the history matching, the resultant relative permeability data can be readily integrated into a full 

field numerical simulation model.  

A number of history match routines were tried on the experimental data obtained using 

different models (LET, Corey, Sigmund and McCaffery, etc.) to obtain the relative permeability 

curves. In the end, the closest match was obtained using the Sigmund and McCaffery (1979) 

model. Subsequently, this optimal model was adopted for analysing the core-flooding data 

(Saeedi et al. 2016).  

The three equations presented below are used in the Sigmund and McCaffery (1979) to 

empirically correlate the fluid phase saturations to the relative permeability data: 

𝑆𝑤
∗ =  

𝑆𝑤 − 𝑆𝑤𝑖

1 −  𝑆𝑤𝑖 −  𝑆𝑔𝑖 
 

(4.3) 

𝑘𝑟𝑤 =  𝑘𝑟𝑤
0

(𝑆𝑤
∗ )𝑁𝑤 +  𝐴𝑆𝑤

∗

1 + 𝐴
 

(4.4) 

𝑘𝑟𝑔 =  𝑘𝑟𝑔
0

(1 −  𝑆𝑤
∗ )𝑁𝑔 +  𝐵(1 −  𝑆𝑤

∗ )

1 + 𝐵
 

(4.5) 

where, 𝑆𝑤
∗  is the normalized water saturation, 𝑆𝑤 is the water saturation measured during the 

experiment, 𝑆𝑤𝑖 and 𝑆𝑔𝑖 are the residual water and gas saturations respectively, 𝑘𝑟𝑤
0  and 𝑘𝑟𝑔

0  are 

the endpoint relative permeabilities for water and gas respectively and finally, 𝑁𝑤, 𝑁𝑔, A and B 

are the empirical constants used for the calculation of relative permeabilities. The values for the 

empirical parameters which produced the best match of experimental data are presented in Table 

4.4. The history matched curves for GB.2 (pre- and post-treatment differential pressure and 

brine recovery) are presented in Figure 4.9 and Figure 4.11 (refer to APPENDIX figures for 

GB.1, GB.3 and GB.4 history match data). Relative permeability data for GB.2 are presented 

in Figure 4.12 (similar data for GB.1, GB.3 and GB.4 are presented in Figure A. 19, Figure A. 

20 and Figure A. 21, respectively) 
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Table 4.4. Best-fit relative permeability parameters for the history matched core–floods 

using the Sigmund and McCaffery (1979) model. 

Sample ID Nw Ng A B 

GB.1 Pre-treatment 7.6632 3.08277 0.23413 0.00435 

GB.1 Post-treatment 6.0258 4.35972 0.189827 0.029713 

GB.2 Pre-treatment 3.60224 3.33202 0.122618 0.010885 

GB.2 Post-treatment 4.19813 3.38595 0.11366 0.028578 

GB.3 Pre-treatment 4.00664 2.98626 0.149121 0.007186 

GB.3 Post-treatment 3.71125 2.85487 0.176508 0.020602 

GB.4 Pre-treatment 3.34198 4.82534 0.162858 0.001 

GB.4 Post-treatment 3.8303 2.98214 0.210274 0.007608 

By comparing the curves included in Figure 4.12, it is evident that the rock sample became 

less water-wet; for every CO2 saturation point, compared to the pre-treatment stage, a higher 

relative permeability to water is observed for the post-treated sample. Furthermore, despite 

having a higher endpoint CO2 relative permeability, the post-treatment relative permeability to 

CO2 is considerably lower along the range of saturations that the two pre- and post-treatment 

CO2 relative permeability curves share. In addition, the crossover point of a set of relative 

permeability curves (i.e., the point at which the permeability for both fluid phases are equal) is 

a significant indicator of wettability, and a shift of this point along the saturation axis (x-axis) 

indicates how the wettability of the system may have been altered. Wang et al. investigated the 

effect of temperature on relative permeability and displacement efficiency for a waxy oil 

reservoir and concluded that by lowering the temperature the system became more oil-wet. This 

effect was observed through the movement of the relative permeability crossover point along 

the water saturation axis towards lower water saturations, which meant water would flow easier 

at lower saturations (Wang et al. 2019). In another study, the effect of low salinity water 

flooding (LSWF) in enhanced oil recovery was investigated (Suijkerbuijk et al. 2014). The 

authors concluded that the target rock formation became more water-wet when LSWF was 

applied by comparing the crossover point of relative permeability curves for the high salinity 

water flooding (HSWF) with that of the LSWF in an oil-brine system. As indicated in this 

publication, the crossover point for the HSWF occurred at 61% water saturation compared to 

