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Abstract

Abstract

An investigation was undertaken to determine thgotgmn properties of South African
bituminous coals relevant to carbon dioxide storagamineable coal seams. Four bituminous
coal samples from underground coal seams of Witbaiighveld, and Tshipise-Pafuri
coalfields were selected for this study. Detailathple characterisation was conducted on the
coal samples using both standard and advancedidgeesn The coal samples were further
subjected to high pressure &@Hs, and N sorption experiments at 55 °C and up to 16 MPa
pressure to simulate in-situ coal seam conditiass)g a high pressure gravimetric sorption
system.

Petrographic data of the samples revealed that tifrdlne samples (coals FOZ, DEN, and OGS)
are iso-rank (bituminous medium rank C) coals (8-6368 Rr.%), while coal TKD is classified
as bituminous medium rank B (1.20 Rr.%). All theaenples were found to be relatively high
in ash yields (16.8 — 25.9 wt.%, adb). Using défartechniques, it was found that the surface
areas and porosity properties of the samples adaddnom SAXS analysis were comparatively
greater than similar data acquired from the moxelyiused techniques (GCGand N- LPGA,
and MIP), and these results were observed to Infisantly rank dependent.

Characterisation results from solid st&#& NMR, WAXRD-CFA, and ATR-FTIR show that
the lower iso-rank coal samples contained mordatip moieties; while the higher rank sample
(coal TKD) contained higher fractions of polyaromatoieties and saturated long chain
hydrocarbons, hence, higher aromaticity. FurtheenblRTEM data revealed that the lower
iso-rank coals exhibited higher frequency of loweslecular weight fringes; while the higher
rank coal TKD possessed more of the higher moleauaght fringes, and tend to be more
preferentially aligned with more ordered carborstaifites.

Results from the high pressure sorption experimgmsy that the coal samples can store up to
4.1 — 8.7% of CQ 1.0 — 1.8% of Ch and 1.0 — 2.2 % of Nrelative to its weight at the
experimental conditions. A new model, based onlaitdyDR and Henry law approach (DR-
HH), provided better fits to the experimental isth data than the previously used modified
DR (M-DR) model. Physisorption was found to be dogninating sorption mechanism, with
neat heat of sorption generafiy12.8 kJ/mol. The sorption capacities of the saspiere found

to be rank dependent, while the micropore propedfehe samples significantly impacted the
sorption properties of the samples, more than thatlmesopore and macropore properties. The
sorption capacities of the samples were also fotmde relatively influenced by the
intermediate maceral abundance, suggesting thatyjpe bandings enhances either the fluid
transport processes or the micropore propertitiseofoal matrix.
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Extended Abstract

Extended abstract

Carbon capture and sequestration or storage (C@Sjeblogical locations has been
demonstrated as a viable and strategic option folbad climate change mitigation, and
continued utilisation of the relatively cheap andrenevenly distributed fossil fuels, especially
coal. CQ sequestration in deep unmineable coal seams tas identified as one of the
geological storage options for captured&Ad has been found to be an attractive §iGrage
sink as the C®can be stored as super-critical fluid, which ipepted to be stable for a
geologically significant period. This may also eleakthe synergy of enhanced coal bed
methane (ECBM) production that will add to the gyaresource and generate income to offset
some of the capital expenditure of the sequestratitvastructure. It has been reported that up
to 1.30 Gton of C@can be stored in identified unmineable coal seah®outh Africa, with

an estimated gas content of about 0.14 - 0.2&trili®. Moreover, a good source-sink match
exists between the emission point sources andrtmengéable coal seams of South Africa.

The understanding of the physical, chemical andcgiral properties of coal seams is
necessary in identifying the chemical and physio&tractions between the coal and the
sequestrated gases during its utilisation as eogaall storage site. For GQtorage in coal
seams, this is necessary to determine the suitabflithe coal seams and the stability of the
adsorbed C®in the geological disposal site. Furthermore, radamental knowledge of the
sorption properties of the coal seam to variou®rgudive gases, especially @@nd CH is
necessary in determining the storage capacity ef uhmineable coal seams and the
displacement and or desorption of in-seam gasanepl Although enormous amount of
sorption data abound for northern hemispheres’scaalormation on South African coals at
supercritical conditions is still limited. The cant investigation examines the & @H, and

N2 high pressure sorption properties of four selebiagninous coals from underground coal
seams of South Africa. The characteristic propgroé the samples were studied using
proximate, ultimate, total sulphur, and petrograpgmalyses. The micro-, meso-, and macro-
pore properties and other physical-structural prioggeof coal samples were investigated using
helium pycnometry, C®and N low pressure gas adsorption (LPGA), mercury inbrs
porosimetry (MIP), and small angle x-ray scatter@AXS) analytical techniques. The
chemical-structural properties of four coals werebed using wide angle X-ray diffraction-
carbon fraction analysis (WAXRD-CFA), attenuatethtoeflection Fourier transform infra-

red spectroscopy (ATR-FTIR), solid staf€ nuclear magnetic resonance spectroscopyCss
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Extended Abstract

NMR), and high resolution transmission electronmescopy (HRTEM). Mineralogy of the
samples was studied using LTA-XRD analysis. Thd samples were further subjected to
CO,, CHs, and N high pressure (up to 16 MPa) sorption experimah® °C to determine the
sorption properties and sorption capacities ofctbeds.

Results from both COLPGA and SAXS techniques gave good insights iherhicropore
properties of the coals samples and the results feeind to be significantly rank dependent.
Consistent with previous findings,oN.PGA method underestimated the surface area and
porosity of the samples compared to results obdaiseng the other techniques, but it provided
a good insight on the mesopore properties of thgbes. The surface areas and porosities of
the samples determined from SAXS were found tocabgel than any of the values from the
other techniques. This is attributed to SAXS prglanwider range of pores, including pores
that are closed to, or restricted in access byags®rption or mercury intrusion and also
capturing the properties of pores in the range:5d< 17 A; not readily measured by any of
the other three techniques used in this investigatHowever, since each technique responds
to the pores in coals differently, a combinatio®&iXS with other techniques provides a richer
picture of the nature of the porosity in coals.

The aromaticity of the samples determined by sstiide’*C NMR ranged from 0.74 to 0.87
and compared well with the WAXRD-CFA results (00.836). WAXRD-CFA, ATR-FTIR
and *C NMR data showed that the lower iso-rank coal saspontained more aliphatic
moieties; while the higher rank sample containgghéi fractions of polyaromatic moieties and
saturated long chain hydrocarbons. The lattice rpatars determined from WAXRD-CFA
show that the lower rank coals investigated angcsirally less well-ordered than the higher
rank coal. Also, the HRTEM aromatic fringe imagealgsis shows that the aromatic fringes of
the higher rank coal were quantified as havinggreatest preferential alignment than the
fringes of the other three lower iso-rank coalsnexed. Furthermore, HRTEM data revealed
that the carbon lattice of the samples consistarhatic fringes of varying lengths, L (3AL
<95 A), which corresponded to a molecular weigbtriiution ranging from 75 to 1925 amu,
assuming circular catenation. The coal with thehégy volatile matter yield was found to
exhibit a higher frequency of lower molecular weighnges; while the higher rank coal
possessed the most higher molecular weight frinffesvas demonstrated that, for the
characterisation methods used in this study; tbakt maturity impacts the chemical-structural
properties of these coals more than maceral comiposind abundance does.
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Extended Abstract

LTA-XRD data reveals that kaolinite and quartz wire most abundant mineral phases in all
four coal which corroborates the findings from gegrographic analysis. Smaller amounts of

dolomite, calcite, pyrite, and illite were idengdi in the samples.

The sorption capacities (by weight) of the sampléh respect to the gases decreased in the
order: CQ > CHs = N2. A new model, based on a hybrid Dubinin-Radushiteand Henry
law approach (DR-HH), provided better fits to thgperimental sorption isotherm data than
the previously used modified DR (M-DR) model. Ob&d uncertainty metrices show that the
DR-HH model generally returned lower error sum giiazes (ESS) and root mean square
(RMS) residuals, and higher quality of fit (QOF)ngoared to the M-DR model. The net heat
of sorption,SEs, of the samples for the three adsorptive gases gemerally low (8.5 - 12.8
kJ/mol), indicating that physisorption was the doating sorption mechanism. The sorption
capacities of the samples were found to be rankrm#gnt as they decreased with increasing
vitrinite reflectance and elemental carbon. The rapore properties of the samples as
measured by both GQow pressure gas adsorption (LPGA) and small akglay scattering
(SAXS), significantly impacted the sorption propest of the sample more than both the
mesopore and macropore properties determined frobiP8A, SAXS, and mercury intrusion
porosimetry. The sorption capacities of the samplese found to relatively increase with
increasing intermediate maceral abundance, suggektt lithotype bandings enhances either
the fluid transport processes or the micropore @ntigs of the coal matrix. Mineralogical
analysis of the samples showed that, of the misgnasent, only pyrite and calcite showed a
trend with sorption capacity.

Keywords: Anthropogenic GHG emissions; carbon capture andisstjation; coal properties;
physical structural properties; micro-, meso-, andcro-pore properties; chemical-structural
properties; sorption capacity, Dubinin-Radushkevidénry law hybrid.
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Chapter 1 General introduction

Chapter 1

1.0 General introduction

1.1 Introduction

This brief introductory chapter is sub-divided into four sections: background information and
motivation, problem statement, objective of the research, and scope of the research work
(thesis).

1.2  Background information and motivation

Increasing anthropogenic greenhouse gas (GHG) emissions emanating from the utilisation of
fossil fuels for energy production (power and liquid fuels) and other industrial processes
(cement production, metallurgical uses, etc.), has largely contributed to global climate change
[1-7]. The majorGHGs are carbon dioxide (G} methane (Ch), nitrous oxide (NO),
halocarbons (HCs), chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs),

hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and Sulphur hexafluorgd1S6,

1



Chapter 1 General introduction

8]. The absolute and relative contributions of ¢h€dH1Gs to climate change can be defined
and quantified using emission metrices such aatiadiforcing (RF), global warming potential
(GWP) and global temperature change potential (GARhough unit CQ concentration has
been found to possess lower GWP with respect toititeconcentrations of the other GHGs,
its higher abundance and ubiquity in emitted amgbgenic GHGs means that it exhibits higher
effective RF, GWP and GTP, compared to the tofakéd of the other GHGs [6, 8].

Data from the Earth System Research Laboratory (E&RMauna Loa, Hawaii (last updated

on the 1¥ of January, 2017) show that the mean globaj @Dcentration in the atmosphere

has increased from 278 parts per million (ppm)mythe pre-industrial era to 404.48 ppm as
at December, 2016 [9]. This represents a 0.65%3 (@d#n/yr) increase above the December,
2015 value (401.85 ppm) [9], with an annual grovete well above the 1.63 ppm/yr average
accumulation rate over the last 45 years (197014 2[®].

2% 8 CO, from fossil fuel use (b)
( a) ¥ CO; from other sources G8 nations
MCH, (approximately 45%)
EN,0 Other nations

_MHFCs; PFCs and SF4

22%

Nigeria 0.5% =
Brazil 1%

Iran 1% |7

South Africa 1%
Poland 1%

Indonesia 15 (i, g%
Australia 1% - g
Mexico 2% “(hY

G20 nations not included in the G8
(approximately 33%)

Figure 1.1: Global accounting for anthropogenicegt®use gas (GHG) emissions (Adapted
from [3]).

Figure 1.1 (a) shows the global accounting of agbgenic greenhouse gas emissions adapted
from IPCC [3]. It can be observed from Figure hattCQ emission accounts for a significant
proportion of total emitted GHGs (84%) on the glofzale, with a massive 82% of the total
GHGs emanating for fossil fuel use alone, and @ftyresulting from other industrial sources
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and agriculture. Other GHGs excluding £ldnly accounted for just 6% of the total emitted
GHGs on the global scale [3].

This increase in emissions has effectively resultec range of climate change effects
including: melting glaciers, sea ice and snow cpwvereasing ocean heat content, sea surface
temperature and temperature over ocean and lamleasing air temperature in the
troposphere; increasing humidity; and increasingediainties in medium to long term climate
systems and predictions [1, 3, 4, 6, 10-16]. Theriplay of these effects over time has led to
global warming with a predicted increase of 1.89 3 by 2100 [5, 6]. Model predictions
from various investigators has shown that>@missions will continue to increase over the
coming decades as fossil fuels continue to berafgignt contributor of the global energy mix
[3,5, 6, 17, 18].

South Africa operates a highly energy-intensivenecoy, with considerable dependency on
fossil fuels to meet its energy needs. This, togrethith its relatively small population, means
that South Africa is a significant contributor withspect to per capita emissions of0@ the
global scale [18, 19]. Considering electricity pnotion alone, 92% of electricity produced in
South Africa is from coal combustion, complemengdnuclear energy [17, 18, 20]. South
Africa emits about 440 Million tonnes (Mton) of G@er annum [16, 18], and is responsible
for over 40% of C@Qemitted in the African continent. Thus, South Afriaccounts for about
1% of global emission and is ranked 11th Gnitter in the world [16-19, 21]. Figure 1.2
shows the distribution of large-scale industrialx@&missions in South Africa. It is apparent
from Figure 1.2 that emissions resulting from useaal for electricity generation primarily
by Eskom accounts for over 50% of South Africa'®atdCO emission, followed by Sasol
(15.9%). Rogue emissions from moving sources: praration, agriculture, waste sector, etc.

that cannot easily be captured account for aboit @2 Mton) of the total C&emissions.

Of the 440 Million tonnes of COemitted per annum in South Africa, About 320 Mtain
emitted CQ (72.7%) is sequestrable, while about 32 Mton, €C2%) resulting from Sasol
coal-to-liquid (CTL) operation is capture-ready hwiabout 95-98% C&17, 18]. Emissions
from moving sources: transportation, agriculturaste sector, etc. account for about 92 Mton
(21%) of the total C@emissions.
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m Eskom (50.5%) m Sasol (15.9%)
m Industrial processes (10.2%) m Mining Operations (1.5%)
m Refineries (1.0%) m Others (20.9%)

Figure 1.2: Distribution of large-scale industi@D, emissions in South Africa (Adapted
from [17])

South Africa has ratified the United Nations FrarodwConvention on Climate Change
(UNFCC) and its Kyoto Protocol, and plays a vertiv&crole in the climate negotiations on
the global scale [16, 18]. The main objective & thNFCC and the Kyoto protocol is “to
achieve the stabilization of greenhouse gas (GH@gentrations in the atmosphere at a level
that would prevent dangerous anthropogenic intenfez with the climate system. Such a level
should be achieved within a time-frame sufficiemtatiow ecosystems to adapt naturally to
climate change, to ensure that food productionos threatened and to enable economic
development to proceed in a sustainable manneff. [28der the Kyoto Protocol, carbon
constraints were placed on industrialised coun{é8% In the first commitment period (2008
to 2012), South Africa, along with other larger dieping countries such as Brazil, China and
India, may continue to grow without any cap on emoiss. However, once the developed
nations take the lead with more ambitious emissiedsctions, they will expect at least some
developing countries to take a fair share of omnimmn, albeit still differentiated responsibility
[16, 18, 24]. Pressing for total exemption from aniigation effort was not an option for
South Africa [16]. To this end, the South Africasvgrnment and the Department of Energy,
launched the South African Centre for Carbon Cap&urStorage (SACCCS) to further the
technical understanding of CCS potential in SouthcA. Furthermore, CCS is part of the
Long Term Mitigation Scenarios (LTMS) developedtbg then Department of Environmental

Affairs and Tourism, and one of South Africa’s digjtear-term Priority Flagship Programmes
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of the National Climate Change Response White Ragech addresses both greenhouse gas
(GHG) mitigation and climate change adaptation [Zbhe South African government
endorsed the South African CCS Road Map in May32@hd included CCS in the National
Development Plan 2030. In 2011, South African goment in collaboration with UNFCC
hosted COP17 - the annual UN-led international alenchange talks and negotiations that
seek to shape the future architecture of the glolmalate change regime. At COP 17, South
Africa committed to reduce carbon emissions by 3422020 and by 42% by 2025 [24].

This increasing anthropogenic e@mitted into the atmosphere can be controlled by
implementing different decarbonisation options ttfexd globally [3]. These include: reducing
CQO, production and release into the atmosphere byaugal energy efficiency, implementing
cleaner coal utilisation technologies, rapid depient of renewable and nuclear energy
systems, and capturing and sequestering the prddl©ein a safe geological locations [1, 3,
7, 26-29]. Various C@sequestration options have been proposed inclustiogage in the deep
oceans [7, 26, 28, 30], placement in geologicahfdions (deep saline aquifers, depleted oil
or gas reservoirs, and unmineable coal seams) @amslmption via advanced chemical and
biological processes [3, 7, 27-29, 31-34]. Storaig€O; in depleted oil and gas well seem to
be the most lucrative option given the vast datilable on these geological locations from
previous years of oil and gas exploration activitis option has since been commercialised
with the added advantage of enhanced oil and gaweey [3, 7, 35]. C@storage in deep
saline aquifers has also reached a commercial stitigehe North Sea project in Norway as a

good example [35].

Geological storage of GOn deep “unmineable” coal seams is one of theqgpohl storage
options, and has been identified to be attractsveh@ CQ can be stored in the adsorbed
supercritical fluid phase that is expected to ladlstfor geologically significant period [3, 7,
20, 31, 36-39]. This may also enable the synergerdfance coalbed methane (ECBM)
production which will add to recoverable energyoregse and generate income to offset some
of the capital expenditure (CAPEX) of the sequeistna facility [7]. Unmineable or
unprofitable coal seams are those coal seams @editbo deep or too thin in thickness to be
mined economically [3, 17, 20, 40]. It is worthy mdte that this definition of “unmineable”
may likely change with technological developmeathinological advancement, or economic
conditions [3, 35]. Hence, long-term sequestratbO;, in coal seams might be more cost-
effective than the other options. €8iorage in coal seam with ECBM had reached advlnce

stage of pilot testing and execution in USA, Canadgan, Mexico and Poland [31, 41]. A

5
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schematic representation of €8equestration in coal seam is shown in Figure @GS is
comprised of three main value-chain processesuma@nd compression of G@&rom flue
gases, transport of the €@o storage sites, and permanent storage of the @Qieep
geological formations.

Figure 1.3: A schematic representation ofG@questration in coal seam [42].

The unmineable coal seams in South Africa can leel oer carbon sequestration, with the
synergy of coalbed methane production. Using thlanaetric equations (Equations 1.1 and
1.2) proposed by DOE [43] for the calculation of L&lorage capacity in coal seams and
limited data earlier published by Saghafi et adl, [45] and Billenkamp [46], Viljoen and co-
workers [17] estimated that about 1.30 Gton ot Cé&h be stored in identified unmineable coal
seams of South Africa, with an estimated gas camteabout 0.14 - 0.28 trillion (4.9 - 9.9
THt3).

MCQ = AI’bCIOCOZ Ecoal (1-1)
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Et:oal = (%)[%J EAEI Eg Ed (1 . 2)

|\/|CQ , Is the CQ storage capacity of one or more coal seam(s) &a$;the geographical area

that defines the basin or region being assessed@pstorage calculation (# hg is the gross

thickness of coal seams for which £€orage is assessed within the basin or regianetef

by A (m); C, is the concentration of GOn standard volume per unit volume of coal (
rT'f}o2 / rrfoa|) (adsorption capacity at a given pressure or degtlletermined by Langmuir

volume or alternative method); assuming 100%-G&urated coal conditions. If presented on

dry-ash-free (daf) basis, thénandh must be corrected for dafy , is the standard density of
COz (kg/m?); E

, is the net to total area; /n , is the net to gross thickness;, is the areal displacement

is the CQ storage efficiency factor, determined from Equatlo2; A /A

coal ’

efficiency; g, , is the vertical displacement efficiend;_zé,, is the fraction of efficiency due to
gravity (density difference between €and in situ water)g, , is the microscopic displacement

efficiency.

The spatial location and distribution of potenttaduth African coal fields suitable for GO
storage and their capacities is given in Figure while a summary of estimated g6torage
capacity of South Africa’s “unmineable” coal fieldspresented in Table 1.1 [17].

Besides, a good source-sink match exists betweame 86 the large industrial emission point
sources (especially power stations and Sasol’s fagilities) and the unmineable coal seams
[17], which may further lower captured @@ansport costs and contingencies. However, a
fundamental knowledge of the sorption propertiesheke coals to various adsorbate gases,
especially CQand CH is necessary in determining the storage capatitynmineable coal
seams. Although, enormous sorption data abounaoidhern hemispheres’ coals, information
on South African coals at and above supercritioaddions is still limited.
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Figure 1.4: Spatial distribution of potential Soiéthican coal fields for C@storage and
their CQ storage capacity ranges [17].
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Table 1.1: Estimated CQtorage capacity of South Africa’s unmineélgeal fields [17]

Contasin Colflts S08 ST CoSesn - Comseas e CO, asorotr ARV oty o o seamcanen (.

(MtCOy) adb)
Nongoma 75 1.5 300 - 550 22 - 27 5.2 7-24
Frankfort 216 1 300 - 550 22 - 27 10 NA
Heilbron 288 1 300 - 550 17-21 10.3 NA
Tuli 150 3 300 - 550 22 - 27 20.7 32-36
Edenville 360 2 300 - 550 17 -21 25.7 NA
Newcastle/Ladysmith 936 1 300 - 550 22 - 27 43.1 NA
Kangwane 195 6 300 - 800 22 - 26 52.8 7-24
Pafuri 420 3 300 - 800 22 - 26 56.9 22 -27
Somkele 360 5 300 - 800 22 - 27 82.9 6-8
Springbok Flats 2300 1 300 - 550 17 - 22 84.4 28 -
Kroonstad 936 3 300 - 550 17-21 100.3 NA
Welkom/Hennenman 1440 3 300 - 550 17 - 21 154.4 NA
Ellisras 800 10 300 - 800 17 - 22 293.4 23 - 26
Amersfoort/Utrecht 3600 2 300 - 550 22 -27 331.8 A N
Total Estimated COz Storage capacity of “unmineable” coal seams 1271.9

a- Unmineable or unprofitable coal seams are thoakseams considered too deep or too thin in tieiskmo be mined economically. Itis worthy
of note that this definition of unmineable may cfpanvith technological development or economic cooials.
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1.3 Problem statement

One of the most important tools for the characatios of solid adsorbent materials is the
adsorbent’s adsorption isotherm. The surface a@sorption capacity, heat of adsorption,
average pore size, and the volumetric changesl|{swelr shrinkage), can be evaluated from
well resolved adsorption isotherms [47]. The adsongsotherms of coals are affected by both
coal properties (rank, moisture content, swellimgperties, etc.) and environmental factors
(temperature of geological media, hydraulic presgradient, pH, etc.) [7, 42]. In order to
develop an efficient approach for coal seam secptést, variables that affect the coal-£O

interactions need to be investigated. Coal is @aremely complex material in terms of its pore
structure and surface area. Coal has been desated'highly porous, glassy solid rock’

below its glass transition temperature~xo600 K [48]. However, the glassy macromolecular
network is transformed into a rubbery material eshperatures above its glass transition
temperature. Similar observation has been made wbah is brought into contact with

adsorptive gases and vapours [49, 50].

The adsorption of COon coals is one of the techniques used to deterrtina micropore

surface areas and micropore- structures and prepet coals [32, 51-55]. However, these
measurements are usually conducted at pressurégltaw atmospheric pressure and at low
temperatures (0 °C for GQand -78 °C for Madsorption) [47, 55]. Despite the fact that data
from these measurements give significant insighiis the storage capabilities of coal seams
and are important to current sequestration efféots;pressure, low temperature adsorption

isotherm data do not represent the geologicaleawsconditions [7, 41, 42].

Furthermore, low temperature, low pressure gasrptisn isotherm data does not consider
volumetric changes (swelling or shrinkage) duedal swelling [56], although this may not be
significant at these conditions [47]. However, &hhpressure, volumetric changes due to
swelling may range from 0.36% to 5.14% of coal nwodu[56-60]. Results obtained by fitting
the high pressure isotherm data of coals to engbiigotherm model equations may be
deceptive due to the fact that these models arelyaased on a rigid adsorbent structure [59]

with regular pore surface [47]. Thus, it is ess@rb develop a more rigorous mathematical

10
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model based on an analysis of the physical phenarttext occur during adsorptive gas-coal

interaction at high pressure and conditions sintdazoal seam conditions.

Adsorption capacities of coals and mass transpbrgases through the coal matrix are
influenced by coal seam properties including: terapge, pressure, coal petrography and
rank, moisture content, mineral matter content@ndposition [57, 61-66]. Yet, the influence
of microlithotype composition and abundance haveraoeived much attention. It is well
known that coal microlithotype which is a reflectiof the variety of combination(s) of maceral
groups is not evenly distributed in coal; but témaccur in band or layers, which gives coal
its layered luster. Banding develops or rather bex more apparent with the increased
compaction during rank advance from lignite to tmimous coal. Thus, microlithotypes are
characteristic of bituminous coals, and decreagafgiantly as the rank approaches anthracite
[67, 68]. Cleats in coal matrices and fracturegrofoccur along these bands; and are the
conduits and principal pathways for the mass teanahd migration of fluids in coal seams
[67, 69-71], which may aid in the accessibilityrefnote pores [47, 71], and enhance the pore
volume of the geological storage media [71]. Thpawt of the macro-, meso-, and micro-pore
structures and properties of coals and their imib@eon the sorption properties of coals also

needs to be evaluated.

Due to the fact that CHis the dominant gas in coal seams, the coalbetianetreservoir
capacity and the factors that influence the adsmrptapacity of Chl at high-pressures have
been investigated in order to determine the ggdane and to enhance the safety of coal
mining [29, 72, 73]. The adsorption of other gasesh as i CHs, Hz, and their mixtures on
coals have also been investigated at elevated tatopes and pressures [74-77]. The strategic
injection of CQ into coal seams as a viable option to mitigate itteeeasing global CO
emissions has inspired interest in developing tebenderstanding of coal-G@nteractions

at high pressures [62, 63, 73, 74, 78-82]. Howeter adsorption isotherms of @On coals

at high pressures (at or over the critical poiatyébeen reported to display unusual behaviour

that many investigators are yet to adequately wstaed [56, 57, 82-86].

11
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1.4  Aim and objectives of the study

The aim of the study is to investigate the X30rption properties of four South African
bituminous coals selected from underground coahse&levant to C@sequestration in coal

seamsand correlate the sorption properties of these coals to the coal properties.

To achieve this, the following specific objectiwesre attained:

» Determine the physical-structural properties of ¢bals using both conventional and
advanced analytical techniques.

» Perform an extensive study of the chemical-strattproperties of the coal samples
using various characterisation methods.

» Measure the Cg& CHs, and N adsorption isotherms of the coals under conditions
similar to in-seam conditions at pressures up ttviP& and at isothermal temperature
of 55 °C, and develop a fitting isotherm model tequately describe the adsorption
isotherms of these adsorptive gases at high peessur

» Determine the Cg) CHs, and N maximum sorption capacities of the coal samples
using the fitting isotherm model.

» Evaluate and distinguish between the>COHs, and N sorption properties of the
samples at the experimental conditions to estaltisisorption mechanism(s) and the
adsorptive gas-coal interaction(s), and validagestbrption mechanism.

» Correlate the obtained sorption data with the deiteed coal properties to determine
the influence of coal properties on the maximumpson capacities and sorption

properties of the samples.

1.5  Structure of thesis

This thesis is structured into 6 chapters.

Chapter 1 is concerned with the introduction, nadton, and the aims and objective of this

research work.

12
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In Chapter 2, a review of published works relevanthe aims and objective of this thesis is

presented.

In chapter 3, the analytical techniques and resoittined from the physical-structural
characterisation of the coal samples is given. Thapter has been published in the journal,
Fuel (Volume 141, Pages 293 — 304: 2015).

Chapter 4 presents the analytical techniques, guoes and data resulting from the chemical-
structural analysis of the 4 samples used in tlugkwT his chapter has been published in the
journal, Fuel (Volume 158, Pages 779 — 792: 2015).

The experimental methods, data analysis and refsoitsthe CQ, CHs, and N high pressure

sorption experiments on the four coal samples ccteduon a high pressure gravimetric
sorption system (HPGSS) are presented in ChapiEhéobtained sorption properties of the
coals were also correlated with the coal propegresthe critical properties of the gases. This

chapter has been submitted to the journal, Fuel.

