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Abstract
Sequestration of carbon dioxide, CO2, has received large interest as a viable option for
mitigating the high atmospheric concentrations of this greenhouse gas. Each year 25
gigatons of anthropogenic CO2 (7.3 GtC/yr) are released into the earth’s atmosphere with the
combustion of fossil fuels being the major contributing source. Research in the field of
sequestration technology involves evaluating various geological structures as possible
reservoirs, determining adsorption capacities of natural formations and developing methods
for carbon dioxide injection and the monitoring thereof. Identified potential CO2 reservoirs for
geological carbon sequestration (GCS) include saline formations, depleted oil and gas fields
and deep coal seams. Carbon dioxide sequestration in coal seams provides the economic
opportunity of enhanced coalbed methane (CH4) recovery (ECBM).
In South Africa, some coal seams are considered a viable option for long term CO2
sequestration projects as they are abundant and closely situated to South Africa’s largest
concentrated CO2 point sources. Many studies have been conducted to determine the
sorption capacities for methane and carbon dioxide gases on various coals from around the
world; however, similar data have not been recorded for South African coals.
The objectives of this study are to determine the adsorption capacities for methane and
carbon dioxide of three South African coals over a pressure range of 0 – 50 bar. In the study,
single-component gas adsorption experiments were conducted and the absolute adsorption
capacities are reported. Isothermal adsorption experiments were conducted using both the
volumetric and gravimetric methods with the volumetric apparatus pressure range extending
up to 50 bar and the gravimetric apparatus up to 20 bar.

Carbon dioxide adsorption

capacities are much higher than the methane adsorption capacities, which are expected.
Gravimetric experiments produce greater adsorption capacities than the volumetric method.
However, the relative CO2/CH4 ratios for each coal, as well as the relative CO2/CO2 ratios
between coals, remain almost identical. The difference in adsorption capacity is attributed to
the strength of the vacuum pump used on each apparatus. The gravimetric apparatus makes
use of a much stronger vacuum pump which can thus evacuate the coal pores more
adequately than in the volumetric apparatus. The methane and carbon dioxide adsorption
capacities of the three moisture-free coals compare well with literature data. The adsorption
isotherms fit conventional adsorption models (the Langmuir and Freundlich adsorption
equations) extremely well thus indicating that monolayer adsorption takes place.
Since no internationally recognised testing standards are in place regarding adsorption
procedures on coal, it is very difficult to compare adsorption results presented in the
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literature. Respective researchers determine their own experimental conditions for the many
variables in coal adsorption studies. It is recommended that international testing standards
be set in place to make coal research comparable. Such efforts would aid the development
of a coal adsorption database, another recommendation, which would advance sequestration
technology exchange and eliminate duplication of research efforts.
The objectives of the project were achieved by determining the absolute adsorption
capacities for carbon dioxide and methane gas of the three South African coals within a
pressure range of 0 – 50 bar. Further work is required to investigate adsorption capacities of
South African coals under supercritical conditions (above 73 bar abs and 31.1 oC).
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Opsomming
Die sekwestrasie van koolsuurgas (CO2) as ‘n lewensvatbare opsie vir die verlaging in die
atmosferiese konsentrasie van dié kweekhuisgas het reeds heelwat belangstelling gewek.
Elke jaar word 25 gigaton antropogeniese CO2 (7.3 GtC/jr) in die atmosfeer vrygelaat, met
die verbranding van fossielbrandstof verreweg die grootste bron. Navorsing op die gebied
van sekwestrasie tegnologie behels die evaluering van verskeie geologiese strukture as
moontlike reservoirs, die bepaling van die adsorpsie vermoë van verskeie natuurlike
formasies en die ontwikkeling van metodes vir koolstof-dioksied inspuiting en monitering.
Reeds geïdentifiseerde geologiese formasies vir CO2 sekwestrasie sluit in sout(water)
formasies, uitgediende olie- en gasvelde en diep steenkoolsome. Koolstofdioksied
sekwestrasie in steenkoolsome kan lei tot ekonomiese geleenthede vir versnelde koolbed
metaan herwinning.
In Suid-Afrika word sommige steenkoolsome beskou as ‘n lewensvatbare opsie vir
langtermyn CO2 sekwestrasie projekte omdat hulle algemeen voorkom en naby groot CO2
puntbronne is. Verskeie studies is reeds internationaal gedoen op die adsorpsie van metaan
en koolsuurgas op verskillende steenkooltipes, maar ontbreek vir Suid-Afrikaanse steenkool.
Die hoof doelwit van hierdie studie is om die adsorpsie kapasiteit vir metaan en koolsuurgas
van drie Suid-Afrikaanse steenkoolbronne oor die drukbereik 0 – 50 bar te bepaal. Enkel
komponent gas adsorpsie eksperimente is gedoen en die absolute adsorpsie kapasiteit
bepaal. Die isoterme adsorpsie eksperimente is volgens beide die volumetriese en
gravimetriese metodes gedoen met die volumetriese eksperimente oor die drukbereik 0 – 50
bar en die gravimetriese eksperimente tot by 20 bar. Soos verwag was die koolstof-dioksied
adsorpsie baie hoër as die metaan adsorpsie. Die gravimetriese eksperimente het hoër
adsorpsie kapasiteite getoon as die volumetriese eksperimente. Die relatiewe CO2/CH4
adsorpsie verhouding vir elke steenkool asook die verhouding tussen die steenkole het egter
feitlik dieselfde gebly. Een moontlike verklaring vir die verskil in adsorpsie kapasiteit wat met
die verskillende metodes bepaal is, is die verskillende vakuumsterktes wat gebruik is. Die
metaan en koolstof-dioksied adsorpsie kapasiteite van die drie steenkoolbronne vergelyk
goed met waardes in die literatuur (op ‘n droë basis). Die adsorpsie isoterme word goed
voorgestel deur konvensionele monolaag adsorpsie modelle soos bv. die Langmuir en
Freundlich adsorpsie vergelykings, wat ‘n aanduiding is dat monolaag adsorpsie plaasvind.
Daar is geen gestandardiseerde, internationale adsorpsie prosedure nie, met die gevolg dat
dit moeilik is om literatuur data te vergelyk. Die meeste navorsers besluit op hul eie
eksperimentele toestande. Daar word voorgestel dat navorsers aangemoedig word om ‘n stel
v

internasionaal aanvaarbare toetsstandaarde op te stel sodat resultate direk met mekaar
vergelyk kan word. ‘n Verdere aanbeveling is dat daar ook ‘n internasionale steenkool
adsorpsie databasis ontwikkel word (met resultate volgens die gestandardiseerde
toetsmetode). Dit sal lei tot verbeterde uitruiling van kundigheid ten opsigte van CO2
sekwestrasie en die duplisering van navorsing uitskakel.
Die doelwitte van die studie is behaal deurdat die CO2 en CH4 adsorpsie kapasiteite van die
drie Suid-Afrikaanse steenkoolbronne in die drukbereik 0 – 50 bar bepaal is. Verdere werk
word benodig om die adsorpsie vermoë onder superkritiese toestande te bepaal (bokant 73
bar abs en 31.1 oC).
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1. Introduction
Atmospheric concentrations of carbon dioxide, CO2, as well as other greenhouse gases,
GHGs, are increasing due to human (anthropogenic) activities. Carbon dioxide is the most
abundant long-living GHG in the atmosphere originating mainly from the combustion of fossil
fuels, i.e. coal, oil, and natural gas [1, 2]. The total radiative forcing by all long-lived
greenhouse gases (carbon dioxide, methane and nitrous oxide) has increased by 21.5%
since 1990 with the total greenhouse gas concentration increasing by 1.25% from 2004 to
2005. Carbon dioxide is the single most important infrared absorbing anthropogenic gas in
the atmosphere and is responsible for 64% of the total radiative forcing1 of earth by long-lived
greenhouse gases. For approximately 10 000 years before the industrial age (ca. 1750) the
atmospheric abundance of CO2 remained nearly constant at 280 ppm (ppm = number of
molecules of GHG per million molecules of air). This abundance represented a balance over
seasonal fluxes of carbon between the atmosphere and biosphere (photosynthesis and
respiration) and the atmosphere and the ocean (physical CO2 exchange). Since the late
1700s atmospheric CO2 has increased by 35.4% [3]. Carbon dioxide emissions are predicted
to continue to increase as fossil fuels remain the major source of energy [4]. High-precision
measurements of atmospheric CO2 dating back to 1958 show that the average increase of
CO2 in the atmosphere corresponds to ca. 55% of the CO2 emitted by fossil fuel combustion.
The remaining 45% of fossil fuel CO2 emissions have been removed from the atmosphere by
the oceans and the terrestrial biosphere.
Atmospheric carbon dioxide concentrations are recorded by the South African Weather
Service at Cape Point, South Africa. The sampling station forms part of a global gas
monitoring initiative, Global Atmosphere watch (GAW), by the World Meteorological
Organization (WMO). The global CO2 average in the southern hemisphere in 2005 was 379.1
ppm with an increase of 2.0 ppm from 2004 to 2005. The global CO2 average at the end of
2007 was 381.4 ppm [3]. The data obtained from the Cape Point weather station in Figure 11 (34.350S, 18.480E 230m) compares extremely well with other southern hemisphere
concentrations. The gas concentration growth trend corresponds to the global gas
concentration average (northern and southern hemispheres) [5].

1

Radiative forcing is the change in the balance between radiation coming into the atmosphere and
radiation going out. A positive radiative forcing tends, on average, to warm the surface of the earth
while negative forcing tends to cool the surface.
1

Figure 1-1

Daily atmospheric carbon dioxide concentration readings (in ppm) recorded at Cape

Point by the South African Weather Service [5].

Substantial reductions in CO2 emissions will be needed to stabilise the atmospheric CO2
concentration. The CO2 atmospheric concentration can be controlled by reducing production
of CO2 that is released into the atmosphere or by safely capturing and disposing of the
produced CO2.
The greenhouse effect involves solar radiation and the trapping thereof in our atmosphere.
Some of the energy from the sun is reflected back into space by the earth’s atmosphere
while some is dispersed and scattered by the molecules in the atmosphere. A large portion of
radiation penetrates the atmosphere to reach the surface of the earth which is largely
absorbed resulting in surface warming. Much of the absorbed energy is eventually reradiated in longer infrared wavelengths. As the energy leaves the earth it once again
interacts with the atmosphere. Some of the re-radiated energy escapes to space, but much is
reflected back to the earth’s surface by molecules in the earth’s atmosphere. This reflected
energy further warms the surface of the earth. These molecules, e.g. water vapour, nitrous
oxide, methane and carbon dioxide, are responsible for this phenomenon and are called
greenhouse gases because they act like the glass in a greenhouse by trapping energy. In
essence greenhouse gases act like a blanket over the earth by keeping the heat in.
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Increasing the concentration of these gases in the atmosphere increases the atmosphere’s
ability to block the escape of infrared radiation. In other words, the earth’s insulation gets
thicker. Thus, an increased concentration of greenhouse gases can have dramatic effects on
climate.
Numerous carbon sequestration methods have been proposed and researched. These
include storage in deep oceans, geologic formations (saline aquifers, depleted oil and gas
reservoirs, and unminable coal seams), and conversion to stable compounds using
advanced chemical and biological processes [6-8] . These methods are under investigation
to determine the techniques’ feasibility with regard to storage capacity, costs involved, and
safety. Carbon dioxide sequestration in deep unminable coal seams is a particularly
attractive geologic strategy where the stored CO2 is anticipated to be stable for geologically
long terms. Another advantage of the technique is the potential for enhanced coalbed
methane recovery (ECBM) which would offset sequestration costs making the method a
forerunner in being economically feasible. Many power plants are closely located to coal
mines making transport costs a minor expense. However, a better understanding is needed
of the physical and chemical properties of target coal seams, the CO2-coal interactions, and
under which environmental conditions the adsorbed CO2 would remain stable before a
particular coal seam is deemed suitable for sequestration.
Published data in coal seam sequestration include two main areas of research: 1) transport
of carbon dioxide gas in the coal seam, and 2) storage of the gas within the coal matrix. The
transport mechanism in coal seams includes the flow of CO2 gas through the naturally
fractured networks (cleats) in the coal seam, diffusion into the organic coal matrix, and
storage in the micropores as adsorbed molecules. There is still however a lack of
understanding as to what happens within a coal seam once CO2 gas is injected, as the
transport properties of a coal are highly related to chemical and physical changes that occur
during sorption processes.
Adsorption isotherms are an important tool in characterising solid adsorbent materials as the
adsorption capacity, surface area, and average pore size can be estimated from these
curves. Factors affecting adsorption isotherms include the nature of the coal and
environmental conditions. Coal as a material has been described as a ‘highly porous, glassy,
solid rock’ which is found below its glass transition temperature (Tg = ca. 600 oK) [9]. The
glassy macromolecular network transforms to a rubbery material above its Tg. The
microporosity of coal may be a closed or open pore system with an interconnected pore
network of high surface area. There is some debate as to whether coals contain an
interconnected network, or whether pores are isolated from each other and can only be
3

reached by diffusion through the solid coal matrix [10, 11]. Conflicting views on pore structure
has led to differences in interpretation of coal adsorption isotherms. Carbon dioxide
adsorption on coals has been used to estimate surface areas and micropore structures of
coals. However, these measurements were conducted at relatively low temperatures (-78 oC)
and pressures [12]. Although information obtained from such measurements holds some
relevance to current sequestration efforts, low temperature and pressure adsorption data do
not represent geologic in-seam conditions. Most interpretation of coal adsorption isotherm
data do not take into account volumetric changes due to coal swelling which may range from
0.36 to 4.18% volume change [13]. Results obtained from fitting empirical high-pressure
isotherm data to a typical adsorption model equation may be misleading as the models are
based on a rigid adsorbent structure [14]. It has been shown that the presence of moisture in
coal reduces its adsorption capacity [15]. However, few studies on CO2 adsorption on moist
coals have been conducted. The adsorption capacity of the organic matrix and how the
capacity may change with the sequestration environment must be known in order to
accurately predict the CO2 storage capacity of a coal seam and model its stability. Injected
CO2 in a coal seam is expected to flow through natural fractures within the seam and diffuse
into, and be adsorbed by, the organic matrix of the coal [16]. It is anticipated that large
amounts of CO2 gas injected into coal seams would lower the pH of any water within the
seam. It is well documented that adsorption capacities of coals are affected by various
factors, i.e. pressure, temperature, moisture content, and coal rank [17]. The effect of pH has
not been extensively studied. Published data relating to the CO2 capacity of coals exposed to
in-seam conditions are rare.
The proposal of coal seam CO2 sequestration as an option of mitigating CO2 emissions has
stimulated interest in better understanding CO2-coal interactions at high pressures. The
maximum adsorption capacity of a coal is determined by the nature of the coal. However, the
extent to which the capacity can be realised will be determined by the dynamic nature of the
sequestration environment.
The objectives of this study are to determine absolute adsorption capacity estimates for
methane and carbon dioxide of three South African coals. Many studies have been
conducted to determine sorption capacities for methane and carbon dioxide gases on various
coals from around the world; however, similar data have not been recorded for South African
coals. This study will provide initial adsorption capacity estimates under non-supercritical
conditions for the three coals. This initial study at these pressure conditions will identify
sequestration potential of the three coals. Once the best adsorbing coal is identified further
study will be required to determine the respective coal’s adsorption capacity under
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supercritical conditions, i.e.

the conditions under which CO2 sequestration would be

implemented.
In order to satisfy the objective of this study and to determine the suitability of the randomly
identified South African coals for carbon sequestration purposes, the following procedures
will be followed:
•

Determine suitable experimental conditions so that the results obtained will be
comparative to the literature data.

•

Determine single-component adsorption isotherms for methane and carbon dioxide
gases using the volumetric adsorption method over a pressure range of 0 – 50 bar.

•

Determine single-component adsorption isotherms for methane and carbon dioxide
gases using the gravimetric adsorption method over a pressure range of 0 – 20 bar.

•

Compare the results obtained using the two adsorption methods.

•

Extensively analyse and characterise the three coals under investigation so that
valuable interpretation of adsorption results and conclusions can be made based on
coal properties.

•

Fit adsorption data to internationally accepted adsorption models to determine if
mono- or multilayer adsorption occurs.

•

Compare the adsorption data to adsorption capacities of coal seams currently
involved in sequestration operations.

5

2. Literature review
2.1.

Introduction

The combustion of fossil fuels results in an annual release of 6.3 gigaton carbon per year (Gt
C/year) leading to CO2 emissions of ca. 23.1 Gt. This amount is growing annually as nations
develop, industries increase and energy demands rise. The natural net terrestrial uptake is
1.4 Gt C/year and the net oceanic uptake is 1.7 Gt C/year. This results in a net atmospheric
increase of 3.2 Gt C/year [18]. Conventions and policies, such as the Kyoto Protocol, have
been entered into by first world as well as developing countries with the aim of developing
new technologies to drastically reduce these emissions and to remove the high concentration
of greenhouse gases (GHGs) already in the atmosphere.
Various sequestration techniques exist, e.g. biological and geological sequestration.
Biological sequestration is seen as medium to long term carbon storage in living and dead
plants and organic matter in soil. Geological sequestration involves carbon storage in
geological formations that have long term storage potential. Realistically, a variety of
sequestration methods and clean emission technologies will need to be employed in
conjunction to ensure a reduction in atmospheric carbon dioxide concentrations.
This review takes a look at research conducted thus far which includes the investigation of
major determining factors affecting adsorption capacities, exploring the characteristics of coal
which make it a candidate for CO2 sequestration, and questioning the assumptions made
along the way to storing CO2 successfully. South African reservoirs, in particular coal fields,
are discussed with the aim of determining South Africa’s CO2 sequestration potential.
2.1.1

Coal in South Africa

South Africa is the fifth largest hard coal producing nation and the fourth largest coal
exporting nation. Coal is one of the major minerals mined in South Africa with 245 000 000
metric tons production in 2005. Of that 173 400 000 metric tons went to local sales
(R 14 900 000 value) while 71 400 000 metric tons went to export sales (R 21 200 000 000
value). The export value of coal is forecast to increase by 53.2% to $ 5 100 million (R 40 000
million based on R 7.80 = US$1) in 2008 from the $ 3 329 million (R 26 000) recorded in
2005. Export revenue for coal is likely to show an increase of 10.4% per annum rising from $
3329 million in 2005 to $ 6 030 million in 2010. Europe, the Pacific Rim countries, and the
Middle East are South Africa’s major customers and coal demand in those regions is rising
[19].
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In 2005 South African coal was exported to 32 countries. The greatest portion was sent to
Europe of which Great Britain, Spain, the Netherlands, Italy, France, Germany, Denmark,
and Belgium were the largest customers. Of the 245 Mt coal sold, ca. 29.2% (worth R 21.4
billion) was exported at an average price 3.44 times higher than the average local market
price (export price: R296/t). The remaining 173.4 Mt of coal was sold locally, with a total
value of R 14.9 billion. Of this, 106 Mt was consumed by the electricity sector and 41 Mt by
the synthetic fuels sector. The synthetic fuels consumption was notably lower than in
previous years as a percentage of coal previously used as feedstock for gasification had
been replaced by natural gas from Mozambique. The industrial sector utilised 11 Mt, the
metallurgical industry 7 Mt, and merchants bought 7.5 Mt [19].
The 2005/2006 period proved to be a profitable one for the South African coal industry. A call
for more power generation from ESKOM’s (Electricity Supply Commission) grid increased the
local consumption of steam coal. Clean coal technologies (CCTs) are to be fully implemented
in future new mines and power stations.
These technologies are based on the new science of coal combustion which aims to control
and reduce solid, liquid, and gaseous emissions, improve operating efficiency and to identify
methods for effective utilisation of combustion by-products. South Africa is a member of the
International Energy Agency Clean Coal Science (CCS) Agreement since April 2003. This
allows the country access to all the CCS resources and projects. Intelligent use of new
technologies could prevent coal use from being an environmental threat and remain the
world’s major energy source [19].
2.1.2 Carbon Sequestration
Carbon sequestration is a technique that involves the capture and storage of atmospheric
carbon dioxide. Carbon dioxide can be captured directly or removed from the air via a variety
of processes. The gas is then stored in various reservoirs.
2.1.3

Why the need for carbon sequestration?

At present, total annual greenhouse gas (GHG) emissions are rising with emissions
increasing by an average of 1.6% per year2 over the last three decades. Carbon dioxide
emissions, one of many GHGs contributing to total emissions, grew by 1.9% per year. These
trends are expected to continue in the absence of climate policy actions.

2

Total GHG (Kyoto gases) emissions in 2004 amounted to 49.0 GtCO2-eq (carbon dioxide
equivalent). This is up from 28.7 GtCO2-eq in 1970, a 70% increase between 1970 and 2004. In 1990
GHG emissions amounted to 39.4 GtCO2-eq [2].
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It is projected that global energy demand based on fossil fuels, the main drivers of GHGs, will
continue to grow, especially as developing countries pursue industrialization. It is predicted
that more than 80% of the energy use during the period 2025-2030 will be derived from fossil
fuels. On this scale, the projected emissions for 2030 of energy related CO2 will be 40-110%
higher than in 2005 [20].
2.1.4

Clean Energy and Environmental Policies of South Africa

The Department of Minerals and Energy (DME) are responsible for promoting a clean
environment and to ensure that climate change mitigation activities are properly directed and
carried out with a national focus in line with sustainable development principles. It should be
kept in mind that South Africa is a developing nation, and policies that have been applied
globally would probably have to be tailored to suit local conditions.

Under the current

conditions agreed to in the Kyoto Protocol South Africa is not required to reduce its
greenhouse gas emissions. However, the Second Commitment Period (post 2012) may bring
with it new requirements for the country’s compliance. The country needs to move actively
towards a cleaner development path by implementing a strategy to support technologies that
promote a less carbon intensive energy economy. To realise these goals the DME has put in
place policies and strategies that are in line with environmentally sound energy technologies.
Current policies address topics such as; The Clean Development Mechanism (CDM) of the
Kyoto Protocol, investments in renewable energies, energy efficiency, and biofuels [21]. The
Clean Development Mechanism is a sustainable development criterion that is used to review
and approve suitable projects. CDM projects in the energy sector include fuel switching, cogeneration, renewable energy, and energy efficiency. The projects target reduction in
emissions generated in the energy sector and also contribute to sustainable development by
creating jobs, transferring of new technologies between nations, and contribute to South
Africa’s renewable energy and energy efficiency targets. To date the initiative has reviewed
45 projects that collectively have the potential to reduce 6 MtCO2 equivalents, including the
potential to contribute 15 MW to renewable energy targets and 43 MW to energy efficiency
targets [21].
2.1.5

Climate change controls and governance

The United Nations Framework Convention on Climate Change (UNFCCC) was adopted in
May 1992 in New York and opened for signature at the 1992 United Nations Conference on
Environment and Development (UNCED) in Rio de Janeiro, also known as the ‘Rio Earth
Summit’, a month later. The UNFCCC came into force in March 1994 and has achieved
ratification by 189 of the 194 UN member states (December 2006) [20]. Article 2 of the
UNFCCC specifies the ultimate objective of the convention. It states:
‘The ultimate objective of this Convention and any related legal instrument that the
Conference of the Parties may adopt is to achieve, in accordance with the relevant
8

provisions of the Convention, stabilization of greenhouse gas concentrations in the
atmosphere at a level that would prevent dangerous anthropogenic interference with
the climate system. Such a level should be achieved within a time frame sufficient to
allow ecosystems to adapt naturally to climate change, to ensure that food production
is not threatened and to enable economic development to proceed in a sustainable
manner’.
Decisions made according to the objectives set out in Article 2 will determine the level of
GHG concentrations in the atmosphere and will have fundamental implications for emission
reduction pathways and the scale of adaptation required. When addressing climate change
mitigation, regional differentiation plays a vital role. Economic needs, resource endowments,
and mitigative and adaptive capacities are too diverse across regions for a ‘one-size fits all’
approach to designing policies and pathways.
The great variety of mitigation measures that have been undertaken by parties to the
UNFCCC and the enforcement of the Kyoto Protocol are inadequate for reversing overall
GHG emission trends [20]. The European Union (EU) has found that although climate
policies are often difficult to fully implement and co-ordinate, they are effective. In addition,
the policies require continuous improvement to achieve their objectives. At present the
impacts of population growth, economic growth, technical investment and consumption
continue to outpace the improvement in energy intensities and decarbonisation.
2.1.6

Defining dangerous anthropogenic interference with a climate system

There is little consensus when it comes to defining what constitutes a ‘dangerous
anthropogenic interference’ within the climate system and these decisions are likely to rely
on scientific, ethical, political or legal conditions, and cultural judgments. As such, thus the
limits that are set for constructing policies are complex undertakings. The agreement
reached amongst the deciding parties will consist of a mixture of factors and opinions as to
what may constitute dangerous impacts on the climate system, eco-systems, food
production, or sustainable economic development. In the last two decades, various expert
groups have been working towards broadly defining levels of climate change as tolerable or
intolerable, and the different levels of risk associated with the change. In 2005, the European
Union (EU) Council agreed that the global annual mean surface temperature increase should
not exceed 2 oC above pre-industrial levels [20].
2.1.7

Sustainable development

Future changes in climate have the potential to undermine sustainable development. This
effect will be especially pronounced in the least-developed countries. However, sustainable
development and well designed climate change policies can be mutually reinforcing in
economic development areas.
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It is possible for mitigation efforts to conserve natural resources (environmental resources
and sinks). In turn, sustainable development paths can reduce vulnerability to climate change
by implementing technologies that reduce GHG emissions. Sustainable development has
environmental, economic and social dimensions. Projected climate change effects can
exacerbate poverty and thereby undermine sustainable development efforts. It is anticipated
that these effects will be most prominent in developing countries as they depend heavily on
natural resources and lack financial resources. Thus, global mitigation efforts can enhance
sustainable development prospects, in part, by reducing the risk of adverse impacts of
climate change.
2.1.8

Inertia

Response times of the climate system need to be factored into mitigation actions aimed at
specific climate goals. This includes response times of the carbon cycle, the atmosphere,
and oceans. When looking at atmospheric response to radiative forcing, it can be described
in decadal time scales, whereas the linked oceanic response can be within the century time
scale.
It is projected that once GHG concentrations stabilize, the global mean temperature would
likely stabilize within a few decades. A slight increase in temperature would likely still occur
over several centuries. The sea level would continue to rise, however, for many centuries
after GHG stabilization due to the ongoing uptake of heat by the oceans as well as the long
time scale of ice sheet response to warming.
Inertia is highly relevant to the rate at which GHG concentrations can be stabilized.
Adaptation methods themselves contain a range of efficacy time scales. Substantial lead
times may be required in some cases, particularly where infrastructure is involved, before
measures can be fully implemented and take effect. Clearly, the primary benefit of mitigation
actions presently initiated is to prevent significant climate change in the future and lead to
medium- and long-term benefits [20].
2.1.9

Uncertainty and public good

Uncertainty as to the efficacy and safety of sequestration techniques is an important aspect
in the implementation Article 2 of the Kyoto Protocol. Assessing future GHG emissions, the
severity of climate change impacts, evaluating impacts over time and estimating mitigation
costs are all key factors in structuring mitigation strategies. At present the climate system
contains excessive GHG concentrations. This ‘overuse’ of high concentration carbon
emission technologies has occurred due to the ready availability of energy resources derived
from fossil fuels. In contrast, climate protection has been underprovided. The benefits of
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avoided climate change would be enjoyed by all, those who have contributed to costs as well
as those who did not. As benefits contributed by one nation are not restricted in their
availability to others, it is difficult to enforce binding commitments on the use of the climate
system. This can lead to situations where the mitigation costs are borne by certain nations
while others avoid them and enjoy the benefits of the mitigation efforts.
However, individual mitigation costs decrease when efficient mitigation efforts are
undertaken by others. Mitigation efforts are additive, thus the larger the number of parties
involved, the smaller the individual cost to each party. Co-operation requires the sharing of
information and climate change technologies [20].
2.1.10 Review of the last three decades
Increasing GHG emissions due to human activity has led to a marked increase in
atmospheric concentrations of long-lived GHGs when compared to pre-industrial times.
These gases include carbon dioxide, methane, nitrous oxide (N2O), perfluorocarbons (PFCs),
hydrofluorocarbons (HFCs), and sulphur hexafluoride (SF6). Also included are the ozonedepleting

substances

(ODS);

chlorofluorocarbons

(CFCs),

hydrochlorofluorocarbons

(HCFCs), and halogens. The human-induced climate change is due to the increases in
anthropogenic gas concentrations. Combustion of fossil fuels is the predominant source of
GHGs. Atmospheric CO2 concentrations have increased by almost 100 ppm in 2005, as
compared to pre-industrial levels, reaching 389 ppm in that year [20]. The mean annual
growth rates in the period 2000-2005 were higher than those in the 1990s. The effect of
these long-lived GHGs is substantial. The total CO2 equivalent concentration of these gases
is currently estimated to be ca. 455 ppm CO2-eq, within the range 433-377 ppm CO2-eq.
The effect of global and regional GHG and other climate forcing agent trends are determined
using a variety of databases each with their own strengths, weaknesses, and uncertainties
[20]. The EDGAR (Emission Database for Global Atmospheric Research) database contains
global GHG emission trends categorized by broad sectors for the period 1970 – 2004 while
Marland et al. [22] report CO2 emissions on a global basis. Both databases show similar
emission trends. The global warming potential (GWP) weighted emissions of GHGs
(excluding ODS which are controlled by the Montreal Protocol), have increased by ca. 70%
since 1970 (24% since 1990) with CO2 being the largest source. Carbon dioxide emissions
have increased by ca. 80% since 1970 (28% since 1990) and represent 77% of total
anthropogenic emissions in 2004.
The power generation and road transport sectors are responsible for the largest portion of
CO2 emissions growth (see Figure 2-1) between 1970 and 2004 while industry, households
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and the service sector remained essentially constant over this period.

In 2004, CO2

emissions from power generation represented more than 27% of the total anthropogenic CO2
emissions. Flue gases emitted from medium to large point sources typically contain 3 – 15%
(by volume) of carbon dioxide. Flue gas from a coal-fired power plant typically contains ca.
14% carbon dioxide, 5% oxygen and 81% nitrogen [23]. In the same year, ca. 26% of GHG
emissions were due to energy supply, ca. 19% from industry, 14% agriculture, 17% land use
and land use change, 13% transport, 8% residential, commercial and service sectors and 3%
from waste [20].

Figure 2-1

Sources of global CO2 emissions, 1970 – 2004 [20].

Important differences exist between geographical regions. North America, Asia, and the
Middle East have driven the notable rise in emissions since 1972. Former countries of the
Soviet Union have shown significant reductions in CO2 emissions since 1990 by reaching
levels below that in 1972. Developed countries (UNFCCC Annex I countries) represent 20%
of the world population and account for 46.4% of global GHG emissions. The remaining 80%
of the world population living in developing countries (non-Annex I countries) account for
53.6% of these emissions. The calculation of GHG emission per unit economic output
(GHG/GDPppp) shows that Annex I countries generally display lower GHG intensities per unit
of economic production process than non-Annex I countries.
2.1.11 CO2 gas emissions in South Africa
South Africa was ranked 12th on the list of countries having the highest carbon emissions
with 119 203 000 tons of carbon being emitted in 2004 (see Figure 2-2). However, the nation
ranked 34th when calculating emissions per capita (268000 tons/capita). The United States of
America was in 1st place for total emissions with 1 650 020 000 tons of carbon emitted in
2004 [24].
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Figure 2-2
[18].

Main sources and concentration of carbon dioxide emissions in South Africa, 2004

Sequestrable emissions are defined as carbon dioxide emissions from concentrated point
sources where it is possible to capture concentrated carbon dioxide. Non-sequestrable
emissions are carbon dioxide emissions which are spread over a large area and it is not
possible to capture the gas [18].

2.2.