70% water saturation for the LSWF, indicating that when the relative permeability of oil and 

brine are equal, the water would require to have a higher saturation to flow during LSWF 

(Suijkerbuijk et al. 2014).  
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Figure 4.12. Relative permeability curves for the primary drainage conducted on pre-

treated (triangle symbol) and post-treated (circle symbol) for GB.2 sample. 

A similar comparison was made in this study between the crossover points of the pre- and 

post-treatment relative permeability curves to qualitatively evaluate the effect of the induced 

wettability change on the relative permeability of the two fluid phases. From Figure 4.12, it is 

apparent that the after treatment the crossover point has moved towards a higher CO2 saturation 

along the x-axis, which can be translated to a change in wettability of the sample toward a less 

water-wetting state. Similar results were observed for the rest of the rock samples (GB.1, GB.3 

and GB.4). Gray Berea.2 and GB.4 demonstrated larger changes in brine relative permeability 

compared to GB.1 and GB.3. The endpoint relative permeability of brine was enhanced by 

approximately 61% and 90.5% for GB.2 and GB.4, respectively, while improvement for GB.1 

and GB.3 were approximately 49% and 32%, respectively. As explained previously, the effect 

of salt precipitation on the rock surface may have limited the available reactive sites for the 

silane reagent to create a bond and subsequently reduced the degree of alkyl hydrophobic attach 

to the surface, leading to a higher surface free energy. By flushing samples GB.2 and GB.4 with 

a low salinity brine prior to the silylation process, more of the mentioned surface silanol groups 

would become available for creating bonds with the silane reagent. In addition, a comparison 

between the pre- and post-treatment absolute permeability of the samples indicate that the 

treatment did not affect this parameter significantly in contrast to the change in brine’s relative 

permeability. The brine absolute permeability of the samples reduced in the range of 3% to 12% 

with the highest reduction in absolute permeability observed with sample GB.4, which also 
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indicated the highest change in brine relative permeability improvement of approximately 90%. 

Silane functionalization of the pore throats in the sample is likely the main cause for any 

reduction in absolute permeability, which again is an indication that flushing the core with low 

salinity brine was beneficial for silylation. 

4.6 NMR Results 

Traverse magnetic relaxation time (T2) distribution of the fully brine saturated cores pre- and 

post-treatment were analysed to investigate any possible alteration in pore size distribution. 

Furthermore, in addition to the recorded volume reading data from the spontaneous imbibition 

tests, NMR measurements were conducted on the samples after 14 days of imbibition, to control 

the bias and increase the reliability of the calculated final imbibed brine saturation. Figure 4.13 

shows the T2 spectra generated using the NMR measurements conducted at the above-

mentioned saturation stages for GB.2. As mentioned earlier, T2 distribution of a porous rock 

may be directly related to the pore size distribution of the rock. As revealed by Figure 4.13, 

three distinct peaks can be detected from the T2 spectrum recorded for the fully brine saturated 

GB.2 at 0.4, 11, and 251 ms, which correspond to three different pore size groups of smallest, 

medium and largest pore sizes, respectively. By comparing the pre- and post-flooding, it can be 

seen that the pre- and post-flooding curve are similar, indicating only a minor change in the 

pore structure. Comparing the T2 distributions for the fully brine saturated pre- and post-

treatment, there is a slight drop in incremental volume at 251 ms (corresponding to the largest 

pore sizes) as well as a small shift in the transverse relaxation time from 251 ms (pre-treatment) 

to 225 ms (post-treatment).  The functionalization of the pore space with the silane reagent is 

expected to decrease the porosity only very slightly (i.e., only a monolayer of the 

functionalization would cover the pore surfaces), therefore, these changes are most likely 

attributed to the effects of wettability changes on the NMR relaxation mechanism (Freedman et 

