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ABSTRACT

Due to the energy- and carbon-intensive economic structure of South Africa (SA), the
country has become one of the biggest contributors to greenhouse gas emissions, emitting
more CO2zthan any other African country. The ratio of greenhouse gas emissions compared
to per capita economic benefit, the so called carbon intensity of the economy, is amongst
the highest in the world.

Carbon capture and storage (CCS) seems to be the most immediate form of action that can
be implemented with the possibility of instantaneous reduction of CO2. The injection of CO2
into deep-unmineable coal seams, although not commercially viable for coal production, is
a possible mitigation option under CCS for permanent underground storage of CO2. As a
spin-off, useful coal-bed CHa, referred to as enhanced coal bed CH4 (ECBM), could be
extracted from the coal seam following COz2 injection. In SA it has been estimated that
approximately 1.2 Gt of CO2 could be stored in the coalfields. Although not currently the
preferred option for geological storage, coalfields provide the largest onshore CO: storage

possibility.

The current research project aimed to study the fundamental differences in CO2 adsorption
in a variety of SA coal samples in order to access the CO2 sorption capacities and secondly
to evaluate the potential CH4 characteristics of SA coals. The investigation aimed to identify
the fundamental differences around the effects of increased pressure under simulated in-
seam conditions including super-critical pressures up to ~90 bar for gaseous and
supercritical COz2 injection. The effects on CO2 adsorption with regard to the difference in
coal moisture contents, simulated in the range from ~0.5 — 4.4% and the influence of
increased temperatures in the range of 35 to 55 "C were carried out on ten (10) SA coals
taking into consideration differences in coal properties, samples with varying rank, ash and
maceral compositions were sourced for this research. Then secondly, to evaluate the
desorption potential of CH4 for seven (7) selected SA coals. A High Pressure Volumetric
adsorption system (HPVAS) was successfully designed and constructed in order to conduct
experimental tests to generate the adsorption isotherms for the various parameters tested.

Results presented show comparable results with published literature in terms of the degree

of variance in coal properties (with respect to rank, maceral and mineral content, ash



contents and the effects of moisture, and temperature variance) and the uptake of COo..
Higher rank coals have a greater CO2 absorption propensity, whereas lower rank bituminous
coals tend to exhibit lesser CO2 uptake, however, this is dependent on the coals’
petrographic composition. It was clear that samples in the range greater than a vitrinite
reflectance of 0.7% (RoVmr) exhibited increased CO2 uptake due to larger macro, increasing
meso porosity and micro-pore volumes. Findings related to coal properties; revealed that
coals with a higher ash content exhibited a negating effect with regard to enhanced CO:
adsorption. On average, for a 1% increase in ash content in HRC and MRC coals, a
decrease of CO2 adsorption capacity of 1.1 mmol/g and 0.018 mmol/g is observed
respectively. While for maceral composition these findings suggest that a specific or ideal
ratio between only the maceral components, in similar rank coals, is the controlling factor

for best CO2 adsorption required.

In terms of addressing the adsorption parameters, such as super-critical pressure,
temperature and moisture variations inherent in natural coal seams, etc., it was determined
that with increased pressure, more adsorption takes place for most coal types. A very
positive correlation was found to exist between adsorption of CO2 and desorption of CHa,
with increased pressure injections, ranging from sub-critical to super critical pressures,

exhibiting increased sorption results, irrespective of coal moisture or temperature effects.

From these findings for simulated conditions regarding the effects of coal seam moisture
and temperature variations, it has been concluded that results displayed an obvious
decrease in CO2 sorption ranging from sub-critical to supercritical pressures overall. The
decrease in CO2 sorption was as much as 77% from dry (0%) to the maximum moisture
simulated value of ~4.4%. Sorption decreased almost linearly for every 1% of coal moisture
increase, until the maximum coal saturation was approached at around 4%. Sorption results
relating to increased temperature also displayed an inverse relationship, and hence lower
overall CO2 sorption capacities were calculated. The heats of adsorption for these coals
were found to be between 21.9 and 39.9 kJ/mol confirming the nature of adsorption to be
physical. Results confirm that the calculated heat of adsorption (KJ/mol) and the adsorption

capacity (mmol/g) are positively correlative.



For investigations pertaining to CH4 desorption for CHs4 saturated simulated coals (CHa
added to and then removed from coal samples due to the unavailability of freshly cored coal
samples), it was observed that CO2 uptake by pressurized injection for low - high pressures
certainly enhances CHas desorption rate. Results revealed that incremental CO2 injection
pressures yielded higher CH4 desorption rates, for both the HRC and MRC coals.

Generally there was an observed increase in the rate of CH4 desorbed for all coals tested
at 55 °C as compared to 35 °C. This can as well be attributed to the fact that the increase
in temperature causes the adsorbed CH4 molecules to vibrate more due to the increased
kinetic energy of the molecules. This consequently leads to ease of desorption when CO2

is pumped under pressure into the coal structure, which clearly favours ECBM potentials.

Some very good findings have been highlighted in the thesis from a SA coal perspective,
and certainly serve as a very good starting point for further investigations pertaining to COz,
CHa4, and coal interactions. However, from the vast literature already published globally, it
can be seen that much more needs to be done in terms of addressing coal-CO2-CHas
research from a SA perspective, and indeed CCS in SA in general. It is apparent that the
results and sum of the key findings presented in this thesis, are of importance for the
selectivity and technical modelling for CO2 onshore coalbed storage and ECBM projects to
be implemented in SA in the near future so as to meet the demands required to reduce COz2

emissions in SA as part of the global community.
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CHAPTER 1

1. INTRODUCTION

Background and Motivation

For more than a century, scientists have measured a steady build-up of greenhouse gases
in the atmosphere as a result of the burning of fossil fuels. The accumulation of these gases
in the upper atmosphere traps solar radiation, which then increases Earth’s atmospheric
and oceanic temperatures. There is an extensive amount of evidence indicating that the
Earth’s climate has warmed during the past century, outside of the normal variability of
temperature changes over the last thousand years (Weubbles and Jain, 2001). Increasing
global greenhouse gas levels have led to “global climate change” (previously referred to
as “global warming”). Many research studies indicate that a continued rise in average
global temperatures will adversely affect the Earth’s climate, which could lead to
dramatic—even catastrophic—changes in weather patterns around the world (Weubbles

and Jain, 2001). Globally weather patterns indeed appear to become more extreme.

Carbon dioxide (CO3) is a major greenhouse gas (GHG), and increasing concentrations in
the atmosphere will result in increased temperatures. CO2 levels have been shown to be
rapidly increasing relative to historical trends, specifically over the last few decades. This
has largely been attributed to the burning of fossil fuels, including coal, oil, and natural gas.
The current estimated amount of COz in the atmosphere is approximately more than 400
ppm, compared to 260 ppm during the preindustrial era (Halmann and Steinberg, 1999).
Methane (CHas), another GHG, is a fraction of the amount of COz, but is approximately 25
times more (over a 100 year span) effective as a GHG than COz2, and thus is also an
important GHG affecting climate change (Weubbles and Jain, 2001).

The World Energy Council (WEC) study on “World Coal Perspectives to 2030” concluded
that coal will continue to be an expanding, cheap foundation for economic and social
development (globally). According to the South African Mining Institute (SAMI 2005/2006),
coal will continue to make a significant contribution to eradicating energy poverty due to
the vast and well distributed resource base. In addition, coal will become increasingly clean
at a bearable cost in terms of technological sophistication and at little cost in terms of



international technology transfer and research and development in CO2 sequestration
(SAMI, 2005/2006).

In SA, coal is the predominant form of energy, and, due to abundant coal reserves, this is
likely to remain so for the foreseeable future. Over 90% of SA’s primary needs are met by
coal; those of electricity generation from coal, petrochemical products from coal
gasification, cement works, oil refineries, iron and steel production, are all dependant on
coal feedstocks. All of these industrial processes emit large amounts of CO2 gas.
According to the DEAT (Department of Environmental Affairs and Tourism) reporting, the
energy sector accounted for 91.1% of the total CO2 emissions in 1994, and showed a slight
increase in a study done in 2007 (DEAT, 2007).

Although SA is still considered a developing country, it is amongst the world’s high CO2
emitters, currently ranked at number 12 in the world. The country emits over 400-million
tons of CO2 a year, which represents 1% of total CO2 emissions on a global scale
(Hietkamp et al., 2004 and Viljoen et al., 2010). With the likes of SASOL coal-to—liquid
processes and the advent of new coal-fired electricity generating stations built by ESKOM
(Medupi and Kusela), SA’s emissions are more than likely to rise still further. South Africa
is predicted to respond negatively to climate change, specifically due to changes in rainfall
patterns.

Due to the potentially disastrous consequences of global climate change, the global
scientific community has proposed a number of mitigation scenarios to reduce CO2
emissions. One of these methods is CO2 sequestration, or CO2 capture, utlisation and
storage (CCUS), by means of capturing and utilizing, or storing CO2. Carbon dioxide
storage is defined as the placement of CO: into a repository in such a way that it will remain
stored (or sequestered) permanently. The Inter-governmental Panel for Climate Change
(IPCC, 2005) defines CO2 capture as a process consisting of the separation of CO2 from
industrial and energy-related sources (major point sources), transport to a storage location
for long term isolation from the atmosphere. CCS is done as an attempt to mitigate against
the effects of released CO2 on the atmosphere, thus stabilizing atmospheric greenhouse
gas concentrations. Put simply, it involves storing emissions of COz2 securely underground
rather than releasing it to the atmosphere (Holloway, 1993; IEA GHG, 2007). This method



of geological storage is estimated to hold the CO: in place for geologically significant

periods of time, as depicted in Figure 1.1.
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Figure 1.1 CO; Storage Mechanism showing integrity of long term storage capability.
(IPCC, 2005)

In terms of CCUS options, deep ocean floors, terrestrial ecosystems, and geological
formations (such as deep saline formations, depleted oil and gas reservoirs and coal
seams) are being considered as suitable CO:2 sinks globally (Chemical Technology, 2006).
COg2 storage in oil, gas, and coal reserves has potential value added benefits for enhanced
oil recovery (EOR) and coal-bed CH4 (ECBM) extraction. These are the only proposed
mechanisms for CO:2 storage that would produce an economically valuable product and
thus offset the costs of CCS.

The successful storage of CO2 in geological formations has been demonstrated over a
period of 20 years, with or without economic benefit. The largest application for EOR in
North America, which involved approximately 30 million tons of CO2 per year and several
major CO:2 pipelines (Simbeck, 2004). Currently 70 000 tons of CO2 per year are injected
in a deep coal seam in the United States, and, a similar project, at a smaller scale was also
developed in Canada (Stevens & Gale, 2000). The European RECOPOL project has
demonstrated the technical feasibility of COz injection into typical European Carboniferous



coal seams, which, in conjunction with a follow up project by Delft University of Technology
(The Netherlands) and RWTH Aachen University (Germany) within RECOPOL and the
national CO2TRAP project, have provided fundamental information on the interaction of
Northern-Hemisphere coals with CO2 and CH4 under in-situ conditions (Goodman et al.,
2004).

A successful demonstration project in Africa (the only one currently) is that of the In Salah
CHa4 Gas for Electricity Generation project in Algeria, where 1 million tonnes of CO2 per
year (equivalent to the emissions from a quarter of a million cars!) is being stored in a
producing gas field. The natural gas produced from the deep rock formations is a mixture
of CH4 and COz2; CO:2 is separated and re-injected underground. The cap-rock that kept the
natural gas in the rock formation for millions of years keeps the liquid CO:2 stored in the

underground reservoir (IEA Greenhouse Gas R&D Programme, 2007).

The injection of COz2 into deep-unminable coal seams not commercially viable for future
coal production, is a possible mitigation option under CCUS for permanent underground
storage of CO2. This sequestration option does not compete with agriculture, forestry, or
other industries (Bachu, 2000; Bachu, 2003). In addition, it is the only significant sink-
orientated option that is available to landlocked major producers of CO2, such as several
industrial provinces in South Africa. Krooss et al. (2002) concluded that CO2 can access
the finest porosity and absorb firmly to coal, with minimal chances of its later release.
However, there remains generally a lack of fundamental understanding as to the actual

uptake and retention mechanisms by the various components in coal.

There is generally a lack of CO2 adsorption data on SA coals; most of the adsorption data
currently available pertain to CO2 adsorption studies for Northern Hemisphere and
Australian coals (Bustin & Clarkson, 1996; Gentzis, 2000; Reeves et al., 2003; Busch et
al., 2002(a) and Busch et al., 2002(b); Krooss et al., 2002; Busch et al., 2003; Good man
et al., 2007; Chalmers & Bustin, 2007; Faiz et al., 2007; Saghafi et al., 2007; Saghafi et al.,
2008; Day et al., 2008; Day et al., 2008(a); Day et al., 2008(b); Gensterblum et al., 2009;
Ozdemir & Schroeder, 2009; Florentin et al., 2009; Gensterblum et al., 2010; Perera et al.,
2011; Masterlez et al., 2012). In order to develop the potential for CCUS in SA coal seams,

there is a need to conduct studies on the CO2 uptake behaviour of South African coals.



This aspect is the focus of the current research, and will aid in expanding the CO2 CCUS

database that is already being created for South Africa (Viljoen et al., 2010).

Carbon dioxide can be stored in coal seams without extraction, but there is no revenue to
offset the costs of CCS in this instance, and the coal seam would be sterilized, potentially
rendering it useless for future extraction. Whilst coal-bed CH4 (CBM) recovery technology
is commercially available and is currently being practiced in some localities globally to
produce electricity or heating fuel, ECBM extraction using COz is still at a demonstration
stage on the African continent (Ecoal, 2002). Obviously there are several key geological
requirements to ensure the success of CO:2 storage with ECBM recovery as a commercial
sequestration option, including 1) the depth and permeability of the coal seam; 2) the
porosity of the coal; and 3) the CH4 saturation levels.

From experimental research conducted internationally, it is generally accepted that coal
can absorb more CO2 than CHas, and that CO: is preferentially absorbed onto the coal
structure over CHs (Masterlez et al., 2004). As reported in a Chemical Technology (2006)
article, at least two to three molecules of CO:2 are sequestered for each molecule of CHa
extracted, and provided the coal is never mined, the CO2 should be sequestered
permanently. Saghafi et al. (2006) concluded that the CO: storage capacity for the
Australian coals tested is about twice that of CH4 and six times that of N2, and the diffusivity
of COz in coal is about twice that of CHa4, in moles per gram of coal tested. The maximum
guantity of gas that can be stored in a given coal is mainly a function of its absorption
capacity, although pressure can significantly increase the amount of gas absorbed, as was
shown by Mazumder (2007). However, the sorption process can only be successful if the
pores are not saturated with water (Saghatfi et al., 2007); CBM and ECBM processes pump

significant amounts of water to surface prior and during CH4 gas extraction.

