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Abstract

Understanding the mineral and microstructure changes in sandstone samples during wet
supercritical CO2 gas treatment is an important aspect of geological CO: sequestration. In order
to gain insight into geological storage of CO: in South Africa, five core samples extracted from
the reservoir caprock and separate sandstone aquifers within the Zululand Basin were studied.
The samples were treated with CO: gas streams at typical reservoir temperature and pressures
(120 bar and 45 °C, and 175 bar and 73 °C) under wet conditions. High pressure Parr reactors
were used for storing the rock-gas-water mixtures for up to two months using a water:rock ratio
of 23:1. Tests were conducted using pure CO:z and a 99% CO: and 1% SO: mixed gas stream.
Due to the prohibitive costs associated with CO: purification, the knowledge of the
consequences of key impurities relevant to geological sequestration is critical.

Pre-and post- CO. /CO»-SO: treatment characterisation was conducted using X-ray Diffraction
(XRD) analyses, Fourier transform infrared spectroscopy (FTIR), and low-pressure gas
adsorption (LPGA). In line with literature in the field, varying mineral alterations were
observed in all CO- treated samples, mainly comprising of calcite, plagioclase and smectite
dissolution and the precipitation of quartz, plagioclase, calcite and smectite. The formation of
dissolution pores and pore clogging was indicated. In line with XRD results, increased
microstructure heterogeneity was indicated in the FTIR profiles after CO, treatment through
reduced peak intensities. Increases in the adsorption capacity, surface area and pore volume
were observed in all samples except for the ZA sample, which showed contradicting results.
This was attributed to the significant quartz precipitation observed in the sample.

Two samples (ZC and ZG) were further treated with CO:-SO: gas mixture. After treatment
with CO2-SO: gas mixture, increases in mineral reactivity were observed in the ZC sample
along with gypsum precipitation, indicating potential improvement in the lateral seal’s self-
sealing capacity. The introduction of SO lead to the increase in quartz and plagioclase
precipitation and increased dissolution of smectite and stilbite in the ZG sample. Minor changes
in the pore structure were reported. The study presents a novel investigation of the changes
expected to take place during CO: injection in sandstone basins. The documented findings
provide a crucial foundation for the prediction of long-term CO. sequestration effects in the
Zululand Basin of South Africa.
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1 CHAPTER 1: INTRODUCTION

1.1 Background

Carbon dioxide capture and geological storage (CCS) has come to the forefront of carbon
dioxide (CO2) mitigation technologies in recent years (Reichle et al., 1999; Rao and Rubin,
2002; IPCC, 2005; Bae and Bhatia, 2006; Ellis et al., 2010; Wang et al., 2011, 2012; Leung et
al., 2014). Up to 90% reduction in CO- emissions from large point sources is potentially
possible through CCS (Leung et al., 2014). Fossil fuels have been reported to account for up
to 78% of the cumulative CO- gas emissions from stationary sources globally, with 85% of the
energy required for industrial applications supplied by the combustion of fossil fuels (Rao and
Rubin, 2002; Stuart Haszeldine, 2009). If the use of fossil fuels for energy production continues
at a rate of as little as 10% or more than the present rate, the use of CCS technologies will
become inevitable to reduce CO. in the atmosphere (Stuart Haszeldine, 2009). CCS
technologies present the advantage of an interim process that could enable the transition away
from fossil fuels by providing the much-needed time for the development of alternative energy
technologies (Rao and Rubin, 2002; Ghaderi et al., 2011). In South Africa, up 90% of the
primary energy needs are derived from coal (Beck, 2014). The application of CCS offers fossil
fuel dependant countries like South Africa an attractive opportunity to mitigate CO. emissions
in line with global targets (van Soest et al., 2021).

Geological storage options for CO. emissions range from saline aquifers to depleted gas and
oil reservoirs, as well as unminable coal seams (Holloway, 1997; Bachu, 2000, 2007; Bachu et
al., 2007; Busch et al., 2008; Leung et al., 2014). Deep saline aquifers are proven viable CO-
storage sites that present the largest potential storage capacity amongst geological storage
options (Hsieh et al., 2017). Different CO> gas trapping mechanisms are applicable to coal
deposits compared to carbonate reservoirs and sandstones. The adsorption trapping that takes
place in coal allows for greater volumes and higher densities of CO. gas to be stored at
shallower depths as compared to the latter (Golding et al., 2011). CO- gas trapping in
sandstones and carbonate reservoirs occurs in the form of a much slower mineral trapping
mechanism in the mineral phase and solubility trapping in the formation waters (Xu et al.,

2007; Golding et al., 2011). Shales have been reported to be capable of storing significant

1
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amounts of CO: gas which may be dissolved in formation fluids, sorbed into organic
compounds or mineral surfaces, or trapped by mineral reactions (Krooss et al., 2002; Busch et
al., 2008). Thus, sedimentary rocks (sandstones, shales and coal deposits), are reported to be

the major potential hosts for CO- sequestration (Bachu, 2000).

Depending on the adopted capture technology and plant type, the captured CO. emissions for
injection into geological formations will typically contain impurities (de Visser et al., 2008;
Stuart Haszeldine, 2009; Koenen et al., 2011). These impurities could be made up of: SO,
SOy, H2S, NOx and Nz, (Crandell et al., 2010; Liu and Shao, 2010; Wang et al., 2011, 2012;
Ziabakhsh-Ganji and Kooi, 2014; Pearce et al., 2015; Gimeno et al., 2017, 2018; Vu et al.,
2018). The presence of such impurities is believed to influence the dynamical and thermal
properties of the fluid streams, leading to significant physical and chemical effects on the
geological material and cap-rock. However, the effects of these impurities on short- and long-
term geological storage are uncertain (Xu et al., 2007; Crandell et al., 2010; Heeschen et al.,
2011; IEA, 2011; Koenen et al., 2011; Ziabakhsh-Ganji and Kooi, 2014; Pearce et al., 2015;
Gimeno etal., 2017, 2018; Vu et al., 2018). This uncertainty is reported to be one of the current
challenges faced in the implementation of large-scale CO. injection projects; hence the need
for guidelines and regulations specifying the purity of injection streams (Gale, 2009; Ellis et
al., 2010).

There are excessive costs associated with capture and purification technologies, thus, the
knowledge of the consequences of impurities in the CO- gas stream during CCS is of immense
importance as it may lead to significant cost reductions in the CCS process (Knauss et al.,
2005; Gaus, 2010; Wang et al., 2011, 2012; Ziabakhsh-Ganji and Kooi, 2014; Pearce et al.,
2015). In a typical amine capture system, a 13% reduction in capital costs and a corresponding
8% reduction on annual expenses has been indicated as the likely result of eliminating only the
SO: scrubbers from the CCS retrofit process (Glezakou et al., 2012; Pearce et al., 2015).

As a significantly influential impurity, SO- is of particular interest. With a higher density than
CO., SO: gas is reported to be capable of increasing the storage capacity, permeability, local
porosity, injectivity as well as the self-sealing capability of the cap rock in geological
formations (Wang et al., 2011, 2012; Pearce et al., 2015). Comparing different separation

technologies, Lee et al. (2009), estimates a range of 21 (parts per million by weight) ppmw to

2
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579 ppmw SO: in the captured CO: gas stream from a pulverised coal fired power plant and
these concentrations correspond to those reported by the IEA (IEA, 2011). However, in oxy-
fuel combustion plants, NOx and SO- are considered to be the main polluting impurities, with
SO: concentrations spiralling up to 6 times that of an equivalent air-coal combustion plant
without desulphurisation (Liu and Shao, 2010; Wang et al., 2012; Pearce et al., 2015). Pearce
etal. (2015), reports a range of up to 1% SO- concentration from oxyfuel captured CO- streams.

1.2 Motivation

The understanding of reservoir rock microstructure is important for the extrapolation of storage
capacity, transport efficiency and long-term gas retention during sequestration (Credoz et al.,
2009; Dai et al., 2020; Mavhengere et al., 2021). Various researchers have reported changes in
the structural and physical properties of the reservoir rocks that have been exposed to CO- gas
under simulated geological sequestration conditions over time (Goodman et al., 2005;
Mavhengere et al., 2015; Pearce et al., 2015). The changes in the physical and structural
characteristics of the geological materials are believed to have far-reaching effects on the CO-
adsorption and mineral trapping behaviour and in turn influence the CO- injectivity and storage
capacity (Bachu et al., 2007; Pearce et al., 2015).

It is important to understand the physical and micro-structural changes occurring in geological
materials accompanying their exposure to the injected CO- gas streams. Experimental analyses
on site specific reservoir and seal rocks provides a valuable role in the prediction of long-term
CO:. storage effects (Pearce et al., 2015). Studies have reported changes in surface area,
porosity and permeability of shales and sandstones over varying timelines (Lahann et al., 2013;
Campos et al., 2015; Jiang et al., 2016; Yin et al., 2016; Pan et al., 2018; Wu et al., 2019). The
resulting effects on the rock characteristics and long-term trapping mechanisms due to
exposure to CO- and contaminants (SO-) could lead to incorrect predictions and complications
in evaluating the long-term effects of CO. storage (Goodman et al., 2005; Yang et al., 2011;
Mavhengere et al., 2015, 2021; Pearce et al., 2015).

According to Hsieh et al. (2017), reservoir and caprock stability plays a significant role in
determining the effectiveness of a saline aquifer as a CO» storage option. The mineral

alterations that could take place in the sedimentary basins stand to pose a threat to the overlying
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caprock and near wellbore areas during injection (Hangx et al., 2013). The effect of CO-
injection on carbonate-bearing sandstones has not been studied extensively to date (Hangx et
al., 2013). Sedimentary basins present extremely diverse and complex fluid components,
mineral compositions, and pore structures, motivating the need for further research to establish
a comprehensive understanding of CO- behaviour in the respective reservoirs (Xu et al., 2007;
Hangx et al., 2013). The sequestration of CO. by mineral phases has been shown to vary
substantially with the rock type, with the identified CO- trapping mineral phases also shown to
be study area sensitive (Xu et al., 2004; Pearce et al., 2015). Hence, the need for the
characterisation and evaluation of potential storage sites for CO. sequestration in the various
mineral phases (Xu et al., 2007).

Up to 5% co-contaminant gases are reported to be present in CO. streams after purification.
However, the majority of relevant CO. sequestration research has been conducted using
pure/food grade CO. (Gaus, 2010; Pearce et al., 2015). Greater potential impacts on the
geological sinks and cap-rock are posed by the presence of contaminants such as SO, and
hence these impacts need to be evaluated. Despite the use of reactive transport modelling
techniques to predict the co-injection of CO: in geological formations (Knauss et al., 2005; Xu
etal., 2007; Pearce et al., 2015), limited experimental studies support these predictions (Pearce
et al., 2015). Pure minerals have also been used in most of the reported studies, and these have
fallen short in the extrapolation to heterogeneous-natural systems. Hence, the experimental
analysis on the unique reservoir and seal rock provides a valuable role in the prediction of long-
term effects of CCS (Pearce et al., 2015).

1.3 Problem Statement

A long-term experimental study of the effects of CO. storage on the South Africa’s Zululand
Basin rocks has not yet been reported. With the current plans to undertake pilot test injection
in the country, such a study is expected to provide valuable insight to the effects of CO> storage
in sandstone samples. The extension of the experimental analysis to the influence of SO-

provides a crucial and novel analysis of South Africa’s prospective CCS basins.

Most studies report on CO- exposure experiments conducted over short adsorption periods (of

up to 2 weeks) at low pressures (<60 bar) (Sakurovs et al., 2007; Romanov and Soong, 2008;
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Perera et al., 2011). In order to predict the long-term effects of CO: storage in sedimentary
basins, the need to develop an understanding of rock-CO.-water interactions under simulated
geological conditions as well as rock-CO2-SO»-water interactions and their effects on the

formation structure and properties (Larsen, 2004) becomes crucial.

This research intends to address the knowledge gaps in understanding CO. storage in South-
African sandstone extracted from the Zululand Basin, and the impact of SO2 as an impurity in
the COz stream.

1.4 Research Questions

This study aims to address the following questions:

1. Are the physical and chemical properties of the Zululand Basin sandstone core samples
affected by the exposure to typical sequestration conditions using CO--water and CO--
SO.-water gas mixtures?

2. What are the physical and chemical interactions taking place between the pure and
mixed gas streams and the geological materials under CO. sequestration conditions?

3. What are the differences in the physical and chemical interactions taking place in each
of the samples as a function of their sample composition and gas mixtures used for
treatment?

4. What implications do these interactions infer on the long-term storage of such gas

streams in the target storage locations?

1.5 Research Aim and Objectives

The current study aims to investigate the long-term effects of CO.-water and CO»-SO.-water
gas mixtures on the structure and properties of the sandstone samples at supercritical pressures,
providing more insight into the crucial rock-gas interactions relative to CO. storage. In order
to achieve this, five Zululand Basin core samples were selected for analyses. The following

research objectives were undertaken:
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To determine the physical and structural characteristics of the Zululand Basin core
samples. This objective was fulfilled by conducting the following advanced
characterisation analyses on each of the Zululand Basin sandstone core samples:
I.  X-Ray diffraction analysis (XRD)
ii.  Fourier-Transform Infrared (FTIR) Spectroscopy
iii.  Low Pressure Gas Adsorption (LPGA) analysis using CO: and nitrogen
(N2) gases.
To design and execute an experimental procedure for simulating CO- storage conditions
pertinent to the sandstone samples for a period of one and two months under
supercritical conditions using high pressure reactors and the following concentrations
of the CO: feed stream:
a. 100 % CO:
b. 1% SO., balance made up of CO. (CO2-SO) in line with maximum SO2
concentrations from captured streams (Pearce et al., 2015).
To determine the physical and structural characteristics of the sandstone samples after
CO:. storage experiments using characterisation techniques highlighted in (i).
Compare the physical, chemical and structural properties of the parent (untreated)
samples to post CO: storage (treated) samples and determine:
i. Whether or not there are any changes in the characteristics of the
sandstone samples after treatment under sequestration conditions.
ii. Whether or not the presence of SO: in the CO. stream affects the
structural and physical characteristics of each sample under supercritical

conditions.
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Iii.  Whether or not the presence of SO: in the CO. stream affects the CO--
water-rock interactions taking place during treatment.

Such a comprehensive approach to the influence of SO. in CCS has not previously been
extended to South African sedimentary basins. South Africa requires a significant amount of
research into CCS, and this study provides some vital information that will assist not only in
storage capacity estimations, but also in the efforts to predict the long-term effects of CO-

storage in the Zululand sedimentary basins.

1.6 Study Area

The Zululand Basin (South Africa) is one of the two onshore sedimentary basins earmarked
for the South African Centre for Carbon Capture and Storage (SACCCS)’s Pilot CO: Storage

Project (PCSP) in the near future (Chabangu et al., 2014a). With sediment thickness of
up to 2000 km and an onshore area of up to 7 500 km?, the Zululand Basin contains an
appreciable sedimentary package. The Basin’s Cretaceous sandstones have been
demonstrated to be porous and suitable for CO: storage (Viljoen et al., 2010). Its location
is indicated in Figure 1.1 amongst other sedimentary basins in the region.
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Figure 1.1: Presentation of the Zululand Basin location amongst other sedimentary basins in

the region. (Bhattacharya and Duval, 2016).

The Zululand Basin lithologies are made up of three formations, namely: the St Lucia,
Mzinene and Makatini Formations (Chabangu et al., 2014a). The sandstone is made up
of interbedded sandstone and siltstone (Chabangu et al., 2014a). The exploration
boreholes studied consist of layers of fine-grained sandstones and siltstones that form

potential seals and reservoirs in the Basin (Viljoen et al., 2010; Chabangu et al., 2014a).

1.7 Thesis Layout

The thesis is presented as seven (7) chapters. The chapters are detailed in the following
manner:
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» Chapter 2: Provides a detailed background review on the effects of exposing
geological materials to CO: sequestration conditions.

* Chapter 3: Gives a summary of the methodology, sample preparation and
characterization techniques applied are presented. The novel experimental
technique used to simulate CO: storage using the different gas mixtures is also
presented.

» Chapter 4: Presents the characterisation results of the untreated samples.

* Chapter 5: Details the CO- treated sample characterisation results.

* Chapter 6: Presents the CO2-SO- treated sample characterisation results.

» Chapter 7: Focuses on the discussion and conclusion of the research and its

relevance to CCS in South Africa’s Zululand Basin.

1.8 Contribution to knowledge
This study’s contribution to knowledge through the published and peer reviewed journal papers

and conference presentations. These are listed as follows:

1. Published Article 1: Mavhengere, P., Maphala, T., Wagner, N., 2015. Physical and
structural effects of carbon dioxide storage on vitrinite-rich coal particles under
subcritical and supercritical conditions. International Journal of Coal Geology 150—
151, 1-6.

2. Published Article 2: Mavhengere, P., Wagner, N., Malumbazo, N., 2021. The effects of
long-term supercritical CO: exposure on Zululand Basin core samples. Energy 220,

119806.

3. Conference Presentation: The Effects of SO, in CO2 Streams on the Physical and
Structural Properties of Zululand Basin Core Samples Pertaining to Geological CO-
Sequestration. Fossil Fuel Foundation Conference In Sustainable Development of
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Southern Africa’s Energy Resources 29 — 30 November 2017, University Of
Johannesburg.

. Published Article 3: P. Mavhengere, N. Wagner, N. Malumbazo, 2022 Influences of
SO, contamination in long term supercritical CO2 treatment on the physical and
structural characteristics of the Zululand Basin caprock and reservoir core samples.
Journal of Petroleum Science and Engineering,
https://doi.org/10.1016/j.petrol.2022.110554.
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2 CHAPTER 2: LITERATURE REVIEW

The separation of the CO. gas stream from the industrial flue gases and its long-term storage
in suitable geological formations describes the process of CCS (Irfan et al., 2018). There is still
a limited understanding of the gas-solid interactions occurring during the storage of CO- in
sedimentary basins (Larsen, 2004; Mirzaeian and Hall, 2006; Viljoen et al., 2010; Mavhengere
et al., 2015), particularly with regards to long term implications. The physical and structural
properties of reservoir rocks and formation water have been shown to change with exposure to
CO: under geological sequestration conditions over time (Goodman et al., 2005; Mavhengere
et al., 2015; Pearce et al., 2015). This implies that exposure to CO- gas may significantly affect
the adsorption properties and characteristics of the geological materials in the long term (Yang
et al., 2011; Mavhengere et al., 2015, 2021). Of even greater importance is the need for the
definition of the rock-gas interactions involving impurities contained in typical captured CO-

gas streams.

Following on and in order to address the aims and objectives of the study, this chapter provides

information on the following:

1. An overview of the potential geological sinks available for sequestration
globally and in South Africa. The section includes a justification of the
selection of the Zululand Basin core samples for this study.