Coal

The structural features of coal determine the behaviour of coal in crushing and cleaning,
combustion, during conversion to liquid and gaseous fuels, weathering, and chemical
reactions. A thorough understanding of the total coal structure would greatly aid the
development of improved methods in various coal processes.
A generalised definition of coal as a material “Coal is a solid fuel, having a fixed physical
structure, porosity and internal surface area” has been updated to “Coal is a complex,
heterogeneous mixture of matrix and molecular constituents. The molecular fraction of coal
includes occluded oil, gas and water. The molecular structure of coal is not rigid, but flexes
as it sorbs or desorbs molecular components such as water and methane” [25].
Coal is a heterogeneous compound consisting of a mixture of plant matter at various degrees
of decomposition due to buried plant debris undergoing dehydration followed by
decarboxylation and polymerization reactions due to geothermal flux and pressure increase.
Chemically, coal is composed of a mixture of macromolecules of very large molecular
weights and as such there is great structural diversity within one sample. Thus, it is important
to analyse a range of samples of a particular coal in order to get an idea of the coal’s
properties.
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Although coal is heterogeneous in composition, there are many regular and repeating
features that have definable physical or chemical structure. A thorough knowledge of these
characteristics and properties is indispensable for understanding the behaviour of coal in
various physical and chemical processes.
Physical and chemical structural features of coal include (in descending order of size):
•

Lithotype regions of organic hydrocarbons, 10-2 – 10-1 m. These differ in density,
reflectivity, strength, and volatile content.

•

Lithotype boundaries and inserts formed by mineral lenses and nodules,
10-3 – 10-2 m. These are characterized by a mainly non-hydrocarbon elemental
composition and a density at least 50% more than that of the lithotypes.

•

Microscopic organic regions, from which the lithotypes are built, known as
macerals, 10-6 – 10-4 m. Macerals originate from vegetable life which is clearly evident
from vestigial plant structures.

•

Pores within the organic matrix of varying sizes and shapes, 10-9 – 10-5 m in
diameter. The pores affect the electrical and molecular transport properties as well as
density and strength of coal. Minerals, organic fragments as well as salts dissolved in
water are found within the pores.

The organic matrix surrounding the pores is composed of organic molecules that are crosslinked in a manner similar to that of polymers. The matrix is often fractured, forming crevices
and cleats. These structural characteristics should be kept in mind when studying stressstrain relationships, abrasion resistance, chemical reactivity and transport. Minerals are
dispersed in the matrix and can be viewed as filler material that is encapsulated or trapped
within the polymeric system. The physical structure of coal is sponge-like due to the
interconnecting pores of differing shapes and sizes. Coal lacks the ordered regularity that is
associated with crystalline lattices [26]. The matrix blocks in coal consist of two types of
carbon structures viz. crystalline carbon and amorphous carbon. Crystalline carbon is
constructed from stacks of aromatic rings that may be connected to one another by aliphatic
chains on the edges [27].
2.2.1

Origin of coal and coal composition

Coal is an aggregate of heterogeneous substances composed of organic and inorganic
materials. The organic materials are derived mainly from plant remains which have
undergone various degrees of decomposition in the peat swamps and physical and chemical
alteration after burial. Coal deposits were formed in peat swamps, occupied by various types
of vegetation. The coal thus reflects primary conditions of climate, water level, and water
chemistry in the swamp. The plant source material in the swamp ultimately determines the
petrographic composition of the coal.
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Coals formed in the peat swamp environment are autochthonous or in situ in origin. Some
peat and even coal seams may be redeposited in a fluvial system and are known as
allochthonous in origin. Coal deposits formed from accumulation of driftwood are also
included in this category [28].
2.2.2

Classification and description of macerals

Macerals (derived from the Latin macerare, to macerate, to separate) are microscopic
constituents of coals analogous to the mineral building blocks of rocks. The macerals are
classified into three major groups (vitrinite, liptinite, and inertinite) and many individual
macerals (see Table 2-1) on the basis of their source material (woody vs. non-woody
tissues), morphology, similarity in chemical composition, nature of formation (biochemical
degradation vs. charring by fire), internal structures, colour or level of reflectivity, and degree
of coalification and nature of formation. Macerals are optically homogeneous constituents of
the organic fraction of coals [29].
Classification of macerals [29].

Table 2-1

Classification of macerals
Group

Maceral

Vitrinite

telinite, collinite, 'pseudovitrinite', vitrodetrinite

Liptinite (Exinite)
Inertinite

sporinite, cutinite, resinite, alginate, suberinite, liptodetrinite
micrinite, macrinite, semifusinite, fusinite, sclerotinite, inertodetrinite

The three major groups of macerals are the vitrinite, liptinite (exinite), and inertinite groups.
Macerals are derived from, and often named after, particular plant tissues preserved in peat
swamps. Descriptions of the three main maceral groups follow:
2.2.2.1

Vitrinite Group

Vitrinites are woody tissues derived from roots, stems, and vascular tissues of leaves at
various stages of decomposition that have undergone coalification. Vitrinite is the most
abundant maceral in coals as they account for 70 – 80% of any coal bed or seam and is
more homogeneous compared with other macerals [29]. The vitrinite maceral is a
mixture of at least two different kinds of components, i.e. a macromolecular phase that
is connected by cross-links to a molecular phase inside the macromolecular network.
There are two distinct types of materials in coal; i.e. materials rich in aromatic
compounds that are associated with vitrinite macerals, and materials rich in aliphatic
compounds that are associated with liptinitic macerals [30].
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Vitrinite reflectance is used to indicate the thermal maturation level of coal which is used
to determine coal rank. Optical anisotropy is the expression of macromolecular
arrangement of coal. When the macromolecules or micelles are randomly arranged the
coal is isotropic whereas when regularly arranged in planes the coal is anisotropic [31].
The colour of vitrinite in transmitted light varies from yellow-orange, red, red-brown,
dark brown, to opaque as rank increases from lignite to anthracite. In incident light
vitrinite appears dark grey, light grey, or white, depending on coal rank. On a basis of
reflectance, vitrinites are further divided into vitrinoid types at 0.1% reflectance intervals
(oil immersion). Aggregates of fine vitrinite particles are called vitrodetrinite [29]. Vitrinite
usually occurs as thin bands and matrices in coal. The thickness of an individual band
may vary from <1 mm to >30 cm [29].
2.2.2.2 Liptinite (exinite) group
Liptinites are derived from resinous and waxy plant materials that include resins,
cuticles, spore and pollen coats and algal remains, giving rise to resinite, cutinite,
sporonite, and alginate respectively (see Table 2-2). The individual macerals belonging
to the liptinite group are primarily classified according to their morphology or genetic
affiliation. Liptinites have the highest hydrogen content of all the macerals. Resinite from
lignite may contain more than 10% hydrogen on a dry ash-free basis. Refraction and
reflectivity indices of liptinite are very low compared to other macerals of equal rank.
Liptinites appear light to dark yellow in transmitted light and dark grey in incident light
[29].
Source materials of Liptinite [29].

Table 2-2

Source Materials of Liptinite
Maceral

Source material

Sporinite

Spore and pollen exines

Cutinite

Cuticle of leaves, young stems, etc.

Resinite

Resins, plant secretions, and exudates

Alginite

Remains of algae and algal colonies

Suberinite
Liptodetrinite

Cork cell walls
Fine grains or fragments of liptinite such that its affinity is beyond
recognition

2.2.2.3 Inertinite group
Inertinites are mainly derived from partial carbonization of various plant tissues due to
fire in the peat swamp stage. Certain inertinites are thought to originate from intensive
chemical degradation induced by micro-organisms. The inertinite group derives its
name from the fact that these macerals are inert or semi-inert during normal
16

carbonization processes. Inertinites are subdivided into fusinite, semifusinite, macrinite,
micrinite, sclerotinite and inertodetrinite, depending on their shape, size, degree of
preservation of cellular structure and intensity of charring. Inertinites appear opaque in
transmitted light and bright in incident light [29].
Mineral matter in coal originates from many sources. Minerals may be transported to peat
bogs by water or air, directly precipitate from solution, precipitate by organic metabolism, or
as secondary precipitation from groundwater [29].
Inorganic material in coal consists primarily of mineral matter. This includes mainly clay
minerals, quartz, carbonates, suphides and sulphates, and many other substances in very
small quantities [29]. The chemistry of coals is determined by chemical structure and
constituent macerals and maceral precursors. Within a given rank, variations in maceral
concentration alone can account for up to 45% of the reactivity usually associated with rank.
The study of the effects of maceral content on various coal applications is limited due to the
difficulty in separating the macerals within the coal [26].
Coal with an inorganic content greater than 50 wt.% is classified as carbonaceous shale. The
boundary defining a substance to be a coal or a non-coal is difficult to define [29] since
various classifications exist. One definition by Schopf [32] classifies aggregates containing
organic material amounting to more than 50 wt.% and more than 70 vol.% as a coal. A
broader definition is provided by Spackman [33] stating that all plant-derived materials are
coal, provided that they are naturally occurring and are associated with sediments in the
earth’s crust.
Regions where conditions are favourable for the accumulation of peat are potential sites for
coal formation, provided that the accumulated peats are then buried and preserved. To
produce a thick layer of coal, the region needs to be constantly subsiding, or the groundwater
level must slowly continuously rise while the accumulation of plant debris keeps pace with
the rising water level. A multi-seam coal field can be formed in a deltaic environment as the
continued subsidence and periodic shifting of the deltaic lobes favours the accumulation of
thick, widespread multi-seam coal beds.
2.2.3

Petrographic analysis of coal - Defining rank

Coals are classified into various coal ranks according to ISO 11760:2005 (International
Organization for Standardization). The standard describes a simple classification system for
coals providing guidance on the selection of appropriate ISO standard procedures for
analysis and testing, international comparison in terms of some key characteristics and
descriptive categorisation of coals. The system is applicable to all ranks of coal. It also
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applies to a wide range of representative coal samples. Such samples include bore-core
seam sections and composite samples, raw (as-mined) coal, washed coal and blends of
similar rank. This system is useful in determining the utilization of coal by the metallurgical
coke industries that are interested in the fixed carbon content and caking ability of coals and
by the power generation industries where heating value is of primary concern.

Figure 2-3

Thermal maturation of coal over time, leading to increase in coal rank [34].

The rank defined by the ISO standard represents the “degree of metamorphism” or
progressive alteration in the natural series from lignite (low rank) to anthracite (high rank)
shown in Figure 2-3 [29]. Petrographic composition of coals can greatly vary, thus greatly
affecting the fixed carbon content or calorific value of a coal. High inertinite content leads to
a large fixed carbon value, while high liptinite content (particularly resinite and alginate)
results in high calorific values. Petrographic composition of a coal is determined at the time
of peat accumulation in the peat swamps with progressive metamorphism not changing the
maceral composition of a coal in a meaningful way. Lignite, also referred to as brown coal, is
the lowest rank of coal. It is used almost exclusively as fuel for steam-electric power
generation. Bituminous coal is a dense, usually black coal with well defined bands of bright
and dull material. It is also used primarily as fuel for steam-electric power generation. Large
quantities are also used for heat and power applications in manufacturing as well as to
produce coke. Coal processing properties that range from those of lignite to those of a
bituminous coal is known as sub-bituminous coals. Anthracite, a higher rank than bituminous
coal, is a harder, glossy, black coal that is used primarily for residential and commercial
space heating. Graphite is technically the highest rank. It is difficult to ignite and is not
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commonly used for combustion [35]. South African coals are typically medium rank C
bituminous coals.

2.3.
2.3.1

Gas storage

Chemical capture

Efforts to reduce atmospheric GHG concentrations have traditionally focused on avoiding the
production of carbon dioxide by reducing fossil fuel use, a technique referred to as ‘CO2
abatement’. One alternative to CO2 abatement is to capture CO2 emissions and sequester
them in geological reservoirs. However, large-scale sequestration requires considerable
engineering, scientific and economic knowledge and resources.
Carbon dioxide sequestration is not a perfect substitute for avoiding CO2 production since
sequestered CO2 may leak back into the atmosphere. Much debate has arisen on whether
CO2 sequestration should be considered as a viable alternative to CO2 abatement
technologies. Previous studies addressing CO2 sequestration have produced analytical
expressions to analyse the trade-off between CO2 sequestration and CO2 abatement, and
also to optimise sequestration by use of numerical models. While these studies pose new
questions, they neglect to address important policy and future economic implications. Most
numerical models focus on afforestation as an abatement measure, which only plays a minor
role in reducing climate change. Studies focussed on more powerful sequestration methods,
such as deep ocean or deep aquifer injection, assume negligible marginal costs, neglect cost
reductions as technologies mature, or neglect CO2 leakage, which results in future costs.
2.3.2

How to store carbon dioxide

Three classes of geological formations are suitable to serve as sequestration reservoirs for
large volumes of CO2. These include depleted oil and gas reservoirs, deep saline formations,
and unminable coal seams. These structures have stored crude oil, natural gas, CO2 and
brine, over millions of years [18].
One of the key factors in determining the economic viability of a reservoir is it’s proximity to a
CO2 point source as this would cut transport costs. In many cases, injection of CO2 into
geologic formations can enhance the recovery of hydrocarbons, providing value-added byproducts that can offset the costs of CO2 capture and sequestration [21]. Sequestration
research is aimed at understanding the behaviour of carbon dioxide when stored in a
geologic formation. Studies are being conducted to determine the extent to which the CO2
moves within the geologic formation, and what physical and chemical changes occur to the
formation when CO2 is injected. This information is valuable for ensuring that the
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sequestration will not impair the geological integrity of an underground formation, and that
CO2 storage is secure and environmentally acceptable [21].
Storage of CO2 at great depths at high pressures results in carbon dioxide reaching a
supercritical state. When this state is reached (critical temperature, Tc, 31.1 oC and critical
pressure, Pc, 7.38 MPa) CO2 exhibits the characteristics of both a liquid and a gas.
Supercritical carbon dioxide has a density less than that of brine and a viscosity less than oil.
High densities are necessary to successfully store a large volume of carbon dioxide in a
limited pore volume. It is proposed that CO2 be sequestered at densities between 600 and
800 kg/m3 in storage reservoirs [36].
Principle storage capacity estimates rely on a series of algorithms. These algorithms are
based on the storage mechanism under consideration to calculate the available capacity in a
certain volume of sedimentary rock at a given depth, temperature and pressure. Applying
such models to a specific region or site becomes a complex process. It proves particularly
difficult due to the various trap types and trapping mechanisms that can occur, the time
frames over which trapping becomes effective, and the different physical states in which the
CO2 might occur. Trapping mechanisms for CO2 include: structural and stratigraphic, residual
gas, dissolution, mineral precipitation, hydrodynamic, and coal adsorption. The highly
variable nature of geological settings, rock characteristics, and reservoir performance
combine to make estimates unreliable when they are calculated using methodologies that
generalise inputs for evaluating potential storage capacity [36].
2.3.3

Geological Reservoirs

Geological sequestration is a form of direct sequestration where carbon dioxide is stored in
underground formations such as depleted oil and gas reservoirs, unminable coal seams and
saline reservoirs.
These formations are amenable to decades worth of CO2 storage as they have the capacity,
structure, seals, porosity, and other suitable properties for such a task. Geological methods
should be socially acceptable, environmentally effective, and economically feasible. A
diagram indicating the location of major carbon dioxide point sources (grey dots) and power
stations (red dots) within South Africa is shown in Figure 2-4. The CO2 point sources appear
in distinct clusters around industrial areas, i.e. refineries, power stations, and cement plants.
Effective geological sequestration will require matching high densities of point sources with
suitable geological reservoirs for effective CO2 capture and minimal transport costs [18].
Various South African geological reservoirs are discussed.
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Figure 2-4
Sources of carbon dioxide in South Africa, 2004. High concentration carbon dioxide
emission point (grey) and power stations (red) [18].

2.3.3.1

Oil and gas reservoirs

Pumping CO2 into nearly depleted oil and gas reservoirs can enhance production by 10 – 15
% as the injected CO2 gas forces out the remaining amounts of oil and gas still in the
reservoir. This is termed Enhanced Oil (or Gas) Recovery; EOR or EGR. The United States
of America (USA) is the world leader in this technology with approximately 32 million tons of
CO2 (natural and anthropogenic CO2) per annum being used for this purpose, which is
considered a mature technology [37-39]. This technique provides the opportunity to
sequester carbon at a low net cost because of the revenues generated from EOR/EGR.
Depleted gas reservoirs are excellent geological traps for CO2 storage as they are closed
and store gas under pressure. There are three main advantages to this technique;
•

Up to 96% of the original gas in place is removed during primary recovery of gas
fields which creates large storage potential.

•

Injected carbon dioxide would restore the original reservoir pressure, thereby
reducing possible collapse.

•

The trapping mechanism that retained the original hydrocarbons would ensure that
CO2 does not leak and escape to the surface.

In enhanced oil recovery applications, the integrity of the CO2 that remains in the reservoir is
well understood. The current scope of EOR and EGR applications is economically limited to
point sources of emissions that are near oil or natural gas reservoirs [21]. Existing surface
and off-shore facilities, as well as the infrastructure used for the production of gas, are ideally
suited for transportation and injection of CO2 gas. The petroleum industry is currently
reluctant to consider CO2 sequestration in abandoned hydrocarbon reservoirs since the fields
still contain oil and gas resources. These resources may have economic value if oil and gas
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prices were to rise enough to make it viable to resume production, or if new technologies
were developed to increase production yields before abandonment [40].
South Africa has only recently become an oil and gas producing nation. All production
facilities are based off-shore. Because the industry is relatively new in South Africa, there
would be limited capacity and availability of reservoirs where CO2 could be sequestered.
However, there is long-term potential for the technique as existing oil and gas fields mature
and production declines. Local gas production figures are in the order of 1.4 billion m3/y that,
after practicalities of sequestering carbon dioxide could decrease the true sequestration
figure by 50%, would provide the potential to store approximately 0.7 billion m 3/y (ca. 1
million tons of CO2/y) 3 , ca. 0.02% of total global CO2 emissions [18].

2.3.3.2

Saline formations

Deep saline reservoirs are found in most sedimentary basins around the world. Saline
formations, or aquifers, are defined as thick, regionally extensive sandstone formations
devoid of hydrocarbons. They typically contain brine in their pore volumes of salinities > 10
000 ppm that are unfit for human, industrial or agricultural purposes [36]. Saline formations
are not associated with salt domes, which are unrelated geological features.
Gas remains in an aquifer by either being trapped in a gas pocket or dissolving into the
saline fluid. In both cases long-term entrapment of the CO2 gas depends on a non-permeable
cap rock layer to prevent the CO2 from returning to the surface. Fluid in a saline aquifer,
which may contain dissolved CO2, moves very slowly (1 – 10 cm/y) away from the injection
well in response to a hydrodynamic gradient present. It may take tens of thousands, to
millions, of years for the fluid to move to a location where the CO2 could return to the surface.
Some CO2 may react with minerals present in the aquifer resulting in the precipitation of
carbonate molecules out of the saline solution. These may include calcite (CaCO3), siderite
(FeCO3) and magnesite (MgCO3). Such precipitation reactions improve the overall reliability
of the sequestration operation as the resulting minerals are very stable [41].
Storage in saline formations does not produce value added by-products, as is the case in
ECBM recovery in coalbed storage, but has various other advantages such as;
•

An estimated storage capacity that would provide large, viable, long-term solutions.

•

The formations have previously been used for the injection of hazardous and nonhazardous waste [13].

3

The extracted gas volume is calculated using atmospheric pressure while the sequestered CO2 gas
is calculated at 80 bar pressure [1].
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•

Their environmental acceptability is proven and the technique is based on established
technology (e.g. Statoil in Norway).

•

Research in the USA and Australia has found great potential for carbon sequestration
in saline formations. Initial estimates predict that quantities of such formations
available would be able to sequestrate hundreds of years worth of CO2 emissions.

•

The stored CO2 will gradually dissipate, leading to renewable storage.

Environmental acceptability and safety of CO2 storage in saline formations forms an integral
part of the sequestration process. It is necessary to determine whether the CO2 will be able
to escape from formations and migrate to other areas or contaminate drinking water. The
potential saline reservoir should have a suitable cap rock, thus shale in this position should
not contain any fractures. For carbon dioxide to be stored under supercritical conditions, the
cap rock needs to be at least 800 m deep.
A Norwegian oil company, Statoil, is currently implementing saline formation CO2
sequestration by injecting approximately one million tons per annum of recovered CO2 into
the Utsira Sand, a saline formation below the sea bed. This was the first large scale
operation of CO2 sequestration in a geological reservoir. The amount being sequestrated
annually is equivalent to the output of a 150-megawatt coal-fired power plant [13]. It is
estimated that the field has the potential to store at least 23 million tons of CO2 as it is 200 m
thick, 50 km wide and extends for over 500 km. Other reservoirs currently involved in
geological CO2 sequestration include:
•

Casablanca in Spain, an offshore oil reservoir

•

Atzbach in Austria, an offshore gas field

•

K12b in The Netherlands, an offshore gas field

Onshore formations in South Africa include the Karoo Supergroup sediments (also known as
the Vryheid formation) that are shown in Figure 2-5. The supergroup is distributed in several
sedimentary basins with the Great Karoo Basin in the south of the country being the biggest.
The basin far outweighs the other basins in terms of depth of burial, thickness, and extent of
the basin. The other basins are eliminated as follows:
Lebombo Basin: Reasonably extensive, remote from point sources, underlies the
Kruger National Park, would expect strong environmental and political opposition if
the reservoir were to be proposed for CO2 sequestration use.
Soutpansberg, Springbok Flats and Tuli Basins: Limited extent, relatively shallow,
faulted, and isolated from major CO2 point sources.
Waterberg Basin: Limited extent, relatively shallow with active mines.
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Figure 2-5

The Karoo Basins in Southern Africa [42].

Large sections of the basin would not be viable since the sediments are predominantly
mudstones which have no porosity and therefore no storage capacity. These sections would,
however, act as suitable cap rocks.
Arenaceous sediments in the Karoo Supergroup are well placed w.r.t. major CO2 point
sources as the supergroup is located near coal producing regions and coal fired power
stations. However, these are the same sediments in which the currently mined coals are
located. Injection of carbon dioxide into these sediments close to the productive coal seams
would require careful consideration to avoid sterilising future coal resources. Geologists have
indicated that the arenaceous sediments (sandstones) are characterised by low porosity (3 –
5%) as well as poor permeability. Other research groups [43] are investigating potential
aquifers with porosities in the range of 6 – 12%. The potential carbon dioxide storage
capacity for the supergroup was calculated to be ca. 183 750 million tons. This volume would
be sufficient to store South Africa’s carbon dioxide emissions for the next 500 years
(projected at current emissions), although the poor permeability would significantly lower the
projected value by an order of magnitude to allow for poor storage capacity, geological, and
other restrictions. A main producer of concentrated carbon dioxide in South Africa that
produces ca. 50 million tons per annum is located near the Karoo Supergroup. It is very
attractive to have a potential link of a concentrated CO2 source in close proximity with a
sequestration reservoir. A more detailed study is recommended.
A second group of sediments, the Cretaceous Sediments, are onshore Cretaceous
sandstones along the east coast of KwaZulu-Natal. While the porosity of the formation is
higher than that of the Karoo sediments, the structures are open to the surface without a
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trapping mechanism. Thus, this area is not considered suitable for carbon dioxide
sequestration.
2.3.3.3

Coal seams

The geological reservoirs of interest in this study are those of ‘unminable’ coal seams. The
technique involves the displacement of naturally occurring methane in the coal seams with
carbon dioxide. The enhanced recovery of methane gas in seams nearing the end of their
economic life has been termed, Enhanced Coalbed Methane, ECBM [18]. The concept of
methane displacement and its potential to be permanently exchanged is based on the fact
that carbon dioxide is preferentially adsorbed by coal compared to methane. The CO2/CH4
ratio of displacement is approximately 2:1, which tends to increase in lower ranked coals.
Deep coal seams, often termed unminable coal seams, are composed of organic materials
containing brines and gases in their pore and fracture volumes [36]. Two transfer
mechanisms describe the diffusion of gas within the coal seam; laminar flow (Darcy flow),
within the cleat system, and diffusional flow (via the coal pores). Cleat structure is rank
dependent. Anthracites (containing low concentrations of lignites) tend to be well organised
cleat structures having lower surface areas whereas lignite rich coals typically display
disorganised cleat systems, but have larger surface areas. Well organised cleat structures
generate high coal seam gas volumes (methane) and tend to have low adsorption capacities
whereas coals with poor cleat structures generate less coal seam gas and have higher
adsorption capacities. Darcy flow acts once the gas reaches a cleat or fracture. This process
relates the flow rate in a reservoir to the pressure gradient across the reservoir using the
permeability as a control parameter. The permeability of the coal has to be well understood
in order to accurately describe the gas flow through the cleat system. Gas diffusion in coal is
described using three processes that are coal structure and pressure dependent which need
to be used simultaneously to understand the diffusion process viz. bulk diffusion, Knudsen
diffusion and surface diffusion. Bulk diffusion is related to intermolecular interactions and
involves diffusion of one molecular species through a mixture of different molecular species.
Knudsen diffusion is generally represented by fluid molecule and pore wall interactions.
Surface diffusion is the flow of material between the sorbed state and the free state [44].
Gas diffusion through the coal matrix is controlled by the concentration of gas, i.e. following
Fick’s law4. The free gas within the coal moves in response to a pressure gradient through

4

Fick’s law ( J = − D ∂φ ) relates the diffusive flux to the concentration field by postulating that the flux goes from

∂x

high concentration regions to low concentration regions with a magnitude that is proportional to the concentration
gradient, where J is the diffusion flux i.e. it measures the amount of substance that will flow through a small area
over a short time period,

D is the diffusion coefficient, or diffusivity, φ is the concentration and x
25

is the length.

the coal matrix to the cleat (fracture) systems [45]. Coals are inclined to be more permeable
vertically than horizontally. Vitrinite rich coals tend to fragment well, resulting in good cleat
systems whereas inertinite rich coals don’t fragment well and have poor cleat systems. The
cleat system is characterised by two sets of fractures (the ‘face’ and ‘butt’ cleats) which are
both mostly orthogonal to the seam bedding. Face cleats are usually dominant, with surfaces
that are laterally extensive, planar and widely spaced. Butt cleats are a poorly defined set of
natural fractures that are orthogonal to the face cleats. Face cleats are continuous
throughout the seam whereas butt cleats tend to be discontinuous, non-planar and
commonly end at the intersection with face cleats [46]. The cleat characteristics of a coal
seam are far more complex than the face and butt fracture sets. It is possible to identify
master, primary, face, butt, secondary and tertiary cleats within a coal seam (see Figure 2-6).
Cleat systems are specific to each coal basin and determine the adsorption capacity of the
coal seam.

Figure 2-6
Schematic illustration of coal cleat systems. (a) typical cleat fracture patterns, (b) cleat
hierarchies in cross-section view [46].

Large cleats give an indication of the mass flow of gas whereas small cleats indicate
potential surface area. A high concentration of small pores implies a high adsorption
capacity.
Coal beds typically contain large amounts of methane-rich gas. The current practice for
recovering coalbed methane is to depressurise the bed. This is most often done by pumping
water out of the reservoir. An alternative approach is to inject CO2 into the seam. Whilst
much research has been done on CO2 recovery of methane, further investigations are
required to better understand and optimise CO2 sequestration processes that will have to be
adapted for different coal seams. Coal seams vary greatly in composition and properties and
thus capacity analyses can not be generalised from one seam to another [18].
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Similar to enhanced oil recovery, the methane by-product gained by ECBM provides a valueadded revenue stream to the carbon sequestration process and is therefore conducive to a
low net cost technology. A high percentage of coal reserves are deemed ‘unminable’ due to
seam thickness, depth, or structural integrity. A promising aspect of CO2 sequestration in
coal beds is that many unminable seams are located near electricity generating facilities that
can be large point sources of CO2 gas. Integrating coal bed methane with coal-fired
electricity generating systems could provide the option of additional power generation with
low emissions [21].
Field testing of this sequestration technique has been conducted in the USA where CBM
(coalbed methane) production has been implemented for over twenty years, e.g. the San
Juan Basin. More research is required on each potential coal seam to determine whether the
technique is feasible for long term storage and if it is economically viable. Coal seam
sequestration is considered a net low cost option as some or most of the costs associated
with sequestering CO2 will be recovered from methane gas revenue. It has been indicated
that the potential storage capacity of this technique is not large compared with other
sequestration methods and has not been considered a significant method of sequestration,
however, the potential for production of methane as a cleaner energy source is considered
significant [18].
South Africa certainly has the potential for coalbed sequestration with the CBM industry on
the verge of starting production in the Waterberg Coalfield. The methane produced by this
method could be used as fuel for electrical power generation. An advantage of implementing
the technique in South Africa is that many coal seams are near coal-fired electricity
generating plants that are large point sources of CO2 gas. There are currently no figures
available for CBM production or reserves for South Africa. It is recommended that the
technique be further researched to determine South Africa’s potential for coalbed CO2
sequestration and energy potential [18].

2.3.3.4 Mines
In the past, abandoned South African coal mines have been used as storage facilities for oil.
Inspection of deep abandoned gold mines for their potential to store carbon dioxide in its
liquid state is also under way. Considering the pressure and temperature conditions at which
carbon dioxide becomes a supercritical liquid (critical temperature, Tc, 31.1 oC and critical
pressure, Pc, 7.38 MPa), carbon dioxide would be in a supercritical state at depths of 1000
m, as pressure and temperature values would be above CO2’s Pc and Tc following the
geothermal gradient of a temperature increase of ca. 1 oC for every 40 m in depth and the
increase in pressure as depth increases [47].
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It has been reported that CO2 in a sub-surface environment is more buoyant than water [48].
This implies that the carbon dioxide has difficulty displacing water and acts as a gas when
moving through water despite having a density of a liquid. An estimate into the potentially
available volumes for sequestration in gold mines is indicated by the following gold
production statistics:
•

390 tons of gold per annum produced (2002/2003)

•

20 million m3 of ore removed annually

These available volumes would decrease when estimating true sequestration potential
volumes as the following factors would be taken into account:
•

not storing highly pressured CO2 in close proximity to active workings

•

volumes situated at depths shallower than 1000m would not be considered viable
for sequestration purposes

•

certain areas would be excluded due to seismic activity, and

•

densely populated areas in vertical proximity (residential zones on the surface)
would be excluded.