al. 2003). Similarly, for the T2 distribution for the spontaneous imbibition tests, the T2 curves 

for pre- and post-treatment samples follow a similar trend. The T2 distributions basically overlap 

for the small and medium size pores, but there is a significant change in the incremental volume 

for the larger pores. This is probably due to a subtle wettability effect on the NMR relaxation 

but a major one due to a change in the level of pore space filling during the spontaneous 

imbibition process. Comparison of the T2 curve of the spontaneously brine saturated sample 

with that of the fully saturated sample indicates that once the spontaneous imbibition process 

reaches an equilibrium state, most of the air is trapped within the larger pores. Finally, the 

cumulative brine volumes within the pore space of the pre- and post-treated GB.2 as measured 

by NMR tests were 12.57 and 10.45 ml, respectively. These volumes closely match the recorded 

final data from the spontaneous imbibition tests. Similar trends to those described above for 
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GB.2 were observed for the rest of the Gray Berea cores (GB.1, GB.3 and GB.4) used, and the 

relevant data are presented in Figure A. 22, Figure A. 23 and Figure A. 24. 

 

Figure 4.13. NMR derived incremental brine volume for pre- and post-treated GB.2. 
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 Conclusions, Recommendations and Outlook for 

Future Work 

5.1 Conclusions  

A major objective of this work was to develop and test a novel scCO2-based silylation 

technique in which supercritical fluids can be used as a carrier solvent for wettability alteration 

of sandstone reservoir rocks using a range of silane agents. A comprehensive critical analysis 

of measured XPS data was used to evaluate the effectiveness of the chemical surface coverage 

as attained using two different deposition routes (Conventional versus scCO2-based treatments). 

In order to assess the influence of silylation agents on the degree of wettability alteration of the 

treated rock substrates, contact angle measurements were employed. To help achieving the other 

major objective of this research, multiphase flow characteristics of the scCO2-brine-rock system 

was evaluated before and after the wettability alteration using a combination of core-flooding 

and spontaneous imbibition experiments. This resulted in the generation of the much needed 

experimental data about the effect of wettability on the multiphase flow behaviour of CO2-brine 

system under representative conditions.   

The followings are the major conclusions drawn from the activities performed in this 

research, a brief summary of which was presented above. 

 Quantitative experimental analysis: 

 Chemical solubility experiments (cloud point pressure measurements) at 333 K 

indicated that, despite CO2 not being the strongest solvent, it was capable of 

dissolving the selected silylation agents (five out of the six selected silanes in this 

work) at reasonably low pressures (≈ 10 MPa). This outcome indicates that silylation 

of rock formation through scCO2-based route can be achieved for a wide range of 

applications from mild to harsh conditions.  

 Surface chemical analysis using XPS indicated that the scCO2-based silylation 

technique would yield a higher degree of surface modification compared to the 

conventional technique. The above was evident for all of the five silane agents and 

four rock types tested. This conclusion was found to be consistent with previous 

research which employed different types of oxide surfaces (e.g., AlO2, TiO2, silica 

mesoporous material, etc.). 
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 Quantitative experimental data analysis showed that the rock surfaces treated with

silane-scCO2-based mixture would exhibit a higher degree of wettability alteration

compared to those treated in conventional solutions. Contact angle measurements

indicated that all the sandstone surfaces were strongly water-wet (6° ≤ Ɵ ≤ 16°) prior

to chemical treatments. Post-treatment, all treated surfaces demonstrated

superhydrophobic (132° ≤ Ɵ ≤ 151°) behaviour in the presence of scCO2, with the

highest changes evident in those treated using silane-scCO2 mixtures.

 Qualitative experimental analysis on multiphase flow characteristics of CO2-brine-

sandstone system pre- and post-treatments indicated that:

 The rate of spontaneous brine imbibition into the post-treatment sandstones

substantially decreased, demonstrating a shift from strongly water-wet towards

weakly water-wet condition. Furthermore, in those samples, the final brine

saturation at the conclusion of spontaneous imbibition experiments was

considerably less, further confirming the wettability alteration towards a less water-

wet state.

 The calculated relative permeability curves for the drainage floods demonstrated

that the post-treatment relative permeability to brine phase was consistently higher.