2. A background assessment on the various CO: trapping mechanisms in
sedimentary basins.

3. An outline of the effects of CCS on the structural and physical properties of
sandstones.

4. A discussion on the influence of SO- on rock and aquifer storage potential

and capacity.
2.1 Potential Geological Sinks

Bachu (2002), describes geological sequestration of CO. as an immediately available and
technologically feasible measure for mitigating CO. emissions into the atmosphere. The
deciding factor in screening out unsafe geological sinks is the elimination of the potential for

CO:s: release and migration (Bachu, 2002, 2008). Potential geological sinks comprise of oil and
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gas reservoirs (disused or in operation through enhanced oil recovery methods), unmineable
coal seams, saline aquifers, and salt caverns (Bachu, 2000, 2008; Herzog and Golomb, 2004).
The global storage capacity in saline aquifers is estimated at a range between 10 000 to 200 000
Gt of CO. (Bradshaw et al., 2004). The wide range is due to the uncertainty in the technical
assessments as a result of limited data availability on the respective aquifers (Bradshaw et al.,
2004). According to Bachu (2008), potential geological sinks must have the necessary capacity,
injectivity and ability to confine the CO. by impeding lateral migration and vertical leakage to
the environment. Such capability is mainly observed in oil and gas reservoirs and deep saline
aquifers in sedimentary basins (Bachu, 2008). Although a lot has been learnt from various
global CO: storage pilot projects, it is acknowledged that the geological formations are

generally heterogeneous and present varying properties with location (Ahmadinia et al., 2020).

According to Wright et al. (2009), only 4 large scale (> 1 million metric tonnes per annum of
C0O.) CO: sequestration projects have been established. These are the Weyburn-Midale
(Canada), the In Salah (Algeria), the Sleipner and the Snghvit (Norway) (Wright et al., 2009).
The Weyburn-Midale presents an enhanced oil recovery sequestration process whilst the rest
of the storage sites are sandstone reservoirs. The Sleipner and In Salah were the first two
storage sites to be established globally and have sequestered the highest volumes of CO- to
date (Wright et al., 2009; Ahmadinia et al., 2020; Cao et al., 2021). Initiated in 1996, the
Sleipner project was the first commercial scale CO- storage project globally (Torp and Gale,
2004; Ghosh et al., 2015; Ahmadinia et al., 2020). The storage site is an offshore saline aquifer
at depths between 800 m to 1000 m beneath the sea, sequestering CO- captured from a natural
gas processing field in close vicinity to the facility (Arts et al., 2004; Head et al., 2004;
Ahmadinia et al., 2020). The In Salah, sequestration is carried out into a carboniferous
sandstone reservoir measuring 20-25 m in thickness at 1900 m depth below ground surface,
the operation was established in 2004 (Wright et al., 2009; Cao et al., 2021).

2.1.1 Potential Geological Sinks in South Africa

South Africa boasts of an estimated 150 Gt of CO- geological storage capacity, with only 2%
being located onshore (Viljoen et al., 2010). The 98% potential capacity represents offshore
Mesozoic basins (the Outeniqua and the Orange offshore basins). Onshore basins are associated

with lower drilling costs and the feasibility to create 3D seismic data for prospecting and
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monitoring as compared to offshore basins (Viljoen et al., 2010). These offshore storage basins,
as potential CO- storage sites, are believed to compete with oil and gas resources that the
country plans to exploit in the future (Viljoen et al., 2010). Saline aquifers contribute 0.86 Gt
of potential onshore storage capacity (Viljoen et al., 2010). Figure 2.1 presents the locations of
potential saline aquifer geological sinks in South Africa. The onshore storage capacity that
makes up the remaining 2% represents an equal split between unmineable coal seams and the
Zululand and Algoa Basins (Chabangu et al., 2014b). A focus on the onshore basins for
potential CO: injection is derived from the scope and funding limitations in the country
(Chabangu et al., 2014b).

TOTAL ESTIMATED STORAGE CAPACITY
MILLION TONNES CO2

‘ 20 000-60 000 Mt

—— Intemational boundary P A P ::'_.,.i = Basin
P ; e A G ROR 4 M
M Main Karoo Basin e . 00-20 000 Mt

- Possible storage areas o 100-400 Mt
in Main Karoo Basin
20-100 Mt
Coalfields
<20 Mt

- Onshore Mesozoic basins
= Storage potential assessed
Orange Basin but found to be negative
-

Durban and Zululand Basins 480

Outeniqua Basin g .

Figure 2.1: Potential geological sinks in deep saline formations in South Africa (Chabangu et
al., 2014a)

The onshore Zululand and Algoa Basins are currently earmarked for the SACCCS PCSP
project; unfortunately, the project has experienced significant delays. SACCCS was established
for the purpose of understanding the technical potential of CCS in South Africa and addressing
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the uncertainty around CO: storage by the South African government in conjunction with local
and international industry (Chabangu et al., 2014a). The centre aims to conduct a PCSP project
to store up to 50 000 Gt of CO. (Chabangu et al., 2014a). Two saline aquifers /sandstone
packages have been identified for potential CO- storage (Viljoen et al., 2010; Chabangu et al.,
2014a). These are the lowermost Aptian aged sandstone and the Cenomanian sandstone located
on the onshore Zululand Basin. The basin is located 400 km from South Africa’s major sources
of emissions from coal fired power plants (Viljoen et al., 2010; Chabangu et al., 2014a). No
literature relating the long-term effects of CO. storage on the structural and physical

characteristics of the Zululand sandstones has yet been reported.

The Aptian sandstone occurs as a sequence of sandstone and siltstone in the presence of
secondary claystone at depths between 1200-1800 m over an area of 1680 km? (Chabangu et
al., 2014a). A 20 - 200 m thick package of interbedded sandstone and siltstone at depths
between 50 and 900 m represents the Cenomanian aged sandstone of the Zululand Basin. The
Cenomanian Sandstone covers an area extent of 352 km? at depths between 23 m and 1035 m
and forms part of the Mzinene and St Lucia Formations. Inadequate and reasonably poor data
availability for the Algoa Basin has been reported (Viljoen et al., 2010); the need for new data
has been cited in order to confirm its potential capacity for CO- storage (Viljoen et al., 2010;
Chabangu et al., 2014a). The consideration of the Algoa Basin is however beyond the scope of

this project.

2.2 CO: trapping mechanisms in sedimentary basins.

In saline aquifers /sedimentary basins (i.e., sandstones and carbonate reservoirs), various
COs: trapping mechanisms apply. These are namely (Bachu, 2007; Hermanrud et al.,
2009; Zhang et al., 2009; Aydin et al., 2010; De Silva and Ranjith, 2012; Cui et al., 2017).

solubility/ionic trapping,
mineral trapping,
structural/stratigraphic trapping,

residual gas trapping,

A L

hydrodynamic trapping.
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De Silva and Ranjith (2012) provides a detailed description these trapping mechanisms
and further describes the CO: storage capacity evaluation methods pertinent to each of

them. These evaluations are discussed further in the subsections that follow.

2.2.1 Solubility Trapping

Solubility trapping takes place when CO. dissolves in formation water, leading to reactions
with minerals in the host formation (Golding et al., 2011; Jiang, 2011). Gilfillan et al. (2009)
reports that solubility trapping is the dominant trapping mechanism in over 80% of the CO:
rich gas fields. De Silva and Ranjith (2012) describes the mechanism as a progressive and time
dependent process driven by CO: diffusion, convection, and dispersion in the aquifer. The rate
of solubility trapping is highly dependent on the volume of CO- stream coming into contact
with formation water (CO: unsaturated) in the rock (De Silva and Ranjith, 2012). The
composition of the CO. stream is also expected to influence the resulting trapping mechanisms
in a formation. The increase in density as a function of CO: dissolution in the formation water
allows the trapped CO: to sink to the bottom of the aquifer eliminating risks of leakage (De
Silva and Ranjith, 2012; Li and Jiang, 2014). Once CO- migration in the aquifer stops, the
dissolution process occurs at a much slower rate as it becomes dependant on the CO:
concentration gradient (De Silva and Ranjith, 2012). According to De Silva and Ranjith (2012),

the theoretical CO- capacity (Mc,,, ) is evaluated as a function of the density difference

between the initial stage and the saturation stage A(pX¢92), the volume of the aquifer (V) and

its porosity (@) (Equation (1)).

Li and Jiang. (2014) studied the effects of N> and SO- impurities on the CO: solubility trapping
mechanisms during sequestration and reported a reduction in the CO. dissolution rate in the

presence of N.. Impurities like SO. were found to enhance solubility trapping whilst N2
impeded it (Li and Jiang, 2014).
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2.2.2 Mineral Trapping

Mineral trapping of CO: arises from the reaction of the gas in water to form carbonic acid
which further reacts with aquifer rock minerals leading to the precipitation of carbonate
minerals (Xu et al., 2004; De Silva and Ranjith, 2012). The chemical composition of the
formation waters, rock matrix, rock formation-water contact surface area and the pressure and
temperature conditions in the aquifer all drive the mineral trapping mechanism in sedimentary
basins (Gunter et al., 2004; Gilfillan et al., 2009). Variations in mineral composition and rock
type introduce considerable variations in the mineral trapping mechanisms taking place in an
aquifer (De Silva and Ranjith, 2012). The precipitation of carbonates leads to a reduction in
the porosity of the aquifer, in turn reducing its injectivity and permeability (Xu et al., 2004).
The evaluation of the CO. mineral trapping capacity can only be conducted using site scale
numerical simulations to estimate the capacity that can be stored in the reservoir and the time
frame involved (Xu et al., 2004; De Silva and Ranjith, 2012). The mineral trapping CO:
sequestration method presents the attractive opportunity to immobilize the CO. for
exceptionally long periods of time (Bachu et al., 2007). The process has been shown to enhance
solubility trapping through the dissolution of alkaline aluminosilicates increasing the
concentration of soluble carbonates in solution (Xu et al., 2004). Siliclastic reservoirs generally
present greater mineral trapping potential than carbonate reservoirs (Gilfillan et al., 2009).

2.2.3 Structural Trapping

Structural trapping is described by Hermanrud et al. (2009) as trapping beneath a seal/caprock,
this is highly dependent on a stratigraphic trap similar to those observed in mobile hydrocarbon
accumulations (oil/gas reservoirs), and the most dominant form of trapping in the short term.
Supercritical CO2 (scco.) percolates through porous rocks due to its higher buoyancy than other
liquids until it is trapped by impermeable caprock (De Silva and Ranjith, 2012). Bachu et al.
(2007) evaluates the volume of the CO- trapped (V¢o,.) as outlined in Equation (2).

Where Vs.,.qpis the volume of the available trap, @ is the porosity of the rock and S,, is the

water saturation in the aquifer. In this scenario, the injection pressure must be lower than the
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maximum bottom hole injection pressure to eliminate rock fracturing (Bachu et al., 2007; De
Silva and Ranjith, 2012).

2.2.4 Residual Gas Trapping

This mechanism plays a significant role in low permeability saline aquifers (Nghiem et al.,
2009). This process takes place when the CO. plume penetrates porous rocks, small quantities
of CO: are then trapped into pore spaces leaving behind a trail of residual static CO- in the rock
structure (Bachu, 2008; De Silva and Ranjith, 2012). It is generally acknowledged that this
trapping mechanism largely takes place after injection has stopped (Bachu et al., 1994). The
volume of CO: stored is dependent on the porosity, CO- saturation and the volume of rock
previously saturated by CO: (De Silva and Ranjith, 2012).

2.2.5 Hydrodynamic Trapping

Hydrodynamic trapping is described a combination of the various trapping mechanisms taking
place concurrently in the rock at varying scales (De Silva and Ranjith, 2012). This mechanism
has been shown to enhance potential for mineral trapping (Bachu et al., 1994). According to
Pruess and Garcia (2002), hydrodynamic trapping presents propensity for CO- leakage through
imperfect confinement. Reactive transport modelling and experimentation have generally been

used to evaluate the effects of hydrodynamic trapping in aquifers (Lucier and Zoback, 2008).

The various time frames associated with the different trapping mechanisms need to be
considered when evaluating storage capacity (De Silva and Ranjith, 2012). The structural and
residual trapping mechanisms are known to play a crucial role in the first decades of storage
(Al-Yaseri et al., 2016). According to Irfan et al. (2018), the dissolution and mineral trapping
mechanisms can continue for centuries. The rock type and hydrothermal conditions associated
with a particular aquifer play a vital role in the development of the residual trapping
mechanisms during CO: storage (Valle et al., 2018). The mineral components and properties
contained in a geological formation influence its CO. storage capability. The storage
temperature, pressure and time have also been reported to influence the physical and structural
characteristics of geological materials (Okamoto et al., 2005; Dai et al., 2020). The variation
in the microstructure and composition of geological formations before and after CO- exposure

also plays a significant role in CO- sequestration (Mavhengere et al., 2021).
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2.3 Effects of CCS on the Physical and Structural Properties of Sandstones

Experimental analyses on site specific reservoir and seal rocks provides a valuable role in the
prediction of long-term CO. storage effects (Pearce et al., 2015). For example, changes in
surface area, porosity and permeability of shales have been reported by various researchers
(Lahann et al., 2013; Yin et al., 2016; Pan et al., 2018). Porosity and surface area are reported
to increase with immersion pressure and time (Jiang et al., 2016; Pan et al., 2018). Wu et al.
(2019) exposed three sandstone samples to supercritical CO- and brine and reported measurable
impacts on the sample porosities and permeabilities; variable dissolution and reprecipitation of
different mineral groups was also reported. Campos et al. (2015) reported drastic modifications
of sandstone pore structures from the Utrillas Formation (Spain) after treatment with scCO- for

two months, implying significant impacts on the resulting storage capacities.

Numerous studies are reported on the pore characterisation of sandstone reservoirs and their
correlations with permeability, porosity, and pore size distribution (Rezaee et al., 2012; Xi et
al., 2016; Qiao et al., 2020). Although critical to storage and percolation capacities,
comprehensive pore structure characterization of sandstones is quite challenging (Xiao et al.,
2017; Qiao et al., 2020). This is mainly due to the distinctive resolution and specific limitations
of each experimental technique used to evaluate the pore structure (Clarkson et al., 2012;
Anovitz and Cole, 2015; Zhao et al., 2016). Techniques such as scanning electron microscopy
(SEM), low temperature CO- and N2 adsorption, and nuclear magnetic resonance (NMR) are
currently employed for pore size distribution and pore geometries analyses (Clarkson et al.,
2012; Zhao et al., 2016; Xiao et al., 2017; Qiao et al., 2020). SEM observations are able to
assess pore morphology, genesis, and size, but they cannot provide detailed quantitative pore
structure analyses (Zhang, 2017; Qiao et al., 2020). NMR requires calibration with other
experimental results to determine the pore size distribution of samples by evaluating the
relaxation time of hydrogen nuclei of fluids in the pores and throats (Qiao et al., 2020). Low

temperature CO2 and N: adsorption only allows for the evaluation of pore sizes under 50 nm.

The influence of pores under 1 um on sandstone reservoir permeability and storage capacity is
reported to vary in relation to sample permeability and carbon content (Xi et al., 2016; Xiao et
al., 2017; Wu et al., 2019; Qiao et al., 2020). Qiao et al. (2020) studied thirteen sandstone

samples from the Jungaar Basin and found that pores under 1 pum contributed up to 70% of the
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full range of the pore size distribution (PSD). Xiao et al. (2017) describes these pores as
consisting of clay-associated pores and intraparticle dissolution pores that contribute both to
percolation, storage, and specific surface area. Although pores above 1,5 um may determine
the storage capacity of the reservoirs, the pores under 1 um are reported to present negative
influence on the storage capacity that should be considered in storage capacity evaluations
(Qiao et al., 2020; Xiao et al., 2017). Qiao et al. (2020) also highlight the inconsistencies in
pore classifications presented in literature in relation to sandstone reservoirs, demonstrating the

need for more extensive research in the area.

According to Rimnacova et al. (2020), micropores, mesopores and macropores can occur in
mineral matter, mainly in clays and quartz minerals. Interparticle pores have been found to be
more common than intraparticle pores in inorganic matter (Loucks et al., 2012; Zhang, 2012;
Rimnacova et al., 2020). Weishauptovéa et al. (2017) describes typical mesopores and
macropores as interparticle pores in big irregular grains of calcite and plate aggregates of illite.
Intraparticle pores in the shape of various cavities can be represented within bigger quartz and
calcite particles (Weishauptova et al., 2017). According to Rimnacova et al. (2020)
intraparticle mesopores are formed by the dissolution of big calcite grains and some spaces in
smaller clay mineral aggregates. Macropore formation as a result of mineral dissolution is also

well reported in literature (Fishman et al., 2012; Yang, 2016; Rimnacova et al., 2020).

The sorption capacity of sedimentary rocks is related to their micropore content (Rimnagova
et al., 2020). The microporous structure has mainly been attributed to the organic components
of the rock and the interlayer span in clay minerals (Tan et al., 2014; Rimnagova et al., 2020).
Clay minerals have been classified as mainly mesoporous and macroporous (Chalmers et al.,
2012; Curtis et al., 2012). Ross and Bustin (2008) however found that clay minerals contain a
notable amount of micropores and determined the micropore volumes for the individual clay
minerals. Guo et al. (2014) to the contrary, reported little relative micropore volume
contribution from clay minerals. Micropores are known to contribute to the sorption capacity

of the CO: in geological media (Rimnacova et al., 2020).

The presence of micropores, mesopores and macropores in the Zululand Basin core samples

will be investigated using LPGA in the current study. For micropores with pore diameters in
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the range of 0.35-1.5 nm, CO: adsorption at 273 K is suitable due to its smaller molecular
diameter and superior diffusion ability (Pan et al., 2018). The use of CO. adsorption for
micropore structural characterisation has been reported in coal studies (Marsh, 1987; Senel et
al., 2001; Okolo et al., 2015), and the method has also proven useful in the characterisation of
shales and non-carbon materials (Pan et al., 2018). In accordance with the International Union
of Pure and Applied Chemistry (IUPAC) classification (Thommes et al., 2015), the CO-
adsorption analyses will therefore be used to evaluate changes in the sample’s micropores
(d<1.5 nm (15 A)). Nitrogen adsorption at 77 K effectively evaluates the characteristics of
pores between 1.7 and 200 nm in diameter (Pan et al., 2018). The N: adsorption analyses will
similarly be used to evaluate changes in the mesopores (2 nm (20 A) <d<50 nm (500 A)) and
macropores (d>50 nm (500 A)) (Thommes et al., 2015; Yin et al., 2016).

2.4 Influence of SO- in CO: storage.

Despite the presence of up to 5% co-contaminant gases in captured CO- streams, the majority
of the reported water-rock interaction laboratory-based studies related to CCS use pure/food
grade CO: (Pearce et al., 2015). CO- at supercritical conditions dissolves in formation waters,
forming weak carbonic acid which results in mineral dissolution and the release of divalent
cations (Xu et al., 2005; Gaus, 2010). As time progresses, mineral trapping of CO- can occur
through the precipitation of carbonates, with potential changes in porosity and permeability of

the reservoir (Pearce et al., 2015).

Co-contaminant gases like SO. are suggested to significantly influence the physical and
chemical properties of the reservoir rock (Xu et al., 2007; Wang et al., 2012; Pearce et al.,
2015). CO: reacts with water to form carbonic acids, whereas SO in water forms much stronger
acids (H2SO3 and H.SOa); with greater implications on the reservoir rock and geological
materials under sequestration conditions (Knauss et al., 2005; Xu et al., 2007; Crandell et al.,
2010; Ellis et al., 2010; Pearce et al., 2015). Wang et al. (2012) indicate potential benefits of
SO: in the CO; stream such as increased local porosity and permeability in the near well bore

which could lead to an increase in injectivity.

