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ABSTRACT

Carbon capture and storage (CCS) has been proposed as an efficient method to reduce
anthropogenic carbon dioxide (COz) emissions into the atmosphere and thus mitigate
global climate change. One of the essential concerns of CCS is to ensure that the
buoyant CO> remains trapped underground in the geological formation. To optimise
storage efficiency and to minimise risk CO: leakage, therefore, specific reservoirs need
to be selected. In this context, rock wettability is a fundamental subject of research that
intensely and directly influences containment security and storage capacity.
Specifically, wettability of CO»-brine-rock-clay systems is an important
physicochemical factor of reservoir characterisation. Despite significant previous
research efforts, there remains a high uncertainty associated with the understanding of

the wettability of CO,-brine-rock-clay systems and how it evolves with CO, exposure.

This research is a collection of experimental work on wettability of various
COq/brine/rock/clay systems through the measurement of advancing and receding
water contact angles. The tilted plate technique and a high temperature-high pressure
goniometer methodology were used in this study. The measurements were conducted
at various pressures (0.1 MPa, 5 MPa, 10 MPa, 15 MPa and 20 MPa) and elevated
temperatures (305 K, 323 K, 333 K and 334 K) that simulate the typical subsurface,
aquifer reservoir conditions. The rock samples used for wettability measurements
included the South West Hub (Harvey-1) sandstones, Berea, and Bandera Gray
sandstones. Clay solid substrates formed by compaction of powdered clay minerals,
precisely montmorillonite, illite and kaolinite, were also used. These are variable but
important cohort of the many rock-forming minerals present in reservoir and caprocks.

They are also critical in CO2 sequestration functions.

The research investigated the effect of pressure and temperature, clay type, organic
content, pore systems and surface roughness on wettability to determine the impacts
on reservoir storage capacity and containment security. The study also addressed
characterisation for nitrogen/brine/clay and nitrogen/oil (n-decane)/clay contact angle
to enhance fundamental knowledge, which will be applicable to oil production and
fundamental an understanding of the development of solid earth. In addition, this work

reported novel mathematical correlations to predict the advancing and receding contact
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angles of three clay minerals as a function of gas density for helium, nitrogen, argon,
and carbon dioxide-brine systems.

The results of this study indicate that the advancing and receding water contact angles
increased with increase in pressure for most of the CO2-brine-rock-clay systems. It is
related to the increasing CO> density, which strengthens the intermolecular
interactions between the CO, and mineral, and therefore leads to de-wetting of the
surface. However, there was only a small reduction in advancing and receding contact
angles with an increase in temperature. The wettability analysis demonstrated that the
contact angle is very sensitive to the content of organic matter. Moreover, the
sandstones turned slightly more hydrophobic after core flooding, indicating that the
sandstones became more COz-wet after CO> injection. These results suggest that CO>
flooding leads to an increase in the CO2-wettability of sandstone. Thus, an increase in
vertical CO. plume migration, solubility trapping, and a reduction in the residual
trapping capacity, especially when extrapolated to more prolonged field-scale
injection and exposure times. However, low permeability formations with significant
COz injection issues, CO2-wetting of the reservoir rock surface, and adequate seal for
containment security could help better pressure management. These analyses thus have
important implications for assessing the feasibility of long-term CO; storage and

enabling large-scale industrial carbon geological storage projects.
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Chapter 1 Introduction

1.1 Background

The spike in industrial activities following the 1750 industrial revolution has led to a
proportionate increase in atmospheric carbon dioxide (CO) (Figure 1.1) (Surampalli
et al., 2014; Lindsey, 2020). An obvious consequence of this reality is an excess use
of machines, which sharply raised a demand for energy to support the new
development era. Conventional energy (i.e. fossil fuels) such as coal and hydrocarbon
have become the primary sources of energy, and would likely remain the viable
available sources for years to come (Surampalli et al., 2014; Rackley, 2017; Leung et
al., 2014). The conventional energy consumption is accounted for over 85% of the

world’s energy use (IEA, 2015).

The constant increase in the use of these primary energy sources has caused an
extensive change in the atmosphere, particularly related to increase in CO2 emissions,
a primary anthropogenic greenhouse gas (Leung et al., 2014; Yu et al., 2008). Apart
from fossil fuels’ combustion process, CO2 emissions from deforestation and industrial
activity are also responsible for the increase in the ambient CO2 concentrations, leading
acidification of oceans, global warming, and consequently, climate change (IPCC,
2014; IPCC, 2005; Surampalli et al., 2014). The 2019 mean concentration of
atmospheric CO, globally, was found to be approximately 410 ppm, with the annual
rate of rise 100 times faster than preceding natural increases over the past 60 years
(Lindsey, 2020). The global atmospheric CO2 concentration is expected to be more
than 900 ppm by the end of the 21% century, if the worldwide energy demand continues

to grow with fossil fuel sources (Lindsey, 2020; IPCC, 2005). Therefore, there is a



serious need to take a global action to reduce the worldwide CO2 emissions for the

longer term.
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Figure 1. 1 CO2 concentration versus annual emission (1750 — 2019)

The figure shows that CO. emissions increased considerably to 5 billion tons in the
mid-20" century, and then it jumped to more than 35 billion tons per annum by the

end of the 2019.

Several technology options have been proposed to mitigate CO2 emissions and adopted
by various countries, including 1) improving the use of energy conservation and low
carbon fuels, 2) deploying renewable energy such as solar wind and hydropower, and
3) CO. capture and storage (CCS) (IPCC, 2005; Leung et al., 2014). The latter option
is considered as the most feasible method to reach the large-scale CO, emissions

reduction from large point sources (IPCC, 2005). The CCS process comprises

2



separating CO- from the extensive point emission sources such as industrial areas and
power plants, then transporting to a storage site, and injecting or storing into
underground formations such as depleted hydrocarbon reservoirs and deep aquifers for
long-term separation from the atmosphere (IPCC, 2005). Sequestering CO: into deep
geological formations (CO> storage) has more advantages than CO- recycling and
enhanced oil recovery in active hydrocarbon reservoirs (Underschultz and Strand,

2016).

During the injection of CO. into an aquifer, various parameters are involved in
controlling the CO2 movement within the porous media, in terms of aquifer petro-
physical properties, fluid densities and viscosities, the CO> solubility in the formation
fluid (brine), as well as the rate and duration of injection (Pentland et al., 2011a).
Besides, a leading issue with CCS is CO: leakage because of its lower density
comparative to the formation water. Mechanisms such as structural (Jamaluddin et al.,
1998; Iglauer et al., 2015a), mineral (Matter et al., 2016; Xu et al., 2003), residual (Qi
et al., 2009; Rahman et al., 2016), dissolution (EI-Maghraby et al., 2012; Jeon et al.,
2018), and adsorption trappings (Arif et al., 2017d; Busch et al., 2004) have been

investigated for mitigating CO> leakage in different solids.

Wettability is a leading factor controlling the integrity of rock in storing and containing
COz (lglauer et al., 2015b; Iglauer, 2017). It is also the primary factor affecting the
management of CCS in geological formations. Moreover, interfacial interactions
including rock wettability, interfacial tension, capillary pressure, residual saturation,
and relative permeability control multiphase flow behaviour, and fluid migration in

porous media at reservoir-scale (Iglauer et al., 2015a). The surface rock and interfacial



tension between two immiscible liquids are the main factors that determine the relative
permeability, the residual saturation, and the capillary pressure (Anderson, 1986b;
Morrow, 1990; Hirasaki, 1991). The wettability examines how the immiscible liquids
interact with the rock/mineral surfaces and affect the liquid flows. In fact, there is a
difference between the liquid spreading in water-wet rock and oil/gas-wet rocks.
Capillary pressure decreases as interfacial tension decreases, while capillary increases
because of reduced interfacial tension. In this context, the CCS process is specifically
affected by the interfacial interactions of gas-fluid-rock (Iglauer et al., 2015b; Yang et

al., 2008; Chalbaud et al., 2009).

The wettability is typically determined from contact angles measured in the laboratory
under geological conditions for various fluid-solid systems. While existing literatures
have established temperature, pressure, salinity, total organic content, surface
roughness, and rock/clay types as the main factors affecting wettability (Iglauer et al.,
2015b; Iglauer, 2017), there is no consensus on how these factors influence the
experimental results. For example, while some researchers reported increasing contact
angle with pressure (Alnali et al., 2018; Al-Yaseri et al., 2016; Fauziah et al., 2019b;
Fauziah et al., 2019a; Saraji et al., 2013), others have reported the opposite of pressure
effect on contact angle (Espinoza and Santamarina, 2010; Farokhpoor et al., 2013;
Wang et al., 2012a). Similarly, other research reports indicate a decreasing contact
angle with temperature (Bikkina, 2011; Saraji et al., 2013; Fauziah et al., 2019b), while
others have reported increasing contact angle with temperature (Alnali et al., 2018; Al-
Yaseri etal., 2017b; Farokhpoor et al., 2013). Similar contrasting views have also been
found in several studies involving measurements of contact angles for COz-brine-

muscovite substrates (mica) systems at high temperatures and pressures (Chiquet et



al., 2007; Farokhpoor et al., 2013; Arif et al., 2016a; Broseta et al., 2012; Wan et al.,

2014; Wang et al., 2012b). These studies have revealed that the contact angle is

positively correlated with pressure and salinity, but negatively related to temperature

(Chiquet et al., 2007; Farokhpoor et al., 2013; Arif et al., 2016a; Broseta et al., 2012;

Wan et al., 2014; Wang et al., 2012b).

Despite the abundance of research publications in this domain, there is still a lack of

understanding in wettability characteristics of CO»-rine-rock-clay mineral systems.

This study could fill some knowledge gaps that persist, as summarised below:

1.

The study for CO>/brine, nitrogen (N2)/brine and oil/brine wettability of different
clay types, especially wettability characterisations of pure clays; montmorillonite,
illite and kaolinite, which is compacted from clay powder into a solid substrate
for varied experimental conditions, remains limited.

This study examines the wettability of compacted clays: montmorillonite, illite
and kaolinite to understand a correlation between gas densities and wettability on
pure clays, and to develop a new mathematical model. The existing reported data
are shown only for quartz.

The study shows how an actual reservoir storage rock (Harvey-1 well storage
reservoir core material) behaves in regards to what wettability properties can be
expected because of CO: injection into a representative storage formation.
Specifically, this study introduces a method to remove artificial organic matter
from the rock for more indicative interpretations of in situ conditions.

The reported data of wettability on Berea and Bandera Gray sandstones still have

high inconsistencies, especially on how CO: injection changes sandstone’s



wettability, in correlation with microstructural alteration in the sandstone caused

by CO:> flooding.

1.2 Research objectives

The primary focus of this thesis is to present the details of the experimental studies

conducted on montmorillonite, illite and kaolinite wettability for CO-brine, N2/brine

and N2/oil systems; gas density on clay wettability; CO, wettability of Harvey

sandstones; and CO2 wettability of Berea and Bandera Gray sandstones, measured at

various pressures and temperatures. The specific objectives of this research are

explained as follows:

1.

Investigate the wettability of montmorillonite, illite and kaolinite for CO2/brine,
N2/brine and N2/oil (n-decane) fluid systems. To achieve this objective, contact
angle measurements were conducted for these clay minerals in CO>/brine,
N2/brine and N2/oil (n-decane) systems at various pressures (5 MPa, 10 MPa, 15
MPa and 20 MPa) and temperatures (305 K and 333 K). Additionally, zeta
potential was measured to investigate the link between wettability and the
macroscopic contact angle.

Investigate the relationship between gas densities and wettability of the different
solid-gas systems, and develop mathematical models to predict contact angles,
from pressure and gas density, for these clays (montmorillonite, illite and
kaolinite).

Investigate the wetting behaviour of an actual storage reservoir rock. To achieve
this objective, wettability of CO.-brine-South West Hub sandstone (GSWA

Harvey-1) was measured for pressures from 0.1 MPa to 20 MPa, and temperature



of 334 K. Organic carbon isotope tracking (8**Corg) Was suggested to eradicate the
effect of superficial organic matter caused by drilling mud penetration..

4. Analyse how CO: injection can change sandstone wettability and correlate the
changes with microstructural alteration in the sandstone caused by CO- flooding
and evaluate the implications for CO> trapping capacity and containment security

predictions.

1.3 Significance of the Study

The study will contribute to a significantly clearer comprehension of wettability
characteristics of CO2-brine-rock-clay mineral systems. The result will help to
accurately characterise the wettability, which is the key physicochemical factor for
controlling multiphase flow in porous media, especially the wettability of rock and
minerals when in contact with CO2 and brine. The new knowledge will considerably
improve prediction of containment security and storage capacity, which will
consequently affect the viability of extended CO- storage and support for industrial-

scale CCS projects.

1.4 Methodology of the Study

As previously stated, wettability is often determined experimentally using contact
angle evaluations conducted at reservoir conditions. In this study, the contact angle
measurements were performed using the high temperature-high pressure goniometer
unit with a tilted plate technique. The tested core samples were characterised using
various techniques such as scanning electron microscopy-energy dispersive x-ray
spectroscopy (SEM-EDX), atomic force microscope (AFM), total organic carbon

(TOC) and organic carbon isotopic composition (§3Corg) analyses, and quantitative



x-ray diffraction (XRD). The clay powder samples, including montmorillonite, illite,
and kaolinite are mechanically compacted to create solid samples. Data obtained from
zeta potential evaluations were used to investigate the relationship between the clay

surface charge and the macroscopic contact angle.

1.5 Thesis organisation

There are seven chapters in this thesis as outlined below:

Chapter 1 - Provides the introduction of the thesis, a quick insight into the need for
carbon capture and storage technology to mitigate CO2 emissions and the factors that

influence its process, and presents the primary objectives of the research.

Chapter 2 - Reviews the present literature about wettability characteristics of CO»-

brine-rock-clay mineral systems.

Chapter 3 - Apparatus and experimental procedure applied in the study is

comprehensively described in this chapter.

Chapter 4 - Describes wettability of montmorillonite, illite and kaolinite for
COz/brine, N2/brine and No/oil (n-decane) fluid systems. This chapter has been

published in the journal of Energy & Fuels.

Chapter 5 - Presents the correlation between gas densities and wettability on

montmorillonite, illite and kaolinite. This chapter has been submitted to the journal of



Greenhouse Gases Science and Technology and the status now is under consideration

after revision.

Chapter 6 - This chapter discusses the wettability of CO-brine-Harvey-1 sandstone,

and it has been published in the International Journal of Greenhouse Gas Control.

Chapter 7 - Presents wettability characterisation of CO-brine-Berea and Bandera
Gray. This chapter is currently under review in the journal of Colloid and Surfaces A:

Physicochemical and Engineering Aspects.

Chapter 8 - A summary of the key findings and conclusions from the research. It also

provides recommendations for further research outlooks.

Figure 1.2 - Shows layout of the thesis structure and objectives.

Note - Chapters 4 and 6 are the author’s publications; Chapters 5 and 7 are papers that
have been submitted to the journals for publication, which are reproduced as
standalone chapters. Because of the standalone, structure some illustrations (figures,
diagrams, equations) may appear in multiple places in the thesis. Appendix A includes

the appropriate copyright permissions.
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Chapter 2 Literature Review

2.1. Introduction

This chapter presents a detailed review of existing literature related to the wettability
of carbon dioxide (CO.)-brine-rock-clay minerals systems, and their important
implications for CO> geological sequestration. The chapter firstly introduces carbon
capture and storage (CCS), and illustrates trapping mechanisms. Wettability
techniques and the effects on multiphase flow characteristics as they affect the
transport of COy, fluid spreading and dynamic in the reservoir are thus presented. The
chapter concludes with a brief overview of the knowledge gaps and allied challenges

with the new studies on COz-brine-rock-clay minerals wettability.

2.2. Carbon capture and storage

CCS is viewed as a vital technology to mitigate the emissions of CO to the
atmosphere, from the use of non-renewable carbon-rich fossil fuel at the global level
(IPCC, 2005). CCS is the process of capturing CO from large sources of emission
(i.e. industrial areas and power stations), transporting it to a storage site and
permanently storing CO: into deep geological rock formations, as described in Figure
2.1 (IPCC, 2005; Lackner, 2003). In the CCS operating system, three main CO-
capture options are proposed: 1) post-combustion capture, 2) pre-combustion capture,
and 3) fuel combustion in oxygen (oxy-fuel) (Gibbins and Chalmers, 2008; Thomas
and Benson, 2005; Cuellar-Franca and Azapagic, 2015). 1) Post-combustion capture
includes the separating of CO2 from waste gas streams to produce a relative pure CO>
stream. The methods for separating CO2 involve utilising of chemical absorption,

adsorption process, and high-pressure membrane filtration. 2) Pre-combustion capture

11



consists of converting the fuel to a mixture of carbon dioxide and hydrogen by
gasification process. The next process is separation of CO> to produce a hydrogen fuel
gas. 3) Oxy-fuel combustion is based on combustion process, such as combustion of
fossil fuel plants, the iron and steel industry. The fuel is combusted with the recycled
flue gas enriched with oxygen to yield more concentrated CO, for easier purification

(Cuéllar-Franca and Azapagic, 2015; Vishal and Singh, 2016; Surampalli et al., 2014).

Carbonaeous ***
Fuels

Figure 2. 1 Schematic diagram of CCS process

Three geological storage formations for the CO> storage that have obtained a broad
consideration include 1) depleted oil and gas reservoirs, 2) deep saline aquifers and 3)
coal seams (Figure 2.2) (IPCC, 2005). In saline aquifers as well as oil and gas
reservoirs, CO> storage is typically placed at depths below 800 m, where the CO>
becomes liquid or supercritical phase because of the ambient pressure and temperature
condition. At such conditions, the density of CO- typically ranges from half to about

80% of the density of water, resulting in buoyant forces and CO. tending to move

12



upwards. Therefore, to limit the upwards flow of CO,, due buoyancy, the cap rock
over the specific storage reservoirs has to be an effective seal (IPCC, 2005). Moreover,
coal seams are considered as another option for the underground storage, in which the
COz injection into coal seams will have advantages for both CO- storage and enhance

methane recovery (IPCC, 2005; Bachu et al., 2007).

Table 2. 1 Approximate range of storage capacity for geological storage options

Geological Storage  Approximate lower Approximate upper
Options storage volume (GtCO2)  storage volume (GtCOy)
Depleted oil and gas 675 9002

reservoir

Deep saline aquifer 1,000 Possibly 10*

Coal seams 3-15 200

Source: modified from IPCC (2005)
2 Including undiscovered oil and gas fields would increase the volume by 25%

It is evident from Figure 2.2 that coal seams are at the shallower depth compared with
a saline aquifer, which is located at the deepest state of the storage media. In contrast,
the storage capacity in aquifers is estimated to be higher than other geological storage
options. Table 2.1 shows the estimated storage capacity of the geological storage
options. It is obvious, therefore, that the enormous quantities of CO2 can be stored in
geological formations, thus providing a better alternative to reduce CO2 emissions in

the atmosphere (Thomas and Benson, 2005).

13



Produced oil or gas
Injected CO,
Stored CO,

! 2km

Source: modified from IPCC (2005)

Figure 2. 2 Geological storage options for CO> storage

A number of large-scale CO; storage projects currently are in operation worldwide.
These have captured and stored millions of tonnes of CO, annually. Many more
projects have been planned. Specifically, oil and gas companies have been operating
geological CO; storage projects for a number of years. They have successfully
demonstrated that securely storing a large quantity of CO2 in deep underground is
possible (IPCC, 2005; IPCC, 2014). A list of CO; storage projects (active and

planned) around the world is presented in Table 2.2.

14



Table 2. 2 CO; storage projects

Geological Established = COq capture capacity  Storage formation
storage (Mt/year)

projects

Sleipner 1996 1 Natural gas field,
(Norway)” offshore

Weyburn- 2000 3 Enhanced Oil Recovery

Midale
(Canada)”

In Salah 2004
(Algeria)”

Cranfield 2008
(usy”

Snovhit 2008
(Norway)”

GreenGen 2011
(China)™

Quest 2015
(Canada)™
Gorgon 2016

(Australia)™

3.8 Mt of CO, stored
since 2004

1.5

0.7

0.1 - First phase

2 - Planned in the third
stage

Planned for up to 1.2
Mt/year

3.4 to 4 - Expected

(EOR), oilfield, onshore

Natural gas field,
onshore

EOR, oilfield, onshore

Natural gas field,
sandstone formation,
offshore

Integrated Gasification
Combined Cycle
(IGCC), EOR (the third
stage)

Deep saline aquifer

Saline aquifer, onshore

Sources: modified data from IPCC (2005), and CCSBrowser (2020)

“Active projects
“Planned projects

2.3. Carbon dioxide trapping mechanisms

CCS efficiency and containment security depend on several CO; storage mechanisms
resulting from CO: injection into the storage reservoir formations. There are several
physical and chemical trapping mechanisms, which control the CO2 migration and

distribution in the porous media, including structural, residual, solubility, mineral and

15



adsorbtion trappings. The details of outlined trapping mechanisms are discussed in the

subsequent sections.

2.3.1 Structural trapping

Structural trapping is the primary mechanism for CO; storage during the first stages of
a CCS project. In this process, the mechanism refers to the barrier presented by sealing
caprock, which is a permeability barrier situated above the porous and permeable
geological storage formation. This prevents undesirable CO> upward migration and
COz capillary leakage (Gershenzon et al., 2015; Hesse et al., 2008). CO- enters through
the porous medium and accumulates on top of brine due to buoyancy forces and
underneath the caprocks or seal (Bachu et al., 1994; Wollenweber et al., 2010).
Caprocks are impermeable strata, typically mudrocks, clays, shales, and carbonates.
These can be largely composed of halite, anhydrite, calcite, kaolinite, muscovite, and

other minerals (Chiquet et al., 2007). The structural trapping process is relatively rapid.

Structural trapping is affected by the wettability of the rock-CO.-brine system and
COq-brine-interfacial tension as an important physicochemical factor. It is also
governed by the height of CO2 column immobilised below the low permeability
caprock (Arif et al., 2017a; Broseta et al., 2012). This correlation can be described
through a capillary force-buoyancy force balance, as shown in equation below (Dake,

1978), and can determine the structural trapping potential.

_ 2ycos0, (2.1)
ApgR
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h, v, 6 refer to the height of CO2 column permanently trapped by the caprock, the
interfacial tension of CO2-brine, and the receding contact angle of water, respectively.
Ap is the difference in densities between CO2 and brine, g is the acceleration because
of gravity, and R is the mean pore throat radius of the caprock. Practically, to prevent
the capillary leakage occurring, the injection pressure of CO, must not exceed the
breakthrough or threshold pressure of the caprock, which is the least pressure needed

to mobilise brine in the seal layer (Chiquet et al., 2007).