These factors would approximately halve the estimated yearly figure to 10 million m 3. If 10
million m3 were viable as sequestration volume and CO2 were stored at a pressure of at least
80 bar then ca. 10 million tons of CO2 could be stored annually. As South Africa has a long
gold mining history there are many exhausted mines that together would have a large
storage capacity. A notable disadvantage to mine sequestration is that deep mines in South
Africa have created areas of seismic activity and that subsidence would have induced
fractures in the rocks above the workings that would no longer act as a suitable seal. Poor
seals could result in carbon dioxide returning to the atmosphere by slow leakage or rapid
pressurised escape. A rapid escape of gas would erupt with a volcanic effect, releasing CO2
and killing life forms in the immediate area by suffocation. The suffocation of a large number
of Ghanaians living next to an ‘extinct’ volcano was attributed to a sudden release of carbon
dioxide from depth. This method of storage will require additional research on safety aspects
before it can be implemented [18].
2.3.3.5

Chemical capture

Since the bulk cost of carbon dioxide sequestration from flue gases is determined by the
capture of CO2 step [49], a comprehensive survey of the potential separation methods is
required before selecting a capture technology. Separation of carbon dioxide gas from a
mixture of gases can be accomplished using a variety of technologies, i.e. low temperature
distillation, membranes, adsorption, physical and chemical absorption.
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Typical flue gases have low CO2 partial pressures (less than 0.15 atm). Thus, the driving
force for many of these separation methods is significantly diminished. Consequently, costly
flue gas compression is necessary to ensure adequate CO2 recovery is achieved by such
methods as low-temperature distillation, pressure swing adsorption (PSA), membrane
separation or physical absorption.
Physical absorption processes are temperature and pressure dependant with absorption
occurring at low temperatures and high pressures. Such adsorption processes are used for
carbon dioxide separation when partial pressures of CO2 are high, e.g. CO2 rejection from
natural gas. The use of physical adsorption for carbon dioxide capture from flue gas would
require a significant amount of compression of which the bulk would be to compress nitrogen
gas, thus making the process uneconomical.
2.3.3.5.1

Low-temperature distillation

Low-temperature distillation has widespread commercial use in the purification and
liquefaction of carbon dioxide from streams containing greater than 90% CO2. However,
carbon dioxide cannot be effectively condensed from atmospheric pressure flue gas. To
produce a high purity carbon dioxide-rich gas stream from flue gas membrane or pressure
swing adsorption processes generally require either a high degree of compression or deep
vacuum. Associated capital and operating costs are high.
2.3.3.5.2

Membrane separation processes

Membrane separation techniques are based on selective gas permeation. When a gas
mixture is introduced to a particular membrane certain gas components will dissolve into and
diffuse through the membrane material. Solubility and diffusivity differ for each gas. Carbon
dioxide, water vapour and hydrogen sulphide gases permeate membranes easily (and
quickly) while methane, ethane and other hydrocarbons permeate slowly. Partial pressure
difference between gas components forms the driving force of this gas separation technique.
2.3.3.5.3

Chemical absorption

Chemical absorption, such as amine-type absorbents, is well suited for CO2 recovery from
flue gas as the chemical reaction between carbon dioxide and amines greatly enhances the
driving force for the separation, even at low partial pressures of CO2. Chemical absorption
with amines provides the most cost-effective means of directly obtaining high purity (>99%)
carbon dioxide gas from flue gases in a single step.
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2.3.3.5.4

Chemical capture and neutralization

Chemical capture involves the neutralization of carbonic acid to form carbonates, or
bicarbonates, which replicates and accelerates natural weathering processes that are
exothermic and thermodynamically favoured. The process forms stable products that are
commonly found in nature. It has been postulated that chemical capture of carbon dioxide
would be permanent, albeit, a more expensive sequestration technique. Some methods that
have been suggested for chemical capture include:
•

Injecting CO2 into alkaline strata that would gradually dissolve pore water and leach
the mineral base from the rock forming carbonates or bicarbonates. There are no
long-term leakage concerns associated with this method.

•

Neutralisation of carbonic acid with carbonates that form aqueous bicarbonate
solutions for underground injection or that are disposed of at sea. Eliminate problems
associated with acidic carbonic acid.

•

The formation of insoluble carbonates that are then stored or confined. Theoretically,
this could be achieved by reacting carbon dioxide with serpentine or olivine rocks that
are rich in magnesium silicates [50], however, this process is unproven [18].

Typical rock sources that are required for these processes can be found in mine dumps of
mines processing the platinum group metals, kimberlites, or old asbestos mines, all of which
are common in South Africa and, in addition, are potentially located close to CO2 point
sources. A power plant producing 10 000 tons of carbon dioxide per day would require ca. 25
000 tons/day of this material, or, approximately 9 million tons per annum [50]. There are no
mineral sequestration plants currently in operation. While offering a long-term solution, the
technique would require extensive research to verify the technical and financial viability of the
process.
2.3.3.5.5

New technologies

Novel carbon dioxide separation methods have the potential to reduce the cost of carbon
dioxide sequestration. These methods include electrochemical, membrane, enzymatic,
photosynthesis, catalytic routes, and chemical looping combustion for CO2 separation or
conversion [51].
2.3.4

Sorption – Adsorption, Absorption, and Chemisorption

Terms related to sorption mechanisms, adsorption, absorption and chemisorption, are not
always well defined in literature [52]. Adsorption describes a process where the adsorbate
(e.g. a gas molecule) forms a layer on the surface of the adsorbent (e.g. coal). Adsorption is
an exothermic process. Absorption occurs when the adsorbate penetrates the adsorbent.
Absorption is usually an endothermic process. Chemisorption involves the formation of a
bond between the adsorbent and the adsorbate and is typically exothermic. Refer to Table 2-
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3 for general features of physical sorption and chemisorption. Notable differences between
the two adsorption processes are that physical adsorption can facilitate mono- or multilayer
adsorption at rapid rates and is a reversible process. Chemisorption involves only monolayer
adsorption of a specific species by forming a bond between the adsorbate and adsorbent
that may be irreversible.
Table 2-3

The general features that distinguish physical adsorption and chemisorption [53].
PHYSICAL ADSORPTION

CHEMISORPTION

Low heat of adsorption (<2 or 3
times latent heat of evaporation.)

High heat of adsorption (>2 or 3
times latent heat of evaporation.)

Non specific regarding adsorbate
species

Highly specific regarding adsorbate
species

Monolayer or multilayer. No
dissociation of adsorbed species.
Only significant at relatively low
temperatures.

Monolayer only. May involve
dissociation. Possible over a wide
range of temperature.

Rapid, non-activated, reversible. No
electron transfer although
polarization of sorbate may occur.

Activated, may be slow and
irreversible. Electron transfer leading
to bond formation between sorbate
and surface.

In this work the term ‘adsorption’ shall be used to describe the process of adsorption
including cases where it is unclear whether the process of adsorption, absorption or
chemisorption has occurred.
2.3.5

Porosity

Many solid materials, both natural and manufactured, contain void volumes of empty space.
This is distributed within the mass in the form of pores, cavities, and cracks of various
shapes and sizes. The sum of the void volume is termed ‘porosity’ [54].
A void is defined as an empty space that occurs in solid materials where there is
discontinuity in the arrangement of atoms and molecules. A pore is a category of void that is
connected to the external surface of a solid material and will permit the passage of fluids into,
out of or through the material [55].
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Figure 2-7
Schematic illustration of different types of pores in a porous solid. ‘C’ is a closed pore.
‘O’ is an open pore. ‘t’ is a transport pore where a concentration gradient exists during the circulation
of a fluid in equilibrium. ‘b’ is a blind pore linked to the transport pore by only one opening [56].

The type and nature of porosity in natural materials depends on their composition and
structure. Porosity has a strong effect in determining physical properties of materials. These
effects include mechanical strength, permeability, durability and adsorption properties.
Therefore, knowledge of a material’s pore structure is important for determining its
behaviour.
There are two main types of pores: open pores and closed pores (see Figure 2-7). Open
pores are connected to the external surface and are accessible to gases and fluids. Open
pores are further divided into ‘dead-end’ or ‘interconnected’ pores. Closed pores are
completely isolated from the external surface and do not allow the access of external gases
or fluids. Closed pores influence density, mechanical strength, and thermal properties. For
the porosity characterisation of solids the following parameters need to be determined:
2.3.5.1 Pore size
According to IUPAC (International Union of Pure and Applied Chemistry) classification of
1972 [57] pores are classified with respect to their sizes as macropores, mesopores,
micropores and submicropores. The distance between the layers of macromolecular units,
which is about 3.5 - 4.1 Å, is thought to be responsible for most of the porosity in coals [54].
Pore size categories include:
•

Submicropores

less than 0.8 nm diameter

•

Micropores

between 0.8 and 2 nm diameter

•

Mesopores

between 2 and 50 nm diameter

•

Macropores

larger than 50 nm diameter
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2.3.5.2

Specific pore volume and porosity

The internal void space in a porous material can be measured and is generally expressed as
a void density, in cubic centimetres (cc) of void space divided by mass (g) [58].
2.3.5.3 Pore size distribution
Pore size distribution is generally expressed as the relative abundance of the pore volume
(as a percentage or as a derivative) as a function of the pore size.
2.3.5.4 Bulk density
Bulk density (or envelope density) is expressed as the ratio between the dry sample mass
relative to the external sample volume.
2.3.5.5 Percentage porosity
The percentage porosity is expressed as the ratio of the total pore volume to the external
sample volume.
2.3.5.6 Specific surface area
The surface area of a solid material is the total surface area of the sample that is in contact
with the external environment with units of square meters per gram of dry sample. This
parameter is strongly related to the pore size and the pore volume i.e. the larger the pore
volume the larger the surface area and the smaller the pore size the higher the surface area.
The surface area results from the contribution of the internal surface area of the pores plus
the external surface area of the solid or the particles. Whenever a significant porosity is
present, the fraction of the external surface area to the total surface area is, of course, small
[54].
2.3.6

Gas sorption in coal

Gas is retained in coal beds in four notable manners;
•

adsorption upon internal surfaces (in micropores);

•

absorption into the molecular structure of coal;

•

as free gas in voids, cleats, and fractures; and

•

as a solute in groundwater present within the coal seam.

Gas adsorption on the internal surface area of the coal is considered the most important
mechanism for gas retention. The retention potential of a coal is dependent on a number of
factors including coal characteristics (rank, petrographic composition and mineral matter
content) and experimental parameters (moisture, temperature, pressure and gas
composition, the last three influencing the gas compressibility factor) [59]. Previous
researchers have assumed the pressure distribution in sedimentary basins to be hydrostatic
and increase linearly with depth at a rate of 1 MPa per 100 meters [60].
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Conditions for supercritical carbon dioxide can thus be roughly met at depths greater than
800 m as carbon dioxide becomes a supercritical fluid at 7.3 MPa, see Figures 2-8 and 2-9.
In most cases, geological sequestration will take place at temperatures and pressures above
the critical point and would be sequestered at densities of 600 - 800 kg/m3 [6, 61]. Adsorption
kinetics and adsorption quantity are both influenced by coal composition, pore structure, and
mineral properties. These factors need to be investigated and well understood when
considering coals for natural gas production or as storage mediums [62].

Figure 2-8

Phase diagram of CO2 under various temperature and pressure conditions. [6, 61].

Figure 2-9
Phase diagram of CO2 showing the relationship between carbon dioxide and
temperature at given pressures [6, 61].
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The sorption mechanism of any gas molecule can be divided into various stages.
•

approach to the outer surface of the grain (external diffusion)

•

movement of the particle through the system of pores into the place where it can be
adsorbed (internal diffusion) and finally,

•

the act of sorption

In the case of hard coals the first stage of the process i.e. the diffusion of sorbate particles
into the depth of the porous system, is considered to be the rate determining step [63].
2.3.7

Adsorption rate

The rate of adsorption is an important factor to take into account when planning
sequestration activities as it will determine the rate at which carbon dioxide can be pumped
into the reservoir. Since little data exists for the rate at which coal adsorbs carbon dioxide,
and that coal basins and their properties and characteristics differ significantly, it is
necessary that tests be conducted to measure the time it takes for this process to reach
equilibrium. As mentioned previously, porosities and other physical composition factors play
a role in determining the adsorption rate of an adsorbate and these factors should be taken
into consideration when interpreting the true adsorption rate [64].
2.3.8
2.3.8.1

Factors affecting adsorption capacity
Temperature

An increase in temperature results in a higher percentage of the stored gas in the free state,
rather than the sorbed state. Field test data from the Black Warrior Basin in the United States
shows that the amount of gas adsorbed decreases as operating temperature increased. This
is attributed to adsorption from the gas phase usually being an exothermic process and that
equilibrium favours adsorption at lower temperatures and desorption at higher temperature
conditions [65].
Studies have shown that at elevated temperatures there was still a decrease in gas
adsorption within the 7 - 8 MPa pressure range (within the vicinity of the critical point), that
was immediately followed by an abrupt increase in the adsorbed amount [66].
2.3.8.2 Moisture
Isotherm data produced using wet and dry coal samples, of the same coal source, indicate
that moisture has a negative effect on the adsorption capacity of coal [66]. This is attributed
to water competing with carbon dioxide for sorption sites on the coal. In doing so the water
blocks access to the micropores resulting in a decrease in CO2 sorption capacity.
Moisture levels within coals vary with rank and composition. The variation of equilibrium
moisture content with temperature is negligible. However, moisture is still a major
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contaminant during adsorption/desorption of coal gas. Minor contaminants can be accounted
for by calculations done on a dry basis, whereas the effects of moisture can not.
The following observations illustrate the absence of trends brought about by moisture in the
coal. In a series of British Columbia coals, it was found that equilibrium moisture is strongly
correlated with vitrinite content and inversely with ash yield. In contrast, in the Australian Bulli
isorank coal suite equilibrium moisture content is inversely correlated with both vitrinite and
ash yield. In a smaller data suite from Wongawilli seam, no significant correlation was found
between equilibrium moisture and coal composition [17].
2.3.8.3

Grain size

Most sorption studies that investigate the effect of several variables at one time have been
carried out on very finely ground coal samples. These studies have thus not noted the
presence and effect of transport paths that affect the in situ kinetics of methane desorption
and carbon dioxide adsorption.
Weishauptova et al. [67] conducted a study to compare sorption of methane and carbon
dioxide on fine grains and coarse particles under real in situ pressure and temperature
conditions using coal samples from the Upper Silesian Basin. The coarse particles were
approximately 100 times larger than the size of the fine grain so as to simulate coal matter
units created after seam cleavage. In coal seams the main transport paths are made of long
elongated cracks to which short transverse fissures are connected (cleat systems). The
transverse fissures form part of the porous system of the coarse particles. Weishauptova
compared sorption capacities for individual gases as a function of the particle size.
The decreasing relative sorption capacity as well as the increasing sorption rates observed
for the rapid adsorption process with increasing grain sizes may be attributed to more
complex pore structures in the larger particles. It can be assumed that pore structures are
partly destroyed during the grinding of coal. Nandi and Walker [45] observed similar results
of increasing diffusion rates with decreasing grain size. They concluded that grinding
produces additional macropores that result in a positive influence on the sorption rate.
Siemons et al. [68] performed a similar set of experiments and found that above a certain
particle diameter (~0.5 - 1.0 mm) the sorption rates remain more or less constant. This effect
was also noted after investigations by Airey and Bertand et al. [69-71]. They concluded from
their studies that if a particle exceeds a certain size (~6 mm), increasing the size affects the
diffusion coefficient only slightly. This is because in larger particles transport along cleats
becomes the controlling factor while the inter-cleat diffusion distances remain essentially
constant.
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2.3.9

Ash content, maceral composition and coal physical properties

Clarkson et al. [72] found that high-pressure methane and carbon dioxide pure gas isotherms
exhibit the expected trend of increasing gas adsorption capacity with a decrease in ash
content. Plotting their results on an ash-free basis, with the assumption that mineral matter
adsorbs negligible amounts of gas, show that there is still a significant difference in the
amount adsorbed between coals that have differing ash contents. They concluded that
maceral composition did indeed have some control upon gas adsorption.
2.3.9.1 Vitrinite and inertinite content
Limited published data is available describing the relationship between CO2 sorption capacity
and coal rank. Mastalerz [52] found a relationship of CO2 sorption with maceral composition
of coals. It was found that, in general, coals with higher vitrinite content have a higher CO2
sorption capacity. This correlation becomes weaker when inertinite is added to vitrinite. In
contrast, CO2 sorption capacity decreases with an increase in liptinite content. It should be
noted that liptinite is not a major coal component and it is unlikely that it could influence CO2
sorption significantly. The trend of increasing gas adsorption with total vitrinite content, as
demonstrated in previous studies [52], was not strictly obeyed in Clarkson’s study [72] where
the highest adsorbing coal did not have the highest vitrinite content. Clarkson concluded that
the amount of adsorption is related to the microporous structure of the coal. Beamish [73]
attributed different adsorption behaviours to differences in pore size distribution of vitrinite
and inertinite. Vitrinite is predominantly microporous while inertinite is meso- to macroporous.
A solid containing micropores will have a significantly larger surface area than a solid of the
same size that contains meso- or macropores. Internal surface area is represented by the
sum of the electronically active surface including the external borders of the particles and the
internal walls of the pores. Internal surface area, just as porosity, varies with the coal’s
degree of coalification. Internal surface is higher in vitrinite than in inertinite and thus surface
area increases as vitrinite content increases.
Mastalerz [52] suggests that maceral composition plays an important role in determining CO2
sorption capacity. It was found that the sample with the highest vitrinite content had the
highest CO2 sorption capacity and, correspondingly, the samples with the lowest CO2
sorption capacity had lower vitrinite content. Experiments were also conducted on two
samples that came from the same coal seam and location with practically identical vitrinite
reflectance values (Ro). The higher CO2 sorption capacity in the one coal sample indicated
that it is likely that it contained a higher telocollinite content.
The assumption that the varying vitrinite contents throughout the different grain sizes could
be a factor controlling the sorption capacity has not been confirmed. Thus, in order to
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eliminate the effect of varying ash contents in the individual grain fractions, sorption
capacities determined from isotherms must be calculated on a dry, ash-free basis. In
addition, mineralization in the fractures may also influence the transport properties, laminar
flow or diffusion in the coal by blocking certain pathways. It is predicted that this effect should
be more noticeable in larger particles since it is assumed that macro- and microfractures are
better preserved in these larger particles than in smaller particles.
2.3.9.2 Maceral – Telocollinite
It was observed that of all macerals telocollinite content had the greatest influence on CO2
sorption capacity [72]. Telocollinite is a relatively homogeneous maceral of the vitrinite group
and is equivalent to collotelinite in an ICCP (International Climate Change Partnership)
classification system of 1994. Literature data on the influence of maceral composition on CO2
sorption are limited and inconclusive. Clarkson and Bustin (1999) suggest that bright
(vitrinite-rich) coal absorbs more CO2 (and CH4) than dull (vitrinite-poor) coals. Carroll and
Pashin (2001) showed no clear relationships for the Black Warrior Basin coals but their study
did not split the vitrinite group into individual macerals. Clarkson and Bustin conducted
experiments on coals of similar rank (Ro from 0.48 to 0.62%) but varying petrographic
composition. They deduced that CO2 sorption volumes are positively correlated to the
content of maceral telocollinite [74].
Bustin and Clarkson [74] investigated a series of coal samples with a reflectance range from
0.48% to 0.59%. There appeared to be a relationship between Ro and CO2 sorption, with the
lowest Ro (0.48%) corresponding to the lowest CO2 sorption capacity, and the highest Ro
(0.59%) corresponding to the highest sorption value. It is noted that the apparent relationship
between reflectance and adsorption capacity may be coincidental at this coal rank, since an
increase in sorption capacity cannot be the result of an increase in micropore volume at
higher Ro.
Bustin found that within an isorank series of coals, adsorption capacity increased with vitrinite
content and decreased with inertinite content and ash yield [17]. He suggested that the range
of adsorption capacity within isorank coals is greater than the variation between coal ranks.
This indicates that simply estimating reservoir capacity based on rank is subject to very large
error, up to 200%. The total adsorbed gas volumes are greater for bright and banded coals
than for dull coals. Clarkson [74] concluded that although a relationship exists between coal
maceral composition and gas adsorption, the relationship is not simply one of increasing gas
adsorption with increasing total vitrinite content.
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2.3.9.3 Physical adsorption vs. chemisorption
In the 1950s, Bonner and Orning [75, 76] stated that it was not clear whether the mode of
adsorption of CO2 on carbonaceous surfaces was a molecular or a dissociative process. It
was generally accepted that CO2 was chemisorbed onto the carbon surface. This would lead
to a release of a CO molecule to the gas phase leaving a chemisorbed oxygen atom on the
carbon surface forming a carbon-oxygen complex.
In 1979 Debelak and Schrodt [77] showed that carbon dioxide is reversibly adsorbed by
producing an adsorption-desorption-adsorption isotherm obtained from a coal sample. They
observed no enhanced adsorption of carbon dioxide, which indicated that the process is
physical adsorption and not chemisorption as Bonner and Orning had predicted. If enhanced
adsorption had occurred, then the second isotherm would fall below the first isotherm as
adsorption sites would be occupied by previously adsorbed molecules.
Weishauptova et al. [67] found that sorption on coarse particles (15 – 20 mm) from Upper
Silesian coal samples proceeds slowly and that the process of adsorption/desorption is
irreversible. The sorption capacity for CO2 was calculated to be 4.95 - 9.07 cm3/g (at 25 oC)
on tested samples. Adsorption studies in the pressure range 0 – 3 bar on fine particles (<0.2
mm) resulted in a fast and reversible reaction which corresponds to physical adsorption. At
these conditions the sorption capacity was calculated to be 12 cm3/g with a CO2/CH4 ratio of
9.8 to 24.8. (at 25 oC).
2.3.9.4 Carbon dioxide gas density
According to Medek [66] sorption consists of a fast process of physical adsorption with
equilibrium times in the order of seconds to minutes, as in the case of micropores, and a
slow process connected with formation of chemisorption complexes or dissolution of gas in
solid phase. The presence of a slow process, e.g. absorption or chemisorption, can be
shown in the form of hysteresis of the desorption branch [78]. Formation of multilayers is
believed to take place due to CO2’s increased density at conditions beyond the critical point.
In experimental work done by Toribio et al. [66] it was observed that there was a negative
sorption at the vicinity of the critical point which was followed by an abrupt increase in the
sorption capacity. This suggested that injecting CO2 into coal seams at high-pressure
conditions would be highly preferable due to the increase in sorption capacity of coal
attributed to the increased density of CO2 at supercritical conditions.
Toribio et al. [66] analysed coal properties after injection to determine if any changes in
physical properties had occurred. The surface areas of the coal samples were determined
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before and after sorption experiments. This was done using the Brunauer-Emmett-Teller
(BET) and the Barret-Joyner-Halenda (BJH) methods for determining pore size distribution.
The surface area for both samples after injection showed no significant change when
compared to the values obtained before the experiment. This substantiated their initial
hypothesis that the increased adsorbed amount at high pressure conditions is largely
dependent on CO2’s increased density.
2.3.9.5 Grain size
Maceral and proximate properties of coals from around the world with respect to different
grain sizes (<38 to ~212 µm), were analysed by Cloke et al. [35]. It was found that the
smallest grain size fractions contained the highest ash contents and the lowest fusinite
(inertinite) contents. On the other hand, liptinite content increased with particle size due to its
reduced grindability.
Cloke et al. [45] concluded that a combination of factors can be assumed to influence the
isotherms measured for the different grain size fractions. Vitrinite is more abundant in larger
particles, resulting in a larger sorption capacity. However, possible mineralization in large
particles may cause an opposite effect. It was further considered that larger particles may
contain a smaller percentage of macroporosity. It is well known that macroporosity has lower
sorption capacities than microporosity, which would explain the lower sorption capacities of
smaller particles.
2.3.10 Preferential adsorption of CO2 to CH4 on coals
When conducting sorption measurements it is important to conduct experiments within the
pressure and temperature ranges that are most likely to be found in target coal seams and to
take into account the effect of moisture within the seams on the sorption behaviour.
Preferential adsorption experiments on dry and moisture-equilibrated coals of different rank
under identical conditions have shown that adsorption is a function of more than one
variable; namely coal type, moisture content, maceral composition and pressure.
Clarkson and Bustin [74] found that up to 50 bar (5 MPa) CO2 was always adsorbed in
preference to CH4. Preferential adsorption of CH4 was observed in some instances at lower
pressures. Ratios of CO2/CH4 adsorption are consistently lower at 2.78 MPa than at 2.07
MPa [17].

Clarkson and Bustin [74] suggested that the organic matter is the dominant

control on CO2 sorption. They stated that whatever influence mineral matter or moisture may
have is not significant enough to modify the relationship between organic matter alone and
CO2 sorption capability.
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2.3.11 CO2/CH4 ratios
Mastalerz [52] concluded that there is no obvious correlation of the CO2/CH4 ratio with Ro or
with maceral composition. However, the study indicated that the CO2/CH4 ratio appeared to
be rank dependent, as suggested by Stanton [79].
The coals Mastalerz [52] studied were of high volatile C bituminous rank. On average 4.8
times more CO2 than CH4 was sorbed at 300 psi (20.68 Bar). This could be a transitional
value of this ratio between ligintes and anthracites. The reason for greater sorption of CO2
onto coal in preference to CH4 is not well understood. However, the differences in the relative
molecular size, shape and electrostatic distribution of CO2 and CH4 may influence the
adsorption capacities and ability of the molecules to permeate the pore space in coal.
Carbon dioxide has a smaller half-width than CH4 (0.289 nm vs. 0.310 nm for CH4), and can
therefore reach macro-, micro-, and ultramicropores. Besides having a smaller kinetic
diameter, adsorption energy of carbon dioxide, 14 kJ/mol, is larger than that of methane, 8.8
kJ/mol for most pore sizes. Thus, carbon dioxide can diffuse into the microporous coal matrix
more easily than methane. Cui noted that these differences in kinetic diameters and
adsorption energies through pore size ranges can explain the significantly higher diffusivity of
CO2 than CH4 in the coal matrix [80]. If the interconnected pore network of coal is constricted
to a pore width less than 0.6 nm by the ultramicropores, it may allow CO2 to penetrate, while
prohibiting CH4 (0.310 nm half-width). Another reason for higher carbon dioxide than
methane sorption capacity could be that while CH4 is adsorbed mainly on the micropore
surface carbon dioxide could be adsorbed by the micropores as well as forming multilayer
sorption in the larger mesopores.
Mastalerz [52] observed that the CO2/CH4 ratio decreased significantly for all coals in their
study with a pressure increase. It was also noted that there is a positive relationship between
vitrinite content and CO2 adsorption. Telocollinite maceral appeared to have most adequate
pore structure for CO2 adsorption. The relationship between the CO2/CH4 ratio and pressure
indicates that it is necessary to use the same pressure and temperature conditions in order
to compare this ratio between different coals. The results indicate that it is also necessary to
use reservoir temperatures and pressures to evaluate CO2 sorption capacities and to predict
CO2 replacement of CH4 ratios.
The presence of gases, other than carbon dioxide, reduces the adsorption capacity of carbon
dioxide in coal. Fitzgerald [81] conducted single component adsorption studies on coals
using nitrogen, methane and carbon dioxide gases (with purities of 99.99% or higher). The
relative adsorption amounts of nitrogen, methane and carbon dioxide adsorbed were
reported to be in the ratio of 1: 2.7: 5 at 6.9 MPa (69 bar) at 319.3 and 327.6 K. This implies
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that if nitrogen and methane gases were present as ‘impurities’ (5 – 20%) in a high purity
carbon dioxide gas (80 – 95%) ear-marked for CO2 sequestration the adsorption capacity
ultimately achieved would be lower than the adsorption capacity calculated for pure carbon
dioxide gas for that specific coal seam.
Sorption of methane and particularly supercritical CO2 on moisture-equilibrated coals is
associated with phenomena that are presently not well understood. The experimental results
obtained with systems employed by Busch et al., suggest strong volumetric effects probably
associated with coal swelling. Further work is required to quantify these effects and to relate
them to coal composition and rank [82].
2.3.12 Coalbed storage capacity
Coalfield composition and properties differ significantly from field to field. This, of course,
leads to great difficulty in determining a general adsorption capacity for coal seams.
Goodman et al. [83] report CH4 adsorption capacities of up to 1.5 mmol/g-coal and 2.5
mmol/g-coal for CO2 at 50 bar at 22 oC. The reported values follow the accepted trend that
an increase in temperature results in a decrease in adsorption capacity [65] with CH4 and
CO2 capacities only reaching 1.2 and 2.0 mmol/g-coal respectively at 50 bar at 55 oC.
Ozdemir et al. [84] reported capacities of up to 1.5 and 2.2 mmol/g-coal for CH4 and CO2
respectively at 40 bar and 22 oC. Milewska-Duda et al. [85] conducted experiments at 25 oC
up to 60 bar and achieved adsorption capacities of 0.6 and 1.5 mmol/g-coal for CH4 and CO2
respectively.
2.3.13 Types of isotherms
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. In 1940, Brunauer et al. [86] divided physical adsorption isotherms into five
classes, as shown in Figure 2-10. This publication is regarded as the definitive model
description of the types of sorption processes that are observed and has been adapted by
IUPAC as the model by which sorption processes are described. The shape of adsorption
isotherms can provide information about the adsorption process, the porosity and the surface
area of the adsorbent. According to the IUPAC classification [57] there are six significantly
different adsorption isotherms describing the physical adsorption as shown in Figure 2-11.
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Figure 2-10
The five types of pure-component gas-adsorption isotherms in the classification of
Brunauer, Deming, Deming, and Teller (also called the BET classification) with the volume of gas
adsorbed plotted against relative vapour pressure5 [86].

A Type I isotherm generally occurs when a monolayer of adsorbate molecules is adsorbed
on a non-porous solid or when adsorption is dominated by a micropore filling process where
the pore size is not significantly larger than the molecular diameter of the adsorbate. This
type of isotherm is often called a Langmuir type isotherm. With such adsorbents there is a
definite saturation limit corresponding to complete filling of the micropores [53]. Types II and
III isotherms typically possess a wide range of pore sizes such that adsorption may extend
from monolayer to multilayer and ultimately to capillary condensation. Type II 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. Type III adsorption isotherm is typical for a non-porous or macroporous
adsorbent and is observed for weak adsorbent-adsorbate interactions. A type IV isotherm is
associated with the formation of two surface layers which is similar to the Type II isotherm.
Type IV isotherms are typical for mesoporous adsorbents. The isotherm displays a
hysteresis loop due to capillary condensation. Type V is typical for non-porous or
macroporous adsorbents and is observed for weak adsorbent-adsorbate interactions. Type V
isotherms are found in the adsorption of water vapour on activated carbon. Type VI
isotherms or, stepped isotherms, are included in the classification although they are rare.
Since coal is a microporous solid, the adsorption isotherms of gases, including nitrogen,
methane and carbon dioxide, would be expected to follow a Type I isotherm. However,
various isotherms have been reported in the literature for carbon dioxide gas [85, 87].

5

Relative vapour pressure - is defined as pressure divided by the saturation vapour pressure;
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Figure 2-11

IUPAC classification of isotherms types I to VI [88].

Generally, the Langmuir and BET models are applied to adsorption on a flat surface or on a
pore surface when the radii of the pores are large. The adsorption potentials associated with
dispersion forces are strongly enhanced in micropores due to overlap of the adsorption fields
from the opposite pore walls. Instead, pore filling i.e. Dubinin’s pore filling model, is used to
describe the adsorption mechanism in microporous adsorbents (see Figure 2-12).

Figure 2-12
A schematic representation of adsorption mechanisms (a) Langmuir’s monolayer
adsorption model (b) BET’s multilayer adsorption model (c) Dubinin’s pore filling model [85, 87].

2.4.
2.4.1

Process Challenges

Storage capacity estimates

A large proportion of existing CO2 adsorption capacity estimates vary greatly and in many
cases are contradictory. To the layman, capacity assessment reports are often misleading
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and are frequently misinterpreted. Some contradictory estimates are the result of using
inappropriate methods to derive rough estimates. Currently, there is no reliable way to
estimate or provide a guide when determining resources contained in a basin by using
surface area. Additional problems with storage capacity estimates include whether the
assessments were conducted at the reserve or resource level [36].
Coal is, of course, a heterogeneous material and as such it is important to keep in mind that
some ‘homogeneous’ assumptions have been made when classifying a coal’s composition
even within a small area of a coal bed so that capacity estimates can be calculated. As
mentioned previously, it should be kept in mind that the maximum adsorption capacity will
not be the realised sequestration volume since implementation of the technology leads to
deviation from the original estimates.
Care must also be taken when interpreting surface areas of an adsorbent especially if it has
pores of molecular dimensions. It is possible for adsorbate molecules to be occupying two to
three times as much surface area as on a flat open surface within these pores. The
measured interaction of adsorbent and adsorbate must not be misinterpreted as surface
area. Some researchers have suggested that the concept of surface area be abandoned and
only values of the monolayer capacity, Xm, be reported [63]. In studies of the methane
adsorption capacity of coals Toribio concluded that there appears to be no simplistic model
based on coal composition or rank that can currently be used to predict adsorption capacity
of coals in different basins. Since coal is a heterogeneous mixture, it is not surprising that the
prediction of coal bed reservoir characteristics is complex and that comparisons are difficult
to make [17].
It is important to conduct sorption experiments on coal samples under conditions that are
representative of the natural conditions of the unmined coal seam. This will provide a more
accurate indication of the capacities and capabilities of the coal and improve the accuracy of
these estimates for large-scale trials and long-term projects. There are currently no
internationally

standardised

sorption

experimental

procedures

set

in

place.