In Chapter 6, the main conclusions drawn from tam@e characterisation, and HPGSS
experiments are presented and further researcttidme not covered within the scope of this

thesis are highlighted.

13
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Nomenclature

Symbol Definition

A Geographical area of basingm

A /A Net to total area

C Concentration of C&n standard volume per unit volume of coﬁﬁ(;z/nfoa,)
E, Areal displacement efficiency (-)

= CQ; storage efficiency factor (-)

E, Microscopic displacement efficiency (-)

Eg Gravitational displacement efficiency (-)

E, Vertical displacement efficiency (-)

hg Gross thickness of coal seams (m)

h, /h, Net to gross thickness (m)

|\/|CQ CO: storage capacity of one or more coal seam(s)qkp/t

Greek symbols

Symbol Definition

Pco, Standard density of GQkg/n)
Abbreviations

Acronym Definition

Adb Air dry basis

CAPEX Capital expenditure

CBM Coalbed methane

CCS Carbon capture & storage (or sequestration)
CFCs Chlorofluorocarbons

14
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CHs
CO
CTL
Db
DEA
DEAT
DOE
ECBM
ESRL
GHG
GTP
GWP
HCFCs
HCs
HFCs
IPCC
LTMS
Mton
N20
PFCs
ppm
RF
SACCCS
Sk
UNFCC

Methane

Carbon dioxide

Coal to liquid

Dry basis

South African department of environmental &ffa
South African department of environmentaba & tourism
US Department of energy

Enhance coalbed methane

Earth system research laboratory, at Maurza Hawaii
Greenhouse gas

Global temperature change potential

Global warming potential
Hydrochlorofluorocarbons

Halocarbons

Hydrofluorocarbons

Intergovernmental Panel on Climate Change
Long Term Mitigation Scenarios

Million tonnes

Nitrous oxide

Perfluorocarbons

Parts per million

Radiative forcing

South African Centre for Carbon Capture &&je
Sulfur hexafluoride

United Nations Framework Convention on Clien@hange
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Chapter2

2.0 Literature review

2.1 Introduction

In this chapter, a literature review of researchduwted in the area of coal properties and
sorption properties of coals relevant for £$8questration in coal seams was carried out. The
physical- and chemical-structural properties ofle@@pacting their sorption properties were
discussed. Isotherm models used to describe amdnuat the sorption properties of coals
were highlighted. The survey presented in this tdrapas considered to provide the necessary

background for the execution of this research work.

2.2  Coal Structure

2.2.1 Origin and formation of coal
The origin, formation, and structure of coal haeeib extensively studied [1-9]. Coal is an

extremely heterogeneous, non-uniform, complex natesnsisting of organic matter, mineral
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matter, moisture, and a complex and complicated petwork [3, 6-8, 10, 11]. It is generally
accepted that the organic portion of coal was farfnem concentrated deposits of swampy
organic matter originally derived from terrestrants [2, 3, 5, 6]. Plant debris including
plants’ leaves and stems were transformed intotboaligh complex biological, chemical, and
geochemical processes driven initially by selectimérobial action and later by the
temperature and pressure gradient generated byagwvey sediments over geological time
(several hundred millions of years) [5, 6]. Thigamic sedimentary rock is composed of these
fossilised plant remains called macerals and mingrausions. The macerals are the
morphologically distinct features of coal, usuadligtinguished by their physical form and
reflectivity under the optical microscope [1]. Maals are classified into three main maceral
groups: liptinite (exinite), vitrinite, and inertte [4, 6-8, 10]. Vitrinite is typically deriveddm
the metamorphosis of woody plant tissue and matand is the most prevalent maceral in
bituminous coals. Liptinite is formed from resindijsds and waxy plant materials and other
hydrogen-rich substances. Inertinite is considévgmobably originate from partially oxidised
or combusted carbons and are distinguished by ¢neater reflectivity and retention of plant
structures. [1, 12]. The process of conversiorhefglant matter into peat, lignite, bituminous
coal, and anthracite is called “coalification”. Ihg the coalification process, large volumes
of volatiles, mainly CH, CQ,, and water are released [8, 13]. Although,@0Omore strongly
adsorbed to the coal matrix than the other volgtiieis more easily dissipated due to its
solubility in the moisture or water present throoghthe coalification process. Hence, {8
the most prevalent gas in coal beds accountingali@mut 95% of coal bed gas [3, 8, 13].
However, CH is less strongly adsorbed to the coal matrix, @erty exploited by C&
enhanced coal bed methane production process.

Coals are classified by their rank, which is a measf the extent of the heat and pressure, the
coal was subjected to during its formation. Vitenreflectance (Rr.%), fixed carbon and
volatile matter contents are used to distinguigih&i-rank coals, while calorific value and
moisture content may be used to differentiate lermek coals [4-7]. As coal progresses
through the coalification or maturation process,physical and chemical properties change.
As coal rank increases, from lignite to anthractarbon content increases, oxygen and
hydrogen contents decrease, slowly at first, tia@idly during the later stages of coalification.
The volatile matter content of coal decreases, entiie calorific or heating value tends to

increase with increasing rank [1, 3, 10, 11]. Femmore, as coal rank increases, the aromaticity
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and molecular cluster size increases; vitrinitiertince increases; moisture content decreases,
rapidly in the early stages, but slowly in the tat&ages of coal maturation [1, 3, 10, 11].

2.2.2 Molecular organic structure of coal macerals

Coal has a highly complex chemical structure, imgj of macerals and minerals that reflect
the depositional environment and the nature obthanic precursors [11, 14]. There have been
substantial efforts aimed at elucidating the mdicarganic structure of coal. This task is
made difficult due to the large variety of coalse theterogeneity of a single coal and the
complexity of individual constituents [10, 11]. tead, many ‘average molecular structures’
have been constructed based on the elemental anah chemical functionality determined
by various analytical methods. These methods imclpdoximate and ultimate analysis, wide
angle X-ray diffraction, spectroscop}?¢ NMR, HRTEM, IR, and FTIR), solvent swelling

and extraction, and adsorption methods [11, 15-22].

Figure 2.1: Molecular model for (a) inertinite-riehghveld coal and (b) vitrinite-rich
Waterberg coal [20]. Colour code: carbameer; oxygen-red, nitrogen-blue, and sulphur-
. Hydrogen is not shown.
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Early modelling efforts concentrated on developang‘average’ structure but nevertheless
proved useful in explaining elements of coal prtpser[23-25]. Given [23] proposed a
hypothetical structure for a bituminous coal vitenwith 82% carbon content as one possible
arrangement of the atoms present in coal moleadiee with the data available at that time.
Given’s model illustrated the importance of funofdty and the three dimensional structure
of coal. The structure was based to a large exieai array of connected polycyclic aromatic
systems. Advances in the area of molecular modgdignapplied to coal structure have evolved
over the years. These advances have helped imWestigations and development of coal
molecular models [17-20] that can be used to suliffgrent utilisation processes in coal
including adsorption of C£in coal [19, 21, 26-35]. The molecular represeotest of two
South African, Permian-age vitrinite-rich Waterbengd inertinite-rich Highveld coals were
elucidated by Van Niekerk & Mathews [20]. They rdpd an elemental composition of

Cloods4O50N, S, and C, o Hg-£55N,S, for the vitrinite-rich Waterberg and inertiniteshi

Highveld coal respectively. The molecular modelshefse coals are shown in Figures 2.1 in

line and van der Waals radii rendering [20].

2.2.3 Physical structural properties of the coal
Coal as mined is anisotropically strained and ‘gjagl, 36] and is compressed perpendicular
to its bedding plane due to overburden pressureegpdnded in the bedding plane as a result
of tectonic movements [1, 37-40]. Coal as a ‘pormgK’ is thus, in a ‘glassy’ or pseudo-
polymer state [41]. Many coal properties are sintitathose of glassy polymers [42, 43]. The
mobility of the macromolecular chains is highly stained. The structure is very dense and
there is very little void space in the structurbefiefore, diffusion in the glassy state is low.
However, upon exposure to a swelling solvent, tmddaves as a ‘pseudo-polymer’ and its
structure has been described as rubbery by Pepplasr this state, the macromolecular chains
are highly flexible. Large segments of the macraoolar network become mobile and occupy
a larger portion of the free volume due to chatation, translation, and vibration [1]. These
constraints and the complex physical structure adl dnfluences its physical-structural

properties as density, surface area, porositysamdling properties of coals.
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2231 Surface area and porosity properties of coal
Coal is composed of highly cross-linked and entashgletworks of macromolecular chains
whose poor alignment in three dimensions produaesws pore sizes and networks, resulting
in usually low porosity systems. Pore structurecofls and carbonaceous material are
classified according to IUPAC classification [45] 4s: micropores & 20 A); mesopores or
transitional pores (20 A d, < 500 A); and macropores (dp > 500 A). It is wideéhgugh not
universally, accepted that the pores in coals haveroad size distribution and form a
constricted, interconnected network [45-54]. Exmemtal evidence shows that that coal
porosity and pore size distribution varies with tegree of maturity of coal, termed rank and
measured by the proxy indicators: carbon contedtragan maximum reflectance of vitrinite.
Both Rodrigues and Lemos de Sousa [51] and Gamr@ebrkers [46] found that, for lower-
ranked lignites and sub-bituminous coals- (elenterdgbon < 75 wt.%, dafb), porosity is
primarily in the form of macropores (primary potg}i For intermediate-ranked bituminous
coals (76 wt.%< elemental carbor 84 wt.%, dafb), loss of primary porosity sets inddhe
evolution of secondary porosity (micro- and mesoepity) starts, such that about 80% of the
accessible porosity is contributed by micro- andoagores. In higher-rank coals (elemental
carbon >85%, dafb), microporosity predominates B!, 55]. Thus, as the rank of the coal
increases, the importance of macroporosity decseas® microporosity becomes increasingly
significant.

Low pressure gas adsorption (LPGA) of gaseous ptigses (Ar, CQ, C:Hs, He, CH, Kr, No,

Xe, water vapour, etc.) on coal (adsorbent) has legely used to determine the surface area,
pore structure (sizes and distribution) and poyasitcoal and other carbonaceous materials.
This is because gas adsorption methods are lefly aosl are more convenient to use than
some of the other more advanced techniques [56}.&00Q N are the most commonly used
gases. Other widely used methods used to probacsuafeas and porosity properties of solids
are: wide angle x-ray diffraction (WAXRD), smallgla x-ray and neutron scattering (SAXS
and SANS), mercury intrusion porosimetry (MIP), rstiag electron microscopy (SEM),

transmission electron microscopy (TEM), thermopaetly) and NMR methods.

Although Marsh [57] has noted that it is difficutb model the mechanism of gaseous
adsorptive-solid adsorbent adsorption process UsR@A, attempts had been made to use
LPGA results to obtain information on microporoum anesoporous materials and describe

the mechanism of adsorption [46, 50, 53, 54, 56-B8sorption in microporous materials
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(pore width < 20 A) is dominated by the physicaémactions (van der Waals dispersive forces)
between adsorptive molecules and the pore wallseo$olid adsorbent [46, 50, 53, 54, 58-63]
which is complicated by the fact that some poressarall enough for the adsorption potentials
of the opposite pore walls to overlap [56, 59, 6&$. a result, micropores fill through a
continuous process-without phase transition- irestntical gases. The filling of the narrowest
micropores of width equivalent to not more than twahree molecular diameters is claimed
to take place at very low relative pressuresdR/@.01). This process is referred to as “primary
micropore filling” [56, 62]. The filling of the widr micropores may occur over a much wider
range of relative pressure (0.81P/R < 0.2). In this mechanism, adsorbent-adsorbate
interaction energy in the pore center is relatiwadyy small and the increased adsorption with

respect to increasing R/Fs mainly due to the co-operative adsorbate-didgerinteractions.

In gas sorption measurements at subcritical candtisorption in mesopores plays a vital role
in the determination of porosity and surface ar&as. sorption characteristics of mesoporous
solids depends not only on the gaseous adsorbdtsadid adsorbent pore wall attraction (as
in microporous solids), but also on the attractiveractions between the gaseous adsorbate
molecules (more significant for mesoporous solids). sub-critical low pressure gas
adsorption, this leads to the occurrence of mamaaulti-layer adsorption and capillary or pore
condensation at P§» 0.2. At the onset of pore condensation, the poaéisvare already
covered by a multilayer of adsorbed film. The ditgbof the adsorbed multilayer film in the
pores is dependent on van der Waals interactitvesstirface tension and curvature of the
liquid-vapour interface [56, 64-66]. When the adsal film thickness is small, adsorption is
by dispersive forces. However, when the adsorbkd fiecomes thicker, the adsorption
potential arising from the surface becomes les®itapt, and the surface tension and curvature
effects (adsorbate-adsorbate interaction) becomee nsignificant. Capillary or pore
condensation may occur in the core of the por&affluid film thickness grows beyond a
certain critical thickness, when the multilayernfilcan no longer be stabilised by the
intermolecular forces in the core fluid. This isphenomenon where gaseous adsorbate
condenses to a liquid-like phase in pores at aspredess than the saturation pressugedP
the bulk fluid. This marks a shift in phase traisitunder the influence of the attractive and
dispersive adsorbate-pore wall interactions. Theuoence of pore condensation in
mesoporous solid adsorbents is expected as lotigeasontact angle is below 90°. Fos N
adsorption at 77 K, a contact angle of 0° (completiting) is usually assumed [56]. Thus,

adsorption in mesoporous material involves fluichg® transition and pore condensation,
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which may give rise to hysteresis. Hysteresis aceuten the vapour-liquid transition (pore
condensation) is delayed due to the existence aéstable adsorption film and hindered
nucleation of liquid bridges [56, 64-72].

Generally, some pores are not reachable by therlz@isogas, because the pore throat that
connects them to the outside may be too narrowedsy penetration. If the throat diameter is
only slightly greater than the size of the gas male, physical interactions between the throat
wall and adsorbate modify the rates of penetrafibis phenomenon is referred to as molecular
sieving effect [47-50, 53, 57]. Small differencesthe sizes of adsorbate gas molecules can
lead to significant differences in the mechanismprocesses necessary for diffusion through
a given pore opening to occur. The diffusion ratd the activation energy of the process is

strongly dependent on the temperature of the syptém9, 53, 57, 60, 63].

Surface area and porosity values obtained from &if3orption have been found to be much
greater than the values from Hdsorption on coal [47, 48, 54]. This has beerbated to
activated diffusion; the low thermal energy asstecawvith N> at the analysis temperature
during N> adsorption at -196 °C means that gas penetraisiow, whereas the thermal energy
associated with carbon dioxide at 0 °C [47-50, &2, 57, 60] is much greater: the rate of
diffusion of CQ through cylindrical pores of molecular dimensiard&C has been found to
be 10 times higher than that ofNt -196 °C [53].

The low pressure gas adsorption of QD coal usually takes place at pressures < 1 atin a
the shorter analysis time (< 10 hours) usually letkéd by CQ adsorption analysis make coal

swelling an insignificant contributor to the finasults obtained [48, 53, 57].

Mercury Intrusion Porosimetry (MIP) is another stard method of determining the porosity
and surface areas of coals, but is limited onlgneso- and macro-porosity [73-76]. Although
the application of the macroporosity of bitumin@asls to most of its utilisation processes is
still very limited, as noted by Ross and Bustin][#nhe understanding of this property is
relevant in predicting total gas capacities of saghen used for C{sequestration.

Each of these conventional methods only probe fpgmre size ranges and thus cannot be
used independently to describe the overall porasitpore size distribution of the sample.
Standard measurements from £3@w pressure gas adsorption technique can onlyeppores

in the range: 3 A dp< 5 A (lower micropore range); while pores accessibIN: low pressure
gas adsorption analysis are claimed to cover thgeral7< dp < 3000 A (higher micropore
and entire mesopore range). Effective pore sizeiloigion (PSD) analysed using MIP is in
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the range: 3& dp< 600000 A (6Qum) (meso- and macro-pore range). This means timaira
complete description of the pore structure, surea and porosity of coals has to combine
results obtained from these three techniques. ltinfately, properties of micropores in the
size range: 5 A d, < 17 A are not readily picked up by any of these¢twidely used standard

methods.

In recent times, Small Angle X-ray (SAXS) has gdimp®pularity as a coal characterisation
tool. SAXS has the advantage of probing a widegeaof pore sizes in a single experiment
than MIP or gas adsorption [47, 52, 78-82]. Whema)¥s penetrate materials, they are
scattered off density contrasts within the mateaia range of angles. The resulting scattering
pattern, which is specific to the structure of thaterial, can be analysed to estimate surface
areas and porosity features of the sample. Be@AXS scatters off density contrasts, in coals
it not only scatters off density differences betwélge material and empty pores, but also off
density differences between their organic and ianigcomponents. Thus, results from SAXS
need to be corrected for the influence of coalsieral matter. One way to correct for this is to

assume that the mineral matter size distributidhessame as that of the empty pores [82].

2.2.3.2 Density of coal

The density of coal is an important physical propef coals that has been well studied by
various investigators using widely accepted teamesgincluding: helium pycnometry (HP),
mercury intrusion porosimetry (MIP) and other fldigplacement methods [75]. [46, 47, 52,
57, 75, 76, 83-92]. The widely accepted techniqused to access the density of coals were
summarised by Senel et al. [52] and include hepyonometry, mercury intrusion porosimetry
and other fluid displacement methods [75]. Two femfh density have been reported to exist
in coals: the ‘true’ density, which is defined ke tveight of a unit volume of pore-free solid,
and the ‘apparent’ or skeletal density definechasteight of a unit volume of solid including
some pores. The ’'true’ density is generally meakung helium with the assumption that
helium is a small molecule and able to accesd #tleopore volume with negligible adsorption,
with the assumption that all pore voids are acbésgb2]. Nevertheless, X-ray diffraction
studies with a suite of American coals have shdven there is some pore voids in high-rank
coals that are inaccessible to helium [46]. Hetlee helium density determined for such coals
would apparently be lower than its ‘true’ densityhas been demonstrated that the helium
density of coals decreases with increasing elerheatbon content up to 82 wt.%, dafb, passes
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through a minimum in the range of elemental carbontent 82 to 86 wt.%, dafb % and

increases sharply with further increases in elealargrbon content [47, 83]. This U-shape
trend was also observed for the variation of caatopore surface area with elemental carbon
content or rank of coals [46, 51].

The bulk density of coals, which includes microgomacropores, and inter-particle voids, is
obtained by fluid displacement methods including®MiT6, 86-93]. The bulk densities of 17
Asian coals of various ranks was measured in metharhexane, and mercury and compared
with the helium density by Toda [90]. For all theids used, the density values obtained were
higher for lower and higher rank coals and dispageminimum at about 85 wt.%, dafb
elemental carbon content. The densities and pas%t coal macerals were measured using
helium, mercury, methanol, water, and £y Walker et al. [85]. They found that densities
measured in methanol, water, and G@re usually greater than those measured in helium
and attributed these discrepancies to the permtrafisome solvents into pores inaccessible
to helium, and probably uptake by and/or diffusminthese molecules into the polymer
structure of organic matter of the coal structurdgich results in swelling. However, they noted
that CQ uptake by the macerals was primarily due to pitireg and not penetration into the
coal structure [85]. Although MIP is widely usedthe determination of the bulk density of
coals, data from MIP measurements need to be ¢eddor coal compressibility at high
pressures [76, 86-89, 91-94]. Toda and Toyoda [@pprted a sinusoidal trend of coal
compressibility with elemental carbon content (exgrof rank), but obtained a linear trend
between coal compressibility and Knoop Hardnesss 3iggests that coal compressibility is
more dependent on factors such as Knoop hardnéfssfit of sampling [94] and swelling

properties of the sample, rather than rank.

2.2.3.3 Swelling of coal

It is generally known that coal swells to differextents during sorption of adsorbate (liquids
or gases) [95-103]. Toda [90] measured the vanatiothe differences in the volume of coal
estimated by C@&displacement and that estimated by He displacefoed coals of various
rank. His reported data shows that the volume aedupy coal measured by G@as always
lower than that measured by He indicating thaiGfe could penetrate into micropores which

were inaccessible to He, which may be attributeidntmibition (Henry’s law dissolution).
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Reucroft and Patel [96] investigated the swellind ahrinkage of a Kentucky coal in different
gases: CQ He, Xe, and MNusing a dilatometric technique. They reported Hatand N did

not cause any significant swelling or shrinkagetlod samples. However, Gdhduced
expansion was significant. More so, considerablgraction was observed when €@as
evacuated from the sample. Very little swelling waserved for xenon [96], which has been
disputed by Sakurovs et al. [104]. Assuming isdtraggwvelling, volumetric swelling in the
range of 0.36% to 4.18% has been reported at pe=sap to 15 bar, and the degree of swelling
in COp tends to decrease with increasing coal rank [95].

2.2.4 Chemical-structural properties of coal
The carbon crystallite structure of coal descrilies microtextural and microstructural
properties of the carbon contained in them. Eviddnam atomic level characterisation using
high-resolution transmission electron microscopRTHM) [11, 39, 105-108] and wide-angle
X-ray scattering - carbon fraction analysis (WAXRIP-A) [11, 108-120] show that carbon
crystallites in coal consist of a layered structfreovalently linked polycyclic aromatic units.
Resulting data from WAXRD-CFA includes chemicalstural properties such as
aromaticity, fraction of amorphous carbon, anddégree of disorder of the carbon crystallites
in coal [10, 11, 22, 112, 116, 121]. The chemid¢akeural forms of carbon in coals have been
studied extensively usinfC NMR spectroscopic techniques [22, 108, 122-1@5jch has
enabled the quantification of aliphatic as wellaagmatic carbon contents, and other carbon
moieties in coal. Reports of similarities betwedmernical structural features of coals
determined from WAXRD-CFA antfC NMR do exist [11, 22]. Attenuated total reflectio
Fourier transform infra-red (ATR-FTIR) spectroscdms been successfully applied to study
and elucidate the functional groups present inscaal a function of the type of hydrogen
bonding present in coal [22, 126-128]. It is worthynote that there has been some success in
obtaining semi-quantitative and quantitative dabanf ATR-FTIR spectra [129-131], which is

useful in describing, at a molecular level, sonteractions in coal.

The molecular structural features of coals haventstedied by image analysis of the high
resolution fringe images usually acquired from HRTEnalytical technique. Sharma et al.
[105, 106] have successfully studied the carbostatjte and microstructure of coal through
the lattice fringes of coals from HRTEM image as@&yof the thin edges of the coal samples.

HRTEM image analysis of coals show condensed atoraaits as forming stacks parallel to
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each other. The results of Sharma and co-worked§, [106] show significant differences
between vitrinites and inertinites. They reporthdttcoal vitrinite contained fewer stacked
layers than coal inertinite, which is more oriended contains more stacked layers. They also
found that the inter-layer spacing between aronsitéets in stacks is between 3.3 and 4.0 A,
similar to results obtained from WAXRD-CFA [11, 10BL2, 116]. The average crystallite
diameter ranged from 10 — 13 A, and was found toeimse with increasing coal rank [106].
The chemical-structural properties of coal has deen found to correlate well with the

physical-structural properties of coal, especidiysity and porosity properties [10, 11, 55].

In summary, data on the chemical-structural progpedf coals obtained from these techniques
have shown that the molecular skeleton of bitumsnand higher rank coals consist mainly of
aromatic sheets or layers [15, 16, 22, 39, 105, 106, 112, 113, 116, 132-134]. Detailed

discussion on the chemical-structural propertiesoals is presented in Chapter 4.

2.3  Carbon dioxide capture and sequestration (CCS)

Carbon dioxide (Cg@) capture and sequestration (CCS) is a processstiogsof various

technologies aimed at reducing anthropogenic €Qissions from industrial and energy-
related sources, as one of the options of mitigagiobal climate change. Thus, CCS is not a
single technology [135-140], but an array of tedbgy that can be synergised with the

ultimate aim of reducing C£emissions. CCS involves [141]:

(). The capture, separation and compression of antgespo CQ from large industrial
point sources for example fossil fuel power genenatacilities, coal to liquid (CTL)
plants, metallurgical industries and other enemgted sources. Various
anthropogenic C@capture option are available as illustrated iruFeg2.2 [141-143].
These include:

» Post-combustion capture from power plants,

» Pre-combustion capture from integrated gasificatombined cycle (IGCC)
power utilities, CTL facilities (eg. Sasol) and etlgasification systems,

» Oxy-fuel (oxygen-rich) combustion system,

» COy capture from other fossil fuel industrial utilisat systems, eg.
Metallurgical industries, paper production, etc.
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(i). The transport of the captured, separated, and asspd CQ (usually in the liquid
phase) to a candidate geological storage locasorgwpipelines or trucks [144, 145].

(). The safe and permanent long-term storage of the i@@eep candidate geological
storage sites, thus, isolating the Z@m the atmosphere.

NZ
2t 4
Coal [ —— co.,

Gas Power & Heat |

Separatio
Biomass oparation

Air CO,

Air/O,
Coal Steam

Biomass ‘ / \ l

Pre combustion  |Gasification ==l Reformer
: +CO, Sep. ‘ - co,
Gas, Oil =i / Compression

& Dehydration
Coal co, ﬂ
Oxyfuel Gas we——lp- Power & Heat

Biomass + o, ’ I
N,

Air =P |Air Separation
AirlO,

co,

Cco,

Coal \ﬂ
Industrial processes Gas memm—! Process +CO, Sep.
Biomass

Raw material Gas, Ammonia, Steel

Figure 2.2: Visual overview of CQapture processes and systems [141].

Geological locations for the storage of £i@clude: ocean disposal of GQL41, 143, 146-
153], depleted oil and gas reservoirs with the synef enhanced oil and gas recovery (EOR
& EGR) [139, 142, 152, 154-158], deep saline foioret [152, 158-166], and “unmineable”
coal seams with the synergy of enhanced coalbetamet(ECBM) recovery [11, 141, 142,
145, 152, 155, 167-170]. For a candidate geolodiwation to be suitable for GQ@torage, it

must possess the following characteristics [171]:

» Capacity, to contain the projected volume of.CO

> Injectivity, to take in the captured GGand

» Confinement, to prevent the migration and seepdgbeobuoyant and mobile GO
from the storage spaces to other places in theusialog, especially to shallow potable
groundwater and or to the surface.

A conceptual overview of the geological storageaptor CCS is shown in Figure 2.3.
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Overview of Geological Storage Options

1 Depletedolland gasreservoirs ~  eeeeeseeseeeees Injected CO,
2 Use of CO, in enh d oil and gas Y B stored CO
3 Deep saline formations — (a) offshore (b) onshore -
4 Use of CO, in enh d coal bed metha y

Figure 2.3: Visual overview of the geological sgggaptions for CCS [141].

CCS is only one of the options in the portfolioroitigation actions for the stabilisation of
atmospheric greenhouse gas (GHG) concentratiorger Gitigation options include [141,
143]:

(). Improvement and optimisation of energy efficiency,
(i). Switching to less carbon-intensive fuels,
(iii). Use of nuclear power,
(iv). Use of renewable energy sources,
(v). Enhancement of biological sinks, for example, .C€apture and storage by
microalgae, and photosynthesis in plants,
(vi). Ocean fertilisation with limiting nutrients,
(vii). Non-biological capture of C&from air
(viii). Reduction of non-C&greenhouse gas emissions.
CCS has the potential to reduce overall mitigatosts and increase flexibility in achieving
greenhouse gas emission reductions. The wides@galitation of CCS would depend on
technical maturity, costs, overall potential, déifon and transfer of the technology to
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developing countries and their capacity to applg tiechnology, regulatory aspects,

environmental issues and public perception [148, 131-179].

2.3.1 Storage mechanisms of CO- in geological formations

The overall effectiveness of storage of the captu@€y in geological formations largely
depends on the COstorage mechanism, which is a combination of ggsiphl and
geochemical trapping. The most effective storagessare those where stored £@
immobilised as it is trapped permanently underiektiow-permeability seal, converted to
solid minerals, adsorbed on the surfaces of coalapore structures or through a combination
of physical and chemical trapping mechanisms [142, 152, 159, 171, 172, 180].