Key research and development questions pertaining to CCUS are discussed in the
Chemical Technology (2006) article, including the long-term stability of stored CO2, lack of
fundamental understanding of CO:2 uptake and retention mechanisms by various
components in the coal, and quantities of CH4 that can be potentially released. Many
researchers do not provide a precise answer to the question as to how sorption of mixtures

of CO2 and CH4 might proceed, or which of these two gases will dominate in a desorbed



gas. For this reason the possibility to predicate CH4 recovery from coal seams based on
the current knowledge of sorptive-diffusive properties of coals and on the competitive
sorption of CO2, CH4,and / or mixtures of these two gases seem a most interesting subject
for study, especially from a South African perspective. These issues and questions,
amongst others, need to be addressed by means of extensive research in relation to the
South African context for CCUS in coal seams, and potential ECBM. It is crucial that these
findings be made available in order to realize the potential that the application of such
technology holds. This project is thus extremely relevant considering the number of

challenges that SA is facing pertaining to CO2 emissions and climate change.

From a legal standpoint, as a further motivation for this research project, in March 2002 SA
became one of the countries to sign the agreement to meet the KYOTO PROTOCOL (the
only legally binding agreement for GHG emissions worldwide). The agreement is based
on the reduction of CO2 emissions by 5.2% before 2012 (for signatures in the A group).
SA is in the early stages of developing climate change mitigation policy, with only policy
intentions and directions existing at this stage. The major components of this policy
direction include: the First and Second National Communications to the United Nations
Framework Convention on Climate Change (UNFCCC); 2004 Climate Change Response
Strategy; the 2005 Technology Needs Assessment; the Long Term Mitigation Scenarios
(LTMS) process; the African National Congress (ANC)’s 2007 Polokwane Resolution on
Climate Change; the 2008 Cabinet Response to the LTMS, outlining a strategic mitigation
vision based on a ‘peak, plateau and decline’ trajectory; the March 2009 Climate Policy
Summit Discussion Document; and the international commitments made at the 2009

Copenhagen Conference of the Parties (COP) to the Kyoto Protocol (Winkler et al., 2010).

In November 2011, UNFCCC COP 17 was held in Durban, South Africa. South Africa and
thirty seven other countries signed for a second commitment period of the KYOTO
PROTOCOL starting January 2012 to 2017 or 2020 (decided at COP 18 in Qatar) which
further commits to working towards emission reduction globally (Groenewald, 2011). The
National White Paper on Climate Change Response was also recently gazetted, which
will look at the monitoring and evaluation of carbon emission and the execution of mitigating

emissions in South Africa. The White Paper makes a bold leap and states that after 2025



SA emissions will level out for 10 years before declining in absolute terms by 2036
(Groenewald, 2011).

UNFCCC COP 19 was held in Warsaw, Poland from 11 to 23 November 2013
(http://unfccc.int/meetings/warsaw_nov_2013/session/7767.php). This was then followed
by COP 20, which was held in Lima, Peru from 1- 14 December 2014, which featured the
first-ever “multilateral assessment” of mitigation efforts by developed countries, part of a

new set of transparency procedures established under the 2010 Cancun Agreements.
Seventeen developed country parties, including the United States, the European Union,
several EU member states, and New Zealand, provided brief presentations to the
Subsidiary Body on Implementation (SBI) on progress toward achieving their 2020
emission pledges, and fielded guestions from other parties

(http://www.c2es.org/international/negotiations/cop-20-lima/summary).

COP 21 was held in Paris in December 2015 (Rgkke, 2015) and more recently COP 22
concluded its meeting in Marrakech, Morocco, from the 7-18 November, 2016, with a range
of decisions around implementing the Paris Agreement. Following the new global
agreement last December, the threshold of signatories for it to enter into force was passed
less than 12 months after being agreed and far earlier than expected. This has added
pressure to quickly develop the necessary rules and procedures to support the Agreement.
Morocco saw meetings under the Convention, as well as the Kyoto Protocol, and for the
first time, the Paris Agreement. It was finalized that further decisions relating to “global
stocktake” process looking at long term goals, market mechanisms and implementation
relating to timelines, duration and output for individual country compliance will be reviewed
at the next COP 24 to be held in Poland November 2018 (IPIECA, 2016).

1.1Project Justification

Reducing the atmospheric CO2 concentration is believed to have a great impact on
stabilizing the world’s climate that has been under siege of global climate change effects
being experienced globally. Geological carbon sequestration of CO2 is an immediate

solution, hence capture and storage research is being done to be better informed on the
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feasibility of CCUS in coal beds. The conditions at which CO: is adsorbed in the coal beds
of SA needs to be well known before the commercialization of the idea. This motivated the
study of the CO2 adsorption volumes for possibly CH4 saturated coal beds at supercritical
conditions in SA, with other research work running parallel to this investigation. Currently,
14 countries have been identified as having the largest reserves of CBM in the world,
including: Russia, China, United States, Australia, Canada, Indonesia, SA, Ukraine,
Turkey, and India, amongst others (IPPC 2005, IEA, 2010).

South Africa, having been listed as one of the countries with large reserves of CBM, opens
up channels for recovery of the natural gas and thus reduces importation of the commodity
from Mozambique, for example. The recovery of the gas can be enhanced by injection of
CO:z into the coal beds and this is further supported by previous research in other countries
that reported 100% increase in CHa recovery by CO:2 injection (Masterlez et al., 2004;
Fitzgerald et al., 2005; Sakurovs et al., 2007; Ottiger et al., 2008; Mazzotti et al., 2009;
Gaucher et al., 2011).

As a contribution to this endeavour of ECBM recovery this research will therefore help in
showing amounts of CH4 that can be recovered at supercritical conditions with the injection
of CO2. Ratios of CO2 adsorbed per volume of CH4 desorbed will also be determined for
different SA coals.

Furthermore, the revenues generated from the additional CH4 recovered could offset the
cost of CO2 sequestration in the CCUS chain, potentially making this process economically
feasible. Enhanced recovery can also make marginal coal reserves, which are low in gas
content, or those which have already undergone primary depletion, an attractive target for

CO2 sequestration and CHa production.

1.2 Research Aims and Objectives

The current research aims to explore the CO2 adsorption capacity of a variety of South
African coals, with a consideration for CH4 desorption, at a laboratory scale. This project is



extremely large, and involved a number of sub-projects, described in the separate

objectives.

Specific objectives include:

1. To design and construct a High pressure CO2 adsorption system.

2. To measure the adsorption isotherms and sorption capacities of CO2 (pure) on coal
under simulated in-seam conditions including pressures up to ~90 bar and
temperature in the range of 35 to 55 “C for gaseous and supercritical COz2.

3. To identify fundamental differences in CO2 adsorption in different South African coal
samples; for example, to determine if there is a correlation between coal rank or
coal type and CO2 adsorption behaviour.

4. To determine the impact of moisture on CO2 adsorption at a laboratory scale.

5. To determine the permeability and the sorption capacity using crushed coal samples
to ensure accuracy and reproducibility of isotherm data.

6. To obtain representative equilibrium and kinetic data with respect to the gas
adsorption process; this can then be used effectively for reservoir modelling for CO2
storage (not covered in this study).

7. To determine the CHa release rate relative to CO2 adsorption and determine the
maximum amount of CHa that can be extracted from some selected South African
coals.

8. To determine if there will be an increase in CHa recovery from coal by injecting COz2
at incremental pressures.

9. To evaluate the ratio of adsorption and desorption of CO2/CH4 respectively in
different coals with regard to variable coal properties.

10.To understand the implications for CH4 desorption from these results.

11.To compare the findings on these selected SA coals to international data and

establish how they differ from those previously reported in literature.



1.3 Key research questions, as outlined below, are addressed in the conclusions

© N o O

of this report:

Can fundamental differences in CO2 adsorption be observed in the different South
African coal samples?

Is there a correlation between coal rank and the ability to adsorb CO2 gas in South
African coals?

Do inertinite-rich coals have the ability to adsorb a greater amount of CO2 than
vitrinite-rich coals?

Does the mineral composition in coal have an impact on the CO2 adsorption
capacity of the coal?

How does coal moisture and temperature affect CO2 adsorption capacity?

What is the CHas release rate relative to CO2 adsorption rate?

What are the implications for CH4 desorption from these results?

Do the findings on South African coals differ from those previously reported in

literature?

1.4 Hypotheses

CO:2 has a very high affinity for coal, especially with increased pressures; hence
greater COz sorption above supercritical pressures will be achieved.

A very definite correlation exists between coal rank and other coal properties
(maceral and mineral matter ratios) and CO2 sorption capacity as well as CHa
desorption.

Different coal types will have varying CO2 adsorption and CH4 desorption rates, with
regard to their respective mineral and maceral matter content.

Parameters such as low pressure, increased temperature and coal moisture content
markedly hinder CO2 sorption.

CHa recovery will increase with injection of CO2 at supercritical conditions.
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6. CO:2 volume stored will not be the same compared to the volume of CHa displaced
for different coal types (as per detailed in 4 above).

7. CHa4 desorption from coals is significantly enhanced by continued pressurised
injection of supercritical COx.

1.5 Outline of the thesis

This thesis is structured as follows:

In Chapter 1, previous related research is introduced. A comprehensive background and
the motivation of this research is presented. Details of research questions and hypotheses

are defined.

Chapter 2 gives an overview of global climate change, CO2 emissions globally and in SA,
considers the available sequestration options internationally and locally, and the various
CCS technologies in current practice. Coal formation and its composition is explained and
the advantages of COz storage in coals is highlighted. The adsorption principles (physi and
chemisorption) and techniques applied for sequestration are defined. The different gas
adsorption measurement techniques are discussed. The various types of sorption
isotherms are explained in conjunction to the numerous adsorption theoretical models
generally used. A comprehensive review of previous studies conducted concerning CO2
adsorption in coal are documented; specifically in relation to the effects of coal rank and
composition, effects of particle size, effects of pressure (low — high) and temperature,
effects of coal moisture content, the effects of swelling or structural deformation and the

effects of mixed gas adsorption and CH4 desorption.

Chapter 3, outlines the details of the experimental methodologies carried out; the type of
SA coals used, characterisation methods, sample preparation methods, together with the
experimental set-up (HPVAS) and test procedures used for supercritical pure CO2 sorption
investigations. It further provides detail of the procedures used to prepare coals as
simulated conditions to determine the influence of moisture equilibrated coals, the effects

of temperature variation on the outcome of CO2 sorption capacity. It addition, the chapter
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details the sample preparation methods for CH4 simulated saturation methods for ambient
desorption tests and the expanded CO2 adsorption versus CH4 desorption for saturated
simulated samples at supercritical pressures. Details of the experimental methodology
used for CO:2 cyclic injection for supercritical experimental tests of the method are
explained. Flowsheet, Figure 3.10, summarises the details of all the experimental methods

and technical programme described in the chapter.

Chapter 4 details the results and discussions of the various coal characterisation
(petrographic, proximate and ultimate) data tests. Discussions of the CO2 adsorption
experimental test results that were undertaken occur; these include the effect of pressure
(low — high), effect of coal rank, coal type/ composition i.e. maceral and mineral matter,
ash composition, the effects of coal moisture content and the effects of temperature on
CO2 adsorption capacity. Modelling of the experimental CO2 desorption data was
undertaken using traditional theoretical Langmuir, Freundlich and Temkin adsorption

models to establish the sorption mechanism to validate the experimental data obtained.

Results for pure CHs4 desorption tests from supercritical cyclic injection with CO:2 are
detailed and explained. A comparison is made between CO:2 adsorption results obtained
on dried and degassed coals and is compared to CH4 saturated samples. The results
include the effect of increased injection pressure, effect of coal rank, coal type/ composition
i.e. maceral and mineral matter, effect of ash composition and effect of temperature for
cyclic CH4 desorption and CO2 adsorption is also presented and discussed. Modelling of
the experimental CH4 desorption data was undertaken using traditional theoretical
Langmuir, Freundlich and Temkin adsorption models to models to establish the sorption
mechanism and validate the experimental data obtained for both, isothermal and

temperature difference, experimental data sets.

Chapter 5 gives an overall summary and the final conclusions made with regard to the key

findings of this work for all investigated sections as per Chapter 4.

Chapter 6 outlines the suggested recommendations made from this study that can be
integrated and continued for future work in this field.
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Detailed references that have been used and cited in assembling the research work of this

thesis are compiled.

The appendices are extensive and include the following:

Appendix A; Detailed petrographic data of SA coals, Appendix B; Coal densities
determined by volume displacement, Appendix B2; BET detailed sample reports, Appendix
C; Isosteric adsorption line in the adsorption process, Appendix D; CO2 adsorption -
experimental and modelling data, Appendix E; COz sorption modelling data: Regression
plots, Appendix F; CO2 sorption modelling data: Moisture, Appendix G; CO2z sorption

modelling data: Temperature.
For CHa4 saturated samples - Appendix H1; Cyclic injection of CO2, Appendix H2; dried and

de-gassed vs CH4 saturated samples, and H3; Modelling data for CH4 desorption during

CO:z2 cyclic injection, both for isothermal and temperature difference.
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CHAPTER 2

2. LITERATURE REVIEW

An overview of global climate change, CO2 emissions globally and in SA will be explained,
as well as, the available sequestration options internationally and locally, and the various
CCS technologies in current practice. Coal formation and its composition is explained and
the advantages of CO2 storage in coals is highlighted. Theoretical adsorption principles
(physi and chemisorption) and techniques applied for sequestration are detailed. The
different gas adsorption measurement techniques are discussed. The various types of
sorption isotherms are explained in conjunction to the numerous adsorption theoretical
models generally used. A comprehensive review of previous studies conducted
concerning CO2 adsorption in coal are documented; specifically in relation to the effects of
coal rank and composition, effects of particle size, effects of pressure (low — high) and
temperature, effects of coal moisture content, the effects of swelling or structural

deformation and the effects of mixed gas adsorption and CH4 desorption.

2.1Global Warming and Climate Change

The greenhouse effect and carbon cycle are two issues that have been affected by
anthropogenic activities. Presently, the atmosphere of the Earth is composed of about 0.04
percent CO2 (Viljoen et al., 2010). The terms global warming and climate change are

often used interchangeably, but the two phenomena are different.

Global warming is the rise in global mean temperature. It may be due to an increase of
heat-trapping greenhouse gases such as CO2 and CHas in the atmosphere (Figure 2.1).
Based on surface and atmospheric temperatures from thousands of locations, and from
satellites worldwide, it has been determined that the global mean temperature has risen
0.8 °C since 1880 (Blakemore, 2017).

Climate change is a more general term that refers to changes in many climatic factors

(such as temperature and precipitation) from the global to the local scale. These changes
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are happening in response to global warming and other factors at different rates and in

different ways.