Xu et al. (2005) report on the reactive transport modelling of CO. with SO:; their models
predict enhanced dissolution and porosity coupled with the precipitation of carbonates and
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anhydrite and alunite. Mineral trapping potential was also predicted to be greater in SO>
contaminated CO> streams than in pure CO- streams. Numerical simulations conducted by Li
and Jiang (2014) indicated that SO- would lead to enhanced solubility trapping and presented
more significant effects in comparison to other impurities like N2 at similar concentrations.
However, very few studies validate such findings using 1% SO- concentration in CO: gas
mixture (Pearce et al., 2015). Laboratory analysis on the particular reservoir and seal rocks
have been shown to contribute crucial information towards the prediction and modelling of the

long-term effects of CO. sequestration (Pearce et al., 2015).

2.5 Chapter Summary

The potential geological sinks in South Africa have been described in this chapter. The two
onshore sedimentary basins (Zululand and Algoa basins) are currently undergoing further
evaluation as potential storage locations for the SACCCS PCSP. The Algoa Basin has been
cited to lack adequate exploration data and further analysis has been recommended. The
availability of data in the Zululand Basin has made it possible to include it in the proposed
study. The Zululand Basin’s prospects are about 57 million tonnes effective capacity of CO..
The basin is located 400 km from South Africa’s major sources of emissions from coal fired
power plants (Viljoen et al., 2010; Chabangu et al., 2014a). No literature relating the long-term
effects of CO. storage on the structural and physical characteristics of the Zululand sandstones

has yet been reported.

It is important to understand the physical and micro-structural changes occurring in geological
materials accompanying their exposure to the injected CO. streams. The resulting effects on
the rock characteristics and long-term trapping mechanisms due to exposure to CO: and
contaminants (SO-) could lead to incorrect predictions and complications in evaluating the
long-term effects of CO- storage (Yang et al., 2011; Goodman et al., 2015; Mavhengere et al.,
2015; Pearce et al., 2015). There is currently no research reporting on the impact of CO: storage
on sandstone pores under 1 pm despite the reported influence of these pores on the reservoir’s

storage capacity.

With up to 5% impurities present in captured CO. streams for storage, there is a need to

evaluate the effects of particularly influential impurities like SO. in CCS. Limited literature is
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available on the subject and warrants further research. The available literature has been
discussed and outlined in this chapter. Extending the analysis to the influence of SO- offers a
novel study that could be useful in predicting the long-term effects of CO- storage in South

Africa’s Zululand Basin.
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3 CHAPTER 3: SAMPLE PREPARATION AND METHODS

This chapter outlines the collection, preparation and characterisation methods applied to the
sandstone samples. As well as the detailed experimental procedure used to conduct the

supercritical (Sc)CO»-water and supercritical (Sc)CO.-SO»-water treatment experiments

referred to as CO- treatment and CO--SO: treatment respectively in the current study.

3.1 Research Methodology

The research methodology adopted in this study is summarised Figure 3.1. The approach
adopted was to facilitate the determination of a baseline characterisation of each of the samples
studied through pre-treatment characterisation techniques. This was to allow for comparison

with treated samples post CO. exposure to evaluate the changes to the physical, structural, and

chemical characteristics of the samples during CO- and CO.-SO- treatment.

Pre-sample
Treatment
Characterisation

eSamples characterised using the following analyses techniques:

*XRD
*FTIR
*LPGA

/

ScCO,-water and
ScCO,-SO,-water

experimentation

N

treatment

—

¢ All Samples exposed to ScCO,-water mixture
for 2 months

*One additional sample exposed to ScCO,-
water mixture for 1 month.

*2 core samples were exposed to ScCO,-SO,._
water mixture for 2 months.

e Temperatures and pressures were
maintained at typical reservoir/geological
conditions during the exposure period.

eSamples
characterised using
the following
Post-Sample analyses
Treatment techniques:
q . *XRD
Characterisation ||

*LPGA

Figure 3.1: Research Methodology
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3.2 Samples

3.2.1 Sample Origin

The South African onshore Zululand Basin covers over 7500 km? and is an extension of the
Mozambique Basin (Gupta et al., 2018). The Aptian and Cenomanian sandstone packages from
the Basin have been identified for CO. sequestration. Both packages present well developed
reservoirs within the Makatini Formation located within the Basin (Chabangu et al., 2014a).
According to Chabangu et al. (2014a), the Aptian Sandstone mainly consists of coarse to
medium grained sandstone and siltstone with subordinate claystone. The sandstone is located
at depths of 1200 m to 1800 m over a 1680 km? area. The Cenomanian Sandstone covers an
aerial extent of 352 km? at depths between 23 m and 1035 m. The sandstone is made up of
interbedded sandstone and siltstone. The exploration boreholes consist of layers of “fine

grained sandstones and siltstones” that form potential seals and reservoirs in the Basin (Gupta

etal., 2018).

The locations of the exploration wells drilled in the Zululand Basin are presented in Figure 3.2.
Five boreholes were drilled in the 1960’s, logged and housed in the Council for Geosciences
National Core library in Pretoria (Figure 3.2). These boreholes are part of the SOEKOR
boreholes. Although the cores are old, a number of researchers have produced valuable
outcomes on the same boreholes over the past few years (Gupta et al., 2004; Linol et al., 2016;
Fourie et al., 2017; Hohne et al., 2019; Makiwane, 2019). They are currently the only available
boreholes from the Zululand Basin.

Five borehole cores were sampled for use in the present study, namely: ZA, ZC, ZE, ZF and
ZG borehole cores. The sandstone samples were selected at depths indicative of the location of
the Zululand Basin aquifer and caprock following guidance from Hicks (2016). Table 3.1
describes the sampling depths, stratigraphy horizon and lithology of the selected samples.

24

General



basement

Pre-Cambrian

MOZAMEBIQUE

0

Available Legacy Core
from Zululand Basin
Exploration Wells

Explanation

L Full-length slim-hole
core

[ ] Selective core

@] Cuttings only

Chronostratigraphic
boundaries from
Viljoen etal., 2010

1.4 Approx. shale out of

Aptian Lower
Sandstone from
Viljoen etal., 2010

—4—  Basement high

+ Trough
l:’ Body of water
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™ i km mt BATTELLE

Figure 3.2 Zululand Basin Legacy Core Exploration Wells (Gupta et al., 2018)

Table 3.1: Core Sample Depth, Stratigraphic Horizon and Lithology

Borehole | Sampling Stratigraphic Horizon Lithology
Name Depth (m)

ZA 691-699 Silt stone lateral seal Aptian sandstone | Sandstone
ZC 691-699 Silt stone lateral seal Aptian sandstone | Siltstone
ZE 1749-1749 | Aptian Sandstone Sandstone
ZF 1740-1745 Aptian Sandstone Sandstone
ZG 504 Cenomanian Sandstone Sandstone
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3.2.2 Sample Preparation

Approximately 100g per sample were crushed in a Retsch centrifugal crusher to -4 mm particle
size. Mechanical sample splitting was conducted to obtain representative samples for pre- and
post- CO: storage experiments/treatment. The selected particle size ensured optimised particle
surface area exposure to the scCO:-water and scCO.-SO.-water gas mixture, hence enabling
improved reaction rates and minimal reactor pipework and valve blockages. Attempts were
made to use 1cm? blocks of sandstone in the treatments. The samples however presented low

mechanical strength during exposure as they disintegrated into powder in the surrounding fluid.

3.2.3 Experimental Set Up

In order to undertake CO> storage experimentation on the selected samples, non-stirred Teflon
lined N4766 Parr reactors (Figure 3.3) were employed to simulate geological sequestration
conditions. These expensive reactors allow for high pressure tests to be conducted in the
presence of water and acid medium. The reactors consist of a 300 ml PTFE lined cylinder
vessel with a PTFE head gasket with a split ring closure to prevent sample contamination
through vessel corrosion. Attached to the head gasket is a needle valve, pressure gauge, rupture
disc, thermocouple, and single inlet dip tube. The maximum working pressure of the units is
207 bar at 350 °C. Each unit was connected to a heater assembly and a reactor controller which
maintained the units at the temperatures and pressures outlined in Table 3.2. The reactors were

used in conjunction with an Insco 260D cylinder pump for pressurizing the vessels.
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Figure 3.3: N4766 Parr Reactors with controller and heater

Table 3.2: Storage Conditions Applied

Sample CO: CO:-SO: Treatment Treatment
Treatment | Treatment | Temperature (°C) Pressure (Bar)

ZA X 70£3 1755

ZC X X 70£3 1755

ZE X 70£3 1755

ZF X 70£3 1755

ZG X X 48+3 10045

Two types of CO: gas storage experiments were conducted on the sandstone core samples. The
first experiment involved the use of CO. gas at a purity of 99.9%. The second experiment
involved the use of a 99% CO- and 1% SO- gas mixture which was obtained premixed in a gas
cylinder supplied by Air Liquide Pty Ltd. Due to equipment failure, only two of the five

samples studied underwent storage experiments using both gas mixtures.

All samples were treated with the 99.9% CO: gas for up to two months. Samples ZC and ZG,
were treated with both 99.9% CO. and the mixture of 99% CO- and 1% SO- gas (Table 3.2)
for two months. The temperature and pressure of experiments were selected in accordance with
the maximum possible geothermal temperature and pressure that could be obtained in the

sample’s identified aquifer/sandstone origin. The maximum temperature and pressure related
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to the Aptian sandstone and lateral seal was 180 bar and 73 °C (Viljoen et al., 2010) in line
with a maximum depth of 1800 m (Chabangu et al., 2014a). The Cenomanian sandstone
parameters were set at 100 bar and 51 °C in line with the 1035 m maximum depth of the
sandstone as reported by Chabangu et al. (2014a). The geothermal gradient selected for the
borehole cores was 26.6 °C/Km as reported by Chabangu et al. (2014a) at an average surface
temperature of 25 °C (Viljoen et al., 2010). The pressure gradient used was 100 bar/Km,
indicating maximum pressures of 100 bars for the Cenomanian sandstone samples and 180 bars
for the Aptian sandstone samples. A lower target pressure of 175 bar was adopted in order to

remain within 85 % of the maximum 207 bar reactor pressure during the experiment.

A mass of 6 g for all the samples was placed in the reactor along with distilled water at a ratio
of 23:1. Nitrogen (N:) was then flushed through the mixture at low pressure to purge residual
air for 48 hours prior to the introduction of CO- gas/ CO.-SO- gas mixture. The CO:gas or the
C0.-SO: gas mixtures were thereafter pumped into the reactors to initiate each of the

experiments.

The selected experimental exposure time was 2 months for the present study. According to Yin
et al. (2016), the first month of experimentation enables the supercritical gas-water and rock
mixtures to reach equilibrium and the following month then caters for possible evaluation of
long-term effects. The samples were then degassed and collected for physical, structural, and
chemical characterisation; these samples are referred to as treated samples. The pre-CO./CO:--
SO: treatment samples are referred to as untreated samples. The storage experiments were
designed to simulate typical CO- injection conditions for the respective cores. This is to
facilitate the exposure of the core samples to CCS conditions in order to determine the physical

and chemical structure changes imposed by the treatment process.

3.3 Sample Characterization

All samples were characterised pre- and post CO./C0O.-SO: treatment using XRD, FTIR and
LPGA to determine the changes in the rock material as a result of the CO./C0O-SO. treatment
experiments. These changes are envisaged to influence the CO. storage capacity estimations,

the CO: injection capability and the sealing properties of the caprock/lateral seal.
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3.3.1 X-Ray Diffraction

Quantitative and qualitative XRD analyses were conducted on the core samples by XRD
Analytical and Consulting (Pretoria). The XRD analyses was conducted using a back loading
preparation method and analysed with the use on a PANalytical Empyrean diffractometer with
PIXcel detector and fixed slits with Fe filtered Co-Ka radiation. The phases in the powder
samples were identified using X’Pert Highscore plus software and quantified using the Rietveld

method.

XRD has been applied extensively to determine the mineral compositions of inorganic matter
in the CCS context (Xu and Van Deventer, 2002; Wollenweber et al., 2010; Rezaee et al.,
2012; Wilke, 2012; Richiano et al., 2015; Schmitt et al., 2015; Yin et al., 2016; Dai et al.,
2020; Fakher and Imgam, 2020). Changes in mineral phases in the samples can be observed
through XRD, allowing for the identification of the geochemical reactions taking place during
C0./CO2-SO: treatment in the core samples (Wollenweber et al., 2010; Mavhengere et al.,
2015; Yin et al., 2016).

332 FTIR

The use of FTIR for surface chemical structure characterisation is well established (Jiang and
Xu, 1995; Nakamura et al., 1996; Reig et al., 2002; Guiliano et al., 2007; Chen et al., 2015;
Cheng et al., 2020; Chalmers et al., n.d.). A Perkin Elmer Universal Attenuated Total
Reflectance (UATR) Spectrum Two FTIR Spectrometer was used to determine the spectra
profiles of each of the samples using a spectrum software suite. Diamond crystal UATR FTIR
spectroscopy allowed for rapid analyses of the powder samples. The analyses were conducted

at the University of Witwatersrand using powder samples of ~1 g each.

3.3.3 Low Pressure CO: and N: gases adsorption

Low pressure gas adsorption (LPGA) has been shown to be an effective method of evaluating
the pore structures of geological materials (Clarkson et al., 2012; Pan et al., 2018). The LPGA
method using CO- and nitrogen (N2) was executed using a Micrometrics ASAP 2020 surface
area and porosity analyser at the North West University, Potchefstroom. Data acquisition was
conducted through the use of an ASAP 2020 v 4.0 software package. Samples of ~0.5 g each

were degassed under vacuum at a temperature of 90 °C prior to adsorption.
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CO: adsorption was used to evaluate the micropore structure. The adsorption isotherms were
determined at a temperature of 273 K and a relative pressure range of 0.00 to 0.032. The
Dubinin-Radushkecich (D-R), Dubinin-Astakhov (D-A) and BET methods were used for the
calculation of the micropore surface areas (Okolo et al., 2015; Pan et al., 2018). The limiting
pore volume was determined using the Dubinin-Astakhov (D-A) model (Pan et al., 2018Db).
The Horvath-Kawazoe (H-K) method was applied to evaluate the average pore diameter and
the pore size distribution (PSD) (Okolo et al., 2015).

N2 adsorption was used to investigate changes in the mesopore and macropore structures at a
temperature of -196.15 °C and a relative pressure range of 0.00 to 0.99. The N2 adsorption
surface area was evaluated using the BET and Langmuir models, the PSD was interpreted using
the Barret-Joyner-Halenda (BJH) model (Brunauer et al., 1938; Clarkson et al., 2012).

30

General



4 CHAPTER 4: UNTREATED SAMPLE CHARACTERISATION

This chapter presents the results of the analytical techniques applied to each of the untreated

sandstone samples. XRD, FTIR and LPGA analyses results are outlined for all five samples.
41 XRD

XRD data for the untreated Zululand Basin sandstone core samples (Table 4.1) shows the
dominance of quartz and plagioclase in the sandstone samples in line with similar results
reported in literature (Ward and Taylor, 1999). Stilbite and diopside are observed in small
quantities in the ZC sample (3.6% and 2.7% respectively); minor quantities (below 1.5% and
1.9% respectively) are reported in the remaining four samples. A slightly higher composition
of smectite was detected in the ZF sample (7.2%); it is present in small amounts of 2.6% and
below for the rest of the samples. The ZF sample also has a comparatively high composition
of calcite (10%) while the ZA and ZC sample profiles showed calcium at lower composition
of 2,4 and 3,5%, respectively. Pyrite is observed in negligible quantities in all the sandstone
samples.

Table 4.1: XRD results of the Zululand Basin sandstone core samples.

Sample Quartz | Plagioclase | Smectite | Calcite | Other | Pyrite | Stilbite | Diopside
ZA

Untreated | 47,9 45,2 2,2 2,4 2,3 0,3 0,0 2,0
ZC

Untreated | 44,1 44,7 1,0 3,5 6,7 0,4 3,6 2,7
ZE

Untreated | 67,4 28,5 2,6 0,0 1,5 0,2 0,7 0,6
ZF

Untreated | 34,0 | 47,7 7,2 10,0 1,1 0,3 0,1 0,7
ZG

Untreated | 21,5 46,0 22,2 0,0 10,3 [0,0 1,2 1,9
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42 FTIR

The FTIR Spectra for all the untreated Zululand Basin sandstone core samples showed the
presence of hydroxyl group molecules (Table 4.2) in the transmission region between ~3650
and ~3000 cm™*(Yin et al., 2016; Kutchko et al., 2020). The ZC and ZF samples displayed the
presence of C-H stretching bonds in the ~2900 cm® transmission region (Jiang and Xu, 1995;
Nakamura et al., 1996). Whilst only the ZF sample did not register O-H deformation stretching
bonds at ~1640 cm™*, C-H deformation stretching bonds and C-O-H bending vibration peaks at
~1480/1424 cm™ were observed in all other samples (Yuvashree and Balavijayalakshmi, 2019;
Klima et al., n.d.). The presence of the hydroxyl bonds indicates surface moisture on the
respective samples. The ZF sample presented C-N stretching bonds at ~1224 m™ (Jiang and
Xu, 1995; McCarthy et al., 1997). All samples showed SiO stretching bonds at ~1015 cm™,
~778 cmt, ~666 cm™ and traces of calcite at ~874 cm™ and ~712 cm™ transmission regions
(Kutchko et al., 2020).

FTIR Spectra for the Zululand Basin Core Samples
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Figure 4.1: FTIR Spectra for the untreated Zululand Basin sandstone samples.
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Water stretching bonds were observed at transmission regions of ~3650 and ~1640 cm™ and
C-H stretching bonds and bending bonds were observed at transmission regions of ~2900 -
~2974 and ~1480 cm™. The presence of SiO is indicated by the stretching bonds observed at
1015 cm™ and the bending vibrations at 778 cm™. Traces of Calcite and pyrite are present in

the samples as implied by the stretching bonds at 712 cm™ and 586 cm™ respectively.

Two representative samples of the untreated ZE core sample (ZE Untreated 1 and ZE Untreated
2) from separate aliquot samples were analysed to verify the repeatability of the analyses, as
reported in Mavhengere et al. (2021). The two profiles display excellent correlation at an R?
value of 0.99997 (ZE Untreated samples 1 and 2) as displayed in Figure 4.2.
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Figure 4.2: FTIR Spectra for ZE representative aliquot samples demonstrating repeatability.
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Table 4.2: FTIR Results Summary of the Zululand Basin Sandstone core samples.

Wave- ZA ZC ZE ZF ZG Peak Assignments

number cm-1 | Untreated Untreated Untreated Untreated | Untreated

3650 X X X X X OH, stretching for water

3350 X X X X

2974 X X C-H stretching of aliphatic bonds (aldehydes and alkanes)
2900 X X

2000 X X X X

1640 X X X X X OH, deformation of water

1480 X X X X CH deformation

1424 X X X X COH bending vibrations

1224 X X C-N bond vibrations

1130 X X X X C-C stretching modes/ Si-O stretching vibrations in silicates
1050 X C-0O Bond vibrations/Si (Al)-O stretching vibrations in feldspars
1000-1015 X X X X X Si (A-O stretching vibrations

874 X X X Calcite bending (Out of Plane)

778 X X X X X SiO stretching for quartz

712 X X X X Calcite Bending (In plane)

666 X X X X X SiO (perpendicular mode for quartz)

Sources:(Jiang and Xu, 1995; Nakamura et al., 1996; McCarthy et al., 1997; Kloprogge and Frost, 2004; Goodman et al., 2019; Kutchko et al.,
2020; Klima et al., n.d.)
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43 LPGA

LPGA analyses were conducted on all the five (5) untreated samples. Low pressure CO- and
N2 adsorption results were used to evaluate the micropore surface area, micropore volume and

average pore sizes (Error! Not a valid bookmark self-reference.).