Different geological trapping mechanisms have bédntified that can contribute to
immobilisation, isolation, and ultimate retentiointive stored C@over geological time [141,
145, 152, 171]. These are: structural trappingjlleap or residual-gas trapping, solubility
trapping, and mineral trapping. While structurad aapillary trapping are geophysical trapping
mechanisms, solubility and mineral trapping arechemical trapping mechanisms [171, 180].
The geo-physical trapping mechanisms are considagedrimary C®@ immobilisation
processes; while the geochemical trapping mechanigre regarded as secondary>CO
immobilisation processes [152]. The relative sigaifce of these processes is expected to
change over time as G@igrates and reacts with the geological mediakgpand interacting
fluids [142, 152, 159]. A conceptual illustratiai the dfferences between various €O
trapping mechanisms in geological media throughGBe storage operating timeframe, and
theevolution of trapping mechanisms over geologiaaktiwith theircontribution CQ storage
securityis presented ifFigure 2.4. The reliance on the primary geologiteddia seal or
caprock to contain and retain the injected.@Ecreases as the secondary @dnobilisation
processes begin to dominate [152], leading to aedse in, or even complete loss of injectivity
[169-171, 180]. It should be noted thattweal trapping mechanisms and evolution will be
expected to vary from one geological site to thep{152]. The geological storage security is
highly dependent on a combination of geophysicdl geochemical trapping. Over time, the
geophysical process of residual £x€apping and geochemical processes of solubrbiyding

and mineral trapping increase [141, 171].
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Figure 2.4: Differences between various Q@pping mechanisms in geological media: (a)
Operating timeframe, and (b) Conceptual illustratibthe evolution of trapping mechanisms
over timeand their contribution to storage secufityl, 152, 171]

2311 Structural trapping

Structural trapping in stratigraphic and structuraps is the most important process in the
early stages of C£storage. The main prerequisite for securing mab@® is the presence of
a thick and fine-textured rock of low permeabiliyp2, 171] that serves as a seal above the
sequestration reservoir. The seal should provideffaective permeability and capillary barrier
to buoyancy-driven upward migration of @Cstructural trapping is also the most prevalent

COe trapping mechanism in coal seam storage of [@®@1, 180-182].

2.3.1.2 Capillary trapping
Capillary or residual-gas trapping occurs in theepgpace of geological media at irreducible
gas saturation. Thus the €@ immobilised by the interfacial tension betweg&®, and

geological formation water, and seepage ok @mpossible even if a pathway is available
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[171]. Capillary trapping primarily starts afteretistop of CQ injection and formation water
begins to imbibe or absorb into the £@ume. The trailing edge of the @@ immobilised,
slowing up-dip migration. Capillary trapping is peularly important for sequestration in
dipping aquifers that do not have structural clesyd52].

2.3.13 Solubility trapping
Solubility trapping is a geochemical trapping prsswhere the injected G@issolves into the
pore water of the geological formation. The amafrgas that can dissolve into the geological
media water depends on several factors includingssure, temperature, and pH; and the
salinity of the brine in place (especially for saliaquifers). At the in situ conditions expected
for most geological formations (ambient#d 50 °C and a few hundred bars total pressure),
CO, solubility increases with increasing pressure depth) but decreases with increasing
temperature and salinity [152]. Czernichowski-Lalt al. [183] demonstrated in laboratory
experiments that C&Qdissolution is rapid at high pressure in the preseof water in the pore
spaces of geological media. However, in a reattiga system, Cedissolution may be rate-
limited by the magnitude of the contact area betwibe CQ and the geological formation
fluids. The main advantage of solubility trappisghat once the COs dissolved, there is less
COz subjected to the buoyant force that causes thargammigration or seepage of £(052,
171].

2314 Mineral trapping
This mechanism occurs when dissolved.@€acts directly or indirectly with minerals in the
geological formation, promoting precipitation oflcanate minerals [152, 164, 171, 184-187],
especially in the presence of Ca and Mg rich mis€i64, 184-188]. Mineral trapping is
attractive because it could immobilise the injed®@ for very long periods [152, 164, 184-
186, 188]. However, the process is thought to beparatively slow because it depends on
dissolution of silicate minerals, so the overalpant may not be realised for tens to hundreds
of years or longer [152]. However carbonate tragpy calcium species (€3 may be
relatively more rapid, which is more significantsaline aquifers or alkaline waters [164, 184].
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2.4  Sequestration of CQin coal seams

The CQ captive properties as well as its holding capdaityoal seams is an essential area of
research both for an economic assessment of cdedwzal seams and for a better
understanding of the coal-Gteractions. Due to the fact that €id the dominant gas in coal
seams [3, 8, 13], the coalbed methane (CBM) resecapacity and the parameters that affect
the adsorption capacity of GHave been investigated extensively, aimed atvh&iation of
the gas-in-place (GIP) and to enhance the safetpafmining [8, 168, 189-192]. The CBM
capacity of coal seams can be estimated by direttads which measure the volume of CH
released from a coal sample sealed into a desorg@mister first reported by Every &
Dell’Osso [191] and others [8, 13, 190, 192-197];bg indirect methods based on the
adsorption-desorption isotherms data obtained fiaoratory experiments [102, 104, 192,
195, 198-205]. The estimation of the CBM contentoéls by different methods has been
reviewed by several authors [8, 13, 145, 155, 19Q]. However, data pertaining to the £0
storage capacity of coal seams at in situ (in-seamjlitions are limited. Unlike C+tontent

of coal seams that can be determined by direct adsththe C®@ sorption and or storage
capacity of coals is generally estimated indireéttyn the adsorption isotherm data, usually
by applying some empirical isotherm model expressidhe most widely used adsorption
isotherm models, for the description of the adsompisotherms of microporous adsorbents
including coals are: the Langmuir monolayer modbeE Brunauer-Emmet-Teller (BET)
multilayer model, and the Dubinin-Radushkevich ddlieg equation [52, 61, 206, 207], and

modified variants of these models.

24.1 Gas Adsorption

Adsorption occurs when a gas or vapour (usuallgrretl to as adsorbate) is brought into
contact with a solid, part of the gas or vapouraisen up and remains on the outside attached
to the surface. It is believed that the term adsampwas first used by Kayser [208-210] in
1881 to explain the condensation of gases on ®sgfac contrast to gas absorption in which
gas molecules penetrate the bulk phase of the laibhgosolid [209]. Adsorption is a
complicated process and different expressions se€ interchangeably to define it. While
adsorption is simply used to imply the condensatbrgases on free surfaces, the term,
absorption and/or imbibition is used to descrileefghnetration of gas molecules into the mass

of the absorbing solid. Hence the term, sorptioas wroposed by McBain [211] in 1909 as a
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complete description of mass transport into a soéidcompassing surface adsorption,
absorption by penetration into the solid and cosd@an within pores [209, 210, 212].
However, the IUPAC definition of adsorption as #regichment of one or more components
gases or vapour in an interfacial solid layer igagally accepted [44, 45, 209]. Thus, Iin
adsorption systems, an excess of the gas or vapaolecules exists at the adsorbate-adsorbent
interface, resulting to a selective collection aashcentration of the gas or vapour onto the

solid surfaces.

Adsorption is divided into two sub-categories oygibal adsorption (physisorption) or van der
Waals adsorption and chemical adsorption (chemigorp and the adsorption process can be
classified depending on whether chemical bond$oaineed during the process. Physisorption
is applicable to all adsorbate-adsorbent systerosiged the conditions of pressure and
temperature are suitable, whereas chemisorptionanbyoccur if the system is capable of
making or creating chemical bonds. In an adsorpi@mtem, adsorbate molecules interact with
the surfaces of the adsorbent with forces origngagither from the “physical” van der Waals
interaction or from the “chemical” hybridization thfeir orbitals with those of the atoms of the
solid adsorbent [45]. Depending on which contribatdominates the adsorption process,
adsorption is generally classified as chemical gutsm or chemisorption and physical
adsorption or physisorption. Physisorption is aggilie to all adsorbate-adsorbent systems as
long as the conditions of pressure and temperargesuitable whereas chemisorption may

only occur if the system is capable of breakinfpoming a chemical bond.

2411 Physisorption
Physisorption is a dynamic process where an equitibstate exists with gas molecules and
the interface between the adsorbate and adsorNenthemical bonds are formed during
physisorption, and the attraction between the d&@derand adsorbent occurs by the formation
of inter-molecular electrostatic forces, such asder Waals forces from induced dipole-dipole
interactions [209, 213], or may be dependent onptiesical configuration of the adsorbent
[56]. Dispersion forces are the result of rapidcflations in the electronic density of one
adsorbent molecule inducing an electrical momerat $econd atom [209, 213]. Since there is
no chemical bond between adsorbate molecules amdsdhd surface, physisorption is
generally a reversible process, usually achievegtmperature or pressure swing, and the solid

adsorbent can be regenerated. In addition, theygresociated with physisorption is usually

44



Chapter 2

Literature review

low compared to the product of the adsorption eatd absolute temperatureT] at room

temperature. How easy a reaction is to reversemdispggnificantly on the ratio of the absolute
temperature to the heat of sorption. The procesghgs$ical adsorption into the microporous
structure can be modelled using the theory of DuldB2]. Due to the energetic interactions

between the adsorbate and the pores surfaces,dtigamsm of physisorption is dependent

upon the size of the adsorbate molecule in compamsth the pore width.

Table 2.1: Properties of physisorption and cherpison

Properties

Physisorption Chemisorption

20 — 40 kJ/mol; equivalent to thée0 — 4000 kJ/mol; equivalent to bulk-

Heat of adsorption (kJ/mol) heats of liquefaction orphase chemical reactions activation
condensation of the gas. energy

Rate of adsorption (at 273 K) Fast Slow

Temperature dependence of
Decreases Increases

uptake (with Increasing T)
Desorption

Desorbed specie(s)
Adsorbent regeneration

Specificity

Surface coverage

Easy. Achieved by pressure Difficult. High temperature required to
temperature swing break bonds or impossible

Adsorbate unchanged May beefitféo original adsorbate
Adsorbent can be regenerated  Cannot be regenerated
Non-specific Very specific
Mono- or multi-layer, pore-filling
(dependent on operating conditio

~ Only monolayer

and sample pore surface physi

properties)

In physisorption, adsorbate molecules initially@tisnto the pores with the largest free energy

of adsorption (which is negative), with negligitdetivated diffusion effects, then proceeds

through filling of progressively larger pores, widbcreasing energy and porosity [53, 56, 58,
65, 209]. Some pores are capable of accommodatiagt three adsorbate molecules and,

thus, may undergo co-operative adsorption effegteeducing the available pore volume for
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subsequent adsorption (pore-filling), thus incnregshe energy and the adsorption potential of
the pore [56, 62, 209]. Physisorption is generatlyexothermic process due to the increased
ordering of the adsorbate on the adsorbent surfe@éing to decreasing entropy of the system
[44, 56, 57, 209, 214]. Thus, the amount of adderadsorbed onto the adsorbent, is expected
to decrease with increasing temperature as a fieduct the thermal energy supplied to the
system favours the exothermic process of physisorfiity increasing the equilibrium uptake,
except in the case of activated diffusion [46, 289]. It has been demonstrated from
experimental data that physisorption is independetite adsorbent’s surface chemistry [214].

A comparison of physisorption and chemisorptiosusimarised in Table 2.1.

24.1.2 Chemisorption

During chemisorption, the adsorbate gas or vamohbound to the solid adsorbent’s surface by
the formation and or breaking of chemical bondfs),chemical reaction, resulting in the
adhesion of the adsorbate molecules into the adaar&hemisorption is far less common than
physisorption. Due to the chemical bonds formedinduchemisorption, regeneration of the
adsorbent is often difficult or impossible [44, 64hd the energy generated is the same order
of magnitude as the heat of reaction [209, 212].226e to the fact that chemical bonds are
formed during chemisorption, desorption of the aded phase may yield products which are

chemically different to the original adsorbate.

24.1.3 Adsorption isotherm

The quantity of gas adsorbed onto a solid samflés a function of the mass of the sample,
the temperature and pressure at which adsorptantace, and the nature of both the solid
adsorbent and the adsorbate gas [44, 61, 209].

V = f(P,T,adsorbatg adsorben) (2.1)

For an isothermal adsorption system, Equation ilplgies to:
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V = f(P)T,adsorbate, adsorbent (2.2)

By introducing boundary conditions within the lisiibf vacuum and the saturation vapour
pressure of the adsorbate gas, the pressure tegrbenaxpressed in terms of the relative

vapour pressures, R/fHence:

V= f(PE)T,adsorbateadsorbent (2.3)

0

Equation 2.3 gives a universal basis upon whichsalherms may be displayed in order to
make the comparison of results easier. The abdatiareship may be used to graphically
represent different adsorbate uptake scenarioshén form of an adsorption isotherm.
Adsorption isotherms are generally plotted on thsid of relative pressure, B/Rrersus
adsorbed amount of adsorbate, to allow comparisgonse made. Adsorption data may
alternatively be expressed in terms of an isolber,variation in uptake with temperature at
constant pressure, or an isostere, the changenjpet@ture with pressure at a constant surface
coverage. Isotherms provide a significant amoumifofmation about the adsorbent used and
the interaction with the adsorbate in the systeelyding:

» Assessment of the surface chemistry and fundansemablved in the adsorption
process;
» Estimation of the surface area, pore volume and pize distribution;

> Determination of the efficiency profiles for carlsomsed in industrial processes.

The interpretation of adsorption isotherms candyaelarge amount of information about the
processes involved, as outlined above, but tlosligpossible upon careful analysis of the data
obtained and this can often lead to confusion énitberpretations made. An understanding of
the adsorption mechanisms involved in the diffedasses of porosity is essential to explain

the shapes observed.

Based on the IUPAC [44, 155, 209, 215], adsorptsmtherms can be classified into six
significantly different scenarios as adsorptiontheom types I-VI, describing the physical
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adsorption process. A visual illustration of adsirmp isotherm classification is shown in

Figure 2.5. Note that the two lines in adsorpt®othherm types IV and V are hysteresis loops.

In type | adsorption isotherm, often referred to as Langriygie isotherm, pores are typically
microporous with the exposed surface residing almdusively inside the micropores, which
once filled with adsorbate, leave little or no ertd surface for further adsorption. These are
typical of adsorbents with a predominantly micrape structure, as micropore filling
dominate the process. However, type | isothermbess reported to also occur during the
adsorption of gases onto non-porous solid, in wiuabe the formation of a monolayer of
adsorbate molecules on the adsorbent dominated$44This type of isotherm is often called

a Langmuir type isotherm.

I 11 III

VI

Quantity of gas adsorbed, Q (-) —————p

—)  Relative pressure, P/P, (-) >

Figure 2.5: Visual illustration of adsorption iseth classificationblue line-adsorptionyed
line- desorption. Adapted from [44, 58, 61, 209].
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Type Il adsorption isotherm, typically describes the phygition of gases or vapours onto
non-porous solids. Adsorption is firstly controlldy monolayer coverage, followed by
multilayer coverage at higher relative pressuréss l6otherm is characterised by an inflection
point, which represents the completion of the mayet coverage and the beginning of the
formation of multilayers. Carbons with mixed micard meso-porosity usually gives type |l

isotherms.

Type Il adsorption isotherm is typical of non-porous ocrogorous adsorbent. This class of
isotherm is characterised by weak adsorbate-adsbib&eractions [45, 56] and is most

commonly associated with both non-porous and mamays adsorbents [55]. The weak

interactions between the adsorbate and the addokkemh to low uptakes at low relative

pressures. However, once a molecule has becomebadsat a primary adsorption site, the
adsorbate-adsorbate interaction, which is mucmgén dominates the adsorption process,
resulting in accelerated uptakes at higher relgiressure.

Types IV isotherm, which is similar to the Type I, is tgpl for a mesoporous adsorbent. It
displays a hysteresis loop (the shape of whichnigue to each adsorption system) due to
capillary condensation, with the significant preserof mesoporosity. Type IV isotherms

usually show a limited adsorption at high relagiwvessures.

Type V adsorption is typical for non-porous or macropsradsorbents and is observed for
weak adsorbent-adsorbate interactions and are xdovhe relative pressure axis [44, 209].

These isotherms are also indicative of micropormusesoporous solids.

Although rarely observed, thgpe VI isotherm was primarily proposed as a hypothetical
isotherm by Halsey [209, 216]. The stepped shapleesto the complete formation of mono-
molecular layers before progression to a subsedagat, and may arise from adsorption onto
extremely homogeneous, non-porous surfaces wherentinolayer capacity corresponds to
the step height. One example of type VI isotherrovkm to exist is the adsorption of krypton
on annealed carbon black at 90 K [216].

It is well known that coal is a microporous solidys, the adsorption of gases such as,CO
CHs and N on coals generally exhibits a type | isotherm. Idear, various adsorption
isotherm types have been reported fon,(X17, 218] and water vapour [219] adsorption onto

coals.
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24.1.4 Adsor ption mechanisms of gases on coal
The adsorption mechanisms of gases and vapouroats @nd other microporous and
mesoporous carbonaceous materials have been revignilarsh [57], and Thommes [56].
The widely accepted adsorption mechanisms aresf %1, 62, 220, 221]:

(). The Langmuir monolayer adsorption on the pore serts# the adsorbent [221],

(i). The BET multilayer adsorption mechanism, whichngatension of the Langmuir’s
monolayer adsorption mechanism [58, 61], and

(iif). The Dubinin pore-filling mechanism [62, 220].

A visual illustration of these mechanisms, adaffitenh Ozdemir [222], is presented in Figure
2.6 (i-iii).
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Figure 2.6: A visual illustration of adsorption am@nisms: (i) Langmuir’s monolayer
adsorption model, (ii)) BET’s multilayer adsorptiorodel (iii) Dubinin’s theory of volume
filling of micropores (TVFM) pore-filling model [22].

The Langmuir monolayer adsorption model is a sempiacal isotherm model, which was
derived using the proposed kinetic mechanism frath kinetic and statistical mechanical
theories [221]. Figure 2.6 (i) shows an illustratischematic of the simplistic adsorption
mechanism of the Langmuir isotherm model [222].sTisiotherm was based on different
assumptions, one of which is that dynamic equilibriexists between adsorbed gaseous

molecules and the free gaseous molecules. It sdbais four assumptions:
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» The surface of the adsorbent is homogeneously umjftihat is, all the adsorption sites

are energetically equivalent.
> Adsorbed molecules do not interact- no adsorbaserbdte interaction.

» All adsorption occurs through the same mechanistheach localised adsorption site

on the adsorbent can only hold one adsorbate melecu

» At the maximum adsorption, only a monolayer of #usorbate is adsorbed onto the

solid adsorbent’s regular surface.

Langmuir suggested that adsorption takes placeigiwthis mechanism:

Adsorption
Alg)+B(g)

Desorption (2.4)

Where, Ag) is the concentration (or pressure) of unadsorb&sl molecules; B is the
concentration of unoccupied solid adsorbent suréites, AB is the concentrations of surface
sites occupied by adsorbed gas molecules. The @dsoand desorption rate constants are k
and kL.

Based on his theory [221], Langmuir derived an @qonawhich explained the relationship
between the number of active sites of the surfakergoing adsorption and pressure. This
equation is called Langmuir equation and takeddha [207, 221, 223, 224].

VP
P+P

V=

(2.5)

Where, V is the volume of gas adsorbed at defireedperature and pressure; P is the
instantaneous pressure of the systéims the maximum sorption capacity of the coal, Ugua
referred to as Langmuir volumBj is the Langmuir pressure parameter, which reptesbe

pressure at half of the maximum sorption capadithe coal.

In 1938, Brunauer, Emmett, and Teller (BET) [58]teexled the Langmuir model by
introducing a multilayer adsorption approach, whasehanism is depicted in Figure 2.6 (ii)
[222]. In addition to the already stated assumjstimmwhich the Langmuir model is based, the
BET isotherm model further assumes that:
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(). Each adsorbate molecule in the first layer sergemnaadsorption site for an adsorbate
molecule into the second layer; the second layerthre third layer, and so on.
(i).  The attractive forces between the adsorbate m@sark negligible.
().  The heat of adsorption of the second and subsedmgnt is assumed to be equal to
the heat of condensation or liquefaction of theodukste and different from the heat of

the adsorption of the first layer.

The general BET equation is expressed in the form:

v = V,C(P/R)
=T @-(PIR))L1+(C-D(P/R)]

(2.6)

V... IS the maximum sorption capacity at pressureyPis the monolayer capacity of the

adsorbent; C is a constant related to heat of ptiear Po is the saturation pressure of the

adsorbate at adsorption temperature.

The Langmuir and BET models are generally usedesziibe adsorption on a homogeneous
regular surface or on a pore surface when the ohdlie pores are large (>> than the radius of

the adsorbate molecule [56].

The applicability of both the Langmuir and the Bisdtherm models is limited as they are not
applicable to microporous adsorbents including £edth the pore sizes that are only few
molecules wide [47, 57, 155]. The adsorption patésntassociated with dispersion forces are
strongly enhanced in micropores due to the ovent@ppf the adsorption fields from the
opposite pore walls. Alternatively, the adsorptioechanism in microporous adsorbent can be
described by a pore filling mechanism illustratedesnatically in Figure 2.6 (iii). Polanyi [59]
defined the adsorption potential of an adsorbate molecule within the attractiveddield of

an adsorbent as the work required to bring an adsesmolecule from the gas phase to the

adsorption space with the adsorption forces.
R P
£=[vdP= RTIn(—"j (2.7)
A P

Applying the Polanyi theory, Dubinin and Radushk&vj62, 220, 225] postulated that the

extent of micropore filling in micropore spaces kkblbbe expressed as a function of the
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adsorption potentiak, characteristic adsorption energy, E, and a canstathe structural
heterogeneity parameter (related to the homogeagttye micropore surfaces) (Equation 2.8)

and additionally defined the characteristic adsompénergy as Equation 2.9.

\% = exp- {é}n (2.8)

E = BE, (2.9)

Where,p is affinity coefficient, andEo, is the characteristic heat of adsorption. Hetice,
physisorption of adsorbate gases or vapours inscaatl other microporous solids can be
explained by the Dubinin-Radushkevich’s (D-R) pfiteng mechanism based on the theory
of volume filling of micropores (TVFM) proposed lyubinin [226]. The empirical DR
isotherm equation takes the form:

Vor =V exr{—(D In(%)j } (2.10)

Where,V, is the volume of adsorbed ga4; is the maximum sorption capaciy; is the D-R
affinity constant for a particular adsorbate-adsattsystem and is equal (dRT / ,BES)2 =

is the characteristic energy of the adsorptionesysandp, is the adsorbate affinity coefficient.
If the power, 2, is replaced ly(the structural heterogeneity parameter), whereanges from
1 to 4, then, Equation 2.10 becomes the Dubininai&siv (DA) equation [220].

24.15 Adsor ption measurement methods

Gravimetric and volumetric (also referred to as omaatric) methods are two widely used
techniques for the acquisition of adsorption daiz the construction of adsorption isotherms.
However, the use of a chromatographic method feogalion measurements has been reported
[227]. While the gravimetric technique is a direneasurement method, the volumetric
technique is an indirect method for measuring gast®n on solid adsorbents, including coals
[228, 229]. Both techniques require an accuratessssent of the volume of the solid adsorbent
[155, 228-230]. This is necessary in the gravinsetrethod to make buoyancy correction [155,
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229, 230] and, in the volumetric system [155, 228]determine the free gas space in the

sample cell. In high pressure adsorption systesiaguhe volumetric method, the pressure-

volume change (P-V) data, in conjunction with aprapriate real gas equation of state (EOS)

are used to determine the sorption propertieseojistem.

B

Figure 2.7: A typical volumetric adsorption systgri0].

@

Legend

I: Pressurised gas inlet
system

P: Pressure transducers

V: Vacuum system

R: Reference cell

S: Sample cell

T: Thermocouples

B: Temperature-
controlled container

A typical volumetric adsorption system is illusedtin Figure 2.7 [100]. For gravimetric

systems, the resulting mass gain data, gas demsitydensity of the adsorbed phase (often

referred to as van der Waal density) are imporfmrameters for the generation of the

adsorption isotherm of the system. One significadvantage of gravimetric adsorption

systems over the volumetric method is that the itlensthe gas phase is determined directly

using a reference cell, with an accurately knowlum®, connected to the sample cell [102,

229]. This removes the need for calculated reaE§aS necessary in volumetric systems [102,

228]. The schematic diagram of a gravimetric adsampsystem is presented in Figure 2.8,

after Day et al. [230].
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Figure 2.8: Schematic diagram of a high pressuaeigretric adsorption equipment [230].

2.4.1.6 | sotherm model equations at high pressure
In this section, the isotherm model equations apple to high pressure gravimetric sorption
systems is discussed in detail. The term “sorptienised in this section to fully describe the
adsorption phenomena observed for coals such abitrab, Henry's law dissolution and
probably absorption [102, 231, 232]. Although, thase more significant for G&orption in

coal.

In a gravimetric sorption system, the mass gathersample cell would be equal to the product
of the gas density and void volume i.e. the diffieeebetween the skeletal volume of the cell
and the volume of the sample. Since coal sorbsgtseactual mass gain at any given pressure
(pressure step) is greater than this calculated gais. The difference between the actual and
the measured mass gain is called the Gibbs suelemess sorption or, more commonly the

excess sorption. The excess sorptiQq,, can be expressed as [102]:

Qexc = M mea (Vcell _Vsamplgpg (2-11)
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where: Mmea is the mass of adsorbate sorbed at a given peesédi is the volume of the
sample cellVsampieis the skeletal volume of the sample; agds the adsorbate gas density at

the given pressure and temperature.

The sorption isotherm is usually plotted from theess sorption data. Several sorption
isotherm models have been proposed and used talietite sorption characteristics of the
coal-gas system, as well as to determine the sorptioperties of the sample. The fit of the
experimental sorption data provides important angammgful parameters such as the
maximum sorption capacity of the sample, the difiroefficient, and the heterogeneity
parameter, from which other sorption data suclhaseat of sorption can be estimated. In the
DR isotherm model equation, the heterogeneity patanis equal to 2, while for the Dubinin-
Astakhov (DA) isotherm model equation; the hetermiy parameter can be a number
between 1 and 4 [233]. The empirical DR excesstgorpsotherm equation for a gravimetric
system takes the form:

Qexc:Qo(l—&)ex{—(Dlnﬂj }
Pa P

(2.12)

2
RT
D=— 2.13
[ﬁEj 213

WhereQo is the maximum sorption capacity of the sampitgds the gas densityia is the
density of the adsorbed phas$®;is the saturation pressure (the pressure at wihiehgas
condenses); an® is the instantaneous (step-wise) experimentalspresD is the affinity
constant (related to the heat of sorption) of tiedsfor the adsorbate gases defined by Equation
3 [155, 230, 234-236]R is the universal gas constaiitthe absolute temperatuig;is the
affinity coefficients between the adsorbate gasthedccoal samples [101, 230, 234, 235]; and
Es is the characteristic heat of sorption of the £¢&01, 230, 234, 236]. The telfks is the

net heat of sorption [200, 230].

In the classical DR equation, the tel(fh-pg/,oa) corrects for the volume occupied by the

condensed phase on the surface of the sample, disiplaces the gas phase of the adsorbate.
Albeit, the classical DR equation is only valid wihie instantaneous experimental pressure
is less than the saturation pressure of the adsodass, i.eP < Ps. Thus, the DR cannot be
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used to model gas sorption at or above superdritaraditions where the saturation pressure
of the adsorbate gaBs, is undefined. In fact, some investigators [102],2232, 237] have
criticised the applicability of this important edioa over a wide range of pressures and
temperatures wheie >> P, including at and above supercritical conditiohsost gases. To
assuage this discrepancy in the use of the DR naddelpercritical conditions, Sakurovs et al.
[102] proposed a modification to classical DR eguatoy replacing theéPs term by the
adsorbed phase densipyg, and the pressure term by gas density. This nestfiR (M-DR)
isotherm equation is shown in Equation 2.14 andlmmapplied over a wider pressure and

temperature ranges, including supercritical coadgi

Q= (1-&) ex -(Dln&] (2.14)
P, P,

To further account for some observations [95, 98;HB8] such as imbibition (Henry's law
dissolution) especially for coal-Gnteractions at high pressures, differences irssbility
between helium and the other gaseous adsorbatesalopore network, and errors and
uncertainties in measured helium density and aalime; aproportionality term [102] was
added to the M-DR equation to improve applicabikgpecially for coals at supercritical
conditions. The hybrid equation hereinafter ref@ne as Dubinin-Radushkevich/Henry law
hybrid (DR-HH) takes the form (Equation 2.15):

Qexc = Qo ( -%)ex -(Dln%] +ko, (2.15)
a g

Where K, is the proportionality constant.