2.3.2 Residual trapping

Residual trapping, or capillary trapping, is a mechanism that depends on hysteresis
between drainage and imbibition capillary pressure and relative permeability curves.
Capillary forces inhibits the buoyancy of CO> leading to its physical immobilization
in the pore spaces (Rahman et al., 2016; Pentland et al., 2011a; Hesse et al., 2008;
Juanes et al., 2006). This mechanism occurs rapidly, and it does not depend on the
existence of an impermeable caprock. Following CO: injection into the formation,
brine is firstly replaced by the injected CO.. As the CO2 movement continues, the
displaced brine returns, disconnects and traps the residual CO; as isolated droplets at
the preceding edge of the plume within the pore spaces. Figure 2.3 shows this residual
trapping concept. At laboratory scale, the residual CO> saturation can be estimated by
setting up the injection brine through a core of the reservoir placed in a high-pressure
core holder, which represents the residual trapping potential (Saadatpoor et al., 2010;

Qi et al., 2009; Kumar et al., 2004).

There are several factors that affect the residual trapping process, including rock

wettability (Farokhpoor et al., 2013; Iglauer et al., 2015b), interfacial tension

17



(Chalbaud et al., 2009), geometry and pore throat size (Al-Menhali et al., 2015;
Suekane et al., 2010). In addition, other factors such as injection rate, heterogeneity
and the viscous ratio to gravity drive ratio essentially influence the last immobilised
saturation. An increase in viscous ratio to gravity drive ratio and heterogeneity will
improve the sweeping efficiency, and lead to increase in CO trapping as

remaining/residual gas (Bryant et al., 2008; Mo and Akervoll, 2005; Ide et al., 2007).

Surface .
e
. . Overburden
Free CO,, residual trapping and
E solubility trapping in immobile . . .
— pore water Chemlca_l reactions between minerals
Stratigraphic trapping by low .and d'SSOIYed C_Oz may I_ead_ to
permeability seal mineral trapping via precipitation of

carbonate

Injection well

=\ A State of CO,
. Mobile CO,
Solubility trapping at interface of .
CO, and formation brine Residual CO,

Brine saturated

LESENVOl Residual trapping at interface of CO, and

formation rock as CO, migrates through
formation

Source: adapted from Burnside and Naylor (2011)

Figure 2. 3 Trapping mechanisms at in-situ conditions

2.3.3 Solubility trapping

Solubility trapping is a geochemical storage process in which the injected CO2 is
dissolved in the formation brine. CO> then migrates downward in the reservoirs as the
COq-saturated brine has higher density (Iglauer, 2011; IPCC, 2005). At the point where

CO: interacts with the ambient formation brine, mass exchange occurs with CO-
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dissolving into the brine until an equilibrium condition is reached. Therefore, the CO>
solubility is influenced by salinity, temperature and pressure of the formation brine
(Zhang and Song, 2014; Riaz and Cinar, 2014). CO: dissolves in the formation brine
by molecular diffusion, in which the brine is saturated with CO2 and a concentration
gradient of CO- is formed spatially. This is a slow process from mid to long-term
scales, since the molecular diffusion coefficient is small. It will take thousands of years
for CO. to be fully dissolved in brine formation, depending on the reservoir
permeability, as shown in Figure 2.4 (Riaz et al., 2006; Ennis-King and Paterson,

2003).

2.3.4 Mineral trapping

Storing CO2 in the geological storage formation can be implemented permanently
through geochemical interactions between the dissolved CO2 and rock minerals
existing in the reservoirs (Flett et al., 2007; Xu et al., 2003). This mechanism is known
as mineral trapping, which is essential for a long-term CO. entrapment in geological
storage. In this mechanism, the injected CO: reacts with the formation brine to form
weak carbonic acid and bicarbonate ions resulting in an increased acidity of the pore
solution (Gunter et al., 1993; Pearce et al., 2015). The following is the reactions that
occur in the mineral trapping mechanism (Bachu et al., 1994; Xu et al., 2001; Vishal

and Singh, 2016).

Initially, the injected CO: dissolves in the formation brine to produce carbonic acid

and bicarbonate ions:

CO2 + H2O — H>CO3
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H.COs = H" — HCOs

Therefore, as the acidity increased, the rock’s primary minerals are dissolved leading
to more complex dissolution of the cations and bicarbonate ions, which then react to

precipitate carbonate minerals.

Ca’* + HCO3 — CaHCO3
HCOs + Ca** — CaCOz + H*
HCOs + Mg?* — MgCO3 + H*

HCOs + Fe?* — MgCOs + H*

In the next reaction, the carbonic acid formed above can also attack the silicate

minerals, as shown below:

2C0O;, + H20 + CaSiO3z — Ca** + 2HCO3 + SiO2

The mineral trapping mechanism takes place over a long geologic timescale in its

process, and is thus classified as a very slow trapping mechanism (Gunter et al., 1993).
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Figure 2. 4 Mechanisms of CO> trapping over time

2.3.5 Adsorption trapping

The four trapping mechanisms described above generally apply for geological storage
of COz in conventional gas and oil reservoirs, such as sandstones and carbonates
reservoirs. However, the adsorption trapping process dominantly applies to coal seams
(Golding et al., 2011; Gray, 1987; White et al., 2005). CO> injection in coalbeds has
the dual advantage of enhanced gas recovery and CO: storage, since the CO:
adsorption capacity in coal can be nine times more than that of methane adsorption
(Busch et al., 2004; Clarkson and Bustin, 2000). Adsorption capacity is associated with
temperature (Bustin and Clarkson, 1998; Perera et al., 2011), pressure (Bae and Bhatia,
2006; Krooss et al., 2002), and rank of coal (Mastalerz et al., 2004; Siemons and

Busch, 2007). In addition to coal seams, shales that are rich in organic matter are, too,
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considered as a CO; storage formation through adsorption trapping (Busch et al., 2008;
Li and Elsworth, 2015). Presently, this area is an emerging research ground (Eshkalak

etal., 2014; Ferng et al., 2015).

2.4. Wettability

Wettability properties currently attract considerable interest due to their potential
applications in industrial processes, for instance, in CCS, enhanced oil recovery, oil
industry, marine, lubrication, spray quenching, liquid coating, manufacturing and
materials. Wettability is “the preference of a solid to interact with a fluid in the
presence of another fluid” (Craig, 1971). To measure the wettability in the system, a
number of approaches have been developed, including qualitative and quantitative
methods. The use of imbibition rates, capillary pressure curves, flotation, microscope
examination, relative permeability curve, reservoir logs, displacement capillary
pressure, nuclear magnetic resonance, dye adsorption, glass slide method
permeability/saturation relationships, and capillarimetric constitute the qualitative
methods. On the other hand, contact angles, imbibition and forced displacement
Amott), and USBM are classified as quantitative methods. (Anderson, 1986a).
Specifically, the rock-brine (fluid) wettability system can be projected qualitatively
using the interpretation of the capillary pressure and relative permeability data (Bryant

and Blunt, 1992; Parker et al., 1987).

Wettability method that involves the contact angle measurements is the most preferred
and effective quantitative method to examine the wettability in pure liquids/fluids and
proxy rocks/minerals. The main reason for this preference is that the contact angle

measurement allows for sensitivity analysis of the temperature, pressure, surface
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roughness, and salinity influence on wettability (Anderson, 1986b; Kaveh et al., 2014;
Mittal, 2003; Giraldo et al., 2013; Lander et al., 1993). The contact angle shows the
extent of wetting as a result of a solid-liquid interaction in a system. The contact angles
with small angles (< 90°) indicate high wettability, while the contact angles with large
angles (> 90°) show low wettability (Yuan and Lee, 2013; Zhao et al., 2010; Gharbi

and Blunt, 2012).

In petroleum engineering, wettability is normally attributed to the measurement of a
reservoir rock’s affinity in the presence of rock-fluid-oil system, and is the main
physicochemical factor, which controls fluid flow behaviour in porous media. In case
of reservoir characterisation, rock wettability is attributed to the flow of fluids, within
the pore column, over one another, the fluid distributions, and residual saturations
(Iglauer et al., 2015b; Chaudhary et al., 2013; Pentland et al., 2011a). Specifically, in
reservoir simulations, it is well recognised that the interfacial interactions, including
wettability, interfacial tension, capillarity and relative permeability are inter-correlated
and are the main input simulation parameters. Above all, wettability of rock surface
and interfacial tension between two immiscible liquids, have been identified as the
main factors controlling the irreducible saturation, the relative permeability and the
capillary pressure (Anderson, 1986b; Morrow, 1990; Hirasaki, 1991). The relationship
between the interfacial tension, wettability and capillary pressure can be characterised

by the Young-Laplace equation (Laplace et al., 1829; Young, 1805):

_ 2Yaq,co, €05 0 (22)

P, =P — By R
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Pw; Pc; Pnw; refer to pressure in wetting phase, capillary pressure and pressure in non-
wetting phase, respectively. yaq,co2 indicates interfacial tension between liquid phase
and COq»-rich phase. R is the pore constriction of radius, and 4 is the contact angle.
Depending on the wetting phase, the capillary pressure could be either positive or
negative. This is related to the contact angles being either less or more than 90°. When
COz isimmobilized within the rock pores, the capillary trapping occurs, and its process
depends on the rock wettability, the interfacial tension with the brine (aqueous phase),
the CO2-rich phase, and the pore size distribution (Eg. 2.2) (Pentland et al., 2011b;

Mills et al., 2011).

The contact angle techniques, the wetting frameworks and contact angle theories will
be outlined in detail in subsequent sections, and, in later sections, the discussion will
focus on the wettability of CO»-rock-mineral-brine systems and its implications for

CO2 geological storage.

2.4.1 Technique of contact angle measurement

Various techniques for measuring contact angle have been widely developed and
extensively used in many systems and industries. The techniques include sessile drop
and tilting plate techniques, which are broadly used in the petroleum industry
(Anderson, 1986a). In this study, the contact angle measurements were obtained by
the sessile drop with a tilted plate technique. This technique enables to simultaneous
measurements of the advancing and receding contact angles for the wettability
evaluation (Lander et al., 1993). Other techniques of contact angle measurement are

capillary penetration method for powders and granules, Wilhelmy balance method,
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individual fibre, capillary rise at a vertical plate capillary tube, and capillary bridge

method (Yuan and Lee, 2013).

2.4.2 Theoretical framework of wettability and contact angle

Thomas Young in 1805 (Young, 1805), who was the first person to recognise the
correlation between the contact angle and the interfacial tension, defined the contact
angle as the equilibrium of forces at the contact line between a liquid droplet and an
ideal solid surface. The formation yields three surface tensions (i.e. solid-gas, solid-
liquid, liquid-gas) when the liquid contacts a solid surface. At such condition, the

wetting of fluid can be estimated accordingly (Yuan and Lee, 2013).

In case of wettability of CO2/brine/mineral systems, brine and mineral come in contact
with each other in the presence of CO: in reservoir formations. The three different
interfacial forces act on the liquid droplet, as shown in figure 2.5. The three interfacial
force fields are CO»-brine interfacial tension (ycw), S0lid-CO2 interfacial tension (ysc)
and solid-water interfacial tension (ysw). In this case, solid indicates sandstones,
carbonates, or proxy minerals such as quartz and calcite. Therefore, the macroscopic
contact angle by Young’s equation (Eq. 2.3) is determined by force equilibrium of the

three interfacial tensions (Young, 1805):

cos = e Ysw (2.3)
VCW

For a specified set of experimental conditions, the contact angles is determined through
the denser liquid phase (water). The three phases forming the contact angle define a

reservoir rock to be either water-wet, intermediate-wet, or 0il/CO2-wet. According to
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the literature, the three phases of contact angles range from 0 <0 < 75", 75 <0< 105,
and 105" <0< 180 for terms of water-wet, intermediate-wet, and oil-wet, respectively
(Treiber and Owens, 1972). However, other literature has classified the ranges of
contact angle from 0 <0 <90°,0=90", and 90" <0 < 180’ for water-wet, intermediate-
wet, and oil-wet, respectively (Dake, 1978). In addition to the above definitions,
Iglauer et al. (2015b) have distinguished five typical wettability states with different
ranges of contact angles. The states include strongly water-wet (<50°), weakly water-
wet (50-70°), intermediate-wet (70-110°), weakly CO2-wet (110-130°), and strongly
CO2-wet (130-180°). Table 2.4 summarises the wettability states for different contact

angle ranges from different literature.

S(:CO2
Water droplet ——» Ur
0
AN
Mineral substrate C Ya -

Source: adapted from Iglauer et al. (2015b)

Figure 2. 5 Force field acting on a three-phase CO>-brine-mineral system
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Table 2. 3 Wettability states based on contact angle ranges

Wettability state Contact angle (0) (°) Literature

ranges
Water-wet 0<0<75 Treiber and Owens (1972)
Intermediate-wet 75°<0<105

Oil-wet 105°<9< 180
Water-wet 0<0<90 Dake (1978)
Intermediate-wet 0 =90

Oil-wet 90" <6< 180°

Complete wetting 0 Iglauer et al. (2015b)
Strongly water-wet 0-50

Weakly water-wet 50-70

Intermediate-wet 70-110

Weakly CO2-wet 110-130

Strongly CO2-wet 130-180

Complete non-wetting 180

Source: contact angle ranges from different literature (modified from Iglauer et al.
(2015b))

Other theoretical frameworks of wettability include the Wenzel model, which
emphases homogeneous surface wetting. The Wenzel model considers chemical
homogeneity and rough surfaces. This indicates that the contact angle on solid rough

surface is real and varies from an ideal surface. Note that no real surfaces are ideal, as
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a result, the models were advanced to define the contact angle on the real surfaces. The
Wenzel equation is, therefore, used to explain the influence of surface roughness on

the contact angle (Wenzel, 1936):

cos erough =1 ¢0S Osmootn (24)

Brough and Bsmooth represent the Young’s contact angle on the rough and ideal surface,
respectively. r denotes the ratio of the actual and the projected solid surface roughness.

For an ideal surface and rough surface, r is equal to 1 and greater than 1, respectively.

The Wenzel equation further indicates that a rough surface increases the relative
contact of the fluid (water)-solid, which leads to increase in hydrophobicity, and thus
increases in contact angle (Yang et al., 2010). As the surface roughness increases the
surface wetting, therefore, the hydrophobic surfaces turn into more hydrophobic, while
the hydrophilic surfaces turn into more hydrophilic (Seo et al., 2015; Chau et al.,

2009).

Cassie-Baxter is another model that describes the contact angle on a real surface. This
model was originally used to describe wetting character at porous surfaces, and rough
hydrophobic surfaces. In addition, the Cassie-Baxter equation is used for prediction of
contact angle trend change. It is also used for validation of the measured contact angle

data, as shown in the equation below (Cassie and Baxter, 1944):

cos O, =f;cos0—(1-f) (25)
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Where 6, fi, and 6 denote the predicted Cassie-Baxter contact angle, the fractional
projected area of materials and the smooth area contact angle, respectively. The
contribution of CO. remaining under the droplet is denoted by (1- fi) (Milne and

Amirfazli, 2012; Alnali et al., 2018).

The models proposed by Cassie and Wenzel have been extensively applied to
investigate the real (heterogeneous and rough) surface characters. Hence, the real

surface characters can be estimated or described by Wenzel’s and Cassie’s equations

(Chau et al., 2009).

2.4.3 Advancing and receding contact angles

This research used the sessile drop tilted plate to measure the contact angles. This
method allows measuring simultaneously the two different contact angles, in terms of
advancing and receding, over the equilibrium of contact angle. The water advancing
contact angle is significant to residual trapping capacity, and the receding contact angle
is significant to structural trapping capacity. Right before the droplet commence
movement, measurement of the advancing water contact angle (6a) is carried out at
the leading edge of the droplet. On the other hand, measurement of the receding contact
angle (6y) is conducted at the trailing end of the droplet (Yuan and Lee, 2013; Broseta
et al., 2012). The advancing contact angle usually has a higher value than that the
receding contact angle. This difference is caused by hysteresis of the contact angle.
Figure 2.6 illustrates the schematic of the measurement of advancing and receding

contact angles by application of a tilted plate technique.
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Figure 2. 6 The advancing and receding contact angles in three different phases

Note: (a) water-wet, (b) Intermediate-wet, and (c) oil-wet

2.4.4 Contact angle hysteresis

Young’s equation (Eq. 2.3) applies to a specific fluid-solid system, where the angle is
shaped between the fluid on a homogenous and an ideal surface. As mentioned in
Section 2.4.3, the contact angle formed from expanding a fluid droplet is named as the
advancing contact angle. Additionally, the contact angle shaped from the contracting
gas bubble is termed as the receding contact angle. Surface roughness and
heterogeneous surface wetting cause the difference between the advancing and the
receding contact angles. This difference is referred as the contact angle hysteresis (H)

(Kwok and Neumann, 1999):

(26)
H=6,-0,
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Hysteresis usually ranges from 5 to 20, but higher values can be expected (Johnson Jr
and Dettre, 1964). If the rough surface exists, then Young’s equation for analysing the
contact angle is not applicable. The contact angles on rough surfaces are generally
higher than those on homogenous surfaces (Grundke et al., 1996). Therefore, the
interpretation of contact angles defined by Eq. 2.3 results in inaccurate outcomes,
because the contact angles would certainly represent the surface topography, instead
of reflecting the surface energy. For this reason, the Wenzel’s and Cassie-Baxter’s
methods are applied in the analysis of the equilibrium contact angles on heterogeneous

and rough surfaces, as explained under heading 2.4.2.

2.5. Wettability of CO2-storage rock minerals

Wettability of CO,-rock minerals system has a main impact on the CO> sequestration
management in subsurface geological formations. Wettability directly affects
containment security, injectivity, structural and residual trapping capacities, and
indirectly mineral and dissolution trapping capacities. There is also a different effect
on wettability for different minerals (Iglauer et al., 2015b). Therefore, having a full
understanding of the wetting properties in geological carbon storage sites and its effect
on multiphase porous flow is essential for storage capacity and risk assessments.
Wettability characteristics of different minerals will be discussed in detail in

subsequent sections.

2.5.1 Clay

2.5.1.1 Clay characteristics and properties
Generally, the term clay refers to naturally occuring, earthy, fine-grained fractions of

materials, and develop into a plastic state when mixed with a small amount of water
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(Grim, 1953). According to the Joint Nomenclature Committees (JNCs), clay is
described as “a naturally occurring material composed primarily of fine-grained
minerals, which is generally plastic at appropriate water contents and will harden when
dried or fired” (Guggenheim and Martin, 1995), Figure 2.7 shows the physical phase

alteration of clay.

“Naturally occurring” conditions of clays imply that synthetic clays and clay-like
materials are not considered as clay. Plasticity refers to the moistened material
property, which can be moulded to any shape. Clays are mainly inorganic materials,
which include large quantities of organics materials. Based on chemical analyses, clays
primarily consist of silica, alumina, water, and considerable quantities of iron, alkalies,
and alkaline earths. The term of “fine-grained’ basically cannot be applied, in general,
because there is no universally upper limit size for the clay particles, which is defined
differently by different disciplines and professions. For examples, the clay particle size
used in geology and sedimentology is less than 4 um, in soil science is less than 2 pum,
while in colloid science is less than 1 um (Guggenheim and Martin, 1995; Grim, 1953;

Bergaya and Lagaly, 2013).
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Figure 2. 7 The physical phase alteration of clay

The term ‘clay minerals’ refers to minerals that produce the plasticity property, which
are known as phyllosilicates and made up from fine-grained segments of sediments,
rocks, and soils (Bergaya and Lagaly, 2013). The JNCs defined the clay minerals as
“phyllosilicate and non-phyllosilicate minerals impart plasticity to a clay and hardens
upon drying or firing” (Guggenheim and Martin, 1995). From the definition above,
clay minerals may include natural and synthetic, phyllosilicates and non-phyllosilicate
materials, and may not have size particle criteria. Clay minerals can be categorised by
particular properties, in terms of the layered structures, the anisotropy layers, and
various surfaces including external basal, edge surfaces and interlayer surfaces. The
other category is that the surface can be changed by either adsorption, ion exchange or
grafting process. Other properties of clay minerals are large surface area, large degree

of layer assembling, colloidal size particles, modest layer charge, high capacity of
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cation exchange, and low capacity of anion exchange with slightly depends on pH

variable (Bergaya and Lagaly, 2013).

Other authors used the term of clay material for any fine-grained fractions, earthy,

natural, and argillaceous materials. Various factors control the clay material properties

and need to be understood in order to fully classify clay materials. These factors

include (Grim, 1953):

1.

Clay mineral composition

This is related to the characteristic and abundance of the clay mineral constituents.
Non-clay mineral composition

This defines the characteristic and abundance of the non-clay minerals as well as
particle size distributions.

Organic materials

This describes the type and the number of organic materials that are contained in
the clay minerals.

Interchangeable ions and solvable brines

This is related to the solvable brine contained in clay materials, which is trapped
in the clay with the natural process i.e. weathering or alteration process.

Texture

This explains the particle size distribution, the particle shape, the particle

alignment in a porous space, and the particle force.

Clays and clay rock/minerals are the foremost common material in sedimentary

deposits within the Earth’s crust. They account for nearly half of the mass of

lithospheric sediments. They have a volume of 270 million cubic kilometres (km®) in
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the crust. 85% of the total carbonaceous organic matter is related to clay, including
argillaceous cement in sedimentary rocks and carbonate rocks (Laszlo, 1987
Vassoyevich et al., 1976). In geoengineering, clay materials are vital components of
many minerals in the reservoir and cap rocks, including quartz, carbonate, hematite
and pyrite (Iglauer et al., 2015b; Guidotti, 1984). Clays and clay minerals not only play
the significant role within the genesis of petroleum hydrocarbons, but also in their
concentration. Therefore, it is important to study the post-sedimentation alteration of
clay deposits as new sedimentary materials cover them. The composition and structure
of clay sediments, their physical and mechanical properties also change during the rock
formation process (lithogenesis), and clays are progressively transformed into clay
rock and shale, and then into argillite and schist (Vassoyevich et al., 1976; Osipov et

al., 2003).

Moreover, geo-technology industry, agriculture, building constructions, and other
industries widely use clays and clay minerals. The clay minerals applications in
different sectors are closely associated with their composition and structures (Murray,
1991). The composition and structure of clays will be outlined comprehensively in

subsequent sections.