Atmospheric concentrations of CO2 have increased from a pre-industrial concentration of
278 ppm. Very recent data recorded 410.03 ppm of COz: in the atmosphere (Figure 2.1).
The graph shows the monthly mean atmospheric carbon dioxide at Mauna Loa

Observatory, Hawaii, measured since 1958.
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Figure 2.1 Global Concentrations of CO;
Source: NASA's Global Climate Change newsletter

The rapid increase of atmospheric CO: is estimated to produce an increase of
approximately 1.5-4.5 °C surface warming based on climate data and models, with
uncertainties mainly from cloud—climate feedback. Approximately 60% of the nearly 50 Gt
per year of GHG emissions are CO2 from fossil fuel combustion (McCoy, 2008).Unabated
fossil fuel burning could lead to between two and three times this warming (Hoffert and
Caldeira, 2004). Not only have CO2 emissions from fossil fuel emissions have been
growing steadily, but the largest single contributor to CO2 emissions is electricity generation
(McCoy, 2008). Given past growth in CO2 emissions, future growth in global population,

and increasing global average income per capita, it is almost certain that total CO2
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emissions will continue to grow in the absence of a rapid decrease in the carbon intensity
of the worlds’ primary energy supply (McCoy, 2008). Based on the Intergovernmental
Panel on Climate Change (IPCC) summary, achieving the European Union (EU) target of
no more than a 2 °C temperature increase would require an emissions reduction of
between 85% and 50% from 2000 levels by 2050. Achieving long term stabilization at a
doubling of pre-industrial levels (approximately 550 ppm CO32), would require emissions to
be approximately the same as in 2000 or lower despite any growth that would otherwise
occur, and would result in a warming of 2.8 to 3.3 °C (McCoy, 2008).

2.2 Greenhouse Effect and Gases

The greenhouse effect is a naturally occurring process that aids in heating the Earth's
surface and atmosphere. It causes the atmosphere to trap more heat energy at the Earth's
surface and within the atmosphere by absorbing and re-emitting long wave energy, as
shown in Figure 2.2. Certain atmospheric gases, collectively referred to as GHG (COg,
water vapor, nitrous oxide (N20), CHa4, halocarbons, and ozone (O3z)) are able to change
the energy balance of the planet by being able to absorb long wave radiation from the
Earth's surface (Hassan, 2005). As energy from the sun passes through the atmosphere,
a number of phenomena take place. A portion of the energy (26% globally) is reflected
back to space by clouds and particles. Clouds, gases (like Os), and particles in the
atmosphere absorb about 19% of the available energy. Of the remaining 55% of the solar
energy passing through the Earth's atmosphere, 4% is reflected from the surface back to

space (Hassan, 2005).

Thus, on average about 51% of the sun's radiation reaches the surface. This energy is
then used in number of processes including: the heating of the ground surface, the melting
of ice and snow, and the evaporation of water and plant photosynthesis. The heating of the
ground by sunlight causes the Earth's surface to become a radiator of energy in the long-
wave band called infrared radiation. This emission of energy is generally directed to space
(Hassan, 2005).
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Left - Naturally occurring greenhouse gases—carbon dioxide (COz), methane (CH4), and nitrous oxide
(N20)—normally trap some of the sun’'s heat, keeping the planet from freezing.
Right - Human activities, such as the burning of fossil fuels, are increasing greenhouse gas levels, leading
to an enhanced greenhouse effect. The result is global warming and unprecedented rates of climate change.

Figure 2.2: The Greenhouse Effect
Source: Elder (2012)

However, only a small portion of this energy actually makes it back to space. The majority
of the outgoing infrared radiation is absorbed by the greenhouse gases. Absorption of this
energy causes additional heat energy to be added to the Earth's atmospheric system. The
now warmer atmospheric greenhouse gas molecules begin radiating long-wave energy in
all directions. Over 90% of this emission of long-wave energy is directed back to the Earth's
surface where it once again is absorbed by the surface. The heating of the ground by the
long-wave radiation causes the ground surface to once again radiate, repeating the cycle
described above, again and again, until no more long-wave is available for absorption. The
net result of the greenhouse effect is the addition of extra heat energy to the earth's
atmosphere and ground surface. The amount of heat energy added to the atmosphere by
the greenhouse effect is controlled by the concentration of GHG in the Earth's atmosphere
(Hassan, 2005).

South Africa’s GHG emissions from industrial processes recorded since 1970 are shown

in Figure 2.3.
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Figure 2.3: South Africa’s Greenhouse Gas Emissions from Industrial Processes
Source: Carbon Brief (2018)

2.3 CO2 Sequestration Technologies

Carbon dioxide sequestration refers to the long-term storage of CO2zto reduce the amount
of COz2 in the atmosphere (Pires et al., 2011). One of the methods of CO2 sequestration is
carbon capture, storage and utilisation (CCUS). Carbon capture includes several
processes beyond the scope of the current research, but essentially involves capturing
(using amines for example) and increasing the concentration of CO2 to above 90% from a
flue gas stream. The captured COz2 is then compressed and transported to a storage site
for injection. Following the capture and transport process, CO, needs to be stored, so that
it will not be emitted into the atmosphere. Several key criteria must be applied to the
storage method (Herzog and Golomb, 2004):

e the storage period should be prolonged, preferably hundreds to thousands of years;

ethe cost of storage, including the cost of transportation from the source to the

storage site, should be minimized;
e the risk of accidents should be eliminated,;

e the environmental impact should be minimal;
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ethe storage method should not violate any national or international laws and

regulations.

Typically, the long term storage options are grouped into three categories: 1) geological
storage; 2) ocean storage; 3) or mineralization (Pires et al., 2011). Geological storage
includes CO:2 storage in depleted oil and gas reservoirs, EOR, deep saline formations (sub-
terranean and sub-seabed), and unmineable coal seams (Hietkamp et al., 2004), and is
discussed further below. The latter storage options are referred to as conventional storage
sites, but SA may need to look towards unconventional storage, such as in porous
sandstone, basalts, and so on.

2.3.1 Geological Storage

Figure 2.4 depicts a number of conventional geological storage sites. Together, these can
hold hundreds to thousands of gigatons of carbon (GtC), and the technology to inject CO2
into the ground is well established. CO: is stored in geologic formations by a number of
different trapping mechanisms, with the exact storage mechanism depending on the
formation type. These storage mechanisms can take the form of either; structural, residual

or mineral trapping, as is further discussed in Section 2.7.2 (Herzog and Golomb, 2004).

The formations shown in Figure 2.4 have the capacity, structure, seals, porosity and other
properties (i.e. dissolving of CO2 in groundwater), that make them amenable to decades
or centuries worth of CO2 storage. Such methods should be environmentally effective,
socially acceptable, and economically feasible, but will each have their own weaknesses
and strengths (Hietkamp et al., 2004).
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Geological Storage Options for CO, Produced ofl or gas

1 Useof CO, in Enhanced Coal Bed Methane Recovery s Injected CO,
‘2 Deep unmineable coal seams SRS Stored CO,
3 Depleted oil and gas reservoirs
4 Use of CO, in Enhanced Oil Recovery
5 Deep unused saline water-saturated reservoir rocks
B Other suggested options (basalts, oil shales, cavities} _ &

Figure 2.4: Possible sites for geological storage of CO2 (Metz et al., 2005)

It is important to develop a good understanding of the reservoir performance, uncertainties
and risks that are associated with geological storage. After Korre et al. (2007), the sources

of uncertainty in risk assessment related to COz2 storage in coal include:

e Measurement uncertainty and variability, accounting for the lack of accurate
knowledge and representation of heterogeneity in the measured data.

¢ Model parameter uncertainty, i.e. variables, which are used to represent the physical
processes in the models assessing the performance of a reservoir as a CO2 sink.
Frequently, there are large spatial and temporal variations in some of these parameters
(e.g. porosity, sorption capacity, permeability, diffusion coefficients, etc.).

e Modeling uncertainty, which has to do with the true knowledge and understanding of
the physics of the storage process and its representation in the mathematical models
used (e.g. different sorption and/or diffusion models; accounting for stress, matrix

shrinkage/swelling effects on permeability and/or injectivity).
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e Risk scenario uncertainty, which is related to the long-term future of the reservoir and

includes long-term processes.

(i) Depleted Oil and Gas Reservoirs

Though a relatively new idea in the context of climate change mitigation, injecting CO2 into
depleted oil and gas fields has been practiced for many years. The major purpose of these
injections was to disposing of “acid gas,” a mixture of CO2, H2S, and other by-products of
oil and gas exploitation and refining. In 2001, nearly 200 million cubic meters of acid gas
was injected into formations across Alberta and British Columbia at more than 30 different
locations (Herzog and Golomb, 2004). Acid gas injection became a popular alternative to
sulfur recovery and acid gas flaring, particularly in Western Canada. Essentially, acid gas
injection schemes remove CO2 and H2S from the produced oil or gas stream, compress
and transport the gases via pipeline to an injection well, and re-inject the gases into a

different formation for disposal (Herzog and Golomb, 2004).

Proponents of acid gas injection claim that these schemes result in less environmental
impact than alternatives for processing and disposing of unwanted gases. In most of these
schemes, COz2 represents the largest component of the acid gas, typically up to 90% of the
total volume injected for disposal. Successful acid gas injection requires a nearby reservoir
with sufficient porosity, amply isolated from producing reservoirs and water zones.
Historically, depleted and producing reservoirs have proven to be extremely reliable

containers of both hydrocarbons and acid gases over time (Herzog & Golomb, 2004).

(i) Enhanced Oil Recovery (EOR)

CO:z2 injection into geological formations for EOR is a mature technology (Herzog and
Golomb, 2004). CO:2 is already pumped into oil reservoirs for EOR (e.g. Weyburn CO2
Flood Project (Canada), Kaarsto (Norway), Teesside (UK)), although most of the CO:2
currently used for EOR comes from natural sources, and existing EOR practices are not

implemented with a view to storing CO2. The largest application currently for EOR is in
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North America, which involves approximately 30 million tons of CO2 per year and several
major COz2 pipelines (Simbeck, 2004). However, it would be possible to modify CO2 EOR
to emphasize CO: storage while at the same time improving oil recovery. Although CO2
EOR could not provide accommodation for more than a very small fraction of the volume
of COz2 currently emitted, it does provide a field laboratory for technologies required for
routine sequestration, driven by the commercial incentive to improve recovery of the oil
from older reservoirs. Moreover, in a world where COz2 is much more readily and cheaply
available, there will be an incentive to use CO: earlier in the oil-recovery stage to better
exploit dwindling resources (Metz et al., 2005).

In most CO2-EOR projects, much of the CO: injected into the oil reservoir is only
temporarily stored. This is because the decommissioning of an EOR project usually
involves the “blowing down” of the reservoir pressure to maximize oil recovery. This
blowing down results in CO2 being released, with a small but significant amount of the

injected CO2 remaining dissolved in the immobile oil (Herzog and Golomb, 2004).

(iii) Deep Saline Formations

Deep saline formations, both sub-terranean and sub-seabed, may have the greatest CO:2
storage potential. These reservoirs are the most widespread and have the largest volumes.
These water reservoirs are very distinct from the more familiar reservoirs used for fresh

water supplies (Herzog and Golomb, 2004).

The density of CO2 depends on the depth of injection, which determines the ambient
temperature and pressure. The CO2 must be injected below 800 m, so that it is in a dense
phase (either liquid or supercritical). When injected at these depths, the specific gravity of
COzranges from 0.5 to 0.9, which is lower than that of the ambient aquifer brine. Therefore,
CO2 will naturally rise to the top of the reservoir, and a trap is needed to ensure that it does
not reach the surface. Geological traps overlying the aquifer immobilize the CO2 (Herzog
and Golomb, 2004). In the case of aquifers with no distinct geologic traps, an impermeable
cap-rock above the underground reservoir is needed. This forces the CO: to be entrained

in the groundwater flow and is known as hydrodynamic trapping. Two other very important
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trapping mechanisms are solubility and mineral trapping. Solubility and mineral trapping
involve the dissolution of COz into fluids, and the reaction of CO2 with minerals present in
the host formation to form stable, solid compounds like carbonates. If the flow path is long
enough, the CO2 might all dissolve or become fixed by mineral reactions before it reaches
the basin margin, essentially becoming permanently trapped in the reservoir (Herzog and
Golomb, 2004).

The first commercial-scale project dedicated to geologic CO:2 storage is in operation at the
Sleipner West gas field, operated by Statoil, located in the North Sea about 250 km off the
coast of Norway. The natural gas produced at the field has a CO2 content of about 9%. In
order to meet commercial specifications, the CO2 content must be reduced to 2.5%
percent. At Sleipner, the CO:2 is compressed and injected via a single well into the Utsira
Formation, a 250 m thick saline aquifer located at a depth of 800 m below the seabed.
About one million metric tons of CO2 have been stored annually at Sleipner since October
1996, equivalent to about 3% of Norway’s total annual CO2 emissions. A total of 20 Mt of

COz2 is expected to be stored over the lifetime of the project (Herzog and Golomb, 2004).

(iv) Unmineable Coal Seams and CBM

Abandoned or uneconomic (not profitable) coal seams are another potential storage site.
CO:2 diffuses through the pore structure of coal and is physically adsorbed to it. This
process is similar to the way in which activated carbon removes impurities from air or water.
The exposed coal surface has a preferred affinity for adsorption of COz2 than for CHa, with
aratio of 2:1 (Herzog and Golomb, 2004). Thus, CO2 can be used to enhance the recovery
of coal bed CH4 (CBM). In some cases, this can be very cost effective or even cost free,
as the additional CH4 removal can offset the cost of the CO2 storage operations. CBM
production has become an increasingly important component of natural gas supply in the
United States during the last decade (e.g. Powder River Basin, lllinois Basin, Arkoma
Basin). In 2000, approximately 40 billion standard cubic meters (scm) of CBM was
produced, accounting for about 7% of the nation’s (US) total natural gas production
(Herzog and Golomb, 2004).
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The most significant CBM production, some 85% of the total, occurs in the San Juan basin
of southern Colorado and northern New Mexico. Another 10% is produced in the Black
Warrior basin of Alabama, and the remaining 5% comes from rapidly developing Rocky
Mountain coal basins, namely the Uinta basin in Utah, the Raton basin in Colorado and
New Mexico. Significant potential for CBM exists worldwide. A number of coal basins in
Australia, Russia, China, India, Indonesia, South Africa and other countries have also been
identified as having a large CBM potential. The total worldwide potential for CBM is
estimated at around two trillion scm, with about 7.1 billion tons of associated CO:2 storage
potential (Herzog & Golomb, 2004).