Various modifications of the different isotherm atjans has been applied in the study of
sorption properties of different adsorbate gasescoal at both sub- and super-critical
conditions using volumetric [101, 239, 240] andvgreetric [102, 202, 230, 241] systems. A
summary of the isotherm models used in describigh pressure sorption of gases on dry

coals is presented in Table 2.2.
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Table 2.2: Sorption isotherm models used to des@és sorption on dry coals.

Isotherm Remarks
model Model equation Refs).
[1] Rarely describes experimental isotherm at highessure (higheP/Py). Clarkson
Brunauer- V,.C(P/P) et al. [207] demonstrated the inadequacy of the BE@iation in describing high [58, 207
0 0 ’ ’

Emmet-Teller

(2.6) pressure sorption of gases, especially @@he supercritical region. However, it is

A-(P/R)IL+(C-D(P/R)] qualitatively useful in differentiating isothermpiys. Range of validity for the eT20% 2231

(BET) model is usually 0.05 P/P, < 0.35. Basic features of the BET isotherm model are
presented in Section 2.4.1.4.
_V,Cx [1- (n+Dx" + nx™] « = E (2.16) Usually referred to as the 3-parameter BET equation
2] T 1-x)|1+(C-Dx-Cx"t | P, nis limited by the pore diameter of the adsorbAnhtery low pressures (P <<<)P
Modified Where,n, is the number of adsorption layers. the 3-P BET equation approaches the Langmuir atisnrigotherm equation. When
Brunauer-  The supercritical saturated vapour pressiite,of the 3-P BET N =1, the equation also converges to Langmuir equation. [240]

Emmet-Teller

equation was evaluated from the supercritical ptogm of the The 3-P BET has been used to evaluate sorptiorepiep and theoretical CBM
adsorbate gas using the relation [62, 200, 207); 233

(M-BET) ) contents of coal seams.
T
R=R = 2.17
o] -
The original Langmuir isotherm model equation im@nolayer adsorption model[207, 209,
[3] V. P based Langmuir’s theory and dynamic equilibriumattiees of the model are giverp21, 223,
Langmuir () V= P+P (2.5)in Section 2.4.1.4/, andP, are parameters determined by fitting the modehatgn 224, 242,
L

to experimental data. Determination of by the volumetric method requires 243]
appropriate equations of state (EOS).
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Table 2.2(contd): Sorption isotherm models used to des@dsesorption on dry coals.

Isotherm

model Model equation Remarks Ref(s).
” vV =V0£1— Py (P,T)J _ PP (2_18)Modified by introducing the tem{l—pg/pa), which corrects for the volume occupied
Pa +
Modified - by the adsorbed phase of the adsorbate gas. Fitatheters aré, p, , and 4. For CQ,
] Where, V, is the maximum sorption capacity arglis the [245]
Langmuir £, can be determined using the Span and Wagner EQI$ [2
(M-L) Langmuir pressured, is the density of the gas in the free phase.
L, is the density of the adsorbed phase.
Equation 2.19 describes maximum sorption capadtythe sum of sorptions due to
W =W, +W, =Wa b.o, +WS b0, (2.19) adsorption and absorption. The pressure term wpkaed by a density term for
[5] 1+b,p, 1+byp, applicability at high pressures (super-critical ditions). 4, was measured in situ by a
Langmuir mass of coal and the Langmuir equilibrium constahtthe suspension balance
(M-L) _ W™ b _ akes into account absorption and swelling of co#ie presence of gases under pressure.
Takes i b i d Ili f codi f d
adsorption termVV;  and Iy, are the corresponding constants f‘l{ssumes that absorption and swelling are related.
the absorption termy), is the density of the gas in the free phase.
Modified by introducing the tem{l—pg/pa), which corrects for the volume occupied
[6] 0 0 by the adsorbed phase on the surface of the sathptalisplaces the gas in the free phase.
Modified V=y 1-—2 | —— @2 The pressure terms were also replaced by densitysied, can be determined
Langmuir Pa NPyt A [102]
g experimentally [246] or calculated [62, 200, 2033R £, was adapted from published
(ML) Where, p_, is the Langmuir density constant. data of Sudibandriyo et gR46]. Fitted parameters ak& and p, . Use of EOS can be

avoided depending on measurement technique used.
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Table 2.2(contd): Sorption isotherm models used to des@dsesorption on dry coals.

Isotherm Remarks
model Model equation Ref(s).
7] 0 0 Modified following the 2-component sorption procgseposed by Larsen [37] the
Modified VZV{l——g) — +k,0g (2_21)9quation is a Langmuir/Henry law hybrid, where thédsorption component is
oditie P\ Pyt P described by the Langmuir component of Equation0,2.@nd the absorption [102]
Langmuir (imbibition) component by a constaiit,proportional to pressure, following Henry’'s
(M-L+k)  Wherek, is the Langmuir proportionality constant. law. 0, was inferred from published data [246]. Fittedgpaeters ar&o, p, , andk.
Depending on the measurement technique, the Us®8fmay be avoided.
P N Original DA isotherm model equation based on Pdlanpotential theory of
[8] V=V, ex;{—(Dlnﬁj }; D= (R_;j (2.22) heterogeneously energetic surfaces [59] and Dubinireory of volume filling of [200,
Dubinin- P micropores (TVFM) [226]. At supercritical conditisnPs can be evaluated using 207
Astakhov Wh V. is th | dsorbeds is th _ Equation 2.1762, 200, 207, 233]. lin = 2, the DA equation transforms to the DR209,
ere,V, is the volume gas adsorbed; is the maximum . . .
(DA) sorption capacity of the coa;is the DA structural heterogeneitfquatfon' Fitted parameters afg D, andn. EOS may not be needed depending on thg23]
parameter, and ranges from 1 toD4.is the affinity constant, €xperimental procedure.
related to adsorbent-adsorbate interactions.
[9] 0 P Modified to account for the volume of the adsoripb@dse by introducing the term,
Modified \ :Vo(l——gjexr{—(Dln—sj :l"'/?gAV (2.23) (1—,09/,0a). Also accounts for Henry law dissolution and simgllby adding the
a . . . . .
Dubinin- term, Av,, , similar to the modifications of Sakurovs et 402]. The saturation vapour [101]
Astakhov Where, AV , is the change in volume of the coal from both tI%essurePs, and the density of the adsorbed phag8g, were calculated using the
(M-DA) Henry's law dissolution of gases, especially .C@nd the methods of Reid et al. [247] and Dubinin [62] regtpely. Vo, D, n, andav,, are fitted

swelling of the coal at higher pressures, leadidgicreased voidparameters.
volumes in the sample cell.
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Table 2.2(contd): Sorption isotherm models used to des@dsesorption on dry coals.

Isotherm

model Model equation Remarks Ref(s).
[10] Similar to the DA isotherm model equation, the ré DR isotherm model equation
Dubinin- p\2 RT 2 is also based on Polanyi’s potential theory of togieneously energetic surfaces [59R09, 223,
Radushkevich V =V, eXF{‘(Dln(—sj :l - D= {—} (2.10) and Dubinin’s TVFM [226]. At supercritical conditis, Ps can be evaluated using225, 242]
(DR) P 'BES Equation 2.17 [62, 200, 207, 233]. In the DR isathesquation, the structural
heterogeneity parametan,= 2. Fitted parameters ak&, andD.
Often referred to as the classical DR isotherm rhedeation, the original DR model
[11]
Dubinin equation was modified to more correctly accounttiervolume of the adsorbed phase
- 2
Radushkevich V =V, (1_&) exr{_(mn(%j :l (2.12) by introducing the term(l_pg/pa). P can be estimated from Equation 2[62,  [102]
(M-DR) ) 200, 207, 233] 0, was adapted from published d§246]. Fitted parameters a¥,
andD.

Following the findings of Freeman [232] and Cerdfo]237] and the critical review
of Cerofolini [231] that demonstrated that tAeterm of the DR isotherm equation
[12] may not essentially be the saturation vapour pressithe adsorbate gas, but may be
Dubinin- 2 associated with the energy required to compresgabeo the adsorbed phase density
Y at the adsorbent surface, Sakurovs et al. [102Jfireddhe classical DR equation by [102
Radushkevich V =Vo@-=2)exp-| DIn(¢2) 2.14)° . etal. [102] . equation by [102]
o) £, replacing all the pressure terms with density téonallow for its applicability at
(M-DR) supercritical conditionsd, can be determined experimentally [246] or cal@dd62,

200, 207, 233] 04, was adapted from published data [246).andD are the regressed
parameters.

61



Chapter 2 Literature review

Table 2.2(contd): Sorption isotherm models used to des@dsesorption on dry coals.

Isotherm Remarks
model Model equation Ref(s).
2
[13] , . . T .
. V=V, (1_&) exmd — DIn(&) + k,Og (2.15) To further accour.1t for Henry’s law dlssolu.tlon, gmmdbable imbibition and sw'ellmg
Dubinin- Jox Py by gases, especially for G@nd CH, at higher pressures, a term proportional tﬁOZ]
Radushkevich Where k, is the DR proportionality constant. pressure based on Henry’s law was added to thetiequ#), was adapted from the
M-DR+K
( ) reported results [246]. Regressed parametergsat® and k
The SLD model assumes that the adsorbent surf@oeriposed of rectangular-shaped
2-surface slits and the adsorbate molecules resttien these slits. A molecule inside
[14] Ve :%(Ls _§0-ﬁj (2.24) aslitinteracts with both walls of the slit. Thelsmodel accounts for both adsorbate-
Simplified 2 4 adsorbate and adsorbate-adsorbent interactionsnwitie pore geometry. Peng-[249,
local density Where,Vaas is the volume of adsorbed phase of g&;is the Ropinson EOS was used to evaludi [248]. Maximum sorption capacity returned250]
(SLD) surface area (maximum sorption capacity);is the siit length; as surface area of the adsorbate on a particlldr Bated parameters are SK, and
and O , is the molecular diameter of the adsorbate. . . .
f the adsorbent-adsorbent interaction ener@éﬂﬂ), where ko is the Boltzmann
constant.
[15] y .
Modified V,ds = Vagso exr(— AT —TO)) (2.25'j'he M-_SLD was modified to .account.for the changeme.volume of the adsorbed
imnlified phase in the SLD model by introducing the terdn, that incorporates the thermal
simplifie ' ' ' '
local densit WhereVags o is equivalent t&/aqs of Equation 2.24, determined agxpansion of the adsorbate into the model. Regigsaeameters are SA;, ESJ K)
y a reference temperatur@p; o0, is the thermal expansionand 5
(M-SLD)  coefficient of the adsorbate; affidis experimental temperature. '
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Table 2.2(contd): Sorption isotherm models used to des@dsesorption on dry coals.

Isotherm R K
model Model equation emarks Reference(s)
00-M -A) |V The KM considers many in-seam coal properties arfing gas
v =| L00-M=A) Wl (p) -] 2.26) . Ty | |
100 V, sorption in coal, especially with regards to gaplece (GIP) in coal
seams.
\V/ _ h Developed from correlations of sorption properidsCHs in US
o =(025M)"; T=250— |+T, (2.27), D . PHOM Prop
V, 100 oals with the coal properties.
The KM has been applied and used to estimate thptio
[16] K =08 FC +E6 properties of coal from 18 US coal seams of vari@uks, ranging
Kimisotherm (VM) N =039- 0013 (2:28)rom sub-bituminous to anthracite. [224, 251]
model KM )

Where,V, is the volume of gas adsorbeéd; is the moisture
content of the coal, is the ash content of the co@landTo,
are the experimental or injection temperature anmitial
temperature of coal seam respectivély; and Vi, are the
volumes of gas adsorbed in dry and wet coal; hegdepth of
coal seamP, is the pressurdiC, is the fixed carbon content;
andVM, is the volatile matter content.
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2.5 High pressure sorption properties of gases omals

A substantial number of reports and reviews ardata on the high pressure sorption of gases
and vapours on coals, especially for Northern hphgge’s coals of various ranks and types
[52, 97, 101-104, 139, 155, 192, 197, 199, 224, 232, 252-261]. Several investigator have
studied simultaneously and compared the high pressrption properties of GOCHs, and

N2 [102, 104, 202, 234, 239, 242, 253, 257, 262-2617}, and CH [80, 245, 268-276], other
gases and vapours [104, 257], and their binaryt@méry mixtures [199, 262, 265, 267, 276-
282]. These studies were conducted at temperanepressures usually encountered in deep-
and shallow-seated coal seams, often considereahnasdate geological site for the storage of
CO.. At depths > 750 m, Mazzotti et al. [199] reportedhperatures of up to 40 °C and
pressures > 7 MPa for various coal seams in Eup&yalia, and US; while Mastalerz et al.
[275] reported a temperature range of 12 — 16 YCllimois deep-seated coal seams with
temperature gradients of up to 0.54 °C/m. Howehigih pressures (up to 30 MPa) and high
temperatures (up to 55 °C or higher) have beenddon some coal seam sequestration
processes [155, 283]. Under these conditions; @@y be in gas, liquid, densified or
supercritical phase, depending on the change isspre during the adsorption-desorption

processes within the coal seam.

Chaback and co-workers [265] investigated the smrgiroperties of 3 US bituminous coals
from the widely studied San Juan Basin, using amelric sorption system at 46.1 °C and up
10 MPa pressure. They analysed their resulting disiteg the Langmuir isotherm model and
its extended form and found that these isothermaisoddequately described the sorption
isotherms of both the pure and multicomponent carepbgas mixtures; and reported that the
maximum sorption capacities of the samples wasenifr CQ, compared with that of CH
and N\ with relative maximum sorption capacities ratib4:@:1. They attributed the variations
in the sorption capacities of the samples to difiees in coal rank and the molecular properties
of the samples, and noted that these variancesptien capacities of the samples with respect
to the different adsorbate gases follows the Gsehitule [209, 235] of constancy of maximum
volume sorbed [257], which has since been disgui@dl, 257]. Pure and multicomponent high
pressure sorption properties of £M> and CQ on Fruitland coal sample from US has been
studied by DeGance et al. [267], applying an ex¢entdangmuir isotherm model, a two-
dimensional equation of state, (2-D EOS), and tleali adsorbed solution theory, (IAS), to
their resulting data. They demonstrated that aljhaine EOS approach had some difficulty
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matching the experimental data, especially foraeats, the simplicity of the virial EOS made

it useful for their modelling effort.

Clarkson et al. [207] studied the applicability audtability of three empirical sorption models:
the monolayer Langmuir model, the multilayer BETdwalo, and the Dubinin-Astakhov (DA)
model based on Polanyi’'s potential theory and DuatsnTVFM to their high-pressure (up to
10 MPa) CH sorption isotherms at a temperature range of 26 2C and low-pressure GO
isotherms. They demonstrated that the three-paeardét isotherm model best described their
high-pressure CHsotherms. They noted that the assumption of tleegetically homogenous
adsorption surface by the Langmuir theory doesapply to coal, concluding that, although
the adsorption potential theory and the TVFM apte low-pressure CQOsotherms, high
pressure sorption isotherms of £@eds further evaluation. Clarkson and Bustin [&T4her
investigated the high pressure (up to 8 MPa) @@l CH sorption isotherms on 4 dried and
moisture-equilibrated British Columbia bituminowsats at 30 °C, and found that, for both the
dried and moisture-equilibrated samples, the 3patar DA isotherm model comparatively
provided a better fit to their experimental dathjek was more significantly for GOthan the
widely used empirical Langmuir isotherm model. Tia¢so found linear correlations between
the CQ and CH maximum sorption capacities of the samples wighDR micropore volumes
and DR micropore surface areas of the samplesr(deted from CQ LPGA), suggesting that
the micropore structural properties of coals amnary limiting controls to high pressure gas

sorption of coal seams as candidate geologicagtosite for C@

Sakurovs and co-workers [102] also examined thetaddity, applicability and quality of fit
(QOF) of both the classical and modified versioristte Langmuir and the Dubinin-
Radushkevich isotherm models to £@Hs, and N excess sorption data of 3 Australian
bituminous coals under supercritical conditions{63and up to 20 MPa) using a high pressure
gravimetric sorption system (HPGSS). They modifiee classical models by replacing the
pressure term of the original equations by thedgassity, and the saturation vapour pressure
term by the adsorbed phase density following thdifigs detailed elsewhere [231, 232, 237].
Both parameters can be determined experimentallg,[246], calculated or inferred from
previous data [62, 200, 207, 233]. They also adalguoportionality constank, to further
account for Henry's law dissolution, and probabibibition and swelling by gases, especially
for CO» and CH, at higher pressures [37], which can also proindgghts on the extent of coal
volume penetrated by the adsorbate gases [104, Z&ély found that for the three gases
investigated, the modified DR equatiork function best described their high pressure excess
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sorption data with higher QOF metrices. They regmbppositivek values indicating that the

gases can penetrate more coal volume than thattexpbom helium density (or that the free
space volume may be in error [229], which has liknonstrated to be very small [102, 104,
257], from which it may be deduced that imbibiteomd swelling may only have small effects
on the sorption properties of the samples studibeé. k values can also be indicative of the

differences in accessibility of the coal pore vdig$ween the adsorbate gases [104, 257].

Sakurovs and his team [104, 230, 234, 238, 241, 254 further investigated at supercritical
conditions the relationship between sorption progeiof gases on coals with coal properties
[230], the critical properties of different adsaidgases [104], and even impurities relevant to
emitted flue gases and G@apture process systems [241]. Their reportedrigedshow that
the maximum sorption capacities of the coals ursdgercritical conditions correlated well
with the critical properties of the gases [99, 18¥ith regards to coal properties, they reported
(based on their limited characterisation data) ¢iméy coal rank, elemental hydrogen contents
and the DR affinity constant gave a systematicdnerth the obtained sorption capacities of
their samples [230], and argued that evaluatioB©f storage potential of coal seams cannot
be reliably inferred from the coal properties. Hoae other equally important characterisation
data such as micropore structural properties aradl @ocrolithotype abundance were not
reported for the coals. Only the mercury intrusdata that only gives information on the
macropore properties of the samples were pres¢2sed.

Pini et al. [202] investigated the GACHs, and N sorption capacities of bituminous coals from
Europe at up to 20 MPa, within the temperature eanig33 — 60 °C, using a gravimetric
sorption system with a magnetic suspension balaate found that the maximum sorption
capacities of the dry coals fall within the range: 14 wt.% for CQ, and 1 - 3 wt.% for both
CHs and N. They also reported that the sorption capacitiebe coal samples for the three
studied gases decreased with increasing vitrieileatance. Morse at al. [264] examined the
sorption behaviour of 16 coal samples from the Tanginjection site in lllinois, USA under
sub- and super critical conditions. They reporteat the microlithotype compositions and
abundances of the samples in combination with thaeral matter content impacts the micro-
and meso-pore properties of the coals, which in,tsrgnificantly influences the sorption

capacities of the samples.

Cui and co-workers [262] have demonstrated experiatly and by numerical simulations

(using a slit-shaped pore and bi-disperse modat)gélective transport of GOCHs, and N

66



Chapter 2 Literature review

through the coal matrix is highly dependent omtiero- and meso-pore structures of the coals.
They also found that the apparent diffusivity af #Hdsorptive gases through the pore structures
(especially the micropores), which is a functiorired adsorption kinetics, is highly dependent
on the kinetic diameter of the gases [262].

Reported maximum sorption capacities of dry codlsavious ranks, up to anthracite, by
weight vary in the range: 20.7 — 151.4 kg/t, db@@» [101, 102, 104, 202, 230, 236, 262, 264,
284], 7.4 - 29.0 kg/t, db for CH102, 104, 200, 202, 236, 262, 264, 266, 285], add 35.9
kg/t, db for N [102, 104, 202, 262, 264]. These translates tptwor capacities of 2.1 to 15.1
wt.% of dry coal for C@ 0.7 - 2.9 wt.% of dry coal for Cdand 0.3 - 3.6 wt.% of dry coal for
No.

From Tables 2.3 — 2.5, it was generally observed tm weight basis, the GGorption
capacities were significantly higher than both @t and N sorption capacities for the same
coal [102, 104, 202, 239, 242, 262, 264, 265]. Datan these tables also show that, in most
cases, the ChHbsorption capacities on weight basis are lessttiahb data [104, 202, 239, 242,
262, 264, 265] or approximately similar [102, 104jus, the sorption capacities of these
adsorptive gases on coals by weight decrease imitndg in the order: C&> N2~> CHa.
However, on volume [264, 265] or mole basis [1®R,239, 242, 262], the sorption capacities
of coals with respect to these three gases decr@asiee order: CO> CH; > N> [104, 202],
due to the lower molar mass of €KlL6 g/mol) compared to that of2N28 g/mol). The
determined net heats of sorptigiis, of coals of different ranks vary in the range 8.13.5
kJ/mol for CQ [101, 102, 104, 230, 266], 8.8 — 11.8 kJ/mol fét4s€104, 200, 266], and 8.6

- 10.4 kJ/mol for N[104]; and seem to decrease in the order: ECGHs > No.

The high pressure GOCHs, and N sorption properties of coals of various ranks fidifferent
locations and countries, summarised from publisieedrts, are presented in Tables 2.3 — 2.5.
It should be noted that, for effective comparisiie, data were normalised or recalculated to
weight basis. For all three gases, higher sorptepacities were reported for higher ranked
coals (Rr.% > 2.5) [245, 270, 271]. Although theiBoAfrican coal samples studied by Saghafi
et al. were igneous-intruded samples that arefssgntly affected by heat, which may have
enhanced the micropore properties and bulk fliddgport of the coals [286]. However, Pini
et al. [202] reported significantly higher @OCHs and N sorption capacities for Italian
bituminous coals (0.70 — 0.74 Rr.%) with high vikamatter content (31.0 — 40.3 wt.%, adb)

and the experiments were conducted at a lower teatyre of 33 °C.
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Table 2.3: Summary of C(high pressure sorption properties of coals ofotaxiranks and diverse origins.

Vitrinite Max. Isotherm Carbon dioxide, CO»

reflectance, Sorption pressure, Temp., model Refere
Origin of coal  Sample ID Coal rank(s) Rr.% system MPa °C used Qo (kg/t, db) D () Es(kg/mol) k (m3#t) nce
Australia A B, C Bituminous - GAS 20.0 53.0+1 Various 53.0 - 82.0 0.051 - 0.06 0.011 - 0.022 [102]
Australia NSWL1 - 10 Various 0.70-1.34 GAS 16.0 .053 M-DR 52.0-82.0 0.043 - 0.052 11.9-13.2 0.00437 [230]
Australia QLD1-10 Various 0.62 - 1.63 GAS 16.0 .3 M-DR 62.5-109.5 0.044-0.059 11.2-13.0 0.00.035 [230]
Australia Hunter Valley Bituminous 0.81 GAS 20.0 B51 M-DR 80.8 0.044 13.0 0.024 [266]
Australia lllawarra Bituminous 1.40 GAS 20.0 55.0+ M-DR 53.6 0.042 13.3 0.012 [266]
Australia Coal 1 - 6 (6 coals) Bituminous 0.6240L. GAS 20.0 55.0 M-DR 454 -81.0 - 12.9-13.5 -0.001 - 0.007 [104]
Australia Al, A2, A3 Bituminous 0.80-1.34 GAS Qo0. 45.0 - 55.0 M-L 54.1-77.0 - - - [202]
Australia Various (27 samples) Various 0.66 -11.64 GAS 6.0 20.0 - 39.0 L 59.5-126.7 - - - [287]
Australia Various (41 samples) Bituminous 0.6-17 GAS 6.1 27.0-39.0 L 59.5-154.2 - - - [268]
Australia Untreated coal Bituminous - GAS 20.0 55.0 M-DR 77.9 - 12.8 -0.007 [241]
Brazil Rio Bonito (4 coals) Bituminous 0.82-1.62 VAS 17.0 - 25.0 35.0-45.0 L 39.6-84.1 - - - [269]
Canada 1 sample Bituminous - VAS 7 30.0 L 81.7 - - - [262]
China Tashan Bituminous 0.81 GAS 20.0 55.0+1 M-DR 45.3 0.045 12.8 0.016 [266]
China Duanshi - - VAS 6.0 25.0 L 102.5 - - - [242]
China Duanshi - - VAS 6.0 25.0 D-R 106.1 0.037 - - [242]
China 3 Chinese coals Various 0.53 - 3.86 VAS 250 35.0-55 M-L 74.8 -191.9 - - - [245]
France Various (11 coals) Various 0.49 - 3.65 GAS 05 25.0 Various 22.0-925 - - - [270]
India Various (14 coals) Bituminous 0.61-1.94 VAS 46-59 30.0 L 27.4 - 146.6 - - - [288]
Italy 11, 12 Bituminous 0.70-0.74 GAS 20.0 33.60.0 M-L 118.8-151.4 0.045 - 0.028 [202]
Japan Jl Bituminous 0.78 GAS 20.0 45.0 M-L| 81.4 - - - [202]
New Zealand NZ Bituminous 1.11 GAS 16.0 53.0 M-DR 0.5% 0.054 11.7 0.015 [230]
New Zealand Various (11 coals) Sub-bituminous 0.8463 VAS 5.0-8.0 31.5-35.1 L 43.2 - 46.6 - - - [80]
Poland Poland 1 - 2 Various 1.22-1.34 GAS 16.0 .053 M-DR 55.8 - 58.3 0.046 - 0.047 125-12.8 0.0P1027 [230]
Poland Brzeszcze Bituminous 0.78 Various 16.0025. 45.1-45.8 L 82.3 - - - [284]
Switzerland S1, S2,S3 Bituminous 0.85-0.90 GAS 20.0 45.0 M-L 33.0-57.7 - - - [202]
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Table 2.3(contd.): Summary of C£high pressure sorption properties of coals oforeriranks and diverse origins.

Vitrinite Isotherm Carbon dioxide, CO»

reflectance, Sorption Max. pressure, Temp., model Refere
Origin of coal  Sample ID Coal rank(s) Rr.% system MPa °C used Qo (kg/t, db) D () Es(kg/mol) k (m3#t) nce
Slovenia Velenje Lignite 0.41 Various 16.0-25.0 5.04-45.8 L 123.6 - - - [284]
South Africa MDT1 - 15 Various (15 coals) 0.7934. GAS 6.0 27.0 L 53.0-102.8 - - - [271]
South Africa Various (8 coals) Bituminous - VAS 8.5 35.0 L 48.4-95.5 - - - [289]
South Korea Kyungdong coal Anthracite 5.07 VAS 15.2 45.0 L 95.8 - 98.9 0.077 - 0.025 [272]
South Korea Kyungdong coal Anthracite 5.07 VAS 15.2 65.0 L 70.7 -74.3 0.065 - 0.015 [272]
UK Selar Cornish Semi-anthracite 241 Various 166.0 45.1-45.8 L 84.5 - - - [284]
UK Selar Cornish Semi-anthracite 241 VAS 16.0 4%6.0 M-L 71.7 - - - [239]
USA USAl1 -3 Various 0.90 - 1.68 GAS 16.0 53.0 M-DR 50.7 - 64.1 0.043 - 0.048 12.4-131 0.014 -D.03 [230]
USA Beulah Zap Lignite 0.25 GAS 16.0 53.0 M-DR 88.6 0.046 12.6 0.032 [230]
USA lllinois #6 Bituminous 0.46 GAS 16.0 53.0 M-DR 95.7 0.065 10.6 0.017 [230]
USA Pocahontas #3 Bituminous 1.68 GAS 16.0 53.0 ®1-D 67.5 0.044 12.9 0.014 [230]
USA Pocahontas #3 Bituminous - VAS 4.0 22.0 M-DA 55.0 - 9.9 0.17 [101]
USA Upper Freeport Bituminous - VAS 4.0 22.0 M-DA 47.1 - 8.9 0.18 [101]
USA Pittsburgh #8 Bituminous - VAS 4.0 22.0 M-DA 515 - 8.4 0.16 [101]
USA Lewiston—Stockton Bituminous - VAS 4.0 22.0 M-DA 57.2 - 8.7 0.18 [101]
USA Blind canyon Bituminous - VAS 4.0 22.0 M-DA 72.6 - 8.2 0.19 [101]
USA lllinois #6 Bituminous - VAS 4.0 22.0 M-DA 66.9 - 9.5 0.49 [101]
USA Wyodak—Anderson Sub-bituminous - VAS 4.0 22.0 M-DA 86.7 - 8.9 0.34 [101]
USA Beulah—Zap Lignite - VAS 4.0 22.0 M-DA 75.7 - 10.1 0.40 [101]
USA Seelyville Bituminous - VAS 5.0-7.0 28.6 Various 38.1-53.2 0.440 584 - - [243]
USA Herrin Bituminous - VAS 5.0-7.0 28.6 Various 33.7-59.2 0.416 83.4 - - [243]
USA Danville Bituminous - VAS 5.0-7.0 28.6 Various 35.9-614 0.336 08.4 - - [243]
USA San Juan Bituminous - VAS 5.6 45.0 Various 79.4 0.355 - - [223]
USA Herrin Bituminous - VAS 5.3 23.5 Various 69.2 0.357 - - [223]
USA Davis Bituminous - VAS 5.2 23.5 Various 35.6 0.172 - - [223]
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Table 2.3(contd.): Summary of C£high pressure sorption properties of coals oforeriranks and diverse origins.