2.5.1.2 Clay constituent and structure

The mineral constituents of clay could be divided into two types (Mukherjee, 2013):

1. Clay minerals, forming plasticity when they are mixed with water and harden
when they are dried or fired, such as kaolinite, illite, montmorillonite, etc.

2. Associated minerals that do not give plasticity to clays, include silicate minerals,

such as micas, quartz, and feldspars; iron oxides and hydroxides, such as
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magnetite, hematite, etc; and aluminium oxides and hydroxides, such as

corundum, boehmite, etc.

In addition to those, clays generally consist of certain amorphous materials and/or
organic materials. These non-mineral constituents are referred to associated phases

(Mukherjee, 2013). The diagram of clay constituents is illustrated in Figure 2.8.

As mentioned above, clay minerals may consist of natural or artificial, phyllosilicates
or non-phyllosilicates. Tetrahedral (T) and an octahedral (O) sheet, which may
consolidate in either a 1:1 or 2:1 proportion to make an anisotropic TO or TOT layer,
support all the structures of phyllosilicates. The 1:1 layer structure includes the
recurrence of one (1) tetrahedral and one (1) octahedral sheet. The 2:1 layer structure
consists of one octahedral sheet that is inserted in between two tetrahedral sheet. The
layered double hydroxides (LDH) have an octahedral sheet (O) base. The layers could
be negatively charged, either positively charged, or uncharged. As an alternative
concept, an assembly of layers refers to a particle, and an assembly of particles refers
to an aggregate. Based on this concept, the arrangement of particles and aggregates
can be differentiated into interlayer, interparticle, and interaggregate pores. This
arrangement results in clay minerals having the different morphologies, such as plates,
laths, tubules and fibres. Ultimately, all phyllosilicates thus have porous properties
with different size and shape (Bergaya and Lagaly, 2013). Figure 2.9 shows the

diagram of the clay mineral layer, particle, aggregate, and assembly of aggregates.
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Figure 2. 8 The diagram of clay constituents

The atomic structures of layered clay minerals consist of silica (Si) tetrahedra, and
aluminium (Al) or magnesium (Mg) octahedra, Figure 2.10. Two basic units are
engaged with the atomic grids of the clay minerals. One unit comprises two sheets of
oxygen atoms or hydroxyls, in which magnesium aluminium, or iron atoms are set in
octahedral direction and have an equal distance from six oxygen atoms or hydroxyls.
The second unit is made of silica tetrahedrons. To each tetrahedron, a silica atom is
located at the centre and surrounded by four oxygen atoms, or hydroxyls. The silica
tetrahedral groups are also coordinated to shape a hexagonal structure (Mukherjee,

2013; Grim, 1953)
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Figure 2. 9 The schematic of clay layers

Note: clay layers include (a) the layer of clay mineral; (b) the particle, made-up of
loaded layers that can provide a lenticular pore; (c) the aggregate; (d) the assembly of

aggregates with enfolding the interaggregate pore.
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Figure 2. 10 The atomic structures of layered clay minerals

In short, structurally, three basal oxygen atoms contributed from silicon atom make
the structure of a sheet. The fourth oxygen atom, which is perpendicular to the present
sheet structure, forms a part of the closest and parallel the magnesium/aluminium-

octahedral sheet. The aluminium atom, which is composed of two oxygen atoms from
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tetrahedral sheet shares four hydroxyl groups (-OH) with adjoining aluminium atoms.
Every octahedral sheet is hooked up along with the aid of shared octahedral edges
(Zhang et al., 2016b). However, there is no literature reported obviously on how

magnesium-octahedron is formed (Pan et al., 2020D).

2.5.1.3 Clay wettability

Clay wettability performs a key function in numerous characteristic
phenomena, particularly when the surface of mineral interrelate with reservoir liquid.
Some of the clay wettability applications are applied in the process of CCS (Kaveh et
al., 2016; Espinoza and Santamarina, 2012; Umar et al., 2019), oil movement and
accumulation in certain (i.e. shale) reservoirs (Xi et al., 2019), process industries,
geology, agriculture (Murray, 1999), CO2-EOR (Lashgari et al., 2019), and fracturing
fluid loss (Ge et al., 2015). The clays’ applications are closely associated with their
structure and composition. The wettability of three different clays is studied in detail
in the following section, with providing experimental evaluations and simulations of

dynamics of molecules.

1. Kaolinite

Kaolinite, with the chemical formula Al2Si>Os (OH.), is classified as a two-layer clay
mineral (1:1 layer), with a silica tetrahedral sheet joint through octagonal oxygen and
hydroxyl, and shared with a sheet of alumina octahedral layer (Murray, 1999).
Kaolinite is mainly formed by weathering process, which is transformed from the
chemical weathering reaction called hydrolysis, as shown in reaction below

(Mukherjee, 2013):

2 KAISi30g + 3 H2O — A415Si205 (OH)4 + 4 SiO2 + 2 KOH
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Theoretically, kaolinite has a chemical composition of 46.3% silica, 39.8% alumina
and 13.9% water, a fine particle size, a low surface area, a neutral surface, and a well-
recognised crystal structure (Murray, 1991). However, those crystal structures
generally occur as fine particles or micron-sized particles. This phenomenon is
difficult to signify their wettability through direct contact angle measurements (Yin et
al., 2012). Various experimental techniques have been done to overcome this problem,
especially to analyse kaolinite wettability, including spontaneous imbibition and
liquid-liquid extraction (Luo et al., 2019), clay film (Pan et al., 2019a; Pan et al.,
2020a), floatation tests (Hu et al., 2003), nuclear magnetic resonance (NMR) (Lipsicas
et al., 1985), atomic force microscopy (AFM) (Yin and Miller, 2012), and cryo-

scanning electron microscopy (SEM) (Durand and Rosenberg, 1998).

Experimental results for kaolinite wettability show that kaolinite was obviously
strongly water-wet to weakly water-wet, and contact angles increased with increasing
in pressure (Pan et al., 2019a; Pan et al., 2020a; Fauziah et al., 2019b). However,
another study states that contact angle was unresponsive to pressure (Wang et al.,
2012b). Molecular dynamic simulations show that octahedral surfaces ranged from
completely water-wet to weakly water-wet, with independent of pressure, temperature,
brine, and force field. Meanwhile, tetrahedral surfaces were mostly intermediate-wet
and strongly oil/CO.-wet. Molecular dynamic simulations also show that the
temperature (Tian et al., 2018), pH (Tian et al., 2018), and external electrical fields

(Liao et al., 2019) have an effect on molecular adsorption onto the surface of kaolinite.
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2. Montmorillonite

Montmorillonite is a 2:1 layered clay mineral with two silica tetrahedral layers joined
to a central octahedral layer, with a chemical formula of (Na, Ca)o.33 (Al Mg)2 (SiaO10)
(OH)2 -nH20 (Murray, 1999; Bergaya and Lagaly, 2013). The weathering process of
basic igneous rocks and the sedimentary products that are derived from the rocks forms
montmorillonite (Mukherjee, 2013). Isomorphous substitutions in clay minerals result
in the charge of development, and occur in those layers, such as AI** replaced by Mg?*,
Fe?*, and Fe®" in octahedral layer, and AI** substituted by Si** in tetrahedral layer.
Hence, the surfaces of these layers have negative charges that will attract the cation
exchange (generally Ca?*, Mg?*, Na*, and K* in brine solution). These cations have a
tendency to be hydrated which results in increase in the space among the stacked
layers. Consequently, this causes clay swelling (Uddin, 2008; Pan et al., 2020b; Zhang

etal., 2017).

Experimental investigations on montmorillonite wettability show that montmorillonite
was more water-wet to intermediate-wet, which was mostly influenced by thermo-
physical environments (Shang et al., 2010; Pan et al., 2019a; Pan et al., 2020a; Fauziah
et al., 2019b; Borysenko et al., 2009; Ballah et al., 2016). This is in line with the
molecular dynamic simulations, which show that montmorillonite is more water-wet
to intermediate-wet. This result depends on its specific microscopic layer, which
include exchangeable cation, surface charge, and ion adsorption (Yi etal., 2018; Zhang

et al., 2016a; Underwood et al., 2015).
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3. lllite

lllite is a type of dioctahedral 2:1 phyllosilicate with variable degrees of lattice
replacement (mainly Si** is replaced by AI** in the tetrahedral layer) with chemical
formula (K,H30)(Al,Mg,Fe)2(Si,Al)s010[(OH)2-(H20)]. In this case, cations have a
tendency to be involved in the surface of illite in order to recompense the negative

surface charges (Zheng and Zaoui, 2017).

Experimental results for illite wettability reveal that illite was strongly water-wet to
weakly water wet (range of 10° <0 <60°) (Shang et al., 2010; Hu et al., 2003; Fauziah
et al., 2019b; Wang et al., 2012b; Botto et al., 2017). This was consistent with
molecular dynamics simulations, where illite is strongly water-wet to intermediate-wet
with contact angles range from 30° to 78° (Mohammed and Gadikota, 2020). In
addition, the contact angles increased with elevated pressure and decreased with

elevated temperature (Fauziah et al., 2019b)..

2.5.2 Sandstones wettability

Sandstones reservoirs can have varying amounts of clay laminae or subordinate thin
shale beds and lenses, which have an effect on the inner movement of CO: injection.
Sandstone and carbonate formations comprise the main underground storage
reservoirs for CCS and EOR applications. Several geological CO> storage projects
have been implemented in sandstone lithology. These include the Sleipner project,
Norway; the Minami-Nagoaka project, Japan; the In-Salah project, Algeria; and the
Gorgon project, Australia (IPCC, 2005). Clean and pure quartz as well as the

composite rock surfaces are normally used for contact angle measurements as
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substitution minerals for sandstone (Kaveh et al., 2014). However, assessing the

wettability characteristics for both natural and proxy minerals is essential.

Measuring contact angles of natural cores at in-situ conditions is currently an intricate
procedure. Thus, published data of contact angle measurements on sandstone at
reservoir conditions are scarce. These limitation on data are due to complexity of
contact angle measurements on natural complex rocks, including pore morphology,
heterogeneity of pore system, and drop penetration within the rock samples (Kaveh et
al., 2014). Kaveh et al. (2014) further conducted contact angle measurements on the
Bentheimer sandstone in CO»-deionised water system at high pressures and a constant
temperature of 318 K by application of the captive bubble technique. Obtained results
indicate that contact angles increased minimally with pressure. In addition, the
Bentheimer sandstone stayed strongly water-wet during the experimental study

(Kaveh et al., 2014).

Other researchers have investigated the wetting behaviour of the Mount Simon
sandstone. They report that the wettability of CO2-sandstone has insignificant effect
on pressure, such as the contact angles slightly decreased from 35° to 34° when the
pressure was raised from 20 MPa to 25 MPa at 40 °C, in high concentrate brine of 5.12
M NaCl. This also implies that the wettability of CO2-brine-sandstone system is
strongly water-wet at high brine salinity environment (Botto et al., 2017). Meanwhile,
Tudek et al. (2017) investigated the effect of surface roughness on the wettability of
COg-brine-Mount Simon sandstone through the sessile drop method. The results
indicate that the contact angles increased with the surface roughness increasing. Other

studies showed a decrease in contact angles with the increase in surface roughness on
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various surfaces such as quartz (Al-Yaseri et al., 2016; Wang et al., 2013) and calcite
(Arif et al., 2017c) and thus suggested that the wettability is more water-wet on the
rougher surfaces (Iglauer et al., 2015b). However, the report proposes that the wetting
phase of the Mount Simon sandstone is generally strongly water-wet (Tudek et al.,

2017).

The others have measured the wettability of CO»-brine in the South West Hub
sandstone (GSWA Harvey-1) at different pressures (from 0.1 MPa to 20 MPa) and at
334 K, using the sessile drop with a tilted plate technique (Fauziah et al., 2020). The
study shows that increased pressure results in higher contact angles measurements.
Results also suggest that the system is weakly water-wet to intermediate-wet.
Likewise, Alnali et al. (2018) examined the CO»-brine-Warro sandstone wettability
(the sample taken from Warro-1 well, Perth Basin, Western Australia) using the sessile
drop method. The result is consistent with Fauziah et al. (2020), where contact angles
increased with pressure, and the wettability ranges in the weakly water-wet to

intermediate-wet region.

In summary, the wettability of CO2-Mount Simon sandstones investigated by Kaveh
etal. (2014), Botto et al. (2017), and Tudek et al. (2017) measured through sessile drop
or captive bubble methods, is strongly water-wet. Whereas, the South West Hub
sandstone wettability (Fauziah et al., 2020) and CO2-brine-Warro sandstone (Alnali et
al., 2018) is weakly water-wet to intermediate-wet. The variation on the results
obtained are probably due to various factors, including mineralogy of the sandstones,
surface roughness, and method of cleaning surface of the sandstones. In addition to

these factors, the mineralogy of the sandstones are quite diverse, and analysis of
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wettability shows that the contact angle measurement is very sensitive to the presence
of amount of organic matter. This can cause, for instance, the surface charge to be
changed (Al-Yaseri et al., 2016; Kaveh et al., 2014; Fauziah et al., 2020), and thus

affect the wettability (Arif et al., 2019; Iglauer et al., 2015b).

2.5.3 Quartz wettability

Quartz represents the major part of mineral constituents in cap rock sediments (Kaveh
et al.,, 2016; Iglauer et al., 2015a) and reservoir rocks (Al-Yaseri et al., 2016).
Therefore, understanding the wettability of CO2-quartz characteristics is essential. In
this context, some studies have been conducted to measure the wettability of quartz by
contact angle method. Some studies evaluated the contact angle of CO»-brine on quartz
substrate as a function of pressure. These evaluations suggest that there is a substantial
inconsistency in the reported results. For example, Espinoza and Santamarina (2010)
described that the effect of pressure has an insignificant impact on the wettability of
quartz, i.e. the contact angles slightly decreased with an increase in pressure. These
results are in line with other studies, conducted by Farokhpoor et al. (2013), Mutailipu
et al. (2019) and Bikkina (2011). In general, these studies reveal that the wettability of
quartz together with CO is strongly water-wet. However, there is a slightly different
result from Bikkina (2011). The wettability of quartz surface shifted into weakly
water-wet when the second cycle of CO: injection was conducted. This wettability

variation is due to the dissolution of CO, between quartz and brine.

Conversely, works of other researchers on contact angle measurements using the
captive bubble method show that an increase in pressure results in an increase in

contact angle values (Chiquet et al., 2007; Broseta et al., 2012; Saraji et al., 2013).
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These results are consistent with Iglauer et al. (2014a), and Al-Yaseri et al. (2016),
who measured the contact angle with sessile drop method. The trend is also in line
with Botto et al. (2017), where the captive drop method was used to measure the

contact angles.

Other scholars have also investigated the effect of temperature on quartz surfaces
through contact angle measurements. The results indicate that the contact angle
increased with temperature (Farokhpoor et al., 2013; Al-Yaseri et al., 2016; Liu et al.,
2015). However, other researchers suggest that the temperature has insignificant effect
on the contact angle measurements (Bikkina, 2011; Mutailipu et al., 2019). Likewise,
Saraji et al. (2014) have reported that there was a slight decrease in contact angles with
elevated temperature. In summary, the reported data indicate that the variety of
measurement methods have no effect on the contact angle values obtained, i.e. captive
bubble or sessile drop or captive drop. Moreover, the results generally propose that the

wettability of quartz is strongly water-wet.

2.5.4 Carbonate wettability

Carbonate aquifers and hydrocarbon reservoirs consist of substantial amounts of
calcite and dolomite as in limestones and dolostones and can include small amounts of
carbonate minerals including azurite and malachite (Burchette, 2012; Moore and
Wade, 2013; Ahr, 2011). Carbonate reservoirs or rocks (dolomites and limestones)
contribute about 50% of global oil and gas production. Their petrological structures
can have multiple porosity systems and typically relate to heterogeneity of petro-
physical characteristics (Mazzullo, 2004). Together with sandstones, carbonate rocks

are important lithologies, for CO. storage formations (Arif et al., 2017c).
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Little has been published on the contact angle measurement of CO»-brine-carbonate
systems but the data results’ variability is high. Some studies have been conducted to
measure the carbonate wettability through contact angle measurements and researchers
have observed several inconsistencies. For example, the advancing and receding
contact angle increased with increasing pressure on dolomite surfaces (Mutailipu et
al., 2019; Yang et al., 2008). Works by other scholars show small effect of pressure on

carbonate-rich Rousse caprock surfaces (Siddiqui et al., 2018; Tonnet et al., 2010).

The influence of temperature on the wettability of CO2-brine-carbonate has also been
investigated. Discrepancies are evident amongst the results of contact angle
evaluations. For example, the water contact angles were both seen to increase (Al-
Yaseri et al., 2017b), and decrease with temperature (Yang et al., 2008; Tonnet et al.,
2010). Such difference can be related to particular factors, including mineral
compositions i.e. the sample mainly consisted of magnesium (Al-Yaseri et al., 2017b),
while the other samples mostly contained calcium (Yang et al., 2008; Tonnet et al.,

2010).

From the above studies, there are differing datasets of the carbonate-CO> wettability.
Al-Yaseri etal. (2017b) proposed that the wettability of carbonate (dolomite) is weakly
water-wet to intermediate-wet, while Yang et al. (2008) indicated that the wettability
is weakly CO2-wet. In addition, Tonnet et al. (2010) and Mutailipu et al. (2019)
suggested that the wettability of carbonate (limestone) is strongly water-wet to

intermediate-wet.
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2.5.5 Calcite wettability

Several studies have been conducted to measure calcite wettability through contact
angle measurements. Espinoza and Santamarina (2010) observed the effect of pressure
and salinity on CO»-brine-calcite contact angles. The authors found that the advancing
and receding contact angles of calcite in CO2-brine system reduced very slightly with
increase in pressure. However, with CO2-deionised water, the reduction in contact
angles of calcite was more pronounced as pressure increased. The result is consistent
with Bikkina (2011), and Farokhpoor et al. (2013). From the above measurements, it
was observed that the strong water-wet nature of calcite generally remained the same
at low and high pressures. This was also in line with the findings of Mills et al. (2011)

and Wang et al. (2012b).

Investigation of the dependency on pressure for the wettability of CO.-deionised
water-calcite system has been conducted by other scholars (Arif et al., 2017c). The
results revealed a strong positive relationship between the contact angle and pressure.
This was in agreement with the earlier findings by Broseta et al. (2012). These authors
also observed that the contact angle on calcite exhibited an obvious increase with
increasing pressure. The findings suggest that there is a slight shift in calcite wettability

from strong water-wet, at low pressure to intermediate-wet, at high pressure.

Arif et al. (2017c) studied the effect of temperature on CO2-brine-calcite surface, and
found that advancing and receding contact angles decreased as temperature increased.
The results implied that the calcite wettability becomes weak to strong water-wet as

the temperature increased, which was also consistent with other studies involving
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Weyburn limestone surface (Yang et al., 2008), and calcite-rich Rousse caprock

surface (Broseta et al., 2012).

2.6. Factors affecting wettability

Various factors that affect the wettability of CO2-brine-rocks, including pressure,
temperature, surface roughness, brine composition, organic content, and clay type
have been investigated. The mineralogy of the rock surface has also some effects on
wettability change and fluid equilibration. Other researchers upon further investigation
have indicated that a procedure of surface cleaning needs to be applied during contact
angle measurements in order to help preclude biased results (Iglauer et al., 2015b).
Having a full understanding of those factors, therefore, is essential to characterise the
wettability alterations in specific CO2-brine-rocks systems. These factors are discussed

in detail below.

2.6.1 Pressure

Pressure is an important parameter that affects contact angles positively, i.e. an
increase in pressure would cause an increase in CO2-wettability (Iglauer, 2017; Broseta
et al., 2012; Farokhpoor et al., 2013; Kaveh et al., 2012). This behaviour is related to
the increasing density of CO- gas, which improves the intermolecular interactions
between the mineral and CO., and leading to de-wetting of the surface (Iglauer et al.,
2015a; Al-Yaseri et al., 2016; Iglauer et al., 2012). However, contrasting views about
the effect of pressure on contact angle have been reported by other researchers, most
of which posited that the relationship between pressure and contact angle is not
necessarily positive (Guiltinan et al., 2017; Bikkina, 2011; Espinoza and Santamarina,

2010). Therefore, it is evident that a significant discrepancy exists in the literature
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about the true effect of pressure on contact angle. Some researchers have attributed
such this discrepancy to factors such as contamination, surface roughness, or chemical

heterogeneity of the substrate (Iglauer et al., 2015b; Butt et al., 2006).

2.6.2 Temperature

Most CO.-wettability studies involving clean quartz, calcite (Bikkina, 2011; Saraji et
al., 2013), or water-wet mica (Arif et al., 2016a; Broseta et al., 2012; Wan et al., 2014),
typically showed negative relationships between contact angles and temperature. Like
pressure, some contrasting views have also been found in the literature about the effect
of temperature on contact angles. For example, Roshan et al. (2016a) found a positive
relationship between contact angle and temperature for shale rocks. Similar
relationships have also been found for feldspar (Farokhpoor et al., 2013), and quartz
(Sarmadivaleh et al., 2015; Al-Yaseri et al., 2016). The relationship between
temperature and contact angle can be related to fluid density and van der Waals forces,
both of which contribute to the molecular interactions between the CO, and the
minerals. This was also the conclusion of a previous studies on the hydrophilic versus

hydrophobic surfaces of CO,-brine-dolomite wettability by Al-Yaseri et al. (2017b).

2.6.3 Surface roughness

The limitation of the Young’s equation in accounting for the effect of surface
roughness on contact angle was long recognised. That is, the Young’s equation is not
suitable for non-flat surfaces, in which case, the Wenzel equation (Wenzel, 1936)
could be used to capture the effect of surface heterogeneity (Marmur, 2006). Typically,
surface roughness can be measured using atomic force microscopy (AFM), and

expressed as the root mean square (RMS) roughness. Surface roughness tends to
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intensify the wettability of the original surface (Seo et al., 2015); due to the full
infiltration of the wetting fluid into the roughness grooves, producing a homogeneous
wetting regime (Marmur, 2006; Swain and Lipowsky, 1998). Some studies have
revealed that contact angles increase with increasing in surface roughness
(hydrophobic surface). Conversely, some other studies have reported that contact
angles decrease with increasing in surface roughness (hydrophilic surface) (Al-Yaseri

etal., 2016; Arif et al., 2017c).