Understanding the pore size distribution of geological formations is important for sequestration
feasibility assessments (Rani et al., 2020). LPGA was used to evaluate the pore structure of the
rock samples. This application is widely applied in sandstone and shale pore structure
determination (Labani et al., 2013; Schmitt et al., 2015; Cao et al., 2016; Lai et al., 2018; Lei
et al., 2020; Rani et al., 2020). CO- gas adsorption was applied in this study for the evaluation
of the micropore structure, whereas N. gas was employed to outline the mesopore and

macropore structure characteristics.

Sandstones are known to present a wide pore size range; this contributes to their permeability
and porosity characteristics (Rezaee et al., 2012; Xi et al., 2016; Qiao et al., 2020; Mavhengere
et al., 2021). According to Qiao et al. (2020), pores under 1um (10 000 A) present up to 70%
of the pore size distribution in sandstones. Xiao et al. (2017) and Zhu et al. (2018) reports that
these pores are made up of clay associated pores and intraparticle dissolution pores that

contribute to percolation, storage, and specific surface area.

Lei et al. (2020) studied clay rich tight sandstones classified the pores found into three groups:
intercrystalline pores (< less than 100 A), clay related pores (100- 100 000 A) and
microfractures (>100 000 A). The micropores are evaluated by low pressure CO. adsorption
and are a portion of the pores in the intercrystalline pore range. The mesopore and macropore
range evaluated by the low-pressure gas adsorption method relates to a small portion of the
intercrystalline pores along with the clay dissolution pores which present a strong correlation

with porosity and connectivity.
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Table 4.3: Low pressure CO2 gas analyses results on untreated samples

Sample name CO: D-R | CO: D-A | Ave Pore size (A)
Micropore SA | Micropore Volume
(m?/g) (cm?®/g)

ZA Untreated 18,27 0,0353 9,79

ZC Untreated 18,05 0,0404 9,84

ZE Untreated 13,43 0,0315 10,70

ZF Untreated 16,79 0,0242 10,54

ZG Untreated 12,70 0,0320 6,36

4.3.1 Micropore Adsorption Isotherms

Figure 4.3 presents the CO. adsorption isotherms for the sandstone samples. The CO:
adsorption at P/P°=0.033 ranges between 1.1 and 1,9 cm®/g. The ZA, ZC and ZE samples
present the highest adsorption capacities presenting maximum quantity adsorbed values above
1,5 cm®/g. These are followed by the ZF and ZG samples. It is noted that the ZG sample is
observed to present almost half the adsorption capacity observed for the ZA, ZC and ZE
samples.

It is interesting to note that despite the ZF and ZG samples having the highest clay content as
represented by smectite in Table 4.1, their micropore adsorption capacity is the lowest amongst
the studied sample. Due to the higher surface area presented by clays, their presence in
sandstones is expected to enhance their adsorption capacity (Rimnacova et al., 2020; Hamza
et al., 2021). The micropores in the samples are therefore likely due to the inorganic matter
identified in the FTIR spectra of the sandstone samples (Yin et al., 2016; Rimnacova et al.,
2020).
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Figure 4.3: CO- adsorption isotherms for the untreated Zululand Basin sandstone core samples.
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4.3.2 Micropore PSD profiles

The H-K model was used to evaluate the micropore PSD profiles in the range of 0 to 5,1 A
(Figure 4.4). Multimodal peaks are observed in all the PSD profiles of the sandstone samples.
The sandstone peaks outline similar profiles, apart from for the ZE sample that shows peaks at

slightly higher pore widths.
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Figure 4.4: Micropore PSD profiles using the H-K method for the untreated Zululand Basin

sandstone core samples.

4.3.3 N2 Adsorption-Desorption Isotherms

All the five samples present a type IV N adsorption-desorption isotherms profile (Figure 4.5),
which is in accordance with the ITUPAC classification (Thommes et al., 2015). Although the
untreated ZC sample displays the highest adsorption capacity at the maximum relative pressure
of 29,53 cm®/g STP at P/P° of 1, the ZA sample presents a higher adsorption capacity
throughout the measurement range. The sample hysteresis loops (difference between the N
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desorption and adsorption isotherms) are likely a result of the presence of slit shaped pores in the samples (Clarkson et al., 2012; Anovitz and
Cole, 2015; Mavhengere et al., 2021).
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Figure 4.5: N2 Adsorption (Ads)-Desorption (Des) isotherms for the untreated Zululand Basin sandstone core samples.
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434 Meso-and Macropore PSD Profiles

The BJH model was used to determine the PSD profiles of the Zululand Basin sandstone core
samples (Figures 4.6 and 4.7). The mesopore PSD profiles for the sandstone core samples
display a unimodal peak just below 50 A pore diameter. The highest mesopore volume
(0,000164 cm3/g. A.) is observed for the ZA untreated sample. A gradual decrease in
macropore volume with increasing pore diameter (Figure 4.6) is observed for all the sandstone
core samples analysed.

The ZC sample is the only sample that displays weak peaks at a pore diameter of ~ 32 A in the
PSD profile for the range analysed. The highest macropore volume is observed in the ZC

sample for the 150-500 A pore diameter range.
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Figure 4.6: N> Mesopore PSD profiles determined using the BJH model for the untreated

Zululand Basin sandstone samples.
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Macropore PSD Profiles
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Figure 4.7: Macropore PSD Profiles as evaluated by the BJH model for the untreated Zululand

Basin sandstone samples.

4.3.5 Pore Structure Parameters

The micropore surface area was determined using the Dubinin-Radushkecich (D-R) method
(Table 4.3). The ZA and ZC sandstone untreated samples displayed the highest D-R micropore
surface area amongst the sandstone core samples, followed by the ZF, ZE and lastly the ZG
sample (16, 79, 13, 43 and 12,7 m?/g; respectively). The highest to the lowest surface area
order starts with the untreated ZC sandstone untreated sample, this is followed by the ZA, ZF,
ZG and lastly the untreated ZE sandstone sample. The Dubinin — Astakhov (D-A) limiting
micropore volume was determined along with the average pore sizes for all samples. Amongst
the Zululand Basin sandstone core samples, the ZE and ZF samples displayed the highest
average pore sizes (9,79 and 9,84 A respectively) whilst the ZG sample displayed the lowest
(6,36 A).
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The low-pressure N gas adsorption isotherms were used to evaluate the meso- and macropore
as well as the surface area of the sandstone samples using the BET and Langmuir methods
(Table 4.4). The ZA sandstone sample presented the highest meso/macropore surface area; this
was followed by the ZC and ZE sandstone samples, and the ZG and ZF samples presented the
lowest surface areas amongst the Zululand Basin sandstone core samples. The scatter in the
sample results demonstrate pore structure heterogeneity of the Zululand Basin core samples.

Table 4.4: Low Pressure N2 gas adsorption results of the untreated Zululand Basin sandstone

samples.
Sample N: BET m?/g N2 Langmuir m?/g
ZA Untreated 3.40 14,72
ZC Untreated 3,17 10,91
ZF Untreated 1,63 5,04
ZE Untreated 2,59 11,37
ZG Untreated 2,1 8,03

4.4 Chapter Summary

Each of the five untreated samples were characterised using XRD, FTIR and LPGA. The
chapter offers insight into the mineral composition, surface chemistry and physical pore
characteristics of the samples. The XRD results showed quartz and plagioclase dominance in
the sandstone samples, which is in line with findings reported for similar studies in literature
(Hamza et al. 2020). Although the ZA, ZE and ZG samples show similar surface chemistry
profiles, differences are observed in the ZC and ZF FTIR profiles.
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5 CHAPTER 5: EFFECT OF 5cCO: -WATER TREATMENT

The effects of <CO.-water treatment were analysed through the comparison between the
untreated and treated sample using XRD, FTIR and LPGA. The current chapter focuses on the
results of the five untreated and six treated Zululand Basin sandstone core samples (ZA CO-
treated, ZC CO: treated A and B, ZE CO: treated, ZG CO: treated and ZF CO- treated). Samples
ZA, ZC, ZE and ZF were obtained from the lower Aptian sandstone with a maximum depth of
1800 m; the ZG sample was collected from the middle Cenomanian sandstone presenting a
maximum depth of 1200 m. The shallower ZG sample was therefore treated at a lower pressure
and temperature of 120 bars and 43 °C than the rest of the samples, which were treated at 180
bars and 70 °C. All samples were exposed to scCO- -water treatment for 2 months except for

the ZC treated A sample which was treated for a period of 1 month.

5.1 Mineral Alterations as determined by XRD analyses.

XRD is a proven rock sample characterisation technique which has been applied in a number
of studies to investigate mineral dissolution and precipitation in samples (Rezaee et al., 2012;
Wilke, 2012; Schmitt et al., 2015; Yin et al., 2016; Wu et al., 2019; Yuvashree and
Balavijayalakshmi, 2019). Credoz et al. (2009) studied mud rock samples treated under CO.
storage conditions and reported that carbonates, kaolinite and illite/smectite minerals
progressively decline with increasing temperature and duration. Comparing the XRD results
between the untreated and treated sandstone core samples, various changes in mineral

composition are observed (Table 5.1).
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Table 5.1: XRD Analyses Results Pre and Post scCO- -Water Treatment

Quartz Calcite | Pyrite | Stilbite Orthoclase
(wt. Plagioclase | Smectite | (wt. (wt. (wt. Diopside (Wt. %)

Sample name %) (wt. %) (wt. %) | %) %) %) (wt. %)

ZA Untreated 47,9 45,2 2,2 2,4 0,3 0,0 2,0 0,0

ZA CO: treated 61,7 33,8 1,1 0,0 0,0 1,3 2,2 0,0

ZC Untreated 44,1 447 1,0 3,5 0,4 3,6 2,7 0,0

ZC CO: treated A | 47,1 40,8 1,3 2,8 0,4 4,6 31 0,0

ZC COtreated B | 47,5 42,5 2,5 1,7 0,4 2,7 2,8 0,0

ZE Untreated 67,4 28,5 2,6 0,0 0,2 0,7 0,6 0,0

ZE CO: treated 66,7 30,3 1,2 0,0 0,0 1,0 0,7 0,0

ZF Untreated 34,0 47,7 7,2 10,0 0,3 0,1 0,7 0,0

ZF CO:- treated 37,6 52,1 7,0 0,0 0,4 1,3 1,6 0,0

ZG Untreated 21,5 46,0 22,2 0,0 0,0 2,0 0,0 8,3

ZG CO: treated 22,3 50,5 16,3 2,9 0,0 4.8 0,0 22

The prominent and expected observation is the dissolution of calcite in all treated samples

where calcite is present, in agreement with Emberley et al., 2005, Knauss et al., 2005 and Wang

et al., 2017. The changes in mineral composition may be explained by the physiochemical

reactions of the acidic scCO- -water mixture and the various minerals under high pressure as
outlined by Equation (3) (Irfan et al., 2018) (Yin et al., 2016; Mavhengere et al., 2021).

CaC0s (calcite) + 2HY 2 Ca?* + CO, + H,O ... ... ... ...

(3)

A reduction in plagioclase is observed on the ZA and ZC samples (25% and 9% respectively).

The ZE, ZF and ZG samples present an apparent increase in plagioclase content (up to 11%).

Plagioclase dissolution is known to be associated with calcite formation as a result of the

release of Ca?" ions into solution (Carroll and Knauss, 2005; Metz et al., 2005; Kampman et
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al., 2009; Pham et al., 2011; Munz et al., 2012; Hellevang et al., 2013; Gudbrandsson et al.,
2014; Dai et al., 2020). Gudbrandsson et al. (2014) further explains that plagioclase dissolution
is highly influenced by its structure and composition, implying possible variations in

dissolution rates of samples with similar bulk compositions (Oxburgh et al., 1994).

Plagioclase dissolution in acids is outlined in Equations (4) and (5) (Gudbrandsson et al.,
2014):

Na Al Si;Og(albite) + 4H* 2 Na*t + AP + 35i0,(qq) + 2H 20 ... ... ... ... (4)
Ca,Al,Si,0g(anorthite) + 8H* 2 Ca** + 2A13* 4 2Si0y(4q) + 4H 20 ... ... ... ...(5)

Some samples, however, present very minor changes in plagioclase concentration; this was
also observed by Wang et al. (2017) after studying sandstone samples exposed to CO- -rich

water — rock interaction at a temperature of 85 °C.

An increase in quartz content of up to 29% is observed in the ZA, ZC, ZF and ZG samples
whilst the ZE sample shows negligible changes. Quartz content increase is assumed to be a
consequence of the dissolution of other sensitive silicate minerals such as plagioclase, leading
to the precipitation of secondary quartz (Dai et al., 2020; Zhang et al., 2020).

The ZC samples portray apparent precipitation of smectite. The rest of the core samples display
a reduction in smectite composition after CO- treatment, except for the negligible changes
observed in the ZF sample. Metz et al. (2005) describes the dissolution of smectite in acidic

environments as outlined in Equation (6).

[KaNa,CaMgal(MgyFeyAl,)" (AL, Sig_y,)" 050[0H], - [H,0], + [12 + 4w]H*
+ [8 — 4w]H,0]
2 aK*t + bNat + cCa®t + [d + x]Mg?t + yFe3* + [z + w]A3t
+ [8 — w]H, Si0, + nH,O0 ... ... ... (6)

Smectite precipitation is also reported as an expected product of CO. sequestration in typical

shale-sandstone systems (Credoz et al., 2009; Thyberg et al., 2010; Lu et al., 2011; Hsieh et

al., 2017). Preferential release of Mg and Fe is observed in crystalline basalts as compared to

Ca in acidic environments, according to Gudbrandsson et al. (2011). This implies the formation

of Mg and Fe carbonates over calcite in certain rocks. Reprecipitation of smectite is also

common after CO- -water -rock treatment (Wu et al., 2019). In fact, Wu et al. (2019) reported
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a complete conversion of the Ordos Basin sandstone after treatment to scCO- and brine through
clay mineral dissolution, reprecipitation and re migration. The precipitated clays were observed
to remigrate and lead to changes in the physical and structural pore system of the resulting

rock.

The ZG samples also present orthoclase dissolution. The ZG sample is the only sample that
contained orthoclase amongst the samples studied. The dissolution of orthoclase is
acknowledged in similar research and described as follows (Blake and Walter, 1999; Gao et
al., 2013):

2KAlSiz;0g + 2C0, + 3H, 0 2 2KHCO; + 4Si0, + Al,Si,H, 0y ... ... ... (7)
The various mineral alterations are further discussed for each sample in the sections that follow.
511 ZA

The changes in the ZA sample mineral composition after CO. treatment are summarised in
Figure 5.1. A comparison of the results for the untreated and treated samples was conducted in
accordance with Equation (8).

o (x=y)
% apparent variation = ———— ... ... ... (8)

y

Where:
x is the CO: treated sample mineral composition

y is the untreated sample mineral composition.

Calcite dissolution is expected to lead to an apparent increase in mineral composition purely
as a function of the reduction in the overall precipitated minerals available. This effect is

catered for (Figure 5.1) through the application of Equation (9).

Where:
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a is the percentage resulting mineral composition due to calcite dissolution it is referred to as

the “effective variation.”

c is the difference between the calcite compositions before and after treatment.

Sandstone sample mineral alterations after CO, treatment
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Figure 5.1: Sandstone Core sample variation after CO- -Water Treatment

The percentage effective change in composition due to calcite dissolution was evaluated

according to Equation (10) and referred to as the calcite effect:
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An apparent increase of 29% in quartz is observed in the sample after CO. treatment. This
apparent increase is shown to have been contributed to 2% by calcite dissolution in the sample.
The effective variation observed is as a result of calcite dissolution which demonstrates an
average 2% increase in composition (calcite effect) of all the other minerals except for the
calcite. The decrease in plagioclase of 25% is shown as an apparent decrease of an effective
27% as a result of calcite dissolution in the sample. Smectite also demonstrates an apparent
reduction of 52% (apparent variation) indicating a 54% effective reduction. A 53% apparent
increase in other minor mineral components (stilbite and diopside) is observed; eliminating the
calcite effect leads to an effective increase in composition of approximately 51%. The minimal
calcite effect observed in comparison to the apparent variation indicates that the rise in quartz
composition is as a result of the secondary precipitation of quartz due to plagioclase and

smectite dissolution, in agreement with findings by Dai et al. (2020) and Zhang et al. (2020).

512 ZC

The ZC treated A and B samples present an apparent increase in quartz composition of up to
7% and 8 %, respectively. Plagioclase is observed to decrease by up to 9% in the ZC treated A
sample and the ZC treated B sample similarly shows a decrease of up to 7%. Interestingly, an
increase of smectite composition is reported, up to 35% for the ZC treated A sample and a
150% increase in the ZC treated B sample. A 20% and 50% reduction in calcite is observed for
the ZC treated A and B samples, respectively. The calcite dissolution effect is observed to
increase each of the mineral components of the ZC treated A and B samples by 1% and 2%,
respectively. The implied changes in quartz composition are very negligible and are in line
with the average absolute deviation of 6% evaluated as the experimental error margins. This
indicates negligible changes in quartz composition in the samples. Plagioclase dissolution is
also indicated in small magnitudes of 10% and 7%, respectively in the ZC treated A and B
samples. A notable increase in smectite composition is observed at varying levels for the two
treated core samples (35% and 148% effective increases in smectite composition). Smectite
precipitation is observed to significantly increase in ZC treated B sample than in ZC treated A
sample. The ZC treated A core sample shows varying minor changes (increase in composition
of 17% in the ZC treated A sample and a decrease in composition of 16% in the ZC treated B
sample) in the remaining minor mineral components in line with the higher average absolute

deviation of 13%. This behaviour is in line with findings reported by Wu et al. (2019).
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Dissolution and precipitation of various clay minerals is observed in the ZC treated samples;
this is shown to be higher in the ZC treated sample B that was treated for a longer period of 2

months.

513 ZE

The ZE sample presents negligible changes in quartz composition of -1%, and a 6% plagioclase
reduction is also reported. Smectite is observed to decrease by 54%, whilst minor minerals are
observed to increase by 22% between the untreated and treated samples. Considering the small
compositions of the smectite and minor minerals in the rock, (2,6% and 1,3 % respectively), it
is acknowledged that the changes in mineral composition are minimal. It can be concluded that
only slight smectite dissolution was observed after scCO. -water treatment along with the
negligible precipitation of diopside and stilbite. The ZE sample contains the highest
composition of quartz mineral in comparison to the other samples studied. This might explain
the low reactivity of the sample. The plagioclase is the second highest component at 28.5%,
and a slight increase in concentration is observed after treatment, it must be noted that the
increase in composition reported may also be partially attributed to the combined smectite and
calcite dissolution effect. The resulting effect indicates poor reactivity of the quartz, and
plagioclase components dominate the sample. It may be inferred that the contained plagioclase

group in this sample is possibly the less reactive anorthite group.

5.1.4 ZF

The ZF sample presents apparent increases in quartz and plagioclase following treatment. A
slight decrease in smectite composition of 3% is observed. The calcite contained in the sample
is shown to be reduced completely resulting in no calcite being observed in the treated sample.
Other minor mineral components are observed to show an increase in composition of up to 70
%. The effect of calcite dissolution is observed to result in a 11% apparent increase in
composition across all the other minerals. This indicates that no changes in quartz composition
and only minor plagioclase dissolution is observed as a result of scCO- -water treatment. An
effective reduction in smectite dissolution of 14% is observed, indicating minor dissolution of
smectite which could be led to the precipitation of other minor minerals in line with findings
reported on the ZE sample. The mineral component reactivity therefore demonstrates complete

dissolution of calcite (10% of the samples), partial dissolution of smectite (7.2% of the sample)
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and the precipitation of minor minerals stilbite and diopside which represent ~2% of the rock
sample.