Vitrinite Isotherm Carbon dioxide, CO»
reflectance, Sorption Max. pressure, Temp., model Refere
Origin of coal  Sample ID Coal rank(s) Rr.% system MPa °C used Qo (kg/t, db) D (-) Es(kg/mol) k (m3#t) nce
USA Seelyville Bituminous - VAS 5.0 235 Various 60.1 0.272 - - [223]
USA 8 Indiana coals Bituminous 0.48 - 0.62 VAS 2.1 17.0 VAS 32.1-43.9 - - - [273]
USA 8 Indiana coals Bituminous 0.48 - 0.62 VAS 2.8 17.0 VAS 34.4-48.4 - - - [273]
USA Various (3 samples) Bituminous - GAS 1.8 30.0 GAS 20.7 - 63.8 - - - [263]
USA Various (16 samples) Various - VAS 48-17.2 20.6 - 22.8 L 52.7-721 - - - [264]
USA 4 B. Columbia coals Bituminous - VAS 5.0-8.0 30.0 L 28.7 - 66.8 - - - [274]
USA 3 lllinois coal Bituminous - VAS 5.0 28.6 D-A 35.1-447 0.40-0.48 - - [243]
USA 4 lllinois coal Bituminous - VAS 5.0 28.6 L 45.7-52.1 - - - [243]
USA 3 USA coals Bituminous - VAS 10.0 46.1 L 12.1-48.8 - - - [265]
USA 3 USA coals Bituminous 0.72 - 1.56 VAS 20.0 (4080.0 VAS 39.5-103.0 - - - [275]
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Table 2.4: Summary of CHhigh pressure sorption properties of coals ofotaxiranks and diverse origins.

Vitrinite

Isotherm

reflectance,  Sorption  Maximum Temp., model Methane, Chs Refere
Origin of coal ~ Sample ID Rank of coal(s) Rr.% system  pressure, MPa °C used | Qo(kglt, db) D () Es(kg/mol) k (meh) nce
Australia A B, C Bituminous - GAS 20.0 53.0+1 Various 17.0 - 18.0 0.068 - 8.07 0.012 - 0.018 [102]
Australia Hunter Valley Bituminous 0.81 GAS 20.0 B% 1 M-DR 18.0 0.054 11.8 0.006 [266]
Australia lllawarra Bituminous 1.40 GAS 20.0 55.0+ M-DR 13.9 0.057 11.4 -0.006 [266]
Australia Coal 1 - 6 (6 coals) Bituminous 0.6240Q. GAS 20.0 55.0 M-DR 9.5-175 - 10.0-11.6 -0.001-0.013 [104]
Australia Al, A2, A3 Bituminous 0.80-1.34 GAS Qo. 45.0-55.0 M-L 15.1-19.3 - - - [202]
Australia 16 Bowen basin coals Bituminous 0.81661. VAS 5.0 30.0 L 20.3-31.1 - - - [290]
Australia Various (41 samples) Bituminous 0.6-1.7 GAS 6.1 27.0-39.0 L 154 -55.7 - - - [268]
Brazil Rio Bonito (4 samples) Bituminous 0.82-2.6 VAS 17.0-25.0 35.0-45.0 L 29-91 - - - [269]
Canada 1 sample Bituminous - VAS 7 30.0 L 15.8 - - - [262]
China Tashan Bituminous 0.81 GAS 20.0 55.0%1 M-DR 9.9 0.072 10.2 -0.006 [266]
China Fenghuangshan Anthracite - VAS 45 30.0 D-A 235 0.262 9.6 - [200]
China Changcun Bituminous - VAS 4.5 30.0 D-A 17.6 0.287 8.8 - [200]
China Malan Bituminous - VAS 45 30.0 D-A 11.8 0.264 9.6 - [200]
China Xin'an Bituminous - VAS 45 30.0 D-A 14.7 0.252 10.0 - [200]
China Various (9 coals) Various 0.50-3.45 VAS 02. 27.0 L 15.8 - 24.7 - - - [285]
China Variuos (12 samples) Sub- & bituminous 0.9673 VAS 10.0 30.0 L 2.2-83 - - - [291]
China Duanshi - - VAS 6.0 25.0 L 26.8 - - - [242]
China Duanshi - - VAS 6.0 25.0 D-R 26.5 0.062 - - [242]
China 12 Haizi coals Semi-anthracite 2.30-2.78 ASV 5.0 30.0 L 17.6 - 26.5 - - - [292]
China Variuos (11 samples) Various 0.82-4.06 VAS 5.0 30.0 L 11.3-405 - - - [293]
China 3 Xutong coals Bituminous 0.88-0.96 VAS 010. 30.0-70.0 L 3.4-9.6 - - - [294]
China 3 Chinese coals Various 0.53 - 3.86 VAS 25.0 35.0-55 M-L 12.8 - 25.7 - - - [245]
China Heilongjiang (6 samples) Bituminous - VAS 20.0 20.0-70.0 M-BET 8.7-111 - - - [240]
China Sihe Anthracite - VAS 10.0 20.0-40.0 L 15.7-21.4 - 23.3 - [295]
France Various (11 samples) Various 0.49 - 3.65 GAS 5.0 25.0 Various 4.6-23.4 - - - [270]
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Table 2.4 (contd.): Summary of GHigh pressure sorption properties of coals ofoteriranks and diverse origins.

Vitrinite

Isotherm

reflectance,  Sorption  Maximum Temp., model Methane, Chs Refere
Origin of coal ~ Sample ID Rank of coal(s) Rr.% system  pressure, MPa °C used | Qo(kglt, db) D () Es(kg/mol) k (meh) nce
India Various (14 coals) Bituminous 0.61-1.94 VAS 46-5.9 30.0 L 6.7-21.6 - - - [288]
India 5 Sawang coals Bituminous 094-1.21 VAS 5.9 30.0 L 79-15.6 - - - [296]
Italy 11, 12 Bituminous 0.70-0.74 GAS 20.0 33.60.0 M-L 26.2-29.0 - - - [202]
New Zealand Various (11 samples) Sub-bituminous 4 0(B53 VAS 5.0-8.0 315-351 L 19-3.0 - - - [80]
Switzerland S1, S2,S3 Bituminous 0.85-0.90 GAS 20.0 45.0 M-L 13.2-14.6 - - - [202]
South Africa MDT1 - 15 Various (15 coals) 0.7934. GAS 6.0 27.0 L 5.9-16.5 - - - [271]
South Korea Kyungdong coal Anthracite 5.07 VAS 15.2 45.0 L 9.5-105 0.042 - 0.0057 [272]
South Korea Kyungdong coal Anthracite 5.07 VAS 15.2 65.0 10.1 -10.2 0.068 - 0.0035 [272]
UK Selar Cornish Semi-anthracite 2.41 VAS 16.0 4%6.0 M-L 15.6 - - - [239]
USA San Juan Bituminous - VAS 9.9 45.0 Various 121 0.308 - - [223]
USA Herrin Bituminous - VAS 9.6 235 Various 17.7 0.490 - - [223]
USA Davis Bituminous - VAS 9.1 235 Various 7.4 0.0804 - - [223]
USA Seelyville Bituminous - VAS 8.7 235 Various 135 0.263 - - [223]
USA 8 Indiana coals Bituminous 0.48 - 0.62 VAS 2.1 17.0 VAS 2.3-38 - - - [273]
USA 8 Indiana coals Bituminous 0.48 - 0.62 VAS 2.8 17.0 VAS 29-39 - - - [273]
USA Various (3 samples) Bituminous - GAS 1.8 30.0 GAS 4.2-10.7 - - - [263]
USA Various (16 samples) Various - VAS 48-17.2 20.6 -22.8 L 7.7-95 - - - [264]
USA 4 British Columbia coals Bituminous - VAS 5.0-8.0 30.0 L 6.5-14.7 - - - [274]
USA 3 USA coals Bituminous - VAS 10.0 46.1 L 1.7-14.2 - - - [265]
USA 3 USA coals Bituminous 0.72 - 1.56 VAS 20.0 (4080.0 VAS 5.9-545 - - - [275]
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Table 2.5: Summary of N\high pressure sorption properties of coals ofotariranks and diverse origins.

Vitrinite Maximum Isotherm Nitrogen, N2
Origin  of reflectance, Sorption  pressure, Temp., model
coal Sample ID Rank of coal(s) Rr.% system MPa °C used Qo (kg/t, db) D (-) Es(kg/mol) k (mPlt) Reference
Australia A B, C Bituminous - GAS 20.0 53.0%+1 Various 17.0-19.0 0.012-8.01 - 0.093-0.010 [102]
Australia Coal 1 - 6 (6 coals) Bituminous 0.6240L. GAS 20.0 55.0 M-DR 9.4-19.2 - 8.6-10.4 -0.001 - 0.018 [104]
Australia Al, A2, A3 Bituminous 0.80-1.34 GAS Qo. 45.0-55.0 M-L 20.1-26.3 - - - [202]
Canada 1 sample Bituminous - VAS 7 30.0 L 135 - - - [262]
China Duanshi - - VAS 6.0 25.0 L 32.8 - - - [242]
China Duanshi - - VAS 6.0 25.0 D-R 28.6 0.11 - - [242]
Italy 11, 12 Bituminous 0.70-0.74 GAS 20.0 33.60.0 M-L 28.0-35.9 - - - [202]
Switzerland S1, S2, S3 Bituminous 0.85-0.90 GAS 20.0 45.0 M-I 18.5-18.8 - - - [202]
UK Selar Cornish Semi-anthracite 2.41 VAS 16.0 4%6.0 M-L 20.5 - - - [239]
USA Various (3 samples) Bituminous - GAS 1.8 30.0 GAS 3.4-9.2 - - - [263]
USA Various (16 samples) Various - VAS 48-17.2 20.6 - 22.8 L 73-74 - - - [264]
USA 3 USA coals Bituminous - VAS 10.0 46.1 L 1.1-12.0 - - - [265]
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2.6  Factors affecting high pressure sorption propédres of gases in coals

The sorption properties, including sorption capesibf coals and the stability of the adsorbed
gases can be affected by a number of factors. Ttaesers include those related to coal
properties and composition (petrography, rank, mlaysand chemical-structural properties,
moisture content of the coal, etc.), and the emwirental or operational variables as
temperature and pressure. In a practical coal starage, variables such as: change in pH,
underground water floods through the coal seampéeature and pressure gradient through
the depth of the seam, and mineral compositionresasignificant [155, 185, 199, 236, 275,
297, 298]. Some of the parameters that can affecsorption properties and the stability of

the adsorbed gases are summarised in this section.

2.6.1 Influence of coal propertieson the sorption capacities of the samples

26.1.1 Influence of coal rank and petrography

Coal is highly heterogeneous and contains a widietyaof organic and mineral matter in a
complex, porous, three-dimensional network, whiahieas from one coal deposit to another
and from one location to another within the samarsdetrographic properties such as rank
has been severally reported as having consideirghlence in the sorption capacities of gases
in coals [199, 205, 230, 255, 271, 275, 285, 28®-201]. This can be attributed to the
micropore structural evolution during coalificatifb], with the simultaneous improvement
in the micropore volume, microporosity, microporerface area with decreasing rank.
However, this trend tend to reverse after vitrimtéflectance of 1.2 — 1.3 Rr.% and higher,
especially for CQand CH. Day et al. [230] and Zhang et al. [255] have regmba U-shaped
trend with rank, where the G@nd CH maximum sorption capacities of coals of variouksa
decreased with increasing Rr.% until a point ofeiction at around 1.3 Rr.%, after which
sorption capacities increased, which has been lvorated by other investigators for coals of
varying ranks [236, 289].

It has been reported by several authors that macemposition (inertinite, vitrinite, and
liptinite) and abundance does not significantlyuahce the sorption properties of gases on
coals [230, 236, 289]. The correlation of the sorpproperties of coals by these investigators

have yielded a wide scatter without any systentagied. In fact, Weishauptova, et al. [236]
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described the influence of maceral compositionsonfie European bituminous coals from the
Upper Silesian basin on the g@nd CH sorption capacities of the samples as ambiguous.
However, maceral composition has been reporteshpact on the evolution and development
of porosity during coalification in coal [46-48, 385, 60, 85, 302, 303].

Petrographic properties such as microlithotype dbhopne has been found to influence the
sorption capacities of gases on coal [286, 302-3044 well known that coal microlithotype
which is a reflection of the variety of combinatfshof maceral groups is not evenly distributed
in coal; but tend to occur in band or layers, whgoles coal its layered luster. Banding in coal
develops or rather becomes more apparent witmttreased compaction during rank advance
from lignite to bituminous coal [302]. Thus, midatbbtypes becomes less observable with
increasing rank as the more reactive maceralsiniés and liptinites) lose their volatile
components with concomitant increase in elemerddban content, and thus appear more
comparable to inertinites under the petrographicrosicope, in terms of shade and gray [9].
However, it is still possible to distinguish betwesgtrinites and inertinites in anthracites, and
thus possible to distinguish the different mictwditypes in anthracites, although significantly
less in volume compared to microlithotypes in bitoous coals [302]. Cleats and often
fractures in coal matrices follow these bands; #w@ythe conduits and principal pathways for
the migration of fluids in coal seams [286, 3023®@&hich may enhance the accessibility of
remote pores [55, 304], and thus the pore voluméhefgeological storage media [304].
Furthermore, the abundance of these intermediatenmals (microlithotype) decreases with
increasing rank [10, 302].

2.6.1.2 I nfluence of pore and porosity properties of coal

It has been demonstrated by several investigatatdhe physical-structural properties of coal
including: surface area, porosity, pore size dstion, and pore structure, significantly
influences gas sorption on coal [60, 155, 199, 288, 255, 275, 289, 302]. The sorption
capacities of gases on coals has been found teaserwith increasing micropore surface area,
microporosity and micropore volume; and decreasiwvgrage micropore diameter [223, 255,
289, 306, 307]. These show that the micropore ptigseof coals largely determine the high
pressure sorption capacity of coal to various gaseadsorbates, and that detailed
characterisation of the micropore properties ofl seams can give useful insights into their

gas storage capabilities, if they are intendecdetased as a geological sinks for CBowever,
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knowledge of the meso- and macro-pore propertissilismportant as they are the channels
for fluid transport in coal seams, and thus malugrice the kinetics of sorption [77, 264, 300].
Storage of gases, especially £8nd CH in coal seams, is widely known to occur via
physisorption and pore filling of micropores anddhen place by capillary and structural
trapping [152, 171, 180-182, 308, 309] (see Se@i8ril).

2.6.1.3 I nfluence of operational and environmental parameters

In a typical coal seam designated for use as agmall sink for CQ, several operational and
or environmental variables influence the sorptiapacity of the coal seams. These include:
temperature, pressure, coal moisture (water floaadl, minerals. Underground seam pressure
and temperature increases with depth, but tende tmnstant at the same depth on a regional
scale. Mazzotti et al. [199] reported temperatufesp to 40 °C and pressures > 7 MPa for
various coal seams, while Mastalerz et al. [27pbreed a temperature gradients of up to 0.54
°C/m. However, high pressures, up to 30 MPa anld t@mperatures; 55 °C, have been found

for some deep seated coal seams [155, 283].

2.6.1.3.1 Operational temperature

Sakurovs et al. [234] investigated the influenceenfiperature on the high pressure (up to 15
MPa) CQ, CHs; and N sorption capacities of the well-studied Argonnenpium coals at a
temperature range of 25 to 55 °C, and found fortktinee gases studied, that the sorption
capacity of the coals decreased inversely witheasing absolute temperature. They noted that
this is inconsistent with expectations from Langmsotherm model of coal sorption, which
predict a temperature-invariant sorption capaeihg further discarded activated diffusion as
possible cause of differences in sorption capaditactivated diffusion occurs during the
sorption processes, then the sorption capacitigetoals should be expected to increase with
increasing temperature. Ruppel et al. [310] replosignificant decrease in the Bnd CHs

sorption with increasing temperature (0 — 50 °CyHpncoals.

Levy et al. [189] showed a linear decrease in; 8bfption capacity on moisture-equilibrated

Bowen basin Australian coal with increasing tempega Due to the fact that sorption of gases
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such as C®and CH on coal is exothermic [97, 102, 104, 234, 3114, sbrption process will
provide a heat source, at least during the activeging phase of sequestration. Furthermore,
some sequestration scenarios would provide additibeating mechanisms, such as heat
production by the dissolution of co-sequestered gases (SOx, NOXx) or by reaction of £0
with residual oxygen in the flue gas. Thus, temppeeaconsideration is an important factor

during storage of gases in coal seams.

2.6.1.3.2 Operational pressure

It is well know from both laboratory and field expeents that, while the density of the
adsorbed phase increases, the volume of adsorlzse jpfi sequestered gases decreases with
increasing pressure [97, 199, 275, 285, 287, 30%, 312]. In a practical storage scenario, this
observation will further be compounded (or enhahbgdncreasing pressure and temperature
gradient with depth, and the evolving hydraulicgsge resulting from the injection of the
gases [309, 312].

2.6.1.3.3 Moisture content

Coal seams are naturally wet and will undergo regghtom surface water more rapidly during
storage processes as a result of drilling operstitvacturing of the coal bed and over-lying
strata, and the injection of gases which may cantsidual water. Thus, an aqueous phase
will be present during sequestration and will varyomposition according to its source and
the nature of the coal bed and the surrounding ralisievith which it is in contact. From
laboratory experiments, it has been shown that ton@sn coal reduces the sorption capacity
of gases on coal [97, 230, 267, 313]. Krooss ¢0d].studied the influence of moisture on the
CO; and CH sorption capacity of both dry and moisture-equéditbd Pennsylvanian coals of
different ranks (0.72 - 1.56% Rr.%) at a differgemperatures and up to 20 MPa pressure.
Their results show that, for both gases, the somptapacities of the samples were reduced by
20 — 25% in the moisture-equilibrated comparedhéodry coals, which has been attributed to
competition for adsorption sites by water molecaed the molecules of the gases. Joubert et
al. [314] studied the effect of varying moisturentants on the Clsorption capacities of US
bituminous coals at a temperature of 30 °C andspres up to 6.1 MPa, and found that for all
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coals studied, the CHborption capacity decreased with increasing mastontent up to a
critical value which is characteristics of the cogde. Moisture contents above the critical
moisture value seem to have no effect on the €stption capacity [314]. However, the
presence of water in coal seams may, in practieguestration systems, provide some
additional storage capacity through dissolutio@@6, beyond that afforded by sorption alone.
Busch et al. [315] estimated for some low rank galat the dissolution of Gnto coal seam
moisture may account for up to 50% of the totaptson capacity of the coals, and highlighted
the need to measure sorption properties underlaetam conditions for accurate sequestration

potential to be established.

2.6.1.3.4 Changesin pH of coal seam moisture

Although changes in pH will be difficult to measul@ing laboratory experimentations of high
pressure sorption processes, changes in pH duraugigal storage processes in coal seams is
a real possibility [275]. Changes in pH can afféng coal and C®sequestration process in
coal seams in various ways. A decrease in pH collie and extract minerals associated with
the coal [11, 55, 316-318]. Changes in pH can alt® the surface charge of the coal [318]
which, can affect the intermolecular interactioasponsible for the 3-dimensional structure of
coal macromolecular network [317]. Due to the digance of the aperture size of pores in
coal as fluid transport channels and because théman adsorbed amount is related to the
pore volume [47, 54], the resulting impact of chesiiqn pH may affect the storage capacity of
the coal and the stability of the adsorbed gasgeaally the reactive GO

2.6.1.3.5 Influence of mineral matter in coal

It is generally accepted that dissolved gases edjje€CO,, SO« and NG during sequestration
of gases in coal seams may directly or indireatigct with minerals in and around the coal
seam, promoting precipitation of carbonate mingfed®, 171, 184-187]. These reactions are
more significant in the presence of Ca and Mg ncherals [184-188]. Mineralisation during
CO, sequestration in coal seams is attractive duéstonmobilisation effect on the injected
CO; for long geological periods [152, 184-186, 188bwéver, Benson & Cole [152] have
noted that the mineralisation process is compatsiow and may only be realised in tens to
hundreds of years.
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26.1.4 Influence of critical properties of the gases

It has been demonstrated by several investigatirtie sorption capacities (by volume) of
CQO,, CHs, and N on coals of various rank and types, generallyahsmd in the order: G&

CHas, < N2 [102, 104, 202, 234, 239, 242, 253, 257, 262-26liis widely accepted order is
definitely not due to the coals’ properties, bu¢ doithe properties of the adsorbates, especially
the critical properties of the gases [104, 235,,2537]. Sakurovs and co-workers [104]
investigated the relationship between the critfpaperties of different adsorptive gases on
their supercritical sorption behaviour on Australisituminous coals, and reported that the
maximum sorption capacities of the coals under sujieal conditions correlated well with
the critical properties of the gases. Critical mdjes of gases such as van der Waals’ attractive
constants and the polarizabilities, have been tegdo significantly influence the sorption
properties of gases on coals and other carbona@mmbents [104, 235, 257]. It has been
demonstrated that the easier a gas is to poldnisetronger the interaction with the adsorbent
surface, as well as neighbouring adsorbate moledule4, 235, 257, 319, 320]. This may
explain the greater affinity exhibited by coal perafaces to C®compared with coal pore
surfaces’ affinity to Cland N [102, 210, 235, 257, 267, 321].

2.7 Summary

A detailed literature review of research condudtethe area of coal properties and sorption
properties of coals relevant for @@equestration in coal seams has been conducted. A

summary of major findings are presented below:

» It has been shown from scientific evidence thathiomogenic greenhouse gas
emissions emanating from fossil fuel utilisaticargely contributed to global climate
change. Although unit COconcentration possesses lower greenhouse warming
potential (GWP), relative to unit concentrations tbe other GHGs, its higher
abundance in emitted anthropogenic GHGs meansittleathibits higher effective
radiative forcing (RF), global temperature changseptial (GTP) and GWP,

compared to the total effects of the other GHGs.
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>

Carbon capture and storage (CCS) has been idelgisi®@ne of the options to mitigate
global climate change. CCS is an array of valuesddtéchnologies that can be
synergised with the ultimate aim of reducing anplogenic CQ emissions from
industrial point sources. CCS value-chain include:

(). CO capture and separation via:

» Post-combustion capture from power plants,

» Pre-combustion capture from IGCC power utilitiesd ather gasification
systems,

» Oxy-fuel (oxygen-rich) combustion system,

» CO, capture from other fossil fuel industrial utiligat systems, eg.
Metallurgical industries, paper production, etc.

(i).  The transport of the captured, separated, and @ssed CQ (usually in the
liquid phase) to a candidate geological storageation using pipelines or
trucks.

(ii). The safe and permanent long-term storage of the i@Qdeep candidate
geological storage sites, thus, isolating the @@m the atmosphere.

Geological locations for the storage of £i@clude: ocean disposal, depleted oil and
gas reservoirs with the synergy of enhanced oilgasdrecovery (EOR & EGR), deep

saline formations, and “unmineable” coal seams Wighsynergy of enhanced coalbed
methane (ECBM) recovery.

For a candidate geological location to be suitédm& O, storage, it must have:
(). Capacity, to contain the projected volume of2CO
(i). Injectivity, to take in the captured GGand,
(ii). Confinement, to prevent the migration and seepégfeedbuoyant and mobile
CO. from the storage spaces to other places in thsusidze, especially to
shallow potable groundwater and or to the surface.

Structural trapping is the dominant initial storagechanism for storage of gases -0
CHa, N2, etc.) in coal seams, through physisorption. Tikidollowed further by
capillary trapping, solubility trapping and finallynineralisation depending on the

mineralogy of the coal seams and the surroundingjame
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» Various isotherm models have been used to desaridedetermine the sorption
properties of coals. Sixteen (16) different isothenodels have been highlighted and
discussed in this review. The applicabilities andthtions of these isotherms models
in high pressure sorption systems, similar to ajp@nal conditions during coal seam

sequestration of C{has been discussed in detail.

» The empirical and classical isotherm models: thenBuer-Emmet-Teller (BET)-, the
Langmuir-, the Dubinin-Astakhov-, and the DubiniadRishkevich- isotherm models
were found to be applicable only for low pressurgogon systems. Only modified

versions of these models can be applied to higbspre sorption processes.

» The modified Dubinin-Radushkevich isotherm model @s Henry’s law hybrid (Dr-
HH) isotherm model has been variously reported tuigh pressure sorption isotherm
data of different adsorptive gases on coals béti@n the other modified isotherm
models. In the DR-HH isotherm model, a proportidgalonstantk, was incorporated
into the isotherm model equation to account forgasriaw dissolution, and probable
imbibition and swelling by gases, especially for&@d CH, at higher pressures. This
proportionality constant can also provide insigbts the extent of coal volume
penetrated by the adsorptive gases.

» Data on maximum sorption capacities of dry coalsasfous ranks, up to anthracite
from 16 different countries (Australia, Brazil, Gala, China, France, India, Italy,
Japan, New Zealand, Poland, Switzerland, Slov&uoath Africa, South Korea, UK,
and USA), vary on weight basis in the range: 2016%4 kg/t for CQ 7.4 — 29.0 kg/t
for CHs, and 3.4 — 35.9 kg/t for N These translates to sorption capacities of 2.1 to
15.1 wt.% of dry coal for C§ 0.7 - 2.9 wt.% of dry coal for Ckand 0.3 - 3.6 wt.%
of dry coal for N. Generally, sorption capacities of coals were tbtmndecrease in the
order: CQ > N2 => CHs by weight and C®> CH; > N2 on volume or mole basis.

» The determined net heats of sorptipgs, of coals of different ranks reported in open
literature vary in the range: 8.2 — 13.5 kJ/mol@&y, 8.8 — 11.8 kJ/mol for CHand
8.6 - 10.4 kJ/mol for By and seem to decrease in the order: EQHs > N>.
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» Operational and environmental conditions such agpégature, pressure, moisture
content of the geological site, pH and mineralofhe geologic media, influences the

sorption properties of coal seams as geologicahgtosite.

» The physical- and chemical-structural propertiescofls impact their sorption
properties, especially storage capacity and com@m properties. Coal properties and
/ or characteristics can be studied by both comeeat and advanced analytical
techniques. Standard analytical techniques usellidec proximate and ultimate
analysis, petrography, helium pycnometry, surfaea @and pore properties analysis
via CQ- and N-low pressure gas adsorption (&@nd N-LPGA), mercury intrusion
porosimetry (MIP), wide-angle X-ray diffraction (W¥RD) mineral analysis, X-ray
florescence (XRF) inorganic components analysis, &ome of the advanced
analytical techniques applied in coal charactaosainclude: small-angle X-ray
scattering (SAXS), wide-angle X-ray diffraction lban fraction analysis (WAXRD-
CFA), scanning electron microscopy (SEM), attendiatetal reflection Fourier
transform infra-red (ATR-FTIR) spectroscop¥C nuclear magnetic resonance
spectroscopy ¥C NMR), high-resolution transmission electron msmopy
(HRTEM), etc.