The

implementation of a coal research database based on standardised sorption methods would
provide information of high research quality allowing accurate comparisons of storage
capacities and material properties of coals.

The database would also alleviate possible

duplication of experimental work and aid the sharing of sequestration technology knowledge.
2.4.2

Trapping efficiency and timing

The efficiency of the various CO2 trapping mechanisms, described in section 2.3.3, depend
on the migration rates of the CO2, which is, in turn, dependent on the rock and fluid
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properties and geological characteristics of each site. When estimating storage capacity, a
number of factors are taken into account, in particular; the range of trapping mechanisms
that are possible at each site, the different geological constraints on each mechanism and
the knowledge that different trapping mechanisms operate on time scales ranging from
instantaneous to tens of thousands of years. These mechanisms are complex and variations
within them occur individually and collectively, which demonstrates why simple capacity
estimation methods contain a range of uncertainties. These uncertainties include estimates
of storage capacity at specific sites that are highly sensitive to poorly understood geological
parameters such as relative permeability. Justifying unknown values requires clear
descriptions of surrogate values in calculations [36].
2.4.3

Monitoring and verification

Once an injection project is operational, a system for measurement, monitoring, and
verification (MMV) of the CO2 distribution is required. This will ensure the following:
•

aid understanding of key features, effects, and processes needed for risk assessment

•

manage the injection process

•

delineate and identify leakage risk and surface escape

•

provide early warnings of failure near the reservoir

•

verify storage for accounting and crediting

These reasons make MMV a chief focus of many research endeavours that include those of
the US Department of Energy (US DOE 2006), the European Union (CO2 ReMoVe) and the
International Energy Agency’s Greenhouse R&D Programme [61].
Currently, three well-established large-scale injection projects have been commissioned
along with scientific programmes that include MMV:
•

Sleipner in the Norwegian North Sea [89]

•

Weyburn in Saskatechewan, Canada, and

•

In Salah in Algeria

Surprisingly, in the context of these and other research efforts, there has been little
discussion of what the most important parameters are to measure and in what context
(research/pilot vs. commercial). The literature has focused on the current technologies and
costs involved. Likely due to the success at Sleipner, 4-D seismic has emerged as the
standard for comparison with 4-D surveys being implemented at Weyburn and likely to be
employed at In Salah. This technique delineates the boundaries of a free-phase CO2 plume
and can detect low saturation of conjoined free-phase bubbles that might indicate leakage.
Results from 4-D surveys establish the basis for long-term effectiveness of geological
sequestration. However, time-lapse seismic does not measure all the relevant parameters
since it has limits in certain geological settings. Key parameters for research and validation of
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carbon dioxide behaviour and its fate involve both direct detection of CO2 and detection
through proxy sets. Temperature, pressure, pH, resistivity, electro-magnetic potential, and
crustal deformation all provide insight into the distribution, saturation and mechanical
response to CO2 injection. Interpretation of these data requires empirical and experimental
control, including petrophysical studies of CO2-rock brine hydrocarbon systems.

2.5.

Conclusions

In this review various carbon dioxide storage mechanisms and their associated parameters
were examined so as to evaluate South Africa’s potential for geological sequestration of
carbon dioxide, and in particular coal seam sequestration.
Coal is a highly complex, heterogeneous material which makes understanding its
characteristics and physical properties very difficult [62]. These parameters and the effects
thereof need to be further investigated on South African coals, as they are not yet fully
understood.
Further study of South African geological reservoirs is recommended for the following
reasons:
•

Various geological reservoirs are found in South Africa. However, not all reservoir
types are ideally suited to CO2 sequestration due to geological properties or
economic viability.

•

The potential to use exhausted gold, and other, mines for CO2 sequestration pose
potential risks and require comprehensive study. It is recommended that South Africa
stay informed regarding international developments.

•

The porosity and permeability of South African aquifers is rather low by international
standards. However, the potential for CO2 sequestration is large.

The following conclusions and recommendations are made regarding coal seam
sequestration in South Africa:
•

Concentrated CO2 streams currently produced by a coal processing petrochemicals
company are well suited for CO2 sequestration without further processing, except for
pressurising. An added advantage is that the point source is closely located to coal
seams.

•

Unlike in the USA, Canada and Europe, South Africa does not currently have any
experience regarding CO2 sequestration. It is recommended that comprehensive
research be conducted to accurately evaluate the suitability of various coal seams for
sequestration.
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•

Most carbon dioxide in South Africa is produced in a dilute form which would prove
costly to convert to concentrated streams which can then be stored.

•

South Africa has great potential for large scale storage in coal seams. However, more
information regarding porosity, permeability, and potential storage areas is required
[18].

The potential for ECBM recovery as a result of CO2 sequestration procedures is an added
economic opportunity that could ensure that the sequestration projects are feasible and
profitable while at the same time performing their primary goal of lowering the atmospheric
concentrations of the greenhouse gas, carbon dioxide.
Coal has been shown to be a viable reservoir for long term geological sequestration of
carbon dioxide. However, this has not yet been shown in the South African context. South
Africa possesses substantial coal reserves with CO2 point sources closely located to coal
seams which appears to make South African coal seams well suited for sequestration
purposes. However, these coal reserves need to be extensively characterised and evaluated
regarding their economic value and sequestration potential before mitigation technologies
can be implemented. Further research into the adsorption capacities of South African coals is
recommended.
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3. Experimental Design, Set-up and Procedure
The aim of the research project was to determine the carbon dioxide adsorption capacities
for three South African Coals with the scope of establishing the potentials of the coals for
future carbon dioxide sequestration activities.

For these properties to be established,

sorption experiments needed to be done on the respective coals over a range of gas
pressures.
This chapter consists of four sections: A description of the geological setting of the three
coals is given (Section 3.1), an overview on the design decisions made (Section 3.2), the
experimental procedures (Section 3.3), and the safety and maintenance procedures used
during the experimental activities (Section 3.4). All pressure readings reported in this
document are absolute pressure.

3.1

Geological setting of the three coals under investigation

The three South African coals involved in this study originate from two main coalfields; the
Waterberg and the Highveld coalfields. The first coal sample, labelled ‘Coal 1’, originates
from Waterberg coalfield, while the other two, Coal 2 and Coal 3, were taken from the
Highveld coalfield. A brief summery of the geology of the respective coalfields is provided
(see 3.1.1 and 3.1.2 below).
3.1.1

Geology of the Waterberg Coalfield

The Waterberg coalfield is located 400 km northwest of Johannesburg, South Africa. The
Waterberg coalfield runs ca. 88 km from east to west and ca. 40 km north to south and
continues westward into Botswana. It contains coal seams at depths of 15 – 400 m. The coal
deposit occurs as two distinct successions; an upper Volksrust formation, and a lower
Vryheid formation. Each succession consists of a number of zones of coal with sedimentary
units between some of the zones. Waterberg coal seams are generally thin, varying from a
few centimetres to meters and are intercalated with carbonaceous mudstone and mud [90].

The formation from which Coal 1 originates is ca. 70 m thick and consists of thin coal seams
with numerous interbedded mudstone and carbonaceous mudstone layers. The formation
forms the largest open cast coal mine in South Africa and is located in the north western
region of the Limpopo province. The northeast area of the coalfield is suitable for CO2 –
ECBM (enhanced coalbed methane) projects as the seams are deep and most coals are at
depths greater than 350 m. Although the coalfield is small compared to other South African
coalfields, it contains the largest percentage reserves of bituminous coal, ca. 44% in 1994
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[90]. The formation has seven coal zones with lateral quality remaining consistent
throughout. Coal is currently being exported from the Waterberg coalfield as steam coal
although it is a semi-soft coking coal with a low ash content. It would be better suited to
metallurgical purposes which would fetch higher prices but South Africa’s steelmaking
industry is not large enough to support such a high production of coking coal. The formation
produces the greatest percentage ROM (run-of-mine) coal in South Africa. Little information
is published regarding the coal qualities of the Waterberg coalfield, although it is known that
the coal rank increases steadily across the field from west to east [91].
3.1.2

Geology of the Highveld Coalfield

The Highveld Coalfield contains coal seams at depths of 0 – 300 m. The Vryheid formation
within the Highveld coalfield is on average 55 meters thick and is divided into five seams.
The coal seams consist of alternating layers of carbonaceous shale and sandstone with
interbedded dull coal seams varying in thickness between 1.17 and 4.97 meters. The seams
contain numerous dykes resulting in poor roof and groundwater conditions and destruction of
the seams. The five seams vary notably with the calorific values (CVs) between 15 – 27
MJ/kg and 19 – 40% ash content [91]. The seams consist predominantly of dull coal with
some bright coal. A large variation occurs in the thickness and ‘quality’ of the Vryheid dull
coal seams due to lateral facies changes in the depositional environment.

3.2

Design

3.2.1

Experimental techniques for physical adsorption measurements

The determination of the equilibrium gas uptake as a function of pressure for a particular
material can be carried out using a wide range of techniques. These include the volumetric
(manometric) and gravimetric methods, carrier gas and calorimetric techniques, nuclear
resonance as well as by a combination of calorimetric and impedance spectroscopic
measurements [92].
The measurement techniques can be divided into two broad groups: firstly, closed systems
such as the gravimetric or volumetric methods, and secondly, open flow systems such as
chromatography pulse or step experiments [93]. The most frequently used methods are the
volumetric and the gravimetric methods [92].
For the determination of low- and high-pressure pure gas isotherms two methods are
commonly used, viz. the gravimetric method, and the volumetric (or manometric or P-V-T
measurements) method. Few papers reveal an accurate description of the experimental
apparatus, devices, and procedures used. A large percentage of gravimetric method
adsorption publications are concerned with the accurate determination of the buoyancy
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effect6 which dramatically affects high-pressure adsorption measurements [94]. The basic
principles and main characteristics in terms of experimental errors of each method follow.

3.2.2

Principles of the gravimetric method

The gravimetric method is based on measurements using a very sensitive microbalance and
a pressure gauge. The mass of adsorbate is measured directly, but a pressure dependent
buoyancy effect correction is necessary [95]. It is a convenient method to use when
investigating adsorption that does not vary significantly from room temperature. The
thermostat and adsorbent are not in direct contact with one another, which makes it difficult
to control and measure the exact temperature of the adsorbent at both high and at cryogenic
temperatures. Thus, the volumetric method is recommended for adsorption measurements
for nitrogen, argon and krypton at temperatures of liquid nitrogen (77 K) and argon (88 K)
[92].
The method consists of exposing a clean adsorbent sample to a pure gas at constant
temperature. The change in mass of the adsorbent sample, the pressure, and the
temperature are measured when equilibrium is reached. This method allows direct
measurement of the amount adsorbed which is not the case in the volumetric method. The
gravimetric technique is regarded as a well-established and accurate technique [95].

Figure 3-1

Schematic diagram of a typical apparatus used for gravimetric measurements [94].

6

Buoyancy Effect – the change in measured weight due to the displacement of gas. The Buoyancy Effect is
affected by the sample holder, the sample, and the balance counterweights and hangdowns and is dependent on
the volume and density of these components, as well as the density of the gas. The dead space correction in the
volumetric method is the equivalent of the Buoyancy Effect correction in Gravimetry [85].
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A schematic diagram showing the principles of the gravimetric method is shown in Figure 31. The figure shows the principle of the magnetic balance. A crucible (C) contains the
adsorbent and is suspended from the permanent magnet (PM) in the adsorption chamber
(AC). An analytical balance (AB) measures the sample’s mass change. The AB is located
outside the adsorption chamber which is enabled by a magnetic coupling between the
electromagnet (EM) linked to the hook of the balance and a permanent magnet.
The adsorbed mass is calculated by

nads =

m2 − m1
msample M ads

(3-1)

in which m1 is the mass of the system before adsorption (crucible and sample), m2 is the
mass of the system after adsorption (crucible, sample, and adsorbed phase), msample is the
mass of the sample, nads is the adsorbed number of moles per unit of mass of the outgassed
adsorbent, and M ads is the molar mass of the adsorbate. All masses are determined using
electronic balances within the apparatus.
P1 is the pressure in the adsorption chamber before adsorption (P1 = 0 kPa for the first point),
P2 is the pressure in the adsorption chamber after adsorption, and T1 = T2 is the experimental
temperature. As P1 and P2 are not equal; the buoyancy effect on the system is different
before and after adsorption. Gas buoyancy within the chamber leads to an underestimation
of the adsorbed quantities, both for the gravimetric and volumetric methods. Consequently,
the instrument output does not provide m1 and m2, the absolute masses directly, but rather
Ω1 and Ω2, the brut masses. The brut mass is given by

Ωi = mi − ρ i (Ti , Pi )Vsyst

(3-2)

where i = 1 or 2, ρ is the gas density calculated by an equation of state and Vsyst is the
volume of the system on which the buoyancy effect acts. The accurate determination of nads
requires precise values of Ω, ρ, T, P, Vsyst and msample. The most important source of errors is
the accurate determination of Vsyst [94].
3.2.3

Principles of the volumetric method

The volumetric method for the measurement of high-pressure pure gas adsorption isotherms
is based on sorption within a fixed calibrated volume and recording pressure measurements
by applying the general gas equation and equations of state. The method gives an indirect
measurement of the amount of adsorbed adsorbate. The process involves the expansion of a
gas from a reservoir chamber into an evacuated adsorption chamber containing a clean
adsorbent during an isothermal process. The adsorbed amount is calculated by determining
the difference in the total amount of gas admitted to the sample cell containing the
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adsorbent, and the amount of gas in the free space at equilibrium. The sample chamber void
volume needs to be accurately measured.
Both the reservoir chamber and adsorption chamber volumes are known (Vprc and Vads).
Measurements of the total quantity of gas emitted into the system Vprc(n1), and the amount of
gas remaining in the gas phase (Vprc and Vads) at the adsorption equilibrium (n2) is
determined by P-V-T measurements before and after adsorption by using a suitable equation
of state. The amount adsorbed is calculated by the difference in the number of moles of
adsorbate in the gas phase before and after adsorption [94].
Advantages of the volumetric method
•

Is a well known and accepted technique

•

Easy to develop for high-pressure measurements

•

Relatively cheap

Disadvantages of the volumetric method
•

The hematic seal is sometimes a problem.

•

Inherent errors due to the indirect determination of the adsorbed quantities that have
considerable effect on the accuracy of the measurements

Main sources of errors of this technique include:
•

Error in the determination of the reservoir chamber and the adsorption chamber
volumes

•

Error in the pressure and temperature measurements

•

Error due to leakage at high pressure

•

Error in the sample mass

•

Error in calculations with the equation of state

3.2.4

Discussion of measurement techniques

In a comparative study of the gravimetric and volumetric methods undertaken by
Belmabkhout et al. [94] where high-pressure adsorption measurements were achieved, it
was found that the resulting error of the adsorbed quantities in the volumetric method is
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mainly due to inaccuracy in determining the pressure. This was particularly relevant to
systems that exhibited very low adsorbed masses.
In comparing the two methods, the gravimetric method appeared to be more reliable than the
volumetric method due to the direct measurement of the adsorbed quantities. However, by
following strict experimental procedures notable discrepancies were not observed between
the two systems at lower pressures [94]. At gas pressures above 20 bar, buoyancy becomes
the limiting factor making mass determination unfeasible. Leakage tests were of particular
importance to both the experimental procedures.
When considering which adsorption apparatus to use for the research project adsorption
experiments, various factors played a role, such as the cost of building a new volumetric
apparatus and the availability of an existing gravimetric apparatus.
The possibility of making use of a gravimetric apparatus at first appeared very unlikely as
gravimetric analysers are very expensive and thus very few exist within the region. A new
Hiden Isochema Gravimetric Apparatus based at the University of Stellenbosch campus was
commissioned in May 2007. The instrument would have been ideal for the project as it is
conveniently located at the Department of Chemistry and Polymer Sciences on Stellenbosch
campus and running expenses are nominal. However, the instrument has a pressure range
of 0 - 20 bar that would not be suitable for the scope of the project where pressures of 0 – 50
bar absolute pressure were envisaged. It was decided that a volumetric apparatus would be
designed and built for the adsorption experiments. The basic design was modelled on an
existing apparatus currently used in the chemistry department at the University of
Stellenbosch under Prof. Len Barbour who has published results obtained using the
volumetric apparatus [96].
3.2.5

Adsorption equipment and construction

A volumetric sorption apparatus was designed and built for variable pressure control within a
thermally controlled environment to perform volumetric adsorption experiments on three
South African coals within the pressure range of 0 – 50 bar.
3.2.6

Design decisions

Before constructing the volumetric apparatus for adsorption measurements, design decisions
had to be made.
Design decisions were primarily based on the capabilities and functionality of existing
experimental apparatus and the applicability of previous design aspects to the new system’s
requirements. Salient decisions are discussed.
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3.2.6.1 Temperature control and measurement
By definition, the recording of isothermal sorption data necessitated the construction of a
thermally stable environment. The temperature profile for all adsorption experiments required
maintaining an isothermal environment of 22 oC within the cabinet that housed the volumetric
apparatus. An indirect temperature measurement method was employed. A temperature
sensor connected to the computer interface was used to monitor the temperature. This was
the only temperature controlling device in the system and was placed next to the coal
sample. During the experimental procedure a temperature equilibrium period of at least 30
minutes was allowed before adsorption experiments began to ensure that the sample
temperature would be the same as the cabinet temperature. The electronic temperature
reading was designed to be visible on the computer screen and the software then controlled
the temperature in the cabinet. Convectional heating was used, with light bulbs employed as
heating elements. When the temperature readings reached 22.0 or 21.9 oC the bulbs would
flicker in order to control the cabinet temperature.
3.2.6.2 Pressure control and measurement
The apparatus was to be constructed using components that would allow high pressures to
be safely contained. Swagelok® brass fittings would be used to assemble all connections
and brass chambers were designed to attach to the Swagelok® components. The pressures
in the reservoir and sample chambers would need to be monitored and recorded during the
adsorption experiments. The proposed software programme developed by Prof. Len Barbour
is sufficient in monitoring, regulating, and recording the temperature and pressure profiles
during experiments. Pressure transducers which effectively operated over pressure ranges 2
to 100 bar and 2 to 60 bar were sufficient for chambers A and B respectively.
3.2.6.3 Cell volume and dimensions
Both the pressure and adsorption chambers were manufactured out of brass and made so fit
onto Swagelok® fittings. The major design aspect of the chambers involved making a larger
reservoir cell (volume of 19.2677 cm3) with a smaller adsorption chamber (volume of 8.3717
cm3), and not equal sized chambers as in the design of Barbour [96]. Having equal volume
chambers results in the pressure dropping to half that of the pressure chamber once the gas
is allowed to equalise between the adsorption chamber and the reservoir chamber. By
making the reservoir cell approximately twice the volume of the adsorption chamber, the drop
in pressure was not as pronounced. The determination of the cell volumes is described in
3.2.9.3.
3.2.6.4 Components
The following components were used in constructing the apparatus:
•

All brass components supplied by Swagelok®
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New brass fittings were selected in preference to stainless steel fittings as they were
adequate for the purposes of the apparatus and significantly more affordable. All
experiments were run under dry conditions and so stainless steal components were
unnecessary.
•

Pressure transducers provided by Wika® Instruments

Two voltage-to-pressure pressure transducers were installed in the apparatus; a ECO/100
Bar Absolute transducer (effective measuring range of 2 – 100 bar) to measure the pressure
of the reservoir cell, Chamber A, and a ECO/60 Bar Absolute transducer (effective
measuring range of 2 – 60 bar) to measure the pressure of the adsorption chamber,
Chamber B. Both transducers have a reported maximum error of 0.2%. The diagram below
(Figure 3-2) shows the completed volumetric apparatus that is housed in a wooden cabinet.

P1

P2

V1

V2

V3
Adsorption
chamber

Reservoir
chamber

B

Gas inlet

A
Figure 3-2
Volumetric apparatus showing Swagelok® brass fittings, pressure transducers (P1
and P2), valves (V1, V2, and V3, reservoir chamber (chamber A) and adsorption chamber (chamber
B) .

3.2.7

Power supply for the apparatus

The power supply of the apparatus required an extremely stable input voltage (a steady
voltage between 14 - 30 volts) as the fluctuation of the voltage reading was converted into
the pressure measurement produced by the pressure transducers.
3.2.8

Leak testing

Once the brass fittings, valves, and pressure transducers were assembled, gas was placed
in the apparatus and all the valves were closed. To test for leaks the apparatus, excluding
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the transducers, was then submerged in water. The presence of a leak at any joint was then
indicated by escaping bubbles. Joints were secured as prescribed by the manufacturer in
order to ensure a hematic seal of the entire apparatus. To ensure that the hematic seal was
retained over an extended period, the apparatus was pressurised to 40 bar and pressure
readings were taken periodically over 3 weeks. No leaks were found.
3.2.9

Calibration

Components that required calibration over the experimental period included the temperature
sensor and the pressure transducers.
3.2.9.1 Temperature calibration
The temperature sensor was calibrated using an electronic thermometer, correct to one
decimal place, before experiments began and the calibration was repeated periodically.
3.2.9.2 Pressure calibration
The pressure transducers were calibrated prior to experimental procedures. Additional
calibrations were conducted at regular intervals. This was done between a coal sample being
unloaded from the apparatus after adsorption experiments and the new coal sample being
loaded into the adsorption chamber. Each pressure transducer was calibrated against a
Wika® Master Gauge with an accuracy of 0.3%. Both Wika® pressure transducers have an
accuracy of 0.2%.The readings of the pressure transducers are sensitive to 7 Pa. The
calibration calculations are shown in Appendix A (A-1 and A-2).
3.2.9.3 Determination of chamber volumes
To determine the volumes of the reservoir chamber (chamber A) and the adsorption chamber
(chamber B), the following procedure was performed.
The entire volume shown in red (in Figure 3-3) represents chamber A’s volume, VA. The
volume shown in yellow represents chambers B’s volume, VB. PA and PB are pressure
transducers while V1, V2, and V3 are valves. The assumption is made that, for a given
number of moles (n) of a gas, in this case nitrogen, the product of the pressure (P) and the
volume (V) is constant at constant temperature:
i.e. PV = nRT

(where R is the universal gas constant)

57

Figure 3-3

Diagram depicting the volumes of chamber A (red) and chamber B (yellow).

An equation of state can be used for the calibration procedure using nitrogen, as nitrogen
behaves like an ideal gas at room temperature and relatively low pressures. Calibration steps
were performed in the sequence below (see full calculation in Appendix A-3).
1.

Both chambers A and B were evacuated and all three valves (V1, V2, and V3) were

closed. PA and PB both read zero.
2.

An amount of nitrogen (n moles) was introduced into chamber A. PA was recorded as

P1.
3.

V2 was opened slowly to allow the n moles of gas to expand and fill both chambers.

PA and PB both registered the same value which was recorded as P2. Since neither n nor T
had changed (an assumption made realistically, even though expansion of the gas may have
caused cooling) since Step 1, we now had:

PV
1 A = P2 (VA + VB )

(3-1)

P1 (VA + VB )
V
=
= 1+ B
P2
VA
VA

(3-2)

or

At this point neither VA or VB were known, but

VB
could be calculated, which would be used
VA

later.
4.

The nitrogen was released from the system and an aluminium rod of known volume,

Vx , was placed in chamber B. The available volume in the chamber was then ( VB − Vx ). Both
chambers were then evacuated and all three valves were closed as in Step 1.
5.

As in Step 2, n’ moles of nitrogen were added to chamber A. The pressure reading of

PA was recorded as P3.
6.

As in Step 3, V2 was opened. PA and PB registered the same value which was recorded

as P4.
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As both n’ and T had not changed since Step 5, the following equation could be produced:

P3 (VA + VB − Vx )
V V
=
= 1 + B − x PV
3 A = P4 (V A + VB − Vx )
P4
VA
V A VA

(3-3)

or

P3 (VA + VB − Vx )
V V
(3-4)
=
= 1+ B − x
P4
VA
V A VA
V
The value of B was known from Step 3, as well as P3, P4, and Vx . VA could now be
VA
calculated.
Using VA and the known value of

VB
, VB could be determined.
VA

The accuracy of the calibration was limited by the accuracy of the pressure transducers, PA
and PB, as well as the accuracy of the estimate of Vx .
3.2.10 Excess vs. absolute adsorption isotherms
3.2.10.1

Excess adsorption

Constructing an adsorption isotherm using the volumetric method involves injecting a known
amount of gas into a sample cell, which contains a coal sample, in steps of increasing
pressure while maintaining a constant temperature during the experimental period [97]. The
void volume (the volume of the cell not occupied by the solid coal) is determined by using the
cell volume (already calculated) and subtracting the volume occupied by the coal sample.
The amount of gas adsorbed at each pressure step is determined by the following equation:

n e = n t − ρV0

(3-5)

where n e is the adsorbed gas in moles, n t is the total number of moles of gas transferred to
the cell, ρ is the molar density of gas in the free phase and V0 is the void volume
determined using an inert gas. However, calculation of the adsorbed volume (using equation
3-5) ignores the volume of gas in the adsorbed phase within the coal sample and therefore
does not represent the actual adsorbed amount. This is termed the ‘excess adsorbed
amount’, i.e. excess adsorption.
3.2.10.2

Absolute adsorption

The absolute adsorbed amount, taking into account the volume of gas in the adsorbed
phase, can be determined using equation 3-6:

n a = n t − ρVi

(3-6)
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where ρ is the molar density of the gas in the free space, n a is the absolute adsorbed
amount and Vi is the ‘true’ void volume in the sample cell, that is, the volume occupied by
neither the solid adsorbent nor the volume of the adsorbed phase.

From the Gibbs definition [98] the absolute adsorbed amount, n a , can be calculated by
subtracting the moles of free gas in the sample cell void volume from the total moles of gas
transferred into the sample cell, n t .

The relationship between the experimentally measured excess adsorbed amount, n e , and the
absolute adsorbed amount, n a , can be obtained from the difference between equations 3-5
and 3-6 to form equation 3-7, such that:

n e = n a + ρ∆V

(3-7)

where ∆V is the difference between the void volumes in the presence and absence of the
adsorbed phase respectively and is defined by equation 3-8 [98]:

∆V = Vi − V0 = −V a = −

na

(3-8)

ρa

where V a is the volume of the adsorbed phase and ρ a is the molar density of the adsorbed
phase. Therefore, the excess adsorption isotherm can be represented by the recognised
adsorption equation for a rigid solid (see equation 3-9) [98] which includes the correction for
the volume occupied by the adsorbed phase:


ρ
n e = 1 − a
 ρ

 a
n


(3-9)

The absolute adsorption calculations used in this study are shown in Appendix A-6.

3.3

Experimental procedure

3.3.1

Preparation, set-up and running of experiments

The experimental procedure for each coal can be divided into six main procedures; coal
preparation, sample loading, setting experimental conditions, running the experiment, data
acquisition, and removal of the coal sample.
3.3.1.1 Coal preparation
Each of the three coal samples underwent the same procedure before experimental work
began. The large coal ‘nuggets’ were ground down to a fine powder. A 1.0 kg sample of the
as-received coal nuggets were processed through a jaw-crusher and divided into aliquots
using a riffler. One aliquot from the riffler, ca. 88 g of crushed coal, was then placed in a ringmill and pulverized for 25 seconds. To prevent overheating, the sample was milled for 10
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seconds, followed by a few seconds pause, and then a further 15 seconds of milling [65].
The fine coal was stored in a desiccator under an inert atmosphere of nitrogen to prevent
oxidation of the coal. The coal samples were not screened to select a particular size fraction.
This was done so that a representative coal sample was produced for the sorption
experiments. The coal sample would contain all macerals found in the coal. Various maceral
characteristics result in some macerals being more brittle than others which affects their
fracturing properties [99]. Crushed coal samples are often used in adsorption experiments in
order to reduce the experimental time as crushing minimises the distance that the gas
molecules travel to diffuse through the coal sample. For the adsorption experiments the
milled coals were dried in a muffle furnace at 105-110 oC for at least 1.5 hours (following the
procedures implemented by Busch et al. [69]) on the day of sample loading. The adsorption
capacity and other properties such as the surface area, pore size, density, and porosity of
coals are affected by the presence of moisture within a coal sample. Thus, all coal samples
used in sorption experiments were dried before measurements. Dried samples were
immediately placed in a desiccator to cool under an inert atmosphere before weighing off a
sample for loading into the apparatus. All crushing, drying, and loading of the coal was done
on the same day and placed under vacuum before the adsorption experiments on that
respective coal began.
3.3.1.2 Sample loading
The following steps were taken to load the coal sample into the volumetric apparatus. The
sample chamber, B, (see Figure 3-4) was removed from the apparatus for sample loading.
The empty brass chamber was weighed before adding a coal sample of ca. 2 g.

Figure 3-4
Schematic diagram of the device used for the measurement of single-component gas
sorption isotherms. The apparatus consists of modular brass components. The coal sample (grey) is
placed in chamber B [96].

Coal was taken from the prepared dried coal in the desiccator, placed into chamber B, and
the chamber was again weighed. Glass wool was added which covered the coal to protect
the fine coal being blown out of the chamber when placed under vacuum during the
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adsorption experiments. The chamber containing the coal sample and glass wool was
weighed once again.
The loaded chamber was replaced on the apparatus, tightened by hand and secured one
turn using a spanner. An o-ring ensured a perfect seal. A vacuum pump was connected to
the apparatus and both chambers A and B were evacuated through valve V3, keeping V2
open, and V1 closed. The sample evacuated in this manner for 48 hours before being
exposed to gas, i.e. before sorption experiments commenced. The vacuum pump produced a
vacuum of 7 x 10-5 bar.
3.3.1.3 Running an experiment
The initial pressures under vacuum in Chambers A and B were recorded using the electronic
transducers PA and PB (Wika ECO/100 and ECO/60 series for transducers PA and PB
respectively). The transducers were interfaced to a computer with an analogue-to-digital
converter.
The gas cylinder was connected to the apparatus using a flexible stainless steel vacuum
hose. Gas was released into the hose to ca. 15 bar and removed by vacuum. This flushing of
the hose to remove any air was done three times. On the fourth occasion when gas was
released into the hose V1 was opened. At this point the gas was introduced into chamber A
through valve V1 while V2 remained closed. Chamber A had been closed under vacuum. The
pressure of the gas as it entered the chamber was monitored on the computer. Once the
desired amount of gas had entered chamber A, V1 was closed and the gas contained in
chamber A. The hose was removed and the cabinet closed, allowing the temperature to
stabilize at 22.0 oC. A metal rod extension was connected to V2 that allowed the cabinet to be
closed while retaining remote access to V2. This prevented having to open the cabinet to
open V2 and allowing cold air in from the cooled room. Valve V2 was then opened for
approximately one second in order to equalize the gas pressures in chambers A and B. This
was referred to as the ‘gas-up’ procedure. After closing valve V2 the pressure in chamber B
began to decrease as gas was absorbed by the coal sample (see Figures 3-5, 3-6 and 3-7).
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Figure 3-5
The interface of the software used in the adsorption experiments showing the
pressure readings (P1 and P2) of the two transducers. The isotherms plotted [yellow: CO2 pressure in
chamber A (the reservoir chamber), blue: CO2 pressure in chamber B (the sorption cell)] clearly show
the elevated pressure of chamber A, ca. 6500 mbar, before V2 is opened to allow carbon dioxide gas
into chamber B during the gas-up procedure. The initial pressure is the same in both chambers (ca.
4500 mbar) after which chamber A’s pressure remains stable and chamber B’s pressure decreases
as the coal adsorbs the carbon dioxide gas.

Figure 3-6
The interface of the software used in the adsorption experiments showing the
pressure readings of chamber B within the first 50 min of the adsorption experiment.
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Figure 3-7
The interface of the software used in the adsorption experiments showing the
pressure readings of chambers A and B. The data point had reached equilibrium (pressure stable for
300 min, from 500 to 800 min on the image).