2.4  Summary of published CO2 projects internationally

As already mentioned, the option of using geological storage for CO:z is carried out
internationally, CCS technology is proven and in use around the world. There are 21 large-
scale CCS projects in operation or under construction globally. The combined CO2 capture
capacity of these 21 projects is around 40 million tonnes per annum (Mtpa) (Global Status
of CCS 2016. There are variety of large scale projects, which have been started a while
back, like Weyburn (conducted by Encana) in Saskatchewan, Canada, the Sleipner
offshore gas field development project (conducted by STATOIL) in the Norwegian North
Sea, In-Salah in Algeria; and on a smaller scale the Otway Project in Australia (conducted
by CO2CRC), and other projects in North America linked to EOR. These are just some of
the projects receiving international attention that have already stored millions of tonnes of
CO2 underground, and there are many more that have already been planned. The IEA
CCS Roadmap indicates that 3400 storage projects are required by 2050 to meet the target
of 10Gt stored CO2; 10Gt is the required amount of CO2 that needs to be removed to meet

average temperature targets.

With regard to CO:2 storage in coal seams, the Allison unit, operated by Burlington
Resources in the USA has been conducting a commercial pilot application of CO2 injection
since 1996. While it was intended to test ECBM recovery primarily, the pilot also
sequesters CO:2 as part of its routine operation, and is by far the most successful CBM

development in the world, with per-well gas production averaging over 23,000 m3/day of
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CHa (Reeves et al., 2003). The coal in this basin varies from sub-bituminous in the
southern region to medium volatile bituminous in the north central area. The coal is
extremely well cleated and faulting is minimal. Permeability ranges from 1 to 100
milliDarcy, averaging 20 milliDarcy. Coal seam thickness averages 20 m at a depth of
about 1000 m (Reeves et al., 2003; Stevens et al., 2000).

Estimates of global storage capacity indicate that 675 — 900 Giga tonnes CO2 (GtCO2) can
be stored in oil and gas fields, 3 - 200 GtCO:2 in unmineable coal seams, and 1000 — 10000
GtCO:2 in deep saline formations. This means that the storage capacity for COz2 in
geological formations is much higher than the global annual CO2 emissions, which was
reported in 2004 as 26 GtCO2 2004 (World Energy Outlook, 2006) and has been reported
to be at 34 billion tonnes of CO2 emitted globally for 2011 (Environmental and Energy
Management News, 2011). The main CO:2 contributors being:

China (29 %)

The United States (16 %)

The European Union (11 %)
India (6 %)

The Russian Federation (5 %)
Japan (4 %)

International projects have been published by the Global Institute for CCS Global Status
of CCS 2016) are summarised here. All projects were then in construction (five) and are
now in preliminary operational stage as of the end of 2017, widening the range of countries,
industries and technologies represented. This compares with less than 10 large-scale

operational projects at the beginning of this decade.

e There are another 6 large-scale CCS projects at the most advanced stage of
development planning, the Concept Definition (or Define) stage, with a total CO2
capture capacity of around 8 Mtpa. A further 11 large-scale CCS projects are in
earlier stages of development planning (the Evaluate and ldentify stages) and have
a total CO2 capture capacity of around 21 Mtpa.

e One key CCS project has been launched in 2017, with one large-scale and one

demonstration-scale key CCS projects launched in 2016:
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= The Petra Nova Carbon Capture Project in Texas (CO2 capture capacity of
approximately 1.4 Mtpa) has been launched on 10 January 2017. This project is the
world’s largest post-combustion CO2 capture project at a power station.

= The Abu Dhabi CCS Project, Phase 1 being the Emirates Steel Industries (ESI) CCS
Project, was launched on 5 November 2016. This project represents the world’s first
application of CCS to iron and steel production. It involves the capture of
approximately 0.8 Mtpa of CO2 from the direct reduced iron (DRI) process used at
the ESI plant in Abu Dhabi and its use for enhanced oil recovery (EOR).

= The Tomakomai CCS Demonstration Project commenced its COz2 injection in April
2016. The capture system (using emissions from a hydrogen production facility at
Tomakomai port) is processing COz: at a rate of at least 100,000 tonnes per annum;
this CO: is then injected into near-shore deep geologic formations.

= The lllinois Industrial Carbon Capture and Storage Project (CO2 capture capacity of
approximately 1 Mtpa) began operations early in 2017. This project is the world’s
first large-scale bioenergy CCS project, as well as the first CCS project in the US to
inject CO2 into a deep saline formation at a scale of 1 Mtpa (Global Status of CCS
2018).

2.5 CO2 Emissions and sequestration potential in South Africa

Upon joining the Carbon Sequestration Leadership Forum (CSLF), South Africa undertook
a first step investigation to establish whether there were sources and possible sinks for
CCS in the country. That study indicated potential carbon sources and storage sites
(Hietkamp et al., 2004). CO2 emissions were found to be concentrated in the central
industrial region (around Gauteng), associated with coal-fired electricity generation
(ESKOM being the main electricity generator in SA), and the synthetic-liquid fuel plants
(SASOL and PETROSA). Sasol’'s coal conversion technology provides half South Africa’s
liquid fuels requirements. The concentration of CO2 emissions in the central region can be
seen in Figure 2.5.
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Figure 2.5 CO, emissions in South Africa (Hietkamp et al., 2004).

In comparison with other countries, SA unfortunately lacks conventional world-class
storage reservoirs (oil or gas bearing fields, or an abundance of saline aquifers. From the
recently published carbon storage atlas (Viljoen et al., 2010), the estimated capacity of
geological storage in South Africa is at least 150 Gt (150 000 Mt) of CO2. The largest
storage volume (~98 % of the total storage potential of South Africa) is present in the
Mesozoic basins along the coast of South Africa (Viljoen et al., 2010). The storage
potential lies mainly in the capacity of saline formations associated with the oil- and gas-
bearing sequences in the Outeniqua, Orange and Durban/Zululand basins; these are all
offshore. Slightly more than 2 % of the estimated storage capacity of South Africa occurs
onshore: ~0,46 Gt for the onshore Zululand Basin; ~0,40 Gt for the onshore Algoa Basin,
and ~1,2 Gt for the coalfields of South Africa as indicated in Figure 2.5 (Viljoen et al., 2010).
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Figure 2.6 South African Available CO, Storage Potential (Viljoen et al., 2010).

The option of CO:2 storage in coal seems viable, and is possibly one of the best options for
SA, with the potential opportunity of ECBM, due to large coal resources. However, it must
be borne in mind that ECBM may not be achievable due to low CHa4 occurrence and
permeability, and that unmineable coalfields may become mineable in the future with
changes in the economy, technology, and energy demands. In addition, the advent of
underground gasification may decrease the estimated potential CO2 storage capacity in
coal seams, or it may be beneficial, (unfortunately this discussion is beyond the scope of
the current report, but certainly makes for an interesting topic requiring further research

and development).
As the scope of this research concerns CO:2 storage capacity estimations in SA coals, the

following section gives further details on the storage capacity in deep unmineable coal
seams in South Africa.
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2.5.1 Storage Capacity in Deep Unmineable Coal Seams

Coal is found in South Africa in 19 coalfields (Figure 2.7), located mainly in KwaZulu-Natal,
Mpumalanga, Limpopo, and the Free State, with lesser amounts in Gauteng, the North
West Province and the Eastern Cape. The main coal mining areas are presently in the
Witbank-Middelburg, Ermelo and Standerton-Secunda areas of Mpumalanga, around
Sasolburg-Vereeniging in the Free State/Gauteng and in north-western KwaZulu-Natal
where smaller operations are found. Single, although large, collieries are found near
Ellisras and Tshipise (Jeffrey, 2005). This could mean that, in terms of storage of COz2 in
coal, with the added benefit of ECBM, there are many viable potential sites in SA. The
latest Minerals Bureau estimate sets the coal reserves at 33.8 billion tons, considered to
last until around 2050 (Jeffrey, 2005), with an estimated CBM resource of 0.14 — 0.28 trillion
m?3 (as reported in Viljoen et al., 2010).

The main criteria for the storage of CO:2 in coal seams are that the coal seams should be
deeper than 300 m (in order not to sterilize mineable coal seams and not to influence
potable groundwater). The critical depth at which CO2 remains in supercritical phase is
ideally between 750 — 900 m (the maximum depth for coalbeds to be considered for CO:2
storage is where the permeability becomes less than 1 millidarcy (mD)), and with a

minimum thickness of 1 m (Viljoen et al., 2010).

For effective storage, the coal should have the same properties that are necessary for the
production of CBM, which are:
o Good permeability (30-50 mD), although it can be enhanced (hydraulic fracturing)
if lower
. Depth - optimally between 200 and 800 m, thus leading to an increased pore

pressure and gas content without adversely affecting its porosity and permeability

. Thickness (at least 1.0 m)
o High vitrinite content
. Bituminous coal.
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Figure: 2.7 The localities of the South African coal fields 1-Tuli, 2-Ellisras, 3-Mopane, 4—
Tshipise, 5—Pafuri, 6-Springbok Flats, 7-Witbank, 8-Kangwane, 9—-Free State, 10—
Vereeniging/ Sasolburg, 11-South Rand, 12—-Highveld, 13—-Ermelo, 14—Klip River, 15—
Utrecht, 16-Vryheid, 17-Nongoma, 18-Somkele, 19—Molteno/Indwe (Viljoen et al., 2010).

Not all the data necessary to calculate the CO:2 storage potential of the coal seams were
available for the SA CO:2 Storage Atlas (Viljoen et al., 2010), and some generalizations had
to be made. In many cases, the intrusive dolerite dykes and sills have displaced strata in
the various coal fields, causing discontinuities in the coal seams. In addition, the elevated
temperatures emanating from the intrusive caused extensive devolatilisation of the coal
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seams over considerable areas, particularly in the eastern (KwaZulu-Natal) and northern
(Witbank) coal fields of the Main Karoo Basin and in the Tshipise and Tuli basins. The
western coal fields of the Main Karoo Basin and those of the Springbok Flats and Ellisras
basins are far less affected by dolerite intrusives (Viljoen et al., 2010). Table 2.1 gives
estimated storage capacities as per coal basin as well as details of seam thickness, depth

and possible adsorption capacities.

Table 2.1 Estimated CO:2 storage capacity in the coal fields of South Africa
(Viljoen et al., 2010)

Coal Depth | CO2z adsorption | CO2 storage
Basins/ Area thicknes | interval | capacity/tonne capacity
areas (m?) s (m) (m) s of coal (m3) (M tonnes)
Amersfoort/Utrec
ht 3600 x 10° 2 300-550 22-27 331.8
Ellisras 800 x 10° 10 300-800 17-22 2934
Welkom/
Hennenman 1 440 x 108 3 300-550 17-21 154.4
Kroonstad 936 x 106 3 300-550 17-21 100.3
Springbok Flats 2 300 x 10° 1 300-800 17-22 84.4
Somkele 360 x 10° 5 300-800 22-27 82.9
Pafuri 420 x 10° 3 300-800 22-26 56.9
Kangwane 195 x 10° 6 300-800 22-26 52.8
Newcastle/
Ladysmith 936 x 106 1 300-550 22-27 43.1
Edenville 360 x 10° 2 300-550 17-21 25.7
Tuli 150 x 106 3 300-550 22-27 20.7
Heilbron 288 x 10° 1 300-550 17-21 10.3
Frankfort 216 x 10° 1 300-550 22-27 10
Nongoma 75 x 108 15 300-550 22-27 5.2
Total estimated CO; storage capacity in the coal fields (million tonnes) 1271.9
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2.5.2 Storage Capacity in Deep Coal Seams versus high CH4 content in SA

A considerable diversity of coal types (organic composition), grades (mineral matter
composition) and rank (maturity) is found within the coal measures in SA. This is
elaborated on further in Section 2.6. However, from Figure 2.8, a study of SA’s most
promising CHs4 emission seams have been identified and categorized according to their

gas bearing content in cubic meters per ton (m3/t).
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Figure 2.8: SA Mine Boundaries for CH4 highest emissions
Source: (Latona Consulting (Pty) Ltd. 2011)

Of interest is data produced by Latona (Pty) Ltd for CH4rich seams in SA (provided by Mr.
A. Cook), which shows the greatest CH4 potential of coal seams across SA depicted in
Figure 2.8 above. CHarich fields are ideally located in the areas with high CO2 emissions,
namely: Secunda (Sasol) and close to Eskom power stations like Hendrina and Kriel. This

information shows that ECBM could very well be undertaken in SA.
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2.6 Coal

In order to understand the CO2 adsorption potential in coal, it is necessary to have an
understanding of coal and its composition. The origin and formation of coal is briefly

considered, as well as coal composition and classification.

2.6.1 Origin and Formation of Coal

Coal is an extremely heterogeneous material consisting of organic matter, mineral matter,
moisture, and a complex pore network. It is generally accepted that the organic portion of
coal was formed from concentrated deposits of swampy organic matter originally derived
from terrestrial plants. Plant structures (leaf, stems, roots, spores, etc.) were converted
into coal through complex biological, chemical, and geochemical processes driven initially
by selective microbial action and later by the temperature and pressure generated by
overlaying sediments over several hundred millions of years (Ozdemir, 2004). The coal
thus reflects primarily condition of climate, water level, and water chemistry in the mire.
The plant source material in the swamp ultimately determines the petrographic composition
of the coal (Meyers, 1982).

Coals formed in the peat swamp environment are autochthonous or in situ in origin. Some
peat and even coal seams may be re-deposited in a fluvial system and are known as
allochthonous in origin. Coal deposits formed from accumulation of driftwood are included
in this category (Meyers, 1982). Any region where conditions were favourable for the
accumulation of peat, was a potential region for coal formation. The back swamps of
floodplains, lake margins, lagoons, coastal plains where tidal fluctuation is low, and
glaciated regions with poor drainage, are all good environments for peat accumulation.
The conditions for producing thick layers of coal are that the region must be constantly
subsiding, or the groundwater level must be rising slowly but steadily, and the accumulation

of plant debris must keep pace with rising water level (Zeng, 1997).

The process referred to as coalification, involves the physical and chemical transformation

from peat through lignite and subbituminous coal, to bituminous coal, and through
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bituminous coal to anthracite and metaanthracite, and approaching graphite. Coal rank is
measured by a progressive decrease in moisture and volatile functional groups with a
consequent increase in the carbon content, vitrinite reflectance, and calorific value
(although the latter slightly decreases at high ranks) of the coal (van Krevelen, 1993;
O’Keefe et al., 2013).

CHANGES IN RANK OF COAL

'

INCHEASE IN COAL RANK

DR )

&
e

PEAT BROWN COAL SUB-BITUMINOUS COAL BITUMINOUS COAL

Carbon content 60%, Carbon content 60-71%, Carbon content 71-77%, Carbon content 77-87%,

volatile matter = 53%, volatile matier 53-49%, volatile matter 49-52%, volatile matter 42-29%,

average calorific value 16500 kj/kg,  average calorific value 23000 kj/ kg, average calorific value 29300 kj/kg, average calorific valie 36250 kj/kg,
moisture content = 5% (in-situ).  moisture content 35% (in-situ J. moistire condent 25-10% (in-situ).  moisture content 8% (in situ).