» Some of the coal properties found to influence sbeption properties of coal as a
geological sink include: coal rank, pore structyralperties (micro-, meso- and macro-
pore properties) of the coal, the mineralogy of toal, and the in-situ chemical
properties of the coal seam surroundings.

> As the high pressure sorption of gases in coals sterage option for anthropogenic
GHGs occur at conditions usually above the crifpraperties of the gases (g@Ha,
N>, etc.), the critical properties of these gases migact their sorption properties at

the in-situ storage condition.
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Nomenclature
Symbol

Definition

Ag)
AB

Bs)

kgl/t
Mmea

P/P
P/Ps
Po
Po
Ps

Qexc

Rr.%
T

\%

Vo
VBeT
Veel
Vbr

VL
Vsample
wt.%

Unadsorbed gaseous molecule

Adsorbed gaseous molecule

Unoccupied solid adsorbent surface

A BET isotherm model constant related to heatdsforption
DR or DA affinity constant (-)

Pore diameter (A)

Polanyi's characteristic adsorption energy (laljm
Characteristic heat of sorption (kJ/mol)
Proportionality constant (ml/g)

Kilogram per tonne

Mass of gas sorbed at a given pressure and tatope
Structural heterogeneity parameter (-)
Instantaneous experimental pressure (MPa)
Relative vapour pressure (-)

Relative vapour pressure (-)

Saturation vapour pressure (MPa)

Langmuir pressure (MPa)

Saturation vapour pressure (MPa)

Maximum sorption capacity of sample(s) (kgit
Gibb’s or excess sorption (kgh)

Ideal gas constant (kJ/rdot)

Vitrinite reflectance (%)

Experimental absolute temperature (K)

Quantity of gas adsorbed onto a solid samplécgkgm®/tcoa)
BET monolayer capacity of the adsorbent (cdal)t{oa)
Maximum sorption capacity from BET isotherm mioghe/tcoa)
Volume of the sample cell fn

DR maximum sorption capacity (kg4)

Langmuir volume (Maximum sorption capacity) (ke
Volume of sample (f)

Weight percent (%)
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Greek symbols

Symbol Definition

é Polanyi adsorption potential (J)

) Affinity coefficient (-)

jor Adsorptive gas density at a given pressure emgpérature (kg/M
£ Density of the adsorbed phase (k§/m
Abbreviations

Acronym Definition

adb Air dry basis

ATR-FTIR Attenuated total reflection Fourier trémsn infra-red spectroscopy
BET Brunauer-Emmet-Teller isotherm model

CBM Coal bed methane

CCSs Carbon dioxide capture and sequestratiost¢oage)
CHs Methane

CO. Carbon dioxide

CTL Coal to liquid

DA Dubinin—Astakhov isotherm model

dafb Dry ash free basis

db Dry basis

DR Dubinin-Radushkevich isotherm model

DR-HH Dubinin-Radushkevich/Henry law hybrid isatimemodel
ECBM Enhanced coal bed methane

EGR Enhanced gas recovery

EOR Enhanced oil recovery

EOS Real gas equation of state

FTIR Fourier transform infra-red spectroscopy

GAS Gravimetric adsorption system

GHG Greenhouse gas

HP Helium pycnometry

HPGSS High pressure gravimetric sorption system
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HRTEM High resolution transmission electron micasy
IGCC Integrated gasification combined cycle

IR Infra-red spectroscopy

IUPAC International Union of pure and applied Chestny

L Langmuir isotherm model

LPGA Low pressure gas adsorption (LPGA)

M-DA Modified Dubinin—Astakhov isotherm model
M-DR Modified Dubinin-Radushkevich isotherm model
MIP Mercury intrusion porosimetry

M-L Modified Langmuir isotherm model

N2 Nitrogen

NMR Nuclear magnetic resonance spectroscopy

NOx Oxides of nitrogen

P-v Pressure-volume change

SANS Small angle neutron scattering

SAXS Small angle x-ray scattering

SEM Scanning electron microscopy

SO Oxides of sulphur

ss3C NMR Solid state nuclear magnetic resonance spspy
TEM Transmission electron microscopy

TVFM Theory of volume filling of micropores

USANS Ultra small angle neutron scattering

USAXS Ultra small angle x-ray scattering

VAS Volumetric adsorption system

WAXRD Wide angle X-ray diffraction

WAXRD-CFA Wide-angle X-ray scattering - carbon ftiaa analysis
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Chapter 3

3.0 Sample characterisation I. Physical-structuraproperties of the coal
samples

Note: This chapter has been published @&olo GN, Everson RC, Neomagus HWJP,
Roberts MJ & Sakurovs R. 2015. Comparing the pty@sid surface areas of

coal as measured by gas adsorption, mercury intruend SAXS techniques.
Fuel, 141:293-304.
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Highlights

v Surface area and porosity of coal obtained usiffgrént analytical techniques.

v Each technique probes different pore size rangesah

v' Compressibility effect accounts for 20 — 25% of dlained porosity and pore volume
of coals from MIP.

v' SAXS technique returns higher values of surfaca arel porosity of coal.

v’ SAXS technique covers pore sizes in the range:<5df\< 17 A, not captured by the

three other widely used methods.

3.1 Abstract

In this paper, we compare the surface area, pgrasd other physical-structural properties of
four bituminous coals from three different coaldsgof South Africa determined using carbon
dioxide (CQ) and nitrogen (B low pressure gas adsorption (LPGA), mercury sitbn
porosimetry (MIP), and advanced small angle x-i@ttering (SAXS) analytical techniques.
Consistent with previous findingspMdsorption underestimated the surface area amsipor
of the samples compared to results obtained ubmgther techniques, but it provided a good
insight into the pore size distribution of mesooréhe surface areas and porosities of the
samples determined from SAXS were found to be faigen any of the values obtained using
the other techniques. This is attributed to SAX&prg a wider range of pores, including pores
that are closed to, or restricted in access by,agis®rption or mercury intrusion and also
capturing the properties of pores of diameters betw5 and 17 A, which are not readily
measured by any of the other techniques used snirthiestigation. However, we show here
that because each technique probes different @eanges in coal, a combination of SAXS
with other techniques (gas adsorption, MIP etm)jaes a richer picture of the nature of the

porosity in coals.

Keywords. Surface area, porosity, pore sizes, PSD, SAX8, MPGA
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3.2 Introduction

The porosity and surface area of coals are key essnin the study, determination and
prediction of the behaviour of coals during thearisus preparation, beneficiation and
utilisation processes [1-6]. Porosity and surfaeaare also leading factors when considering
deep-seated coal seams as candidate site for gesdlegquestration of carbon dioxide, as an
option for global climate change mitigation [6-18he sequestration of carbon dioxide in coal
seams can be used to expel inherent methane prdcess of Enhanced Coal Bed Methane
(ECBM) production [5, 8, 14-17]. Moreover, understang the nature of porosity in coals
provides valuable information regarding the chasaald pathways for fluids to move into and

interact with the macromolecular structure of coals

The pore structure of coals and other carbonacaatsrial are classified according to IUPAC
classification [18, 19] as: micropored € 20 A); mesopores or transitional pores (26 é <
500 A); and macroporesi{> 500 A), where, is the pore diameter. It is widely, though not
universally, accepted that the pores in coals haveroad size distribution and form a
constricted, interconnected network [1-4, 17, 19-EXperimental evidence shows that coal
porosity and pore size distribution varies with tegree of maturity of coal as measured by
the proxy indicators: carbon content and vitrimgélectance. Both Rodrigues and Lemos de
Sousa [22] and Gan and co-workers [20] found tkat,lower-ranked lignites and sub-
bituminous coals- (elemental carbon < 75%, dafyogity is primarily in the form of
macropores (primary porosity). For intermediatekeghbituminous coals (76% elemental
carbon< 84%), loss of primary porosity sets in and thelaton of secondary porosity (micro-
and meso-porosity) starts, such that about 80% efaccessible porosity is contributed by
micro- and meso-pores. In higher-ranked coals (efeat carbon > 85%, daf), microporosity
predominates. Thus, as the rank of the coal inesathe importance of macroporosity

decreases and microporosity becomes increasinghyfisant.

Adsorption of gaseous adsorbate (Ar,ZCQ:Hs, He, Kr, CH, Nz, Xe, water vapour, etc.) on
coal (adsorbent) has been widely used to deterthmnsurface area, pore structure (sizes and
distribution) and porosity of coal and other carboepus materials. This is because gas
adsorption methods are less costly and are moreeogent to use than the other more advanced
techniques. C®and N are the most commonly used adsorbate gases. @#taods widely
used to probe surface areas and porosity propeftiesals and other porous solids are: Wide
angle x-ray diffraction (WAXRD), Ultra and Smallgle x-ray and neutron scattering (SAXS,
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SANS, USAXS and USANS), MIP, Helium pycnometry, Sa@g electron microscopy
(SEM) and Transmission electron microscopy (TEM), [25]. The adsorption mechanisms in
microporous and mesoporous carbonaceous and otteriats have been reviewed by Marsh
[26], and Thommes [24].

For bituminous coals, surface area and porosityesmbbtained from CfQadsorption have
been generally found to be much larger than theeglrom N adsorption [1, 21, 23, 27]. This
has been attributed to activated diffusion; the tbermal energy associated with Bt the
analysis temperature during Mddsorption at -196 °C retards gas penetrationredsethe
thermal energy associated with carbon dioxide’& {1-6, 17, 21, 26] is much larger (the rate
of diffusion of CQ through cylindrical pores of molecular dimensia®&C has been found
to be 16 times higher than that of Nat -196 °C [4]). Measurement of low pressure gas
adsorption of C@on coal usually takes place at pressures < 1 aththee shorter analysis time

(< 10 hours) makes coal swelling an insignificammtcibutor to the obtained results [1, 4, 26].

MIP is another standard method of determining th®gity and surface areas of coals, but is
limited only to meso- and macro-porosity [27-38]lthdugh the application of the
macroporosity of coals to most of its utilisatiagesses is still very limited, the understanding
of this property is relevant in predicting totalsgeapacities of coals when used for CO

sequestration [39].

Each of these widely used techniques only probeifsp@ore size ranges and thus cannot be
used independently to describe the overall porasitpore size distribution of the sample.
Standard measurements from £@w pressure gas adsorption techniques can oahegpores

in the range: 3 A d, < 5 A (lower micropore range), determined usingHoevath-Kawazoe
(H-K) method in this study. However, an upper liwit8.5 A has been reported by Mastalerz
et al. utilising the DFT technique in their PSD lgeis [6, 13]. N analyses are claimed to cover
pores in the range: 174d, < 3000 A (higher micropore and entire mesopore rariféective
pore size distribution (PSD) analysed using MIR ighe range: 30 A d, < 600000 A (6Qum)
(meso- and macro-pore range). The lower and uppergze limits from MIP was determined
from the intrusion pressure of mercury using th@ieical Washburn equation [25, 27-31, 34-
37, 40]. This means that a more complete descnipgifathe pore structure, surface area and
porosity of coals has to combine results obtaimethfthese three techniques. Unfortunately,
properties of micropores in the size range: 85 d) < 17 A are not readily picked up by any

of these three widely used standard methods.
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In recent times, Small Angle X-ray (SAXS) has gdimp®pularity as a coal characterisation
tool. SAXS has the advantage of probing a widegeaof pore sizes in a single experiment
than MIP or gas adsorption (G@nd N) [3, 14, 21, 41-44]. When X-rays penetrate matsyi
they are scattered off density contrasts withinntfagerial at a range of scattering angles. The
resulting scattering pattern, which is specifighe structure of the material, can be analysed
to estimate surface areas and porosity featurdbeosample. Because SAXS scatters off
density contrasts in coals, it not only scattefgdehsity differences between the material and
empty pores, but also scatters off the densityeddfices between their organic and inorganic
components [44]. Thus, results from SAXS need t@dreected for the influence of coals’
mineral matter. One way to correct for this issewame that the mineral matter size distribution
is the same as that of the empty pores and suipigaitte scattering length density (SLD) of
the significant mineral phases from the overall Sifhe coal and using the corrected SLD
for the necessary calculations [44]. In this pagbis assumption has been avoided by
demineralising the four samples following a thréepsHCI-HF-HCI process reported
elsewhere [45], with demineralisation efficiency93%. Demineralisation will produce a
material whose pore distribution as determined BAXS is that of the organic component of

the coal.

The objective of this paper is to show the relasigmificance of different techniques employed
in probing the surface area and porosity propedfesoals with regard to the effective pore
size ranges analysed by these methods and thellayeabity of fit. To achieve this, results
obtained from four different techniques were metbalty examined in detail and critically
compared against each other. The findings fromphjger give insights into the capabilities
and limitations of techniques available for theedetination of the surface area and porosity
of coals; which are some of the major factors ificing the characteristic behaviour of coals
during utilisation processes including €6torage in coal seams, combustion, gasification,

liquefaction, etc.

3.3  Experimental

3.3.1 Origin of coal samples
The four Run of Mine (ROM) coal samples investigabe this work were collected from

actively mined underground coal seams within thghield, Witbank, and the Tshipise-Pafuri
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coalfields of South Africa. The coal samples warlected from four different actively mined
underground coal seams for the study of their anld-super-critical C¢) CHs and N sorption
capacities with a view to generating data thatlmnsed to predict the G@aptive properties
of deep seated unmineable or uneconomical coalse&Bouth Africa. The coal samples are
code-named Coal DEN, Coal FOZ, Coal OGS and co#&).T8oals DEN and OGS originated
from the Highveld Coalfields, while coal FOZ andat®KD are from Witbank and Tshipise-
Pafuri coalfields respectively.

3.3.2 Sample preparation
The ROM coal samples were received in particlessiaaging from fine powders to 50 mm
particle diameter. Representative samples werardutdoy cone and quartering; and crushing
and screening was employed to obtain the requirgé sanges for analyses and
experimentations. The samples were initially fluseth N> gas, stored in a vacuum-sealed
thick polyethylene container and kept in a desmcaill sample characterisation analyses and
experiments were conducted on -75 pum size partieleept MIP and petrographic analysis

that were carried out on 1 mm average size pasticle

3.3.3 Sample Characterisation

3331 Standard properties
Standard analyses used were the proximate, ultjraatepetrographic analysis, total sulphur
content, free swelling index and calorific valudeTpetrographic analysis was conducted at
Petrographics SA, Pretoria, and the rest of thadstal analyses were carried out at the
laboratory of Advanced Coal Technology (ACT), Prieto

3.3.4 Physical-structural properties of samples

3341 Density measurement
The skeletal density of the samples was measureal Mitromeritics Accupyc Il 1340 Gas
Pycnometer, using helium gas at an outlet pressfute34 bars in a 10 chsample cell. The
samples were initially dried under vacuum at 105ptor to the analysis. Dried samples
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weighing 5-6 g (or about 75 vol. % of the sampl¥) egere placed in the sample compartment;
flushed with helium gas and degassed automatittabypressure of ,omHg. Helium skeletal
density data were taken as average of three asakysults and the experimental error was
calculated from this set of data at 95% confidanterval.

3.34.2 CO. and N2 low pressure gas adsor ption
The determination of the GOand N- surface areas and porosity properties of thesooate
conducted on a Micromeritics ASAP 2020 surface ame@ porosity analyser. The samples
(about 0.20 g each) were degassed under vacuupn(ldg) at 90 °C for 2880 minutes on the
degassing port of the equipment prior to adsorpaioalysis (0 °C in an ice bath for génd
at -196 °C (77 K) in liquid N for N> adsorption measurements respectively) [46]. The
adsorption data were automatically acquired byAB&P 2020 v4.0 software in the relative
pressure range: 0 < R/ 0.032 for CQ and 0 < P/P< 0.30 for N analyses respectively. For
N2 adsorption, especially for coals, RiB usually limited to ~ 0.3 as this relative prass
range corresponds to a multi-layer coverage oflégers of N, and the 1/[Q(#P-1)] against
(P/Ry) plot remains linear in this range. At higher #¥Rlues condensation okl the pores
starts, leading to a wide scatter, a non-line&@®{/P-1)] versus (P/} plot and a significantly
lower correlation coefficient and surface areas2@, 38, 47]. Lower limit of P/?(~ 0.03) is
used for the evaluation of G@dsorption surface areas in coal as micropore§liae at a

much lower P/Pthan mesopores [4, 5, 24, 26].

The micropore surface areas of the samples weezndeted from C@adsorption data using
the Dubinin-Radushkevich (D-R) method [3, 46]. Tim@aximum micropore volume, the
average micropore diameter, and the pore sizeildison (PSD) of the samples were
determined from the CfOadsorption results following the H-K method [4@-30]. The
calculations were based on the entire isothermbinvithe reduced pressure ranges. The
Horvath-Kawazoe method is a modification of thewWekquation, but differs from it, as pore
filling by the liquid phase of adsorbate rathemtigaseous phase adsorbate layer formation and
slit shaped pore dimensions are considered [48gBing a more realistic micropore PSD in
the lower P/Rrange (< P/P0< 0.07) than the Kelvin equation. However, the aggtion of
the H-K method is only suited for micropore PSDttBdaroniec et al. [49] and Kowalczyk
and co-workers [50] have demonstrated the relighali the H-K method experimentally and

numerically for microporous carbons and other solaterials respectively. The surface areas
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from the N adsorption were evaluated from different methodtuding: BET, Langmuir and
Barrett-Joyner-Halenda (BJH) methods. The poremaekiand average pore diameter fromm N
adsorption results were determined using the H-KET Band BJH models. The PSD of the
samples from Bl adsorption were determined from the desorptiotheson using the BJH
method [51]. The micro- and meso-porosity of thasies were determined from the €énd

N2 adsorption data [46]. All the adsorption experitsemere repeated three times and the final
results are averages of three independent resuta fvhich experimental errors were

calculated at 95% confidence interval.

3.34.3 MIP measurements
MIP measurements were obtained from Micromeritiocso®ore [V 9500. An average sample
particle size of 1 mm (+850 -1140n) and a penetrometer with a stem volume of 0.382 ¢
were used for this analysis, while sample loadimg done to achieve a used stem volume of
60-90% under high pressure intrusion. 1 mm parside was used as it is difficult to analyse
fine coal powders using MIP technique due to thebl@ms associated with inter-particle
voidage [34]. The samples were first degassedealathr pressure port at < 50 pmHg. After
evacuation, the samples were pressurised in the grigssure port where mercury intrusion
takes place. Both degassing and intrusion are attoatly controlled by the AutoPore 1V 9500
software. Samples can be pressurised from 0.5B& kPa) to 60000 psi (414 MPa) and the
mercury contact angle and surface tension duritigsion were assumed to be 130° and 0.485
N.m! respectively [30, 37]. Results obtained from théPNtheasurements were corrected for
coal compressibility, which is very significant,pegially at higher pressures (>200 MPa) on
the lower mesopore size ranges [27-29, 31-38,”&ported results were average values from
three independent experiments and error calcukaticere based on 95% confidence interval.
Using the bulk density from MIP and the skeletahsiy from Helium pycnometry, the total
porosity and the total pore volume of the sampéesalso be estimated [9, 25, 31, 37].

3344 Small Angle X-ray Scattering (SAXS) measurements
SAXS data were collected from the SAXS facilityG8IR, Pretoria, at 25 °C and a pressure
of 0-3 mbar. The SAXS facility consists of a 45 K&Q mA PANalytical PW 3830 X-ray
generator with copper target=1.542 A) coupled to an Anton Paar SAXees Collimato
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Scanning angle was 0.1£°20 < 4°. X-ray data were collected stored on data imggdietector,
read on a Perkin EImer Phosphor System Cyclone dRitess reader, and processed with the
PANalytical EasySAXS software using the advancddractive mode. Both the raw and
demineralised coal samples were subjected to SA¥B/sis. Analysis on each sample was
repeated thrice independently and reported resultsaverage of the three results with
experimental error based on 95% confidence interval

Thespecificsurface area per unit volume of the samgsyas determined from the recorded
intensity after normalising the total scatterintgimsity using Equation 3.1 [3, 41, 43, 53].

mlimq’1(q)

- G- 3.1
S Q (3.1)

where:Q is the Porod invariant anglis the scattering vectqeg = 478ind/ A ; 6 and4 are the

scattering angle and the X-ray wavelength respelgiiv

The specific surface area per unit m&swas determined using the relative density of the
samples with respect to the density of graphit2g@/cn?) [3, 41]. The porosity of the samples
was determined using Porod Invariant equation (Eguoie8.2) with defined q intervals to

distinguish between the micro-, meso- and macrogtes [14, 43, 44, 51].

Q=] I(adg (32)

The boundary conditions of q used for the diffeqgmtosities in this study are: macroporosity
(4.17E-6< 2.5/g< 5.00E-3; {500 A< d, < 600,000 A}); mesoporosity (5.00E<82.5/q<
1.25E-1; {20 A< dy < 500 A}) and microporosity (1.25E<4 2.5/g< 8.33E-1; {3 A< dy < 20
A}), corresponding relatively to the Guinier, Iniemt and the Porod regions respectively [14,
43, 44, 51]. While the Invariant region was baseittsy on experimental data, the Guinier
region was extrapolated to capture the macroparddlee Porod region was extrapolated to
include pores 3 A. Pores < 3 A were not accounted for in thigestigation.
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3.4 Results and discussions

3.4.1 Standard propertiesof coal samples
The results of the standard tests on the coalxifpede, ultimate, petrographic, total sulphur
content and calorific value analyses) are presemediable 3.1. The samples exhibited
relatively high ash yields (22 - 26 wt. %, adb) dmaer fixed carbon content valugsb0 wt.
%, adb, except for coal TKD; which was found to team lower ash yield of 16.8 wt. %, adb
and a higher fixed carbon content (60.5 wt.%, adb)yee of the four coals possessed low
volatile matter yields{ 22 wt. %, adb); compared to coal FOZ (27 wt. %y)aBetrographic
analysis results show that, except for coal TKD thaitrinite-rich (68 vol. % mmb); the other
three coal samples are inertinite-rich. The vitarand total maceral reflectance of three of the
samples were also found to be lower than the vdbresoal TKD (1.2 and 1.5 respectively).
According to ISO-11760:2005, coals DEN, FOZ and O@S8e classified as bituminous
medium rank C; while coal TKD was classified asifriinous medium rank B [54]. The coal
vitrinite and the maceral scan random reflectanstg@irams of the coal samples are given in

Appendix A.

A good agreement in trend also exists between shey&lds determined from proximate
analysis and the visible mineral matter contentseoled from the petrographic analysis. All
the four coals were found to contain very low voaaof liptinite (< 5 vol. %, mmb). The
standard properties of these coals are quite sirtolaesults reported elsewhere on South
African coals [45, 55, 56].
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Table 3.1: Conventional properties of coal samples.

Sample ID Standard method Coal DEN Coal FOzZ Coal OGS Coal TKD
Proximate Analysis(wt. %, adb)
Inherent moisture ISO 1171: 1997 4.0 3.3 2.7 0.7
Ash content ISO 1171: 1997 25.9 22.0 24.5 16.8
Volatile Matter ISO 562: 1998 215 26.6 22.4 22.0
Fixed carbon By difference 48.6 48.1 50.4 60.5
Gross Calorific Value (MJ/kg) (adb) ISO 1928: 1995 21.6 23.5 23.3 29.6
Ultimate Analysis (wt. %, dafb)
Carbon ISO 12902 78.7 78.5 81.3 86.9
Hydrogen ISO 12902 4.4 4.9 4.7 5.1
Nitrogen ISO 12902 2.2 2.0 2.0 2.1
Oxygen By difference 13.0 13.2 10.6 4.8
Total sulphur content ISO 19759 1.7 1.4 1.3 1.0
Free Swelling Index (FSI) ISO 501: 2012 0.0 0.0 0.5 8.5
Calculated from Ultimate analysis
H/C atomic ratio 0.663 0.741 0.699 0.710
O/C atomic ratio 0.124 0.126 0.098 0.042
Petrographic analysis (vol. %, mmb)
Vitrinite ISO 7404-3: 1994 20 36 21 68
Liptinite ISO 7404-3: 1994 3 5 5 1
Inertinite ISO 7404-3: 1994 59 45 57 23
Visible minerals ISO 7404-3: 1994 18 14 17 8
Total reactive macerals (vol. %, mmb) 41 54 42 72
Reflectance propertie: (%)
Mean vitrinite random reflectance (Rr, %) ISO 1178005 0.65 0.63 0.69 1.2
Mean total maceral reflectance (Rsc, %) ISO 112605 1.24 1.05 1.19 15
Rank (Bituminous) ISO 11760: 2005 Medium Rank C diien Rank C Medium Rank C Medium Rank B
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3.4.2 Physical structural properties of samples

34.21 CO:z low pressure gas adsorption (CO.-LPGA)
Results from the C&ow pressure gas adsorption analyses are showialole 3.2. The C®
adsorption isotherms of the four coal samples arengin Figure 3.1. The D-R transformed
isotherm plots used to calculate the D-R surfamasarand the characteristic energy of
adsorption of the samples are presented on Fig@rewdth the corresponding correlation
coefficients (R > 0.99). Coals DEN and FOZ (0.63 and 0.65 Rr.%eesvely) had near
identical CQ sorption behaviour. The CBET surface area plot and the resulting BET sarfac

areas of the samples are provided as a supplemealai in Appendix B.
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Figure 3.1: CQadsorption isotherms of the coal samples from-CRGA.

The relationship between the characteristic enefggdsorption and the average micropore
diameter (Figure 3.3) is consistent with the higaeergy barrier needed to overcome the
dispersive forces or potential between the adsenmaiecule and the adsorbent pore surfaces,
when pores are smaller [24, 57]. The range of \wati¢he characteristic energy of adsorption
is comparable to published results [1, 2, 4, 58}e TD-R micropore surface area, D-R
monolayer capacity, D-R micropore volume, H-K mmoee volume, and microporosity of the
samples were all found to decrease as the vitrreflectance of the coal samples increases;
while the H-K average micropore diameter increasld increasing vitrinite reflectance. The
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PSD in the range 3 & d, < 5 A obtained from the C{adsorption results for the micropore
ranges is presented in Figure 3.4. Coal TKD wasidoto exhibit the lowest volume of
micropores among the four samples. This agreeswitil published results on bituminous
coals [1, 3-5].
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Figure 3.2: Dubinin-Radushkevich transformed isptigeused to calculate the D-R surface
areas of the samples.
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Figure 3.3: Relationship between the charactergstargy of adsorption and the average pore
diameter.
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Figure 3.4: Micropore size distribution of the sdesgfrom CQ adsorption data.

34.2.2 N2 low pressure gas adsorption (N2-LPGA)

The N adsorption isotherms of the samples shown in Eigus were of Type IV [19, 59],
which indicate that the samples are mesoporousiss¢li9, 24, 51], with an adsorption-
desorption hysteresis loop indicative of delayetemmndensation during desorption [24, 60].
This may also be attributed to narrow pore thradtswmever, the hysteresis loop was lacking
in coal TKD. This suggests that the coal TKD hdssa constricted and more accessible pore
network to N than the other coals [3]. The BET surface area plots used to evaluate the N
BET surface areas of the samples are presenteiumne3.6. The correlation coefficients of
the 4 plots are > 0.99. The determined properties f\> low pressure adsorption data are
summarised on Table 3.2. Both the surface areap@nedvolumes (determined from different
methods: BET, Langmuir, BJH) were observed to iaseefrom coal TKD to coal DEN. The
average pore diameter calculated from both thadsorption and desorption results using the
BET method showed that the pores in the coal sagderobed by Nvere in the mesopore
range (339 A d, < 440 A), but does not follow a particular sequefite result from the BJH
method for the average pore diameter (fropalsorption and desorption) showed that the
probed pores are within the mesopore range (125dh< 307 A) and increased from coal
DEN to coal TKD; contrary in trend to the surfaceas and pore volumes results. Differences
were observed between some of the results detedrnfriom the N adsorption and desorption

isotherm data and had been explained by the fattetuilibrium may not be reached during
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adsorption; but attained during desorption [3,&%#63]. The N mesoporosity was observed
to be highest for coal TKD.
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Figure 3.5: N adsorption isotherms of the coal samples frorL RGA.
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Figure 3.6: N BET surface area plots of the sample.
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Table 3.2: Physical-structural properties of samfilem CQ- and N-LPGA, MIP and HP.