As no standard testing procedures exist for adsorption experiments on coal the state of
equilibrium in this study was defined as the pressure reached when the change in pressure
over 300 min did not exceed the smallest fluctuation determined by the pressure transducer
sensitivity i.e. 7 or 8 mbar.
Once equilibrium was reached (see Figure 3-7) the equilibrium pressure of chamber B was
recorded and the gas pressure in chamber A was increased once again through V1 by
connecting the gas cylinder to the apparatus, as in the initial gas-up procedure mentioned
above. The temperature was again allowed to stabilize before opening V2. Once stable, V2
was opened for approximately one second to allow the gas pressures in chambers A and B
to once again equalise for the second equilibrium experiment to begin.
The procedure of introducing gas into chamber A, opening V2 and data capture at equilibrium
was repeated in a step-wise manner of increasing pressures to investigate adsorption as a
function of pressure under isothermal conditions. Adsorption experiments were conducted
first using methane gas, followed by a period under vacuum and then exposure to carbon
dioxide gas on all three South African coals. This was done for the pressure range 0 – 50 bar
at 22.0 oC to produce adsorption isotherms to determine the coal adsorption capacity for
methane and carbon dioxide. These gases have been selected as they naturally occur in
coal seams [78]. Coal contains a very high percentage of methane in its pore structure (ca.
95% methane with the remaining volume occupied by carbon dioxide, nitrogen, and heavier
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hydrocarbons [100]). An adsorption isotherm using methane was undertaken in order to
restore the ‘natural’ contents of the pores before carbon dioxide investigations began on
each coal sample. After the methane isotherm was produced, the coal sample was placed
under vacuum for 48 hours before initiating carbon dioxide experiments.
All volumetric sorption experiments were conducted using high purity, single component
gases; methane (99.95%) and carbon dioxide (99.95%). The laboratory was air-conditioned
(temperature maintained at 17 oC) and included an extractor fan above the apparatus.
3.3.1.4 Removal and changing of the coal samples
Once complete methane and carbon dioxide isotherms had been plotted, the sample was
removed from the apparatus and retained for further examination.
Before removing chamber B, all pressurised gas contained in chambers A and B was
allowed to escape into the well ventilated room by opening V3 that allowed the chamber
volumes to return to atmospheric pressure. Chamber B was loosened with a spanner and
then by hand and removed. The contents were removed from the chamber and stored.
Chamber B was then cleaned and dried before repeating the loading of coal sample and
experimental steps using subsequent coals that were to be tested.
3.3.2

Gravimetric apparatus

The three coals underwent methane and carbon dioxide adsorption experiments following
the same procedures as in the volumetric apparatus except that the pressure capacity of the
gravimetric apparatus was limited to 20 bar. These measurements were conducted to
validate the adsorption trends seen in the volumetric adsorption results, and to note any
discrepancies in adsorption capacities of the coals.
A 120 mg sample of coal was used to measure the gravimetric sorption isotherms (99.99%
CH4; 99.99% CO2 gas) at 22.0oC by means of an Intelligent Gravimetric Analyser (IGA-002)
manufactured by Hiden Analytical (Ltd), Warrington, United Kingdom [101]. The instrument
facilitates precise control of pressure and temperature and measurement of mass change. It
is equipped with a pressure rating allowing measurement up to 20 bar. The pressure is
monitored using a pressure transducer for which buoyancy effects are corrected.
Temperature is controlled to an accuracy of ± 0.05oC by a refrigerated circulating bath.
Data collection was controlled by Real-Time Processing computer software [102-108] that
continually analysed the equilibrium point determination using least-squares regression to
extrapolate a value of the asymptote. In this case a Linear Driving Force (LDF) relaxation
model was used with each point recorded once a 96% fit with the model was achieved.
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3.4

Maintenance and safety

3.4.1

Equipment maintenance and laboratory safety

All equipment used while conducting experiments was new, or in excellent working order,
and was operated over a range of low to high pressures and moderate temperatures. The
following precautions were taken to ensure safety:
3.4.1.1 Gas
All gas regulators were new and checked for leaks before using gases at high pressures.
All gas cylinders were provided by reputable gas companies.
3.4.1.2

Pressure

The pressure transducers were new and were calibrated before experimental work
began. The volumetric apparatus had been tested at high pressures (up to 60 bar) and
the transducer calibrations were checked periodically.
3.4.1.3 Temperature sensor
The temperature sensor was calibrated at regular intervals.
3.4.1.4

Ventilation in the laboratory

The laboratory in which the volumetric apparatus was housed during experiments was
well ventilated with an extraction fan permanently in operation.
3.4.2

Materials used

The chemicals used, their known purity, and the suppliers thereof are noted for the purpose
of critically interpreting the experimental results obtained. This information is given below. All
materials were used without further purification or manipulation of any kind.
Gases
High purity methane and carbon dioxide gases were used.
Methane

99.95%

Supplier:

Afrox

Carbon dioxide

99.95%

Supplier:

AirProducts

Glass wool
Supplied by Merck®
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4. Analysis
The three South African coals involved in this study were extensively characterised by a
variety of techniques to facilitate interpretation of the adsorption experiments. The following
analyses were undertaken on samples of each of the coals. The section in which the analysis
is discussed is indicated in parentheses.
•

Proximate analysis (4.1)

•

Ultimate analysis (4.2)

•

Hardgrove Grindability Index and Abrasiveness (4.3)

•

Ash Analysis (4.4)

•

Ash-fusion temperature (4.5)

•

Coal density (4.6)

•

Petrography (4.7)

•

Coal porosity and BET surface analysis (4.8)

•

Particle size distribution (4.9)

•

XRD (4.10)

4.1 Proximate analysis
Proximate analysis determines the moisture, volatile matter, fixed-carbon, and ash contents
of a coal, as well as the coal’s calorific value, i.e. the heat released during combustion.
Proximate analysis on samples of each coal was performed using a thermogravimetric
analyser (TGA) heated to a specific temperature profile. These profiles were based on
established testing techniques by the American Society for Testing and Materials (ASTM
standards D3172-89). The moisture, volatile, fixed carbon and ash contents of each coal
were derived from a single TGA experiment. Moisture and volatiles weight percentage (wt.%)
composition (see Figure 4-1) was determined by heating the samples in flowing nitrogen and
measuring the weight loss at 110 and 900 oC respectively. Ash was determined by
subsequent combustion of the residue in flowing air. Fixed carbon was calculated by
difference, i.e. using 100% sample mass and subtracting the moisture, volatile, and ash
residue weight percentage fractions.
4.1.1

Moisture content

Moisture content was determined by heating the coal sample to 110 oC under nitrogen gas.
The conditions were maintained for 3 min, by which time a constant sample mass had been
obtained. Generally, moisture content decreases with increasing rank. High moisture content
reduces the calorific value of the coal. Moisture content could range from 1 – 40 wt.% for
various ranks of coal.
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4.1.2

Volatile matter content

Volatile matter was driven off at high temperature under nitrogen gas and was determined by
percentage weight loss. The temperature was increased from 110 oC at a rate of 50.0 oC/min
until 900 oC was reached. The conditions were maintained for 7 min, following the ASTM
standard, by which time a constant sample mass had been obtained. Volatile matter
decreases with increasing rank. Generally, coals with high volatile matter content ignite
easily and are highly reactive in combustion applications.
4.1.3

Fixed carbon content

Fixed carbon was determined by subtracting the percentage masses of moisture, volatile
matter, and ash from the total sample mass.
4.1.4

Ash (mineral) content

Ash content, also indicating mineral content, was determined by maintaining the temperature
at 900 oC for a further 20 min under air (an oxidising atmosphere).
Coal contains a variety of minerals in varying proportions and in various forms (inorganically
or organically bound). When coal burns these minerals are transformed to ash. At high
temperatures coal ash sinters and eventually forms molten slag. The slag becomes a hard,
crystalline material upon cooling and resolidification.
4.1.5

Calorific value

The calorific value (measured in British thermal units, Btu, or megajoules per kilogram,
MJ/kg) is the amount of chemical energy stored in a coal that is released as thermal energy
upon combustion. This property is directly related to rank. The calorific value gives an
indication of the value of a coal as a fuel for combustion applications. Calorific values were
determined by the South African Bureau of Standards, SABS Commercial (Pty) Limited.
The full proximate analysis reports are shown in Addenda B, B-1. The analysis reveals that
the Coal 2 and Coal 3 samples have identical proximate profiles (see Figure 4-1). Minor
variances in percentage composition are evident, but all fall within the experimental error
range as the difference in values do not exceed 1.1%. Notable differences between the Coal
1, Coal 2 and Coal 3 samples is that Coal 1 contains a much higher percentage ash (more
than double the other two coals; C1: 54.4%; C2: 22.6%; C3: 23.0%) and a much lower fixed
carbon percentage (approximately half that of the other two coals; C1: 22.2%; C2: 48.9%;
C3: 48.8%). Coal 1 contains very little inherent moisture (1.1%) while Coal 2 and Coal 3
contain a greater percentage (C2: 4.4%; C3: 4.3%). Moisture has been found to be an
important parameter in adsorption experiments as it has a negative affect on the carbon
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dioxide adsorption capacity of coal [66]. The proximate results on a dry-basis are shown in
Figure 4-2.
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Fixed carbon

Proximate analysis for Coal 1, Coal 2 and Coal 3.
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Figure 4-2

Proximate analysis for Coal 1, Coal 2 and Coal 3 (dry basis).

Table 4-1

Calorific values of the three coals tested.

AIR DRY BASIS
Calorific value

MJ/kg

testing standard
ISO 1928

COAL 1
12.9

COAL 2
22.6

COAL 3
22.6

From the table (see Table 4-1) it can be seen that Coal 2 and Coal 3 have the same calorific
value (22.6 MJ/kg) while Coal 1 shows a much lower energy potential (12.9 MJ/kg). Calorific
values relate strongly to the ash content of various coals [52]. Coal 1 had a much greater
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ash content (54.4%) than the other two coals (C2: 22.6%; C3: 23.0%). This trend correlates
well with the trend seen in the calorific values of the coals where Coal 1 has a low calorific
value (C1:12.9 MJ/kg) while Coal 2 and Coal 3 have much higher values (both C2 and C3:
22.6 MJ/kg).

4.2 Ultimate analysis
Ultimate analysis was conducted to provide information on the major elemental composition
of the three coals (see Table 4-2).
To determine the carbon, hydrogen, nitrogen and sulphur content a sample is heated to
1000 oC. Approximately 1 mg of sample is placed inside a silver capsule and is placed in a
furnace where it is completely combusted. The ultimate analysis instrument relies upon
infrared detection to measure the weight percent of carbon, hydrogen, and sulphur, while
nitrogen is measured using thermal conductivity detection. Ultimate analysis was conducted
by the SABS Commercial (Pty) Limited.
Table 4-2

Ultimate analysis results.

ULTIMATE ANALYSIS
Carbon
Hydrogen
Nitrogen
Total sulphur
Oxygen

%
%
%
%
%

testing standard

COAL 1

COAL 2

COAL 3

ASTM 5373
ASTM 5373
ASTM 5373
ASTM D4239
By difference

28.4
2.9
0.6
0.8
11.0

58.9
3.4
1.5
0.9
8.3

59.1
3.3
1.5
1.3
7.6

From the ultimate analysis it is apparent that Coal 2 and Coal 3 are very similar when
comparing the elements carbon, hydrogen, nitrogen, sulphur and oxygen with the largest
difference in percentage composition between the two being approximately 0.6%. This small
difference would be accepted within experimental error, thus making the ultimate analysis of
Coal 2 and Coal 3 identical. Notable differences exist between Coal 1 and Coals 2 and 3 with
regard to carbon (C1: 28.4%; C2: 58.9%; C3: 59.1%), and oxygen (C1: 11.0%; C2: 8.3%; C3:
7.6%). The difference in hydrogen, nitrogen, and total sulphur values of all three coals fall
within a range of 0.9% which is taken to be negligible.

4.3 Hardgrove Grindability Index and Abrasiveness
A commonly used method for assessing grindability of a material is the Hardgrove test. The
grindability of a coal is a measure of its resistance to crushing. Moisture and ash content of a
coal are two factors that affect coal grindability. Lignites and anthracites are considered to be
more resistant to grinding than bituminous coals. The Hardgrove test consists of grinding a
specially prepared coal sample in a laboratory mill of standard design. The percentage by
weight of the coal that passes through a 200-mesh sieve (a screen with openings of 74
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micrometers, or 0.003 inch) is used to calculate the Hardgrove Grindability Index (HGI)
value. The index is used as a guideline for sizing grinding equipment required in coal
preparation industries. From Table 4-3 it can be seen that all three coals have a similar
Hardgrove index value with the largest difference in value between coals being only 4%.
Table 4-3

Hardgrove grindability index (HGI) and abrasiveness values for the three coals.
testing standard
ISO 5974
BS 1016

HGI and ABRASIVENESS
Hardgrove
Index
Abrasiveness
Index

COAL 1
54
416

COAL 2
58
92

COAL 3
56
146

In contrast, the abrasiveness values for the coals vary greatly. Coal 1 has a very high value
of 454 while Coal 2 (92) and Coal 3 (146) are much lower. These large differences do not
however place the coals in different abrasiveness classes. Following the abrasiveness index,
all three coals fall under the ‘extremely abrasive’ category (see Table 4-4). Coal handling
material and equipment suffer abrasive wear losses due to abrasion characteristics of coal,
thus when determining which materials to use in coal related applications it is necessary to
know the abrasiveness of the coal.
Table 4-4

Abrasiveness index categories.
ABRASIVENESS INDEX
Mildly abrasive
1 - 17
Moderately abrasive
18 - 67
Extremely abrasive
68 - 416

4.4 Ash analysis
Ash is the inorganic residue that remains after water and organic matter have been removed
by heating in the presence of oxidising agents. Thus, all ash analysis results are reported as
oxides. Ash content provides a measure of the total amount of minerals in a coal. Analytical
techniques used to provide information on total mineral content employ the fact that minerals
(the analyte) are distinguishable from all other components (the matrix) in several
measurable ways. The most commonly used methods rely on the fact that minerals are not
destroyed during heating processes. The three coals underwent ash analysis following the
‘Standard Test Method for Major and Minor Elements in Combustion Residues from Coal
Utilization Processes’, (ASTM 3682).
Ash analysis is used to determine the minerals present in the coals (see Table 4-5). Certain
elements are present in coal in organic or inorganic form and may be volatile or mineral
matter. The ash analysis represents the amount of various elements found in mineral form.
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Table 4-5

Ash analysis results of the three South African coals.
testing standard

COAL 1

COAL 2

COAL 3

SiO2 silicon dioxide

%

ASTM 3682

59.5

50.0

50.1

Al2O3 aluminium oxide

%

ASTM 3682

34.5

26.3

25.4

Fe2O3 ferric oxide

%

ASTM 3682

2.0

4.4

2.4

P2O5 phosphorus pentoxide

%

ASTM 3682

0.1

0.4

0.7
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TiO2 titanium dioxide

%

ASTM 3682

1.2

1.1

2.2

CaO calcium oxide
MgO magnesium oxide

%
%

ASTM 3682
ASTM 3682

0.7
0.4

6.2
1.3

7.8
1.5

K2O potassium oxide

%

ASTM 3682

0.6

0.7

0.9

%

ASTM 3682

0.1

0.4

0.4

%

ASTM 3682

0.4

3.8

6.0

Na2O sodium oxide
SO3 sulphur

All three coals have a high percentage of SiO2 with Coal 1 containing the greatest amount
(59.5%) while Coal 2 and Coal 3 contained almost identical amounts (C2: 50.0%; C3:
50.1%). In Al2O3 Coal 2 and Coal 3 reflected similar values (C2: 26.3%; C3: 25.4%) which,
again, were approximately 10% less than that of Coal 1 (34.5%). Coal 1 and Coal 3
contained ca. 2% Fe2O3 while Coal 2 doubled that figure with 4.4%. SiO2, Al2O3, and CaO
together accounted for 94.7% of Coal 1’s ash composition, 82.5% of C2 and 83.3% of C3,
with the remainder consisting of nominal quantities of Fe2O3, P2O5, TiO2, MgO, K2O, Na2O,
and SO3.

4.5 Ash fusion temperature
Ash-fusion temperatures are determined by observing the temperatures at which successive
characteristic stages of fusion occur in an ash sample when heated in a furnace. The
inorganic part of coal transforms to ash during combustion. These temperatures give an
indication of the clinkering potential of coals during high-temperature processing. Coals with
low ash fusion temperatures are prone to slagging [109].
Ash fusion temperatures are determined by viewing a molded specimen of the coal ash
through an observation window in a high-temperature furnace. The ash, in the form of a
cone, pyramid or cube, is heated steadily past 1000 °C to as high a temperature as possible,
preferably 1600 °C. The following temperatures are recorded;
•

Deformation temperature: reached when the corners of the mould first become
rounded.

•

Softening (sphere) temperature: reached when the top of the mould takes on a
spherical shape.
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•

Hemisphere temperature: reached when the entire mould takes on a hemisphere
shape.

•

Flow (fluid) temperature: reached when the molten ash collapses to a flattened button
on the furnace floor.

The ash-fusion temperatures of the three coals are shown in Table 4-6.
Table 4-6
atmospheres.

Ash fusion temperatures of the coal samples under reducing and oxidizing

ASH FUSION TEMPERATURES - REDUCING
DT (deformation temperature)
°C ISO 540
ST (softening temperature)
°C ISO 540
HT (hemisphere temperature)
°C ISO 540
FT (flow temperature)
°C ISO 540
ASH FUSION TEMPERATURES - OXIDIZING
DT (deformation temperature)
°C ISO 540
ST (softening temperature)
°C ISO 540
HT (hemisphere temperature)
°C ISO 540
FT (flow temperature)
°C ISO 540

COAL 1
+1550
+1550
+1550
+1550

COAL 2
1300
1320
1340
1360

COAL 3
1280
1290
1300
1340

+1550
+1550
+1550
+1550

1320
1330
1350
1380

1290
1300
1320
1350

All ash fusion temperatures for the Coal 1 sample occurred above 1550 oC (the analysis
instrument’s temperature limit). These temperatures, however, are notably higher than those
for Coal 2 and Coal 3. Coal 2 and Coal 3 once again produced similar analysis results with
all the fusion temperatures not differing by more than 40 oC between the two coals.

4.6 Density
The volumetric adsorption method is dependent on high accuracy when determining the
volumes available in the pressure and adsorption chambers. Once a sample was loaded into
the adsorption chamber the new ‘free volume’ of the chamber needed to be determined so
that later calculations for determining moles of gas contained in that volume were correct. To
determine the volume of the chamber that the coal sample displaced, the density of the
respective coal was required. A simple conversion using the known mass of coal and its
density allowed the calculation for determining the volume displaced by the coal sample.
(see Appendix A-5).
The densities of the coal samples were measured using a Hiden gravimetric analyser (see
Table 4-7) following a procedure reported to have a maximum error of 0.1%. Nitrogen gas
acted as the adsorbate. It was predicted that Coal 2 and Coal 3 would possess similar coal
densities as the two coals had produced very similar results for most of the other analyses.
However, the Coal 2 and Coal 3 samples did not show similar coal densities as anticipated
(C2: 2.54 g/cm3 and C3: 2.25 g/cm3) and were both notably more dense than the Coal 1
sample (C1: 1.82 g/cm3).
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Table 4-7

Density measurements of the three South African coals and glass wool.
COAL

DENSITY (g/cm3)

Coal 1

1.82

Coal 2

2.54
2.25

Coal 3
Glass wool used in experiments

2.57

4.7 Petrographic analysis
Petrology is defined as ‘the description and systematic classification of rocks’ [110]. The
classification deals with the rock’s composition, texture, and structure, occurrence and
distribution, and the rock’s origin in relation to physicochemical conditions and geological
processes. The classification technique is concerned with all three major types of rock i.e.
igneous, metamorphic, and sedimentary. Petrology includes the sub-disciplines of
experimental petrology and petrography. Petrography is defined as the study of rocks in thin
sections by means of a petrographic microscope. The microscope employs polarised light
that vibrates in a single plane. Petrography is used for systematic classification and precise
description of rocks [110].
The three South African coals underwent petrographic analysis to investigate maceral
composition and vitrinite reflectance. Maceral data were obtained following the procedure of
microlithotype group analysis (ISO 7404-3, 1994). The coal rank was determined by vitrinite
reflectance measurement (ISO 11760:2005). A representative coal sample was required for
the analysis. It was crushed to <1mm in diameter and mounted in epoxy resin to build a block
of 22mm x 22mm in size. The sample was polished using progressively finer grades of
emery paper and lastly diamond pasted on a rotating synthetic pad. The maceral and
microlithotype group analyses were conducted on a Leica DM4500P petrographic
microscope with a Petrog point counting system with oil immersion lens at a magnification of
x500. The rank determination was conducted on a Zeiss Universal petrographic microscope
with a photomultiplier tube, oil immersion and a magnification of x500.
The petrographic data obtained for the three coals are shown in Table 4-8. Coal 1 contained
the most vitrinite (24.2%), Coal 2 the least (14.2%), and Coal 3 (18.2%) almost at the midpoint between the two coals. Coals containing large percentage compositions of vitrinite
leave little room for minerals. Minerals are not porous materials and will thus not contain
moisture. Thus, coals with high vitrinite contents tend to have higher moisture contents than
coals with low vitrinite composition and high mineral content. All three coals contained a
relatively small percentage of liptinite with Coal 1 containing the least (1.4%), Coal 3 the
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most (5.2%) and Coal 2 at the mid-point between the two coals with 3.4%. Coal 2 and Coal 3
both contained all measured forms of the inertinite groups while Coal 1 contained only small
percentages of reactive semi fusinite (RSF), inert semi fusinite (ISF) and fusinite or
secretenite (F / SEC). Coal 2 and Coal 3 contain similar distributions of the inertinite groups
with Coal 3 containing roughly double the amount of each respective inertinite group than
Coal 2, excepting for IINT (inertodetrinite) where Coal 2 contained a much greater
percentage (38.8%) than Coal 3 (23.0%). Coal 1 contained a significantly lower amount of
inertinite (11.4%) compared to the other two coals which had high and similar values (C2:
62.4%; C3: 68.4%). When comparing total values for maceral groups, Coal 2 and Coal 3
appear to be very similar with regard to compositional ratios, as well as actual percentage
compositions. Coal 1 is notably different to the other two coals with very different
comparative vitrinite and liptinite contents and a significant difference in inertinite percentage
to the other coals. Pore sizes in inertinite tend to be larger than vitrinite pores. Thus, coals
containing high percentage composition of inertinite have a relatively lower surface area due
to pore size, whereas coals containing less inertinite have relatively greater surface area and
therefore greater adsorption capacity. It is anticipated that Coal 1 will show a greater surface
area than the other two coals due to its much lower inertinite content and higher vitrinite
content. Coal 1 and Coal 2 have similar total reactive macerals percentages (31.0% and
29.2%, respectively) which are much lower than that of Coal 3 (44.0%).
Table 4-8

Maceral group analysis of the three South African coals.

MACERAL GROUP ANALYSIS (ISO 7404 - 3, 1994)
Maceral group

Maceral sub group

VITRINITE

Collinite
Pseudovitrinite
Other
% total vitrinite
LIPTINITE
Suberinite/Resinite/Cutinite S/R/C
Alginite
% total liptinite
INERTINITE
Reactive semi fusinite (RSF)
Inert semi fusinite (ISF)
Fusinite / Secretinite (F / SEC)
Micrinite (MIC)
Reactive inertodetrinite (RINT)
Inertodetrinite (IINT)
% total inertinite
% total reactive macerals
(Vitrinite + Liptinite + RSF + RINT)
% mineral matter (if included)

COAL 1
24.2
0.0
0.0
24.2
1.4
0.0
1.4
5.4
3.2
2.8
0.0
0.0
0.0
11.4

Coal sample
COAL 2
13.8
0.4
0.0
14.2
3.4
0
3.4
4.4
10.2
1.2
0.6
7.2
38.8
62.4

COAL 3
18.2
0.0
0.0
18.2
5.2
0.0
5.2
7.4
20.2
2.0
2.6
13.2
23.0
68.4

31.0

29.2

44.0

63.0

20.0

8.2

The vitrinite reflectance analysis is a measurement of the proportion of light reflected from
the vitrinite maceral in a plane of the polished surface of coal. The reflectance is expressed
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as the percentage of the incident light that is reflected and is dependent on the aromaticity of
the organic compound. Vitrinite reflectance values increase as coal rank increases. The
mean maximum vitrinite reflectance in oil (Ro) for the three coals is shown in Table 4-9.
Table 4-9

Rank determination of the three South African coals.

RANK DETERMINATION (ISO 11760:2005)
Vitrinite reflectance %
Standard deviation
Rank category

COAL 1
0.46
0.063
Low Rank A

COAL 2
0.65
0.087
Med. Rank C

COAL 3
0.66
0.086
Med. Rank C

The Ro values for the respective coal samples correspond to low rank A bituminous (C1), and
medium rank C bituminous coals (C2 and C3).

4.8 Porosity and BET surface area analysis
Porosity and BET surface analysis are used to define the surface area, pore size and pore
size distribution, and void structure of a solid material. Surface area is an important factor in
determining the activity of catalysts and efficacy of adsorbents. Pore size distribution
information gives an insight into properties such as adsorptivity, permeability, filterability and
granular compressibility of solids [58].
Physical gas adsorption is used to determine surface area, specific surface area (SBET), pore
volume, average pore size and pore distribution. Micromeritics ASAP 2000 and ASAP 2400
have the potential to measure surface areas greater than 0.01 m2/g and a pore diameter
range of 0.5 – 100 nanometer.
In 1938, Stephen Brunauer, Paul Hugh Emmett, and Edward Teller published an article on
the BET theory which took its name from their initials. The concept used in their theory is an
extension of the Langmuir theory, which is a theory relating to monolayer molecular
adsorption, to multilayer adsorption with the following hypotheses:
•

Gas molecules physically adsorb on a solid in layers, infinitely

•

There is no interaction between each sorption layer, and

•

The Langmuir theory can be applied to each layer

Surface area, pore volume and pore size measurements were conducted. High purity carbon
dioxide (99.95%) was used instead of nitrogen or argon as at low temperatures the BET
method for N2 adsorption has been found to be affected by activated diffusion limitations and
also by some decrease in the micropore size. This results in measurement of the surface
area of mesopores and some macropores (2 to 100 nm; [111]) only. The molecular thermal
energy of nitrogen is too low to overcome the energy barriers within the micropore (<2 nm;
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[112]). Carbon dioxide adsorption can be employed to measure microporosity even though
the CO2 molecule is larger than the N2 molecule. This is because at higher temperatures (i.e.
273K) the CO2 molecule possesses greater thermal energy and can penetrate and adsorb
onto surfaces located within the coal’s micropores [113]. Therefore, it has been suggested
that the use of carbon dioxide as the adsorbate at 0 oC and the Dubinin-Radushkevich
equation provides more realistic surface area values than the BET method. In this study the
Dubinin-Radushkevich values were considered to be the most accurate measurements of the
three equations used. Although the accuracy of surface area determinations on porous
materials remains a subject of debate, this method allows good relative values to be obtained
[65].
A sample of each coal was analysed for surface area and pore size distribution. The sample
was degassed at 90°C for 1 hour and then at 300°C overnight before starting the analysis.
Isotherm data were collected on each coal sample over a carbon dioxide pressure range of
approx 13 – 830 mmHg, equivalent to a relative pressure (P/Po) range of 0.0005 – 0.032
since the saturated vapour pressure of carbon dioxide at 0 oC is 3.4853 MPa. Surface areas
of the coals were calculated using the BET, Dubinin-Radushkevich and Dubinin-Astakhov
equations7 (see Table 4-10). The Dubinin-Radushkevich values were taken to be the most
accurate based on the equation’s properties (explained in Appendix A-3)
Table 4-10
Surface area determinations (using the BET, Dubinin-Radushkevich and DubininAstakhov methods) and pore diameter data for the three coals.
Surface area
determination method

COAL 1 (m2/g)

COAL 2 (m2/g)

COAL 3 (m2/g)

BET

67

184

196.08

Dubinin-Radushkevich
Dubinin-Astakhov

93
93

246
266

287
233

Average pore diameter

15.3 Å

14.2 Å

13.2 Å

The surface area determination results show a clear difference between the surface area of
the Coal 1 sample and those of the other two coals. Coal 1 has a Dubinin-Radushkevich
surface area of 93 m2/g while Coal 2 and Coal 3 have much higher surface areas (C2: 246
m2/g and C3: 287 m2/g).
Surface area determination is of particular importance in adsorption experiments as the
greater the available surface area, the greater the adsorption capacity for that material. The
data presented in Table 4-10 indicate that adsorption capacities should be similar in the Coal
2 and Coal 3 coals and approximately two and a half times greater than that of the Coal 1

7

The three equations are discussed in greater detail in Appendix A-3.
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(based on surface area having a major effect on adsorption capacity and ignoring other
influencing factors).
The average pore diameters show that all three coals have a microporous pore structure
(micropores: 0.8 - 2 nm). A carbon dioxide molecule has a diameter of 5.3 Å and height of
1.7 Å. The average pore diameters of the three coals (see Table 4-10) indicate that the
average pore could accommodate at least a monolayer of CO2 molecules. This would
account for ca. 11 Å of the pore diameter (taking into account the intermolecular distance
and if the linear molecules adsorbed in such a way that they attached at right angles to the
pore wall and not in the same plane as the pore wall). Thus, multilayer adsorption within the
pores of the three coals under investigation appears unlikely. However, if the molecules
adsorbed in the same plane as the pore walls only 1.7 Å would be used on either side of the
pore and leave ca. 10 Å in pore diameter that would allow a second layer of CO2 molecules
to adsorb if packed in the same way as the first layer.

4.9 Particle size distribution
A coal sample taken from the prepared coal (after being pulverised, prior to adsorption
experiments) underwent particle size distribution analysis which was done using laser
scattering particle size analysis. Laser scattering particle size analysis relates the pattern of
light scattered by the analyzed particles to that scattered by spherical particles with the same
optical properties. This classification is generally a measurement defined as equivalent
spherical diameter (ESD).
The submitted coal sample would be representative of the coal placed in the apparatus for
adsorption experiments. As the coal preparation procedure did not employ sieves or
specifically screened particle sizes but rather a set pulverising period it was expected that the
particle size distribution would indicate a degree of brittleness or fractionation of the coals
that would correlate to maceral and proximate properties.
It has been found that coals with small grain size fractions contained the highest ash content
and the lowest fusinite (inertinite) contents. Liptinite content increased with particle size due
to its reduced grindability [35]. Particle size distribution analysis allows comparison of the
three coals having different inertinite and liptinite contents.
The particle size distribution data (see Table 4-11) show similar results for Coal 2 and Coal 3
which are notably different from that of Coal 1. Looking at particle size fractions with a
maximum range of 30 µm, Coal 1’s largest particle size fraction lies within the

20-0 µm

range (43.9%) while both Coal 2 and Coal 3 show a largest particle size fraction in the 50 –
20 µm range (C2: 20.0% and C3: 21.5%).
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Table 4-11

Percentage particle size compositions of the three coals.
Diameter µm
> 300
300 – 200
200 – 100
100 – 50
50 – 20
20 – 10
10 – 1
1–0
* 20 – 0

Percentage of coal sample (%)
COAL 1
COAL 2
COAL 3
0.1
4.9
4.6
8.6
8.3
6.0
18.8
17.4
17.2
15.0
16.7
16.8
13.6
20.0
21.5
10.1
13.0
13.5
28.0
19.0
19.6
5.8
0.7
0.8
43.9
32.7
33.9

The slight increase in particle size may be attributed to the slightly higher liptinite contents of
Coal 2 and Coal 3. These results compare well with the literature as Coal 1 contained the
highest ash content of the three coals (C1: 54.42%; C2: 22.57%; C3: 22.95%) and the lowest
liptinite content (C1: 1.4%; C2: 3.4%; C3: 5.2%) which produced the expected smaller
particle sizes relative to the other two coals. Particle size distribution curves for each coal are
shown in Appendix B, B-4.