5.1.5 ZG

Quartz, plagioclase, and calcite precipitation are reported after scCO. -water treatment at
precipitation rates of 4%, 10% and 100% respectively. In the absence of calcite, smectite is
shown to dissolve during treatment in the ZG sample. The dissolution of smectite may in turn

lead to calcite precipitation.

This sample presents notably different reactions taking place during treatment; this is partly
due to the difference in sample composition when compared to the other core samples. The ZG
sample presents the lowest composition of quartz in the untreated sample (21.5%) and high
compositions of mineral clays such as smectite at 22% composition. The dissolution of smectite
facilitates the precipitation of plagioclase, quartz and calcite as outlined by Equation (6). The
dissolution of orthoclase also contributes to the precipitation of quartz and introduces aqueous
SiO:z into the scCO: -water-rock mixture. Orthoclase is also observed to dissolve by over 60%
from 8.3% to 3.5%.

5.2 The Effects of CO: on the Chemical Structure as Determined by FTIR Analysis

FTIR spectroscopy has been widely applied for molecular characterisation of geological
materials (Yin et al., 2016; Theodosoglou et al., 2017; Mavhengere et al., 2021). The technique
allows for the simultaneous study of both inorganic and organic species in a relatively small
quantity of sample (Theodosoglou et al., 2017). Applications of the FTIR technique has
demonstrated its ability to satisfactorily characterise sediments such as those expected in the
samples under study (Herbert et al., 1992; Bishop et al., 1996; Reig et al., 2002; Theodosoglou
etal., 2017). According to Yin et al. (2016) and Lu et al. (2015), surface chemistry alterations
may influence rock adsorption behaviour of CO- and other gases.

FTIR analyses results for each of the samples are discussed. It is generally observed that the
peak intensities are significantly reduced after CO. treatment (Figures 5.2 to 5.6). The lower
peak intensities were observed in similar studies on CO. treated samples such as Yin et al.
(2016) and Goodman et al. (2019). The peak assignments are outlined in Table 5.2.
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Table 5.2: FTIR Peak Assignments.

Wave-  number | ZA ZC ZE ZF ZG Functional group assignments

cm-1 Untreated | CO: treated Untreated | CO: treated A CO: treated B Untreated | CO: treated Untreated | CO: treated | Untreated | CO- treated

3650 X X X X X X X X X X X OH, stretching for water

3350 X X X X X X X X X X

2974 X X X X C-H stretching of aliphatic bonds

2900 X X X X (aldehydes and alkanes)

2000 X X X X X X X X

1640 X X X X X X X X X X X OH, deformation of water

1480 X X X X X X X X CH deformation

1424 X X X X X X X X X COH bending vibrations

1224 X X X X X C-N bond vibrations

1130 X X X X X X X X X X C-C stretching modes/ Si-O
stretching
Vibrations in silicates

1050 X C-O Bond vibrations/Si (Al)-O
stretching vibrations in feldspars

1000-1015 X X X X X X X X X X X Si (Al)-O stretching vibrations

874 X X X X X X X X Calcite bending (Out of Plane)

778 X X X X X X X X X X SiO stretching for quartz

712 X X X X X X X X Calcite Bending (In plane)

666 X X X X X X X X X X X SiO  (perpendicular mode for
quartz)

580-600 FeO/ O-Si (Al)-O bond vibrations
for example in feldspars

Sources:(Allen et al., 1994; Jiang and Xu, 1995; Nakamura et al., 1996; McCarthy et al., 1997; Reig et al., 2002; Kloprogge and Frost, 2004; Lane, 2007; Schuttlefield et al., 2007; Rubasinghege and Grassian, 2013;
Thompson et al., 2013; Loring et al., 2015; Theodosoglou et al., 2017; Goodman et al., 2019; Yuvashree and Balavijayalakshmi, 2019; Kutchko et al., 2020; Klima et al., n.d.)
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The spectra reports the presence of non-structural water through O-H bond at wavelengths of
3650-3350 cm™ and 1640 cm™ (Table 5.4) in the sandstone core samples, in agreement with
findings observed by Goodman et al. (2019) and Kutchko et al. (2020). Water films on mineral
surfaces has been confirmed in numerous studies through the identification of broad anti-
symmetric and symmetric stretching and bending modes at 3380 cm™ and 1640 cm
respectively (Schuttlefield et al., 2007; Rubasinghege and Grassian, 2013; Thompson et al.,
2013; Loring et al., 2015; Goodman et al., 2019). According to Schuttlefield et al. (2007) and
Goodman et al. (2019), absorption bands were observed near 3400 and 1635 cm™ at high
humidity levels, indicating water absorption on external surfaces and in the available clay
interlayers. It is interesting to note that all the analysed samples presented a degree of water
film coating on the sample surfaces. This is shown to reduce after treatment due to the sample

drying process under which only the treated rock samples were exposed.

The presence of organic matter such as aldehydes, alkanes and allenes are indicated by the
peaks observed at 1424, 2000, 2900 and ~2974 cm™. The peaks at 2000, 2900 and 2974 cm'*
are related to C-H vibrations associated with aldehydes, allenes and alkanes whilst the peak at
1424 cm-! denotes the presence of the C-OH bonds representing amines and alcohol. Oxygen
containing functional groups have been known to play a significant role in the adsorption of
CO: at high pressures (~25 MPa) as shown by Liu and Wilcox (2012) and Yin et al. (2016).
The 1130 peak was identified by Theodosoglou et al. (2017) whilst analysing feldspar FTIR
spectra as indicative of the presence of Si-O functional group in silicates. The 1050 cm™ peak
has been observed to represent the Si (Al)-O stretching vibrations in feldspars by Theodosoglou
et al. (2017). The same peak was also observed to indicate the presence of the C-O bond by
Yin et al. (2016) when he studied the effects of cCO- treatment on shale samples. The presence
of quartz is indicated by the dominant peak at 1015 cm™ along with the peaks at 778 cm™ and
666 cm™, which represent the SiO functional groups (Schuttlefield et al., 2007; Kutchko et al.,
2020). Calcite peaks are observed at wavelengths of 712 cm™ and 874 cm™ (Reig et al., 2002;
Goodman et al., 2019). The peaks between 580 and 600 were identified to represent the
presence of at 586 cm™ implies the presence of O-Si (Al)-O bonds in feldspars as observed by
Theodosoglou et al. (2017) or FeO bonds representing the presence of pyrite (Kutchko et al.,
2020).
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521 ZA

Figure 5.2 presents the FTIR spectra of the ZA untreated and CO. treated samples. Although
similar profiles are observed for the two samples, minor variations in peak profiles are noted
in the region between 874 cm™ to 712 cm™ relating to the presence of calcite in the untreated
sample (Table 5.2). The 712 cm™ peak is not detected in the treated sample, indicating the
absence of calcite. Smaller and pronounced peaks are observed in the untreated sample in
comparison to the treated sample throughout the profile. This indicates a subtle variation in
functional group constitution after CO. treatment. This observation corresponds with XRD
results that indicate calcite dissolution after CO. treatment.

522 ZC

The ZC samples do not show obvious signs of functional group changes after treatment. The
three profiles for the untreated, treated A (sample treated with scCO- -water for 1 month) and
treated B (sample treated with scCO-. -water for 2 months) samples are presented in Figure 5.3.
The ZC CO: treated A sample shows stronger hydroxyl peaks at 3650-3350 cm™ as compared
to the untreated and CO. treated B sample. The ZC CO: treated A had C-H and O-H
deformation peaks at 2900-2974 and 1624 cm™ are identical to the untreated sample. The 1480
to 544 cm* vibrational peak range shows a decrease in peak intensity throughout the rest of the
spectrum. A reduction in the C-H deformation peak is observed at 1480 cm™ where a slight
change in profile peak is noted. Mayerhofer, 2004, reports that the reduction in peak intensity
after CO: treatment has been shown to indicate an increase in micro heterogeneity of the
sample. This may also explain the stronger hydroxyl peaks observed only in the A sample,
these likely indicates reduced sample heterogeneity in line with the increased mineral

dissolution reported in the same sample during XRD analyses.

523 ZA

The ZA CO: treated B sample generally shows a less intense spectrum as compared to the
untreated and CO. treated sample. All peaks are maintained or remain the same in the ZA CO-
treated B spectrum except for the C-N bond vibration peak.
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524 ZE

The ZE CO: treated sample similarly shows a notable reduction in intensity of the spectrum
peaks compared to the untreated sample (Figure 5.4). The sample shows presence of O-H
functional group for water (3650 - 3350 and 1640 cm™), subtle organic group vibrations in
2000 and 1424 cm™), SiO functional groups for quartz at 1000-1015 cm™ and 778 cm™.

525 ZF

The ZF CO: treated sample displays a different spectrum in comparison with the ZF untreated
sample spectrum. The untreated sample is observed to contain water (1640, 3350 - 3650 cm™),
organic matter (1050, 1224, 1424, 1480, 2900-2974 cm™), silica (778, 1000 - 1015 cm™) and
calcite (874 cm™). The absence of some of the organic matter and silicate functional groups is
observed in the CO: treated sample in comparison to the untreated sample (1050, 1224, 2900
and 2974 cm™ representing C-H and C-N functional groups respectively). Yin et al. (2016)
observed similar findings which he attributed to the probable dissolution of organic matter in
the sample during treatment. A reduction in the calcite peak (874 cm™) after CO. treatment is
observed in agreement with the XRD results. It may be stated that the treated samples present
higher micro-heterogeneity as compared to the untreated sample.

52,6 ZG

Minimal changes in the spectra profile peaks are observed in the ZG samples. The O-H
functional groups for the presence of water at 1640 and 3350-3650 cm™, are observed in both
the treated and untreated samples. The organic functional group peaks (1130 and 1480 cm™
representing the C-C and C-H functional groups respectively) are also observed in both

samples.

The CaCOs IR vibrational modes are observed at 712 cm™ and 874 cm™. A weaker peak at 712
cmt is observed after treatment, and the 874 cm™ peak is only observed in the treated sample
spectrum in agreement with XRD results. The presence of quartz is indicated by the SiO

functional group peaks at 1015 cm™ and 778 cm™; these peaks are observed on both samples.
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5.3 The Effects of CO: on the Sandstone Physical Characteristics as determined by
LPGA

5.3.1 Low Pressure CO: Adsorption

5.3.1.1 CO, Adsorption Isotherms

It is known that the micropores of geological materials contribute to the adsorption of CO:
(Ross and Bustin, 2007). All the Zululand Basin sandstone samples displayed an increase in
the CO: adsorption isotherms after cCO- -water treatment except for the ZA sample, which
presents the contrary (Figure 5.7 to Figure 5.11). The ZA sample presents a 9% decrease in
adsorption capacity at P/P° of 0.033; this may be influenced by the mineral alterations in the
sample after treatment (Figure 5.7). The ZA sample displayed significant quartz and stilbite
reprecipitation characteristics compared to the other rock samples, which could have led to
micropore clogging (Farquhar et al., 2015; Luo et al., 2018). The ZC untreated sample
adsorption isotherm differs from the ZC treated A and B sample adsorption isotherms, the latter
showing almost identical adsorption isotherms. A 14 % increase in the quantity of CO-
adsorbed at P/P° = 0.033 is determined for ZC treated A sample. The ZC treated B sample
presents a 12% increase in adsorbed CO. quantity at the same relative pressure. The ZE, ZF
and ZG CO: treated samples show a 7%, 9% and a notable 70% increase in CO- adsorbed at
P/P° = 0.033 compared to the respective untreated samples. The higher increase in the
adsorption capacity reported in the ZG sample may be a result of the dissolution of orthoclase
and smectite to form calcite and plagioclase. It is interesting to note the difference in the nature

and magnitude of the alterations in all treated samples.
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5.3.1.2 Micropore size distribution profiles

The H-K method was used to evaluate the Micropore Size Distribution (MSD) profiles of the
samples (Figure 5.12 to Figure 5.16). The MSD profiles display micropore volumes in the
pore width ranges of 3 to 5 A (0.3 to 0.5 nm). All samples (both untreated and treated) present
multimodal PSD profiles. The ZA sample displays a lower pore volume profile after scCO- -
water treatment. Higher pore volume peaks are reported in one of the multimodal profiles of
the ZC and ZE samples, at pore widths of 4.78 A and 4. 94 A, respectively. The ZF untreated
sample reports higher pore volume peaks than the treated sample at two pore width sizes at
4.42 A and 4.82 A on the PSD profile. The ZG sample shows a significantly higher pore volume
profile with all peaks observed on the untreated sample appearing at much higher peaks on the
treated sample profile. It is interesting to note the shift in the peak observed at 4.18 A in the
ZG untreated sample to 4.24 A in the ZG CO:- treated sample. This indicates a decrease in the
micropore sizes in this range during treatment. The same shift in the peaks is also observed in
the ZC treated B sample. The ZC treated A sample shows the highest pore volume in a pore
width range of 3.00 - 4.14 A; beyond which the ZC treated B sample portrays the highest pore
volume and records a peak at 4.18 A pore width. A dip in pore volume is then observed up to
4.33 A, where after the pore volume profiles of the ZC treated A and B samples are similar.
The ZF sample also shows a shift in the 4.82 A pore width peak to 4.78 A in the treated sample.
The ZG sample similarly demonstrates a shift in the peak at 4,24 A to 4,21 A pore width after
treatment. These results demonstrate alterations in the MSD’s as a result of scCO. -water
interactions. Other researchers have reported that micropore alterations were observed in
carbonate rich shales and sandstones after scCO- -water treatment (Jiang et al., 2016; Yin et al.,
2016; Pan et al., 2018; Goodman et al., 2019). Micropores in sandstones have been shown to
occur as a distribution of dissolution micropores, ductile rock fragments and within clay
minerals (Zhu et al., 2018). The dissolution micropores may arise from the presence of partial
carbonate minerals in the sample that may dissolve, leading to an increase in pore volume (Luo
et al., 2018). The scCO: -water treatment interactions influencing the micropore structure are

discussed in detail below.
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5.3.1.3 Micropore Surface Area and Volume

The D-R and BET micropore surface areas, DA limiting micropore volume and the average
pore sizes are evaluated for each of the untreated and cCO- treated samples (Table 5.3). The
D-R micropore surface area ranged between 13,43 m?/g (ZE untreated sample) and 20,61 m?/g
(ZC treated A). A reduction in the micropore surface area and limiting micropore volume are

reported with an increase in the average pore volume for the ZA sample after CO- treatment.

The ZC CO: treated A sample displays an increase in D-R micropore surface area of 14% after
a month of treatment, but the sample treated for 2 months (ZC CO. treated B) shows a slightly

lower increase in micropore surface area of 10%.

The D-A micropore volumes for the untreated samples range from 0,02419 cm®/g (ZF) to
0,04037 m2 /g (ZC). The limiting micropore volume is observed to decrease in the ZC sample
after CO- treatment. The magnitude of pore volume reduction is observed to be higher after 2
months of treatment (9%) than after 1 month of CO- treatment (4%). The ZE sample displays
a 9% increase in the limiting pore volume whereas the ZF and ZG samples present an increase

of 25% and 8% magnitude, respectively.
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Table 5.3: CO. Micropore surface area and volume

Sample name CO: Dubinin- | CO: Dubinin- | Ave Pore size(A)

Radushkecich Astakhov  Limiting

Micropore SA | Micropore  Volume

(m?/g) (cm?*/g)
ZA Untreated 18,27 0,0353 9,79
ZA CO: treated 15,357 0,0278 10,7325
ZC Untreated 18,05 0,04037 9,84
ZC CO: treated A 20,61 0,03894 10,34
ZC CO: treated B 19,83 0,03668 10,60
ZE Untreated 13,43 0,03148 10,70
ZE CO: treated 14,98 0,03424 10,44
ZF Untreated 16,79 0,02419 10,54
ZF CO: treated 19,19 0,03019 9,73
ZG Untreated 12,70 0,0320 6,36
ZG CO: treated 19,798 0,0344 9,6155

The reduction in micropore surface area and adsorption observed in the ZA sample is likely

due to the higher levels of precipitation within the sample, indicating higher mineral migration
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which then affects the micropore structure due to potential pore clogging (Shi et al., 2019; Wu
et al., 2019, 2019). The rest of the samples show an increase in micropore surface area after
CO: treatment. Increases in micropore surface areas of high quartz and clay content terrestrial
shales are reported by Pan et al. (2018). Pan et al. (2018) also reported decreases in micropore
surface area of high quartz and carbonate marine shales after similar treatment. This indicates
the complexity of the geochemical cCO:. -rock interactions during storage and further
emphasizes the need for rock specific experimental simulations to be conducted in order to
evaluate the resulting changes (Mavhengere et al., 2021). The maturity level of the sedimentary
organic matter was proposed to influence the reported pore structure modifications in scCO: -
rock interactions (Pan et al., 2018; Mavhengere et al., 2021). Lahann et al. (2013) and
Mouzakis et al. (2016) reported increases in BET micropore surface area after treating shale
and caprock samples with scCO. -Water/brine mixtures. The increase in the average pore
volume may be as a result of the clay dissolution in the samples during treatment (Luo et al.,
2018).

The increase in average pore size in the ZA, ZC and ZG samples may be a result the influence
of clay dissolution in the samples during treatment potentially leading to the reduction in pore
volume in the ZA and ZC samples. The dissolution is associated with precipitation of secondary
quartz, stilbite and diopside. According to Wu et al. (2019) the precipitated minerals have been
observed to remigrate and lead to changes in the physical and structural pore system of the
resulting treated samples. In fact, Wu et al. (2019) reported a complete conversion of the Ordos
Basin sandstone after treatment to CO: and brine through clay mineral dissolution,

reprecipitation and re migration.

5.3.2 Low Pressure N> Gas Adsorption Analyses

Shi et al. (2019) reports that the mesoporous size range that is studied through low pressure N-
gas adsorption mainly exists in clays. Clay dissolution would then be seen through a decrease
in the mesopore surface area and pore volume. Clays are known to be the main components of
the cement binding the quartz particles together in sandstones (Shi et al., 2019). The low-
pressure N2 gas adsorption results are presented in this section. These are presented in the form

of the adsorption- desorption isotherms, the PSD profiles as determined by the application of
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the BJH model, as well as the surface parameters analysed through the application of the

Langmuir model.

5.3.2.1 N Adsorption-Desorption Isotherms

According to the IUPAC classification, the N. adsorption isotherms (Figure 5.17 to Figure
5.21) are all Type IV isotherms (Gudbrandsson et al., 2014; Okolo et al., 2015; Thommes et
al., 2015; Mavhengere et al., 2021).
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The hysteresis loop describes the difference between the adsorption and desorption isotherms,
its presence indicates slit shaped pores in the analysed samples (Clarkson et al., 2012; Anovitz
and Cole, 2015). The hysteresis loops presented by all the samples resemble a H3 hysteresis
loops, implying “non-rigid aggregates of plate like particles “in the samples and the presence
of macropores which are not entirely filled by pore condensate in the pore network (Thommes
et al., 2015; Mavhengere et al., 2021). The tensile strength effect/forced closure phenomenon
is also constantly observed at P/P° = 0.45 for all samples. This, according to Pan et al. (2018),
is likely due to the hemispherical meniscus instability taking place in pores smaller than 4 nm
(40 A) during the desorption process.