2.6.4 Salinity

Salinity has an important effect on wettability of CO-brine-rock systems. Generally,
an increase in salinity increases CO»-wettability. Several researchers have investigated
the effect of salinity on wettability by contact angle measurements, especially for mica,
quartz, calcite and shales surfaces (Chiquet et al., 2007; Farokhpoor et al., 2013; Arif
et al., 2016a; Broseta et al., 2012; Wan et al., 2014; Wang et al., 2012b; Iglauer et al.,
2015a). These results have revealed that the contact angle increases with salinity
increases. Conversely, Espinoza and Santamarina (2010) have reported that there is

insignificant effect of salinity on wettability.

2.6.5 Organic content

Total organic contents (TOC) have also been found to strongly affect CO, wettability
(Jha et al., 2019b; Abramov et al., 2019; Iglauer, 2017), and consequently, storage
potential (Arif et al., 2017d; Guiltinan et al., 2017; Roshan et al., 2016a). There is a
consensus that the storage capability and integrity of a geological formation can be

strongly influenced by the presence of a small amount of TOC. This finding has also
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been upheld by other researchers (Pan et al., 2018; Siddiqui et al., 2018; Yassin et al.,

2017), who found that contact angle generally correlates positively with TOC.

2.6.6 Clay type

Clay mineral surfaces typically negatively charged on their minerals due to their
crystalline structure, adding to the complexity of their wettability (Grim, 1953; Brigatti
et al., 2013). Fauziah et al. (2019b) have examined wettability on clay surfaces,
especially montmorillonite, illite and kaolinite wettability for CO2-brine system. The
results showed that, at typical geological storage conditions, montmorillonite is

strongly oil-wet. Kaolinite and illite, however, are strongly water-wet.

53



Chapter 3 Apparatus and Experimental Procedure

3.1 Introduction

This study on the wettability characteristics of CO»-brine-rock-clay mineral systems

is an experimentally based research. To achieve the aims and objectives of the

research, various experiments were conducted. This chapter presents the description

of the experimental apparatus, a detailed description of the materials used in the study,

and the experimental procedures that were followed in conducting the experiments.

3.2 Experimental Apparatus

Extensive experiments were conducted on clays and sandstone samples at various

experimental conditions, simulating reservoir conditions. Figure 3.1 shows a

schematic of the apparatus used to conduct the contact angle measurements.

Source: modified from Fauziah et al. (2019b)
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Figure 3. 1 The experimental setup of contact angle measurement

The equipment consists of CO> cylinder, syringe pump for gas (CO3), high pressure-

high temperature cell with substrate housed on a tilted plate inside, heating unit, high

resolution video camera, image visualization and interpretation software, pressure
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relief valve, syringe pump for brine and liquid feed/drain system. Figure 3.2 below
shows the high pressure-high temperature goniometer setup used for contact angle

measurements.

Figure 3. 2 Apparatus of the contact angle measurement

Brief descriptions of the main parts of the high pressure-high temperature goniometer

are given in the following section.

3.2.1 High pressure-high temperature cell

The optical cell is fabricated from stainless steel. It is designed for use in simulating
reservoir conditions, typically specific salinity, high pressure and high temperature.
Figure 3.3 shows the high pressure-high temperature cell. During the experimental
procedure, a sample is placed in the cell at a set temperature and pressure, and a droplet
of equilibrated liquid/brine is positioned onto the sample surface through a needle. The
sample base, on to which the sample is placed inside the vessel, is tilted at an angle of

12" to allow the direct measurement of advancing and receding contact angles. An
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industrial heating tape was used to heat the cell up. A high precision syringe pump is

connected into the cell through Swagelok fittings, valves and pipes.

Figure 3. 3 High pressure-high temperature cell

3.2.2 High precision syringe pumps

The system is equipped with two high precision pumps: a syringe pump for gas and
syringe pump for water/brine. The gas syringe pump (Teledyne, model 500D syringe
pump) was used to pump the gas i.e. COz into the cell to increase the pressure for the
measurement. The water/brine syringe pump (Teledyne, model 260D syringe pump)
was employed to pump the de-gassed liquid, i.e. brine, into the cell whilst the
experiment was running. Both pumps have a pressure accuracy of about 0.1 % at full
scale (FS). Figure 3.4 below shows the high precision gas syringe pump and brine

syringe pump.
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Figure 3. 4 High precision gas and water/brine syringe pumps

3.2.3 Video camera

A high-resolution video camera, with specification of Basler scA (640-70) fm, pixel
size = 7.4 um; frame rate = 71 frames per second; Fujinon CCTV lens: HF35HA-1B;
1.6/35 mm, was employed to record and monitor the processes occurring inside the
cell. A light (specification: fibreoptic lightguides, microlight LED) was also utilised

to flash onto the cell.

3.2.4 Image J software

The software, Image J, was applied to analyse images. The images were extracted from
the video recording files. These were used to measure the advancing and receding
contact angle values. The software was installed on the computer, which was

connected to the video camera to allow the direct measurements.
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3.3 Materials and Sample Preparation
Experimental work began by selecting appropriate samples and chemicals, preparing
the samples, such as grinding the samples for clay compaction and other

measurements, cleaning treatment, and cutting rock cores into specific sizes.

3.3.1 Materials
Material types used in this research consist of liquid phase, gas phase, oil phase,

powder, and rock samples. Details are discussed below:

3.3.1.1 Liquid phase

Sodium chloride (NaCl, 4 wt%)), calcium chloride (CaCl;, 4 wt%), magnesium
chloride (MgCl.), potassium chloride (KC1), with purity > 0.995 for all brines, supplied
from Scharlab were used in the experiment. Ultrapure de-ionised water (conductivity
= 0.02 mS/cm), supplied from David Gray was also used as a base liquid to dissolve
the brines to obtain the preferred concentrations. Other brines were also prepared, with
a wide range of concentrations including calcium chloride (CaCl,, 1200 mg/L),
magnesium sulphate hydrated (MgSQO4.7H20, 600 mg/L), potassium bromide (KBr,
183 mg/L), sodium bicarbonate (NaHCO3, 125 mg/L), strontium chloride (SrCl2, 100
mg/L), and copper (Il) sulphate pentahydrate (CuSQ04.5H.0, 2522 mg/L), by

dissolving the brines in deionised water using magnetic stirrer.

3.3.1.2 Gas Phase

Carbon dioxide (CO2, purity > 0.999, food grade, BOC Australia), nitrogen (N2, purity

> 0.999, BOC Australia), argon (Ar, purity > 0.999, BOC Australia), helium (He,
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purity > 0.999, BOC Australia) were used in this study to raise the set pressure in the

contact angle measurement.

3.3.1.3 Qil phase
N-decane (CioH22, purity > 0.999, Sigma Aldrich, density: 0.73 g/mol, molecular
weight: 142.28 g/mol) was used as a model oil and a liquid phase for contact angle

measurements.

3.3.1.4 Powder

Clays powder, including montmorillonite (purity > 0.950, Ward Science), illite (purity
>0.850, Ward Science), and kaolinite (purity > 0.950, Ward Science) were used in this
measurement. The clay powders were mechanically compacted to obtain the solid clay

samples and used for contact angle measurements.

3.3.1.5 Rock samples

Four sandstones samples retrieved from GSWA Harvey-1 well core material (Figure
3.5), Berea and Bandera Gray (Figure 3.6) were used in this study. The petro-physical
properties, characterisation and mineralogy of the cores were thoroughly characterised
with quantitative X-ray diffraction (XRD), atomic force microscope (AFM), scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX), total organic

carbon (TOC) and organic carbon isotopic composition (6**Corg) analyses.

3.3.1.6 Cleaning agents
Dichloromethane (CH2Cly, purity > 0.999), and acetone were used as cleaning agents

for the samples before and after measurement.
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Figure 3. 6 Berea and Bandera Gray sandstones

3.3.2 Sample preparation
Sample preparation involved mechanical compaction of clay powder, cutting and

cleaning the rock samples. In wetting analyses, an important requirement was for
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appropriate sample preparation and treatment, sufficient sample quality and

cleanliness in order to eliminate any possible methodical inaccuracies.

3.3.2.1 Compaction

Clay powder samples were mechanically compacted to create solid montmorillonite,
illite, and kaolinite material. Specimens were made of montmorillonite, illite, and
kaolinite as well as formation brine (20 wt% NaCl +1 wt% KCI) as moisture fluid. The
clay powders were initially mixed with formation brine, the mixture was subsequently
poured into a steel cylinder cell (length 10cm and 3.8cm diameter, built in-house),
which encloses a circular semi-permeable porous plate (porous alumina, 25% porosity,
mean pore size < 2 um). To simulate the natural sedimentary process, axial stress was
exerted on the mixture (10 MPa), and controlled via a high precision 260D ISCO
syringe pump series. The excess brine was removed through a drainage tube. The
compacted cylindrical samples (diameter of 3.8 cm and length of 1 cm) were removed
from the cell after one week and then dried in an oven at 50 °C for 48 hours. The
schematic of the mechanical compaction is illustrated in Figure 4.1 and Figure 5.1, and
a detailed description of the apparatus and the method is explained in Chapter 4
(Section 4.3.1) and Chapter 5 (Section 5.3.1). Figure 3.7 and Figure 3.8 show the

mechanical compaction apparatus, and the compacted clay samples, respectively.
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Figure 3. 7 Mechanical compaction apparatus

Kaolinite

Figure 3. 8 Compacted montmorillonite, illite and kaolinite

3.3.2.2 Rock/clay cleaning

The Harvey sandstones were cleaned with dichloromethane to remove the artificial
intrusions of organic matter contaminations from the drilling mud before the contact
angle measurements were conducted. In addition, all samples were placed into air
plasma (model Diener plasma, Yocto; Figure 3.8) for 5 minutes to remove organic
surface contamination (Love et al., 2005). This cleaning procedure is necessary to

ensure accuracy of the results (Iglauer et al., 2014a; Bikkina, 2011).
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Figure 3.9 Air plasma

3.3.2.3 Rock samples
All rock samples including Harvey sandstones, Berea and Bandera Gray were cut into
smaller sample discs (5 mm thick, 38 mm in diameter) for measurements, using a high-

speed diamond blade.

3.4 Mechanistic quantification
Mechanistic analysis of samples was characterised by X-ray diffraction, atomic force
microscope, scanning electron microscope, TOC and organic carbon isotopic

composition (§**Corg).

3.4.1 X-ray diffraction
X-ray diffraction (XRD) was used to analyse the mineral constituent of the samples,
with instrumental model of X-Ray Diffraction (XRD)-Bruker-AXS D9 Advance

Diffractometer.

3.4.2 Atomic Force Microscope (AFM)
Atomic force microscope (AFM, DSE 95-200, Semilab) was used for analysis of

surface roughness of the solid samples.

63



3.4.3 Scanning Electron Microscopy
Scanning electron microscope (SEM, instrumental model Zeiss Neon 40EsB
FIBSEM) was used to analyse the samples’ microstructural changes in order to

investigate any potential alteration in the samples' structure.

3.4.4 TOC and organic carbon isotopic composition (4*3Corg)

TOC and organic carbon isotopic composition was used to identify the source of
organic content from artificially introduced vs in-situ organic material, using the
instrument model elemental analyser-isotope ratio mass spectrometer (EA-IRMS)

(Thermo Flash 2000 Elemental Analyser).

3.5 Experimental Procedure
Several experimental procedures were applied on the samples of clay and rock at
particular experimental conditions in order to achieve the aims and objectives of the

study. These procedures are discussed in detail in the subsequent sections.

3.5.1 Contact angle measurements

The advancing (6a) and receding (8r) water contact angles were measured using the

tilted plate technique and a high temperature-high pressure goniometer as per steps

detailed below:

1. The brine was prepared in deionised water, and then it was stirred at 100 RPM at
room temperature for 1 hour using a magnetic stirrer.

2. The sample was cleaned using the air plasma unit for 5 minutes.

3. The water bath and the reactor controller were heated to the required temperature.
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10.

11.

12.

13.

The cleaned sample was placed in the sample holder chamber (cell) of the
equipment and the chamber then closed with sapphire lens.

The brine syringe and gas syringe pumps were filled with brine and CO,
respectively, and pressurised to the required pressure.

The holder chamber was pressurised with the gas by using the gas syringe pump
to the required pressure.

Once the pressure stabilised in the gas syringe pump, the brine syringe pump was
also pressurised to the same value as the gas syringe pump. The brine flow rate,
using the brine syringe pump, was through the needle in the chamber.

The camera was then started to record the process of droplet fall.

The fall of the brine droplet was captured and recorded by the video camera. The
pumps were stopped once the initial fall was observed.

The pressure in the chamber was then gradually released by using the gas syringe
pump to enable the opening of the sapphire lens.

The sample was removed from the sample holder in the chamber

The light and power were then turned off.

The advancing and receding contact angle values were then analysed, with the

Image J software, using images from video recording.

3.5.2 Zeta potential

Zeta potential was measured by placing the clay dispersion into a folded capillary cell

of the Malvern NanoZS instrument at 25 °C.
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3.5.3 Core flooding

Core flooding was also conducted for Berea and Bandera Gray core plugs, a detailed
description is given in Chapter 7 section 7.3.2. Subsequently, the samples were used
for the contact angle measurements for both treatments, before and after core flooding

to investigate the wettability changes caused by CO: flooding.
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Chapter 4 Carbon dioxide/brine, nitrogen/brine and oil/brine
wettability of montmorillonite, illite and kaolinite at elevated pressure

and temperature!

4.1. Summary

Montmorillonite, illite and kaolinite wettability for carbon dioxide/brine,
nitrogen/brine and nitrogen/oil systems were systematically measured through contact
angle measurement at various pressures (5 MPa, 10 MPa, 15 MPa and 20 MPa) and
temperatures (305 K and 333 K). The zeta potential of each clay was also measured to
investigate its link to the macroscopic contact angle. The results show that both
advancing and receding water contact angles for carbon dioxide /brine, nitrogen/brine
and nitrogen/oil systems increase with an increase in pressure. However, they are only
slightly reduced by increasing temperature. It was also showed that montmorillonite
has a higher water contact angle in the presence of carbon dioxide, than illite and
kaolinite. The same trend was observed for nitrogen/brine and brine/oil systems.
Consequently, montmorillonite is strongly oil-wet. Kaolinite and illite, however, are
strongly water-wet at typical storage conditions (high pressure, elevated temperature).
This has important implications for carbon dioxide geo-storage in determining the flow

of carbon dioxide and its entrapment, fluid spreading and dynamics in the reservoir.

4.2. Introduction
Carbon dioxide (CO>) capture and storage (CCS) is a promising technology to decrease

atmospheric CO2 emissions and enhance production from unconventional resources

! Reference: Fauziah at al. 2019 in Journal of Energy and Fuels, 33(1), 441-448.
https://doi.org/10.1021/acs.energyfuels.8002845
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(Pacala and Socolow, 2004). However, one of the primary concerns of CCS is to
ensure that the buoyant CO2 remains trapped underground in the geological formation
(IPCC, 2005). There are four main CO> trapping mechanisms that can create levels of
storage volumes in varying amounts and time (IPCC, 2005). These include the
following: 1) Structural (Jamaluddin et al., 1998; Iglauer et al., 2015a); 2) residual (Qi
et al., 2009; Hesse et al., 2008); 3) dissolution (Iglauer, 2011; Riaz et al., 2006) and 4)
Mineral trapping (Xu et al., 2003). Adsorption trapping, in coal and organic-rich shale,
also has been proposed (Busch et al., 2004; Arif et al.). Thus, in order to optimise
storage efficiency and to ensure minimum CO: leakage, reservoirs with specific

properties have to be carefully and systematically selected (Chiquet et al., 2007).

One of the fundamental, underlying reservoir properties, which strongly impacts CO-
injectivity, storage capacities and containment security, is wettability (Iglauer et al.,
2015b). Thus it is an imperative that wettability needs to be closely studied and

understood in great detail.

In this context, several studies have measured the wettability of clay minerals by
contact angle measurements, especially for CO.-brine-muscovite (mica) systems
(Chiquet et al., 2007; Farokhpoor et al., 2013; Arif et al., 2016a; Broseta et al., 2012;
Wan et al., 2014; Wang et al., 2012b). These studies examined the contact angle of
CO»-brine on muscovite (mica) substrates at elevated pressures and temperatures.
Their results show that the water contact angle increases with pressure and salinity,
and decreases with increased temperature. Other researchers have investigated the
wetting of CO. on organic shales (Barnet Shale), which consisted mainly of clay.

Conversely, they reported that increased pressure did not show an increase in contact
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angle, and increased temperature did cause an increased contact angle (Guiltinan et al.,
2017). Contact angles measured on caprock samples (siltstone, argillaceous siltstone,
calcareous sandstones, and calcareous siltstone), taken from a CO> storage site in New
South Wales, again increased significantly with pressure and temperature (Iglauer et
al., 2015a). These studies suggest that there are some significant discrepancies in the
reported results. These could be attributed to various factors including chemical
heterogeneity of substrate, surface roughness and contamination (Iglauer et al., 2015b;

Butt et al., 2006).

To gain a greater understanding of the underlying causes, this research systematically
analysed the wettability of clays; montmorillonite, illite and kaolinite through the
advancing and receding contact angle measurements. These three clays were chosen
for the analysis, since they are essential constituents of many rock-forming minerals
present in reservoir and caprocks (Guidotti, 1984; Iglauer et al., 2015b); which are
critical in CO. sequestration. The measurements were performed for COa/brine,
nitrogen (N2)/brine and No/oil (n-decane) fluid systems at various pressures (5 MPa,
10 MPa, 15 MPa and 20 MPa) and temperatures (305 K and 333 K). The experimental
setups are relevant for geo-sequestration conditions (Nielsen et al., 2012; Al-Yaseri et
al., 2016; Arif et al., 2016a). The characterisation for N2/brine and N2/oil (n-decane)
contact angle was measured to enhance fundamental knowledge, which will be
applicable to oil production and fundamental understanding of the development of
solid earth. Zeta potential was additionally measured to correlate the macroscopic
contact angle to surface chemistry and thus wettability (Iglauer, 2017; Arif et al.,
2017b). How pressure and temperature, clay type, pore system and surface roughness

influence contact angle were then analysed. Finally, the results were presented and
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discussed with providing primary reasons for the observed correlations, and compare

them with other reliable literature studies.

4.3. Experimental Methodology

4.3.1 Sample preparation

The clay powder samples were mechanically compacted to create solid
montmorillonite, illite, and kaolinite samples. The compaction rig used is illustrated in
Figure 4.1 and is described in detail in Beloborodov et al. (2016). The solids were
prepared from a brine-based mixture of montmorillonite, illite, and kaolinite. To mimic
the brine solution in the reservoir formation, we mixed 4 wt% NaCl, 4 wt% CaCl», 1
wit% MgCl, and 1 wt% KCI in deionised water. The brine mixture was added to each
of the above clay powders. The prepared mixtures were then poured into an oedometer
cell with an enclosed, semi-permeable porous plate (porous alumina, 25% porosity,
mean pore size < 2 um) that retained clay particles but passed the water through during
the compaction process. An automatic hydraulic pump (Isco-Teledyne 260D) was used
to create constant axial stress applied vertically to the porous plates on both sides of
the oedometer. The applied stress was increased, stepwise, until the stabilisation
criterion, of 0.01 mm in 16 hours for the sample of ~ 25 mm in height, was met to
prevent creep deformations and to fully consolidate the sample at a given step
(Beloborodov et al., 2017). All samples were compacted to the same porosity value of
15%. This was estimated as a function of cell volume (V,), a clay grain density

(pm) and clay mass (m), as given by equation 4.1 :

_om “1)

=1
¢ v
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Note that the particle size of individual clay grains is generally < 2 um or < 4 pm
(Moore and Reynolds, 1997; Weaver, 1989; Bergaya and Lagaly, 2013). The
aggregate grain size of montmorillonite, illite, and kaolinite was about 75 um, with
associations of aligned individual clay particles, as observed on scanning electron

microscopy (SEM) images.

After compaction, the samples were gently ejected from the oedometer cell and cut
into four subsample discs (5 mm thick, 38 mm in diameter) in the bedding direction of
the sample (normal to the applied stress). Subsamples were then oven-dried at 105 °C.

Details of the samples are provided in Table 4.1.

Drainage channel /_

[
-1
/I
Piston
Oedometer cell /i'

"=

Porous stone

Sample chamber

|
|
4em o — 40

Source: modified from Beloborodov et al.(2017)

Figure 4. 1 Schematic of the mechanical compaction rig
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Table 4.1 Provenance and purity of chemicals used

Chemical name Source of supply  State Mass fraction
Montmorillonite Ward’s natural Powder >0.950
Ilite Ward’s natural Powder >0.850
Kaolinite Ward’s natural Powder >0.950
NaCl Scharlab s.1., Powder >0.995
CaCl; Scharlab s.1., Powder >0.995
MgCl> Scharlab s.1., Powder >0.995
KCI Scharlab s.1., Powder >0.995
CO2 BOC, Australia Gas >0.999
N2 BOC, Australia Gas >0.999
n-Decane Sigma Aldrich Liquid >0.999
DI water David Gray’s Liquid 0.02 mS/cm”

“The conductivity of deionised water was measured with a Multiparameter (HI 9823)
at T =294 K at atmospheric pressure

4.3.2 Contact angle measurement

The contact angle measurements were conducted using the tilted plate technique
(Lander et al., 1993) and a high temperature-high pressure goniometer method, as
summarised in detail in (Yuan and Lee, 2013; Iglauer et al., 2015b). The schematic of
the experimental setup is illustrated in Figure 4.2. The surface roughness of three
prepared clay samples was measured with an atomic force microscope (AFM;
instrument model DSE 95-200). The root mean square (RMS) surface roughness
values were 180 nm, 310 nm and 740 nm for montmorillonite, kaolinite, and illite,
respectively, as shown in Figure 4.3, the topography of the three clay surfaces imaged
by AFM. Subsequently, the three samples were cleaned with air plasma for 5 minutes
to eliminate any potential organic surface contamination (Love et al., 2005). The
cleaning process is an essential step to help avoid introducing some possible bias in

the results (Iglauer et al., 2015b).