4.10

XRD

Powder diffraction (XRD) is a scientific technique using X-ray, neutron, or electron diffraction
on powder or microcrystalline samples for structural characterisation of materials [114].
Powder diffraction allows for rapid, non-destructive analysis without extensive sample
preparation.
Identification is performed by comparison of the diffraction pattern to a known standard or to
a database (the Cambridge Structural Database (CSD) was used). The database contains
many reference files including minerals, metals and alloys, pharmaceuticals, forensics,
superconductors, etc. with a large collection of organic, organometallic, and inorganic
reference materials.
The fundamental physics upon which the technique is based provides high precision and
accuracy in the measurement of inter-planar spacings. A multi-phase mixture, e.g. a soil
sample, will show more than one diffraction pattern which are superposed. This allows for
determination of relative concentration. The three coals were analysed using XRD prior to,
and after adsorption experimental work. The coal sample used in the experimental procedure
was taken directly from the drying process and loaded into the apparatus. A like coal sample
from the dried coal was used for the pre-experimental XRD analysis. The actual coal sample
that had undergone adsorption experiments was used for post-experimental XRD analysis.
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These pre- and post-experimental results were compared to investigate any changes in
morphology during the coals exposure to methane and carbon dioxide gases under elevated
pressures (0 – 50 bar). On superimposing the pre- and post-experimental XRD spectra, no
notable differences were observed (see Appendix B, B-5). Also, no significant differences
were noted when the spectra of all three coals were superimposed. The three coals
produced almost identical spectra as all the detected mineral phases were the same only
differing in intensity.
Mostly kaolinite clay (61.4%) and quartz (37.9%) could be reliably identified from XRD
spectra of Coal 2. The mineral composition in mass percentage, with results normalised to
100% crystalline matter, are shown in Figure 4-3.
dolomite, 0.7%

quartz, 37.9%
kaolinite clay,
61.4%

Figure 4-3

XRD analysis results showing mineral composition of Coal 2.

Kaolonite is an aluminium silicate clay mineral with the chemical composition Al2Si2O5(OH)4
[115], quartz is composed of silicon and oxygen to form silica dioxide, SiO2, while dolomite’s
chemical composition is MgCa(CO3)2.
It was expected that comparison of the ash analysis with the XRD analysis would produce
very similar data. This is indeed the case where (according to the ash analysis) all three
coals contained very high percentage compositions of SiO2 (C1: 59.5%; C2: 50.0%; C3;
50.1%) as well as large percentages of aluminium (C1: 34.5%; C2: 26.3%; C3; 25.4%) which
corresponds well with the identified minerals using XRD analysis. Calcium was the third
greatest component in the coal ash analysis (after silica and alumina) which correlates well
with the dolomite content.
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5.

Experimental results and discussion

In this chapter the results of the adsorption experiments and the adsorption models that have
been applied are presented. Each coal sample was exposed to methane gas to produce an
adsorption isotherm. This was followed by exposure to carbon dioxide to produce a carbon
dioxide adsorption isotherm. The adsorption capacities of each coal for pure methane and
pure carbon dioxide were determined. The adsorption measurements were conducted using
volumetric and gravimetric apparatuses. All adsorption data are provided in Appendix A, A-7.
Adsorption experiments were conducted on the three coals and equilibrium measurements
taken. This was done by recording the change in pressure over time in the adsorption
chamber containing the coal sample once the coal had been exposed to an increase in
pressure (the stepwise gas-up procedure as described in Chapter 3, section 3.3.1.3). The
decrease in pressure within the chamber indicated that gas was being adsorbed by the coal.
As the coal adsorbed more gas, so the pressure continued to decrease until equilibrium was
recorded once the pressure had remained stable (pressure fluctuation no greater than
7 mbar) for at least 300 minutes (5 hours).

5.1 Results
5.1.1

Calculation of adsorption capacities for methane and carbon dioxide of the
three coals

To calculate the adsorption capacity (the number of moles of gas adsorbed per gram of coal,
mol/g) a reliable equation was required to calculate the molar volume of gas adsorbed while
taking the compressibility factor, z, of carbon dioxide into account. The Peng-Robinson
equation of state was chosen (see equation 5-1)

RT
aα
− 2
Vm − b Vm + 2bVm − b 2

p=

(5-1)

where;

a=

0.45724 R 2Tc2
pc

(unit: mol )

b=

0.07780 RTc
pc

(unit: mol-1)

-2

(

α = 1 + ( 0.37464 + 1.54226ω − 0.26992ω 2 )(1 − Tr0.5 )
Tr =

T
Tc
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)

2

ω is the acentric factor of the species (methane: 0.008; carbon dioxide: 0.225)
R is the universal gas constant, 8.314m3.Pa/(mol.K)
The Peng-Robinson equation of state was used to determine the molar volume, Vm , of the
adsorption chamber at the beginning of an adsorption experiment and again at equilibrium
(after 300 min of stable pressure). The molar volume was then converted to moles using
equation 5-2. The difference in moles of gas present in the free volume of the adsorption
chamber at the beginning and at the end of the experiment indicated the amount of gas
adsorbed at the respective pressure level under investigation (see Appendix A-5 for full
volume displacement calculations).

n=

V
Vm

(5-2)

where V is the free volume8 of the adsorption chamber.
Adsorption experiments were conducted over a 0 – 50 bar pressure range under isothermal
conditions. The coal sample was first exposed to methane during adsorption experiments. An
adsorption isotherm was plotted for methane gas using the data obtained from equations 5-1
and 5-2. The coal sample was then placed under vacuum for 48 hours before the carbon
dioxide adsorption experiments commenced. The same coal sample used to produce the
methane isotherm was then used for the carbon dioxide isotherm. Once the coal sample had
undergone exposure to both methane and carbon dioxide to produce single-component
isotherms, the next coal sample was loaded for adsorption experiments.
All three coals underwent adsorption experiments under the same pressure and temperature
conditions. Since there are currently no standard testing methods in place for coal adsorption
experiments, researchers determine their own definition of the time taken, or the conditions
at which, equilibrium are reached. These times may vary from 30 min to 12 hours [69, 116,
117]. In this investigation, adsorption equilibrium was defined as the point in time when the
pressure reading of the adsorption chamber did not fluctuate by more that 7 mbar (the
detection limit of the pressure transducer) for a period of 300 min (5 hours).

These

conditions were decided upon so as to determine ‘more accurate’ adsorption capacities than
capacities in the literature which are based on 30 min experiments. The time taken to reach
equilibrium generally increased as the pressure increased. The first few data points, ca. 5 to
20 bar generally reached equilibrium after 8 to 24 hours whereas the higher pressure
measurements took up to 38 days to stabilise. Error bars are shown for all adsorption values
8

Free volume – the volume in the adsorption chamber after the volumes displaced by the coal sample
and glass wool have been deducted from the total (empty) chamber volume.
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(see Appendix A-8 for full calculations and values). The adsorption capacity results obtained
for each coal are discussed.
5.1.2

Coal 1

The first coal to undergo adsorption experiments was from the Waterberg coalfield (C1A). All
isotherms were plotted from data calculated using equations 5-1 and 5-2.
An isotherm was produced by plotting millimoles (of methane) gas adsorbed per gram of coal
(mmol/g) against pressure (bar).

Adsorption (mmol/g)

0.30
0.25
0.20
0.15
0.10
0.05
0.00
0

10

20

30

40

50

60

Pressure (bar)
Figure 5-1

Methane adsorption isotherm for Coal 1 sample one (C1A).

Methane adsorption experiments were conducted at ca. 5 bar intervals up to 60 bar pressure
(see Figure 5-1). The isotherm shows a gentle curve until ca. 35 bar where the gradient
decreases slightly, indicating a Type I isotherm. However, the plateau is closely followed by a
steeper gradient starting at ca. 45 bar, depicting the form of a Type II isotherm [86]. After the
methane isotherm was completed the coal sample was placed under vacuum for two days
before initiating the carbon dioxide isotherm.

83

(d)
1.20
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Coal 1 (C1A) carbon dioxide
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Figure 5-2
Methane and carbon dioxide adsorption isotherms for Coal 1 sample one (C1A). The
adsorption readings of data point 9 after (a) 10, (b), 14, (c) 28 and (d) 56 days of adsorption are
shown. The adsorption experiment did not reach 300 min of constant pressure and was stopped after
56 days.

The carbon dioxide adsorption capacities are much greater than those for methane. The
carbon dioxide isotherm mimics the shape of the methane curve with a CO2/CH4 ratio of
approximately 2.5:1 up until data point 9 at ca. 35 bar (see Figure 5-2).
Data point 9 was terminated after 56 days due to time constraints. The intermediate
adsorption capacities after 10, 14, 28 and 56 days are indicated by (a), (b), (c) and (d)
respectively. The curve generated by these four intermediate data points clearly shows the
principle of volumetric adsorption studies where a decrease in pressure indicates adsorption
of the gas on the coal sample. The longer the coal is exposed to carbon dioxide (before
equilibrium is reached), the greater the total pressure decrease for the specific data point
and, thus, the greater the adsorption capacity achieved.
The slow decrease in pressure over a long period of time (56 days) resulting in equilibrium
not being reached, indicated the possibility of a leak. This was investigated. After modelling
the decrease in adsorption chamber pressure over time it was concluded that a leak was not
present. This was determined from the gradient of the plot.
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To test the repeatability of the adsorption method and the integrity of the apparatus a second
Coal 1 sample underwent adsorption experiments. Experimental conditions remained the
same as for the previous sample, however, adsorption experiments were conducted up to ca.
40 bar as; 1) it was thought unnecessary to repeat the entire isotherm as it would take many
days and 2) the range of 0 - 40 bar would complete 67% of the original isotherm range (0 -60
bar). The methane isotherm for the second Coal 1 sample (C1B) compared extremely well
with the methane isotherm of the first Coal 1 sample (C1A) (see Figure 5-3). The fact that the
measurements made on a 2 g sample were reproducible implies that the coal sample
selected for the comparison was homogeneous.
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Figure 5-3

Methane adsorption isotherms for Coal 1 samples one and two (C1A and C1B).

The C1B sample was placed under vacuum for two days before initiating the carbon dioxide
isotherm.
The CO2 isotherms for C1A and C1B were very similar in trend, but did not compare as well
as the almost identical C1A and C1B methane adsorption isotherms. The C1B carbon
dioxide isotherm produced slightly lower adsorption capacities than that of C1A (see Figure
5-4). The C1B coal sample was placed under vacuum for two days and the carbon dioxide
adsorption experiments were run a second time. It is important to note that the coal sample
had not been exposed to methane after the vacuum period and prior to the repeated carbon
dioxide isotherm. The resulting isotherm produced even lower adsorption capacities than the
initial C1B CO2 isotherm. This result led to further investigation of the effect methane may
have as an activating agent of sorts which potentially promotes greater adsorption capacity
for carbon dioxide.
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Figure 5-4

All carbon dioxide adsorption isotherms produced using Coal 1 samples one and two

(C1A and C1B). The adsorption readings of data point 9 of the C1A coal sample after (a) 10, (b), 14,
(c) 28 and (d) 56 days of adsorption are shown.

The C1B coal sample was again placed under vacuum for two days after which the sample
was exposed to ca. 20 bar of methane for two days. This was followed by the sample being
placed under vacuum for two days after which the third C1B CO2 isotherm was initiated. This
seems to indicate that exposure to methane gas may play a role in increasing the CO2
adsorption capacity (after extended exposure to carbon dioxide). The CO2 adsorption
capacity results of the third C1B CO2 isotherm were almost identical to the first C1B CO2
isotherm (which showed greater capacities than the second C1B CO2 isotherm). Another
feature of the repeated CO2 adsorption isotherms on the same coal sample was that the
initial CO2 adsorption capacity that was determined was reproduced even though the coal
sample had been exposed to further CO2 adsorption experiments and periods under vacuum
in between.
5.1.3

Coal 2

The second coal to undergo adsorption experiments, and the first of the two Highveld coals
(Coal 1 and Coal 2), was Coal 2. The Coal 2 (C2) methane isotherm showed adsorption
capacity values approximately 2.5 times greater than those of Coal 1 (see Figure 5-5). The
curve of the C2 isotherm mimics that of the Coal 1 isotherms, however, where the gradient of
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the C1A isotherm increases after ca. 40 bar the C2 gradient continues to gradually decrease
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Figure 5-5

Methane adsorption isotherms for Coal 1 samples (C1A and C1B) and Coal 2 (C2).

Once the methane isotherm had been completed, the coal sample was placed under vacuum
for two days before initiating the carbon dioxide adsorption experiments.
The Coal 2 sample showed carbon dioxide adsorption capacities that were greater than the
methane adsorption capacities for that coal (CO2/CH4 ratio of ca. 1.8:1). The carbon dioxide
isotherm mimics the shape of the methane curve up until data point 8 (ca. 39 bar) where the
adsorption experiment continued for 56 days, after which it was stopped due to time
constraints (see Figure 5-6). At this point equilibrium had not yet been reached.
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Figure 5-6
Carbon dioxide adsorption isotherms for Coal 1 sample (C1A) and Coal 2 sample
(C2). The adsorption readings of C1A data point 9 and C2 data point 8 after 10, 14, 28 and 56 days
are indicated by (a), (b), (c) and (d) respectively. The carbon dioxide experiments did not reach 300
min of constant pressure and were stopped after 56 days.

The C2 methane adsorption capacity is approximately three times greater than that of the
C1A methane adsorption capacity. The C2 carbon dioxide isotherm contains values
approximately double those of the Coal 1 carbon dioxide adsorption isotherm.
5.1.4

Coal 3

Coal 3 (C3) was the third and final coal to undergo adsorption experiments. The Coal 3
methane adsorption isotherm appears to imitate the curve of the Coal 1 sample rather than
the gentler slope of Coal 2. The Coal 3 isotherm (see Figure 5-7) shows a more ‘acute’
change in gradient at ca. 40 bar than the C1A isotherm’s gradient change at the same
pressure. Data point 7 (ca. 48 bar) of the C3 methane isotherm was stopped after 38 days
due to time constraints. Equilibrium was not yet reached. The Coal 3 methane adsorption
capacity is approximately twice that of the Coal 1 sample.
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Figure 5-7
method.

Methane adsorption isotherms for Coal 1, Coal 2 and Coal 3 using the volumetric

Once the methane isotherm had been completed, the coal sample was placed under vacuum
for two days before initiating the carbon dioxide adsorption experiments.
The Coal 3 sample showed carbon dioxide adsorption capacities that were greater than the
methane adsorption capacities for that coal (CO2/CH4 ratio of ca. 2.3:1). The carbon dioxide
isotherm mimics the gradient of the methane curve up until data point 6 (ca. 25 bar) where
the gradient increases slightly up until data point 8 (ca. 48 bar). Data point 8 continued
adsorbing for 28 days, after which it was stopped due to time constraints (see Figure 5-8). At
this point equilibrium had not yet been reached.
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Figure 5-8
Methane and carbon dioxide adsorption isotherms for Coal 3. The adsorption readings
of C3 data point 8 after 10, 14 and 28 days are indicated by (a), (b) and (c) respectively. The carbon
dioxide experiment did not reach 300 min of constant pressure and was stopped after 28 days.
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Figure 5-9
Carbon dioxide adsorption isotherms for Coal 1, Coal 2 and Coal 3 using the
volumetric method.

The Coal 3 carbon dioxide adsorption isotherm (see Figure 5-9) closely imitated the Coal 2
CO2 isotherm, however, the C3 adsorption experiments reached equilibrium at pressures of
ca. 35 and 40 bar whereas the Coal 1 and Coal 2 samples, respectively, had not. The

adsorption capacities of the two Highveld coals (C2 and C3) compare well. All three carbon
dioxide isotherms appear to show the same trends w.r.t. gradient in the isotherm structure.
The carbon dioxide adsorption isotherms for all three tested coals reached a specific data
point in the isotherm where equilibrium was not reached, i.e. where the adsorption
experiment continued for many weeks and had to be stopped due to time constraints. These
data points were at ca. 35 bar (C1A), 40 bar (C2) and 50 bar (C3). This finding corresponds
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to reports by Toribio, 2004, [66] where it was observed that the adsorption capacity plateaus
in the vicinity of the CO2 critical point and is followed by an abrupt increase in adsorption
capacity with the resulting isotherm displaying two distinct steps. The abrupt increase in
adsorption seen in this study could be explained following Toribio’s findings since the coals
were approaching supercritical conditions.
5.1.5

Gravimetric method adsorption data

Adsorption experiments were carried out on the three tested coals using both volumetric and
gravimetric adsorption methods (gravimetric method explained in section 3-3). The
volumetric method operated over an effective pressure range of 0 to 60 bar, whereas the
gravimetric apparatus is limited to the 0 – 20 bar range. The gravimetric apparatus was able
to draw a stronger vacuum (1 x 10-7 bar) than was possible on the volumetric apparatus (7 x
10-5 bar). The gravimetric apparatus provided the same experimental conditions/environment
as those used in the volumetric experiments. The same sequence of adsorption applied with
first the methane isotherm being plotted, followed by a period of vacuum, and then the
plotting of the carbon dioxide isotherm. The methane isotherms measured gravimetrically for
each of the three coals are shown in Figure 5-9.
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Figure 5-10
method.

Methane adsorption isotherms for Coal 1, Coal 2 and Coal3 using the gravimetric

The three methane isotherms, in relation to each other, compare well with the trends
observed using the volumetric method where Coal 1 showed the lowest adsorption
capacities, Coal 2 the highest, and Coal 3 at an intermediate value. In the volumetric results
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the C3 isotherm follows the trend of the C1 isotherm (see Figure 5-7) while having a greater
adsorption capacity. In this case, the C3 isotherm (see Figure 5-10) closely fits the curve of
and shows similar adsorption features of the C2 isotherm. Comparison of the adsorption
capacities using the two adsorption methods show that the gravimetric method produced
adsorption capacities approximately double those calculated using the volumetric method.
This difference in adsorption capacity is attributed to the difference in vacuum strength
between the two apparatuses. In both methods rigid experimental conditions were
maintained with regard to the duration and strength of the vacuum periods. As the three
coals underwent identical gravimetric experimental procedures and identical volumetric
procedures, it is expected that the isotherm trends observed between the three coals are the
same (see Figure 5-11). However, due to the difference in vacuum strength, it is thought that
the vacuum period in the volumetric method was too short to completely evacuate the coal
pores (or, at least, to the same extent as in the gravimetric method) and thus the adsorption
capacities of the volumetric adsorption experiments are lower.
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Figure 5-11

Adsorption capacities calculated using the volumetric (solid markers) and gravimetric

method (outlined markers) showing the similar trends observed with regard to C1:C2:C3 CO2 ratios.
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The adsorption capacity CO2/CH4 ratios of the respective coals compare well between the
two methods (see Table 5-1). In the volumetric results Coal 1 showed a CO2/CH4 ratio of ca.
2.5:1, Coal 2 displaying 1.8:1 and Coal 3 with 2.2:1 Using the gravimetric method, the
following CO2/CH4 ratios were produced (values taken at 20 bar): Coal 1:

2.3:1;

Coal 2: 2.3:1; and Coal 3: 2.2:1. The Coal 1 and Coal 3 volumetric and gravimetric ratios
compare well, however, the Coal 2 ratios differ noticeably between the two methods.
Table 5-1

CO2/CH4 ratios of the three coals obtained using the volumetric and gravimetric

methods.
Volumetric
CO2/CH4 ratio
2.5:1
1.8:1
2.2:1

Coal 1
Coal 2
Coal 3

Gravimetric
CO2/CH4 ratio
2.3:1
2.3:1
2.2:1

Coal 1 - methane (gravimetric)
Coal 2 - methane (gravimetric)
Coal 3 - methane (gravimetric)
Coal 1 - carbon dioxide (gravimetric)
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Figure 5-12
Methane and carbon dioxide adsorption isotherms for Coal 1, Coal 2 and Coal 3 using
the gravimetric method.

The CO2/CO2 gas ratio for Coal 2 compared to Coal 1 tested using the volumetric apparatus
shows a ratio of 2.1:1 (at 20 bar) whereas the ratio produced using the gravimetric apparatus
is 3.0:1. The two coals were compared to investigate the effect of different pore diameter
and vacuum strength. Coal 2 has an average pore diameter of 14.20 Å while Coal 1 has a
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larger diameter of 15.32 Å. The difference in adsorption capacity between the volumetric and
gravimetric adsorption results has been attributed to a stronger vacuum in the gravimetric
method (gravimetric apparatus vacuum strength: 1 x 10-7 bar, volumetric apparatus vacuum
strength: 7 x 10-5 bar). The stronger vacuum could also explain the greater CO2/CO2 ratio
between C1 and C2 coals using the different methods as the gravimetric apparatus would be
able to evacuate the smaller pores (which would be more difficult to evacuate than larger
pores) in the C2 coal sample to a greater extent than the volumetric method vacuum could.
Thus, the difference in CO2/CO2 ratios between the C1 and C2 coals could be justified by the
difference in vacuum strength of the two adsorption methods.
A complete error analysis was performed on the calculation procedure for the determination
of adsorption capacity values (see Appendix A-8).
Vehicle carbon dioxide emissions range between 100 and 400 g CO2/km [118]. A typical
family saloon emits ca. 179 g CO2/km [119] and covers a distance of 30 000 km per year.
The average CO2 adsorption capacity determined using the gravimetric method at sub supercritical conditions is ca. 5 mmol CO2/g coal. This means that ca. 24 tons of coal would be
required to store the CO2 emissions of one car per year at sub super-critical conditions.
Ideally, carbon sequestration techniques are employed at super-critical conditions where
much higher adsorption capacities are achieved. This decreases the amount of coal required
to store CO2 emissions.
5.1.6

Interpretation of adsorption data in the literature

Experimental conditions of adsorption experiments on coals involving carbon dioxide as
adsorbate vary greatly. Variable parameters in adsorption experiments include:
•

temperature

•

pressure range

•

coal particle size

•

sample size

•

moisture content

•

definition of equilibrium

•

excess or absolute adsorption reported

•

evacuation of the coal sample

5.1.6.1 Temperature

Various studies have been conducted to investigate the effect of temperature on adsorption
capacity. An increase in temperature results in a higher percentage of the stored gas in the
free state, rather than the sorbed state. Thus adsorption capacity tends to decrease as
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temperature increases and increase as temperature decreases [66, 116]. However, studies
focussing on other parameters, such as the effect of pressure or grain size, have freely
chosen the temperature under which they wished to conduct isothermal experiments. The
temperatures documented in the literature include 15 oC [99], 17 oC [52], 22 oC [83, 116, 117,
120], 25 oC [67, 85, 99, 121, 122], 30 oC [72, 120], 35 oC [66], 40 oC [27, 120, 123], 45 oC
[66] 55 oC [66, 83, 116, 120] 60 oC [27] and 80 oC [27]. It has been reported that temperature
has a negative effect of ca. 25% on the CO2 adsorption capacity with a change in
temperature from 22 to 55 oC [83]. Thus, comparison of adsorption data can only be
considered a ‘relative’ comparison of adsorption capacities when experimental temperature
conditions differ.
5.1.6.2 Pressure range

Adsorption experiments have been conducted over an extensive range of pressures with the
general trend of adsorption capacity increasing with an increase in pressure. Many studies
have been conducted within the pressure range where carbon dioxide is in a supercritical
state [68, 72, 78, 83, 116, 123] as these pressure conditions would be representative of the
conditions under which coal would be stored in a coal seam. Adsorption research in the nonsupercritical state range (0 – 72 bar) [17, 52, 62, 66, 67, 85, 99, 117, 120, 124-126] is useful
for initial studies to evaluate a coal seam’s sequestration potential. In this study isotherms
were plotted over a pressure range of 0-50 bar.
5.1.6.3 Coal particle size

Coal preparation techniques vary across the literature with many researchers preferring to
conduct adsorption experiments on coal particles smaller than 250 µm [52, 66, 67, 100, 116,
123, 125], some preferring fractions between 0.5 and 0.75 mm [85, 99] and others choosing
plates of 15 x 15 x 15 mm [122]. A few studies have been conducted on coal samples in the
form of cylinders of various sizes [62, 124]. Most sorption studies have been carried out on
very finely ground coal samples.
Weishauptova et al. [67] conducted a study to compare sorption on fine grains and coarse
particles. A decrease in relative sorption capacity as well as an increase in sorption rates
was observed for increasing grain sizes. This was attributed to more complex pore structures
in the larger particles. It can be assumed that pore structures are partly destroyed during the
grinding of coal. Nandi and Walker [45] observed similar results of increasing diffusion rates
with decreasing grain size. They concluded that grinding produces additional macropores
that result in a positive influence on the sorption rate. Siemons et al. [68] performed a similar
set of experiments, finding that above a certain particle diameter (~0.5 - 1.0 mm) the sorption
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rates remain more or less constant. This effect was also noted after investigations by Airey
and Bertand et al. [69-71].
In this study the coal samples were not screened but underwent a fixed milling procedure.
This was to allow natural fracturing under stress which could be attributed to the three coals’
different petrographic contents.
5.1.6.4 Sample size

Values for the coal sample size in the literature vary from 0.1 g to 500 g. Although sample
sizes vary, this should not impact the final adsorption capacity. In this study a 2 g sample
was used for the volumetric adsorption experiments and 120 mg for the gravimetric
adsorption experiments.
5.1.6.5 Moisture content

Adsorption experiments have been conducted on wet coals having varying degrees of
moisture content, as well as dry coals [72]. In this study the coal samples were dried at
105 – 110 oC for 1.5 hrs before directly loading the sample into the apparatus. It has been
reported that moisture has a negative effect on the adsorption capacity of coal, i.e.
adsorption capacities decrease with an increase in moisture content [66]. This is attributed to
water competing with carbon dioxide for sorption sites on the coal. In doing so the water
blocks access to the micropores resulting in a decrease in CO2 sorption capacity.
5.1.6.6 Definition of equilibrium

Equilibrium for adsorption experiments is not clearly defined, and thus, the literature contains
a range of definitions determined by individuals and/or research groups. Researchers have
published adsorption results where ‘equilibrium was achieved’ after 20 – 30 minutes [69, 116,
117] , others define equilibrium after 2 – 3 hours [78, 83] and some report equilibrium was
achieved after 12 hours [116]. It should be kept in mind that at equilibrium the rate of
pressure change should be negligible. The time periods that have been used to define
equilibrium in the literature are most likely over-simplified in these reports as the definition
would not have been based on a time period, but rather a rate of pressure change over time.
The determined average time period taken to reach the set rate of pressure change vs. time
was likely reported as the equilibrium time. Indeed, the criteria that equilibrium was achieved
after approximately 30 minutes were applied to the data in this study (see Figure 5-13). This
definition would only account for ca. 79.9% of the adsorption ultimately achieved following
our equilibrium criteria. Shimada, 2004, [123] defined equilibrium to be achieved once the
pressure change was less than 5 x 10-3 MPa per hour (< 50 mbar per hour). In this study
equilibrium was defined as a pressure change of less than 7 mbar over a period of 300 min.
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Figure 5-13
The software interface showing an incomplete adsorption isotherm of Coal 2
illustrating the amount of adsorption that occurs after 30 minutes. Equilibrium was finally reached at
4163 mbar as the pressure reading had remained stable for 300 minutes.

5.1.6.7 Excess or absolute adsorption reported

Adsorption capacities are reported either using excess adsorption isotherms or absolute
adsorption isotherms. These isotherms differ significantly in adsorption capacities and should
not be compared on equal scale. In this study absolute adsorption capacities are reported.
5.1.6.8 Evacuation of the coal sample

Adsorption experiments are conducted on coals that have been placed under vacuum before
exposure to the adsorbate gas. However, the strength and time period of the vacuum
imposed on the coal sample is not very often specified and thus this factor becomes another
variable which has an impact on the adsorption capacity as the degree of evacuation of the
coal pores is not reported.
5.1.7

Comparison of experimental results with literature data

As mentioned in the previous section, it is difficult to compare the adsorption results obtained
in this study to other data reported in the literature since the experimental procedures differ
greatly as a result of the many variable parameters to control and having no prescribed
experimental procedure set in place.
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The adsorption results obtained in this study were compared to literature data where
experiments were conducted at the same temperature as this study (22 oC) and on ground
coal samples. The adsorption capacities reported in the literature were given in adsorption
concentration values of scf/ton, cm3/g, m3/ton and mmol/g. However, it is unclear how these
values and volumes were calculated and defined. Comparisons were made where possible.
In this study the South African coals produced methane adsorption capacities of up to ca.
0.24 mmol/g (C1), 0.54 mmol/g (C2) and 0.51 mmol/g (C3) over a 50 bar pressure range
using the volumetric method. Carbon dioxide adsorption capacities of up to ca. 1.26 mmol/g
(C1), 2.84 mmol/g (C2) and 1.70 mmol/g (C3) were achieved over a 50 bar pressure range
using the volumetric method. The gravimetric apparatus produced adsorption capacities that
were approximately two times greater than those achieved using the volumetric method.
The experimental results compare well to the CO2/CH4 ratios, as well as, the adsorption
capacity determinations reported in literature. Goodman et al. [83] report CH4 adsorption
capacities of up to 1.5 mmol/g-coal and 2.5 mmol/g-coal for CO2 at 50 bar at 22 oC. The
reported values follow the accepted trend that an increase in temperature results in a
decrease in adsorption capacity [65] with CH4 and CO2 capacities only reaching 1.2 and 2.0
mmol/g-coal respectively at 50 bar at 55 oC. Ozdemir et al. [84] reported capacities of up to
1.5 and 2.2 mmol/g-coal for CH4 and CO2 respectively at 40 bar and 22 oC. Milewska-Duda
et al. [85] conducted experiments at 25 oC up to 60 bar and achieved adsorption capacities of

0.6 and 1.5 mmol/g-coal for CH4 and CO2 respectively.
South African coal adsorption capacities compare well with the adsorption capacities of
international coals which have been ear-marked for sequestration projects. It is thus
concluded that South African coals have the potential to be implemented as sequestration
reservoirs.
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6. Modelling carbon dioxide adsorption
To be able to predict the adsorption behaviour of a coal seam an equation of state model is
required. In this chapter the various models commonly used for adsorption data are
discussed, as well as, the fitting of adsorption data of the three South African coals to three
models.

6.1

Modelling of adsorption data

The simplest form of adsorption equilibrium is that of a single adsorbate, i.e. singlecomponent or pure-component adsorption. The amount of adsorbate adsorbed by an
adsorbent when equilibrium is reached, under a given temperature and pressure, is a
function of the nature of the adsorbate and adsorbent. For a given adsorbate-adsorbent
system, the adsorption equilibrium data for gas adsorption may be expressed as

q = f ( p, T )
where

q = amount absorbed per unit mass adsorbent (commonly expressed as moles of adsorbate
per gram of adsorbent)

T = temperature

p = partial pressure of the adsorbate
For gas adsorption the adsorbate gas may be present alone in the gas phase so that the
partial pressure and the total pressure are the same. At constant temperature the amount of
adsorption may be considered as

q = f ( p)
where

T = constant
which is commonly referred to as the adsorption isotherm [64].
One proposed reason for deviation from ideality in gas adsorption is the energetic
heterogeneity of a coal’s surface [127]. It has been reported that due to heterogeneity of the
surface there occur different gas selectivities at various areas of the surface which result in
deviations in model predictions.

6.2

Model equations for absolute adsorption, nabs

The absolute adsorption, nabs, is the amount of material actually adsorbed on a solid
adsorbent (refer to sections 3.2.10.1 and 3.2.10.2). Various adsorption model equations have
been proposed to represent this amount. Several equations are based on a theoretical
foundation, i.e. the Langmuir, Erying, and virial equations of state. Some models are derived
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to provide empirical curve fits, i.e. the Langmuir-Freundlich, Toth, UNILAN, Modified BET,
and the Dubinin equations (see Table 6-1) [117].
The model equations shown in Table 6-1 are used to represent the amount of gas in the
adsorbed phase grouped according to the mechanism of adsorption and the surface
properties of the solid adsorbent. The Dubinin equation is based on a pore filling model
rather than a surface adsorption mechanism.
Table 6-1
Mechanism of
adsorption

abs b

Model equations used to represent the absolute adsorbed amount, n
Surface of the
adsorbent
homogeneous

monolayer
surface
adsorption

heterogeneous

multilayer surface
heterogeneous
adsorption
pore filling

heterogeneous

Model

[117].