Properties Method used Coal DEN Coal FOZ Coal OGS Coal TKD
CO:2 Adsorption Results
D-R micropore surface area ) D-R 129+ 3 128 + 3 118+ 2 107 £ 3
Characteristic adsorption energy, kJ/mol D-R 2282 23.1+0.1 22.3+0.2 19.4+0.2
D-R limiting micropore capacity, cm3/g STP D-R 283 280+1 258+1 235+1
D-R limiting micropore volume x18 cms3/g D-R 5.2+0.1 51+0.1 4.7+0.1 43+0.1
Micropore volume x186, (cm?/g) H-K 3.1+0.1 3.2+0.1 28+0.1 2.1+0.1
Average micropore diameter (A) H-K 3.85+0.06 3180.06 3.89+£0.05 4.10 +0.06
Porosity (%) (3 A< dp <5 A) CQ Ads data 53%0.2 54+0.2 46+0.1 29+0.1
N2 Adsorption Results
BET surface area (fy) BET 5.7+0.6 3.6+04 29+0.3 26+0.3
Langmuir surface area (i) L 8.8x+x04 54+0.2 43+0.1 41+0.3
BJH adsorption surface area (m2/q) BJH 51+0.3 1+£3.2 15+£0.1 26+0.2
BJH desorption surface area (m?2/g) BJH 6.1+£0.2 3+D.2 3.1+0.1 3.1+0.1
BET adsorption total pore volume x1Qcm3/g) BET 1.47 +0.05 1.32 +0.07 1.01 +0.03 021+ 0.03
BET desorption total pore volume x1Qcm3/g) BET 1.46 +0.03 1.44 + 0.05 0.99 +£0.02 830t 0.01
BJH adsorption total volume of pores 21@m?3/g) BJH 1.95+£0.05 2.01 £0.06 1.40 £ 0.03 032t 0.04
BJH adsorption total volume of pores 21@m?3/g) BJH 1.89 £ 0.03 1.99 £ 0.03 1.46 £ 0.01 032t 0.02
H-K Maximum pore Volume x18 (cm®g) H-K 0.29 +0.03 0.18 £0.02 0.15 +0.02 0.16.64
H-K average pore diameter (A) H-K 10.7 £ 0.3 9.0.3 9.4+0.2 12.3+0.3
BET adsorption average pore diameter (4V/A) (A) BET 341 +9 403 £ 11 423 £ 14 424 £ 12
BET desorption average pore diameter (4V/A) (A) BET 3394 4405 412 £ 6 346 £ 9
BJH Adsorption average pore diameter (4V/A) A BJH 53%3 263+5 281 +6 307 +6
BJH Desorption average pore diameter (4V/A) A BJH 25%2 187 +3 196 £ 3 261 £4
Porosity (%) (17 A< d, < 500 A) N Ads data 1.60 £ 0.09 2.23+0.10 1.32 £0.07 26314
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Table 3.2 (contd.): Physical-structural propertésamples from C& and N-LPGA, MIP and HP.

Properties Method used Coal DEN Coal FOzZ Coal OGS Coal TKD
MIP Measurements (corrected for coal compressibilit)

Coal compressibility factok, x10*! (Pa?) MIP 4.74 +£0.08 5.02+0.11 4.31+0.10 4.01a7.

Total pore area (fg) MIP 141 +0.3 13.9+04 125+ 0.5 10.9+0.3

Total intrusion pore volume x¥(cn’/g) MIP 3.9+0.1 4.4+0.2 5.2+0.3 57+0.2

Average pore diameter (4V/A) (A) MIP 111 +3 12%+ 168+ 7 208 + 6

Porosity (%) (30 A< d, < 600000 A) MIP 6.1+0.1 6.2+0.2 7.1+0.1 7.6.%

Bulk density (kg/rf) MIP 1455 + 22 1295 + 21 1367 + 15 1206 + 23

Skeletal (Apparent) density (kg#n MIP 1585 + 20 1414 + 19 1519+ 21 1354 + 28

Helium Pycnometer measurements

Skeletal (Apparent) density (kg#m HP 1668 + 18 1595 + 24 1623 £ 19 1495 + 31
Calculated from Hg bulk density and He skeletal desity

Pore Volume x18 (cm?/g) Calculated 8.8+0.3 145 +0.5 11.5+0.4 M4

Porosity (%) Calculated 12.8+0.5 18.8£0.8 15.8+0.6 19(B5

Nomenclature: BET- Brunauer-Emmet-TelleBJH-Barrett-Joyner-HalendaCO, Ads data-CO, Adsorption dataD-R- Dubinin-RadushkevigiH-K- Horvath-Kawazop

HP-Helium pycnometelL- Langmuir MIP- Mercury intrusion porosimetryN, Ads dataN, Adsorption data
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Figure 3.7: Mesopore size distribution of the sasaftom N adsorption results.

The pore volumes and average pore diameter determmoed the H-K method from the N
adsorption data were found to be considerably |dieem those calculated by the other methods
(CO: LPGA and MIP). Notably, the H-K average pore diter@ranged from 9.4 A - 12.3 A,
implying that the probed pores are within the mpane range. This shows that the H-K method
is more reliable for C®adsorption analysis than for the analysis gfaNsorption data; as it
based on a ‘pore filling’ mechanism, which is meuited to CQ adsorption on microporous
solids. The experimental errors calculated foNhadsorption derived results were well below
5%. The single axis logarithmic plot of the poreesdistribution of the coal samples from the
N2 adsorption data is presented in Figure 3.7. Thosvs that the effective pore size measurable
by Nz in this study ranged from 17 A to 500 A. It candieserved from Figure 3.7 that coal
TKD has a greater volume of pores on the highelop@® size range than the other samples.
The other three samples (coals DEN, FOZ and OGlSpied bi-modal PSD in the pore size
ranges: 30 A - 50 A and 100 A - 300 A; while co#&lX only showed a mono-modal PSD in
the 100 A - 300 A pore size range. However, théaserareas, porosities and pore volumes
calculated from Nadsorption were much less than the correspondinygepties’ results from
CO; adsorption data. This differences are consistdtfit previous results [1, 3-5, 17, 21, 26,
58] and has been attributed to activated diffusiod kinetic restriction of Nmolecules at 77

K, which is more pronounced in the lower size rangiethe mesopores often probed at lower

relative pressures.
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34.2.3 MIP and HP measurements
In order to avoid the problem associated with MI@asurements due to compression of coal
at high pressures, the compressibility of the saahples were determined from the mercury
intrusion data following the procedure describeather investigators [27, 31-35, 37, 52]. The
intrusion data was used in this study as the stéfiee plot of the cumulative mercury intrusion
versus pressure remained almost constant in thegdrgssure region for the coal samples as
presented in Figure 3.8. The compressibility fagtky; of the coal samples were calculated
from the slope (R> 0.99) of the resulting plots at the higher pressange of 300 - 414 MPa
and the samples’ helium density. The results abthiranged from 4.01x16 Pat for coal
TKD to 5.02x10' Pat for coal DEN (Table 3.2). This range of values esmparable to the
range of values obtained by other investigatora suite of coal of various rank [31, 32]. Toda
and Toyoda [32] had reported a sinusoidal trentbaf compressibility with carbon content (a
proxy of rank); but obtained a linear trend betweeal compressibility and Knoop Hardness.
This suggests that coal compressibility is moreedépnt on factors which may include Knoop
hardness [32], spot of sampling [36] and swellingperties of the sample, rather than rank.

0.09 -
0.08
0.07
0.06
0.05
0.04

Cumulative Intrusion (cm3/g)

0.03
X Coal TKD
0.02 Coal OGS
¢ Coal DEN
0.01 1 m Coal FOZ
0 Trendline
0.E+00 1.E+08 2.E+08 3.E+08 4. E+08

Pressure (Pa)

Figure 3.8: Cumulative mercury intrusion vs pressur

It can be seen from Figure 3.9 that the effectaafl compressibility was more significant on
coal TKD than the other samples. Interestingly| dd€D also had the greatest propensity to
swell (FSI~= 8.5). It should be noted that coal compressibifagtor is a multiplicative
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numerator; its effect on the corrected result iases as its value decreases. MIP pore size
distributions were determined from the compressybilorrected intrusion data as logarithmic
differential intrusions. The comparison of the ramd corrected pore size distribution of the
samples is given in Figures 3.10 and 3.11. It veasd that correction for coal compression
only affected the values obtained in the mesopamnge of the MIP PSD; after correction for

compression, pore volumes were reduced by 20-25%.
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Mqissaaduwod uiseardug

Figure 3.9: Relationship between coal compresgibii, and free swelling indeXSiI.

Results from the compressibility-corrected MIP meaments are summarised in Table 3.2. It
was observed that the total intrusion pore volumerage pore diameter and porosity increased
from coal DEN to coal TKD, while the total pore aseshowed the opposite trend, increasing
from Coal TKD to coal DEN. The total pore area r@edrom 10.9 rfig for coal TKD to 14.1
m?/g for coal FOZ. The pore size distribution obtairieom all four coals from the corrected
MIP data as given Figure 3.11 shows that coal TKB ¢yreater volume of macropores < 10
A; while coal DEN has the lowest volume of poreshat range. From Table 3.2, coal TKD
also had larger MIP porosity (7.6%) than the otheze samples (6.1% - 7.1%). However, the
total pore volume and the total porosity calculdted the MIP bulk density and the skeletal
density from HP (Table 3.2) were significantly heghthan the corresponding properties

determined from compressibility-corrected MIP datad were higher for coal TKD (with
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higher vitrinite reflectance) compared with theestthree coal samples. This shows that coal

TKD is more meso- and macro-porous than the ot@ipges.
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Figure 3.10: Effect of coal compressibility on 88D from MIP.

A comparison was made of the pore size distribstifSD) resulting from Nadsorption

analysis and MIP measurements to qualitatively tilemegions of overlap, when these

techniques are used together. This comparisonserted in Figure 3.11 and shows that an

overlap region does exist in the mesopore regiord(3 d, < 500 A). However, the area under

the curve of Madsorption PSD data is very small when compardaetbroader area occupied
by the MIP PSD. Coals DEN and FOZ were found tal@kimuch the same value with respect

to surface area and porosity from both the MIP @@ adsorption analysis. Thomas and

Damberger [4] and Spitzer [29]

reported similar ganof porosity values from MIP

measurement on a suite of bituminous coals fronfeint coal fields in the former
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Czechoslovak republic and lllinois respectively. owéver, the average pore diameter,
intrusion pore volume, and the porosity from MIPrgvéound to increase from coal DEN to

coal TKD, opposite to the trends with regard toiEimproperties determined from the €O

adsorption results.
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Average pore diameter, dp (A)

Figure 3.11: Meso- and macro-pore size distributibthe samples from MIP results (PSD
from N2 adsorption inserted for comparison of the PSD fdynadsorption and MIP data and
identification of the overlap region).

There is a good agreement in trend between thetskelensities determined from MIP and
Helium Pycnometry (HP) data (Table 3.2), althougiufts from helium intrusion were

relatively higher than mercury intrusion resultsedo helium being able to penetrate into
smaller and finer pores in coals that remain inssitde to mercury. Both the bulk and skeletal
density of the samples determined from HP and MéRevobserved to increase with increasing
inertinite contents and ash yields. These valudsttamds are similar to reported results from
our other studies on some South African coals [dB§l coals from other countries [3, 4, 64,

65].
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Table 3.3: Physical structural properties of sampletermined using extrapolat

SAXS Analysis Results

Properties / Sample ID Coal DEN DergigNCoal Coal FOzZ Derlr;iSZCoal Coal OGS Derg
Specific Surface Area
Ssaxsm per unit mass (Afg) 172 +8 166 + 6 163 +7 159 + 6 158+6 15
Ssaxsv per unit volume (rficnr) 109+6 91+4 99+ 6 85+3 99+4 83
Porosity |
Microporosity (%) 10.1+0.6 9.2+0.5 10.3+0.8 .6920.7 95+0.5 8.9
Mesoporosity (%) 7.7 £0.05 6.0 £ 0.03 8.6+0.06 .1%0.04 86+0.04 75
Macroporosity (%) 9.9+0.3 10.0+0.2 11.0+0.3 .790.2 10.5+0.2 10.
Total Porosity (%)

27.7+1.0 25.2+0.7 299+1.2 26.5+0.9 286+0.7 26.
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3424 SAXS Analysis
The SAXS-determined physical structural properiésthe coal and demineralised coal
samples are summarised in Table 3.3. Generallymtgnitude of values obtained from the
SAXS measurements on the raw coals were compadsativeater (1.4%< %A < 3.6%) than
corresponding results from the demineralised sasnpliis is due to the additional x-ray
scattering from the mineral matter of the raw cemiples that were almost eliminated by
demineralisation. These changes were found toasergiith increasing ash yield of the coals.
This clearly demonstrates the influence of minaratter content on SAXS derived results for
coals. Comparisons of the porosity results fronthinee other used techniques were thus based
on the SAXS results from the demineralised coalsil&& similar trend was observed for the
surface areas determined from SAXS as for the dtinee techniques, results from SAXS were
generally greater than the sum of the results fthenother three techniques (£@nd N
adsorption and MIP). This is probably due to thet fhat SAXS probes a wider range of pores
and even closed pores [3, 14, 21, 41-44]; coupligd s ability to probe pore sizes in the
range of 5 A< d, < 17 A, not analysed by any of the three other teghes used. The total
porosity of the samples determined from SAXS data also found to be generally higher than
the sum of the porosities returned by the combieetiniques of Bland CQ gas adsorption
and compressibility corrected MIP. Part of thessatgr values could be due to fact that SAXS
results on the demineralised coals included pdigstere generated on removal of the mineral

matter; while excluding the additional x-ray scaitg resulting from the minerals.

Note that the double logarithmic SAXS diffractogsaof the raw coal and demineralised coal
samples, and the graphical comparison of the seideeas and porosity properties of the coals
from different techniques are presented in Appemld{kigures B-2 — B-4).

I X _Vren |
1_2?’\/Ep\t/ Trend

QOF(%) =100x N Expt (3.3)

where:Vexp. is the experimentally determined values of thepriesVrrendis the value of the
properties determined froni®%rder polynomial trend line fitting to the obsethaxperimental
trend; andN is the number of data points and / or number ofdes in this case\(= 4).
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A general comparison of the observed trends fraactrrelation of the major results (surface

area, porosity and average pore diameter) obtdinedthe four analytical techniques with the

vitrinite reflectance (Rr.%) of the coal samplegpissented in Figure 3.12. To qualitatively

compare the efficiency of the techniques, the tuaif fit (QOF) parameter defined by

Equation 3.3 was determined for the observed trandssummarised in Table 3.4.
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Table 3.4: Correlation coefficients and qualityfib{QOF) of trends of determined properties
with respect to the four investigated samples

Properties R? Fitting equation? QOF (%)
CO2 Adsorption
D-R Surface area 0.9692 y = -2.9759x7.545x + 124.03 92.5
Porosity 0.9981 y =-0.395% 1.171x + 4.565 73.8
H-K Average pore diameter 0.9851 y = 0.057580.2145x + 4.0325 97.6
N2 Adsorption
BET Surface area 0.5328 y = -0°6x2.42% + 2.15 68.3
Porosity 0.9275 y = 0.485% 2.333x + 4.14 40.8
BJH Average pore diameter 0.8960 y = 31275%29.45x + 277.75 70.8
MIP
Total pore area 0.9275 y =-0.45x1.19x + 13.25 89.5
Porosity 0.9185 y =0.15% 0.23x + 6.2 91.3
Average pore diameter 0.9288 y = 14X0x + 148.5 69.4
SAXS
Surface area per unit mass 0.9054 y = -4.825k8.275x + 150.33 94.6
Total Porosity 0.7057 y = -9E-14x0.96x + 30.55 94.0
Calculated from Hg bulk density and He skeletal desity
Porosity 0.8698 y = 2.3992x 11.539x + 27.524 71.1
Pore Volume 0.9262 y = 0.0256x0.1207x + 0.237 59.9

a x is the vitrinite reflectance of the coal sangpland y is the examined physical-structural
property of the sample (See Figure 3.12)

It is obvious from Figure 3.12 and Table 3.4 thahwespect to the correlation trends observed
for the four samples investigated in this study,.C@sorption results showed the best
consistency in trend with higher QOF and correfatamefficients. N adsorption results
exhibited the least consistency in trend with digantly lower QOF and correlation
coefficients. The trend observed for the SAXS dativresults exhibited good QOFs,

notwithstanding the fact the correlation coeffitgemvere not as good as those from.CO
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adsorption results. The trends observed for MIRRsueements were fairly consistent and

better than the trends fromp lddsorption results.

The very low values obtained from NPGA compared to MIP and SAXS confirm that most
pores are inaccessible te &t 77 K. MIP result shows a decreasing contrilsutibpores in the
size range 30 to 300 A as pore size increasedNHbBSD shows an increasing contribution in
this size range. This probably reflects increasingessibility of pores toNat 77 K as pore
size increases, rather than a real increase inmorders or pore volume with increasing pore
size, since even at the largest pores sizes medderby N LPGA, the fraction of pores
penetrable by Nis still small (Figure 3.11). Even at 200 A diaeretmost pores are largely
impenetrable by Nat 77 K. This inaccessibility is not due to narrpare throats restricting
N2 access, since MIP results would also be affedtezttivated diffusion is responsible for
this inaccessibility, then it must occur even atgsoof this size, which would indicate a longer
long-range interaction with the coal surface thanypically considered for van der Waals

forces.

3.5 Conclusions
Standard and advanced techniques were effectiwel¢ to characterise the surface area, pore
size distribution and porosity of four bituminousugh African coal samples.
= The similarities in the physical-structural propestof three of the four coal samples
shows that the Permian-aged coal deposit of théugig and Witbank coalfields of
South Africa are comparatively of similar matunitjth a very close range of vitrinite
reflectance (0.63 — 0.69).

= Compressibility effect due to mercury intrusiorhagh pressures in coal accounted for

about 20-25% of the recorded porosity and poremelof coals.

= Small Angle X-ray Scattering (SAXS) analysis waarfd to return higher values of
surface area and porosity than any of the threer otiethods used in this study. SAXS
technique probes a wider pore size distributiold(P@nge in coal and covers PSD in
the range: 5 A dp < 17 A, not captured by the other three standardhoust
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SAXS derived-results obtained for the raw coalsengeater (1.4% %A < 3.6%) than
for the demineralised coal samples, and this diffee increases with increasing ash
yield of the coals. This is due to the contributadrthe coals’ mineral matter content to
the total scattering of the raw coals which areyveinimal in the demineralised

samples.

The ranges of pores sizes analysed significanpede on the equipment and technique
used. The effective PSD analysable by gas adsorp€Q and N) and MIP with
regard to this study are: 34d, <5 A for CQxadsorption; 17 A d, < 500 A for N
adsorption; and 30 & dp < 600,000 A for MIP.

Results obtained from SAXS in combination with daten the other three techniques

provide more information about the nature of theep@and porosities in coals.
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Chapter 4

4.0 Sample characterisation Il. Chemical-structuralproperties of the coal
samples

Note: This chapter has been published as. Okolo GN, Neomagus HWJP, Everson RC,
Roberts MJ, Bunt JR, Sakurovs R & Mathews JP.2015. Chemical—structural
properties of South African bituminous coals: Iiggyfrom wide angle XRD-carbon
fraction analysis, ATR-FTIR, solid statéC NMR, and HRTEM technique$uel,
158:779-792.
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Highlights

v" Chemical-structural properties of coal investigaisihg various techniques.

v Crystallite heightLc, increases with increasing coalification.

v’ Intact bridges and cross-links increase with insirggrank.

v Greater preferential alignment of fringes was obeseéifor the higher ranked coal.
v' Agreement and consistency was found between diffeeehniques.

4.1 Abstract

The chemical-structural properties of four Southi@sn bituminous coals were investigated
using wide angle X-ray diffraction-carbon fractianalysis (WAXRD-CFA), attenuated total
reflection Fourier transform infra-red spectroscoyWTR-FTIR), solid state'*C nuclear
magnetic resonance spectroscopy & NMR), and high resolution transmission electron
microscopy (HRTEM). The aromaticity of the samptietermined by solid staféC NMR
ranged from 0.74 to 0.87 and compared well with WW&XRD-CFA results (0.73-0.86).
WAXRD-CFA, ATR-FTIR and**C NMR data showed that the lower iso-rank coal dasp
contained more aliphatic moieties; while the higteatk sample contained higher fractions of
polyaromatic moieties and saturated long chain dwgahbons. The lattice parameters
determined from WAXRD-CFA show that lower rank calvestigated are structurally less
well-ordered than the higher rank coal. Also, iitsges were quantified as having the greatest
preferential alignment of the coals examined. HRT&Wbmatic fringe image analysis revealed
that the carbon lattice of the samples consistarhatic fringes of varying lengths, L (3L

< 95A), which corresponded to a molecular weightritistion ranging from 75 to 1925 amu,
assuming circular catenation. The coal with thehégy volatile matter yield was found to
exhibit a higher frequency of lower molecular weighnges; while the higher rank coal
possessed the most higher molecular weight frinJdse average molecular weights
determined for the samples frdAC NMR varied between 504 to 544 amu; and compaggd w

with the values from HRTEM aromatic fringe imagealsis data. Thus, there was good
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agreement and consistency between the differehbigees. It was demonstrated that, for the
characterisation methods used in this study; tltanie reflectance impacts more on the

chemical-structural properties of these coals thaneral composition does.

Keywords: Chemical-structural properties, WAXRD-CFA, ATR-FT$Rljd state'*C NMR,
HRTEM

4.2 Introduction

Coal has a highly complex chemical structure, iimg of macerals and minerals that reflect
the depositional environment and the nature of dlganic precursors [1]. The resulting
heterogeneity complicates the characterisationoaf samples, and thus a wider variety of
techniques is necessary to provide the greateghinsto the structure of coal. Conventional
analytical methods that give the bulk propertiethefsamples, often give poor predictions of
coal behaviour for most of its utilisation procesgé-3]. Moreover, outliers that do not
conform to the prediction equations are common Ifdis well known that these processes
follow different reaction routes or reaction mecisars, whose study is further compounded
due to the heterogeneity of coal. While coal wtiisn processes such as combustion and
gasification require chemical bond breaking andddmnmation, other utilisation systems such
as liquefaction and solvent extraction may reqthi the coals swell and or solubilise in a

solvent, either in part or in whole.

In response to global climate change mitigatiorh@a dioxide sequestration and or storage in
“unmineable” or unprofitable deep-seated coal sediass further emerged as an utility of coal
resources [5-7]. This coal utilisation process nmayolve: physical adsorption, where no
chemical bond breaking and bond formation is em@dachemical adsorption and absorption;
mineralisation, where the super-critical liquid £®@acts with the inorganic chemical species
within the coal matrix; swelling; and solubilisatioor a combination of these processes.
Carbon dioxide sequestration in deep unmineabless@ans has been identified as one of the
geological storage options for captured@&@d has been found to be an attractive §iGrage

sink as the C&can be stored in the adsorbed super-critical #tade, which is expected to be

163



Chapter 4 Sample characterisation Il. Chegtauctural properties of the coal samples

stable for a geologically significant period [5, This may also enable the synergy of enhanced
coal bed methane production that will add to thergyresource and generate income to offset

some of the capital expenditure of the sequestratifvastructure [5].

In coal utilisation processes, the fundamental tstdading of the coal’s chemical, physical,
and structural properties remains paramount aneinofhallenging to coal scientists and
engineers [1-3]. However, the variety of analytitedhniques employed by researchers is
greatly dependent on problem description, interated use or motive, and availability of the
desired technique. The recent increase in soft@avelopment and technical advances has
allowed a number of new analytical techniques tiferate. These include: solid staf€
nuclear magnetic resonance spectroscopy*GNMR), attenuated total reflection Fourier
transform infra-red spectroscopy (ATR-FTIR), widegke X-ray diffraction-carbon fraction
analysis (WAXRD-CFA), high resolution transmissi@hectron microscopy (HRTEM),
matrix-assisted laser desorption ionization-timélight mass spectrometry (MALDI-TOF)
and computer controlled scanning electron microg¢G@CSEM). These techniques have been
used to examine coals with varying degrees of sscf® 8-29], but, overall, have enabled a
better understanding of coal molecular chemicalcstire. Some of these methods provide
average values, while others provide vital distiidiudata. Hence, when used in combination,
these can be more informative and can also beassaaneans of checking consistency to some
degree. Results from these techniques have shatthia molecular skeleton of bituminous,

and higher rank coals consist mainly of aromateeshor layers [9-14, 17-19, 24, 27, 30, 31].

The improved understanding of the chemical strectfrcoal at the molecular level that has
resulted from these new investigations has ledhé¢odievelopment of refined coal molecular
structures, so that they could be more effectivedgd in the prediction of coal behaviour
(reactivity and reaction mechanisms) in its varioudisation processes [27, 32-40].
Understanding the structural properties of coalasessary in identifying the chemical and
physical interactions between coal and varioustagds during its utilisation [33]. For GO
storage in coal seams, this is necessary to deterthe suitability of the coal seams and the

stability of the adsorbed G@n the geological disposal site.

In this paper, the chemical-structural propertiésfaur South African bituminous coals
determined from WAXRD-CFA, ATR-FTIR, solid stat{C NMR, and HRTEM techniques
are reported. Results obtained from these techsiguere compared to validate their

consistency. These data will be used for the dewveémt of the molecular models of these
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South African coals, which will be utilised for fber studies, including numerical and

molecular modelling of various coal utilisation &yss.

4.3  Experimental

4.3.1 Origin of coal samples
The four run-of-mine bituminous coal samples exadim this investigation were collected
from actively mined underground coal seams witlhie Highveld, Witbank, and Tshipise-
Pafuri coalfields of South Africa. The coal sampdes identified henceforth as coals: DEN,
FOZ, OGS and TKD. DEN and OGS originate from thgtdeld coalfields, while FOZ and
TKD are from the Witbank and Tshipise-Pafuri caaifs respectively.

4.3.2 Sample preparation

The coal samples were received as -50 mm partiRlgsresentative samples were obtained by
cone and quartering and packed in units of 1 Kgpigethylene plastic bags, flushed with, N
vacuum-sealed; and stored in a climate controlteal storage chamber. To obtain the size
ranges for characterisation purposes and analysesyhole 1 kg bag of sample was crushed
and screened to required size; either agu@®r 1 mm size; and further processed if necessary.
Samples were screened as necessary to remove gheeck size fraction and crushing
continued until the whole 1 kg unit of sample hasrbcrushed to the needed size. For the 1
mm size fraction, the samples were crushed in acjaswher (Samuel Osborne (SA) LTD,
Model: 66YROLL) set at a jaw opening of 1.12 mm acdeened with 850 um and 1180 pm
screens to the size: 0.85 mm < dp < 1.18 mm (dpeigarticle size). In this case, the small
amount of fines generated (< 10 wt.%) were disahr8er the -75 pum size fraction, crushing
was initially carried out on the jaw-crusher ad@ jopening of 1.0 mm and further crushed on
a Fritsch P-14 rotary mill (R-mill) with a mount280x230 mm ceramic macro crusher (Model
No. 46-126) containing 10 mm ceramic balls andesoed with a 75 um screen. The speed
setting of 600 revolutions per minute (rpm) wasduaad allowed to run for 30 minutes. It
should be noted that the mills were cleaned prgpeith compressed air prior to use to avoid
any contamination with previously crushed sampdssSouth African coals can be relatively

high in mineral matter (> 20%), the -fBn (200 mesh) [41] size fractions of the coals were
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further demineralised to reduce the influence ef ittorganic mineral matter content of the
coals on the analyses. This was accomplished asihigge step HCI-HF-HCI demineralisation
procedure detailed elsewhere [19, 27, 42]. Aftenideralisation, the samples were further
washed in excess distilled water until the pH &f fiftrate was neutral. The effectiveness of
demineralisationkg (Equation 4.1), was introduced to quantify theeekbf demineralisation;

described as the ratio of the mineral matter remiawe‘demineralised’ to the original ash

yield of the sample on air dry basis, expressed @arcentage [2].
E, = [%j 100 (%) (4.1)

where A is original ash yield of the sample (wt. %, adbd &y is the ash yield of the

demineralised sample.