Figure 2.9: The coalification process: from swamp to coal
(Gertenbach, 2009)

2.6.2 Coal Composition

Coal is a combustible black or brownish-black sedimentary rock usually occurring in rock
strata in layers or veins called coal bedsorcoal seams. The harder forms, such
as anthracite coal, can be regarded as metamorphic rock because of later exposure to
elevated temperature and pressure (coalification). Coal is composed primarily
of carbon along with variable gquantities of other elements,
chiefly hydrogen, sulphur, oxygen, and nitrogen, (Meyers, 1981). Itis commonly accepted
that the coal is a macromolecule built of condensed aromatic rings joined by ether, alkoxy
and sulfur bridges, and having hydroxyl groups, methoxyl groups and carboxyl groups

attached to the aromatic nuclei (O’Keefe et al., 2013).
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26.21 Types of Coal

Coal types typically fall in to two categories: humic coals, developed from peat, and
sapropelic coals, developed from organic mud. Either type may be allocthonous or
autochthonous, and within types, further refinement of depositional environment can be
made (O’Keefe et al., 2013). The classification of coal is generally based on the content
of volatiles. However, the exact classification varies between countries. The ranks defined
by the ISO standard represent the “degree of metamorphism” or progressive alteration in
the natural series from lignite to anthracite. Coal rank refers to the changes in
geochemistry and resultant changes in reflectance caused by increasing thermal maturity
of the coal. While, very differently, coal type refers solely to coals' depositional origin and
the maceral-mineral admixture resulting from that origin (O’Keefe et al., 2013). These two
classification methods are independent and orthogonal; therefore, within certain limits, any
type of coal can be found at any rank (Neavel, 1981). South African coals are typically

medium rank C bituminous coals (Gertenbach, 2009).

e Peat: Considered to be a precursor of coal, has industrial importance as a fuel in
some regions, for example, Ireland and Finland. In its dehydrated form, peat is a
highly effective absorbent for fuel and oil spills on land and water. It is also used as
a conditioner for soil to make it more able to retain and slowly release water.

e Lignite/brown coal: This is the lowest rank of coal and used almost exclusively as fuel
for electric power generation. Lignite is sometimes polished and has been used as
an ornamental stone.

e Sub-bituminous coal: Coal, whose properties that range from those of lignite to those
of bituminous coal. It is used primarily as fuel for steam-electric power generation and
is an important source of lightaromatic hydrocarbons for the chemical
synthesis industry.

e Bituminous coal: Dense sedimentary rock, usually black, but sometimes dark brown,
often with well-defined bands of bright and dull material. Itis used primarily as fuel in
steam-electric power generation, with substantial quantities used for heat and power
applications in manufacturing and to make coke.

¢ Anthracite: considered to be the highest rank of coal, is a harder, glossy black coal
used primarily for residential and commercial space heating.
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e Graphite: technically the highest rank coal, is difficult to ignite and is not commonly
used as fuel. Itis mostly used in pencils and, when powdered, as a lubricant. Figure

2.11 depicts the various ranks of coal according to increasing carbon content.

Ranks of Coal

Increasing carbon

Caolang

Lignite \

Figure 2.10: Different Ranks of Coal
(Source: Alberta Energy, 2011)

2.6.2.2 Coal Macerals

Coal is not homogenous; it is made up of organic and inorganic components. Coal
macerals are the building blocks of the carbonaceous component of coal. They are
microscopically recognizable components of coal and have different chemical
compositions and different physical properties. Macerals are distinguished from each other
on the basis of their morphology, hardness, optical properties and chemical characteristics
(Stach et al., 1982). Coal macerals owe their differences to the parent plant matter and
conditions of deposition of the plant matter. They are analogous to minerals in inorganic
rocks, but they differ from minerals in that they have no fixed chemical composition and
lack a definite crystalline structure. Macerals change progressively both chemically and
physically as the rank of coal advances. The three coal maceral groups are: vitrinite,
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inertinite and liptinite. Vitrinite is a product of the decomposition of cellular plant material,
while inertinite is a product of fossilized charcoal and liptinite is a product of decayed leafy
matter, spores, pollen and algal matter (Stach et al., 1982; Meyers, 1982; Falcon & Falcon,
1987).

2.6.2.3 Physical Properties of Vitrinite and Inertinite Groups

Basically there are two characteristics that influence the use of coal: its composition and
its rank. Coal composition is in turn represented by two essentially independent factors:
type (nature of the organic components) and grade (extent of dilution by mineral matter)
(Suérez-Ruiz and Ward, 2008). The technique of coal petrology is used to express the
fundamental parameters, which include:

o The nature of organic constituents in terms of macerals or maceral groups (an
indicator of coal type).

. The mineral matter, including the major elements in the coal or oxides in the ash,
the minerals in the coal, the forms of sulphur, and trace elements that may also be
present (indicators of coal grade), and

. The vitrinite reflectance (which is usually taken as an indicator of coal rank (Suarez-
Ruiz and Crelling, 2008)). Ro max is the maximum vitrinite reflectance is a measure
of the maximum reflectance value obtained when rotating the stage 360°, using
polarized light. Within the bituminous coal rank (Ro = approximately 0.5 to 1.5),
directional anisotropy develops and increases with rank. For higher-rank coals, the
minimum and maximum reflectance values are commonly measured. Table 2.2
provides a formal classificatin of the relation of coal rank to vitrinite reflectance

values (RoVmr %).
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Table 2.2: Classification of coals of coals by rank and organic maturity
(ASTM 1981).
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Optically homogeneous discrete organic material in coal is termed macerals (derived from
the Latin macerare, to macerate, to separate) (Zeng, 1997). The macerals are the
microscopically distinct areas in coal and are classified as (Ozdemir, 2004):

(i) Vitrinite (huminite)

(i) liptinite (exinite)

(iii) inertinite
Vitrinite is very brittle, that is it fractures angularly and conchoidally, leaving a glossy or

pitchy lustre on the fractured surface. Under pressure it fractures to form rectangular

prisms or cubes and also forms splinters which are normally found concentrated in the coal
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fines. Fissures and cleats caused by shrinkage and tectonic forces can be seen under the
microscope. The density of vitrinite varies between 1.3 and 1.8g/cm3, depending on the
rank of coal. The resistance to polishing decreases with increasing rank. The pore volume
of vitrinite also decreases with increasing coal rank. The reflectance of vitrinite is
intermediate compared with other maceral groups. It increases with coal rank and hence it

is used as a rank indicator (Stach et al., 1982; Falcon & Falcon, 1987).

The inertinite group of macerals is also formed from the decomposition of cellulose and
lignin from plant material. The difference to vitrinite is that the plant matter undergoes
fusinisation either before deposition or on the peat surface. Fusinisation can include a
number of material degradation processes such as charring, oxidation, mouldering and
fungal attack. These processes produce substances that have very high carbon content,
low hydrogen content and a high O to C ratio. During the coalification process inertinites
alter very little because they are already degraded before deposition. These macerals are
less reactive than liptinite and vitrinite. During coalification inert macerals may lose the
remnant oxygen and hydrogen becoming more enriched in carbon. Inertinite maceral group
comprises fusinite (pyrofusinte, degradofusinte, rank and primary fusinite), micrinite,
sclerotinite, and semi-fusinite [and inertodetrinite, macrinite], and inertodetrinite, which are
all rich in carbon [due to primary oxidation from smoldering or charring] (Stach et al., 1982;
(O’'Keefe et al., 2013). In South African coals, a range of semi-fusinite! macerals occur,
subdivided into reactive and inert semi-fusinite, based on the observed shade of grey
relative to vitrinite; reactive semi-fusinite is <0.3% higher in reflectance than the maximum
vitrinite reflectance (slightly lighter shade of gray, with definite structure, and a mottled
appearance under crossed-polars) and inert semi-fusinite has a brighter appearance, but
with a lower reflectance than fusinite (O’Keefe et al., 2013).

Liptinite macerals are considered to be produced from decayed leaf matter, spores, pollen
and algal matter. Resins and plant waxes can also be part of liptinite macerals. Liptinite
macerals tend to retain their original plant form, i.e., they resemble plant fossils. These

are hydrogen rich and have the highest calorific values of all coal macerals. Macerals of

1 Reactive semifusinite has been shown to be as reactive as vitrinite under certain conditions in South African
coals (Falcon, 1986), and may explain why some inertinite-rich coals behave in a comparable manner during
coking compared to vitrinite-rich coals of a comparable rank (O’ Keefe, 2013).
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liptinite are sporinite, cutinite, resinite, alginite (telalginite and lamalginite), liptodetrinite,

fluorinite, and bituminite (Meyers, 1982).

The different coals are subdivided into a variety of macerals, sub-macerals, and maceral
varieties on the basis of their reflectance, degree of destruction/preservation of original
material, presence of cellular structure, gelification, and morphological features. The three
maceral groups differ in both chemical composition and optical property, and their names

conventionally end in —inite (Suarez-Ruiz and Ward, 2008).

When the processes of biochemical degradation ceased and the organic material was
buried at great depths in the sedimentary environment, geochemical coalification occured
over a long period of time, and under conditions of high temperature and pressure. As a
result, the sediment of the original peat swamp was transformed and passes through the
progressive evolutionary stages of lignite, sub-bituminous, and bituminous coal to
anthracite and meta-anthracite. Throughout theses stages the physicochemical
characteristics of the coal as well as its technological properties are modified (Suarez-Ruiz
and Ward, 2008).

Figure 2.11 gives a general indication of the amounts of biogenic gases that was possibly
generated during the coalification period for various coal types. The volume of the by-
product gases increases with the rank of the coal, and is highest for anthracite, where the
formation of every tonne of coal produces approximately 765 m3 of CHa (Thakur et al.,
1994).
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Figure 2.11: Gas Generation during coalification for different ranks of coal and
temperature variants (Thakur et al., 1994)

2.7 Why does CO2 stay underground?

There a number of reasons why CO2 has a good potential to be sequestered in geological
media such as coal seams for the purpose of CCS or for the prospective of ECBM. The
following sub-sections highlight the various advantageous chemical and physical
properties of CO2. The benefit of the nature and make-up of the coal medium as a
remarkable sorption media is detailed with regards to the permeability, porosity and

diffusivity of various coal types.

2.7.1 CO2 as a super-critical fluid

Carbon dioxide is a colourless and odourless gas at standard temperature and pressure,
with a density of around 1.98 kg/m?3, (i.e. slightly more than 1.5 times the density of air)
(Viljoen et al., 2010). At temperatures below -78 °C, CO2 condenses into a white solid
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called ‘dry ice’. When warmed, dry ice vaporizes directly from a solid to CO2 gas in a
process called ‘sublimation’. CO2 has several commercial applications, such as bubbles
in soft drinks and beer, dry ice for cooling, and in fire extinguishers where it displaces the
oxygen the fire needs to burn) (Viljoen et al., 2010). Figure 2.12 outlines the phase diagram

for CO2 showing the distinct changes that CO2 undergoes at various temperatures and

pressures.
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Figure 2.12 CO, phase diagram: Temperature — Pressure
(Source: Global CCS Institute, 2012)

With enough added pressure, liquid CO2 can also be formed, which is essentially
immiscible with water. Only a small amount of CO: is soluble in formation waters (Ennis-
King and Paterson, 2000), forming a weak acid (carbonic acid) in the process. CO:2
solubility decreases with an initial increase in temperature and salinity, but increases with

an increase in pressure. At very high temperatures, and especially in a high-pressure
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environment, i.e. a deep pressurized basin, COz2 solubility in water increases again (Viljoen
et al., 2010).

The thermodynamic critical point of CO2 is at 31.1 °C and 7.38 MPa (Bachu 2000; Holloway
& Savage 1993; Nalawade et al. 2006 and van der Meer, 1993). At temperatures and
pressures in excess of this point, CO2 occurs in the supercritical phase. In the supercritical

phase, CO:2 has characteristics typical of both a gas and a fluid (Figure 2.12).

It can diffuse through solids like a gas, and dissolve materials like a liquid. It occurs as a
fluid and its density approaches that of a liquid; it can have a density in the range 150 to 1
060 kg/m3. In Figure 2.13, note that above the critical depth, COz2 is in gaseous state
(balloons); below the critical depth itis in liquid-like state (droplets). Volumetric relationship
is shown by blue numbers (e.g. 100 m? of CO2 at surface would occupy 0.32 m? at a depth
of 1 km) (CO2CRC, 2008).
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Figure 2.13 CO:2 Density Change with Depth (CO2CRC, 2008)

Considering average geothermal gradients and hydrostatic pressure conditions, it is

assumed that a burial depth of at least 800 m is needed to achieve a high enough
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temperature and pressure for CO2 to occur in the supercritical phase (IPCC, 2005 and
Figure 2.13). Below 800 m (under normal sedimentary basin conditions), supercritical CO2
is 30—40 % less dense than a typical saline formation water under the same conditions
(Ennis-King & Paterson, 2001). This means that the lighter CO2 will naturally rise upwards
by buoyancy through the reservoir rock until trapped by various physical, hydrodynamic or
geochemical trapping mechanisms (although in the longer term — hundreds to thousands

of years — the CO2 dissolved will sink as it goes into solution, due to density changes
(CO2CRC, 2008).
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Figure 2.14 CO: density as a function of depth [additionally indicating the effect of geothermal
gradient (G) and surface temperature (Ts)] (Bachu, 2003)

For COz2 storage in coal seams, where adsorbed CO2 may be in the adsobed phase (i.e.
not supercritical), COz density will be substantially less and more variable with respect to
change in geothermal gradient. Figure 2.14 indicates that, in the depth range 300-800 m,
which is the depth interval where CO2 storage could be considered given permeability and
safety issues, CO2 (gaseous phase) has a density range of 60—270 kg/m? in the case of a

50 °C/km geothermal gradient. In the case of a 25 °C/km geothermal gradient, however,
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CO:2 density varies between 60 and 820 kg/m?® over the same depth range (Viljoen et al.,
2010).

M Coal seam pressure(Bars) M Coal seam minimum temperature (°C)

100
200

300

1200
1300

1500

1700

Figure 2.15 A bar chart showing the changes in pressure and temperature with depth to
1700m (Qing-Ling, 2008)

A supercritical fluid acts as neither a gas nor a liquid. Carbon dioxide stored in deep saline
aquifers, depleted petroleum reservoirs, or unmineable coal seams, will preferentially be
injected as a supercritical fluid. Based on worldwide average geothermal and hydrostatic
pressure conditions, this equates to an approximate minimum subsurface depth of about
800 m (Figure 2.15) (Holloway and Savage, 1993; van der Meer, 1993). In its supercritical
form, COz is much denser than gaseous CO:2 and therefore a greater volume of CO2 can
be stored in the pore space available (CO2CRC, 2008). The CO:2 storage potential could
be extremely high for supercritical CO2 at pressures higher than 7.5MPa (75 Bar)
(Hamelinck, 2000).

45



2.7.2 CO: Storage Mechanisms
2.7.21 Residual Storage

Reservoir rocks act like a tight, rigid sponge. Air on a sponge is residually trapped and the
sponge usually has to be squeezed in water several times to replace the air with water.
When supercritical liquid COz is pumped and injected under pressure into a rock formation,
it displaces fluid as it moves through the porous rock causing much of it to becomes “stuck”
due to binding forces within the pore spaces of the storage medium and does not move.