On the other hand, over the pre-treatment mobile saturation range, the post-treatment

relative permeability to scCO2 was lower. However, due to the delayed scCO2

breakthrough and higher final brine recovery (i.e., lower Swr) for post-treatment

samples, the endpoint relative permeability of scCO2 for these samples was higher.

Finally, as expected, the silane treatment caused a clear shift in the crossover point

of the relative permeability curves as attributed to the induced wettability alteration.

Taking the above points into account, it can be inferred that this treatment technique

has the potential to effectively and permanently mitigate water blockage problem

around hydrocarbon production wells.

 During the imbibition displacement, the post-treatment endpoint relative

permeability to brine was found to be significantly higher, which is again a clear

consequence of the induced wettability alteration in the rock samples.

 The effect of prior salt precipitation over the quartz surface on the silylation process

was qualitatively assessed. The main sites for silane chemical bonding to the quartz

surfaces are the silanol groups. In the presence of excess salt deposits, these moieties

would be shielded, and therefore the chemical bonding would diminish. In this work,
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it was demonstrated that flushing a rock sample’s pore space with low salinity brine 

would remove the salt deposits making these reactive moieties available again for 

silane molecules to create strong bonds to the quartz surface. 

 Comparison between NMR’s traverse magnetic relaxation time (T2) distribution of 

rock samples pre- and post-treatment indicated that, despite the noticeable 

wettability alteration achieved through scCO2-based silylation, the change in the 

pore size distribution of the core plugs were negligible. These findings were further 

confirmed by a minimal change in the absolute permeability of the core plugs as 

measured in the dry state before and after treatments. 

5.2 Recommendations and outlook for future work 

This study successfully demonstrated the potential of in-situ application of scCO2-based 

silylation of sandstone rocks at elevated pressure and temperature. Additionally, it unravelled 

multiphase flow characteristics of scCO2-brine-sandstone pre- and post-treatment, which is of 

paramount importance in such systems. The following recommendations may be followed for 

any future research built upon the findings of this work: 

 The experimental works for this research were performed in a single pressure and 

temperature condition. It is recommended to perform similar work on a wider range 

of experimental conditions to assess the possible effect of such variables on the 

results. 

 The core plugs used for fluid displacement experiments all had a similar range of 

porosity and permeability. Since such parameters influence the multiphase flow 

characteristic of CO2-brine, conducting similar experiments on a wider range of 

porosity and permeability would be beneficial to improve the result of this work. 

 The focus of this study was on wettability alteration of sandstone rocks; however, a 

considerable portion of hydrocarbon reservoirs and saline aquifers are located in 

carbonate formations (22% of Earth’s crust is built of carbonate rocks). Therefore, 

conducting similar experimental work on carbonate rocks may be strong interest in 

the technical community. 
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APPENDIX A       Supporting Information 

Table A. 1. Elemental Quantification for Gray Berea derived from XPS survey spectra. 

Listed are the mean values based on 2 analysis points. 

Gray Berea 

Sample: 

Control 

Sample 

CPTS- 

CO2 

DD_TS- 

CO2 

CPhe_TS- 

CO2 

BHEA_TS- 

CO2 

BHEA_TS- 

Conventional 

GPTS- 

CO2 

GPTS- 

Conventional 

Atomic% Mean Mean Mean Mean Mean Mean Mean Mean 

O 1s 59.06 56.31 43.81 53.17 53.87 57.73 55.04 56.77 

Si 2p 17.25 16.95 15.53 16.59 15.54 16.84 15.63 17.43 

C 1s 9.99 12.79 30.39 16.99 16.34 12.04 19.15 13.80 

Al 2p 9.04 8.16 6.35 7.67 7.52 8.22 6.80 7.25 

Fe 2p 1.67 1.60 0.97 1.34 1.07 1.34 1.21 1.18 

Cl 2p 0.27 1.04 0.00 1.09 0.18 0.00 0.07 0.27 

K 2p 2.10 1.29 1.21 1.61 2.11 1.65 0.60 1.67 

Na 1s 0.57 0.35 0.20 0.26 0.34 0.41 0.29 0.32 

Mg KLL 0.75 0.50 0.43 0.49 0.63 0.60 0.45 0.51 

Ca 2s 0.45 0.52 0.34 0.36 0.38 0.42 0.80 0.44 

F 1s 0.00 0.15 0.00 0.12 0.41 0.00 0.00 0.00 

Mn 2p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

N 1s 0.38 0.38 0.33 0.34 1.44 0.77 0.42 0.38 
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Table A. 2. Elemental Quantification for Upper Gray Berea derived from XPS survey 

spectra. Listed are the mean values based on 2 analysis points. 