Whilst the ZA sample displays a reduction by 14% in adsorption capacity after scCO:
treatment, the rest of the samples display a contrary increase in adsorption capacity after
treatment. The greatest increase in maximum adsorption capacity of 220% which is reported
in the ZG sample, whilst the ZC sample shows the lowest increase of 12%. The highest
adsorption capacity is observed in the ZG CO: treated sample at 46.21 cm®/g at the maximum
relative pressure. This may most likely be due to the reported calcite dissolution in the sample.
This is followed by the ZC CO: treated sample at 35.74 cm®/g. The ZF and ZF treated samples
present the lowest adsorption capacities, at 18.42 cm®/g and 19.50 cm?®/g, respectively. These
samples therefore adsorb CO- at lower rate in comparison to the other samples. The adsorption
profile for the 1 month treated sample (ZC treated A) is observed to lie in between the 2 months
treated sample and the untreated sample, indicating progressive increase in adsorption capacity
from the 1-month treatment period to two months.

Yin et al. (2016) describes the steep increase in adsorption capacity at the higher relative
pressure values (0.9-1.0) as an implication of micro- and mesopore dominance. The shapes of
the isotherms are not observed to change after treatment. Similar findings have been reported
by Yin et al. (2016) after exposing shale samples to supercritical CO- .

The capillary condensation in the core sample mesopores is believed to produce the adsorption-
desorption hysteresis loops observed on each of the samples, indicating the presence of open
pores (Pan et al., 2018). According to Sing et al. (1985), Chalmers et al. (2012), and Yin et al.
(2016), the pore morphology may be evaluated using the shape of the hysteresis loop. It may
therefore be inferred that scCO- -water treatment of the ZG core sample influenced changes the
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shape of the meso- and macropores as it presents a slight hysteresis shape change after

treatment.

5.3.2.2 Mesopore and Macropore Size Distribution Profiles

Unimodal profiles are observed in the N> PSD profiles of all samples determined by the
application of the BJH model (Figure 5.22 to Figure 5.26). Similar observations were made by
Shi et al. (2019) and Kuila and Prasad (2013) whilst studying sandstone pore structures using
N: gas adsorption. Over 60% of the mesopore volume is accounted for in the 20 to 200 A pore
diameter range. The ZA sample shows a reduction in the pore volume peak between 18 and
28 A. This reduction in pore volume in this range may be a result of the destabilization of
dissolution pores during treatment with scCO- -water, as similarly observed by Shi et al. (2019)
after treating rock samples with scCO- -brine mixtures. Shifts in the observed peaks to lower
pore diameters are observed after sc<CO- -water treatment in the remaining core samples. The 2
month treated core samples (ZC, ZE, ZF and ZG) consistently show an increase in pore volume
throughout the mesopore diameter profiles. The one month treated sample (ZC treated A),
shows a correlation in pore volume with the untreated sample for pore diameters >450 A. The
increase in porosity at mesoscale due to scCO- -water treatment in rock formations have been
observed by other researchers in the field (Rimmelé et al., 2010; Goodman et al., 2019; Shi et
al., 2019). This is mainly attributed to the formation of macropores and/ or micro fractures
along grain boundaries where clays are dissolved (Shi et al., 2019). According to Shi et al.
(2019), the loss of clay minerals is likely to increase pore structure connectivity and weaken
the strength of the sandstone.
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Figure 5.22: ZA untreated and CO: treated samples: N> mesopore PSD evaluated using the BJH

model.
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Figure 5.25: ZF untreated and CO: treated samples: N2 mesopore PSD evaluated using the BJH
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Figure 5.26: ZG untreated and CO: treated samples: N> mesopore PSD evaluated using the BJH

model.

The pore volume profiles for the core samples at macropore diameter ranges of 500 A to 1800
A are presented in Figure 5.27 to Figure 5.31. A consistent low pore volume profile is observed
for the ZA CO: treated and ZC CO- treated A sample post scCO- -water treatment. The ZC
treated A and B samples and the ZE treated sample present higher PSD profiles of up to a
certain pore size of 450, 950 and 1750 A respectively. Higher PSD profiles are however
observed for the ZF and ZG treated samples throughout the profile range in comparison to the
respective untreated samples. This demonstrates a possible limitation of the influence of scCO-
-water interactions on the sample macropore structure for these core samples. Similar findings

are reported by Shi et al. (2019) after exposing sandstone samples to scCO- -brine mixtures.
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Figure 5.27: ZA untreated and CO:- treated samples: N> macropore PSD evaluated using the
BJH model.
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Figure 5.28: ZC untreated and CO: treated samples: N> macropore PSD evaluated using the
BJH model.
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Figure 5.29: ZE untreated and CO- treated samples: N> macropore PSD evaluated using the
BJH model.
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Figure 5.30: ZF untreated and CO. treated samples: N> macropore PSD evaluated using the
BJH model.
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Figure 5.31: ZG untreated and CO: treated samples: N> macropore PSD evaluated using the
BJH model.

5.3.2.3 Mesopore and Macropore Surface Area Parameters

The BET and Langmuir surface area data are outlined in Table 5.4. Both parameters present
minor reduction of <9% in surface area after scCO. -water treatment of the ZA sample.
Increases in the surface area of up to 180% are observed in the other samples after scCO. -water
treatment. The ZC sample presents a 26% and 54% increase in BET surface area after 1 month
and 2 months of scCO: treatment, respectively. A 49% and 72% increase are observed in the
Langmuir surface area for the respective samples. The ZE sample displays a 55% increase in
BET mesopore and macropore surface area along with an 83% increase in Langmuir mesopore
and macropore surface area. A 115% and 150% increase in BET and Langmuir surface areas
respectively is reported in the ZF sample. The highest increase in surface area is observed in

the ZG sample at 155% for the BET surface area and 180% for the Langmuir surface area.
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Table 5.4: N. BET and Langmuir Surface Areas

Sample N. BET m?/g N Langmuir m?/g
ZA Untreated 3.40 14,72
ZA CO: treated 3.12 13.83
ZC Untreated 3,17 10,91
ZC CO: treated A 4,00 15,23
ZC CO: treated B 4,87 18,76
ZE Untreated 2,59 11,37
ZE CO: treated 4,03 20,87
ZF Untreated 1,63 5,04
ZF CO:. treated 3,52 12,51
ZG Untreated 2,10 7,76
ZG CO: treated 5,42 21,70

5.4 Key Findings
5.4.1 Mineral Alterations due to scCO: -water Treatment

Mineral alterations were observed as determined by XRD analyses in line with other studies in
the field such as (Dai et al. 2020; Gudbrandsson et al. 2014 and Wu et al. 2019). The dissolution
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of clays and/or carbonates (smectite and calcite) was predominantly observed in all samples in
line with findings reported by Credoz et al. (2009). Smectite and calcite dissolution was
observed in the ZA sample, and the dissolution of plagioclase and precipitation of quartz was
also reported. The ZC CO- treated A and B samples demonstrated slight calcite and plagioclase
dissolution, and a slightly higher dissolution rate was observed on the ZC treated A sample
than the ZC treated B sample. Smectite precipitation was found in the ZC CO: treated samples;
more smectite was observed on the ZC CO:. treated B sample than in the ZC CO- treated B
sample. The ZE sample merely presents slight dissolution of smectite which is present in the
sample in small composition (2,6%). Slight precipitation of plagioclase is also noted, whilst
the rest of the minerals are insignificantly altered. The ZF sample presents complete calcite
dissolution accompanied by slight smectite dissolution and negligible stilbite and diopside
precipitation. The ZG sample presented notable smectite and orthoclase dissolution. This was
accompanied by calcite, stilbite and plagioclase precipitation and minimal changes to the quartz
content. The different alterations observed in the samples outline the complexity of the scCO-
-water treatment influences on specific rock samples. Plagioclase and clay dissolution and
precipitation in particular plays a significant role in geological sequestration (Zhang et al.,
2009).

5.4.2 Effects on the Surface Chemistry

The effect of scCO. -water treatment on the surface chemistry of the different rock samples
through FTIR was investigated. The general overall observation is the reduction in peak
intensity after cCO. -water treatment. The lower peak intensities were observed in similar
studies on COs- treated samples such as Yin et al. (2016) and Goodman et al. (2019). All
samples showed the presence of water, varying trace levels of organic matter, silica, and calcite.
The ZA sample, complements the XRD results showed calcite dissolution after scCO- -water
Treatment. The ZC samples did not present any significant changes in the surface functional
groups, similar to XRD results, only subtle changes in peak intensities were observed. The ZC
treated A sample presented stronger peak intensities as compared to the untreated and ZC
treated B sample. No notable changes on the surface functional groups were observed on the
ZE sample. The ZF sample presents multiple differences in the untreated and treated sample

spectra. Organic matter C-H and C-N functional groups are not reported in the treated sample
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despite being identified in the untreated sample, implying organic matter dissolution. The ZG
sample presented minimal changes in surface chemistry. Applications of the FTIR technique
has demonstrated its ability to satisfactorily characterise sediments such as those expected in
the samples under study (Herbert et al., 1992; Bishop et al., 1996; Reig et al., 2002;
Theodosoglou et al., 2017). According to Yin et al. (2016) and Lu et al. (2015), surface

chemistry alterations may influence rock adsorption behaviour of CO- and other gases.

5.4.3 Effects on Textural Properties

Changes in micropore, mesopore and macropore structure properties are observed in the
studied samples. The micropore structure was analysed through the application of low-pressure
CO:; adsorption on untreated and CO: treated samples. Different observations are reported for
the five samples studied. The ZA sample demonstrates a reduction in CO. adsorption capacity,
micropore volume and surface area following treatment. Contrary observations are reported for
the remaining four core samples. The average pore size is observed to increase for the ZC and
ZG samples whilst minor decreases are observed in the ZE and ZF samples. The increase in
micropore average pore size is attributed to calcite and or smectite and orthoclase dissolution
(Luo et al., 2018; Wu et al., 2019).

The mesopore and macropore structures were investigated by the application of N. gas
adsorption. All samples presented Type IV isotherms, which are typical for mesoporous solids
(Clarkson et al., 2012). Increases in mesopore and macropore adsorption are observed in all
samples except for the ZA sample. The influence of scCO. -water treatment on the samples is
observed to vary within the five core samples. An increase in pore volume is observed
throughout the pore diameter profiles (20-2300 A) for the ZF and ZG samples, whilst for the
ZC and ZE samples, the increase in pore volume is observed up to a certain pore diameter
within the profile, thereafter, lower pore volumes are observed in the CO. treated samples in
comparison to the respective untreated samples. A consistent increase in mesopore and
macropore surface area is observed for all core samples except for the ZA sample, which
reports a decrease in mesopore and macropore surface area after scCO- -water treatment. The
trapping mechanisms at pore structure scale are reported to account for up to 97% of the
residually trapped CO: during storage (Cui et al., 2017; Mavhengere et al., 2021). The flow

pattern and storage capacity are particularly vulnerable to pore structure changes (Dai et al.,
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2020). Since the pore volume is defined as a measure of its storage capacity (Krohn, 1988), for
the same sample a higher storage capacity is obtained with a larger pore volume (Moosavi et
al., 2014; Campos et al., 2015; Mavhengere et al., 2021). An increase in storage capacity in

the samples studied as a result of scCO. treatment except for the ZA sample is therefore implied.

Variations in the PSD profile peaks were observed in the untreated and treated samples,
indicating pore structure changes which are similarly attributed to clay and carbonate mineral
dissolution (Rimmelé et al., 2010; Pan et al., 2018; Goodman et al., 2019; Shi et al., 2019).
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6 CHAPTER 6: EFFECTS OF 5CO: - SO: -WATER TREATMENT

The current chapter outlines the results of the characterisation tests conducted on the Zululand
Basin ZC and ZG samples following treatment and seeks to determine the effects of SO in the
gas stream during the experiments. Simulated CO: storage experiments were conducted on the
ZC and ZG core samples using a 99% CO- and 1% SO- gas mixture. A water-rock ratio of 23:1
as used previously was used at the typical reservoir conditions of 180 bar and 70 °C for the ZC
sample, and 120 bar and 43 °C for the ZG sample. Both samples were treated for a duration of
2 months. An attempt to conduct the same experiment was made on the ZF sample. However,
the mixture was observed to be unstable at the experimental conditions, leading to reactor
rapture disc failure due to the over pressurisation of the reactor which occurred prematurely at
1 week. Due to equipment failure, this particular test could not be repeated on the rest of the

samples.

6.1 Mineral Alterations as determined by XRD.

The introduction of SO: is expected to lead to the generation of stronger sulphuric acid in the
gas-water medium stream. This in turn is expected to influence the chemical reactions taking
place during treatment/ CO: storage tests. Mineral alterations in sandstone samples after
treatment with SO. contaminated streams has been studied by researchers in the field through
the application of XRD (Xu and Van Deventer, 2002; Wollenweber et al., 2010; Pearce et al.,
2015, 2015; Yin et al., 2016). Dawson et al. (2015) studied the dissolution of Berea sandstone
in CO2 -SO: -brine water mixtures by evaluating the changes in the XRD results before and
after treatment. Pearce et al. (2015) used XRD to determine mineral alterations after exposing

sandstone samples to scCO.-SO.-water mixtures.

The XRD results for the ZC and ZG samples present different mineralogical alterations after
scCO2 -SO. .water treatment as shown in

Table 6.1. An increase in quartz composition after the sandstone samples were exposed to scCO:

-SO: - water is observed. Plagioclase composition is observed to decrease in the ZC sample

whilst an observation of an increase of the same mineral in the ZG sample post scCO2 -SO- -

water treatment is seen. Smectite composition is observed to increase in the ZC sample. The

same mineral is observed to decrease in the ZG sample post scCO: -SO- -water treatment. The

calcite dissolution is reported in the ZC sample, whilst its precipitation is observed in the ZG
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sample. The ZC sample also demonstrates gypsum precipitation after CO. -SO. treatment.
Orthoclase is found to decrease in the ZG CO: - and CO: -SO: treated samples, the decrease in
orthoclase is less in the latter. The effective changes in mineral composition are further

analysed in Sections 6.1.1 to 6.1.2.

Table 6.1: ZC and ZG core sample XRD results pre and post scCO2 -SO- -water treatment with

comparison to CO: treated samples.

Quartz Plagioclase | Smectite | Calcite | Pyrite | Stilbite | Diopside | Gypsum | Orthoclase
Sample (wt.%) (wt.%) (wt.%) (wt.9%0) | (Wt.90) | (Wt.9%) | (wt.%) (wt.%) (wt.%0)
ZC
Untreated | 44,1 447 1,0 3,5 0,4 3,6 2,7 0,0 0,0
ZC CO:
treated A | 47,1 40,8 13 2,8 0,4 4,6 31 0,0 0,0
ZC CO:
treated B | 47,5 42,5 2,5 1,7 0,4 2,7 2,8 0,0 0,0
ZC CO: -
SO:
treated 49,1 28,6 11,8 0,0 0,8 4,9 2,3 25 0,0
ZG
Untreated | 21,5 46,0 22,2 0,0 0,0 2,0 0,0 0,0 8,3
ZG CO:
treated 22,3 50,5 16,3 2,9 0,0 48 0,0 0,0 3,2
ZG CO: -
SO:
treated 26,1 53,4 12,1 2,3 0,0 0,0 0,0 0,0 6,2
6.1.1 ZC

The ZC CO. -SO- treated sample is compared to the untreated sample (apparent variation) and
the CO: treated B sample to determine the mineral alterations arising from the introduction of
SO: into the CO: stream. The effective variation is also evaluated using Equation (8) to
eliminate the effect of calcite dissolution on the resulting apparent concentrations. The XRD
composition variations are summarised Figure 6.1. The apparent effects of scCO. -SO. — water
treatment indicate a precipitation of quartz and smectite at 11% for each mineral. Dissolution

of plagioclase is observed at 36% and calcite at 100%. Formation of gypsum is observed in the
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ZC CO: -SO- treated sample. Precipitation of gypsum after calcite dissolution is reported in
literature (Bouchelaghem, 2010; Wilke, 2012; Farquhar et al., 2015; Pearce et al., 2015, 2015,
2015; Melliti, 2021; Alimi et al., n.d.; Booth et al., n.d.; Wilkins et al., n.d.). SO: dissolution
in water results in the formation of sulphurous acid which in turn could react with oxygen to
form sulphuric acid (Equation (10)).

1
SOZ + H20 A d HZ 503 +502 (_—) H2 504 (_—) 2H+(aq) + 504__ (aq) (10)

Calcite ions produced through dissolution in acidic environments upon treatment to sulphuric
acid may lead to the rapid precipitation of gypsum as outlined by Equation 11 (Pearce et al.,
2015).

Ca?* + SO~ + 2H,0 - CaS0,.2H,0 (11)

Traces of pyrite precipitation are noted after CO. -SO. treatment. Comparable results were
observed by Pearce et al. (2015) studying alterations in ferroan carbonates after treatment to

SO: -CO: mixtures under CO: sequestration conditions.

Mineral Alterations in the ZC Sample
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Figure 6.1: ZC and ZG mineral alterations as evaluated by XRD.
83

General



When compared to the ZC treated B sample, the ZC CO.-SO- treated sample presents an
additional 3% increase in quartz precipitation, whilst smectite precipitation increases by a
significant 382%. Dissolution of plagioclase is higher by 33% in comparison to the CO: treated
B sample, and an 80% increase in the precipitation of other minor minerals is demonstrated
mostly due to the precipitation of gypsum. Water/rock interactions simulated by the conversion
of calcium to gypsum is reported to impact negatively impact the pore structure by decreasing
sample porosity (Knauss et al., 2005; Pearce et al., 2015). Upon considering the effect of
calcium dissolution in the sample, a 4 % increase in the dissolution rate is observed for the
plagioclase whilst a 4% decrease in the precipitation rate is observed in the other minerals. As
observed in Chapter 5, mineral dissolution and precipitation leads to pore structure changes in
agreement with Farquhar et al., 2015 and Wu et al., 2019. Pearce et al. (2015) also observed
plagioclase dissolution in rock samples after treatment to CO. -SO. -water-rock mixtures.
Mavhengere et al. (2021) and Gudbrandsson et al. (2014) acknowledged the rising interest in
plagioclase dissolution due to its potential role in CO- storage. Yin et al.(2016), reports that
Ca, Mg and Al rich silicates such as plagioclase are expected to have a huge potential for

mineralization trapping due to their dissolution capacity in carbonic acid.

According to Dawson et al. (2016), plagioclase (albite) dissolves into solution after SO-
introduction due to the resulting lower pH values of 1-3. The dissolution of silicates is enhanced
at the lower pH values (Wilke et al., 2012; Dawson et al., 2015). It may be implied that the
introduction of SO. into the CO. stream could increase the rock’s dissolution capacity due to

the formation of lower pH in the formation water.

6.1.2 ZG

Precipitation of quartz is observed in the ZG sample at 21% apparent variation from the
untreated sample (Figure 6.2). A 16% increase in plagioclase is observed after CO: -SO:
treatment. The increases in quartz and plagioclase are notably higher than the alterations
reported in the CO: treated sample by 17% and 6%, respectively. Smectite is observed to
dissolve during CO: treatment. The rate of dissolution is increased by a further 26% upon the
introduction of SO.. Calcite precipitation is observed likely as a result of the dissolution of
smectite. Other minor minerals such as orthoclase and stilbite are shown to further reduce by

23% in composition after s:CO: -SO: -water treatment.
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Mineral Alterations in the ZC Sample
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Figure 6.2: ZC mineral alterations as evaluated by XRD.
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Mineral Alterations in the ZG Sample
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Figure 6.3: ZG mineral alterations as evaluated by XRD.