This is known as residual trapping (Figure 2.16).

Residual trapping of (0.

Figure 2.16: Residual Trapping mechanism of CO;
(IEA, 2007)

2.7.2.2 Mineral Storage

Carbon dioxide dissolved in salt water is weakly acidic and can react with the minerals that
are present in the surrounding rocks, which then go on to form new minerals, as a coating
on the rock (much like shell-fish use calcium and carbon from sea water to form their
shells). This process can be rapid or very slow (depending on the chemistry of the storage
media) and it effectively binds the CO2 and will keep it in place for an infinite period of time.

High concentration CO2 from a capture step in industrial processes and flue gas systems
is brought into contact with metal oxide bearing materials with the purpose of fixing the
CO:2 as carbonates. This carbonation can be done in-situ where the CO:2 stream is injected
into geological formations rich in alkaline base metal oxides or ex-situ in a chemical
processing plant during the pre-treatment of silicates and industrial residues like fly ash

from the steel industry (Lasaga and Berner 1998) (Figure 2.17).
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Mineral trapping of CO,

Figure 2.17: Mineral Trapping mechanism of CO
(IEA, 2007)

2.7.2.3 Sorption in Coals and Advantages

Coal is able to store a significant amount of gas due to its highly porous nature, having
micro, macro (fractures and cleats) and meso pores. According to Day et al. (2007) the
advantages of coal for CO2 sorption by storing CO:2 into deep unminable coal seams is an
attractive option from a sequestration point of view for the following reasons:

1. Coal has a fractured microporous structure and therefore a high internal surface area.

2. Coal can physically adsorb and absorb large amounts of COz.

Gas is kept in coal beds in four ways:
e adsorption upon internal surfaces (in micropores and mesopores)
e absorption into the molecular structure of coal
e as free gas in voids, cleats, and fractures; and as a solute in groundwater present

within the coal seam.

3. Deep coal seams generally contain significant quantities of CH4, and this is displaced
when COz is injected into the coal seam.
4. Recovery of the displaced CHa4 (i.e. ECBM), via CO2 sequestration in coal seams, could

offset some of the revenue costs of the CO2 sequestration process.

The relatively high excess sorption capacity exhibited by coal for CO2 (typically 6-10% by
weight) is what makes coal a good sequestration target (Sakurovs et al., 2008). These so

called unmineable coals are generally too thin, too deep or too high in sulphur and mineral
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matter content to be of economic benefit to be mined. Recovery of CBM or ECBM would
be the most economic option as well as a method for permanent storage of the COz in the

coal seams.

Adsorption isotherms are one of the most important tools for the characterisation of solid
adsorbent materials, such as coal. Adsorption isotherms are affected by the nature of the
coal itself and environmental parameters, as depicted in Figure 2.18. The variables that
affect the CO2z-coal interactions need to be investigated in order to develop an efficient

method for CO2 sequestration (Ozdemir, 2004).

Studies of the high-pressure adsorption/desorption isotherms of CO:2 is important for
determining the coals ultimate CO2 sequestration capacity. The information provided by
the adsorption/desorption isotherms is used as one of the primary inputs to the simulations
of coalbed sequestration processes. The CO2 when injected into the coal seams is taken
up into the coal structure in two ways: by adsorption and absorption. The relative
proportions of adsorbed and absorbed gas in coal are unknown and therefore the collective
term ‘sorption’ can be used to encompass the two modes of gas retention as described

above.

COAL NATURE
e Rank
o Type
e Moisture Content _ e Adsorption Capacity
e Swelling-shrinkage - =~ N e Heat of Adsorption
ADSORPTION ISOTHERM P! o Surface Area
S ___=-" e Volume Change
ENVIRONMENTAL e Average Pore Size
PARAMETERS e Pore size distribution
e Temperature
e Pressure
e pH

Figure: 2.18 Parameters that affect the adsorption isotherm, adsorption capacity and
stability of CO; adsorbed on coal (Ozdemir, 2004)
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The nature of good adsorption and desorption of CO2 and CHa in coal is largely due to their
individual molecular structures. CO2 molecules are small and have a low activation energy
and can easily penetrate pores inaccessible to other gases. The CO2 molecule has a non-
polar nature, hence it does not have a dipole moment and has a linear structure. The CHa
molecule is tetrahedral in shape (a rectangular tetrahedron). The molecule is chemically
stable as the bonds are weakly polarized with a lack of free electrons (Zarebska &
Ceglarska-Stefanska, 2008). This has promoted interest into furthering investigations into
the use of coal as an absorbent for CO2 storage, and CHa recovery. Itis necessary to gain
an understanding with regards to the different sorption actions, and to distinguish how the

different coal properties and CO2 will interact over time.

2.7.24 Coal Porosity

The most important property of adsorbent materials, the property that is decisive for the
adsorbent’s usage, is the pore structure. The total number of pores, their shape, and size
determine the adsorption capacity and even the dynamic adsorption rate of the material.
Generally, pores are divided into macro-, meso-, and micro pores. According to IUPAC,

pores are classified as shown in Table 2.3 (Inglezakis & Poulopoulos, 2006).

Table 2.3 The classification of pores according to their size
(Inglezakis & Poulopoulos, 2006).

Type Pore diameter d (hnm)
Macrospores d>50

Mesopores 2=<d=<50
Microspores d<2

Ultramicropores d<0.7
Supermicropores 0.7<dp®<2

do? is the pore width for slit-type or the pore diameter

for cylindrical pores.
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Porosity is a property of solids that is attributed to their structure and is evident by the
presence of pores between internal super-molecular structures. It is not considered to be
an intrinsic property of the solids, but depends on the treatment of the materials. The
porosity can be developed by the aggregation of particles as well as by the detachment of
a part of the mass of the solid. The pores shaped during the second process are
comparable in shape and size with the particles detached (Inglezakis & Poulopoulos,
2006).

Adsorptive molecules transport through macro-pores to the meso-pores and finally enter
the micro-pores. The micro-pores usually constitute the largest portion of the internal
surface and contribute the most to the total pore volume. The attractive forces are stronger
and the pores are filled at low relative pressures in the micro porosity, and therefore, most
of the adsorption of gaseous adsorptive occurs within that region. Thus, the total pore
volume and the pore size distribution determine the adsorption capacity (Inglezakis &

Poulopoulos, 2006).

2.8 Adsorption Principles

The term “sorption” is used to describe every type of capture of a substance from the
external surface of solids, liquids, or mesomorphs, as well as from the internal surface of
porous solids or liquids (Inglezakis and Poulopoulos, 2006). Depending on the type of
bonding involved, sorption can be classified as follows:

a) physical sorption (physisorption)

b) chemical sorption (chemisorption)

c) electrostatic sorption (ion exchange) (Inglezakis and Poulopoulos, 2006).

In this research, focus will only be on physical and chemical sorption, which will be
discussed in more detail later on in this chapter.

The term “adsorption” includes the uptake of gaseous or liquid components of mixtures

from the external and/or internal surface of porous solids. In chemical engineering,

adsorption is called the separation process during which specific components of one phase

50



of a fluid are transferred onto the surface of a solid adsorbent (Inglezakis & Poulopoulos,
2006) (Figure 2.19).

When the species of the adsorbate travel between the atoms, ions, or the molecules of the
adsorbent, the phenomenon of “absorption” takes place; this discriminates absorption from
the main phenomenon of adsorption that takes place on the interface. The adsorption of
various substances from solids is due to the increased free surface energy of the solids
due to their extensive surface. According to the second law of thermodynamics, this energy
has to be reduced. This is achieved by reducing the surface tension via the capture of

extrinsic substances (Inglezakis and Poulopoulos, 2006).
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Figure 2.19: Surface Adsorption Phenomenon (Li, 2011)

When any clean solid surface is exposed to a gas, the latter may adsorb on the solid
surface to varying degree. It has been observed that gas adsorption on solid surfaces does
not stop at a monolayer state and that more than one layer (multilayer) adsorption will take
place only if the pressure is reasonably high (For COz this equates to supercritical state).
Experimental data show this when the volume of gas adsorbed, Vgas, is plotted against Pgas
(Birdi, 2010).
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2.8.1 Chemisorption

Chemisorption (or chemical adsorption) is adsorption in which the forces involved are
valence forces of the same kind as those operating in the formation of chemical
compounds. The problem of distinguishing between chemisorption and physisorption (see
below) is basically the same as that of distinguishing between chemical and physical
interaction in general (Everett and Koopal, 2001). No absolutely sharp distinction can be
made and intermediate cases exist, for example, adsorption involving strong hydrogen
bonds or weak charge transfer. Chemisorption generally has a high enthalpy of adsorption,
typically; AHadsorption is 200-400KJ/mol.

2.8.2 Physisorption

Physisorption (or physical adsorption) is adsorption in which the forces involved are
intermolecular forces (van der Waals forces) of the same kind as those responsible for the
imperfection of real gases and the condensation of vapours, and which do not involve a
significant change in the electronic orbital patterns of the species involved (Everett and
Koopal, 2001). Physical Adsorption takes place with formation of multilayer of adsorbate
on adsorbent. It has low enthalpy of adsorption i.e. AHadsorption is 20-40KJ/mol. It takes
place at low temperature below boiling point of adsorbate. As the temperature increases

in, process of Physisorption decreases (Zheng et al., 2009).

2.8.3 Surface Excess and Absolute Adsorption

Adsorption itself is, according to Gibbs formalism, an excess quantity. The situation at the
gas/solid interface is schematically represented in Figure 2.20. As consequence of the
adsorption potential, the average number of molecules in an element volume near the
surface is larger than in an element volume of equal size in the bulk gas. Both molecular
simulation of adsorption and experimental proof reveal that this density profile vanishes
over quite a short range.
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Therefore, the layer on the solid surface, where adsorbate molecules are concentrated, is
referred to as the “adsorption space” or “adsorbate phase”. It thus assumes a definite
thickness (7) for the adsorbed phase (Zhou, 2001).

Although the density profile can be determined by molecular simulation, it can hardly be

both intermolecular distances decrease linearly with temperature and intersect at a point,

which gives the value of 0y = 0.34nm , the distance between molecules when the Leonard-

Jones potential reaches minimum (Zhou, 2001).
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Figure 2.20 Schematic of a gas-solid adsorption system. The solid-line curve indicates
the density profile (p) as a function of distance (z) normal to the surface in
the real system; the broken line is in the case without adsorption, and
dashed-dotted line is the boundary between phases. The shadowed area
marks the excess amount of adsorbed substance (Everett & Koopal, 2001).

2.8.4 Supercritical Adsorption

Supercritical adsorption is the adsorption at above-critical temperatures and pressures, but
it is sometimes referred to as the adsorption of supercritical fluids. However, there are
different tacit understandings of supercritical fluids. For example, “a fluid is said to be
‘supercritical’ when its temperature and pressure exceed the temperature and pressure at

the critical point” (Savage et al., 1995). In the supercritical extraction studies, however,
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“supercritical fluid” is especially applied for a narrow temperature region of (1-1.2)T¢ or T¢
+ 10K, which is sometimes called the supercritical region (Findenegg, 1984). According to
the adsorption behavior, the adsorption of gases on solids can be classified in three typical
temperature ranges relative to the critical temperature (Zhou, 2001):

0] Subcritical region (T < T¢)
(i) Near —critical region (Tc < T < T¢ + 10)
(i)  TheregionT> T+ 10

It is, therefore, reasonable to assume that the adsorbate in the adsorbed phase is largely
in the liquid state, based on which different adsorption and thermodynamic theories as well
as their applications were developed. It seems that no upper limit applied for pressure

and, hence “high-pressure adsorption” is synonymous with “supercritical adsorption”.

2.9 Gas Adsorption Measurement Methods

The measurement of pure-gas isotherms is rather straightforward. The amount adsorbed
at equilibrium can be determined by two commonly used methods: (1) the volumetric
method, where the pressure-drop before and after adsorption in a closed system is
measured, and (2) where the gravimetric method, in which the amount adsorbed is directly
determined by the weight gain in a flow system. For mixed-gas isotherms, additional
measurements are necessary for determining the compositions of both gas and adsorbed
phases (Yang, 1997). It should be mentioned that the accuracy of each method strongly
depends on the careful design of the measurement apparatus and experimental conditions
(Ozdemir, 2004).

2.9.1 Volumetric Adsorption (Manometric) Methods
The volumetric method is the most widely used technique for determining gas sorption

capacities on coal (Busch et al., 2003, 2004, 2007; Belmabkhout et al., 2004; Clarkson
and Bustin, 1999; Chaback et al., 1996; DeGance et al., 1993; Harpalani et al., 2006;
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Joubert et al., 1973; Krooss et al., 2002; Laxminarayana and Crosdale, 1999(b); Li et al.,
2010; Mastalerz et al., 2004; Mavor et al., 1990; Nodzenski, 1998; Prinz et al., 2001;
Siemons and Busch, 2007; Dutta et al., 2008; Zarebska and Ceglarska-Stefanska, 2008;
Pone et al., 2009; Dutta et al., 2011; Merkel et al., 2015 and Li et al., 2016, to name a few).
The setups are either custom made, or designed in-house, and consist typically of

calibrated reference and sample cells (Figure 2.21).

In the volumetric procedure, defined amounts of gas are successively transferred from a
calibrated reference volume into the sample cell containing a sample, coal for example.
Pressure and temperature transducers are either connected to the sample cell only or to
both reference and sample cell. To analyse sorption from gas mixtures (combination of
usually N2, CH4 and CO2) the gas composition has to be determined by using a gas
chromatograph (GC) equipped, for instance, with a Thermal Conductivity Detector (TCD).
Prior to the sorption experiment, the void volume (Vvoid) of the sample cell is determined
by expansion of a “non-sorbing” gas, which is typically helium (He). Helium densities are
calculated using the equation of state (EOS) or using the van der Waals equation with the;
a and b parameters. This procedure also provides the skeletal volume (V sample) and the

skeletal density (p sample) of the sample.
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Figure 2.21 Schematic of the volumetric apparatus (Belmabkhout et al., 2004)
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For gas sorption isotherms, the void volume multiplied by the density of the gas (or
supercritical) phase (Vvoid-pCO2(T,p)), yields the “non-sorption” reference mass, i.e. the
amount of gas (supercritical fluid) that would be accommodated in the measuring cell if no
sorption takes place. Densities are calculated using the corresponding EOS for CO2, CHa,
N2, or their binary and ternary mixtures (Peng and Robinson, 1976; Setzmann and Wagner,
1991; Span and Wagner, 1996). The excess sorption mass (m excess CO2) is the
difference between the mass of gas that has been transferred into the measuring cell up

to a given pressure step and the “non-sorption” reference mass.