The cleaned clay samples were then placed in the pressure chamber at a set temperature

(308 K or 333 K). Using a high precision syringe pump (ISCO 500D; pressure
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accuracy of 0.1 % FS), CO2was injected into the chamber, and the pressure was raised
to prescribed values (5 MPa, 10 MPa, 15 MPa, or 20 MPa). After reaching the set
pressure, a droplet (average volume of a single drop was ~6 uL £ 1 uL) of brine
equilibrated with CO> by using a mixing reactor (ElI-Maghraby et al., 2012) was
dispensed onto the tilted surface (tilting angle of 12°) through a needle. However, the
COq-brine equilibration does not affect contact angle measurements on quartz (Al-
Yaseri et al., 2015). The whole process was recorded with a high resolution video
camera (Basler scA (640-70) fm, pixel size = 7.4 um; frame rate = 71 frames per
second; Fujinon CCTV lens: HF35HA-1B; 1.6/35 mm). The contact angles were then
measured on images extracted from the video records. The advancing water contact
angle (6.) was measured at the leading edge of the droplet, immediately before the
droplet started to move, while the receding contact angle (6r) was measured at the

trailing end of the droplet.

Additional measurements were conducted for each clay sample at 333 K, and 10 and
15 MPa for N./brine and NJ/oil (n-decane), with N injected into the cell, in place of
CO», and the measurement was made through oil (n-decane), as a liquid phase,
replacing the brine. The variation or error range in the reported contact angle is ~+3°

based on three (3) replicate measurements at experimental condition.

4.3.3 Zeta potential measurement

Zeta potential is an important technique of nanocrystal to assess the surface charge to
understand the physical stability of nanoparticles in aqueous suspensions (Jiang et al.,
2009). Zeta potential was measured by placing the clay dispersion into a folded

capillary cell that is used in the Malvern NanoZS instrument at 25 °C. Clay dispersion
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is controlled by the attractive and repulsive forces in the electrical double layer at the
surface of charged colloids (Chorom and Rengasamy, 1995). Three replicates were

measured, and the data are shown in Table 4.2.

Sources: adapted from (Arif et al., 2017a)

Figure 4. 2 Schematic diagram of the contact angle setup

Note: The apparatus parts include (a) CO2 cylinder (b) syringe pump-COg, (c) syringe
pump-brine, (d) high pressure cell with substrate housed on a tilted plate inside, (e)
heating unit, (f) liquid feed/drain system (reactor controller), (g) high resolution video

camera, (h) image visualization and interpretation software, (i) pressure relief valve.
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Figure 4. 3 3D topography of the three clay surfaces

Note: the three clay surfaces imaged by Atomic Force Microscopy; different heights
are coloured differently. (a) Montmorillonite with RMS of 180 nm (black is 0 nm and
white is 1600 nm), (b) Kaolinite with RMS of 310 nm (black is 0 nm and white is 2500

nm), (c) Illite with RMS of 740 nm (black is 0 nm and white is 4000 nm).
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4.4. Results

Advancing (6a) and receding (6r) CO2/brine contact angles (measured through water)
increased with increasing pressure for all three clay types. For example, when the
pressure was increased from 5 MPa to 20 MPa at 305 K, the advancing and receding
water contact angles for montmorillonite increased from 77° to 110° and from 72° to
105°, respectively (Figure 4.4). This result is consistent with most of the literature data
observed for contact angles of water/CO2/mica (Chiquet et al., 2007; Arif et al.,
2016a), water/CO/caprock (Roshan et al., 2016a; Iglauer et al., 2015a),
water/CO./quartz (Al-Yaseri et al., 2015; Saraji et al., 2013; Sarmadivaleh et al., 2015;
Al-Yaseri et al., 2016), water/CO-/silica(lglauer et al., 2015b; Jung and Wan, 2012),
water/COy/feldspar (Farokhpoor et al., 2013), and water/COz/calcite (Broseta et al.,

2012).

However, there was only a small reduction in advancing and receding contact angles
with an increase in temperature. For instance, the advancing and receding contact angle
for illite at 5 MPa dropped from 53 to 47° and 45 to 39°, respectively, when
temperature increased from 305 K to 333 K (Figure 4.5). This result is also consistent
with studies observed on water-wet mica surface (Arif et al., 2016a; Broseta et al.,
2012; Wan et al., 2014), and on clean quartz and calcite surface (Bikkina, 2011; Saraji
et al., 2013). Some studies, on the other hand, observed an increase in contact angles
with the increase in temperature as measured on various surfaces such as shale rocks
(Roshan et al., 2016a), feldspar (Farokhpoor et al., 2013), and quartz (Sarmadivaleh et

al., 2015; Al-Yaseri et al., 2016).
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Additional measurements were conducted for the nitrogen/brine and nitrogen/oil
advancing and receding contact angles for each clay at 10 MPa and 15 MPa, at a
constant temperature of 333 K (Figures 4.6 and 4.7), the same trend was observed for
these systems. Zeta potentials of the clay slurry were also measured at atmospheric
conditions (Figure 4.8 and Table 4.2) to investigate how the clay surface charge is
related to the macroscopic contact angle, although the results can be different to CO>

at storage conditions (Borysenko et al., 2009).

Table 4.2 Zeta potential measured for each clay

Clay Zeta Potential Value (mV) Average (mV)

-9.01
-8.17 -98+25
-12.3
-0.42
Ilite -3.69 -2.1+1.6
-2.16
1.6
Kaolinite 5.27 3.6+2
3.79

“Measured in 4 wt% NaCl + 4 wt% CaCl, + 1 wt% MgCl, + 1 wt% KCI brine
at 25°C

Montmorillonite
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Figure 4. 4 6a and 6r of the three clays as a function of pressure

Note: montmorillonite, illite and kaolinite were measured at (a) 305 K, and (b) 333 K
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Note: montmorillonite, illite and kaolinite were measured at 333 K
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4.5. Discussion

Various parameters were examined in terms of how they affect the wettability,
including pressure, temperature and clay type. The results of CO2/brine wettability
were then compared with No/brine and N2/oil (n-decane) wettability measured at the
same pressure and temperature. The findings are discussed in detail in the following

sections.

4.5.1 Influence of pressure and temperature on brine/CO2/clay wettability

The water contact angle was observed to increase with increase in pressure (Figure
4.4). It is related to the increasing CO:z density, which strengthens the intermolecular
interactions between CO. and the mineral, and therefore leads to de-wetting of the
surface (lglauer et al., 2012; Al-Yaseri et al., 2016). Furthermore, the effect of
temperature on the contact angle measurement (Figure 4.5) is associated with fluid
density and van der Waals forces. The legitimacy of this de-wetting observation has
been strengthened by a previous study on hydrophilic versus hydrophobic surfaces of
COq/brine/dolomite wettability (Al-Yaseri et al., 2017b). The reader is referred to this
article for the theoretical details. This fact also has been formulated in detail in Al-
Yaseri et al. (2016) for gas/brine/quartz systems in terms of fluid density. Clearly,
there is a strong correlation between gas density and wettability. Likewise, the van der
Waal potential on hydrophilic surfaces can significantly decrease with temperature,
which can, in turn, increase in contact angle. The reason is that hydrophilic surfaces
provide more effective van der Waals interactions between water molecules and the
substrate surface, and hence a stronger function of temperature (Al-Yaseri et al.,
2017b). Nevertheless, such interactions are weakly present on hydrophobic surfaces,

and thus, the temperature dependency is weak. From the above observations and
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discussions, it is apparent that hydrophobic surfaces are more likely to experience a

decrease in contact angle with increasing temperature.

4.5.2 Influence of clay type

It is well defined that clay minerals often carry negative charges on their minerals
surface due to their crystalline structure, thus increasing their wettability complexity
(Grim, 1953; Brigatti et al., 2013). Montmorillonite has higher brine contact angle in
the presence of CO than illite and kaolinite (Figure 4.4). This behaviour can be
attributed to the layered structure of the clay minerals formed by assemblages of

hydroxide and crystalline silicate sheets (Bergaya and Lagaly, 2013).

Kaolinite is composed of one hydroxide and one silicate sheet (1:1 structure), and it
has a weak negative charge on its basal planes, while it can be positively or negatively
charged on its edges depending on the pH of the surrounding medium (Sposito et al.,
1999). Kaolinite has the isoelectric point (pH value at which electrophoretic mobility
is zero), as summarised by Schroth and Sposito (1997), of either 3.3, 4.6 (Parks, 1967),
5.0 (Ferris and Jepson, 1975), or 4.25 (Carroll-Webb and Walther, 1988), depending
on the pre-treatment, which leads to varied silica-alumina ratios on the edges of the
kaolinite crystal (Diz and Rand, 1989). Silicate surfaces in kaolinite have no
isomorphism and a small surface charge density and therefore interact only weakly
with water molecules. In contrast, the hydroxide surface interacts strongly with polar
molecules, thus promoting water-wetness (Robin et al., 1995). Consequently, both
polar and apolar attractions can be seen on kaolinite. On the other hand, the surface
charge of 2:1 phyllosilicates such as illite (smectite) varies significantly, depending on

the extent of isomorphous substitution in their crystalline structure and the nature of
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the exchanged cations. Isomorphous substitution increases surface charge density and
thus promotes water-wetness (Bergaya and Lagaly, 2013). However, when such
substitutions are limited, resulting in a low surface charge density, the apolar
component can interact with dispersed hydrated cations, thus resulting in oil-wet
surfaces. The 2:1 clay minerals, with low surface charge density, are thus more likely
to be oil-wet (e.g., montmorillonite) although this also depends on the nature of the
exchangeable cations and their hydration enthalpy (Bergaya and Lagaly, 2013). This
Is consistent with the zeta potential measurements (Figure 4.8 and Table 4.2), which
confirm that the test montmorillonite clay does not have high surface charge density
in the test solution, and thus it is likely to be oil-wet, and that kaolinite and illite likely
to be water-wet. However, it is worth noting that surface charge density alone (zeta

potential) might not be an indicator of overall wetness (Bergaya and Lagaly, 2013).

4.5.3 Influence of pore systems on COx/brine/clay wettability

The pore system of reservoirs rock is also an important factor that impacts wettability.
To take the porous character of the compressed clay samples into account, we refer to
the study conducted by Alnali et al.(2018). This has been modelled with equation 4.2,

below:

29y16c056 (4.2)

YiG €0S 0 = Ys¢ — Vs — -

Where y is the interfacial tension or surface free energy (S, G and L represent solid,
gas and liquid phase, respectively), ¢ is the porosity, h is the average capillary rise
(from a water droplet on the clay until it starts to migrate into the pores) in the pore

system, and r is the average pore radius.
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Furthermore, the Cassie-Baxter equation (Eq. 4.3, below) was applied to predict the
trend of contact angle changes and to assess the accuracy of predicting the measured

clay contact angle data.

cosO,=f;cos—(1-Ff) (4.3)

Where 0: is the predicted Cassie-Baxter contact angle, fiis the fractional projected area
of material (tested clay), 6 is the smooth area contact angle, and (1- fi) describes the
contribution of CO> remaining under the droplet (Milne and Amirfazli, 2012; Alnali

etal., 2018).

Comparison of the equilibrium of the contact angle is obtained in this study through
laboratory experiments, use of the Cassie-Baxter method and a new method, described
in Alnali et al. (Eq. 4.2) (2018). The results are plotted in Figure 4.9. To this end, we
used a porosity of 15 %, h = 0.5 mm, and the interfacial tension data given in (Arif et
al., 2016b) for water-wet mica (muscovite), which serves as, a conservative proxy for
illite. The results clearly show that the contact angles determined via the Cassie-Baxter
equation and derived by Alnali’s model for porous clay correction were systematically
higher than those derived from the laboratory measurements. In this case, the number
of surface pores (porosity fraction), pore throat diameter, and height of fluid infiltration
play dominant roles in the magnitude and kinetics of contact angle variation on a
porous surface. Therefore, the increase in contact angle due to the presence of pores
was associated with the capillary-driven forces acting at the surface pore throat, which
has been mathematically formulated earlier (Roshan et al., 2016b; Alnali et al., 2018).

This has an impact on the effectiveness of CO: residual trapping during the
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spontaneous imbibition for CO2 geo-storage and enhanced oil recovery (Roshan et al.,

2016b; Alnali et al., 2018; Strand et al., 2003)

4.5.4 Influence of surface roughness on CO/brine/clay wettability

The influence of surface roughness on contact angle has been long recognised, i.e
Young’s equation is only applicable to ideal (mathematically) flat surfaces (Marmur,
2006). The Wenzel equation (see Eq. 4.4 below) is used to account for the effect of

surface roughness (Wenzel, 1936).

0S Broygn =1 €0S Osmootn 4.4

Where Oraugh is the contact angle on the rough surface (apparent) and Osmooth is the
Young’s contact angle on an ideal surface; r is defined as the roughness ratio of the
actual (measured) and the projected (ideal) solid surface. Thus, r is equal to 1 for an

ideal surface and greater than 1 for a rough surface.

Note that wettability of the original surface is intensified by surface roughness (Seo et
al., 2015); this effect is related to full infiltration of the wetting fluid into the roughness
grooves, resulting in a homogeneous wetting regime (Marmur, 2006; Swain and
Lipowsky, 1998). However, the Wenzel’s equation is applicable only when the wetting
droplet size is greater than the roughness scale by two to three orders of magnitude, as

shown by molecular dynamics simulations (Marmur, 2006; Brandon et al., 2003).

In this study, surface roughness was measured by AFM, and r was quantified by

dividing the actual length of the profile line (La from Figure 4.3) by the projected
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profile line (Li). The measurement was repeated for five different profile lines, and
then the average r was calculated (Table 4.3). The roughness ratios lied between 1.003
and 1.010, with standard deviations of = 0.0071, 0.0029 and 0.0026 for

montmorillonite, illite and kaolinite, respectively.

The conversion results using the Wenzel equation showed that the Osmooth Values are
slightly higher than Orugh for the case of kaolinite and illite, but identical for
montmorillonite. We note that additional factors such as surface sharpness, sorption
on surfaces and associated energy dissipation can influence the contact angle on rough

surfaces, and these are not considered in the Wenzel’s equation (Butt et al., 2006).

4.5.5 No/brine, N2/oil and converted brine/oil/clay wettability

Measuring brine/oil/clay contact angles at in situ conditions is a complex procedure.
Therefore, Na/brine/clay and N2/oil/clay contact angles were measured (Figures 4.6
and 4.7) and then converted to brine/oil/clay contact angle, see below (Table 4.4). To
convert nitrogen/brine/clay and nitrogen/oil/clay to brine/oil/clay contact angles, the
equation 4.5 below, proposed by Siddiqui et al. (2018), was used. This equation was

derived by extending Young’s equation:

Ysw — Yso) — cos—1 (VOACOS 804 — Ywa COS 9WA) (4.5)

0,y = cos™ 1 (
ow Yow

Yow

Here y is the interfacial tension, and & is the water contact angle (where OW, SW, SO,
OA and WA represent the oil/water, solid/water, solid/oil, oil/air and water/air

interfaces). The oil/N2, water/ N> and oil/water interfacial tension data was collected

86



from literature for each pressure and temperature (Jianhua et al., 1993; Wiegand and
Franck, 1994; Yan et al., 2001). Advancing and receding contact angles were then
converted to Young’s equilibrium contact angles (Table 4.4), using (Chibowski and

Terpilowski, 2008; Tadmor, 2004):

8, = cos—! (rAcoseA + choseR) (4.6)
Ty +1g
with:
sin36, 13
Ty =
2 — 3co0s0, + cos36,
and:

sin36, 1/3
T‘R = 3
2 — 3cos0g + cos>0y

The results of the conversion (shown in Table 4.4) show that montmorillonite is
intermediate-wet to weakly oil-wet, depending on pressure, while illite and kaolinite
are strongly water-wet. It is evident that increasing pressure renders the surface more
hydrophobic. As discussed above, the 2:1 structured clays can be oil-wet if the surface
charge density is low. This is, in fact, the case for the montmorillonite tested, as oil-
wetness is observed. In contrast, the highly charged kaolinite is strongly water-wet,
indicating a strong interaction between the surface hydroxyl groups with the polar

water molecules (Barclay and Worden, 2009).
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Table 4.3 Haand Or on the rough and smooth surface at 20 MPa

Clay RMS*(nm) T(K)  B,rough(°) 6, rough (°) ™ 8,smooth™ (°) 6, smooth™"(°)
Montmorillonite 180 303 110 105 1.003 109.9 105.0
333 107 101 106.9 101.0
Ilite 310 303 57 51 1.007 57.3 51.3
333 55 49 55.3 49.3
Kaolinite 740 303 67 60 1.010 67.2 60.3
333 65 58 65.3 58.4

*

RMS = root-mean-square surface roughness
“ ris roughness ratio
"6/ 6 smooth were predicted via the Wenzel equation

Table 4. 4 6 for N2/oil/clay and N2/brine/clay conversion to brine/oil/clay
(Measured at 333 K)

Contact Angle

Clay Prﬁ/ls;ure (No+brine) Contact Angle (N2+oil) bY'OU;]lg Y'c:;jlil]g Cbor_we/rt_eld

(MPa) Advancing Receding Advancing Receding rineiiNa 01 rine/ol

Montmorillonite 10 74 70 16 14 71.7 15.0 90.3
15 90 84 19 17 89.9 18.0 116.9

lite 10 40 36 18 16 38.0 17.0 46.2

15 47 43 21 19 45.0 20.0 54.4

Kaolinite 10 33 30 14 12 315 13.0 38.9

15 39 34 16 14 36.4 15.0 44.6
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Figure 4.9 Comparison of the equilibrium contact angles

Note: the equilibrium contact angles were obtained through the laboratory experiment,
the Cassie-Baxter method and the Alnali’s model (Alnali et al., 2018) (measured at

305 K for advancing lllite).

4.6. Conclusions

Carbon dioxide wettability of clay is poorly understood. This is despite its key role
and importance in controlling the efficiency of carbon dioxide geo-storage trapping
and methane recovery mechanisms. This complexity of understanding its wettability
is further aggravated by the large variation in the composition of caprocks and storage
rocks (lglauer, 2017; Iglauer et al., 2015b). In this study, the wettability of
montmorillonite, illite and kaolinite with carbon dioxide/brine, nitrogen/brine and
nitrogen/oil were measured at elevated pressures and temperatures to assist in the

understanding of fundamentally important issues.
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The results demonstrated that montmorillonite has a higher water contact angle in the
presence of carbon dioxide when compared to illite and kaolinite. The same trend was
observed for nitrogen/brine and brine/oil systems. Moreover, the water contact angle
increased with increase in pressure; consistent with most literature data observed for
carbon dioxide-wettability of mica (Arif et al., 2016a; Chiquet et al., 2007), caprocks
(Iglauer et al., 2015a; Roshan et al., 2016a), quartz (Al-Yaseri et al., 2015; Saraji et
al., 2013; Sarmadivaleh et al., 2015; Al-Yaseri et al., 2016), silica (Iglauer et al.,
2015b; Jung and Wan, 2012), feldspar (Farokhpoor et al., 2013), and calcite (Broseta
et al., 2012). The explanation is that the increase in carbon dioxide density with
pressure strengthens the intermolecular interactions between carbon dioxide and the
mineral surface, and therefore leads to de-wetting of the surface (Iglauer et al., 2012;

Al-Yaseri et al., 2016).

Furthermore, the contact angle slightly declined with increasing temperature for all
clay samples. This is consistent with previous studies on other minerals; observed on
water-wet mica (Arif et al., 2016a; Broseta et al., 2012; Wan et al., 2014) and clean
quartz and calcite surfaces (Bikkina, 2011; Saraji et al., 2013), as well as with
molecular dynamic simulations (Iglauer et al., 2012). However, it is inconsistent with
observations on shale rocks (Roshan et al., 2016a), feldspar (Farokhpoor et al., 2013),
and quartz (Sarmadivaleh et al., 2015; Al-Yaseri et al., 2016) by some researchers.
This dissimilarities (of contact angle as a function of temperature) may be due to
differences in, e.g. salt concentration, salt type or surface roughness (Al-Yaseri et al.,

2016).
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In summary, montmorillonite tends toward oil-wet, while illite and kaolinite are more
water-wet. Montmorillonite, as a 2:1 structured clay can be oil-wet due to its lower
surface charge density. Moreover, increasing pressure renders the surface more
hydrophobic. In contrast, kaolinite is strongly water-wet, followed by illite, indicating
a strong interaction between the surface hydroxyl groups with the polar water
molecules (Barclay and Worden, 2009). Finally, this study concluded that
montmorillonite is strongly oil-wet. Kaolinite and illite, however, are strongly water-
wet at typical storage conditions (high pressure, elevated temperature). Some of the
issues emerging from these findings relate specifically to the flow of carbon dioxide
and its entrapment in the subsurface formations for carbon dioxide geo-storage, fluid
spreading and the dynamics in the reservoir for carbon dioxide injection for methane

recovery.
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Chapter 5 Dependence of clay wettability on gas density

5.1 Summary

New correlations to predict the advancing and receding contact angles of three
different clays (i.e. montmorillonite, Illite, and kaolinite) as a function of gas density
have been developed. Advancing and receding contact angles of the three clays were
measured for helium, nitrogen, argon, and carbon dioxide/brine systems at various
pressures (5, 10, 15, and 20 MPa) and a constant temperature of 333 K. The statistical
analysis shows that the developed correlations are capable of predicting the contact
angles of the three clays with very high accuracy (i.e. R > 0.95, for all the newly
developed correlations). The results also indicate than the wettability of these clays
can be computed from knowledge of the gas densities, using these new empirical
correlations. This work has important implications for improving wettability
predictions, and thus reducing risks related to subsurface operations, such as carbon

dioxide storage or hydrocarbon recovery.

5.2 Introduction

Mitigating global climate change requires immediate actions, to reduce atmospheric
carbon dioxide (COz) emissions and evade the possibilities of upcoming devastating
effects. Geological COz sequestration (GCS) in deep saline reservoirs has received
growing recognition to reach this goal (IPCC, 2005). In this process, CO; is extracted
from stationary emission sources and locked in underground geological formations
(Chalbaud et al., 2010; Lackner, 2003; IPCC, 2005). GCS storage efficiency and
containment security depend on several CO. storage mechanisms, in which structural

and residual CO3 trapping are the main strorage mechanisms (Orr, 2009; IPCC, 2005).
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These trapping mechanisms are affected by capillary forces, which exist in the rock
pores. Capillarity controls the migration and distribution of CO», oil, methane and
brine. Wettability is a key aspect determining residual saturations, capillary pressures
and relative permeabilities (Anderson, 1986b; Morrow, 1990; Pentland et al., 2011a;
Iglauer et al., 2011; Al-Khdheeawi et al., 2018). Thus, the process of CO, storage in
underground geological formations is affected by rock, water/liquid and gas properties

(Arendt et al., 2004; Chalbaud et al., 2009; Yang et al., 2008).