It may be suggested that the resulting increase in plagioclase increases the potential for
mineralisation trapping in the sandstone core sample, attributing to an increased CO:
adsorption capacity of the rock in the long term. Secondary precipitation of quartz is reported
in literature after rock treatment to sequestration conditions (Koenen et al., 2011; Zhang et al.,
2020; Mavhengere et al., 2021). This is mainly as a result of the dissolution of silicate minerals
in both samples (Dai et al., 2020; Zhang et al., 2020). The dissolution of stilbite is observed
in the ZG CO--SO: treated sample; this differs from the ZG CO. treated sample results that
indicates precipitation. The dissolution of stilbite is reported in literature under similar
conditions (Xu and Van Deventer, 2002; Rosenbauer et al., 2005).
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6.2 Effects on Surface Chemistry using FTIR.

Studies such as those conducted by Glezakou et al. (2012) have demonstrated successful
application of FTIR analyses in evaluating the interactions of SO. with mineral samples under
sequestration conditions. This approach is applied in this study to evaluate the effects of SO-
introduction into the CO: stream. Changes in chemical functional groups as a result of the
introduction of 1% SO- in the CO- stream are outlined in this section. FTIR spectra are reported
in Figure 6.4 and Figure 6.5, the variations in the spectra are summarised in Table 6.2. Sections

6.2.1 and 6.2.2 report on the results and observations obtained.
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Figure 6.4: Functional Group Changes as evaluated by FTIR in ZC.
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Figure 6.5: Functional Group Changes as evaluated by FTIR in ZG.

6.2.1 ZC

The ZC sample shows a reduction in peak intensity throughout the spectra profile after scCO- -
SO: -water treatment ( Figure 6.4). An elimination of the 3350 and 1640 peaks from the CO-
SO: treated sample spectra is observed. This represents the absence of the OH functional group
stretching and deformation vibrations. The calcite peak at 712 cm™and 874 cm™ is eliminated
in line with the XRD results. The SiO stretching bond at 1015 cm™ is observed to significantly
reduce in intensity with a more prominent peak being observed at 1050 cm™. A more distinct

variation in the spectra is observed after CO. -SO. treatment as compared to CO- treatment.
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Table 6.2: FTIR Peak Assignments.

Wave- ZC ZG Functional group

number assignments

cm-1 Untreated | CO» CO. | Untreated | CO: CO:-

treated | SO- treated | SO:
treated treated

3650 X X X X OH, stretching for water

3350 X X X X X

2974 X X C-H stretching of aliphatic

2900 % % bonds (aldehydes and
alkanes)

2000

1640 X X OH, deformation of water

1480 X X CH deformation

1424 X X COH bending vibrations

1224 X X C-N bond vibrations

1130 X X C-C stretching modes/ Si-O
stretching
Vibrations in silicates

1050 X C-O stretching modes in
organic compounds/  Si
(ADN-O stretching
vibrations in feldspars

1000- X X X X X X Si (A)-O  stretching

1015 vibrations

874 X X X X Calcite bending (Out of
Plane)

778 X X X X X X SiO stretching for quartz

712 X X X X Calcite Bending (In plane)

666 X X X X X X SiO (perpendicular mode
for quartz)

580-600 X FeO/ O-Si (Al)-O bond
vibrations for example in
feldspars

Sources:(Allen et al., 1994; Jiang and Xu, 1995; Nakamura et al., 1996; McCarthy et al., 1997;
Reig et al., 2002; Kloprogge and Frost, 2004; Lane, 2007; Schuttlefield et al., 2007;
Rubasinghege and Grassian, 2013; Thompson et al., 2013; Loring et al., 2015; Theodosoglou
et al., 2017; Goodman et al., 2019; Yuvashree and Balavijayalakshmi, 2019; Kutchko et al.,
2020; Klima et al., n.d.)
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622 ZG

The ZG sample presents a more intense FTIR profile after cCO- -SO- treatment (Figure 6.5).
More peaks are demonstrated after cCO: -SO: treatment at 1050 cm™ and 584 cm™. The peak
at 1050 cm™* represents the presence of Si (Al)-O functional groups in silicates, and the more
pronounced peak is likely due to the increased precipitation of plagioclase in the sample. The
peak observed at 584 cm indicates the presence of O-Si (Al)-O bond functional groups in in
feldspars and may be due to the higher content of plagioclase and orthoclase in the sample in
comparison to the untreated and scCO- treated samples. The calcite peak is observed only in the
ZG CO: treated and ZG CO- -SO. treated samples as indicated by the mineral alterations

discussed in Chapter 5.

6.3 Effects on Physical Characteristics though LPGA

The physical properties of the two core samples were similarly evaluated by the application of
LPGA technique. This section outlines the pore structure changes observed in the CO -SO: -

water treated samples.

6.3.1 ZC Low Pressure CO. Adsorption

A notable increase in CO. adsorption capacity after cCO. -SO. -water treatment was observed
in the ZC sample as indicated by the adsorption isotherm (Figure 6.6). A 12% increase in the
maximum quantity adsorbed is reported after scCO. -water treatment and a 40% increase is
observed in the «CO- -SO- -water treated sample at P/P°=0.03. The PSD profile reported is
similar to the one observed after CO. treatment for 2 months (Figure 6.7). The cCO2 -SO-
treated sample merely shows a higher pore volume in the 3-5 A range. It is important to note
that the shift in PSD peaks from 4.24 A in the untreated and CO- treated A sample to 4.18 A in
the CO. treated B sample is also maintained in the CO. -SO. treated sample. This indicates
similar pore structure changes in both samples despite the addition of SO- into the CO- stream
for treatment. The D-R and BET micropore surface areas show notable increases of 31% and
20%, respectively in the ZC CO- -SO. treated sample, as noted in Table 6.3, compared to both
the ZC untreated and CO. treated B samples. The micropore volume is observed to remain
constant whilst the average pore size increases by 16%. Changes in the micropore structure of

sandstones is likely due to carbonate and clay dissolution as indicated by the FTIR and XRD
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analyses, in agreement with other researchers in the field (Yin et al., 2016; Luo et al., 2018;
Zhu et al., 2018; Dai et al., 2020).
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Figure 6.6: ZC untreated, CO: treated and CO. -SO: treated samples: CO- adsorption isotherms.
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Table 6.3: ZC CO- Adsorption Pore Parameters

Sample CO. Dubinin- | CO: Dubinin- | CO: BET S/A | Ave Pore
Radushkecich | Astakhov Limiting | (m?/g) size(A)
Micropore SA | Micropore Volume
(m?g) (cm®g)

ZC Untreated 18,05 0,040 14,23 9,84

ZC CO: treated A 20,61 0,03894 15,46 10,34

ZC CO: treated B 19,83 0,037 14,79 10,60

ZC CO: -SO:; treated 23,82 0.037 17,14 11,37

6.3.2 ZC Low Pressure N2 Adsorption

The N2 adsorption and desorption isotherm profiles present minimal changes to the mesopore

and macropore structure of the ZC sample following scCO- -SO- -water treatment (Figure 6.8).

The adsorption and desorption profiles of the ZC CO. -SO: treated sample closely mimic those

of the ZC untreated sample. A 19% decrease in the maximum quantity adsorbed is observed

after «CO- -SO. -water treatment at P/P® =1. The hysteresis shape is maintained throughout

most of the adsorption and desorption profile, only a minor shape changes is observed at a

relative pressure of 0,96 - 1, indicating minor morphological changes on the sample.
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Figure 6.8: ZC untreated, CO: treated and CO: -SO- treated samples: N> BJH adsorption -

desorption isotherms.

The mesopore PSD profiles of the CO.-SO- treated sample similarly present a lower pore
volume profile in comparison to the ZC CO. treated B sample ( Figure 6.9). The ZC CO. -SO-
treated sample PSD profile closely follows the untreated sample profile presenting only minor
variations within the 0-100 A range, where a peak shift is observed. A slightly lower pore
volume profile is also observed from 200-2100 A ( Figure 6.10 ). These observations confirm
the changes to the meso and macropore structure after CO. -SO. treatment with minor unique
changes observed after the introduction of SO: into the CO:. stream. The overall effect
demonstrates lower mesopore and macropore volume. The N> BET surface area shows a 6%
decrease after cCO. -SO- -water treatment whereas the Langmuir surface area remains the
same. This reduction in the meso and macropore adsorption capacity, volume and surface area
are likely due to pore clogging as a result of gypsum and smectite precipitation (Farquhar et
al., 2015; Pearce et al., 2015).

93

General



Z
0.00025 c
0.0002
<
2
‘E
S 0.00015
()
S
=)
© 0.0001
>
e
(@]
a
0.00005
e e
0
0 50 100 150 200 250 300 350 400 450 500
Pore Diameter (A)
—e—7C CO,-SO, Treated —e—7C Untreated —e—7C CO; Treated B
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profiles.
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Table 6.4: ZC N2 Adsorption Surface Area Parameters

Sample N2 BET m?/g N2 Langmuir m?/g
ZC Untreated 3,17 10,91
ZC CO- treated A 4,00 15,23
ZC CO: treated B 4,87 18,76
ZC CO- -SO: treated 2.97 10.93

6.3.3 ZG Low Pressure CO; Adsorption

The ZG CO: -SO: treated sample micropore adsorption isotherm in Figure 6.11 shows a lower
magnitude of increase in adsorption capacity as compared to that reported after CO. -water
treatment. The ZG CO. -SO- treated sample micropore PSD profile in Figure 6.12 also
demonstrates a close correlation with the untreated sample as observed by the peak shift from
the ~4.24 A pore width in the untreated sample to ~4.18 A pore width in the ZC CO- -SO.
treated sample. This particular peak appears to shift slightly to ~4.21 A pore width in the ZC
CO: treated B sample. It is likely that the lower increase in micropore adsorption capacity and
volume is attributed to the reduced dissolution of orthoclase as indicated by the mineral

alterations outlined in Table 6.1.
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Figure 6.11: ZG untreated, CO: treated and CO: -SO: treated samples: CO. adsorption

isotherms.
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Figure 6.12: ZG untreated, CO: treated and CO. -SO. treated sample: H-K micropore PSD

Profiles.

6.3.4 ZG Low Pressure N2 Adsorption

The N: adsorption-desorption isotherms demonstrate a slight improvement in adsorption

capacity throughout the relative pressure range as shown in Figure 6.13. An increase in the size
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of the hysteresis loop is observed after treatment. The adsorption capacity at P/P°=0.03 remains
constant after treatment for the CO. -SO. treated sample. The ZG CO. -SO- treated mesopore
PSD profile closely follows that of the untreated sample (Figure 6.14), with minor peak
magnitude variations observed below the pore diameter of 26 A. A slight variation and
improvement in the PSD profile is observed in the ZG CO. -SO: treated sample up to ~350 A
pore diameter. This effect varies from the ZG CO. treated sample results which shows a
significant improvement in pore volume throughout the profile. The ZG macropore profiles in
Figure 6.15 demonstrates negligible improvements in macropore volume after CO. -SO- -water
treatment. Subtle peaks are also observed at ~723 A and ~1295 A in the ZG CO. -SO: treated
sample, these peaks are not observed in the ZC CO: treated and ZC Untreated PSD profiles.
The reported observations indicate a change in the macropore structure of the sample that are

unique to the introduction of SO: into the CO- stream during treatment.
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Figure 6.13: ZG untreated, CO. treated and CO- -SO: treated samples: N> BJH adsorption -

desorption isotherms.
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Similar surface area values are determined for the ZG CO- -SO: treated sample as compared to
the ZG untreated sample (Table 6.5). A slight increase at 2% is observed in the D-R surface
area is reported in Table 6.6. Surface area improvements of 21% and 24% in BET and
Langmuir models are reported at mesopore and macropore scale. These changes confirm a
reduction in surface area in the ZG CO--SO: treated sample as compared to the ZG CO- treated
sample. The resulting decrease in the adsorption capacity, pore volume and surface area are
attributed to the notable precipitation of plagioclase and calcite in the CO. -SO: treated sample
(Table 6.1). All the identified pore structure variations could be linked to mineral alterations
during treatment. The influence of mineral alterations is therefore shown to affect the resulting
pore structures (Wu et al., 2019).

Table 6.5: ZG CO. Adsorption Pore Parameters

Sample CO: Dubinin- | CO: Dubinin- | Ave Pore size (A)
Radushkecich Astakhov  Limiting
Micropore SA | Micropore  Volume
(m?/g) (cm?*/g)
ZG Untreated 12,70 0,032 6,36
ZG CO: treated 19,80 0,034 9,62
ZG CO2 SO treated | 12,97 0.035 7,06
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Table 6.6: ZG N2 Adsorption Surface Area Parameters

Sample N2 BET m?/g N2 Langmuir m?/g
ZG Untreated 2,10 7,76

ZG CO: treated 5,42 21,70

ZG CO, -S0O: treated 2,55 9,69

6.4 Key Findings
6.4.1 Mineral Alterations

The mineral alterations in the ZC and ZG sample after treatment to a 99% CO. and 1% SO-
gas-water mixture were assessed. The ZC sample predominantly displays plagioclase and
calcite dissolution associated with quartz, smectite and gypsum precipitation. The introduction
of SO- introduces calcite conversion into gypsum, which is expected to present porosity

decreases in the sample, in agreement with Farquhar et al. (2015) and Pearce et al. (2015).

The ZG sample indicates the precipitation of plagioclase, quartz, calcite, and smectite. Stilbite
and orthoclase are observed to decrease at a higher rate after CO. -SO. treatment. The different
mineral alterations in the two samples are attributed to the varying mineral compositions,
further justifying the need for and importance of reservoir specific experimental analyses for

the determination of CO- sequestration implications.

6.4.1 Effects on the Surface Chemistry

The FTIR spectra reports changes in the functional groups that are in line with the XRD results
findings. The surface chemistry changes in the ZC sample indicate a reduction in the OH
functional group bond vibrations and the elimination of calcite after CO. -SO. treatment. A
reduction in the peak intensities is observed after CO- -SO. treatment along with the formation
of Si (Al)-O functional groups from precipitated plagioclase. The reduction in peak intensities

is similarly reported after CO> treatment and has also been reported in literature (Yin et al.,
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2016; Goodman et al., 2019). This has been shown to indicate an increase in sample micro

heterogeneity in the CO- treated samples as compared to the untreated samples (Mayerhofer,
2004).

The ZG sample presents a higher intensity FTIR spectrum after CO- -SO. treatment compared
to the untreated and CO- treated samples. Calcite functional groups are also detected along with
O-Si (AD-0O, indicating the higher compositions of the orthoclase and precipitated plagioclase
after CO: -SO: treatment. It is interesting to note the different reactions that take place in the
two rock samples after treatment. The formation of gypsum in the ZC lateral seal core sample
is facilitated by the presence of calcite in the untreated sample and may serve to enhance its

sealing properties.

6.4.2 Effects on Textural Properties

An increase in micropore adsorption capacity, surface area and volume were observed in the
ZC sample after CO. -SO. treatment. Variations in the PSD profile peaks were also observed
indicating a change in the pore size distribution profiles. The peak changes observed were
found to be similar to those observed after CO- treatment, indicating similar changes in certain
elements of the pore structure despite the introduction of SO: into the CO. stream. These
changes in the ZC sample micropore structure are attributed to the calcite dissolution observed
in the XRD and FTIR results and are in line with findings reported in similar studies (Yin et
al., 2016; Luo et al., 2018; Zhu et al., 2018; Dai et al., 2020). The meso and macropore
structures presented minimal property changes. Minor changes in the hysteresis loop were
observed in the CO: -SO: treated sample, implying possible pore morphology changes (A et
al., 2015; Yin et al., 2016; Mavhengere et al., 2021). Lower pore volumes and surface area
were presented post CO: -SO: treatment that after CO. treatment due to gypsum precipitation
in during CO: -SO: treatment (Farquhar et al., 2015; Pearce et al., 2015).

The ZG sample presented only minor improvements in the micropore adsorption capacity,
volume, and surface area following treatment. This is likely due to the lower dissolution rates
observed in the sample (Zhu et al., 2018). A slight improvement in the meso and macropore
adsorption capacity and pore volume is observed in comparison to the untreated sample. This

however presented a reduction in the same parameters when compared to the ZG CO. treated
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sample. These property changes could be attributed to the increased rate of plagioclase
dissolution observed during CO: -SO. treatment. The mineral alterations in the sandstone
sample were observed to lead to notable changes in the physical pore structures. These

correlations and their effects on long term CO- storage are detailed further in Chapter 7.
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7 CHAPTER 7: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

A novel approach in considering the effects of CO2 and CO2-SO: gas mixture influence on
South Africa’s Zululand Core samples under sequestration conditions has been considered. The
study outlines mineral alterations, chemical structure influences, as well as the micropore,
mesopore and macropore structure variations after experimental treatment. The experimental
treatment of the samples was designed to facilitate CO. sequestration conditions for elongated
time periods (of up to two months). The experimentation was conducted in stainless steel teflon
lined reactors designed to ensure the following:
I Maintenance of constant high pressures of up to 175 bars throughout the
treatment duration.
ii. Maintenance of constant temperatures up to 73 °C using temperature control
units.
iii. Acid resistance reactor surface to prevent reactions with the reactor itself

particularly upon the introduction of water and impurity gases such as SO..

This novel method of simulating CO: sequestration in core samples facilitates the evaluation
of mineralogical, textural, and surface chemistry changes that could arise due to CO:
sequestration in sedimentary basins. The current set up, which was designed and procured as
part of this study allows for further world class experimental assessments of geological
formations with respect to CO: sequestration in South Africa. The reservoir rock properties
and composition are known to influence CO: storage capability. Reservoir CO. trapping
capacity is known to primarily depend on the mineral rock composition (Xu et al., 2005). Xu
et al. (2017) after conducting CO: injection simulations showed that mineral dissolution
affects capillary pressure and relative permeability in the rock. Mineral alterations were
indicated to affect the pore structure and wettability in porous media, in turn changing the
multiphase flow in the sample (Xu et al., 2017). The mineral composition of the rock sample
therefore plays a key role in evaluating the CO: trapping capacity in the reservoir. Changes
evaluated after CO. exposure provide insight into the typical trapping mechanisms that could

be at play during sequestration in the current study. Different mineral alterations were
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observed in the studied samples; these were dependent on the untreated sample compositions.
The mineral alterations reported varied upon changing the duration of treatment and the
composition of the treatment gas as observed in the ZC and ZG samples. The FTIR analyses
demonstrated a reduction in peak intensity after CO: treatment for all samples. This has been
shown to indicate micro heterogeneity in the CO: treated samples as compared to the untreated
samples (Mayerhofer, 2004). And indicates mineral migration throughout the sample during
treatment, leading to a less homogenous sample mixture. The presence of water, varying trace
levels of organic matter, silica and calcite was confirmed in the samples. The reduction in
peaks was also observed after CO2-SO: treatment in the ZG sample, this was not shown after

treatment of the ZC sample, implying the treated sample presented higher micro-homogeneity.