Upper Gray Berea 

Sample: 

Control 

Sample 

CPTS- 

CO2 

DD_TS- 

CO2 

CPhe_TS- 

CO2 

BHEA_TS- 

CO2 

BHEA_TS- 

Conventional 

GPTS- 

CO2 

GPTS- 

Conventional 

Atomic% Mean Mean Mean Mean Mean Mean Mean Mean 

O 1s 63.57 57.69 44.84 51.04 53.99 57.53 55.41 58.01 

Si 2p 17.32 21.61 18.19 19.92 17.66 19.22 20.43 20.60 

C 1s 7.25 10.92 29.14 18.96 15.50 12.06 14.86 12.76 

Al 2p 7.32 5.93 5.53 5.91 6.93 7.10 5.87 6.10 

Fe 2p 1.81 0.74 0.54 0.59 0.76 0.79 1.16 0.74 

Cl 2p 0.20 0.98 0.00 1.25 0.12 0.00 0.10 0.20 

K 2p 1.78 1.32 1.23 1.57 2.04 1.69 0.95 1.32 

Na 1s 0.39 0.14 0.00 0.11 0.19 0.17 0.15 0.00 

Mg KLL 0.64 0.21 0.22 0.20 0.24 0.28 0.35 0.22 

Ca 2s 0.50 0.12 0.00 0.08 0.12 0.07 0.37 0.11 

F 1s 0.00 0.00 0.00 0.00 0.80 0.19 0.24 0.00 

Mn 2p 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 

N 1s 0.00 0.38 0.33 0.41 1.40 0.93 0.04 0.33 
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Table A. 3. Elemental Quantification for Bandera Brown derived from XPS survey 

spectra. Listed are the mean values based on 2 analysis points. 

Bandera Brown 

Sample: 

Control 

Sample 

CPTS- 

CO2 

DD_TS- 

CO2 

CPhe_TS- 

CO2 

BHEA_TS- 

CO2 

BHEA_TS- 

Conventional 

GPTS- 

CO2 

GPTS- 

Conventional 

Atomic% Mean Mean Mean Mean Mean Mean Mean Mean 

O 1s 57.94 55.45 37.33 49.23 52.53 57.57 52.89 56.72 

Si 2p 14.98 16.79 13.47 16.07 14.47 17.56 16.13 15.97 

C 1s 12.86 14.74 41.99 22.49 19.99 13.51 21.04 15.46 

Al 2p 7.08 6.44 4.61 5.83 6.18 6.58 5.34 6.38 

Fe 2p 3.17 2.01 0.87 1.63 1.85 2.17 1.56 2.03 

Cl 2p 0.27 1.61 0.10 1.56 0.20 0.00 0.16 0.41 

K 2p 1.03 0.85 0.41 0.96 0.84 0.76 0.25 0.92 

Na 1s 0.54 0.31 0.26 0.31 0.27 0.47 0.35 0.26 

Mg KLL 0.53 0.39 0.31 0.38 0.40 0.41 0.36 0.36 

Ca 2s 1.10 0.61 0.41 0.73 0.36 0.62 1.03 0.92 

F 1s 0.09 0.14 0.00 0.17 0.30 0.00 0.11 0.00 

Mn 2p 0.44 0.38 0.15 0.39 0.66 0.44 0.21 0.36 

N 1s 0. 43 0.30 0.13 0.28 1.75 0.59 0.29 0.24 
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Table A. 4. Elemental Quantification for Bentheimer derived from XPS survey spectra. 

Listed are the mean values based on 2 analysis points. 