Model equation
abs

= no P / ( K + P )

Langmuir

n

LangmuirFreundlich

n abs = no P t / ( K + P t )

Toth

n abs = no P / ( K + P t ) t

UNILAN

n abs = ( no / 2t ) ln ( K + Pet ) / ( K + Pe − t ) 

1

modified BET

t
t +1
 n K ( P / Ps )   1 − ( t + 1)( P / Ps ) + t ( P / Ps ) 
n abs =  o
 
t +1 

 1 − ( P / Ps )   1 + ( K − 1)( P / Ps ) − K ( P / Ps ) 

Dubinin-Astakhov

{

n abs = no exp −  K ln ( Ps / P ) 

t

}

b

no is the adsorption/monolayer/micropore capacity, K is the affinity coefficient between the adsorbent and the
adsorbate, and t is the exponent related to the heterogeneity of the solid adsorbent.

6.2.1

The Langmuir equation

The simplest, and by far the most widely used, expression for physical adsorption from either
gas or liquid solutions is the Langmuir equation. The Langmuir equation, or Langmuir
isotherm, relates the coverage (adsorption) of molecules on a solid surface to gas pressure
(or concentration of a medium) above the solid surface at isothermal conditions. The
equation was developed by Irving Langmuir in 1916. The Langmuir equation can be derived
in several ways, e.g. thermodynamically or by a statistical approach, however, this
expression is commonly derived through a kinetic approach. The equation is derived from the
assumed rate expressions of both adsorption and desorption. Adsorption equilibrium is
considered as a state of dynamic equilibrium when both the adsorption and desorption rates
are the same. The following assumptions are used when deriving the expressions:
1. Adsorption of adsorbate molecules takes place at well-defined localised sites.
2. All adsorption sites are energetically identical (homogeneous), and each site
accommodates only one adsorbate molecule.
3. There are no lateral interactions, i.e. interactions between adjacent adsorbed
adsorbate molecules.
The adsorption rate is assumed to be ka p (1 − θ )
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The desorption rate is assumed to be kdθ
where

θ is the coverage, as defined by θ =

q
for pure gas adsorption
qm

where

q = moles of adsorbate adsorbed per unit mass of adsorbent and
qm = the maximum adsorbed phase concentration where all the adsorption sites are occupied
At equilibrium ka p (1 − θ ) = kdθ
which becomes θ =

q
bp
after rearrangement,
=
qm 1 + bp

(6-1)

where

b=

ka
(the Langmuir equilibrium constant which increases with an increase in adsorption
kd
and with a decrease in temperature), and

p = the partial pressure of adsorbate in the gas phase
The Langmuir equation shows the correct asymptotic behaviour of monolayer adsorption
since as p → ∞ , q → qm , while Henry’s Law is obeyed as p → 0 .

q
lim   = bqm = K
p →0 p
 
The Langmuir equation is a two parameter expression representing adsorption equilibrium
data of Type I isotherms.
Equation 6-1 may be rearranged to give:

1 1
1 1
=
+
q qm bqm p
which displays a linear behaviour between

(6-2)

1
1
versus
which provides a procedure for
q
p

evaluating qm and b from experimental data. It should be noted that a best fit of

1
versus
q

1
is not the equivalent to a best fit between q and p . The Langmuir parameters can be
p
easily obtained from experimental data by using several standard parameter-search
procedures without resorting to using the linearity of
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1
1
versus
[64].
q
p

6.2.2

The Freundlich equation

The Freundlich equation (equation 6-3) is a simple equation used for adsorption data
representation. However, it does contain a serious defect in that it fails to observe Henry’s
Law behaviour in the limiting situations of p → 0 .
1

q = Ap n

(6-3)

q = moles of adsorbate adsorbed per unit mass of adsorbent
A = coefficient of the Freundlich isotherm equation and
n = the Freundlich constant
The Freundlich equation is derived from a modification of the Langmuir equation which
extends to heterogeneous surfaces, i.e. composite surfaces considered to be composed of
many homogeneous patches. The Freundlich equation represents a monolayer mechanism
of adsorption.
6.2.3

The Langmuir and Freundlich isotherms

The Langmuir and Freundlich isotherms are used for fitting the experimental data in
adsorption studies to understand the extent and degree of favourability of adsorption [128].
Each of the two isotherms has two constants in their general forms given by equations 6-2
and 6-3, which indicate:
•

Adsorption capacity: b of the Langmuir equation, and k of the Freundlich equation

•

Intensity of adsorption:   of the Freundlich equation

1
n

The Freundlich constant, n , also indicates the degree of favourability of adsorption [128].
Both the Langmuir and Freundlich isotherms depend on temperature, T . For adsorption to
be classified as ‘favourable’, the Freundlich constant, n , should have a value in the range of
1 to 10.
6.2.4

Modified Langmuir expressions

The Langmuir expression can be modified in several ways to improve its fit to experimental
data. The Langmuir-Freundlich expression combines the Langmuir and Freundlich equations
(Equations 6-2 and 6-3) given as:
1

q
bp n
=
1
qm
1 + bp n

(6-4)
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Equation 6-4 is similar to equation 6-2 in its asymptotic behaviour as p → ∞ and has been
found to be superior to both the Langmuir and Freundlich equations in data correlation of
certain types of hydrocarbon adsorption on activated carbons.

The Langmuir-Freundlich equation contains three parameters: qm , b , and n . There exist
many other three-perameter isotherm expressions which have been used extensively to
correlate gas-adsorption isotherm data when the Langmuir equation alone has failed. One
such equation is the Toth Equation. In its final form, the Toth equation may also be regarded
as a modified Langmuir equation as shown in equation 6-5 [64]:

q
=
qm

b' =

p

(6-5)

1
t t

(b′ + p )

ka
kd

and

t = a constant of the Toth equation
6.2.5

The BET equation for multilayer adsorption

The BET (Brunauer, Emmett, and Teller) equation is capable of correlating adsorption
isotherm data exhibiting type II isotherm behaviour. The derivation of Brunauer, Emmett, and
Teller followed the Langmuir approach except that adsorption takes place in multilayers
before monolayer coverage is complete. The model assumes that for each adsorption site,
an arbitrary number of adsorbate molecules may be accommodated. However, the rate of
adsorption of the first layer is different from those of other layers. The equation is written as:

P
P 
q
 s
=
qm 
 P    P  
1 + (α − 1)    1 −   
 Ps     Ps  


(6-6)

where

P = the partial pressure of adsorbate in the gas phase
Ps = the saturation vapour pressure of the adsorbate at the set temperature and

α = a BET equation constant.
6.2.6

The Modified BET (BETn) equation

The Modified BET (BETn) equation is based on n number of adsorbed layers rather than
monolayer adsorption as in the Langmuir equation, or infinite number of adsorbed layers as
in the BET equation.
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n

abs

t
t +1
 no K ( P / Ps )   1 − ( t + 1)( P / Ps ) + t ( P / Ps ) 
=
 1 − ( P / P )   1 + ( K − 1)( P / P ) − K ( P / P )t +1 
s


s
s


(6-7)

where

n abs = is the absolute number of moles adsorbed
n0 = adsorption capacity
K = the affinity coefficient
P = partial pressure of the gas in the adsorbed phase
Ps = saturation pressure

and

t = the heterogeneity parameter.
When a particular adsorption equation is used for determining the n abs term (see equation 67) the fit of the experimental adsorption data provide meaningful constants such as the
adsorption capacity, n0 , the affinity coefficient, K , and the heterogeneity parameter, t .
These values can then be used in determining the surface area, heat of adsorption and the
average pore size of the solid adsorbent.

6.3

Model equations used for interpretation of South African
coal adsorption data

The adsorption data of the three coals were tested against the following models:
•

the Langmuir equation

•

the Freundlich equation and

•

the Modified BET equation

The Langmuir and Freundlich equations are typical monolayer adsorption models while the
Modified BET isotherm extends to multilayer adsorption.
6.3.1

Model fit of the Langmuir equation

In order to fit the adsorption isotherms to the model curves, the adsorption data were
substituted into a linearly regressed Langmuir equation and graphs were plotted using
Microsoft Office Excel ®.
The methane and carbon dioxide adsorption isotherms were tested on the regressed
Langmuir equation. The equation was expressed as equation 6-8 [64]:

Γ=

Γ max Kc
1 + Kc

(6-8)

where

K = Langmuir equilibrium constant

c = the partial pressure of adsorbate in the gas phase
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Γ = accumulated mass adsorbed (is the coverage for pure gas adsorption) and
Γ max = maximum amount adsorbed as c increases.
The Langmuir equation can be optimised by linear regression and non-linear regression
methods. Commonly used linear regression methods include: Lineweaver-Burk, EadieHofstee and Langmuir. The double reciprocal of the Langmuir equation yields the
Lineweaver-Burk equation which was proposed in 1934 (see equation 6-9) [64]:

1
1
1
=
+
Γ Γ max Γ max Kc

A plot of

(6-9)

1
1
1
1
vs.
yields a slope equal to
and an intercept equal to
.
Γ
c
Γ max
( Γ max K )

The adsorption data were fitted to the linearly regressed Langmuir model (equation 6-9). The
results of the model fits and Langmuir constants used (K and Γmax) are shown in Table 6-2.
Table 6-2

Data of adsorption isotherms fitted to the Langmuir equation.

Coal Sample
Coal 1 (C1A)
Coal 2 (C2)
Coal 3 (C3)

Isotherm

K

methane
carbon dioxide
methane
carbon dioxide
methane
carbon dioxide

R2 value

Γmax
-7

2.5 x 10
6.5 x 10-7
1.9 x 10-2
3.1 x 10-6
1.5 x 10-6
-6
2.9 x 10

-2

1.3 x 10
4.9 x 101.3 x 10-1
8.0 x 10-2
1.7 x 10-2
-2
8.3 x 10

0.9937
0.9701
0.9938
0.8926
0.9442
0.9436

The adsorption data fits the Langmuir equation extremely well with all the isotherms fitting
the model with R2 values for methane adsorption data falling between the range of 0.9442
and 0.9971 and between 0.9436 and 0.9701 for the carbon dioxide data. The actual
adsorption data obtained were plotted against the predicted isotherms to show the fit of the
model (see figures 6-1 to 6-6). The results indicate that monolayer adsorption occurred.

6.3.2

Model fit of the Freundlich equation

In order to fit the adsorption isotherms to the Freundlich equation, the adsorption data were
substituted into a linearly regressed Freundlich equation and graphs were plotted using
Microsoft Office Excel ®.
The methane and carbon dioxide adsorption isotherms were tested on the regressed
Freundlich equation so that ln p vs. ln A could be plotted. The results of the model fits and
Freundlich constants used (n and A) are shown in Table 6-3.
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Table 6-3

Data of adsorption isotherms fitted to the Freundlich equation.

Coal Sample
Coal 1 (C1A)
Coal 2 (C2)
Coal 3 (C3)

2

Isotherm

n

A

R value

methane
carbon dioxide
methane
carbon dioxide
methane
carbon dioxide

1.31
1.57
2.85
2.77
2.62
2.64

3.1 x 10-8
-6
1.4 x 10
-3
2.2 x 10
-4
1.8 x 10
1.6 x 10-3
1.3 x 10-4

0.9962
0.9683
0.9769
0.9371
0.9436
0.9728

The methane adsorption data fits the Freundlich equation extremely well with isotherms
fitting the model having R2 values falling between the range of 0.9436 and 0.9971 while the
carbon dioxide R2 values fell between 0.9371 and 0.9958.

The actual adsorption data

obtained were plotted against the predicted isotherms to show the fit of the model (see
Figures 6-1 to 6-6). These results indicate that monolayer adsorption occurred as the models
fit the calculated adsorption values well.
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Figure 6-1

Methane adsorption data of Coal 1 showing the model fit of the Freundlich and

Langmuir models.
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Figure 6-2

Carbon dioxide adsorption data of Coal 1 showing the model fit of the Freundlich and

Langmuir models.
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Figure 6-3

Methane adsorption data of Coal 2 showing the model fit of the Freundlich and

Langmuir models.
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Figure 6-4

Carbon dioxide adsorption data of Coal 2 showing the model fit of the Freundlich and

Langmuir models.
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Figure 6-5

Methane adsorption data of Coal 3 showing the model fit of the Freundlich and

Langmuir models.

108

1.2

Calculated adsorption
Freundlich model

Adsorption (mmol/g)

1

Langmuir model

0.8

0.6

0.4

0.2

0
0

10

20

30

40

50

Pressure (bar)

Figure 6-6

Carbon dioxide adsorption data of Coal 3 showing the model fit of the Freundlich and

Langmuir models.

The Freundlich and Langmuir models both fit the methane and carbon dioxide adsorption
isotherms very well (as seen in Figures 6-1 to 6-6). In all cases the Freundlich model shows
a better fit than the Langmuir model. This is especially noted in the carbon dioxide adsorption
isotherms where the Langmuir model tends to plateau at pressures where the carbon dioxide
adsorption experiments had continued indefinitely and were stopped after many weeks (C1A:
35, C2: 40 , C3: 50 bar respectively). The Freundlich model, however, tends to closely mimic
the entire trend of the carbon dioxide adsorption isotherms.

These calculations further

confirm the extremely good model fits reported in Tables 6-2 and 6-3 where linear regression
of the Freundlich and Langmuir models was used to determine whether monolayer
adsorption had occurred.

6.3.3

Model fit of the Modified BET equation

The purpose of fitting a multilayer adsorption isotherm was to investigate the possibility of a
Type II adsorption isotherm, i.e. an isotherm that represents the formation of a second
adsorbate layer once monolayer adsorption is complete. Coal 1 and Coal 3 showed methane
isotherms that tended to fit a Type I isotherm up until a certain pressure (ca. 45 bar) and then
steeply increase in adsorption gradient.
On fitting the adsorption data to the Modified BET equation, however, poor R2 values were
achieved (R2 values of approximately 0.31 for all the isotherms). Thus, it was concluded that
multilayer adsorption did not occur.
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7. Conclusions and recommendations
In this study three South African coals underwent volumetric and gravimetric method
adsorption experiments using methane and carbon dioxide gases. Single-component
adsorption isotherms were measured and compared to literature data. The following
conclusions and recommendations are made:
•

The gravimetric apparatus was employed as a tool to confirm the adsorption
capacities achieved using the volumetric apparatus. The adsorption capacities that
were determined using the two different methods were not identical. However, the
relative ratios between the three tested coals and the isotherm gradients compared
extremely well. It was found that the gravimetric apparatus produced adsorption
capacities that were approximately double those obtained using the volumetric
apparatus. This difference in adsorption capacity was attributed to a difference in
vacuum strength, with the gravimetric apparatus having a stronger vacuum. The
comparison of adsorption results using the two methods shows that experiments
conducted using the volumetric apparatus were of a very high standard with only the
vacuum system having a detrimental effect on the results.

•

It should be noted that the gravimetric apparatus is not suitable for adsorption
isotherms above 20 bar as the buoyancy effect overpowers accurate adsorption
results. Thus, the gravimetric method can be used as a tool to determine the accurate
order of magnitude of adsorption capacity determined using the volumetric method.

•

From the analysis data for each South African coal it was anticipated that Coal 1
would have the lowest adsorption capacity, ca. 2 to 2.5 times smaller than the
Highveld coals (Coal 2 and Coal 3) which were predicted to have almost identical
adsorption capacities. This prediction was largely based on the surface area values
for each coal sample (C1: 93.94 m3/g, C2: 246.18 m3/g and C3: 287.30 m3/g). These
anticipated results were seen in the final adsorption capacities indicating that surface
area plays a vital role in adsorption capacity of a coal.

•

Various parameters determine overall adsorption capacity of a coal, thus surface area
may not be the only indication of adsorption capacity since a coal’s petrography also
plays an important role. As mentioned previously, the inertinite maceral tends to have
larger pores than vitrinite. Inertinite content for Coal 2 and Coal 3 were extremely high
(C2: 62.4%; C3: 68.4%) compared to Coal 1 (11.4%) which implied that Coal 2 and
Coal 3 would have much lower adsorption capacities than Coal 1 (if adsorption
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capacity were purely based on petrography). Also, Coal 1’s higher percentage
composition of vitrinite compared to the other two coals (C1: 24.2%; C2: 13.8% and
C3: 18.2%) indicated that this property should increase its adsorption capacity. This
prediction would contradict the prediction based purely on surface area. The results
show that the predictions based on petrography were not realised, indicating that
petrography may well have an effect on adsorption capacity but other factors, such as
surface area, may ‘over-shadow’ it’s effect.
•

Minerals are non-porous, thus the total mineral matter content was considered an
important factor as Coal 1 had a significantly greater mineral matter percentage
composition (63.0%) than Coal 2 (20.0%) and Coal 3 (8.2%) which would drastically
decrease Coal 1’s adsorption potential. It was predicted that Coal 1’s high mineral
content would outweigh the adsorption capacity advantage gained by its relative
inertinite content. The results show that surface area appeared to be the determining
factor as to the adsorption capacity of all three coals. The anticipated effect of
characteristics associated with inertinite and vitrinite appeared to be inconsequential.
However, the total mineral matter content correlated well with the initial surface area
prediction and thus the extent of the effect of mineral matter content is not clear. The
prediction that the two Highveld coals would show similar adsorption capacities was
correct.

•

The carbon dioxide adsorption isotherms for all three tested coals reached a specific
data point in the isotherm where equilibrium was not reached, i.e. where the
adsorption experiment continued for many weeks and were stopped due to time
constraints. These data points were at ca. 35 bar (C1A), 40 bar (C2) and 50 bar (C3).
This finding corresponds to reports by Toribio, 2004, [66] where it was observed that
the adsorption capacity plateaus in the vicinity of the CO2 critical point and is followed
by an abrupt increase in adsorption capacity with the resulting isotherm displaying
two distinct steps. The abrupt increased adsorption seen in this study could be
explained following Toribio’s findings as the coals were approaching supercritical
conditions.

•

The Langmuir and Freundlich adsorption equations represented the adsorption for
both the methane and carbon dioxide adsorption isotherms extremely well. This
indicated that monolayer adsorption had occurred. The Modified BET equation
displayed a poor fit to the adsorption data and thus it is concluded that multilayer
adsorption did not occur.
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•

South African coal adsorption capacities compare well with the adsorption capacities
of international coals which have been ear-marked for sequestration projects. It is
thus concluded that South African coals have the potential to be implemented as
sequestration reservoirs.

•

It is recommended that international testing standards be set in place to make coal
research comparable. There are currently no internationally recognised testing
standards in place for determining adsorption capacities of coal. This shortcoming
results in researchers determining their own experimental conditions which are
comprised of many variables, i.e. moisture content, temperature, pressure range, etc.
This makes comparison of data extremely difficult as various parameters have an
effect on the adsorption capacity of a coal. An international coal research database
would aid the development of sequestration technology and exchange and eliminate
duplication of research efforts.

•

It is recommended that future research efforts include investigating the adsorption
capacities of the tested South African coals under super-critical conditions. Further,
investigations correlating petrographic composition and adsorption capacity on coals
having similar surface areas would provide valuable insights. In this study it appeared
that surface area determination provided an accurate guide as to which coals would
possess the greatest adsorption capacities. However, other physical properties of
coal also play a role in determining adsorption capacities, but may be ‘overshadowed’ by properties such as surface area. Understanding each attributing factor
related to determining adsorption capacity would greatly aid the development of an
accurate model for coal adsorption capacities.

•

The objectives of this study were achieved as the absolute adsorption capacities of
the three South African coals were determined within a pressure range of 0 – 50 bar.
Further work is required to investigate adsorption capacities of South African coals
under supercritical conditions (above 73 bar and 31.1 oC).
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A. Appendix A
A.1.

Calibration of the 100 bar and 60 bar pressure transducers

The calibration of the pressure transducers was done using a Wika® master gauge while the software
settings were set at zero. The data readings vs. the true pressure readings were plotted and the
gradient of the plot was used to set the true pressure readings in the software.

Table A-1

Pressure readings for calibration of the 100 bar pressure transducer.
100 bar pressure transducer
Data reading (mbar)
Actual pressure (mbar)
318
5000
816
10000
1401
16050
1893
21100
2399
26000
2867
31000
3388
36000
3886
41000
4411
46500
4899
51300
5310
55400
4831
51000
4205
44950
3715
40000
3228
35000
2727
30000
2218
25000
1714
20000
1231
15000
732
10000
229
5000
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Actual pressure (mbar)

60000
y = 10.037x + 2334.9

50000

2

R = 0.9995

40000
30000
20000
10000
0
0

1000

2000

3000

4000

5000

6000

Data reading (mbar)

Figure A-1

Calibration curve of the 100 bar pressure transducer.

Table A-2

Pressure readings for calibration of the 60 bar pressure transducer.
60 bar pressure gauge
Data reading (mbar) Actual pressure (mbar)
502
5050
792
6000
1305
9950
1651
11000
2114
14800
2450
16000
2961
19800
3287
21050
3857
25250
4095
26000
4629
30000
4903
31000
5471
35000
5750
36000
6313
40000
6578
41100
7145
45000
7387
46000
7906
49600
8219
51100
8927
55500
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Actual pressure (mbar)

60000

y = 6.0379x + 1623.9

50000

2

R = 0.9995

40000
30000
20000
10000
0

0

2000

4000

6000

8000

10000

Data reading (mbar)
Figure A-2

A.2.

Calibration curve of the 60 bar pressure transducer.

Calibration of the temperature sensor

The temperature sensor was calibrated using an electronic thermocouple while the software settings
were set at zero. The data readings vs. the true temperature readings were plotted and the gradient of
the plot was used to set the true temperature readings in the software.
Table A-3

Temperature readings for calibration of the temperature sensor.
Temperature calibration
Data reading (oC)
Actual temperature (oC)
15.2
18.1
17.0
19.4
18.1
20.0
19.0
20.9
20.1
22.0
21.0
23.2
22.0
24.2
23.0
25.2
24.0
26.2
25.0
27.3
26.0
28.3
27.0
29.3
28.0
30.3
29.0
31.3
30.0
32.3
31.0
33.4
32.0
34.4
33.0
35.4
34.0
36.4
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40
y = 1.0226x + 1.6628
2

R = 0.9995

o

Actual temp ( C)

35
30
25
20
15
15

20

25

30

35

40

o

Data reading ( C)
Figure A-3

Calibration curve of the temperature sensor.

A.3.

Surface area determination equations

Three equations are commonly used in the determination of surface area of carbonaceous materials.
These include the BET, Dubinin-Astakhov (DA) and Dubinin-Radushkevich (DR) equations. The
surface area analysis results contained values using all three equations. The data obtained from the
DR equation was preferred and is justified below.
The BET equation (equation A-1) is a commonly used equation in surface area analysis. It is derived
from the Langmuir theory which is a theory based on monolayer adsorption with the following
hypotheses:
•

Gas molecules physically adsorb on a solid layer infinitely

•

There is no interaction between each adsorbed layer

•

The Langmuir theory can be applied to each layer

The BET equation is expressed as:

1
c −1 P  1
=
 +
 P0  vm c  P0  vm c
v  − 1
P 
where

(A-1)

P and P0 are the equilibrium and the saturation of adsorbates at the temperature of

adsorption,
constant,

v is the adsorbed gas quantity, and vm is the monolayer adsorbed gas quantity. The BET

c , is expressed as:

 E − EL 
c = exp  1

 RT 
where

E1 is the heat of adsorption for the first layer and EL is that for the second and higher layers

and is equal to the heat of liquefaction.
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Equation (A-1) is an adsorption isotherm and can be plotted as a straight line with

the y-axis and

ϕ=

1
on
  P0  
v    − 1
 P  

P
on the x-axis according to experimental results. The plot is known as the BET
P0

plot [58].
Dubinin and Radushkevich derived an adsorption equation in which the adsorption of gases on
microporous adsorbents is expressed in terms of a temperature invariant characteristic curve (see
equation A-2).
2
a = a0 exp  − ( ε / E ) 



where

(A-2)

a is the amount of gas adsorbed per unit mass of adsorbent, a0 is the micropore capacity, ε

is the adsorption potential and

E is a constant (the characteristic energy of adsorption for the given

system). The adsorption potential,

ε , is determined using equation A-3:

 P0 

P

ε = RT ln 
where
and

(A-3)

R is the universal gas constant, T is the temperature in kelvin, P is the equilibrium pressure

P0 is the saturation vapour pressure of the adsorbate.

The Dubinin-Radushkevich equation has been extensively used in surface studies of microporous
carbons. However, although the plots obtained show linear regions, the plots are very rarely linear
over wide pressure ranges. In such cases the Dubinin-Astakhov equation is preferred to the DubininRaduskevich equation [129]. Dubinin and Astakhov reported that adsorption isotherms of gases on
microporous adsorbents can be described by the generalised form of the Dubinin-Radushkevich
equation (see equation A-4).
n
a = a0 exp  − ( ε / E ) 



where

(A-4)

n is a small integer.

The Dubinin-Radushkevich equation is widely used for describing adsorption in microporous materials,
especially those of a carbonaceous origin. The equation has a semi-empirical origin and is based on
the assumptions of a change in the potential energy between the gas and adsorbed phases and a
characteristic energy of a given solid. This equation yields a macroscopic behaviour of adsorption
loading for a given pressure. The DR equation is often used to describe carbonaceous solids with a
low degree of burn-off as the materials contain a low degree of heterogeneity as the pore size
distribution is narrow. The DR equation best fit the analysis conditions used in this study as the
operating pressure range was narrow, ca. 100 mmHg.
A.4.

Calculation of reservoir and adsorption chamber volumes

Volumes of the reservoir and adsorption chambers were determined following the procedure in section
3.2.9.3 which is based on the ideal gas law. The following calculations were performed to ascertain
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the effect of the compressibility of the real gas used (nitrogen). Typical pressures used to in the
calibration procedure were approximately 5 bar.
Calculations were done to show that at these conditions the gas behaves as an ideal gas.
o

Compressibility factor (z) of this gas at 25 K :

0.9990

PV
zRT
which gives V =
on re-arrangement
RT
P
where V is the volume of the adsorption chamber (m3), z is the compressibility factor, R is the
Ideal gas equation :

z=

3

universal gas constant, 8.314m .Pa/(mol.K), T is the temperature (K) and P is the pressure (Pa).
Using the compressibility factor of 0.9990:

z=

0.9990 × 8.314m3. Pa.mol −1.K −1 × 298 K
= 4.9502 × 10−3 m3
500000 Pa

Using the compressibility factor of 1.0 (ideal gas conditions):

z=

1.0 × 8.314m 3 .Pa.mol −1.K −1 × 298 K
= 4.9551 × 10−3 m 3
500000 Pa

The percentage difference in volume due to the compressibility of nitrogen:

 4.9551 × 10 −3 m 3 
percentage _ volume _ difference = 
× 100 = 0.00049%
−3 3 
 4.9502 × 10 m 
Thus, the effect of compressibility of nitrogen gas is negligible and can be ignored and the use of the
ideal gas equation for calculation of chamber volumes is acceptable.
Calculation of chamber volumes
1. Both chambers A and B (reservoir chamber and adsorption chamber) were evacuated and all
three valves (V1, V2, and V3) were closed. PA and PB both read zero.
2. An amount of nitrogen (n moles) was introduced into chamber A. PA was recorded as P1.

P1 = PA = 5743mbar
3. V2 was opened slowly to allow the n moles of gas to expand and fill both chambers. PA and PB
both registered the same value which was recorded as P2.

P2 = PB = 4004mbar
Since neither n nor T had changed (an assumption made realistically, even though expansion of the
gas may have caused cooling) since Step 1, we now had:

PV
1 A = P2 (VA + VB )

(A-5)

or
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P1 (VA + VB )
V
=
= 1+ B
P2
VA
VA

(A-6)

P1 5743mbar
V
=
= 1 + B = 1.434
P2 4004mbar
VA
Thus,

VB
= 1.434 − 1 = 0.434
VA

At this point neither VA or VB were known, but

VB
could be calculated, which would be used later.
VA

4. The nitrogen was released from the system and an aluminium rod of known volume, Vx (1.908
cm3), was placed in chamber B. The available volume in the chamber was then ( VB

− Vx ).

Both chambers were then evacuated and all three valves were closed as in Step 1.
5. As in Step 2, n’ moles of nitrogen were added to chamber A. The pressure reading of PA was
recorded as P3.

P3 = 5742mbar
6. As in Step 3, V2 was opened. PA and PB registered the same value which was recorded as P4.

P4 = 4299mbar
As both n’ and T had not changed since Step 5, we now had:

P3 (VA + VB − Vx )
V V
=
= 1 + B − x PV
3 A = P4 (V A + VB − Vx )
P4
VA
V A VA

(A-7)

or

P3 (VA + VB − Vx )
V V
(A-8)
=
= 1+ B − x
P4
VA
V A VA
V
The value of B was known from Step 3, as well as P3, P4, and Vx . VA could now be calculated.
VA

5742mbar
1.908cm 3
= 1 + 0.434 −
4299mbar
VA
Upon re-arrangement:





1.908cm 3
3
VA = − 
 = 19.28cm
5742mbar

− 1 − 0.434 
 4299mbar

Using

VA and the known value of

VB
, VB could be determined.
VA

VB
VB
= 0.434 =
VA
19.28cm 3
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Thus, on re-arrangement

VB = 0.434 × 19.28cm 3 = 8.37cm 3

The reservoir chamber volume,

VA , was thus 19.28 cm3 while the adsorption chamber, VB , was thus

8.37 cm3.
The accuracy of the calibration was limited by the accuracy of the pressure transducers, PA and PB, as
well as the accuracy of the estimated displacement by the aluminium rod,
A.5.

Vx .

Density calculations and determination of chamber free volume

The density of the coal samples as well as the glass wool inserted into the adsorption chamber
needed to be determined as the displacement caused by these materials would be used to determine
the free volume remaining in the chamber. This was necessary for adsorption calculations.
The density calculations were conducted using the Hiden Isochema Gravimetric Analyser. The
automated process made use of various equations, which included taking into account a buoyancy
correction, to determine the material’s density (see Table A-4). The effective sample density was
finally calculated using the following equation:

ρs =

ms
Vs

where

ρs

is the sample density,

ms the sample mass and Vs the sample volume. The full procedure

is reported to have a maximum error of 0.1%.

Table A-4

Density measurements of the three coal samples and glass wool.
Density (g/cm3)
1.819
2.544
2.252
2.567

Coal sample
Coal 1
Coal 2
Coal 3
Glass wool

All coal samples and glass wool added to the adsorption chamber were weighed before the adsorption
experiments. These values were used to determine the volume displaced in the adsorption chamber
(see Table A-5) using the following formula:

ρ=

m
m
which upon re-arrangement becomes V =
V
ρ

where

ρ

3

is the density (g/cm )

m is the mass (g) and
V is the volume of the adsorption chamber (8.3717 cm3)
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Table A-5

Free volume remaining in adsorption chamber determination.
Material

Sample
mass (g)

Density
(g/cm3)

Volume
displaced
(cm3)

1.966*
0.140
1.999
0.178
2.262
0.199

1.819
2.567
2.544
2.567
2.252
2.567

1.081
0.055
0.786
0.069
1.004
0.076

Coal 1
glass wool
Coal 2
glass wool
Coal 3
glass wool

Free volume in
adsorption
chamber (cm3)
7.236
7.517
7.290

*all values used in calculations were not rounded-off until the final value was achieved.
A.6.