Changes in micropore, mesopore and macropore textural properties were observed in the
studied samples. The pore structure was analysed through the application of low-pressure CO-
and N: adsorption on untreated and CO: treated samples. All samples presented Type IV
isotherms in line with isotherms for typical mesoporous solids (Clarkson et al., 2012).
Different observations were reported for the five samples studied. Xiao et al. (2017) classified
pores under (0.5 um) 5000 A as nanopores in tight sandstones. These were described as
consisting of clay associated pores and intraparticle dissolution pores which contribute both to
reservoir storage and percolation, especially to the sample surface area. Qiao et al. (2020)
studied deeply buried sandstones and reported that up to 70% of the pore size distribution of
the sandstones was made up of pores under 1 um. The present study covers a sizeable portion
of the pores that contribute to storage capacity and percolation characteristics in sandstone
reservoirs. The findings pertinent to each of the samples studied are outlined in the sections
below. The investigated characteristics and properties are discussed and related to reservoir

CO:s: storage mechanisms and effects.

7.2 CO: Treatment

The findings reported for each of the samples after CO: treatment are discussed in this chapter.
Conclusions are also discussed on the indicated effects on sample, the potential impacts on the
reservoir rock properties and storage capacity.
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7.2.1 ZA

The ZA sample is composed of silicate and clay minerals (52%). These minerals have been
shown to present mineral sequestration capacity (Xu et al., 2004). Although sequestration
conditions determine actual sequestration capacity, it can be concluded that the sample presents
potential sequestration capacity when exposed to CO: and water over time. Post CO2 treatment,
the ZA sample displayed that CO: trapping mechanisms took place leading to the alteration
(reduction) of the plagioclase silicate, calcite and smectite, confirming the findings reported in
literature. It is therefore implied that the ZA sample presents storage capacity in the reservoir
through reactive trapping mechanisms. It is noted that the sample presents the highest quartz
precipitation rate, which could in turn negatively affect the pore structure and limit further CO-
mineral alterations. Surface chemistry evaluations through FTIR analyses confirmed the
dissolution of calcite in the sample and general mineral migration during treatment. No other

notable variations in the surface chemistry of the sample were observed.

The mineral alterations reported during the CO: trapping process were shown to influence the
pore and chemical surface structures of the sample. The ZA sample demonstrated a reduction
in CO: adsorption capacity, micropore, mesopore and macropore volume and surface area
following treatment. This is likely attributed to the quartz precipitation observed in the sample
during treatment. Since mineral migration has been confirmed in the sample, it is likely that
quartz precipitation led to the clogging of pores during treatment (Xu et al., 2017). The
reduction of sample porosity implies a resulting reduction in storage capacity.

722 ZC

The ZC sample represented the Zululand core sample’s lateral seal. It was therefore anticipated
that the reactions observed in this sample would improve the sealing abilities of the reservoir.
The sample also presented a high concentration of silicate and clay minerals (56%), all of which
may be prone to CO: trapping mechanisms (Xu et al., 2004). Alterations to these mineral
groups were observed during CO: treatment. The changes in the plagioclase content were
observed to be minimal when compared to those observed in the ZA sample. The ZA sample
contained a similar composition of plagioclase and demonstrated a 25% dissolution rate

compared to the 10% observed in the ZC treated B sample (which was similarly treated for 2
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months) after similar treatment. This could be caused by varying accessibility of the reactive
mineral components in the two samples. The difference in dissolution rates could also be
caused by the different forms of plagioclase available in the mineral as the dissolution
behaviour of plagioclase is known to dependent on their structure/composition (Gudbrandsson
et al., 2014). Gudbrandsson et al. (2014) describes microscale exsolution of plagioclases as a
common process that leads to fine albite rich and anorthite rich intergrowths, which in turn
influence the dissolution kinetics of the plagioclases. Oxburgh et al. (1994) further explains
that this could lead to varying dissolution rates in samples with similar bulk compositions. A
lower dissolution rate as a result of albite rich plagioclase mineral content would be beneficial
to the ZC rock as it indicates lower trapping capacity potential and higher sealing capability.
Only 49% of the calcite observed in the ZC sample was observed to dissolve during CO-
treatment, and smectite was observed to precipitate. It is interesting to see that the ZC treated
A sample presented a higher intensity profile than the ZC treated B sample. This implies that
the sample treated for 2 months presented a more heterogenous microstructure that the one

treated for one month.

The average pore size, and micropore surface area was shown to increase after CO. treatment.
This is likely as a result of the dissolution of calcite and plagioclase in the sample (Luo et al.,
2018; Wu et al., 2019). The dissolution pores arising from the mineral alterations could pose a
threat in the capability of the lateral seal to contain CO:. within the reservoir. Further
investigations into the implications of these mineral alterations on the mechanical integrity of
the rock are therefore prompted.

723 ZE

The ZE sample has the lowest composition of potentially reactive minerals compared to the
other samples (32,5%). As expected, limited mineral alterations were observed in this sample.
Only slight smectite dissolution as reported after CO: treatment, along with little precipitation
of plagioclase, was observed. No notable changes on the surface functional groups were
observed, except for the reduction in peak intensity after treatment. The ZE sample reported
minor increases in micropore, mesopore and macropore adsorption capacity, surface area and
volume. Itis therefore inferred that the ZE core sample indicates lower CO- adsorption capacity

within the reservoir. The ZE sample therefore presents a much slower rate of mineral trapping
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of CO: during injection. The high percentage of quartz contained in the sample implies lower
probability of mechanical failures due to rapid calcite and clay dissolution during injection
(Hangx et al., 2013).

724 ZF

The ZF sample presents a relatively high composition of high potential CO: sequestration
minerals at 66%. Complete dissolution of calcite and slight dissolution of smectite is reported
for this sample; close to 17% of the total sample weight is observed to dissolve. The presence
of carbonates in the sample is known to enhance solubility trapping of CO: (Xu et al., 2004).
In this particular sample, the calcite at 10% of the total composition is observed to completely
dissolve and lead to the precipitation of plagioclase which is likely to facilitate mineral CO:
sequestration over time (Bachu et al., 1994; Xu et al., 2004; Mavhengere et al., 2021). Organic
matter dissolution is implied in the ZF COs- treated sample spectra. This is expected to add to
the formation of micropores in the sample. Limited overall increases in micropore, mesopore
and macropore volume were observed for the ZE sample after treatment. The ZF sample

therefore presents high capacity for CO: sequestration via mineral trapping.

725 ZG

The ZG sample presented the highest concentration of minerals presenting CO: sequestration
capacity (78%). Due to the lack of carbonates in the sample, notable dissolution of clays and
silicates (14%) was observed. This was accompanied by the formation of plagioclase, calcite,
and stilbite. The different alterations observed in the samples outline the complexity of the
s<CO2 -water treatment influences on specific rock samples. Plagioclase and clay dissolution
and precipitation in particular plays a significant role in geological sequestration (Zhang et al.,
2009). It can be concluded that the ZG sample from the Zululand Cenomanian Basin presents
the highest CO. mineral trapping capacity. The surface chemistry investigation confirmed
calcite precipitation and mineral migration in the sample during CO: treatment. The LPGA
demonstrated the highest increase in the micropore, mesopore and macropore volume,
adsorption, and surface area. The high mineral trapping rate presented by the ZG sample
prompts the need for further investigation to determine possibility of mechanical failures

caused by clay dissolution in the rock (Hangx et al., 2013). According to Xu et al. (2017),
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calcite precipitation may facilitate reservoir self-sealing, in turn reducing the risk of CO-

leakages into the surrounding rock and environment.

7.3 CO2:-S0O: Treatment

The ZC and ZG samples were treated with a 99% CO: and 1% SO gas mixture under the
similar pressure and temperature conditions. Different effects of this treatment were

determined on the two sandstone samples.

73.1 ZC

The introduction of SO: into the CO- stream resulted in the conversion of calcite to gypsum in
the ZC sample. The ZC sample demonstrates further reductions in the peak intensities after
treatment, indicating additional sample migration and microstructure heterogeneity after CO--
SO: treatment (Mayerhofer, 2004). Increased micropore, adsorption capacity, surface area and
volume were also observed, whilst the mesopore and macropore changes remain minimal.
Changes in the PSD profile peaks were also noted, similar to those observed after CO2
treatment. It is clear that a higher level of mineral alterations was observed after CO2-SO-

treatment than after CO- treatment.

The higher dissolution rate in the sample is the likely reason for the increase in micropore
volume and surface area. This dissolution was probable countered by the precipitation of
gypsum leading to the clogging of the larger mesopores and macropores (Farquhar et al., 2015;
Pearce et al., 2015; Yin et al., 2016; Luo et al., 2018; Zhu et al., 2018; Dai et al., 2020). Minor
changes in the hysteresis loop were observed in the CO- -SO: treated sample, implying possible

pore morphology changes (A et al., 2015; Yin et al., 2016; Mavhengere et al., 2021).

732 ZG

Higher smectite, stilbite and orthoclase dissolution rates were reported after CO2-SO: treatment
of the ZG sample. The precipitation of quartz, plagioclase and calcite was also observed to
increase in comparison to the CO: treated sample results. Interestingly, a higher intensity FTIR
spectra profile was presented for the ZG sample after CO2-SO: treatment. This implies that the
resulting sample was more homogenous than the untreated and CO: treated samples. Calcite

functional groups are also detected along with O-Si (Al)-O indicating possible higher
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compositions of the precipitated plagioclase after CO: -SO: treatment as indicated by the XRD
results. The ZG sample shows minimal improvements in the micropore, mesopore and
macropore adsorption capacity, volume, and surface areas. Following the FTIR results, the ZG
sample portrays less mineral migration during CO:-SO: treatment, as compared to CO:
treatment. It is also however noted that, although a higher smectite dissolution rate is reported,
a lower orthoclase dissolution rate is reported in the sample, in line with higher plagioclase and
quartz precipitation; these two processes counteracting each other could also lead to less pore
structure changes (Zhu et al., 2018). Stilbite dissolution was also reported in this sample after
CO:2-SO: treatment despite precipitation of the same mineral being observed post CO:
treatment. The reason for improved sample heterogeneity in the ZG is likely linked to the

reduction in the mineral groups in the CO2-SO- treated sample.

7.4  Conclusions on the Effects of CO: treatment on Zululand Samples

The trapping mechanisms at the pore structure scale are reported to account for up to 97% of
the residually trapped CO- during storage (Cui et al., 2017; Mavhengere et al., 2021). It must
be noted that the mineral alterations in the samples ultimately led to mineral migration and pore
structure alterations, hence it may be concluded that the storage capacity of the reservoir is
highly dependent on the mineral alterations taking place over time. These mineral alterations
are expedited in experimental conditions due to manipulated particle sizes and rock: water
ratios. This information serves as a crucial foundation for the extrapolation of the effects of
CO: injection in the respective reservoirs. The following conclusions could be made from the

observed findings:

1. Mineral alterations were observed in all sample studied. These were influenced by the
inherent sample mineral compositions. The higher the composition of high potential
CO: sequestration minerals, the higher the potential CO: trapping capacity in the
sample. The sample that presented the highest quartz content was observed to display
minimal mineral alterations during treatment (ZE). The ZG sample presented the
highest mineral trapping rates and pore structure alterations; implying high suitability
for CO: sequestration in the Cenomanian middle sandstone Basin and relatively higher

storage capacity as compared to the rest of the core samples
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2. Surface chemistry changes were influenced by mineral migration through the samples.
This led to changes in the microstructure homogeneity.

3. Pore structure changes were observed to be influenced by mineral alterations in the
samples and were observed to lead to pore structure changes. The ZA sample that
displayed the highest precipitation rates of quartz presented overall reductions in gas
adsorption capacities, pore volumes and surface areas. The samples that demonstrated
higher levels of mineral dissolution showed overall improvement in adsorption
capacities, pore surface area and volume.

4. The ZA and ZE core samples demonstrated the least suitability for CO: injection tests
due to the indicated lower storage capacities. The reactivity of the ZC sample implies a
potential compromise in the lateral seal of the Zululand Basin during injection with
pure CO.. Further studies are required to verify the effectiveness of the lateral seal

through numerical modelling.

7.5 Conclusions on the Effects of CO:-SO: Treatment on the ZC and ZG Zululand Core

samples.

The following conclusions were made from the treatment of the ZC and ZG samples with 99%
CO2-1% SO: gas mixture under typical CO: sequestration conditions:

1. Differences in the extent of mineral alterations were observed after CO2-SO: treatment
compared to post CO: treatment of the same samples. Depending on the untreated
sample composition, a new reaction (gypsum formation) was introduced as a result of
the introduction of SOz in the CO: stream.

2. Increased microstructure heterogeneity was implied by the FTIR analyses, indicating
higher mineral migration in the ZC sample. The microstructure heterogeneity in the ZG
sample was observed to decrease, implying reduced mineral migration.

3. Increments in the micropore structure surface area and adsorption capacity were
reported in line with the increased dissolution rates in the ZC sample. Minimal changes
in the mesopore and macropore structure were observed and attributed to the
precipitation of gypsum. Minimal changes in the ZG pore structure were attributed to
the increased smectite dissolution countered by quartz and plagioclase precipitation.
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The mineral alterations were also shown to significantly influence the pore structure

changes.

The introduction of SO2 into the CO- stream led to differences in the mineral alterations, surface
chemistry changes and physical characteristics taking place during CO- treatment. A significant
reduction in the ZG sample mineral alterations and pore structure changes was reported after
CO:2-SO: treatment in comparison to the changes observed after CO: treatment. It may be
implied that the presence of SO- limited the CO.-rock-water interactions during treatment.
Contrary results were observed in the ZC sample. The presence of SO: in the CO: stream was
observed to potentially enhance the self-sealing capacity of the ZC lateral seal core sample
through the facilitation of gypsum precipitation. The reactions taking place in the two samples
are a function of the inherent sample mineral compositions. Whilst the ZC sample contained
calcite and negligible smectite clay, the ZG sample presented relatively high smectite

composition and no mineral carbonates

7.6 Overall Findings

This study aimed to investigate the long-term effects of CO2 and CO.-SO2 gas mixtures on the
structure and properties of the sandstone samples at supercritical pressures, providing more
insight into the crucial rock-gas interactions relative to CO: storage. This aim was fulfilled by

addressing the following research questions out lined in Section 1.5.

7.6.1 QL. Are the physical and chemical properties of the Zululand Basin sandstone core
samples affected by the exposure to typical sequestration conditions using CO:

and CO:-SO: gas mixtures?

The physical and chemical properties of the five Zululand Basin sandstones were variably
affected by exposure to typical CO: sequestration conditions. The physical and chemical
alterations are summarised on Section 7.2 of this study. The two Zululand Basin core samples
that were further exposed to CO.-SO: gas mixture demonstrated notable changes in mineral
composition and minimal changes in the physical microstructure characteristics. These

physical and chemical property changes are summarised in Section 7.3 of this study.
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7.6.2 Q2. What are the physical and chemical interactions taking place between the
pure and mixed gas streams and the geological materials under CO: sequestration

conditions?

Chapter 5 and 6 outlines the physical and chemical interactions observed after CO: and CO:-
SO: treatment. The chemical interactions observed were various mineral dissolution and
precipitation reactions observed in all five samples. Reactions with the gas phases were
reported in the indirect reaction of calcium silicates with CO: to produce calcite in the ZG
sample. The indirect reaction of SO with calcite to for gypsum was also reported on in the ZC
sample after CO.-SO: treatment. These chemical changes were observed to influence physical
changes in the rocks’ pore structures, leading to pore clogging as a result of mineral

precipitation and the formation of dissolution pores.

7.6.3 Q3. What are the differences in the physical and chemical interactions taking
place in each of the samples as a function of their sample composition and gas

mixtures used for treatment?

The various physical and chemical interactions reported were shown to be dependent on the
sample’s inherent mineral composition. The chemical changes were observed to drive the
physical changes in the sample. Samples such as the ZE sample presented minimal chemical
reactions as a function of the high quartz content observed in the sample, in turn limiting the
physical changes observed. The ZF sample on the other hand, containing 78% of the reactive
mineral groups, presented the most significant changes in the mineral composition and pore
structure. Increases in sample porosity were indicated through increases in micro pore,
mesopore and macropore adsorption capacity, surface area and pore volume. A detailed

summary of these differences is outlined in this study.
7.6.4 Q4. What implications do these interactions infer on the long-term storage of such
gas streams in the target storage locations?

The interactions observed indicate the suitability of some of the cores for CO: sequestration
mainly through mineral trapping. The ZA and ZF samples present potential for CO:
sequestration through mineral trapping. Although lower rates of mineral alterations were

reported, the samples presented relatively high quartz content, indicating lover probability of
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mechanical failures during injection. This is more for the ZA sample which demonstrates pore
clogging through the reduction in pore surface area, and volume, indicating potential reduction
in permeability over time. Although this may improve the mechanical integrity of the ZA rock,

it could also limit CO2 mobility during injection.

The ZE sample showed minimal mineral interactions leading to minor pore structure changes.
This implies lower capacity for CO: sequestration through mineral trapping in this particular

sample.

The ZC lateral seal sample demonstrates mineral trapping reactions that lead to increased pore
volume. A lower plagioclase dissolution rate was however reported on the ZC sample. The
dissolution pores observed after CO: treatment pose a threat of increasing the porosity and
permeability of the lateral seal. The formation of gypsum during CO2-SO: treatment facilitates
minimal mesopore and macropore volume and surface area in the sample, indicating possible

improvement in permeability and therefore seal integrity.

The ZG sample was observed to present the highest capacity for CO: sequestration through
mineral trapping. Due to the notable increases in pore volume and surface area, there is need
for further studies to evaluate the risk of rock fracture in this core sample. The results present
novel and valuable information on the evolution of mineral and microstructure changes in the
South African Zululand core samples after treatment with CO2 and CO--SO: gas mixtures under
wet conditions. Such a study has not been conducted on Zululand Basin core samples. The
current study forms a foundation for understanding the Zululand Basin’s rock composition and
interaction with CO. gas streams. It also further facilitates the prediction of long-term

implications of CO: sequestration.

7.7 Recommendations

The following recommendations are made to further extend this study in preparation for the
SACCCS Pilot Scale Injection Project.

e Further manipulation of the presented data through numerical modelling to determine

the effects of long-term CO: injection in the Zululand Basin is recommended as the
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next crucial step to understand the resulting long-term impacts at reservoir scale.
Researchers such as Xu et al. (2004) have done significant work in this area using data
obtained from similar experimental studies and represent appropriate references for
consultation in this regard.

Additional experimental work is recommended to investigate the effects of CO:. and
SO: on the other core samples and for longer time frames.

Different techniques that were not available to this study such as Nuclear Magnetic
Resonance (NMR) and Computerised Tomography (CT) scan analyses could be
considered for future study to evaluate a wider sandstone pore size range.

Mineral dissolution induced mechanical weakening should be investigated in line with
the mineral alterations determined in this study. This is essential in order to prevent

reservoir failure during injection (Hangx et al., 2013).
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9 APPENDICES

9.1 APPENDIX A: SANDSTONE CORE SAMPLE MINERAL ALTERATIONS
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Figure A 9.1: ZA Sample Mineral Alterations

138

General



ZC

200%
150%
100%

50%

0% e ees BN Il ..

- - |
Quartz Plagioclase Smectite alcit Other

% Composition variation

-50%

-100%
Mineral Component

M ZC CO, Treated A Apparent Variation ®mZC CO, Treated A Effective Variation ®ZC CO, Treated B Apparent Variation

Figure A 9.2: ZC Sample Mineral Alterations
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Figure A 9.3: ZE Sample Mineral Alterations
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Figure A 9.4: ZF Sample Mineral Alterations
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Figure A 9.5: ZG Sample Mineral Alterations
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