Bentheimer 

Sample: 

Control 

Sample 

CPTS- 

CO2 

DD_TS- 

CO2 

CPhe_TS- 

CO2 

BHEA_TS- 

CO2 

BHEA_TS- 

Conventional 

GPTS- 

CO2 

GPTS- 

Conventional 

Atomic% Mean Mean Mean Mean Mean Mean Mean Mean 

O 1s 59.13 57.67 43.40 52.57 52.46 57.20 54.36 57.75 

Si 2p 23.20 24.80 19.80 23.71 21.76 22.98 23.03 23.77 

C 1s 10.90 11.88 32.21 18.26 17.78 13.47 18.48 14.00 

Al 2p 4.06 3.11 3.48 3.50 3.37 3.77 2.93 3.21 

Fe 2p 0.60 0.58 0.47 0.41 0.41 0.38 0.20 0.48 

Cl 2p 0.35 1.06 0.00 0.80 0.26 0.00 0.23 0.21 

K 2p 1.08 0.47 0.39 0.50 0.60 0.91 0.14 0.39 

Na 1s 0.57 0.29 0.05 0.07 0.32 0.24 0.14 0.31 

Mg KLL 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 

Ca 2s 0.13 0.00 0.08 0.04 0.07 0.00 0.14 0.14 

F 1s 0.00 0.00 0.00 0.00 1.15 0.16 0.00 0.00 

Mn 2p 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 

N 1s 0.24 0.18 0.16 0.17 1.53 0.90 0.16 0.19 
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Figure A. 1. XPS elemental quantification expressed as atomic % of Upper Gray Berea 

substrate and modified samples. (Graph contains data for Control Sample and aged 

through scCO2 method with CPTS, CPhe_TS, BHEA_TS, GPTS and DD_TS). Note: Not 

all the elements present in the substrates are included in the graphs. 

 

 

Figure A. 2. XPS elemental quantification expressed as atomic % of Bandera Brown 

substrate and modified samples. (Graph contains data for Control Sample and aged 

through scCO2 method with CPTS, CPhe_TS, BHEA_TS, GPTS and DD_TS). Note: Not 

all the elements present in the substrates are included in the graphs. 
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Figure A. 3. XPS elemental quantification expressed as atomic % of Bentheimer substrate 

and modified samples. (Graph contains data for Control Sample and aged through scCO2 

method with CPTS, CPhe_TS, BHEA_TS, GPTS and DD_TS). Note: Not all the elements 

present in the substrates are included in the graphs. 

 

Figure A. 4. XPS elemental quantification expressed as atomic % of Upper Gray Berea 

substrate and modified samples. (Graph contains data for Control Sample (hashed bars) 

and aged through Conventional method (solid bars) and scCO2 method (dotted bars) with 

BHEA_TS and GPTS). Note: Not all the elements present in the substrates are included in 

the graphs. 
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Figure A. 5. XPS elemental quantification expressed as atomic % of Bandera Brown 

substrate and modified samples. (Graph contains data for Control Sample (hashed bars) 

and aged through Conventional method (solid bars) and scCO2 method (dotted bars) with 

BHEA_TS and GPTS). Note: Not all the elements present in the substrates are included in 

the graphs. 

 

Figure A. 6. XPS elemental quantification expressed as atomic % of Bentheimer substrate 

and modified samples. (Graph contains data for Control Sample (hashed bars) and aged 

through conventional method (solid bars) and scCO2 method (dotted bars) with BHEA_TS 

and GPTS). Note: Not all the elements present in the substrates are included in the graphs. 
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Figure A. 7. Spontaneous brine imbibition vs. time in GB.1, pre-treatment (red triangle) 

and post-treatment (blue diamond). 

 

 

Figure A. 8. Spontaneous brine imbibition vs. time in GB.3, pre-treatment (red triangle) 

and post-treatment (blue diamond). 
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Figure A. 9. Spontaneous brine imbibition vs. time in GB.4, pre-treatment (red triangle) 

and post-treatment (blue diamond). 
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Figure A. 10. Experimental differential pressure (denoted by Exp) vs. pore volumes of CO2 

injected through the GB.1 sandstone sample pre- (blue cross symbol) and post-silylation 

(red plus symbol) with 2 wt. % of CPTS (inset compares the breakthrough points) Solid 

and dashed black lines represent the numerical simulation history matched differential 

pressure for pre- and post-silylation, respectively (denoted by Sim). 
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Figure A. 11. Differential pressure vs. pore volumes of brine injected through the GB.1 

sandstone sample pre- (blue cross symbol) and post-silylation (red plus symbol) with 2 wt. 