Studies have endeavoured to measure clay wettability through contact angle
measurements and researchers have observed several inconsistencies. These studies
observed CO> contact angles on pure clays (montmorillonite, illite and kaolinite)
(Fauziah et al., 2019b), where the results show that montmorillonite is strongly oil-
wet, while illite and kaolinite are water-wet. Studies on muscovite (mica) substrates
(Chiquet et al., 2007; Farokhpoor et al., 2013; Arif et al., 2016a) show that the water
contact angle increased with increasing pressure and salinity, and decreased with
increasing temperature. Other studies examined COz on organic shales (Barnet Shale)
which mostly contained clay (Guiltinan et al., 2017; Pan et al., 2018; Arif et al.,
2017d). In this case, the water contact angle decreased with pressure, and increased
with temperature. The wettability of CHa/brine/clay-coated quartz system has also
been investigated, the results show that hydrophobicity increased with pressure
(elevated pressure) for clean, kaolinite-coated, and montmorillonite-coated quartz
(Pan et al., 2019a). In addition, clay-rich shale wettability has been tested by contact
angle and spontaneous imbibition experiments, in which significant discrepancies
have been observed for both measurement techniques (Borysenko et al., 2009;

Siddiqui et al., 2019; Dehghanpour, 2013; Engelder et al., 2014). Contact angle
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measurements are affected by several factors such as surface roughness and salinity,
whereas the spontaneous imbibition is more relevant by heterogeneity, morphology of
pore structure, and effect of clay minerals (Siddiqui et al., 2019). Prediction of
molecular dynamic simulations show that Na-/Ca-montmorillonite is more
hydrophobic when exposed to CO> at reservoir conditions (Myshakin et al., 2013),
while kaolinite surfaces are more hydrophilic due to surface hydroxyl groups (Solc et
al., 2011). Gas densities has been previously shown to correlate with wettability on
quartz surfaces (Pan et al., 2019b; Al-Yaseri et al., 2016). However, a similar
correlation has yet to be examined on pure clays. In this study, we develop pseudo

clay surfaces by compacting pure clay powder into a solid substrate.

To better understand the correlation between gas densities and wettability on pure clay,
this research thoroughly analysed the wettability of various clays; montmorillonite,
illite and kaolinite, through contact angle measurements. These three clays are
important constituents of common rock-forming minerals present in reservoir and
caprock lithologies (Iglauer et al., 2015b; Guidotti, 1984), which determine CO>
sequestration. The measurements were performed for helium (He), nitrogen (N2),
argon (Ar), and carbon dioxide (CO2)/brine system at various pressures (5 MPa, 10
MPa, 15 MPa and 20 MPa) and a constant temperature of 333 K. New mathematical
models were developed from which advancing and receding contact angles can be
predicted for montmorillonite, illite, and kaolinite as a function of pressure and gas
density. These correlations can be implemented in reservoir simulation to improve

CCS planning and operations.
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5.3 Methodology

5.3.1 Sample preparation

Three clay powders (montmorillonite, illite, and kaolinite) were mechanically
compacted to create solid samples. To eliminate the variabilities from natural sample
(e.g., heterogeneities, discontinuities, etc.) and verify the repeatability of experimental
results (Feng et al., 2019; Guo et al., 1993), synthetic sample was prepared and used
in this study. The clay powders were initially mixed with formation brine (20 wt%
NaCl /1 wt% KCI in deionised water). This mixture was poured into a cylindrical steel
cell (constructed inhouse, 10cm long and 3.8cm internal diameter) enclosed with a
semi permeable, circular porous plate (porous alumina, 25% porosity, mean pore size
< 2 um). To simulate the natural sedimentary process, axial stress (10 MPa) was
applied to the mixture using a high precision, 260D ISCO syringe pump series. Excess
brine was expressed through a drainage tube. The compacted cylindrical samples
(diameter of 3.8 cm and length of 1cm) were removed from the cell after one week
and dried in an oven set at a temperature of 50 °C for 48 hours. All samples were
compacted to the same porosity level of 15%. The grain size of montmorillonite, illite,
and kaolinite was about 75 um (Fauziah et al., 2019b). The size of individual clay
particles is generally < 2 um or < 4 um (Bergaya and Lagaly, 2013; Weaver, 1989;
Moore and Reynolds, 1997). The compaction apparatus used is illustrated in Figure

5.1 and details of the samples are provided in Table 5.1.
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Figure 5.1 Schematic of the mechanical compaction apparatus

5.3.2 Contact angle measurement

The compacted clay samples were placed into air plasma for 5 minutes to remove
organic surface contamination (Love et al., 2005). This cleaning procedure is
necessary to ensure accuracy of the results (Iglauer et al., 2014a; Bikkina, 2011). A
tilted plate goniometric technique was used (Lander et al., 1993), and the setup
comprised a cell designed to run at high temperature-high pressure settings. The
detailed experimental setup has been described previously (Fauziah et al., 2019b;
Fauziah et al., 2020). Brine (20 wt% NaCl and 1 wt% KCI, with mass fraction purities
> 0.99; see Table 5.1, in deionised water) was used for these measurements. The
substrate was inserted inside the cell at a set temperature (333 K). He, N2, Ar, and COg,
all with mass fraction purities > 0.99; (see Table 5.1), was then injected into the cell
using a high precision syringe pump (ISCO 500D; pressure accuracy of 0.1 % FS), and
the pressure was raised to pre-set values (5 MPa, 10 MPa, 15 MPa, or 20 MPa).
Subsequently, an equilibrated brine droplet (average volume of a single drop was ~6

+ 1 ul) was released onto the surface of the substrate through a needle. The process
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was filmed with a high-resolution video camera, and the images extracted from the
files to acquire the advancing and receding water contact angle. The standard deviation

associated with the contact angle measurements was + 4°.

Table 5.1 Provenance and purity of chemicals used

Chemical name Source of supply  State Mass fraction
Montmorillonite Ward’s natural Powder >0.950
Ilite Ward’s natural Powder >0.850
Kaolinite Ward’s natural Powder >0.950
NaCl Scharlab s.1., Powder >0.995
KCI Scharlab s.1., Powder >0.995
CO2 BOC, Australia Gas >0.999
N2 BOC, Australia Gas >0.999
Ar BOC, Australia Gas >0.999
He BOC, Australia Gas >0.999

5.4 Results and Discussion

In this section, new correlations were developed for predicting advancing and receding
contact angles for the three different clays (i.e. montmorillonite, Illite, and kaolinite)
as a function of gas density and reservoir pressure at an isothermal temperature of 333
K. The density of the four gases (i.e. He, N2, Ar, and CO2) was calculated using the

Real Gas Equation of State (EOS; Eq 5.1) (Ahmed, 2018), plotted in Figure 5.2:

PV = ZnRT (5.1)

Where P is the pressure (Pa), V is the volume (m?), n is the number of moles of gas
(mole), Z is the compressibility factor, R is the universal gas constant (8.314
m?.Pa/K.mol), and T is the absolute temperature (K). In addition, n represents the ratio

of weight of the gas (m) to its molecular weight (M), as described below:
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_m (5.2)
"=u
Thus, the above EOS can be written as follows:
_,m (5.3)
PV = ZM RT

Where m is the weight of gas (Ib), and M is molecular weight (Ib/Ib-mol).

Gas density (p ) represents the ratio of gas mass to its volume. Thus, EOS can be

rearranged in terms of gas density as follows:

PM (5.4)

Where p is the gas density (kg/m®).

Importantly, the compressibility factor (Z) represents the ratio of the actual to the ideal

volume of the gas.

_ VActual (55)

/ =
Vldeal

Here, we used Standing and Katz’s chart to calculate the compressibility factor for

the used gases at various pressures (Ahmed, 2018).
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Figure 5. 2 Gas densities for CO2, N2, Ar, and He as a function of pressure

Note: the measurement was conducted at a constant temperature of 333 K)

Firstly, a pair of correlations for predicting advancing and receding contact angles for
each clay as a function of the gas density only, at a constant temperature (333 K), was
developed. The results indicate that the mathematical expressions, which were most
representative of the relationships, were found to be the second degree polynomial
form for montmorillonite, the logarithmic form for illite, and power form for kaolinite

(Equations 5.6 to 5.11):

0, montmorillonite = —6 x 10™5p% + 0.1359 p + 42.256 (5.6)

6, montmorillonite = 7 X 10™°p2 + 0.1349 p + 39.039 (5.7)
0, illite = 7.2336 In (p) + 13.915 (5.8)
0, illite = 6.917 In (p) + 11.303 (5.9)
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0, kaolinite = 17.07 p%1648

0, kaolinite = 15.738 p°1614

(5.10)

(5.11)

Where 6, and 6 are the advancing and the receding contact angles, respectively; and

p is the gas density (kg/m®).

These correlations (Eq. 5.6 to 5.11) are able to predict the advancing and receding

contact angles with acceptable accuracies, as indicated in Figures 5.3 and Table 5.2.

Table 5. 2 Statistical accuracy of the developed correlations

Correlation

Correlation Coefficient (R)

Average Absolute Error (%)

02 montmorillonite
0r montmorillonite
0a illite

or illite

0a kaolinite

Or kaolinite

0.95
0.95
0.87
0.87
0.84
0.84

8.99
9.22
9.32
10.32
10.62
11.71

Note: the developed correlations of 6, and 6; as a function of gas density only

The average absolute error is a statistical parameter to measure the average value of

the absolute relative deviation of the calculated contact angle from the measured

contact angle. The percentage of the average absolute error can be calculated as

follows:

_ 1 yna
Average Absolute Error (%) = = Tl—d Zi=1|Ei| (5.12)

Eiis the relative deviation of the calculated contact angle form measured contact angle:
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0 -0 z
Ei _ l( calculated measured)x % 100 i=1,2 3. .ng (5.13)

Omeasured

A lower value of Average Absolute Error indicates a better agreement between the

calculated and measured contact angle.
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Subsequently, a pair of empirical correlations for predicting advancing and receding

contact angles for each clay as a function of the pressure and gas density (at a constant

temperature of 333 K) was developed. Non-linear multiple regression was used to

obtain the best match for these data. The following correlations were identified

between the two output parameters (advancing and receding contact angles) and the

two input parameters (i.e. density and pressure):

6,montmorillonite = 0.550812 p°728117 4 3472902 p0-063920
6, montmorillonite = 0.574271 p°®715856 4 30.56862 p0-084254
O,illite = 20.54697 p%14468% 4 0.044753 p1-908774

8, illite = 18.00631 p°150726 4 0,039616 PLo4+7717
Oykaolinite = 17.37647 p®133958 4+ 0.001204 p3-090959

O kaolinite = 16.66928 p°12322% 4 0,000151 p3.771940

where P is the pressure (MPa).

(5.14)
(5.15)
(5.16)
(5.17)
(5.18)

(5.19)

Ranges for the input and output variables that were used to develop the new

correlations (Eq. 5.6 to 5.11 and Eq. 5.14 to 5.19) are summarized in Table 5.3. The

correlations (Eq. 5.14 to 5.19) are able to predict the advancing and receding contact

angles with an excellent accuracy (Figures 5.4 and 5.5) and Table 5.4. Importantly,

Figures 5.4 and 5.5 and Table 5.4 indicate that by including the reservoir pressure in

the correlations, improves the accuracy of the correlations of all tested clays.
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Table 5. 3 Data ranges used for developing the new correlations

Characteristic Minimum Maximum Mean
02 montmorillonite 35 107 63

0r montmorillonite 32 101 59.375
0a illite 26 65 47

o illite 23 60 43

0a kaolinite 20 55 37

Or kaolinite 18 49 34
Pressure (MPa) 5 20 12.5
Density (kg/ m®) 7.11 724.46 188.45

Table 5. 4 Statistical accuracy of the developed correlations

Correlation Correlation Average Absolute Error (%)
Coefficient (R)
82 montmorillonite 0.951 8.44
0r montmorillonite 0.952 8.90
0a illite 0.966 5.25
O illite 0.968 5.79
0a kaolinite 0.979 3.93
Or kaolinite 0.969 5.48

Note: the developed correlations of 8, and 6; as a function of gas density and reservoir

pressure
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Figures 5.4 and 5.5 show that clay contact angle (i.e. clay wettability) is highly affected
by gas density. Our results demonstrate that water gas wetness of clays increased with
an increase in gas density (i.e. increasing gas density reduce the water wettability of
clays). In addition, the results indicate that higher pressure leads to higher advancing

and receding contact angles for all tested gases.

In summary, the results show that gas density and pressure influence montmorillonite,
illite, and kaolinite wettability. Increasing pressure and gas density resulted in higher
advancing and receding contact angles. These investigations determined that
wettability could be successfully correlated to gas density and pressure. This output
has important implication for improving the assessment of CO. geological

sequestration and fluid flow in porous media.

5.5 Conclusions

Clay wettability is a key parameter which controls fluid movement through the porous
medium and carbon dioxide storage efficiency. Wettability can be estimated by
measuring the contact angle in the laboratory using different experimental methods
such as tilted plate technique. However, this laboratory measurement is a time-
consuming operation. In this research, six new mathematical models to predict
advancing and receding contact angles for montmorillonite, illite, and kaolinite as a
function of pressure and density at a constant temperature (333 K), were developed.
16 experimental data points were obtained from four different gases (i.e. helium,
nitrogen, argon, and carbon dioxide and four pressures (5 MPa, 10 MPa, 15 MPa, and
20 MPa) for each clay and gas density between 7.11 and 724.46 kg/m?®. The calculated

advancing and receding contact angles from the developed empirical correlation have
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been compared with the measured contact angles from the laboratory. The results show
that the correlation predictions have very high degrees of accuracy. The new
correlations predict the contact angle with very high correlation coefficients (R is
ranged from 0.951 to 0.979) and very low average absolute errors (AAE is ranged from
3.93% to 8.90%). It is therefore concluded that the newly developed correlations are
able to be applied to predict the montmorillonite, illite, and kaolinite advancing and
receding contact angles. This work will improve the estimation of clay contact angle
and therefore assist with various wettability issues related to CO> geo-storage or

hydrocarbon recovery.
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Chapter 6 Carbon dioxide wettability of South West Hub

sandstone, Western Australia: Implications for carbon geo-storage?

6.1 Summary

Wettability of carbon dioxide-brine-South West Hub sandstone (GSWA Harvey-1)
was systematically analysed at various pressures (0.1 MPa, 5 MPa, 10 MPa, 15 MPa,
and 20 MPa) and a temperature of 334 K. A new procedure based on organic carbon
isotope tracking (8"Corg) Was proposed to eliminate the effect of artificial organic
matter introduced by drilling mud penetration. The results indicate that the advancing
(62) and receding (6r) water contact angles for the carbon dioxide-brine-South West
Hub sandstone system increased with increasing pressure (ranging from 71°-118° and
66°-111°). It can thus be suggested that the system was weakly water-wet to
intermediate-wet. When the samples were treated with dichloromethane, a slight
decline in organic content was observed leading to slight decrease in water contact
angles. The wettability analyses demonstrate that: a) the contact angle is very sensitive
to the amount of organic matter and therefore care should be taken to remove artificial
organic matter from the sample, and b) this condition prevails in a real proposed carbon
dioxide-storage site. These analyses thus have potentially important implications for
assessing the feasibility of long-term carbon dioxide storage and enabling large-scale

industrial carbon geological storage projects.

*
2 "Reference: Fauziah, et al. 2020 in International Journal of Greenhouse Gas Control, 98, 103064.
https://doi.org/10.1016/j.ijggc.2020.103064
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6.2 Introduction

Carbon capture and storage (CCS) has been identified as a feasible technology to help
in alleviating climate change effects by reducing carbon dioxide (CO2) emissions
(IPCC, 2005; Lackner, 2003; Chalbaud et al., 2009). In CCS, CO: is captured and
collected from large gas emitters in power stations, filtered, concentrated, and then
injected into deep geological rock formations for storage (IPCC, 2005). The potential
for leakage of CO> from the storage reservoirs is a primary concern with CCS, since
its density is lower than formation brine, resulting in CO> vertical migration. To
prevent CO. leakage and mitigate CO, upward migration, various trapping
mechanisms have been examined. These include structural (Jamaluddin et al., 1998;
Iglauer et al., 2015a), residual (Hesse et al., 2008; Qi et al., 2009), dissolution (El-
Maghraby et al., 2012; Riaz et al., 2006) and mineral trapping (Matter et al., 2016; Xu
et al., 2003). Adsorption trapping in coal and shale such as clay-rich sandstone has
been also suggested (Arif et al., 2017d; Busch et al., 2004). One of the key factors,
which strongly affects storage capacity and containment security, is CO2-rock
wettability (Iglauer et al., 2015b; Iglauer, 2017). It is essential, therefore, that the
science of wettability is characterised in detail. Rock wettability controls processes
such as capillary pressure, residual saturation, and relative permeability, which dictates

multiphase flow at reservoir-scale (Al-Khdheeawi et al., 2018).

Several studies have attempted to measure rock and mineral wettability through
contact angle measurements. Researchers have observed several inconsistencies. For
example, some studies reveal that with increasing pressure, the water contact angles
increased (Alnali et al., 2018; Al-Yaseri et al., 2016; Fauziah et al., 2019b; Fauziah et

al., 2019a; Saraji et al., 2013). However some other researchers did not observe such
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increases (Espinoza and Santamarina, 2010; Farokhpoor et al., 2013; Wang et al.,
2012a). Furthermore, the water contact angles were both observed to decrease
(Bikkina, 2011; Saraji et al.,, 2013; Fauziah et al., 2019b), and increase with
temperature (Alnali et al., 2018; Al-Yaseri et al., 2017b; Farokhpoor et al., 2013). Most
importantly, hydrophobic surfaces can be CO.-wet at high pressure (Iglauer, 2017),
while variation in temperature induces different wetness (Al-Yaseri et al., 2017b). This
is consistent with the observation that a high total organic content (TOC) leads to a
high water contact angle and thus a decrease in water wettability (Arif et al., 2017d,;
Siddiqui et al., 2018; Yassin et al., 2017), although other studies found no influence of
TOC (Guiltinan et al., 2017). More recently, it has been shown experimentally and
theoretically that even minute concentrations of organics adsorbed on the mineral
surface increases hydrophobicity significantly, and thus CO-wettability (Abramov et
al., 2019). It is evident that increases in organic matter causes the rocks to be more
hydrophobic (Siddiqui et al., 2018); while the distribution and connectivity of organic

and inorganic matter control the precise wetting behaviour of the rock (Hu et al., 2016).

Despite these efforts, little is known how reservoir storage formations behave, and
what wettability response might be expected if CO: is injected into the storage
reservoir. In this work, an objective is to benchmark the wettability of a storage rock
samples retrieved from a proposed storage site (SW Hub) (Saeedi et al., 2016a; Stalker
et al., 2013a). The effect of organics, pressure, porosity and surface roughness were
analysed, and the implications of the results on CO, geo-storage are discussed. In
addition, a procedure to remove artificially introduced organic matter (from drilling
mud) is presented to enable true contact angle measurements and improvements in the

interpretations.
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6.3 Experimental Methodology

6.3.1 Core samples

Four selected sandstone samples retrieved from GSWA Harvey-1 well were
systematically analysed. GSWA Harvey-1 is a stratigraphic well located in the
southern Perth Basin (the South West Hub), Western Australia, which has been
proposed as a potential CO> storage site in the region near large-scale industrial
emitters (Stalker et al., 2013a). The South West Hub area comprises the Triassic
Lesueur Sandstone, which is divided into the upper Yalgorup (704-1380 m) and the
lower Wonnerup Members (1380-2895 m) (Olierook et al., 2014). Harvey-1 well was
drilled in 2012 by Geological Survey of Western Australia (GSWA) and reached a
total depth of 2945 m (Olierook et al., 2014). The drilling fluid (or drilling mud) used
to drill the Harvey-1 well was classified as a water-based mud, supplied by Newpark
Drilling Fluid Australia. The mud formulation consisted of KCI (5 wt %) to control
the clay swelling, barite (as required), and caustic soda (0.57 kg/m?) to control mud
weight, bentonite (40 kg/m?®) and xanthan gum (1.88 kg/m?) to control rheology of the
mud, rheopac LV (mixture of sodium carboxymethyl cellulose (> 88 wt%), sodium
chloride (< 1.8 wt%), water (< 10 wt%), and sodium glycolate (< 0.7 wt%)) to control
fluid loss along with soda ash (1.43 kg/m®) (DMPWA, 2012). The well and material
were substantially tested including petrography, wireline logging, coring, spectral
analysis and core analysis (Millar and Reeve, 2014; Pevzner et al., 2013; Delle Piane

et al., 2013; Saeedi et al., 2016b; Stalker et al., 2013a).

In this study, the tested core samples were retrieved from the Wonnerup member of
the Triassic Lesueur sandstone, as reported in Table 6.1. The samples were thoroughly

characterised with quantitative x-ray diffraction (XRD), atomic force microscope
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(AFM), scanning electron microscopy-energy dispersive x-ray spectroscopy (SEM-

EDX), total organic carbon (TOC) and organic carbon isotopic composition (6**Corg)

analyses. The samples mainly consisted of quartz, substantial amounts of

feldspar/microcline, significant amounts of clay, and a small number of other minerals

in low concentrations, Table 6.2.

Table 6. 1 Harvey core descriptions

Core ID Sample Core Facies
_ Type

Type Description yp

Core A Horizontal core plug Coarse to gravelly sandstone, cross-  Aii"

bedded, clay-rich

Core B Horizontal core plug Very coarse sandstone Ai

Core C Horizontal core plug Fine sandstone, cross-laminated c™

Core D Horizontal core plug Fine to coarse sandstone, cross- Aii

bedded

Source: (Delle Piane et al., 2013)

“Facies Ai, Aii to Aiii are coarse to very coarse grained sandstone
“Facies C is fine to medium grained sandstones
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Table 6. 2 Harvey core characterisation and mineralogy

Depth® Porosity® Permeability® TOCH Surface Mineral Constituents
Core ID (m) (%) (mD) (%) Roughness® .
(nm) Mineral wt %
Core A 2520 10.7 2.37 0.015 520 Quartz 73.5
Microcline 14.5
Chlorite/Serp 6.2
Kaolin 3.4
Ilite 1.9
Anatase 0.5
CoreB  2520.4 13.63 107.99 0.017 1100 Quiartz 67.7
Microcline  22.8
Kaolin 7.3
Ilite 1.6
Chlorite/Serp 0.5
Anatase 0.1
CoreC  2523.3 2.08 <0.01 0.019 2300 Quartz 45.5
Kaolin 33.2
Microcline 9.3
Ilite 8.2
Anatase 2.5
Chlorite/Serp 1.3
CoreD  2525.8 11.86 4.68 0.01 1200 Quartz 73.9
Microcline 16.5
Chlorite/Serp 5.3
Kaolin 4
Ilite 0.3
Anatase 0

abcData provided by Geotechnical Services Pty Ltd

9TOC was measured with FLASH 200 HT Elemental Analyzer

*Surface roughness was measured with Atomic Force Microscope-AFM DSE 95-200
"Mineral constituent of the samples were analysed with X-Ray Diffraction (XRD)-
Bruker-AXS D9 Advance Diffractometer

6.3.2 Contact angle measurements

The rock samples were cut into smaller sample discs (5 mm thick, 38 mm in diameter)
using a high-speed diamond blade. Each sample was then placed into air plasma for 5
minutes to remove surface contamination (Love et al., 2005). The cleaning procedure
IS a necessary phase to ensure accuracy of the results (Iglauer et al., 2014a; Bikkina,
2011). Prior to each measurement, the surface topography of each sample was

measured with an AFM (Instrument model DSE 95-200), Figure 6.1. The advancing
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(82) and receding (&) water contact angle were then measured using the tilted plate
technique (Lander et al., 1993) and a high temperature-high pressure goniometer. For
this experiment, the substrate was placed on the tilted surface with an inclination angle

of a = 12°.