Full set of calculations used to determine adsorption capacities

A step-by-step explanation of the calculations used to determine the adsorption capacity of the coals
under investigation is presented. The full calculations for the adsorption capacity of data point 5 from
the Coal 2 carbon dioxide isotherm (measured at 2484863 Pa initial pressure and 2468831 Pa
equilibrium pressure) are used in the demonstration.
All values of units were calculated using Microsoft Excel®. Rounding-off of values did not occur until
the final value (i.e. the gas mole adsorption per gram of coal) was obtained. This meant that the
complete value for each intermediary calculation was used in subsequent calculations. However, for
the purposes of this demonstration all values are rounded to five significant figures.
3

The volume of the adsorption chamber was a known value (8.3717 cm ) as calculated in Appendix
A-4.
The densities of the coal under investigation as well as the glass wool were known values following
the procedure stated in Appendix A-5.

Using the equation
where

ρ

ρ=

m
v

is the density (g/cm3),

(A-9)

m the mass (g) and v the volume (cm3), the volume displaced by

the coal and glass wool respectively could be calculated following the rearrangement of equation A-9
to give equation A-10:

v=

m

(A-10)

ρ

The volume displaced by the Coal 2 coal sample, v s , was calculated as:

vs =

1.9989 g
= 0.78582cm 3
3
2.5437 g / cm

The volume displaced by the glass wool in the chamber, v g , was calculated as:

vg =

0.1778 g
= 0.06926cm 3
3
2.5670 g / cm
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The volumes displaced by the coal sample and the glass wool were deducted from the total adsorption
chamber volume to give the ‘free volume’9 remaining in the adsorption chamber, v f :

v f = vc − vs − v g = 7.5166cm3
A reliable equation was required to calculate the molar volume of gas adsorbed while taking the
compressibility factor, z, of carbon dioxide into account. The Peng-Robinson equation of state was
chosen (see equation A-11)

RT
aα
− 2
Vm − b Vm + 2bVm − b 2

p=

(unit: pascals)

(A-11)

where

a=

0.45724 R 2Tc2
pc

(unit: mol-2)

b=

0.07780 RTc
pc

(unit: mol )

-1

(

α = 1 + ( 0.37464 + 1.54226ω − 0.26992ω 2 )(1 − Tr0.5 )
Tr =

ω

)

2

T
Tc

is the acentric factor of the species (methane: 0.008; carbon dioxide: 0.225)

R is the universal gas constant, 8.314m3.Pa/(mol.K)
The Peng-Robinson equation of state was used to determine the molar volume, Vm , of the adsorption
chamber at the beginning of an adsorption experiment (initial pressure reading) and again at
equilibrium (after 300 min of stable pressure, final pressure reading). Microsoft Excel Solver® was
used for the calculation of

Vm .
-1

The initial molar volume was calculated to be 0.001146 mol

with the equilibrium molar volume of

-1

0.001153 mol .
The molar volumes were then converted to moles using equation A-12.

n=

V
Vm

where

(A-12)

n is the number of moles and V is the free volume of the adsorption chamber.

Moles of carbon dioxide gas in the free volume initially, ni :

9

Free volume – the volume in the adsorption chamber after the volumes displaced by the coal sample
and glass wool have been deducted from the total (empty) chamber volume.
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ni =

7.5166cm3
= 0.00656mol
0.001146cm 3 / mol

Moles of carbon dioxide gas in the free volume at equilibrium, neq :

neq =

7.5166cm 3
= 0.00652mol
0.001153cm 3 / mol

The difference in moles of gas present in the free volume of the adsorption chamber at the beginning
and at the end of the experiment indicates the amount of gas adsorbed at the respective pressure
level under investigation.
Number of moles of carbon dioxide adsorbed at this pressure,

ndp 5 :

ndp 5 = ni − neq = 0.00656mol − 0.00652mol = 0.00004mol
The number of moles adsorbed at data point 5 represented only the gas adsorbed at that respective
pressure step. Thus, the accumulated adsorption of data points 1 to 4 had to be added together to
calculate the total number of moles adsorbed at 2484863 Pa,

ntot .

ntot = 0.00071mol + 0.00040mol + 0.00021mol + 0.00014mol + 0.00004mol
= 0.00149mol
The total number of carbon dioxide moles adsorbed was then divided by the coal sample mass. This
was to represent the adsorption capacity in terms of moles of carbon dioxide adsorbed per gram of
coal (mol/g).

Adsorption ⋅ capacity =

ntot
sample ⋅ mass

0.00149mol
= 0.00075mol / g ⋅ coal
1.9989 g
= 0.74505mmol / g
=

All methane and carbon dioxide gas isotherm data points were calculated according to the above set
of calculations to produce adsorption isotherms representing absolute adsorption in mmol/g of coal
(see Figure A-4).
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Adsorption (mmol/g)
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2.0
Data point 5
(0.745 mmol/g
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Pressure (bar)
Figure A-4

Carbon dioxide isotherm for Coal 2 showing the adsorption capacity of data point 5.
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A.7.

Adsorption capacity calculations - worked data

Initial pressure Pressure
(bar)
(Pa)
Coal 1
methane
(C1A)

Coal 1
carbon
dioxide
(C1A)

Molar
volume,
Vm

Initial
moles
CO2

Final
pressure
(bar)

Pressure
(Pa)

Pressure
(MPa)

Molar
volume,
Vm

Final
moles

Moles
Mass of
Total
Moles/gram
difference
gas
adsorption at
coal
(adsorbed) adsorbed this pressure

4.5114

451137

0.005543

0.001305

4.2519

425188

0.425188 0.005875 0.001232 7.375E-05 0.001180

7.375E-05

3.751E-05

8.4409

844091

0.003010

0.002404

8.2481

824814

0.824814 0.003078 0.002351 5.311E-05 0.000850

1.269E-04

6.452E-05

13.1564

1315638

0.001966

0.003680

12.9636

1296362

1.296362 0.001994 0.003629 5.133E-05 0.000821

1.782E-04

9.063E-05

18.2351

1823513

0.001445

0.005009

18.0869

1808686

1.808686 0.001456 0.004971 3.817E-05 0.000611

2.164E-04

1.100E-04

23.6382

2363824

0.001135

0.006376

23.4548

2345476

2.345476 0.001143 0.006330 4.570E-05 0.000731

2.621E-04

1.333E-04

28.9042

2890423

0.000944

0.007668

28.6596

2865958

2.865958 0.000951 0.007608 5.916E-05 0.000947

3.212E-04

1.634E-04

33.9608

3396075

0.000815

0.008873

33.7828

3378282

3.378282 0.000819 0.008831 4.189E-05 0.000670

3.631E-04

1.847E-04

38.6762

3867622

0.000726

0.009970

38.5872

3858723

3.858723 0.000727 0.009949 2.046E-05 0.000327

3.836E-04

1.951E-04

44.5557

4455570

0.000640

0.011303

44.4074

4440742

4.440742 0.000642 0.011270 3.318E-05 0.000531

4.168E-04

2.119E-04

50.5167

5051672

0.000573

0.012619

50.2424

5024243

5.024243 0.000576 0.012559 5.981E-05 0.000957

4.766E-04

2.424E-04

56.8485

5684854

0.000518

0.013981

56.4926

5649263

5.649263 0.000520 0.013905 7.563E-05 0.001210

5.522E-04

2.808E-04

58.7021

5870209

0.000503

0.014373

58.5390

5853898

5.853898 0.000505 0.014338 3.440E-05 0.000550

5.866E-04

2.983E-04

4.7635

476345

0.005332

0.001357

3.9257

392565

0.392565 0.006433 0.001125 2.321E-04 0.010212

2.321E-04

1.180E-04

7.2991

729912

0.003540

0.002044

6.8839

688393

0.688393 0.003743 0.001933 1.110E-04 0.004884

3.431E-04

1.745E-04

9.9089

990893

0.002651

0.002729

9.6643

966427

0.966427 0.002714 0.002666 6.334E-05 0.002787

4.064E-04

2.067E-04

12.6226

1262255

0.002116

0.003420

12.4076

1240755

1.240755 0.002150 0.003366 5.400E-05 0.002376

4.604E-04

2.342E-04

15.5141

1551412

0.001750

0.004135

15.3214

1532135

1.532135 0.001770 0.004088 4.699E-05 0.002068

5.074E-04

2.581E-04

19.5400

1954004

0.001420

0.005096

19.2212

1922123

1.922123 0.001441 0.005022 7.484E-05 0.003293

5.822E-04

2.961E-04

24.5224

2452241

0.001160

0.006239

24.1295

2412947

2.412947 0.001176 0.006151 8.838E-05 0.003889

6.706E-04

3.411E-04

29.8829

2988291

0.000975

0.007418

29.3194

2931942

2.931942 0.000992 0.007296 1.216E-04 0.005351

7.922E-04

4.029E-04

34.9390

3493900

0.000853

0.008487

33.6049

3360487

3.360487 0.000881 0.008209 2.785E-04 0.012255

1.071E-03

5.446E-04 after 10 days

34.9390

3493900

0.000853

0.008487

33.3676

3336760

3.336760 0.000887 0.008159 3.283E-04 0.014446

1.399E-03

7.115E-04 after 14 days

34.9390

3493900

0.000853

0.008487

32.8338

3283379

3.283379 0.000899 0.008047 4.407E-04 0.019389

1.840E-03

9.356E-04 after 28 days

35.9390

3593900

0.000853

0.008487

31.8996

3189958

3.189958 0.000922 0.007849 6.383E-04 0.028085

2.478E-03

1.260E-03 after 56 days
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Initial pressure Pressure
(bar)
(Pa)
Coal 1
methane
(C1B)

Coal 1
carbon
dioxide
(C1B)

Coal 1
CO2
(C1B)
repeat
without
methane
Coal 1
CO2
(C1B) with
methane

Molar
volume,
Vm

Initial
moles
CO2

Final
pressure
(bar)

Pressure
(Pa)

Pressure
(MPa)

Molar
volume,
Vm

Final
moles

Moles
Mass of
Total
Moles/gram
difference
gas
adsorption at
coal
(adsorbed) adsorbed this pressure

4.6226

462257

0.005412

0.001330

4.1703

417031

0.417031 0.005988 0.001202 1.279E-04 0.002046

1.279E-04

6.425E-05

9.9386

993861

0.002571

0.002800

9.7088

970877

0.970877 0.002630 0.002738 6.232E-05 0.000997

1.902E-04

9.557E-05

18.9840

1898397

0.001391

0.005175

18.7171

1871705

1.871705 0.001410 0.005107 6.807E-05 0.001089

2.583E-04

1.298E-04

28.5632

2856319

0.000954

0.007547

28.3037

2830369

2.830369 0.000962 0.007485 6.256E-05 0.001001

3.208E-04

1.612E-04

38.8097

3880968

0.000724

0.009951

38.4983

3849827

3.849827 0.000729 0.009879 7.124E-05 0.001140

3.921E-04

1.970E-04

4.8450

484502

0.005246

0.001373

3.9034

390341

0.390341 0.006468 0.001113 2.594E-04 0.011415

2.594E-04

1.304E-04

7.6328

763276

0.003393

0.002122

7.3955

739550

0.739550 0.003496 0.002059 6.279E-05 0.002763

3.222E-04

1.619E-04

10.3612

1036122

0.002543

0.002832

10.2055

1020550

1.020550 0.002579 0.002792 3.989E-05 0.001755

3.621E-04

1.819E-04

14.6096

1460956

0.001849

0.003894

14.4168

1441680

1.441680 0.001872 0.003847 4.718E-05 0.002076

4.093E-04

2.056E-04

19.7328

1973281

0.001407

0.005116

19.4585

1945850

1.945850 0.001425 0.005052 6.394E-05 0.002814

4.732E-04

2.378E-04

4.4521

445206

0.005693

0.001265

3.7848

378477

0.378477 0.006665 0.001080 1.845E-04 0.008118

1.845E-04

9.269E-05

7.6253

762534

0.003396

0.002120

7.3881

738811

0.738811 0.003499 0.002057 6.278E-05 0.002763

2.473E-04

1.242E-04

10.3612

1036122

0.002543

0.002832

10.2352

1023516

1.023516 0.002572 0.002799 3.228E-05 0.001420

2.796E-04

1.405E-04

13.6976

1369761

0.001962

0.003670

13.5049

1350485

1.350485 0.001988 0.003622 4.763E-05 0.002096

3.272E-04

1.644E-04

4.7783

477829

0.005316

0.001354

3.8144

381443

0.381443 0.006615 0.001088 2.658E-04 0.011697

2.658E-04

1.336E-04

7.6328

763276

0.003393

0.002122

7.4252

742518

0.742518 0.003483 0.002067 5.492E-05 0.002417

3.208E-04

1.612E-04

13.2231

1322311

0.002027

0.003553

12.9043

1290431

1.290431 0.002073 0.003473 7.921E-05 0.003485

4.000E-04

2.010E-04
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Initial
Final
Molar
Pressure Molar volume Initial moles
Pressure Pressure
pressure
pressure
volume ,
(Pa)
Vm
CO2
(Pa)
(MPa)
(bar)
(bar)
value, Vm
Coal 2
methane
(C2)

Coal 2
carbon dioxide
(C2)

5.5939

Final
moles

Moles
Total
Mass of gas
Moles/gram
difference
adsorption at
adsorbed
coal
(adsorbed)
this pressure

559386

0.004491

0.001674

4.1629

416291 0.416291 0.005998 0.001253

4.208E-04

0.006733

4.208E-04 2.105E-04

10.7097 1070968

0.002393

0.003141

9.9238

992377 0.992377 0.002575 0.002919

2.217E-04

0.003547

6.425E-04 3.214E-04

15.0767 1507667

0.001728

0.004350

14.7134 1471337 1.471337 0.001768 0.004251

9.925E-05

0.001588

7.417E-04 3.711E-04

21.6828 2168277

0.001229

0.006115

21.3046 2130463 2.130463 0.001249 0.006016

9.905E-05

0.001585

8.408E-04 4.206E-04

29.5715 2957153

0.000924

0.008132

29.2453 2924530 2.924530 0.000934 0.008051

8.167E-05

0.001307

9.225E-04 4.615E-04

39.1656 3916556

0.000718

0.010473

38.9135 3891346 3.891346 0.000722 0.010413

6.009E-05

0.000962

9.825E-04 4.915E-04

49.1674 4916737

0.000587

0.012802

48.8856 4888564 4.888564 0.000590 0.012738

6.419E-05

0.001027

1.047E-03 5.237E-04

57.0784 5707838

56.9301 5693008 5.693008 0.000517 0.014541

0.000516

0.014574

3.269E-05

0.000523

1.079E-03 5.400E-04

4.3631

436308

0.005805

0.001295

1.9386

193863 0.193863 0.012840 0.000585

7.093E-04

0.031210

7.093E-04 3.548E-04

9.4196

941959

0.002781

0.002703

7.9516

795157 0.795157 0.003263 0.002303

3.999E-04

0.017596

1.109E-03 5.549E-04

14.4910 1449095

0.001863

0.004035

13.6828 1368280 1.368280 0.001964 0.003828

2.074E-04

0.009126

1.317E-03 6.587E-04

19.8811 1988111

0.001398

0.005377

19.3250 1932504 1.932504 0.001434 0.005242

1.353E-04

0.005954

1.452E-03 7.264E-04

24.8486 2484863

0.001146

0.006557

24.6883 2468831 2.468831 0.001153 0.006520

3.732E-05

0.001642

1.489E-03 7.450E-04

30.3648 3036483

0.000962

0.007813

29.4381 2943807 2.943807 0.000988 0.007606

2.073E-04

0.009122

1.697E-03 8.488E-04

35.0581 3505807

0.000850

0.008842

33.7680 3376798 3.376798 0.000878 0.008563

2.795E-04

0.012298

1.976E-03 9.886E-04

41.7012 4170123

0.000734

0.010245

39.6920 3969195 3.969195 0.000765 0.009827

4.179E-04

0.018387

2.394E-03 1.198E-03 after 10 days

41.7012 4170123

0.000734

0.010245

38.5502 3855016 3.855016 0.000784 0.009587

6.577E-04

0.028939

3.052E-03 1.527E-03 after 14 days

41.7012 4170123

0.000734

0.010245

36.9930 3699300 3.699300 0.000812 0.009257

9.876E-04

0.043455

4.039E-03 2.021E-03 after 28 days

41.7012 4170123

0.000734

0.010245

34.0052 3400524 3.400524 0.000873 0.008614

1.630E-03

0.071728

5.669E-03 2.836E-03 after 56 days
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Initial
pressure
(bar)
Coal 3
methane
(C3)

Coal 3
carbon
dioxide
(C3)

Pressure
(Pa)

Molar
volume
Vm

Final
Initial moles
pressure
CO2
(bar)

Pressure
(Pa)

Pressure
(MPa)

Molar
volume
Vm

Final moles

Moles
difference
(adsorbed)

Total
Mass of gas
Moles/gram
adsorption at
adsorbed
coal
this pressure

6.3204

632044 0.003986

0.001829

4.8376

483760

0.483760 0.005176

0.001408

4.205E-04

0.006729

4.205E-04

1.860E-04

10.8506

1085056 0.002364

0.003084

10.2203

1022034

1.022034 0.002503

0.002912

1.721E-04

0.002754

5.927E-04

2.621E-04

15.8922

1589224 0.001644

0.004434

15.5734

1557343

1.557343 0.001676

0.004350

8.400E-05

0.001344

6.767E-04

2.992E-04

21.0748

2107479 0.001262

0.005776

20.8598

2085979

2.085979 0.001274

0.005721

5.480E-05

0.000877

7.315E-04

3.234E-04

29.0599

2905993 0.000939

0.007763

28.8672

2886716

2.886716 0.000945

0.007716

4.692E-05

0.000751

7.784E-04

3.442E-04

39.3954

3939540 0.000714

0.010211

39.0247

3902468

3.902468 0.000720

0.010125

8.564E-05

0.001370

8.640E-04

3.821E-04

47.9663

4796626 0.000600

0.012150

46.6836

4668359

4.668359 0.000614

0.011865

2.855E-04

0.004568

1.150E-03

5.083E-04

4.6893

468930 0.005414

0.001347

2.1240

212398

0.212398 0.011735

0.000621

7.253E-04

0.031914

7.253E-04

3.207E-04

7.3881

738811 0.003499

0.002083

6.0684

606836

0.606836 0.004223

0.001726

3.571E-04

0.015712

1.082E-03

4.786E-04

9.9460

994601 0.002642

0.002759

9.3158

931581

0.931581 0.002810

0.002595

1.647E-04

0.007245

1.247E-03

5.514E-04

14.9951

1499512 0.001805

0.004038

14.2982

1429818

1.429818 0.001886

0.003866

1.725E-04

0.007589

1.420E-03

6.277E-04

19.9775

1997749 0.001392

0.005238

19.3992

1939919

1.939919 0.001429

0.005101

1.364E-04

0.006001

1.556E-03

6.880E-04

25.2787

2527866 0.001129

0.006456

24.7374

2473743

2.473743 0.001151

0.006334

1.220E-04

0.005366

1.678E-03

7.419E-04

30.3500

3035002 0.000962

0.007574

29.7569

2975687

2.975687 0.000979

0.007446

1.286E-04

0.005656

7.988E-04

3.532E-04

40.1146

4011459 0.000758

0.009616

38.1000

3810000

3.810000 0.000792

0.009206

4.104E-04

0.018059

9.803E-04

4.335E-04

48.9672

4896718 0.000642

0.011361

47.3138

4731381

4.731381 0.0006602 0.0110422

3.192E-04

0.014046

2.536E-03

1.121E-03 after 10 days

48.9672

4896718 0.000642

0.011361

46.3796

4637960

4.637960 0.0006712 0.0108605 5.0093E-04

0.022040

3.037E-03

1.342E-03 after 14 days

48.9672

4896718 0.000642

0.011361

44.7630

4476300

4.476300 0.0006914 0.0105438 8.1764E-04

0.035976

3.855E-03

1.704E-03 after 28 days
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A.8.

Error analysis

An error analysis was performed on the adsorption capacity experimental results for the three coals.
The main input variables involved in calculations used for determining adsorption capacities include:
•

Material sample mass

•

Density of material

•

Pressure reading

•

Confidence of equation of state

These input variables played a key role in the determination of accurate adsorption results. The
masses and densities of the coal sample and glass wool inserted into the adsorption chamber were
necessary values required for calculating the volume displaced by the sample and the glass wool. The
free volume remaining in the adsorption chamber could then be calculated. The adsorption chamber
pressure transducer provided a pressure reading of the adsorption chamber which was converted into
a molar volume reading which in turn was converted to a molar value by making use of the PengRobinson equation of state. The difference between the initial and equilibrium molar values was used
to calculate the amount of gas adsorbed at a respective pressure. The total moles adsorbed at the
respective pressure were then divided by the coal sample mass (glass wool did not adsorb gas) so as
to determine the adsorption capacity of the coal in mmol/g.

Material sample mass determination
The coal sample and glass wool used in the adsorption experiments were weighed off using a mass
balance. The masses were determined to four decimal places. The error incurred by using the mass
balance was ±0.00005g.

Density of the material used
The densities of the three coals under investigation as well as the glass wool were determined using a
Hiden Gravimetric Analyser. The method employed is reported to have a maximum error of 0.1%.

Pressure reading
A Wika® pressure transducer reported to have a maximum error of 0.2% was used to determine the
pressure within the adsorption chamber.

Confidence of equation of state
The Peng-Robinson equation of state is reported to have a maximum error of 0.16% and an average
error of 0.03%.
An error analysis was performed to determine the upper and lower limits of possible error incurred
during adsorption capacity calculations.
The adsorption capacity calculations in this study are based on accumulating the amount of moles of
gas adsorbed at each data point to determine the total adsorption capacity of the coal at a particular
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pressure. The calculated errors in this error analysis thus represent an error trend that is composed of
accumulated errors.
The coal sample and glass wool masses were each modified to be 0.00005g larger and 0.00005g
smaller than the original reading so as to take into account the mass balance error. The modified
masses, as well as the density error, were used to calculate the maximum and minimum free volume
remaining in the adsorption chamber.
All the initial and equilibrium pressure readings were modified to be 0.2% greater and 0.2% smaller
than the original readings, thus taking into account the pressure transducer error. The readings were
then converted to molar volumes. Since the equation used to convert molar volume to moles (the
Peng-Robinson equation of state) shows an indirectly proportional relationship between moles and
molar volume, the larger molar volume value was used to calculate the smallest mole value, while the
smaller molar volume was used to calculate the largest mole value.
The mole values of the first data point (data point 1) were all converted to be 0.16% larger and 0.16%
smaller than the original so as to take into account the error of the equation of state. All subsequent
data point mole values were modified to be 0.03% larger and 0.03% smaller so as to account for the
average error.
The new adsorption capacities taking into account all errors were calculated as follows:

Adsorption capacity (all positively contributing errors) = largest value for initial moles in the chamber –
smallest value for equilibrium moles in the chamber / the smallest sample mass

Adsorption capacity (all negatively contributing errors) = smallest value for initial moles in the chamber
– largest value for equilibrium moles in the chamber / the largest sample mass
The percentage errors were calculated as:
Positive percentage error = [(adsorption capacity including all positively contributing errors -reported
adsorption capacity) x 100] / number of data points

Negative percentage error = [(adsorption capacity including all negatively contributing errors -reported
adsorption capacity) x 100] / number of data points
The error analysis results show that Coal 1 has a total accumulated deviation of up to 7.4 % in the
positive and the negative direction over a 35 bar pressure range (see Table A-6). Coal 2 and Coal 3
show total accumulative deviations of up to 5.0% and 5.4% in the positive and the negative direction
over a 45 bar and 50 bar pressure ranges, respectively.
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Table A-6

Error analysis values*
Data point
1
2
3
4
5
6
7
8
9
10
11
12

Coal 1
0.012261 0.012261
0.005939 0.005939
0.004530 0.004530
0.004225 0.004225
0.003977 0.003977
0.003664 0.003664
0.003614 0.003614
0.003768 0.003768
0.003794 0.003794
0.003605 0.003605
0.003363 0.003363
0.003376 0.003376

Methane
Coal 2
0.024774 0.024786
0.014061 0.014065
0.012938 0.012940
0.012991 0.012993
0.013718 0.013720
0.014953 0.014954
0.016125 0.016127
0.017604 0.017606

Coal 3
0.027371 0.027383
0.016086 0.016091
0.014776 0.014779
0.015084 0.015086
0.016155 0.016157
0.016800 0.016802
0.014338 0.014339

Carbon dioxide
Coal 2
0.009438 0.009427
0.005831 0.005827
0.005704 0.005702
0.006071 0.006069
0.006811 0.006810
0.006751 0.006750
0.006424 0.006423
0.005839 0.005838
0.004898 0.004898
0.003885 0.003884
0.002864 0.002864

Data point

Coal 1
Coal 3
1
0.037861 0.037874
0.009635 0.009647
2
0.020074 0.020079
0.005440 0.005444
3
0.016782 0.016785
0.004923 0.004926
4
0.01563 0.015632
0.004939 0.004940
5
0.015281 0.015283
0.005197 0.005199
6
0.014571 0.014573
0.005517 0.005518
7
0.013967 0.013968
0.005779 0.005780
8
0.013058 0.013059
0.005338 0.005339
9
0.010593 0.010594
0.005257 0.005257
10
0.008674 0.008675
0.004778 0.004779
11
0.006943 0.006944
0.004008 0.004008
12
0.005362 0.005363
*all values are shown as percentages where 1.0 is equal to 100%. Thus 0.012 is equivalent to 1.2%.
The error analysis of the carbon dioxide isotherm for Coal 2 is shown in figure A-5.
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Error analysis of the carbon dioxide isotherm for Coal 2.
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Appendix B
B.1

Proximate analysis

The same proximate analysis thermal and atmospheric programme was used on all three tested coals
as follows:
o

30.0 C

3.0 min

N2 150.0 ml/min

o

50.00 C/min

N2 150.0 ml/min

3.0 min

N2 150.0 ml/min

o

50.00 C/min

N2 150.0 ml/min

o

7.0 min

N2 150.0 ml/min

o

20.0 min

Air 150.0 ml/min

o

30.0 – 110.0 C
o

110.0 C
o

110.0 - 900.0 C
900.0 C
900.0 C

The thermal degradation curves produced during the proximate analyses are shown (see Figure B-1,
Figure B-2 and Figure B-3).

Figure B-1

Thermal degradation curve of Coal 1 produced during proximate analysis.
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Figure B-2

Thermal degradation curve of Coal 2 produced during proximate analysis.

Figure B-3

Thermal degradation curve of Coal 3 produced during proximate analysis.
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B.2

Ultimate analysis

Table B-1

Ultimate analysis results of Coal 1, Coal 2 and Coal 3.
Sample
AIR DRY BASIS
Cal.Val.
Inh. H20
Ash
Vol.Mat
Fix.Carbon
Tot.Sulp.

Coal 2

Coal 3

Coal 1

22.60
4.6
22.5
22.8
50.1
0.88

22.60
5.1
22.1
21.7
51.1
1.33

12.89
1.6
54.7
19.2
24.5
0.83

58.85
3.40
1.51
0.88
8.26

59.13
3.31
1.48
1.33
7.55

28.38
2.90
0.62
0.83
10.96

Hardgrove

58

56

54

Abrasiveness

92
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416

SiO2
Al2O3
Fe2O3
P2O5
TiO2
CaO
MgO
K2O
Na2O

50.00
26.30
4.44
0.40
1.08
6.24
1.29
0.70
0.43

50.10
25.40
2.38
0.74
2.16
7.78
1.53
0.89
0.41

59.50
34.50
2.00
0.09
1.16
0.74
0.35
0.62
0.12

SO3

3.76

5.95

0.39

ULTIMATE ANALYSIS
Carbon
Hydrogen
Nitrogen
Tot.Sulp
Oxygen

ASH ANALYSIS

ASH FUSION TEMPERATURES - REDUCING
DT
1300
1280
ST
1320
1290
HT
1340
1300
FT
1360
1340
ASH FUSION TEMPERATURES - OXIDIZING
DT
1320
1290
ST
1330
1300
HT
1350
1320
FT
1380
1350
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+1550
+1550
+1550
+1550
+1550
+1550
+1550
+1550

B.3

Petrographic analysis

Table B-2

Complete petrographic results for Coal 1.
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Table B-3

Complete petrographic results for Coal 2 and Coal 3.

MACERAL GROUP ANALYSIS (ISO 7404 - 3, 1994)
MACERAL GROUP
VITRINITE

% TOTAL VITRINITE
LIPTINITE
% TOTAL LIPTINITE
INERTINITE

MACERAL SUB GROUP
COLLINITE
PSEUDOVITRINITE
OTHER
S/R/C
ALGINITE
RSF
ISF
F / SEC
MIC
RINT
IINT

% TOTAL INERTINITE
% TOTAL REACTIVE MACERALS
% MINERAL MATTER (if included)
RANK DETERMINATION (ISO 7404 - 5, 1994)
RoVmr%
Standard deviation
Range
low
high
RANK CATEGORY
Heat affected
y/n

SAMPLE NUMBER / ID
Coal 3

Coal 2

18.2
0.0
0.0
18.2
5.2
0.0
5.2
7.4
20.2
2.0
2.6
13.2
23
68.4
44.0
8.2
Coal 3
0.66
0.086
0.52
1.02
Med. Rank C
n

13.8
0.4
0.0
14.2
3.4
0.0
3.4
4.4
10.2
1.2
0.6
7.2
38.8
62.4
29.2
20.0
Coal 2
0.65
0.087
0.48
0.93
Med. Rank C
n

KEY: MACERAL GROUP ANALYSIS
Total Reactives =
Vitrinite + Liptinite + RSF + RINT
S: SUBERINITE
RSF: REACTIVE SEMIFUSINITE
R: RESINITE
ISF: INERT SEMI FUSINITE
C: CUTINITE
F / SEC: FUSINITE / SECRETINITE
R INT: REACTIVE INERTODETRINITE
MIC: MICRINITE
Both samples are typical Highveld coals, medium rank C bituminous coals.
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B.4

Particle size distribution

The particle size distribution curves of Coal 1, Coal 2 and Coal 3 are presented:

Figure B-4

Particle size distribution curve for Coal 1.

Figure B-5

Particle size distribution curve for Coal 2.
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Figure B-6

Particle size distribution curve for Coal 3.
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B.5

XRD analysis
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Figure B-7

B.6

XRD diffraction pattern of all three coals tested.

Fitting of data to model equations
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Figure B-8

Langmuir model fit of the Coal 1(C1A) methane isotherm.
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Figure B-9

Langmuir model fit of the Coal 1(C1A) carbon dioxide isotherm.
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Figure B-10

Langmuir model fit of the Coal 1 (C1B) methane isotherm.
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Figure B-11

Langmuir model fit of the Coal 1 (C1B) carbon dioxide isotherm.
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Figure B-12

Langmuir model fit of the Coal 2 (C2) methane isotherm.
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Figure B-13

Langmuir model fit of the Coal 2 (C2) carbon dioxide isotherm.
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Figure B-14

Langmuir model fit of the Coal 3 (C3) methane isotherm.
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Figure B-15

Langmuir model fit of the Coal 3 (C3) carbon dioxide isotherm.
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Figure B-16

Freundlich model fit of the Coal 1 (C1A) methane isotherm.
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Figure B-17

Freundlich model fit of the Coal 1 (C1A) carbon dioxide isotherm.
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Figure B-18

Freundlich model fit of the Coal 1 (C1B) methane isotherm.

-4.5
12.6
-4.6

12.8

13

13.2

13.4

13.6

13.8

14

14.2

14.4

14.6

y = 0.3684x - 9.915
R2 = 0.9958

-4.7

lnA

-4.8
-4.9
-5
-5.1
-5.2
-5.3
lnP

Figure B-19

Freundlich model fit of the Coal 1 (C1B) carbon dioxide isotherm.
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Figure B-20

Freundlich model fit of the Coal 2 (C2) methane isotherm.
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Figure B-21

Freundlich model fit of the Coal 3(C3) methane isotherm.
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Figure B-22

Freundlich model fit of the Coal 3 (C3) carbon dioxide isotherm.
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