% of CPTS (inset compares the breakthrough points). 
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Figure A. 12. Experimental differential pressure (denoted by Exp) vs. pore volumes of CO2 

injected through the GB.3 sandstone sample pre- (blue cross symbol) and post-silylation 

(red plus symbol) with 2 wt. % of CPTS (inset compares the breakthrough points). Solid 

and dashed black lines represent the numerical simulation history matched differential 

pressure for pre- and post-silylation, respectively (denoted by Sim). 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5

P
re

ss
u

re
 D

ro
p

 (
P

si
)

Pore Volume Injected

Pre-Treatment-Exp Post-Treatment-Exp

Pre-Treatment dP-Sim Post-Treatment dP-Sim

1

1.5

2

2.5

3

3.5

4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

P
re

ss
u

re
 D

ro
p

 (P
si

)

Pore Volume Injected

Pre-Treatment Post-Treatment



128 

 

 

Figure A. 13. Differential pressure vs. pore volumes of brine injected through the GB.3 

sandstone sample pre- (blue cross symbol) and post-silylation (red plus symbol) with 2 wt. 

% of CPTS (inset compares the breakthrough points). 
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Figure A. 14. Experimental differential pressure (denoted by Exp) vs. pore volumes of CO2 

injected through the GB.4 sandstone sample pre- (blue cross symbol) and post-silylation 

(red plus symbol) with 2 wt. % of CPTS (inset compares the breakthrough points). Solid 

and dashed black lines represent the numerical simulation history matched differential 

pressure for pre- and post-silylation, respectively (denoted by Sim). 
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Figure A. 15. Differential pressure vs. pore volumes of brine injected through the GB.4 

sandstone sample pre- (blue cross symbol) and post-silylation (red plus symbol) with 2 wt. 

% of CPTS (inset compares the breakthrough points). 

0

5

10

15

20

25

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

P
re

ss
u

re
 D

ro
p

 (
P

si
)

Pore Volume Injected

Pre-Treatment Post-Treatment

2

6

10

14

18

22

26

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P
re

ss
u

re
 D

ro
p

 (P
si

)

Pore Volume Injected

Pre-Treatment Post-Treatment



131 

 

 

Figure A. 16. Experimental brine recovery factor during scCO2 injection for pre-treatment 

(blue diamond symbol) and post-treatment (red triangle symbol) for GB.1 (denoted by 

Exp). Solid and dashed black lines represent the numerical simulated brine recovery for 

pre- and post-treatment, respectively (denoted by Sim).   
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Figure A. 17. Experimental brine recovery factor during scCO2 injection for pre-treatment 

(blue diamond symbol) and post-treatment (red triangle symbol) for GB.3 (denoted by 

Exp). Solid and dashed black lines represent the numerical simulated brine recovery for 

pre- and post-treatment, respectively (denoted by Sim). 
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Figure A. 18. Experimental brine recovery factor during scCO2 injection for pre-treatment 

(blue diamond symbol) and post-treatment (red triangle symbol) for GB.4 (denoted by 

Exp). Solid and dashed black lines represent the numerical simulated brine recovery for 

pre- and post-treatment, respectively (denoted by Sim). 
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Figure A. 19. Relative permeability curves for the primary drainage conducted on pre-

treated (triangle symbol) and post-treated (circle symbol) for GB.1 sample. 

 

Figure A. 20. Relative permeability curves for the primary drainage conducted on pre-

treated (triangle symbol) and post-treated (circle symbol) for GB.3 sample. 
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Figure A. 21. Relative permeability curves for the primary drainage conducted on pre-

treated (triangle symbol) and post-treated (circle symbol) for GB.4 sample. 

 

Figure A. 22. NMR derived incremental brine volume for pre- and post-treated GB.1. 
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Figure A. 23. NMR drived incremental brine volume for pre- and post-treated GB.3. 

Figure A. 24. NMR derived incremental brine volume for pre- and post-treated GB.4. 
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