The measurements were conducted using brine with a salt concentration of 31,389
mg/L (~31,400 mg/L), which is representative of Harvey-1 conditions, by mixing
CaClz, MgS04.7H20, KBr, NaCl, NaHCOs, SrCl;, and CuSO4.5H20 (Saeedi et al.,
2016b) (with mass fraction purity > 0.99; see Tables 6.3). The cleaned samples were
inserted in the pressure cell at a set temperature (334 K), representing Harvey-1
reservoir temperature at 2000 m depth. CO2 was then injected into the cell by using a
high precision syringe pump (ISCO 500D; pressure accuracy of 0.1 % FS), and the
pressure was raised to pre-set values (0.1 MPa, 5 MPa, 10 MPa, 15 MPa, or 20 MPa).
The schematic of the experimental setup is illustrated in Figure 6.2. Subsequently, an
equilibrated brine droplet was released onto the surface of the substrate through a
needle after the pressure attained the set pressure. It is noted that sufficiently large
volume of COz (> 200 ml) was injected into the cell from another pump and then left
for interaction with brine in another pump at set temperature and pressure until no
change in pump pressure, observed when the brine is equilibrated with CO2 or when

the brine is saturated by CO..

The whole process was recorded using a high-resolution video camera (Fauziah et al.,

2019b). Thereafter, the contact angles were measured on the images extracted from

the videos. The measurement of the advancing and receding water contact angles were

115



attained at the leading and trailing prior to the onset of the droplet movement; and the

standard deviation associated with the contact angle measurements was = 4°.

6.3.3 Dichloromethane (solvent) treatment

The samples’ total organic content may have been affected by outside intrusion of
organic matters from the drilling mud. It is possible to restore the original surface
properties by cleaning with a particular solvent (Cuiec and Yahya, 1991). The samples
were treated with dichloromethane (DCM, CH2Cly, purity = 99.9 mol %) to remove
this introduced organic matter (Muller et al., 2018; Thomazo et al., 2009; Wright et

al., 1997).

To identify the source of organic content, the TOC and composition of organic carbon
isotope (8*3Corg) Were measured on the samples. The samples were dried in an oven at
50° C overnight. Note that TOC is a key variable which determines the contact angle
(Arif et al., 2017d; Al-Anssari et al., 2017). Precisely, the TOC content and §*3Corg
values were determined for DCM-treated and DCM-untreated aliquots (from
powdered samples) using an elemental analyser-isotope ratio mass spectrometer (EA-
IRMS). The TOC content and §*3Corg values for the drilling mud were also measured
in similar way as the untreated rock samples. Specifically, an aliquot of the rock
samples was treated with 1M HCL solution to remove inorganic carbon and
subsequently washed multiple times with Milli-Q (MQ) water and dried/ground before
further analyses. Another aliquot of the sample was dried and ground before analyses.
The samples were weighed into tin cups and analysed on the Thermo Flash 2000
Elemental Analyser with a thermal conductivity detector, which is connected to a

Thermo MAT 253 isotope ratio mass spectrometer (IRMS). In the elemental analyser,
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the sample was injected into an oxidation oven at 1000 °C and the carbon in the sample
was converted to CO2. A GC column separated the CO> from other produced gas which
first pass through the thermal conductivity detector (TCD) and then to the isotope ratio
mass spectrometer. The percent total carbon of the sample was determined by
analysing the untreated aliquot with a calibrated elemental analyser, while the percent
TOC was determined form the acid treated aliquot. The total inorganic carbon was that
determined from subtracting the percent TOC from the total carbon. The CO2 was
subsequently analysed by the MAT 253 IRMS where the untreated sample reflected
the 63Corg from the total carbon (TC) and the treated sample reflects the carbon
isotopic value of the organic carbon in the sample. Delta notation (8) and permil (%o)
(relative to the Vienna Pee Dee Belemnite (VPDB) standard) are used here for the
carbon isotopic composition (Muller et al., 2018). Additional contact angle

measurements were subsequently performed on each DCM-treated sample.
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Table 6. 3 Composition of brine used*

Chemical name

Chemical formula

Concentration,
mg/L

Calcium chloride CaCl2 1200
Magnesium sulphate hydrated MgSQ4.7H20 600
Potassium bromide KBr 183
Sodium chloride NaCl 26659
Sodium bicarbonate NaHCOs 125
Strontium chloride SrCl2 100
Copper (1) sulphate pentahydrate CuS04.5H20 2522
Total dissolved solid (TDS) 31389

“The brine is representative the Harvey 1 reservoir conditions and data calculated as

explained in detail in (Saeedi et al., 2016b)
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Figure 6. 1 Core surfaces imaged by Atomic Force Microscopy

Note: (a) Core A with root-mean-square (RMS) of 520 nm, (b) Core B with RMS of

2300 nm, (c) Core C with RMS of 1200 nm, (d) Core D with RMS of 1100 nm
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Figure 6. 2 Schematic of the contact angle apparatus

6.4 Results and Discussion

Understanding CO2-rock wettability is essential for CO2 geo-storage planning, since
wettability directly influences fluid flow, storage capacity and containment security
(Al-Khdheeawi et al., 2018; Al-Anssari et al., 2017; Espinoza and Santamarina, 2010).
However, wettability is a complex phenomenon which can be influenced by pressure,
temperature, salinity, mineral type, pH, TOC, etc (Iglauer et al., 2015b; Arif et al.,
2017d; Al-Yaseri et al., 2016). Additional complexity further arises when contact
angles are measured on real rock substrates and not pure minerals and when the core

sample is exposed to drilling fluids.

6.4.1 Effect of organic content on CO2-rock wettability

The influence of organic content on CO, wettability has been recognised (Jha et al.,
2019b; Abramov et al., 2019; Iglauer, 2017). Harvey sandstone substrates for a broad
range of operating pressures (0.1-20 MPa) at 334 K were thus comprehensively

examined. The results of 8, and 8 were shown to range between 71°-118° and 66°-
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111°, respectively (Figure 6.3 (a) and 6.3(b)). Only a slight decline in organic content
was observed when the samples were treated by DCM (see Table 6.4); this slight
decline in organic content decreased 8. and 6 by 7° and 8°, respectively (Figure 6.3(c)
and 6.3(d)). It is noted that the standard deviation from the replicate measurements is
* 4 degree that sits above measured contact angle values due to removal of organic

matter.

It is noted that sample treatment with DCM lowered TOC by dissolution of an organic
soluble fraction (Muller et al., 2018; Keshavarz et al., 2019). Such organic solvents
(e.g. DCM) remove artificial organic fractions (associated with subsurface biological
activity, groundwater penetration, drilling fluids, sampling and storage) (Brocks, 2011,
Brocks et al., 2003; Muller et al., 2018; Gérard et al., 2009), but not all organic content
in the samples can be extracted (e.g. kerogen). As the samples are sandstones and not
source rocks, it is unlikely that they will contain significant volumes of organic matter
except for some kerogen, originally. It is known that kerogen is not soluble in organic
solvent such as DCM. From this study, it is evident from the values of TOC/8*3Corg
(Table 6.4) that this indigenous organic fraction relating to the host rock represents a
significant natural organic fraction. TOC percent-change after solvent treatment
remains fairly low, 29.5%, except for samples core C (having a large clay fraction that
is prone to adsorb contaminants (Muller et al., 2018)), which is approximately 89.5%.
Contact angle (both advancing and receding at any given pressure > SMPa) values
range in value in the order sample C > sample B > sample D > sample A corresponding
to kaolinite content 33.4%, 7.3%, 4%, and 3.4%, respectively for both solvent treated
and untreated samples. Further to this, it is clearly evident that contact angles (both

advancing and receding) also reduce due to treatment by solvent and the reduction in
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TOC. However, this could not be compared quantitatively (in this work) with the TOC
change due to the difference in measurement process since TOC measurements are
performed for powdered samples. It is thus secure to assume that the organic matter
removed was the contamination from other artificial organic fractions, and not the in

situ kerogen, at least majority of it.

Note that such organic content in the samples was not as a result of contamination
from the drilling mud. The drilling mud is high in organic content with a different
isotopic composition (compare Table 6.4). It can be concluded that the samples
contained no organic contamination from drilling mud. The extraction of small
amounts of organic matter tends to decrease the contact angle. As an example, after
treating Core C with DCM, TOC decreased from 0.019% to 0.003%, and the
corresponding 6, and 6; decreased from 118° and 111° to 110° and 104°, respectively,
at 20 MPa and 334 K. This implies that even smaller quantities of organic content
result in intermediate-wet conditions, consistent with systematic experiments on pure
calcite or quartz substrates (Abramov et al., 2019). As such, minute concentrations
always prevalent in the subsurface (Jones et al., 2008; Bennett et al., 1993; Stalker et
al., 2013b; Kharaka et al., 2009; Ni et al., 2015), intermediate-wet or weakly water-

wet conditions can be expected in even deep saline aquifers.

Other studies have analysed the effect of TOC on CO; wettability and therefore on
storage potential (Arif et al., 2017d; Guiltinan et al., 2017; Roshan et al., 2016a). The
above-mentioned studies agreed that even minute amount of TOC strongly affect the
reservoir storage capability and containment security. Other researchers (Pan et al.,

2018; Siddiqui et al., 2018; Yassin etal., 2017) have investigated that there is a positive
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correlation between contact angle and TOC, where generally, higher TOC result in
higher contact angle. This is consistent with this study where the TOC values were

very low.

6.4.2 Contact angles of Harvey sandstone as a function of pressure

Advancing (6.) and receding (&r) water contact angles were also evaluated at various
pressures (0.1 MPa, 5 MPa, 10 MPa, 15 MPa and 20 MPa) at 334 K on the Harvey
sandstone substrates. The contact angles for all tested sandstones increased with an
increase in pressure; for instance, as the pressure increased from 5 MPa to 20 MPa at
334 K, the 62 and 6 for core A increased from 71° to 92° and from 66° to 89°,
respectively (Figure 6.3(a) and 6.3(b)). This behaviour has been explained by other
researchers as being related to increasing CO- density, which strengthens the CO> and
mineral intermolecular interactions, and therefore leads to de-wetting of the surface

(Roshan et al., 2016a; Arif et al., 2016b).

At any given temperature, CO> solubility in water as well as brine increases with
increase in pressure, as does the density of CO.-water (or brine) mixture (Li et al.,
2004). In addition, at a given temperature, interfacial tension (IFT) between dissolved
CO. + water (or brine) mixture and CO> decreases with increase in pressure (Bachu
and Bennion, 2009; Chalbaud et al., 2009). Thus, we chose to calculate IFT between
dissolved CO> + brine and CO; at 20 MPa (highest pressure) and 334 K in this work
using pendant drop method (Jha et al., 2019a; Jha et al., 2019b) for its further use in
the calculation of Bond number as suggested in the work of Kaveh et al. (2014).
Theoretically, Bond number less than 1 implies dominating effect of interfacial tension

(and not gravity or buoyancy) (Kaveh et al., 2014). The densities of dissolved CO; +
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brine (this work) and CO, at 20 MPa and 334 K is approximately 1050 kg/m3 (Li et
al., 2004; Safarov et al., 2009) and 814 kg/m? (Miiller and Gelb, 2003), respectively.
The measured IFT is 28.74 mN/m which gives a reasonable match for similar system
from the work of (Bachu and Bennion, 2009), and (Chalbaud et al., 2009). The
characteristic length (drop diameter) calculated to be 3.31 mm (drop volume ~ 18.97
mm?®) which gives Bond number ~ 0.88, thus, indicating dominating effect of

interfacial tension (and not gravity or buoyancy) (Kaveh et al., 2014).

The contact angle results obtained on dichloromethane treated samples to those of
untreated samples were thus compared. The 8, and 6; after dichloromethane treatment
decreased noticeably, Figure 6.3 (c) and 6.3(d). For example, 8. for core A after
treatment with dichloromethane at 5 MPa was 65° compared to the untreated core A,
where 6, was measured 71°. The same trend shows that there was an increase in the
water contact angles for all samples tested when the pressures increased. This is
consistent with measurements reported in the literature for contact angles of
water/CO2/Warro sandstone (Alnali et al., 2018), water/CO./kaolinite (Fauziah et al.,
2019Db), water/COq/calcite (Saraji et al., 2013; Jung and Wan, 2012; Bikkina, 2011)

and water/CO»/quartz (Al-Yaseri et al., 2016; Saraji et al., 2013) systems.

In addition, Core C has higher contact angle than other samples, for example, 6. for
Core A at the pressures 15 MPa and 20 MPa were 86° and 92°, respectively, compare
to Core C, where the 0, at the same pressures was measured 112°and 118° respectively.
The difference is likely to be linked to the different composition of mineral constituent
in particular the presence of clays in each sample, as shown in Table 6.1, i.e. Core C

consisted of significant amounts of clay (kaolin 33.2%, illite 8.2%, and chlorite 1.3%).
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Clay adsorbs organic contaminants by various mechanisms (such as ion exchange,
protonation of organic molecules, ion dipole formation, hydrogen bonding,
hydrophobic bonding, etc.) (Kowalska et al., 1994; Awad et al., 2019). The maximum
change in TOC after DCM treatment has been observed for Core C due to high-

adsorbed organic contaminants (attributed to high clay content).

Table 6. 4 TOC and §3Corg values measured for untreated and treated samples

Untreated sample Treated sample with DCM
Sample TOC (%) 8'°C (%o) TOC (%) 3'°C (%o)
Core A 0.015 -27.2 0.012 -26.3
Core B 0.017 -26.7 0.012 -26.7
CoreC 0.019 -26.4 0.003 -26
Core D 0.01 -34.3 0.008 -324
Drilling mud 2.51 11.64 - -
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Note: (a) and (b) untreated cores; (c) and (d) cores treated with dichloromethane

(DCM), measured at 334 K for Harvey sandstones/CO./brine system
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6.4.3 Influence of surface roughness and pores on contact angle measurements
Surface roughness influences the contact angle; therefore, the Wenzel equation was

used to explain the effect of surface roughness (Wenzel, 1936).

€0S Brougn = 1 €0S Osmootn (6.1)

where Grougn IS the contact angle measured on the rough surface and Gsmooth IS the contact
angle on an (imagined) ideal surface; r is the ratio of measured roughness and the
projected (ideal) roughness of solid surface. Therefore, r is equal to 1 for an ideal
surface and greater than 1 for a rough surface (Fauziah et al., 2019b). In this work, r
was measured by AFM, Table 6.5: the actual length of the profile line (La) was divided
by the projected length of profile line (Li). The measurement was conducted repeatedly
for five different profile lines. These measurements were averaged to obtain r. The
results show that the @smooth Values are considerably higher than Grough. Furthermore,
the Harvey sandstone samples examined here were composed mainly of quartz, as
shown in Table 6.1. The mathematical model below developed by Alnali et al. (2018)
takes into consideration the presence of pores of the Harvey sandstone samples. The
abbreviation y denotes the interfacial tension for solid (S), gas (G) and liquid (L)
phases; ¢, h and r denote porosity, average capillary rise in the pore system, and

average pore radius, respectively.

2¢y gcos @ h (6.2)

Y16 €0S 0 = Y56 — Vs, — r

128



Moreover, the Cassie-Baxter equation was considered to evaluate the accuracy of

forecasting the measured contact angle data of the tested samples.

cosO,=f;cos®—(1-Ff) (6.3)

where 6 is the predicted Cassie-Baxter contact angle, fi is the fractional projected area
of a material with smooth surface contact angle, 4, and (1- fi) and (1- f;) reflects the
contribution of the remaining CO. under the drop (Milne and Amirfazli, 2012; Alnali

etal., 2018).

The number of surface pores, pore throat diameter, and height of fluid infiltration,
respectively significantly influences the magnitude and kinetics of contact angle
variation on a porous surface (Roshan et al., 2016b; Strand et al., 2003). The new
method described in Eq. 6.2 and Cassie-Baxter was applied to analyse the contact
angle. The results are shown in Figure 6.4. For this the porosity data given in Table
6.2 was applied, h = 0.5 mm, and the interfacial tension obtained by interpolation data
given in Arif et al. (2016b). Results indicate that the contact angles obtained using
Cassie-Baxter equation, and derived by Alnali’s model for porous rock, were
systematically higher than the apparent ones measured in the laboratory. This could be
due to the presence of pores in sandstone. Such an increase in contact angle due to the
existence of pores was related to the capillary-driven forces acting at the pore throat
surface, as mathematically formulated earlier (Alnali et al., 2018; Al-Yaseri et al.,

2016).
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Figure 6. 4 Comparison of the equilibrium contact angles of Harvey sandstones

Note: comparison of the contact angles acquired through the laboratory experiments,
the Cassie-Baxter model and Alnali’s model (2018) at a temperature of 334 K for

advancing water contact angle of core A.

Table 6.5 6aand Or on the rough and smooth surface at 20 MPa and 343 K

Core ID RMS'(nm) T(K) 6arough(®) 6Orrough(°) r~ 0. smooth™ (°) Or smooth™(°)
Core A 520 334 79 75 2.048 84.6 82.7
Core B 1100 334 89 84 2.131 89.5 87.2
Core C 2300 334 91 88 2.064 90.8 89.0
Core D 1200 334 81 78 2.011 85.5 84.1

“RMS = root-mean-square surface roughness
“r is roughness ratio
0./ 6rsmooth were predicted via the Wenzel equation

6.5 Conclusions
It is evident CO. wettability of the storage and seal rock significantly can affect

injectivity, CO. fluid dynamics, storage capacity, and containment security (Al-
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Khdheeawi et al., 2018; Iglauer et al., 2015a; Iglauer, 2017), and thus the project
economics and technical feasibility. Wettability of Harvey (Lesueur) sandstone
retrieved from a proposed storage site, the South West Hub, Perth Basin, Western
Australia at various pressures (0.1 MPa, 5 MPa, 10 MPa, 15 MPa, and 20 MPa) and
temperature (334 K, representing Harvey 1 reservoir temperature at above 2000 m
depth) were therefore measured. The organic carbon isotopic composition (§3Corg)
was also analysed to obtain information on the effect of drilling mud and original TOC

on wettability.

This study found that the advancing (¢) and receding (6r) water contact angles
increased with increase in pressure, 6 ranged between 71°-118° and 66°-111°,
respectively. These results imply that the wettability of the system changed from
weakly water-wet to intermediate-wet at higher pressures. When the samples were
treated with DCM, a slight decline in organic content was observed; this was
associated with a slight decrease in advancing (#.) and receding (6r) water contact
angles. The result implies that even minutes amounts of TOC, can affect the
wettability. An increase in contact angle with pressure is also evident, which is caused
by an increase in CO; density. The increase in CO2 density results in higher the
intermolecular interactions between CO2 and mineral, and therefore resulting in de-

wetting of the surface (Roshan et al., 2016a; Arif et al., 2016b; Al-Yaseri et al., 2016).

We thus conclude that even low TOC drastically increases CO- wettability, which may

affect residual trapping capacities. It is evident that a detailed understanding of the

organic matter concentration in a reservoir is vital for assessing the feasibility of long-
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term geological CO» storage. This work will thus aid in planning and implementing

large-scale industrial CO> geo-storage.
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Chapter 7 Effect of CO: flooding on wettability evolution of

sandstone

7.1 Summary

Contact angle of sandstones with varying clay content (Berea with low clay content
and Bandera Gray with high clay content) was measured at different reservoir
pressures of 10 MPa and 15 MPa and temperature of 323 K. The measurements were
conducted for the samples before and after laboratory core flooding with carbonate
water to characterise their wettability. The samples' microstructural changes were also
assessed to investigate any potential alteration due to carbonated water exposure. The
results indicate that Bandera Gray sandstone has a higher contact angle, i.e., it is more
likely related to specific clay type in the sandstone samples. Besides, the sandstones
turn slightly more hydrophobic after core flooding, indicating that the sandstones
become more carbon dioxide-wet after carbon dioxide injection. This suggested that
carbon dioxide flooding leads to an increase in the carbon dioxide-wettability of
sandstone. This has important implications for carbon dioxide trapping capacity and
containment security predictions. Such wettability changes caused by carbon dioxide

flooding need to be taken into account to assist in process prediction more reliably.

7.2 Introduction

Carbon geological sequestration (CGS) has been proposed as an efficient method to
reduce anthropogenic carbon dioxide (CO2) emissions into the atmosphere and thus
mitigate global climate change (IPCC, 2005). In essence, the technique involves
capturing CO2 from large stationary emission sources and locking it into some natural

geological formations (e.g., deep saline aquifers, depleted oil fields, etc.) (IPCC, 2005;
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Pacala and Socolow, 2004; Lackner and Sachs, 2005). However, the vertical migration
of CO- is a primary concern involved in CO> storage due to the density differences
between the brine and CO- (Deel et al., 2007; Li and Liu, 2016). Therefore, it is
essential to assess and understand the different functional trapping mechanisms, which

prevent or control the extent of upward migration of the buoyant CO> (IPCC, 2005).

COz can be trapped in various ways in geological formations. These can be categorised
as structural trapping (Iglauer et al., 2015a; Hesse and Woods, 2010), capillary
trapping (Pentland et al., 2011b; Krevor et al., 2015; Ruprecht et al., 2014; Suekane et
al., 2008), solubility trapping (lglauer, 2011; Emami-Meybodi et al., 2015; Spycher et

al., 2003), and mineral trapping (Bachu et al., 1994; Gaus, 2010; Matter et al., 2016).