The difficulty involved in the volumetric method lies in the slow attainment of equilibrium,
caused by the diffusion resistance in the adsorbent bed as well as in the small-diameter
tubing’s. Thus, the time required for equilibration in a static system is usually in the order
of days. The equilibration time can be substantially reduced to below one hour by
circulating the gas mixture through the sample by using a circulating pump (Yang, 1997).

A volumetric system is used in this research, with pure CO2 gas for adsorption

measurements and CHas desorption measurements (Detailed in chapter 3, section 3.4).

2.9.2 Gravimetric Gas Adsorption Methods

Whilst this technique was not used in the current research, a short discussion is included
to describe the method that has been used by some researchers (Humayun and Tomasko,
2000; Ozedemir, 2004; Faiz et al., 2007; Ottiger et al., 2008; Bae et al., 2009). In the
gravimetric technique, only the measurement of the total amount of adsorbate is required.
The adsorbate composition can be calculated by a rigorous thermodynamic technique
suggested by Van Ness, using the Gibbs adsorption isotherm (Yang, 1997). A sensitive
microbalance is used to measure the adsorption isotherm. Its sensitivity is very high, since
only the difference in weight change is measured. These microbalances can measure
weight differences in the range of nanograms to milligrams. With such extreme sensitivity,
it is possible to measure the weight change caused by the adsorption of a single monolayer

on a solid if the surface area is large.
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The schematic is depicted in Figure 2.22. The normal procedure is to expose the sample
to the adsorbate gas at a certain pressure, allowing sufficient time for equilibrium to be
reached, and then determining the mass change. This is repeated for a number of different
pressures, and the number of moles adsorbed as a function of pressure is plotted to give
an adsorption isotherm (Belmabkhout et al., 2004; Birdi, 2010). Microbalances (stainless
steel) can be made to handle pressures as high as 120 MPa (120 atm) since gases that

adsorb weakly or boil at very low pressures can still be used (Birdi, 2010).
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Figure 2.22 Schematic diagram of the principle of the gravimetric measurements
(Belmabkhout et al., 2004)

2.10 Gas Adsorption Isotherms

The amount of gas adsorbed by a solid sample is a function of the mass of the sample, the
temperature and pressure, and the nature of both the solid and the gas (Gregg and Sing,
1982). The adsorption of a given gas on a particular solid can be represented by an
adsorption isotherm, which is a plot of the amount adsorbed as a function of pressure at
constant temperature. The shape of adsorption isotherms can provide information about
the adsorption process, and the porosity as well as the surface area of the adsorbent.
According to the IUPAC classification (IUPAC 1972), there are six significantly different
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adsorption isotherms describing the physical adsorption as shown in Figure 2.24 (Gregg
and Sing, 1982; Birdi, 2010).

e A Type | isotherm generally occurs when a monolayer of adsorbate molecules is
adsorbed on a non-porous solid or when adsorption is dominated by a micro pore
filling process. This type of isotherm is often called a Langmuir type isotherm.

e Type Il is displayed by a nonporous or macroporous adsorbent. This isotherm is
characterized by an inflection point, which represents the completion of the
monolayer and the beginning of the formation of multilayers.

e Type lll adsorption isotherm is typical for a non-porous or macroporous adsorbent
and is observed for weak adsorbent-adsorbate interactions.

e The type IV isotherm which is similar to the Type Il is typical for a mesoporous
adsorbent. It displays a hysteresis loop due to capillary condensation.

e Type V is typical for non-porous or macroporous adsorbents and is observed for
weak adsorbent-adsorbate interactions. Type VI isotherms or stepped isotherms are

included in the classification although they are rare (Florentin et al., 2009).

Because coal is a heterogeneous, microporous solid, the adsorption isotherms of gases,
including N2, CH4, and COz2, would be expected to follow a Type | isotherm. However,
various isotherms have been reported in the literature for CO2 adsorption on coals. These
deviations could be attributed to the influences of either variance in pressure, temperature
and most possibly due to coal type. The other factor to consider, would be with regard to
the nature of sorption type; i.e. physi, chemi or supercritical sorption mechanisms which
affect the rate of sorption kinetics (Gregg and Sing 1982; Zhou, 2001; Everett and Koopal,
2001 and Birdi 2010). It is due to these many factors that adsorption experimental data
needs to be mathematically modelled and fitted to theoretical adsorption models to
evaluate the mechanism(s) of adsorption that occurs as depicted in Figure 2.23 and is
expanded on further in section 2.11 which details the theoretical mathematical adsorption
models and their different assumptions that have been applied to determine the sorption

mechanism(s) of a specific sorbent.
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Figure 2.23 Depicting typical Adsorption isotherms:
Type I: Langmuir Monolayer, Type Il &lll: BET multilayer, Type IV & V: Dubinin pore-filling,
Type VI: Nonporous & uniform solid surfaces (Birdi, 2010)

2.11 Theoretical Adsorption Models

Adsorption isotherms simulate the amount of a gas in this case CO2 adsorbed on coal at
different pressures and isothermal conditions. Experimental data that is generated for the
entire adsorption process is used and fitted to the most popularly used theoretical models

outlined below.

2.11.1 Langmuir Model

The classical theory used to describe this isotherm for micro porous materials is based on
the Langmuir equation. This isotherm displays a steep increase in the volume adsorbed at
low pressures due to enhanced adsorption between the adsorbate molecules. The
isotherm then flattens out into a plateau region at higher pressures, which is believed to be

caused by the completion of the formation of a monolayer of adsorbed gas (Yu et al., 2007).

The Langmuir model assumes that a state of dynamic equilibrium is established between
the adsorbate vapor and the adsorbent surface and that adsorption is restricted to a single

monolayer. The adsorbent surface is thought to be composed of a regular array of
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energetically homogeneous adsorption sites, upon which an adsorbed monolayer is
assumed to form. The rate of condensation is assumed to be equal to the rate of
evaporation from the adsorbed monolayer at a given relative pressure and constant
temperature. At high pressures, all sites available on the adsorbent are occupied by the
adsorbate. Hence, beyond a certain pressure, the adsorbent can no longer adsorb

adsorbate. This pressure is called the saturation pressure.

The Langmuir equation correctly expresses the adsorption behavior for a wide range of
pressures. The pressure constant is a measure of the isotherm curvature (Yu et al., 2007).

This model will be used to model the experimental data generated from the current study.

2.11.2 Freundlich Model

Freundlich isotherm is the earliest known relationship describing the non-ideal and
reversible adsorption, not restricted to the formation of monolayer. This empirical model
can be applied to multilayer adsorption, with non-uniform distribution of adsorption heat
and affinities over the heterogeneous surface (Foo & Hameed, 2010). The amount
adsorbed is the summation of adsorption on all sites (each having bond energy), with the
stronger binding sites are occupied first, until adsorption energy are exponentially
decreased upon the completion of adsorption process. At present, Freundlich isotherm is
widely applied in heterogeneous systems especially for organic compounds or highly
interactive species on activated carbon and molecular sieves. The slope ranges between
0 and 1 is a measure of adsorption intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero (Foo & Hameed 2010). It is for this reason
that this model was used to fit the experimental data generated in this study.

2.11.3 Temkin model

Temkin isotherm is the early model describing the adsorption of hydrogen onto platinum

electrodes within the acidic solutions. The isotherm contains a factor that explicitly taking
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into the account of adsorbent—adsorbate interactions. By ignoring the extremely low and
large value of concentrations, the model assumes that heat of adsorption (function of
temperature) of all molecules in the layer would decrease linearly rather than logarithmic
with coverage. As implied in the equation, its derivation is characterized by a uniform

distribution of binding energies (up to some maximum binding energy).

The Temkin isotherm equation is based on the following assumptions:

1. The heat of adsorption of all the molecules in layer decreases linearly with coverage
due to adsorbent-adsorbate interactions, and that the adsorption is characterized
by a uniform distribution of the bonding energies, up to some maximum binding
energy (Oladoja et al., 2008).

2. Like the Langmuir equation, its derivation assumes that all the sorption sites are
identical but, unlike the Langmuir equation, it also assumes that, due to the influence
of the particles sorbed at neighbouring sites, the sorption energy of each
unoccupied site decreases proportionally with the increase in ge, see equation
(2.13) This assumption implies that when all the sites are occupied, the distribution
of sorption energies is uniform on the interval (Vega et al., 2011).

3. Additionally, it is assumed that ge does not approach either zero or unity (Vega et
al., 2011).

The Temkin equation is excellent for predicting the gas phase equilibrium (when
organization in a tightly packed structure (as synonymous with coal) with identical
orientation is not necessary) (Kim et al., 2004), and for this reason was used to model

experimental data from this study.

A summary of all the three isotherm adsorption models containi4g their plots together with
mathematical linear and nonlinear forms is shown in Table 2.4 (Foo & Hameed 2010).
Adsorption CO2 experimental data will be fitted to these three (3) theoretical adsorption
models to evaluate the mechanism of adsorption type, either mono-layer, multi-layer or

pore filling that occurs for the various SA coals tested.
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Table 2.4 Summary of Theoretical Isotherm Models (Foo & Hameed 2010)

NON-LINEAR
ISOTHERM FORM LINEAR FORM PLOT
Langmuir 0" = Q,bC, i=i+ 1 1 - 1
¢ 1 + bCe qe QO bQoCe qe Ce
Freundlich 1

1 1
qe = KpCen logq, = logKy + ElogCe

logq, VslogC,

Temkin RT

=2 BT Vs InC
4 = 5—IndsC, | 9¢ =5 nAr + (F)me. | e .
T

Where:

At -Temkin isotherm equilibrium binding constant (L/g)

b - Langmuir isotherm constant (L.mol?)

br- Temkin isotherm constant

Ce- equilibrium concentration (mol/L)

Co- adsorbate initial concentration (mol/L)

Kr -Freundlich isotherm constant (mg/g) (dm3/g) related to adsorption capacity
KL -Langmuir isotherm constant (mol/g)

K- Temkin equilibrium binding constant

ge- amount of adsorbate in the adsorbent at equilibrium (mg/qg)
gs- Theoretical isotherm saturation capacity (mg/g)

Qo- maximum monolayer coverage capacities (mg/g)

R- Universal gas constant (8.314 J/mol K)

T- Temperature (K)
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2.12 Review of previous studies concerning CO2 adsorption in coal

2.12.1 Effect of coal rank and composition on CO2 adsorption

Long term effects of sequestration are dependent on the interactions of CO2 with coals and
the effects of CO2on coals’ properties. COz2 transport in coal is dependent on a myriad of
coal properties, including coal composition (e.g. rank, permeability, macerals, minerals,
lithotypes, etc.), pore structure, grain size, and moisture content of the coal. Coals
dominant chemical composition is a mixture of carbon, hydrogen, oxygen, nitrogen, and
sulphur. The general groups of macerals are vitrinite, liptinite, and inertinite; liptinite is
richer in hydrogen and inertinite is richer in carbon than vitrinite (Meyers, 1982; Stanton et
al., 2009).

The effect of coal carbon content,, which relates to the coal rank on the coals gas
adsorption capacity, has been noted by many researchers having a specific correlation,
Gan et al., 1972; Bustin & Clarkson, 1998; Walker et al., 1998; Ozdemir, 2004; Faiz et al.,
2007; Sakurovs et al., 2009; Ceglarska-Stefanska and Zarebska; 2005; Saghafi et al.,
2007; Day et al., 2008; Pini et al., 2010; Li et al., 2010 and Dutta et al., 2011). According
to all of these studies, their findings showed that the gas sorption capacity follows a specific
“U”-shaped trend variation with carbon content, where the medium volatile bituminous coal
with around approximately 83.5% fixed carbon content is at the bottom of that U-shape
(Figures 2.24 (a & b)). This reduction of gas adsorption capacity with carbon content up
to medium volatile bituminous coal has been observed and according to them, is due to
the regular laminar, liquid-type structure of the medium volatile bituminous coal which

causes it to have minimal open porosities, resulting in lower gas adsorption capacities.
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Figure 2.24(a) Variation of gas sorption Figure: 2.24(b) Variation of average coal density
(From: Gan et al., 1972) (From: Bustin & Clarkson, 1998)

Inter-laboratory comparisons were presented for CO2 adsorption isotherms measured on
dried coals (Goodman, et al.,, 2004) and moisture-equilibrated coals (Goodman et al.,
2007). The data for dry coals indicated that the largest variations of measured CO:2
adsorption were correlated with coal rank. It was also evident from findings by Larsen
(2004), who reported that more COz: is dissolved as the rank of coal decreases. Other
studies investigating coal rank conducted by Stanton et al. (2001) indicate that the ratio of
2:1 of CO2 preferential uptake as compared to CH4 can vary quite significantly, from >10
in low rank coals (lignite and sub-bituminous coal), to <2 in medium and bituminous coals

of low volatile content.

The effect of coal rank and depth of coal seam on the adsorption capacity of carbon dioxide
was conducted on coal from the Sydney Basin in Australia. Results show that the deepest
and highest rank coal had the highest adsorption capacity. The shallowest coal, which
was not necessarily the lowest rank, exhibited the lowest adsorption capacity (Saghafi et
al., 2007).

Zhang et al. (2011) conducted adsorption tests on bituminous Chinese coals using
volumetric method and temperature range, 35, 50 and 60°C using pressures of 120 — 160
bars. They concluded that the preferential adsorption ratio (CO2:CHa4) decreased as the

rank increased from 0.47 — 1.35% RoVmr. But, for the anthracite, this was not true, when
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compared to the bituminous results; at lower pressures, the preferential ratio is lower than
that of the bituminous coals tested, and that further increasing the pressure the preferential

ratio is greater than for the bituminous coal.

Thus, it can be seen that the rank dependence of the preferential adsorption ratio is not a
monotonic correlation. This was also noted by Faiz et al., (2007), who stated that the total
open porosity and internal surface area of coal decreases with increases in rank from high
volatile bituminous (RoVmr ~ 1.4%) to medium volatile bituminous (RoVmr ~ 0.7%), and with
further increases in rank the sorption potential increased. The adsorption capacity is both
the function of the amount and reactivity of surface area contained in pores and possibly
fractures. The determination of the dependence of maximum adsorption capacity of CO2
on coal rank is vital for the selection of suitable coal seams for the CO2-ECBM process. It
is therefore important to have an understanding of the relationship of adsorption of CO:2

and the coal rank.

As coal rank increases, the density of the coal initially decreases from lignite to high volatile
bituminous coal, as a result of expulsion of water, compaction, and the formation of micro-
pores. In low rank coals (lignite and sub-bituminous ranks), which are less than 75%
carbon (on a dry, ash-free (daf) basis), surface areas have been interpreted as primarily
contained in the macro-pores > 20 nm. Pores in higher rank coals are primarily micro-
pores (<2 nm) and to a lesser extent transitional pores (2-20 nm) (Stanton et al., 2009)
Investigations by Gurdal & Yal¢in. (2001) indicated that the micro-pore volume of coal
decreases with an increase of RoVmr up to a value of 1.0 — 1.1%. However, with further
increases in RoVmr, the micro-pore volume was seen to increase again. Rank is known to
have an effect on the amount of CO2 that can be adsorbed into the coal porosity (Gan et
al., 1972).

Also, important, for enhanced gas transport in coals seams is the permeability. This
property is mainly due to cleat network system in coal seams. Cleat density and cleat
spacing are related inversely. Cleats are natural opening-mode fractures formed in coal.
Cleats usually occur in two sets that are, in most instances, mutually perpendicular and

also perpendicular to bedding (Laubach et al., 1998). They account most of the
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permeability and much of the porosity of coal bed gas reservoirs and serve as permeability
avenues for Darcy flow of fluids (gas and water) to the wellbore during production (Laubach
et al.,, 1998). It has been noted that cleat spacing varies with coal type and ash content.
Bright coal lithotypes vitrain, generally have smaller cleat spacing’s than do dull coal
lithotypes; durain. Also, that coals with low ash content tend to have smaller cleat spacing’s
than do coals with high ash content (Stach et al., 1982; Laubach et al., 1998). The coal
rank is said to be a key factor, as due to progressive coalification, the cleavage of cross-
linked, oxygen bearing functional groups in the coal structure results in additional shrinkage

and hence increased cleat development (Levine, 1993).

In addition, to the effects of porosity and permeability due to coalification, the primary
composition of the coal has a significant influence on the pore structure and therefore on
the sorption capacity. Adsorption properties of CO:2 differ with the chemical composition of
various coal beds, because of the inherent differences in the origin of various macerals as
the source materials differ from seam to seam. Gases should be adsorbed mostly by
vitrain-rich facies that contain low amounts of minerals (Clarkson and Bustin, 1997). This
was also noted by Karacan and Mitchell (2003), who reported that vitrinite—rich coals were
more microporous than inertinite-rich coals. Faiz et al. (2007) also highlighted several
earlier studies that concluded that vitrinite contains higher volumes of micro-pores than
inertinite at a given rank. However, in contrast, the investigation by Faiz et al. (2007)
showed no systematic differences between gas sorption capacities of vitrinite- and
inertinite- rich coals. Laxminarayana and Crosdale (2002) concluded that the difference in
source material results in different porosity, pore structure and therefore, also different
sorption rates. Water may compete with gases for adsorption sites in maceral pores. In the
case of COz, it may be dissolved in water and /or displace water and CH4 in adsorption
sites (Gentzis, 2000).

Research carried out by Crosdale et al. (1998) concluded that maceral composition
significantly affects both adsorption and desorption properties of coals. They also
concluded that micro pore structure also plays a significant role, and this related to type
and rank of coal. While Walker et al. (1998) determined that CO2 uptake occurs in open
and closed micro-pores, Ceglarska-Stefanska and Zarebska (2005) observed that the

capillary structure of hard coals is heterogeneous, and differences between pores lie in
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their shape and size. Pore dimensions range over several orders of magnitude, from cracks
of the order of several microns to openings that remain inaccessible even to helium at room
temperatures. Investigations of pore volumes in coals displaying a variable degree of
metamorphism lead to the following conclusions by Ceglarska-Stefarniska and Zarebska
(2005):

o In coals with carbon content less than 75%, porosity is related to the macro-pore
volume.
o In coals with 75-86% carbon content, porosity is chiefly attributed to the presence

of transition pores and macro-pores.
o In coals with medium degree of metamorphism (85-91%) micro-porosity seems to
be the predominant factor.

. In anthracites (%C>91%) micro-porosity tends to be predominate.

Ceglarska-Stefanska and Zarebska’s (2005) sorption experiments, conducted on various
sorbates and in highly varied conditions, demonstrated the concept that higher rank coals
have the most highly developed micro-pore systems. A large proportion of these micro-
pores are comparable in size to molecules of absorbed / adsorbed substances. Itis a well-
established fact that the macro and meso-pore contribution to the sorption capacity of coals
is a minor factor, although they play a role in the processes of diffusion and gas migration.
Hence, HR (high rank) coals are regarded as heterogeneous sorbents. Their structural
heterogeneity is as a result of changes to the original organic matter during coalification.
This is closely associated with the chemical content and properties of the coal deposit,
being the consequence of the presence of reactive oxygen groups and the differences in
the elemental compositions of macerals of vitrinite, liptinite, and fusinite. Thus, the
structural parameters of coal are closely related to its maceral content (Larsen and
Wernett, 1988; Karacan and Okadan, 2000). Micropores tend to predominate in vitrinite,

while meso-pores and macro-pores predominate in inertinite.

With regard to ash content, many researchers have found that the sorption capacity of coal
for COz is negatively correlated with increasing ash content (Bustin and Clarkson, 1998;
Faiz et al., 2007; Laxminarayana and Crosdale, 1999; Wang, 2007; Perera, et al., 2011)
as shown in Figure 2.25(a) and 2.25(b). This is a well-known inverse relationship which is

due to the fact in coal beds nearly all gas is adsorbed on the organic surfaces rather that
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the inorganic surfaces (Gurdal & Yal¢in, 2000, Crosdale et al., 1998 and Clarkson & Bustin,
1997). It has been suggested from these studies that ash acts as a diluent hence reducing

gas sorption capacity.
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Figure 2.25(b): Relationship between ash content and Langmuir
gas adsorption capacity (Source: Gidrdal & Yal¢in, 2000).
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It has been shown that carboniferous coals with an ash content in the range of 50 — 60%
generally have an adsorption capacity in the range of 0.24 — 0.4 mmol/g (Gurdal & Yal¢in,
2000), while sorption experiments conducted by Soares et al. (2007) gave lower capacities
in the range of 0.089 — 0.186 mmol/g for coal having ash content of 59.92 and 53.3 %
respectively. Studies conducted by Girdal & Yaléin (2000) determined a correlation
between the ash content and Langmuir gas adsorption capacity for Turkish coals (figure
2.25(b)), but could not conclude which of the other controlling parameters (such as maceral

composition, coal rank and carbon content) dominated due to scattered results.

2.12.2 Effect of particle size on CO2 adsorption

Most published literature to date discusses results obtained using fine coal fractions, that
is powdered or crushed coal (Ohga et al., 2003; Soares et al., 2007; Shi et al., 2008; Jessen
et al., 2008). The fine size is probably used in order to minimize equilibration time of the
experimental runs (Mazzotti et al., 2009). Very little work has been carried out on intact
coal core samples to assess the effect of CO2 adsorption or desorption capacity, and more
especially relating to research involving CO2-CHs4 counter-diffusion and competitive

sorption (focus areas of this research).

Reported data from Bush et al. (2004) and Solano-Acosta et al. (2004), shows that CO:2
adsorption occurs much faster in fine-grained fractions. It was concluded that increased
adsorption in finer fractions is perhaps a result of an increased surface area. These results
suggest that coal particle size will play an important role in determining both the effective

rate and capacity of CO2 sequestration in coalbed.

Recent findings by Gruszkiewicz et al. (2009) showed that, for their studies on three size
fractions (45-150 ym, 1-2 mm and 5-10 mm) of crushed coal at 40 °C and 35 °C over a
pressure range of 14 — 16.9 bar using the volumetric method, adsorption was significantly
faster for the 45-150 um size fraction compared to the more coarser fractions. They too
were in agreement with Bush et al. (2004) and Solano-Acosta et al. (2004), concluding that
increased CO:2 adsorption in finer fractions are probably as a result of an increased surface

area, enabling better CO:2 interaction with the coal, and hence will have an increased CO2

69



uptake. However, this data cannot be used to simulate in-situ coal seams with regards to
adsorption-desorption “real time” data. Thus, cores or “lump” coal samples, from a
practical point of view, will give a better representation of what can be expected in-situ. It
would probably be more statistically reliable to determine CO2 adsorption parameters and
capacities and CH4 desorption data from representative bore core samples in order to

simulate in-situ coal seam conditions more accurately.

2.12.3 Effect of Pressure on CO2 adsorption

In this section, both low and high pressure studies for CO2 sorption experiments are
considered. For ease of comparison between published literature and the data presented

from the current experimental set-up, all pressure data will be reported in the units of Bar.

There is a large amount of published data concerning CO2 adsorption in coals at low
temperatures and pressures (ambient temperature and pressure conditions). It has
become widely accepted that the CO2 isotherm obtained at lower pressures (<6MPa) could
be extrapolated to high pressures. However, this may not be accurate as it does not give
a true reflection of the actual in-situ parameters that could be expected in deep coal seams,
and thus increased pressures, as previously discussed. Hydrostatic coalbed pressure is
approximately 20-30 bar, while a pressure of approximately 40 — 50 bar represents
elevated injection pressure that is less than fracture pressure, while the critical pressure is
about 73.8 bar (Jessen et al., 2008).

(i) Low Pressure Sorption Studies

Investigations were carried out by Soares et al. (2007) on high volatile C bituminous rank
Brazilian coals with a high ash content at low pressures (<1 bar) to evaluate kinetics and
equilibrium of sorption of CO2. Adsorption equilibrium isotherms were measured at room
temperature (30°C) through a static method with a fixed-bed adsorption column containing
granular coal (particle size of 0.8, 2.4 and 4.8 mm). Results showed that the Freundlich

model fitted the data better than the Langmuir model; however, both worked reasonably
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well to describe the equilibrium experimental results. It was found that the sorption capacity
of Brazilian coals is in the range of 0.089-0.186 mmol CO2/g, which are typical values for
coals with high ash content. However, the gas adsorption capacity of CO2 was found to
decrease with the ash content of the coals (Soares et al., 2007), which is a well-known
inverse relationship due to the fact that, in coal, almost all gas is adsorbed on the organic
surfaces, rather than on the inorganic surfaces (Gurdal et al., 2000). Jessen et al. (2008)
found that they could attain a maximum CO:2 adsorption capacity of 1.73 mol/kg for an
experimental pressure of 57.9 bar.

Ohga et al. (2003) conducted fundamental test work on CO2 sequestration into seven main
coal seams in Japan. Their research involved laboratory tests which included adsorption
tests for CO2, N, and CHa, replacement tests of CHs4 by CO2, and gas mixtures and
adsorption tests of coal samples treated by CO2 under supercritical condition. The coal
samples were crushed and screened to between 4 and 8 mesh size (approximately 2-4
mm). From their results (Ohga et al., 2003), it is evident that there was a big difference in
the adsorption volume of CHa, but that there was no difference in CO2 adsorption volume
at low pressures. The adsorption volume of CO2 was found to be three (3) times as much
as the CHas adsorption volume, and the adsorption volume of N is half of the CHa
adsorption. The results for the replacement tests showed that a higher ratio of
sequestration to coal can be obtained when the lower concentration of COz2 is injected,
while CHas replacement ratio decreases with a decrease of CO2 concentration, but there

was no difference between CO2 sequestration ratios (Ohga et al., 2003).

(i) High Pressure Sorption Studies

During the last decade, interest in and a need for high-pressure adsorption data to simulate
in-situ coal seam pressure has increased. But, to date, very little work has been published
on CO2 sorption using supercritical CO2 at high pressures > 50 - 80 bar i.e. using
supercritical COz2 (Siemons and Busch, 2007).
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In considering the storage of CO2 by adsorption on coals, it is necessary to identify the
most appropriate filling pressure which will lead to values of storage capacities that can be
compared to the classical compressed natural gas storage. It is generally recognized that
high-pressure adsorption measurements are more difficult to achieve than low-pressure
ones, due to difficulties and high costs related with experimental set-up’s for both
volumetric and gravimetric methods, and the high potential of leaks that occur in very high

pressure systems.

Busch et al. (2004) demonstrated that at a temperature of 45 °C using the volumetric
method to a maximum pressure of 250 bar CO2 was always adsorbed preferentially to CHa,
although preferential sorption of CH4 was observed in some instances at lower pressures.
Other results (Prusty, 2008) of preferential adsorption on dry moisture equilibrated coals
of different rank under identical conditions indicated that adsorption is a function of coal
type, moisture, content and pressure. Busch et al. (2004) also showed commonly, gas
transport in coal is considered to occur at two scales: (1) laminar flow through the cleat
system, and (2) diffusion through the coal matrix. Flow through the cleat system is
pressure-driven and may be described by Darcy’s Law, whereas the flow through the coal
matrix is assumed to be concentration-driven and is modeled using Fick’'s Law of diffusion
(Busch et al., 2004).

Findings by Larsen (2004) showed that an increased CO2 dissolution was possible with an
increase in pressure. Larsen (2004) concluded that not only does CO: dissolve in coals,
but also that at high pressures dissolution was found to exceed adsorption. These findings

regarding coal deformation are further discussed in Section 2.12.6.

Table 2.5 gives a summary of some of the reviewed published CO:2 adsorption data to date.
Some variances in the reported adsorption data have been noted, with differences in units
reported, which makes comparing data difficult; however the trends exhibited can be
clearly noted. A very good trend of adsorption capacities can be seen between Southern
and Northern hemisphere results. The ranges of minimum to maximum sorption capacities

are a good fit across the board.
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Table 2.5: Summary of published data on CO2 adsorption in coal (low and high

pressure)
Publication Coal type Coal Rank | Ash/ Particle Test conditions CO2
Mineral | type adsorption
capacity(m
mol/g)
Clarkson & Bustin | Canadian (British Medium Low powder 60 bar, 30°C 34 mil/g*
(2000) Columbia) V_olatil_e High 16 milg*
Bituminous
Gurdal & Yalcin | Turkish (Zonguldak | High Low powder 0.01 — 1.004#, 5 — 37 cmd/g*
(2001) Basin) volatile C 0.02 25°C
bituminous
Kroos et al. (2002) Dutch/Netherlands powder 60 bar, 40 - 80°C 21-17 cm®¥/g*
80-100 bar, 40- | <5 cmd/g*
80°C
Schroeder et al. US (Argonne Low-high Low - | powder 40 bar, 0.9-1.7
(2002) Premium coals)** | vol. bit. Medium
22 -55°C
Shimada et al. | Japanese (Akabira) | Bituminous powder 60 bar, 35°C 1.65
(2005) rank B
Busch et al. (2003) US (Argonne High & | Low - | powder 73.8 bar, 22 °C 1.05-2.31
Premium)** medium Medium
volatile C
bituminous
Ceglarska- Polish Hard coal | Medium | powder 40 bar, 25°C, 22
Stefanska & B
Zarebska (2005) Hard coal | Low 26
M
Bae & Bhatia (2006) | Australian (Bowen | High vol. | Medium | powder 200 bar | 313K 0.033-0.06
Basin) bit. 323K 0.034.-039
333K 0.019-0.026
Soares et al. (2007) Brazilian High High powder <1 bar, 30°C 0.089-0.186
volatile C
bituminous 30°C
Goodman et al. US (Argonne Low vol. | Low powder 150 bar, 0.44 —9.07
(2007) Premium coals)** | bit.
H