In CGS, wettability is a crucial factor that significantly and directly influences
containment security, injectivity, structural, dissolution, and residual trapping
capacities (Broseta et al., 2012; Chiquet et al., 2007). Five different wettability states
can be conceptualised in a real reservoir, i.e., strongly water-wet, weakly water-wet,
intermediate-wet, weakly CO.-wet, and strongly CO.-wet, where complete wetting
occurs for with approximate contact angles of 0°-50°, 50°-70°, 70°-110°, 110°-130°,
130°-180°, respectively (Iglauer et al., 2015b). These differences in wettability are
caused by geological and chemical factors such as surface chemistry (e.g. organic
content) (Ali et al., 2019; Abramov et al., 2019; Chen et al., 2015), reservoir pressure
(increase in pressure leads to decrease in water wettability) (Niu et al., 2014; Wiegand
and Franck, 1994; Broseta et al., 2012), reservoir temperature (Yang et al., 2008; Arif
et al., 2016a; Farokhpoor et al., 2013), salinity and ion type (salinity increases, CO-

wettability increases) (Broseta et al., 2012; Espinoza and Santamarina, 2010; Jha et
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al., 2019b; Roshan et al., 2016a). Therefore, it is essential to understand the fluid-rock
interaction as these clearly can affect the capillary pressure and aquifer permeability,

hence, injectivity and storage capacities (Wiese et al., 2010; Ivanova et al., 2019).

Injected CO2 forms carbonic acid in the brine phase (Carroll et al., 2011; Mohamed et
al., 2012). It, in turn, interacts with rock minerals, which leads to mineral alterations
and ion dissolution-precipitation (Worden and Smith, 2004). One of the potential
candidates for CO2 sequestration is deep saline sandstone reservoirs (IPCC, 2005).
Sandstones generally consist of quartz (mostly) and siliceous minerals, clays, and
various carbonates (Delle Piane et al., 2013). These minerals react differently to the
changing environment when CO: is injected, e.g., calcite cement is highly reactive in
an acidic environment (Carroll et al., 2011; Fischer et al., 2010; Lebedev et al., 2017).
In fact, pH reduces to 3-4 when CO2 mixes with brine at reservoir conditions (Jha et
al., 2020), and such an acidic condition can considerably affect the permeability and
pore morphology (Sigfusson et al., 2015). Alternatively, the unabsorbed CO2 gas/super
critical liquid phase can be trapped in the target reservoir's pore volume for hundreds
or thousands of years due to the slow dissolution kinetics caused by partial mixing of

CO2 and brine (Ballentine et al., 2001).

Some studies have reported that water-CO.-rock interactions could change the
sandstone pore structures due to fines migration or reaction with sensitive materials
(Yuetal., 2019; Berrezueta et al., 2013). Such changes potentially can strongly affect
the rock porosity and permeability performance (Iglauer et al., 2014b; Mohamed et al.,
2012; Lamy-Chappuis et al., 2014). The influence of temperature and injection rate on

permeability reduction after CO> injection have been examined on the Berea sandstone
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(Mohamed et al., 2012) and sandstones from the Pembina Cardium field, Canada
(Sayegh et al., 1990). Other studies investigated factors controlling permeability
changes in sandstone during core flooding (Al-Yaseri et al., 2017a). However, the
effects of COz injection on wettability have received less attention. Thus, in this study,
how COz injection can change wettability in sandstones was analysed. These changes
are correlated with microstructural alteration in sandstones caused by CO2 core
flooding and explain how flooding can affect trapping capacities (i.e., residual and

dissolution) and the amount of free CO> retained in saline aquifers (i.e., mobile COy).

7.3 Methodology

7.3.1 Materials

Two homogeneous Berea sandstone samples (low clay content) and two Bandera Gray
(high clay content) were used in this study. The sandstones were thoroughly
characterised by scanning electron microscopy (SEM) to measure the surface
morphology and quantitative X-ray diffraction (XRD - Bruker-AXS D8) to measure
the mineral composition before and after the flooding experiment. The samples'
petrophysical properties, including porosity and permeability, were measured before

and after flooding and are reported in Table 7.1.
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Table 7. 1 Petrophysical and mineralogical sandstone properties

Sample Porosity? Egirrr]r?eability Length Diameter M?neral Constituents®
(%) (mD) (mm) (mm) Mineral :)Nt
%

Before flooding
Berea 20 69 50.88 30.78 Quartz 84.3
Kaolinite 4.1
Hlite 1.9
Albite 4.2
Bandera Gray 19 9 60.32 30.80 Quartz 58.2
Kaolinite 3.2
[llite 3.6
Albite 12.4
Muscovite 1.6

After flooding
Berea 22 80 50.88 30.78 Quartz 84.9
Kaolinite 3.9
[llite 1.8
Albite 4.2
Microcline 4.1
Chlorite 11
Bandera Gray 20 7.3 60.32 30.80 Quartz 58.4
Kaolinite 3.1
lite 3.2
Albite 12.2
Muscovite 3.1

4Porosity was measured with AP-608 Coretest Instrument
YMineral composition of the samples was measured by X-Ray Diffraction (XRD)-
Bruker-AXS D8
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7.3.2 CO; core flooding experiment

The Berea and Bandera Gray core plugs were wrapped in polytetrafluoroethylene
(PTFE) tape, aluminum foil, and PTFE tape. Subsequently, the samples were sealed
with a PTFE heat-shrink sleeve and were placed in a rubber sleeve in a high-pressure
and a high-temperature core holder (Figure 7.1). The samples were next placed under

vacuum for more than 20 hours (Al-Yaseri et al., 2017a).

The samples were then saturated with dead brine (5 wt % NaCl and 1 wt% KCL) using
a high-precision syringe pump (ISCO 500D). The dead brine was then displaced with
5 pore volumes of live brine (5 wt % NaCl and 1 wt% KCL equilibrated with CO») at
1 ml/min (ElI-Maghraby et al., 2012). The injection rate was reduced to 0.05 ml/min,
and injection continues for 7 days at reservoir conditions (pore pressure of 10 MPa,
confining pressure of 15 MPa, and temperature of 323 °K). This simulates CO»-
saturated brine at in situ reservoir conditions, i.e. dissolution trapping (Riaz et al.,
2006; Frykman and Wessel-Berg, 2014; Emami-Meybodi et al., 2015). Finally, five-
pore volumes of supercritical CO2 (scCO.) were injected to displace the live brine and
to simulate CO> injection into the reservoir. Figure 7.1 presents a schematic of the core

flooding apparatus used in this study.
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Figure 7. 1 Schematic of the core flooding system

7.3.3 Contact angle measurements

For the CO, —wettability tests, the samples were cut with a high-speed diamond blade
(to cuboids 5 mm thick, 38 mm diameter), and each sample was exposed to air plasma
for 5 minutes to remove any potential organic surface contaminations (Love et al.,
2005; Iglauer et al., 2014a). Subsequently, the contact angle was measured using the
tilted plate method (as it can quantify simultaneously advancing and receding contact
angle) (Lander et al., 1993) at reservoir storage conditions. For contact angle
measurements, the sample was placed inside the pressure cell at a set temperature (323
°K). CO2 pressure was raised to the desired pressure (10 MPa and 15 MPa). A droplet
of the brine (5 wt% NaCl and 1 wt% KCI in deionized water) with an average volume
of ~6 uL £ 1 uL was released onto the tilted (tilted angle of 12°) sample (Berea and
Bandera Gray) surface through a needle. The advancing and receding contact angles
were then calculated at the leading and trailing edge. A high-resolution video camera

recorded the whole process and images extracted from the video files to measure the
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contact angles. The standard deviation in the contact angle result was determined as

+3° based on replicated measurements.

7.4 Results and Discussion

7.4.1 Controlling factors on sandstone wettability

The wettability of sandstone samples (Berea with low clay content and Bandera Gray
with high clay content) was measured before and after CO> flooding at 10 and 15 MPa
at a constant temperature of 323 K. The results clearly indicate that the contact angles
after flooding were higher than before flooding for both samples. This shows that
Berea and Bandera Gray sandstones became more CO> wet after CO> injection. The
advancing and receding contact angles increased with increasing pressure for both
Berea and Bandera Gray samples (Figure 7.2), which is consistent with literature data
(Broseta et al., 2012; Fauziah et al., 2020; Arif et al., 2016b; Iglauer et al., 2015b). For
example, the advancing contact angle of Bandera Gray before flooding increased from
86° to 105° at 323 K, for a pressure of 10 MPa and 15 MPa, respectively. The results
also indicate that Bandera Gray has a higher contact angle, compared with Berea, for

all test pressures and both before and after CO- flooding conditions.

Clay minerals can be distributed in different ways within the reservoirs, such as in the
form of laminations between the grains (laminar clays), dispersed in the reservoir or
structurally coating the grains (structural clays) (Al-Yaseri et al., 2017a; Siddiqui et
al., 2019; Igbal et al., 2019). Moreover, the specific clay type is also crucial in
controlling the petrophysical properties of sandstone (Igbal et al., 2019; Schrader and
Yariv, 1990; Zhang et al., 2016a). The SEM and XRD analysis revealed that the Berea

and Bandera Gray sandstones comprise different clay types and distributions. Clay
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types present in both sandstone samples are shown in table 7.1. Studies by other
researchers have also demonstrated that, besides smectite, all clay minerals can adsorb
significant amounts of CO; (Busch et al., 2012). As seen from the SEM analysis, both
sandstone samples contain the CO adsorbing clays. Therefore, the high contact angle

in Bandera Gray (CO2-wet) can be attributed to the core’s higher clay content.

Moreover, changes in albite and ankerite surfaces have been reported (Yu et al., 2016).
Dissolution textures have been shown on the surfaces of detrital albite grains. Smooth
surface and step-like structures of ankerite grains showed corrosion pits at grain
boundaries post-experiment (Yu et al., 2016). Dissolution of illite and chlorite can also
occur (Black and Haese, 2014), and chlorite dissolution following subsequent reaction
with pre-existing calcite can lead to kaolinite and COz rich ankerite production (Liu et
al., 2019). The presence of calcite and its dissolution is a rate-limiting step of this
reaction. Kaolinite and ankerite production and their precipitation will depend on the
calcite content of the rock samples (Liu et al., 2019). Kaolinite precipitation was
reported earlier (Yu et al., 2016) and evident in this work for both Berea and Bandera
Grey samples (Figures 7.3 and 7.4). Kaolinite precipitation can also be due to
interaction between CO> saturated brine and feldspar (k-feldspar, albite, microcline)
present in the rock (Yu et al., 2016). Thus, it can be inferred that larger content of
albite and ankerite in Bandera Gray samples are responsible for more significant
interactions with CO> saturated brine. This phenomenon explains higher brine contact
angle, thus higher CO> wetting, for Bandera Gray as compared to Berea sandstone at

the same conditions.

141



XRD results (Figure 7.5) and XRD images (Figure 7.6) show no significant change in
mineral composition before and after CO. flooding. This can be due to the dissolution
of minerals corresponding to their stoichiometry, keeping the overall mineralogy
unchanged (or insignificant change beyond the detection limit). The additional peak in
the XRD results after the experiments corresponds to NaCl, and thus salt precipitation

post drying cannot be ruled out.
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B Advancing angle, Berea (before flooding)
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Figure 7. 2 Berea and Bandera Gray 0a (a) and Or (b) as a function of pressure

Note: Berea and Bandera Gray were measured at 10 and 15 MPa, and 323 K
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A Q0 T

Figure 7. 3 SEM images of Berea and Bandera Gray (in 100 pm)

Note: SEM images of (A) Berea before flooding (B) Berea after flooding: pore filling
dispersed clay (illite/kaolinite based on the XRD) (C) Bandera Gray before flooding
(D) Bandera Gray after flooding, quartz grains coated structural clay (mostly chlorite

based on the XRD)
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Figure 7. 4 SEM images of Berea and Bandera Gray (in 8 um)

Note: SEM images of (A) Berea before flooding, smooth surface (B) Clutter Berea
after flooding: pore filling dispersed clay (C) Bandera Gray before flooding (D)

Clutter Bandera Gray after flooding, quartz grains coated structural clay.
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Figure 7.5 Differences in mineral compositions due to CO; flooding

Note: (a) Berea and (b) Bandera Gray
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Figure 7.6 XRD Images for Berea's mineralogical composition

Note: Berea (a) and Bandera Gray (b), before and after flooding
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7.4.2 Effect of Clay Content on sandstone trapping capacity

Rock wettability affects significantly on CO- trapping capacities (Iglauer et al., 2015a;
Krevor et al., 2015). A CO,-wet rock has significantly higher CO2> upwards mobility
Al-Khdheeawi et al. (2017) and much lower residual trapping capacity (Al-Menhali et
al., 2016; Krevor et al., 2015; Niu et al., 2014). The results presented in section (7.4.1)
show that CO> flooding in sandstones with high clay content leads to the reservoir
being CO2-wet, which can cause the detrimental mobility and storage effects. For
example, based on the previous simulation study by Al-Khdheeawi et al. (2017), the
CO2 mobility volume contribution is found to be 0.5% where dissolution trapping
capacity is 18.3%, and residual trapping certain capacity is 81.2% in the storage
capacity of strongly water-wet rocks. By contrast, the strongly CO»-wet rocks have
CO2 mobility of 20.7%, dissolution trapping capacity of 28.6%, and residual trapping

capacity of 50.7% after 10 years of storage (Figure 7.7).

On the contrary, in formations with low permeability where the biggest challenge is
the injection of CO, enhanced CO. wetting of the rock’'s surface could be
advantageous for pressure management provided a cap-rock that can make a good seal
for containment security. The presence of high clay fractions in such low permeability
formations will be beneficial for enhanced CO. storage capacity by increase in

mobility, dissolution, and residual trapping.
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Figure 7. 7 Percentages of free and trapped CO; capacities

Note: percentages of free and trapped CO: capacities for strongly water-wet,
intermediate-wet, and strongly CO2- wet rocks (modified from Al-Khdheeawi et al.

(2017)).

7.5 Conclusions

Rock wettability has a significant role in carbon geological sequestration (CGS) since
fluid flow through porous media is strongly controlled by rock wettability. Despite
previous research on the area, the parameters influencing the CO.-brine-rock
wettability variation are still not fully understood. This study systematically measured
the contact angle (i.e. wettability) of two sandstones (i.e. low clay content (Berea) and
high clay content (Bandera Gray)) before and after CO, flooding with brine (5 wt %
NaCl + 1 wt % KCI in deionised water), CO»-saturated (live) brine, and supercritical
CO; (scCOy); at 10 MPa and 15 MPa for a constant temperature (323 K). The results

show that CO; flooding leads to an increase in the advancing and receding contact

149



angles of both Berea and Bandera Gray sandstones (i.e., CO2 flooding leads to increase
COgz-sandstone wettability). These results also show that the CO2-brine-rock contact

angle increases with pressure increase, which is consistent with most literature data.

Overall, the measurements demonstrate, for all tested conditions (both before and after
CO: flooding scenarios), that the Berea sandstone has lower contact angles (i.e.,
greater water wettability) than Bandera Gray (i.e., Bandera Gray tends to be more
intermediate-wet to CO»-wet), due to higher clay content of Bandera Gray. The SEM
results show that the Bandera Gray sandstones, which became more CO>-wet,
contained high clay content. Published literature indicates that, except for smectites,
all clays are CO- adsorbing. Hence, sandstones with high clay content become CO-
wet when flooded with CO2, which results in upward mobility of CO in the reservoir
and, consequently, reduced capillary trapping capacity. However, in the case of low
permeability formations, with significant CO> injection pressure issues, CO2-wetting
of the reservoir rock surface, and adequate seal for containment security, could assist
with pressure management. Therefore, high clay fractions in such formations can be

advantageous in their enhancement of CO, storage capacity.
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Chapter 8 Conclusions and Recommendations

This chapter introduces the overall conclusions drawn from the experiments performed
in this research. The conclusions are summarised for each of the main chapters of the

thesis and include recommendations for future work in advancing this research.

8.1 Conclusions

This study described the experimental wettability data of carbon dioxide (CO.)-brine-
rock-clay systems through contact angle measurements. Extensive range of
experimental conditions were conducted to investigate the wettability of sandstone and
clay, and how it evolves with CO2 exposure. Various pressure values ranging from 0.1
MPa to 20 MPa and temperature values of 305 K, 323 K, 333 K and 334 K were
investigated at a specific brine salinity. The effects of different parameters such as
pressure, organic content, surface roughness, clay type, temperature, and pore system
on wettability were addressed. Overall, the results of the study has led to an effective
understanding of wettability and its implications for CO2 geological sequestration,
especially for the predictions of storage capacities and the integrity of containment.

The major conclusions of the main thesis chapters are briefly summarised below:

8.1.1 Carbon dioxide/brine, nitrogen/brine and oil/brine wettability of
montmorillonite, illite and kaolinite at elevated pressure and temperature

One of the key variables in the assessment of capacities and integrity of geological
containments for CO> sequestration is the wettability of clay in CO2-brine solution.
However, limited information is available in the literature about this subject. Thus, the

wettability of three different clays (montmorillonite, illite and kaolinite) was measured
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for various fluid systems, such as CO>/brine, N2/brine and N2/oil, at elevated pressures

up to 20 MPa and temperatures of 305 K and 333 K to contribute to knowledge base

in this subject area. The main findings of this chapter can be highlighted as follows:

In comparison with illite and kaolinite, montmorillonite yielded higher contact
angles for all three systems (COz/brine, N2/brine and oil/brine). The measured
contact angles were found to be positively related to pressure for all fluid/solid
systems. This correlation with pressure could be attributed to the increased CO>
density leading improved intermolecular interactions, between the gas molecules
and the mineral surfaces and consequently, resulting in de-wetting of the surface.
For all clays tested, the measured contact angle decreased slightly as temperature
increased. This is in line with previous studies on water-wet mica, quartz, calcite
surfaces.

Based on its 2:1 structure and inherent lower surface charge density,
montmorillonite was found to be oil-wet. On the contrary, due to their structural
(surface) hydroxyl groups, kaolinite, followed by illite, was found to be strongly
water-wet suggesting a strong bipolar interaction between the hydroxyl group and

the water molecule.

8.1.2 Dependence of clay wettability on gas density

Contact angles of three different clays (i.e. montmorillonite, illite, and kaolinite) were

measured for helium, nitrogen, argon, and carbon dioxide/brine systems for pressure

ranging from 5 MPa to 20 MPa, and a single temperature value of 333 K. The

following is the summary concluded from the obtained results:
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Six new mathematical models were developed to predict advancing and receding
contact angles, as a function of the pressure and density at 333 K temperature, for
each of montmorillonite, illite, and kaolinite.

Increasing pressure and gas density resulted in higher advancing and receding
contact angles.

The measured contact angles were compared with those calculated using the
empirical correlations, showing a good agreement with high correlation
coefficients (R ranged from 0.951 to 0.979), and low average absolute errors
(AAE is ranged from 3.93% to 8.90%).

The correlations were able to predict the advancing and receding contact angles

for all three clays to a high level of accuracy.

8.1.3 Carbon dioxide wettability of South West Hub sandstone, Western Australia:

Implications for carbon geo-storage

Wettability of South West Hub sandstone (GSWA Harvey-1) was measured at various

pressures ranging from 0.1 MPa to 20 MPa, and temperature of 334 K. To obtain

information on the effect of drilling mud and original TOC on wettability, the organic

carbon isotopic composition (6*Corg) Was also investigated. The key findings are as

follows:

Both advancing and receding water contact angles correlated positively with
pressure, suggesting that the system’s wettability changed from weakly water-wet
to intermediate-wet at higher pressures.

The samples were treated with dichloromethane (DCM) to remove artificial

organic fractions. The results show that organic content slightly decreased for all

153



sample tested. This was associated with a slight decrease in advancing (6.) and
receding (6r) water contact angles.

e These results indicate that even where minimal amounts of TOC are present, there
was an evident increase of CO> wettability, which may affect a reservoir’s residual

trapping capacity.

8.1.4 Effect of CO; flooding on wettability evolution of sandstone

Wettability of two sandstones; low clay content (Berea) and high clay content
(Bandera Gray), were measured at the pressure of 10 MPa and 15 MPa for a constant
temperature of 323 K. The measurements were conducted on the samples before and
after CO> flooding with brine (5 wt % NaCl + 1 wt % KCI in deionised water), CO--
saturated (live) brine, and supercritical CO2 (scCO2); The key findings can be
highlighted as follows:

e (CO: flooding led to increased CO»-sandstone wettability for both Berea and
Bandera Gray sandstones, as shown by the increases in advancing and receding
contact angles.

e The CO2-brine-rock contact angle increased with pressure increased, which is
in line with most literature data.

e Berea sandstone has lower contact angles (i.e., greater water wettability) than
Bandera Gray (i.e., Bandera Gray tends to be more intermediate-wet to CO»-
wet), due to higher clay content of Bandera Gray. These results applied for all
tested conditions (both before and after CO» flooding scenarios).

e When flooded with CO3, the sandstones with high clay content became more
CO2-wet. This has the potential effect to facilitate the upward mobility of CO>

in the reservoir, consequently reducing capillary trapping capacity. On the
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other hand, in low permeability formations, CO,-wetting of the reservoir rock

surface, can provide advantages with injection pressure management issues.

8.2 Recommendations

Notwithstanding the wide range of wettability data for CO2-brine-rock-clay systems,

and the detailed analysis of the mechanisms of wettability variations, there are some

research areas, in which this study was unable to cover. The following are some
suggestions for future research to address other methods or important topics that were
beyond the scope of this research:

e The presence of chemical reactions of CO> with clay and possibility of forming acid
in presence of saline water needs to be addressed. These reactions could result in
surface modification and wettability alteration of the clay surface.

e The wettability of CO,-brine-rock/clay systems in this study was analysed through
the sessile drop with a tilted plate technique. It is recommended similar studies be
performed using other, relevant techniques to consolidate the validity of this
studies’ results or, conversely, assess possible disparities of such methods on
contact angle measurements.

e The experimental works on the correlation of clay wettability on gas density was
performed at a single temperature and one brine salinity value. Conducting similar
experiments on a wider range of experimental conditions would assist with
consolidating and improving the result of this study.

e Itis recommended that more detailed investigations be carried out on zeta potential
and surface charge determinations on clay wettability to better understand its link

to macroscopic contact angle, surface chemistry and thus wettability.
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o Further studies may be conducted to include tracking changes to aquifer pressure

with time due to wettability alteration caused by supercritical CO; injection.
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