Solid state*C NMR signals are influenced by paramagnetic og#neie radical and residual
paramagnetic mineral matter [43, 44]; to reduce #ifect the samples were further treated
with 0.1M samarium (Il) iodide (Smjl in tetrahydrofuran (THF), following the method
adapted from other investigators [17, 27, 43-45hI.Ss a powerful one-electron reducing
agent for organic radicals with high chemo-selétgti@mongst organic functional groups [45].
About 10 g of demineralised coal was added to 5@M@l.1M Smj in THF and stirred in a
glass beaker, agitated with a polyethylene coataginetic stirrer at a mild rotational speed of
200 rpm for 24 hours in an inert atmosphere glawe dssembly. The reaction was quenched
with distilled water and then, the THF was evapsuaiff. The coal samples were washed with
2M HCl to leach out the remaining lanthanide icargj further washed and filtered with excess
distilled water to remove the HCI, until the pH wasutral. The residual demineralised and

Smb-treated coal samples were dried in a vacuum o/60 &C until constant mass.

Petrographic analysis was conducted on the ransafal mm average particle size (-1170
+850 um); proximate and ultimate analyses were conductetdoth raw and demineralised
samples (-7um particle size). The 1 mm average particle siaetion of the samples was
used for petrographic analysis as it is difficaltdistinguish visualised maceral entities and
lithotypes under the petrographic microscope, wiregs (< 500 um) are used [27, 46]. The
WAXRD-CFA, ATR-FTIR, and HRTEM utilised demineraéid samples of -7am particle
size, whereas demineralised and Strdated samples of -7&m particle size were used for
solid statéC NMR analysis.
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4.3.3 Sample Characterisation

4331 Conventional analyses
The proximate and carbon, hydrogen, nitrogen (CH&&nental analyses of the coal samples
were carried out at the laboratory of Advanced Caathnology (ACT), Pretoria; using the
standard methods given in Table 4.1 [47-51]. Foatbon and elemental oxygen contents were

determined by difference.

4.3.3.2 Petrographic analysis

Petrographic analysis of the samples was condubtiedPetrographics SA, Pretoria.
Petrographic block preparation of the samples uspuxy resin was done according to 1ISO
7404-2:2009 [52]. The resulting sample blocks wgmeund, polished; and then examined
under a Leica DM4500P microscope fitted with a Eds and a 10x internal reflected light oll
immersion lens [2, 27, 46]; giving a total of 50@wagnification. The mean vitrinite random
reflectance of the samples was determined in aacgslwith ISO 7404-5:2009 standard [53].
The coal’'s rank classification based on the mednnite random reflectance was done
following the 1ISO 11760:2005 [54]. The group matereere quantified by a 500 point-count
technique following the I1ISO standard 7404-3:2008.[3 total maceral reflectance scan was
also undertaken on each coal. 250 random refleetaazlings were taken on all macerals over
the polished surface of each petrographic blocle rEactive inertinites (reactive semifusinite
and reactive inertodetrinite) were distinguishednfrthe inert inertinites and quantified
according to the proposed method of Smith et alb@ 57] for South African coals.

4.3.3.3 Chemical-structural properties

The chemical-structural properties were investigatsing various analytical techniques
including: WAXRD-CFA, ATR-FTIR, solid stat®C NMR, and HRTEM.

4.3.3.3.1 Wide-angle X-ray diffraction- Carbon fraction analysis (\WAXRD-CFA)

WAXRD-CFA was conducted at the Laboratory of XRDnSolting, Pretoria. The samples
were scanned on a PANalytical X'Pert Pro equipmesth cobalt target at ambient
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temperature. The X-ray intensities were measureddmange of 10 20 < 110° with a step
size of 0.017° @and a scan step time of 13.3s [58, 59]. The Xdiisactograms were acquired
automatically by the X’Pert Pro Highscore Plus™wafe. The resulting diffractograms were
further smoothened and background-subtracted teceedoise, using in-built functions of the

X’'Pert Pro Highscore Plus™ software.

The average carbon crystallite lattice parametatsr-layer spacingdoo2), crystallite height
(L), crystallite diametern) and the average number of aromatic layers p&ocacrystallite
(Nave) were determined using the empirical Braggs artie8er equations (Equations 4.2 —
4.5) [2, 3, 13, 17, 19, 27, 31, 58-60].

dypy=—2— (4.2)
%2 2Sing,, '
KA
|_C = < (4_3)
ﬁOOZ C089002
KA 4.9)
© B, cod, '
L
Nave:_c +1 (4.5)
d002

where: } is the wavelength of the incident X-ray (in thiase 1.78901 A for cobalt K
radiation);foo02,10is the peak position 0002 or (10) band (°);fo02,10is the full width at half
maximum (FWHM) of the corresponding peak or bandK2ais a constant depending on X-
ray refection plane (0.89 for the(q2 band and 1.84 for th&@) band.

If it is assumed that the area under @2 band they band foo2 andA,) is equivalent to the
number of aromatic and aliphatic carbons respdgtitieen the aromaticityf{) of the samples
can be calculated using Equation 4.6 [2, 3, 1928760].

f - AbOZ

) 4.6
Pzt A, (40

where:Aoo2 andA, are the area under th@0@) and they- band respectively.
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The fraction of amorphous carbaXaf of the samples were determined from @2 of the
sample’s diffractograms from the reduced X-raynstyy profile of the Q02 band (002) [2,

13, 18, 19, 28, 29, 61]. By considering that thatteted X-ray intensity is a combination of
intensities contributed by the crystalline and gohows carbon structures [2, 13, 18, 61], the
reduced intensity of the coal and other carbon nad$e(ooz or I') can be related to these two
separate contributions. Furthermore, it has beemwsltthat the intensity contributed by the
fraction of amorphous carbon contained in the sangplconstant over the whole scattering
region and does not contribute to the peak intgnisitt reflected only in the background [13,
18, 61]. The reduced intensity of tl#®Q) band of the samples were determined using Equatio
4.7 and the modified form (Equation 4.8) originaflyoposed by Franklin [18] and used
regularly by other investigators [13, 19, 28, 29].6

0.0606 sin? (7N ,,.d,,,5)
| - X X ave ™~ 002 47
o0 ( SZ j ;(pn NaveSinz(mOOZS)J ( )
2 —
S =X, (4.8)
0.0606 1-X,

where:looz is the theoretical reduced intensity due@03 reflection (atomic units)l; is the
experimentally observe®?2) profile of the samples incorporating the regrdssdue ofXa;
| is the observed reduced intensigys 2Sirg/A (A™Y); Pn is the fraction of aromatic carbons
within the 002 band (since all the carbon within tHf89g) band are completely crystalline and

aromatic2Pn = 1).

The loo2 is symmetrical about the maximum poika§), which is highly dependent on the
proper choice of th&lave To determine the most symmetrital, profile, different values of
Nave (integers) was inserted into Equation 4.7 andpifudile that is most symmetrical was
equated to the experimental reduced intensity (Bgu#.8) and regressed linearly to obtain
the fraction of amorphous carbofy. The interlayer spacing can also be calculatech fitwe
looz profile using the expression (Equation 4.9) [2, 18 29, 61, 62]:

1

d002 = S_ (4-9)

Alternatively, Xa can be determined by Gaussian curve deconvolofithe 002 band into
the amorphous carbon and the crystalline carbokspaad the fraction of amorphous carbon
of the samples can be calculated using Equatian[8,119, 27, 62, 63].
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= SA
A SA +

(4.10)

where: Sy is the calculated peak areas for the amorphousonafraction, andx is the
calculated peak area of the crystalline carbortibadrom the Gaussian deconvolut€iD?)
band.

The index of disorded@D) of the samples was calculated from the aromgtitit and the

fraction of amorphous carboX,, using the relation [2, 3, 19, 27, 28, 62]:
DOI=X,+@-X,)0-f)) (4.11)

It should be noted that the WAXRD-CFA was repeatettiplicate for each of the samples
and reported results are average results fromhtiee independent analyses with the observed

uncertainty at 95% confidence interval.

4.3.3.3.2 Attenuated total reflection- Fourier transform infra-red spectroscopy (ATR-
FTIR)

The ATR-FTIR spectra of the demineralised coal damwere acquired from a Bruker Alpha-
P FTIR spectrometer in the absorbance mode, usiegtienuated total reflection (ATR)
platinum-diamond coupling. The samples were andlyste ambient temperature, from a
collection of 32 scans per spectrum (interferogjaaisa resolution of 4 cin the frequency
range of 4000-500 ct Prior to analysis, the samples were dried in@iue oven at 60 °C
for 60 min to minimise the influence of adsorbedshoe on the surface of the samples. FTIR
spectroscopy has the advantage of elucidating uhetibnal groups present in coals as a
function of the type of hydrogen bonding preseft |46, 64, 65]. The qualitative analyses of
the spectra and peak assignments followed the guoes described previously [20, 22, 23, 64-
70]. It is worthy to note that there has been ssomeess in obtaining semi-quantitative and
guantitative data from FTIR spectra [23, 66, 70].
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4.3.3.3.3 Solid state 13*Carbon nuclear magnetic resonance spectroscopy (ss *C NMR)

Solid state™®*C NMR was performed at the Central Analytical Fagilof Stellenbosch
University, Stellenbosch, South Africa, using a bimation of cross polarization magic angle
spinning (CP-MAS) and dipolar dephasing magic asgianing (DD-MAS) methods [8, 16,
27, 71]. The solid staf€C NMR spectra were acquired from a Varian VN MR8 BMHz two-
channel spectrometer using 4 mm zirconia rotorseaddnmm Chemagnetics™ T3 HX MAS
probe. The cross-polarization (CP) experiments werglucted at ambient temperature with
proton decoupling using a relaxation or recycleagadf 3 s. The power parameters were
optimized for the Hartmann-Hahn match; with theioddequency fieldsynBic = ynBin~ 56
kHz. The contact time for cross-polarization we® 12s. A total of 4000 scans per spectrum
was collected for increased signal to noise reswlutMagic-angle-spinning (MAS) was
performed at 12 kHz and Hydroxy methyl butyrate (B)lMvas used as an external chemical
shift standard where the methyl peak was refereteéd.5 ppm. DD-MAS experiments (CP-
MAS with interrupted'H decoupling) were carried out under similar coodi with the
interrupted decoupling time constamtX{rer) Set to 40 ps, after evaluating different time
constants [71].

Previous investigations have demonstrated the digatibn challenges with'3C NMR
technique with respect to coals and other carbcmmaterials [8, 15-17, 26, 27, 44, 71, 72].
Generally, the CP-MAS experiment is dependent @n stiength of the dipolar coupling
between proton and carbons, and thus, the protositgieand spatial proximity to the carbon
nucleus is important [16]. Factors that decreasetiength of the dipolar coupling i.e. distance
and or motion will reduce the CP efficiency andstieduce the peak intensity in the spectrum.
It is important to note that the CP efficiency iainly influenced by two factors: the CP rate
(Tcw) and the proton relaxation time in the rotatingnfie (%) [71]. Supaluknari et al. [15]

found that the proton relaxation time of the maanbon types present in coals are of similar
range, while the CP rates decrease in the ordighadic- > aromatic- > carbonyl-carbons.
Consequently, the aromatic and carbonyl carbonisbeildiscriminated against the aliphatic
carbons, leading to systematic errors in the catedl structural parameters [8, 15, 17, 26, 44].
In contrast to the CP-MAS, the single-pulse eximtaMAS (SPE-MAS) experiment has been
identified as a better quantitative method, becaiupeovides the best approximation of the
actual aromatic to aliphatic ratio [14, 15, 17, 25]. However, the low natural abundance and
long relaxation times ofC results in long measurement times (typically >hé8rs per coal
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sample) in SPE MAS experiments [3, 8, 15, 17, 44, While CP-MAS spectra of coals can
be typically acquired within 2 to 6 hours [71]. TBE-MAS in combination with DD-MAS is,
therefore, widely used for coal characterisatidris [L6, 71]. The DD-MAS experiment is used
to distinguish strongly proton-coupled carbons freveakly coupled or non-protonated
carbons. The DD technique is based on the printiyaiein the absence 4fl decoupling, that
the *C magnetisation (corresponding to strong# coupled carbons) will de-phase much
faster than those corresponding to weak coupldaboar[16]. As a result of this, a DD-MAS
spectrum measured with long de-phasing delays {4udominated by signals of non-
protonated or weakly coupled carbons [15]. The DBSMmethod, therefore, allows the
observation of weakly coupled carbons presentinigehead aromatics, which gives a better
approximation of the sC NMR parameters. In this paper, a combination BfMAS and
DD-MAS experiments were used to determine the sirat parameters of the coal samples

[71]. Using the spectrum integral of these expentsgthe fraction of bridgehead carbofﬁg,

, the mole fraction of bridgehead carboXs,and the average number of aromatic carbons per

cluster,C, were calculated [14, 25].

However, it has been shown that CP-MAS underestisiisiie aromaticity of coals by 10 - 15%
[43, 44, 71], due mainly to the influence of inh@r@aramagnetic organic free radical and
residual paramagnetic mineral matter after coalideralisation; which can be reduced by
treatment with Sml[43, 44].

For data processing, each spectrum was phased asstine-corrected before integration.
Integration reset points were set according to@aual. [14, 25]. All spectra were processed

in the same manner to minimise operator bias.

4.3.3.3.4 High resolution transmission electron microscopy (HRTEM)

The molecular structural features of coals haventstedied by the HRTEM image analysis
technique, using the acquired high resolution fimgages [3, 9-12, 17, 24, 27, 30]. The
HRTEM images of the coal samples were acquired @a200 kV Tecnai F20 FEGTEM and
captured using a Gatan Inc. ORIUS™ CCD camera (M88&). Image analyses were
performed on the HRTEM micrographs to extractdatfringes, using Adobe Photoshop CS5

in combination with an image processing tool KRTK 5.0) plug-in (developed by Reindeer
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Graphics, USA). HRTEM image analysis was achiewdidwing the procedure proposed by
Sharma et al. [12]. The detailed algorithm for HIRTEM aromatic fringe image analysis is

provided in Appendix C (Figure C-2).

The aromatic fringe features (including the lengytidl moment angle) of each of the fringes in
the final image were extracted automatically, ughegbuilt-in functions of IPTK 5.0 plug-in
on the Photoshop CS5 platform and exported to Maftd=xcel 2010 for further processing.
The moment angle is the angle between an aronratgefand an arbitrary bedding plane,
usually between 0 and 180°. The aromatic fringegtlen were quantified following the
procedures used by Mathews et al. [10, 24, 27]s Phocedure assumes that the aromatic
fringes consist of polyaromatic structures of datalatenation (i.e. the fringe is assumed to be
as deep as it is wide). The assumed parallelogrammsmum (minL) and maximum (maxL)
lengths for a series of aromatic fringes were messtanging from perylene (2x2) to 19x19
aromatic rings; and using Equations 4.12 and 4.0324], the minimumQmin) and maximum
(Cmay carbon atoms in the parallelogram-shape aronfratiges was calculated. The average
number of carbon atom€ave Was determined by averaging the sunCaf andCmaxand the
average molecular weight of each of the aromaingés was estimated from tk&ave uUSsing
Equation 4.14 [24].

C,.,=0431X(minL)""** (4.12)
C, .. = 0798k (max )" (4.13)

MW = (12106 xC,, )+ ((0.1806 xC )+ 8.98) (4.14)

ave

Mathews and co-workers [24] however noted thahaaigh the assignment of the HRTEM
fringe lengths to the number of carbon atoms is'alm$olute’, it is a good approximation of
the molecular feature of the assigned aromatic corapt. On this basis, some cut-offs were
made for small molecules. Molecules with.s < 3 A were assigned to benzene; < 4.4 A to
naphthalene and < 5.9 A to anthracene. Both thigithaal average molecular weight of the
fringes and the overall average molecular weighihefsamples’ fringes were evaluated using

this technique. Demineralised coal samples werd fegehis analysis.
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4.4 Results and discussions

4.4.1 Conventional properties

Table 4.1 shows the proximate and ultimate analgéate raw and demineralised (acid-
washed) samples. These values are typical of S&uttan coals [3, 17, 19, 27, 46, 57].

Table 4.1: Proximate, ultimate and total sulphurteat analyses results of coal samples.

FOZ DEN OGS TKD

Raw Dem? Raw Dem. Raw Dem. Raw Dem.

Sample ID / Properties Analysis method
P P y coal coal <coal coal coal coal coal coal

Proximate Analysis (wt.%, adb)

Inherent moisture ISO 11722: 2013 3.3 1.8 4.0 16.7 2 15 0.7 0.8
Ash yield ISO 1171: 2010 22.0 1.3 259 19 245 10068 04
Volatile matter yield ISO 562: 2010 26.6 29.1 21.52 224 256 22 23.2
Fixed carbon By difference 481 678 486 713 50419 605 75.6
Eftarcril;nnecril(los/?)tlon (E:;Iclulated from 94.1 92 7 95.9 976
Ultimate Analysis (wt.%, dafb)
Carbon ISO 17247:2013 785 794 787 795 813 81l8.9 86.2
Hydrogen ISO 17247:2013 4.9 4.4 4.4 3.9 4.7 4.1 5.14.7
Nitrogen ISO 17247:2013 2.0 2.1 2.2 2.3 2.0 2.0 2.12.1
Total sulphur content ISO 19579:2006 14 1.2 1.7 4 1. 1.3 1.0 1.0 0.9
Oxygen By difference 13.2 130 13.0 129 106 11.8.8 6.1

a&Demineralised coal sample

The effectiveness of demineralisatidfy, of the samples is also presented in Table 44, an
ranged from 92.7% for sample DEN to 97.6% for s&if{D. The raw coals were found to
have fixed carbon contents in the range of 49-6%wadb and relatively high ash yields (22-
26 wt.%, adb); with relatively low volatile mattgields (~ 22 wt.%, adb), except for the raw
coal FOZ (26.6 wt.%, adb). The demineralised caahes were found to exhibit low ash
yields (< 2%) with corresponding increases in btitb volatile matter and fixed carbon

contents.
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Table 4.1 shows that carbon contents ranged betw8en and 86.9 % (daf); while the
elemental oxygen contents were comparatively lofeersample TKD than for the other
samples. Both elemental nitrogen and total sulgbutents were low at approximately < 2%
for both the raw and demineralised samples. Thesdts compare well to the reported results

of other investigators on other bituminous coalSotith Africa [3, 17, 19, 27].

4.4.2 Petrographic properties
Petrographic analysis results (Table 4.2) show twatls DEN, FOZ and OGS were of
bituminous medium rank C; while coal TKD was ofupitinous medium rank B; with mean
vitrinite random reflectance (Rr.%) and mean totakeral reflectance (Rsc.%) ranging from
0.65-1.2 and 1.05-1.5 respectively. The coal vigiand the maceral scan random reflectance
histograms of the coal samples are given in AppeAdiCoal TKD was relatively vitrinite-
rich; while the other three coal samples were ingetrich. All four coal samples were low in

liptinite abundance.

The inert inertinites (TINS) accounts for over 70¥%ihe total inertinites observed in all the
four coal samples. However, the total reactive mas@bundance in all the four coal samples
ranged from 50 vol. %, mmfb for coal DEN to 78.3.\8, mmfb for the vitrinite-rich coal
TKD. The petrographic properties of these samptespare well with reported petrographic
data on South African coals by other researchers1319, 27, 57].

4.4.3 Chemical-structural properties

44.3.1 Wide-angle X-ray diffraction- Carbon fraction analysis
(WAXRD-CFA)

The background-subtracted wide angle X-ray difsgcams of the demineralised coal samples
are presented in Figure 4.1 and exhibited featchasacteristic of coal: th@®Q2), (10), (11)
andy-side bands [13, 17-19, 27, 31]. Minor peaks, ategrmainly in coals FOZ, DEN and
OGS, were due to residual pyrite.
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Table 4.2: Petrographic properties of coal samples.
Sample ID / Properties FOZ DEN OGS TDK
Reflectance propertie: (%)
Mean vitrinite random reflectance (Rr.%) 0.63 (Q%06 0.65 (0.08) 0.69 (0.08) 1.20 (0.18)

Mean total maceral reflectance (Rsc.%)

Rank @ituminous)

1.05 (0.54) 1.24 (0.51) 1.19 (0.51)

1.50 (0.46)

Medium Rank C Medium Rank C Medium Rank C MediunmikRB

Maceral analysis (% volume, mineral matter free basis (vol.%, mmfb))

Vitrinite (VIT) 39.5 23.2 24.1 71.7
Pseudovitrinite (PV) 2.3 1.2 1.2 2.2
Total vitrinite (TV = VIT+PV) 41.9 24.4 25.3 73.9
Sporinite/resinite/cutinite (S/R/C) 5.8 3.7 6.0 1.1
Alginite (ALG) - - - -
Total liptinite (TL = S/R/C+ALG) 5.8 3.7 6.0 1.1
Reactive semifusinite (RSF) 7.0 13.4 13.3 2.2
Inert semifusinite (ISF) 18.6 22.0 20.5 10.9
Reactive inertodetrinite (RINT) 8.1 8.5 6.0 1.1
Inert inertodetrinite (IINT) 11.6 17.1 20.5 4.3
Fusinite/secretinite (F/SEC) 5.8 9.8 7.2 5.4
Micrinite (MIC) 1.2 1.2 1.2 1.1
Total inertinite (TI = RSF+ISF+F/SEC+MIC+RINT+IINT) 52.3 72.0 68.7 25
Total inerts (TINS = ISF + F/SEC + MIC |INT) 37.2 50.1 49.4 21.7
Total reactives (TR = TV+TL+RSF+RINT ) 62.8 50.0 50.6 78.3

& Standard deviation of determined results in pénesis
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Figure 4.1: Background-subtracted wide angle X{k&AX) diffractograms of the
demineralised coal samples.

Nae=7
FOZ  Nuws6
57 ——Nge=5
Nae=4
g = —Nawe=3
— Nye=2

Reduced intensity, 7' (atomic unit)
L¥5]

-0.15 -0.1 -0.05 0 0.05 0.1 0.15
As, (A1)

Figure 4.2: TheoreticaDQ2) reduced intensity profiles of coal FOZ for 6 dete values ONave

From Figure 4.1, it can be seen that the interddityhe Q02 peak of the samples increased
(indicating a decreasing full width at half maximfWHM)), while the 002 peak angle

shifted to the lower angle side with increasingrinite reflectance; consistent with
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transformations due to increasing coalificatiorttia bituminous coal range [2, 3, 19]. From
Figure 4.1, the observef(2 peak positions (%) used to determingyoz andL. was: 29.679°
for coal FOZ; 29.871° for coal DEN; 29.711° for @GS, and 29.216° for coal TKD. The
identified (LO) peak position used to evaluatewere: 50.535°, 51.234°, 51.103°, and 51.207°
for coals FOZ, DEN, OGS, and TKD respectively.

0 |— % ——(002) Reduced intensity
- | @ Fitted (002) Reduced intensity

3.0 | Tnae=23.7446 FOZ: X, =0.607

(1-X 1) *s%/(0.0606*(1-X))
o
o

S, = 0.2854

0.p
-0.1

-0.2

Figure 4.3: Determination of the fraction of amasph carbon of coal FOZ from th@(2)
reduced intensity profile.

The 002 reduced X-ray intensity profiles used to detemniine value oNave for which the
(002 profile is most symmetric aboyt= 0 for coal FOZ is given in Figure 4.2. This was
achieved by plottindoo> againsiAs = s — smax The 002 reduced intensity profiles was found
to be most symmetrical fddave = 5 for coals FOZ, DEN and OGS. However, @2 reduced
intensity profile was most symmetrical fdsve = 6 for coal TKD; which is consistent with the
determined\ave data using the Scherrer equations. The regregited df the 002 reduced
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intensity profiles of coal FOZ used to determine fitaction of amorphous carbon is presented
in Figure 4.3 with the resulting standard residyds indicating an excellent fit. The residual
sum of squares was 5.338*(R0.997) for coal FOZ; 4.580 tR 0.997) for coal DEN; 3.637
(R?=0.998) for coal OGS and 5.3875(R0.997) for coal TKD. The Gaussian deconvoluted
(002 band used to determine the fraction of amorplwawlson using Equation 10 is given in
Figure 4.4.

—(002) Raw diffractogam

) ! | FOZ: X, = 0.61
—Fitted (002) diffractogram :

- Crystalline carbon fraction (C)
Amorphous carbon fraction (A)

15 20 25 30 35
20, (°) CoKa

Figure 4.4: Determination ofa by Gaussian curve deconvolution of the (002) tal ¢-OZ.

A summary of the of the structural properties ahd lattice parameters of the samples
determined from WAXRD-CFA are presented in TabR 4nd the reported values agree very
well with data on coals [2, 13, 17, 19, 27, 31]sIhote-worthy that theoo2 andXa determined
from the empirical equations and th@0® reduced X-ray intensity profile (values in
parenthesis) are quite similar within the limitseaperimental uncertainty, with discrepancies
in reported average values < + 2%. The relatiorsshggween the WAXRD-CFA results and

the vitrinite reflectance of the coal samples @@ in Figure 4.5.
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Table 4.3: WAXRD-CFA lattice parameters and cheirstaictural properties of the samples.

Sample ID FOZ DEN OGS TKD
WAXRD-CFA determined structural properties of the samples
Aromaticity, fa (-) 0.73 £ 0.005 0.81 + 0.006 0.83 £ 0.008 0.86604
, 0.614 + 0.005 0.543 + 0.006 0.514 £+ 0.005 0.503 £ 0.004
Fraction of amorphous carboxy (-)
(0.607 £ 0.010)* (0.534 £ 0.013) (0.509 +0.017) (0.496 +0.012)
Fraction of crystalline carboXc (-) 0.39 £ 0.005 0.46 £ 0.007 0.49 £ 0.004 0.5mG607
Index of disorderlOD (-) 0.72 £ 0.006 0.62 £ 0.005 0.59 + 0.006 0.57.604
WAXRD-CFA determined lattice parameters of the sampes
_ 3.493 £ 0.003 3.471 £ 0.004 3.489 + 0.002 3.547 £ 0.003
Inter-layer spacingiooz (A)
(3.504 + 0.008)** (3.465 + 0.007) (3.494 + 0.009) (3.551 + 0.006)
Crystallite heightlc (A) 13.74 +0.2 15.87 +0.2 1594 +£0.1 17.442 0.
Average number of aromatic layelye (-) 4.934 + 0.03 5.572+£0.04 5.570 £ 0.04 5.910.64
Crystallite diameter.a (A) 17.59+0.3 16.91+0.2 17.40+0.3 17.622 0.

*  Xa determined from thedQ2) reduced intensity profile of the samples.
** dooz determined from thedQ2) reduced intensity profile of the samples using&impn 4.9.
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Figure 4.5: Relationships between the WAXRD-CFAedeitined properties and the vitrinite
reflectance (Rr.%) of the coal samples.

The aromaticity and the fraction of crystalline mam of the samples determined from
WAXRD-CFA decreased from coal TKD to coal FOZ, danito the trend exhibited by the
aromaticity from solid stat®®C NMR analysis (Table 4.5 and Figure 4.8). Thetfom of
amorphous carbon and the index of disord@D( exhibited the opposite trend, increasing
from coal TKD to coal FOZ. From Figure 4.5 and &a#l3, the lattice paramete®d, L,
andNave) of the samples were found to relatively increagh increasing vitrinite reflectance,
from coal FOZ (Rr.% = 0.63) to coal TKD (Rr.% = }t.2uggesting crystallite growth with
increasing vitrinite reflectance for this range fuminous coals. However, the lattice
parameter,L,, did not show a systematic trend, in agreemerit thi¢ previous findings of Lu
and co-workers [13]. These parameters followed tthesformation trends expected for
coalification in the bituminous coal range [2, 13, 27, 31], despite the small range of the
mean random vitrinite reflectance of the invesegasamples. The carbon crystallites present

in lower rank coals in this sequence are strudiuleés well-ordered than the higher rank coal
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TKD, which agrees with trends observed in the HRT&My. The bigger carbon crystallites
in coal TKD (in the vertical direction) comparedtiwthose of the other three lower rank coals
may also explain its lower skeletal density obseimeour earlier work [73], although its higher

vitrinite content may be a major contributor.

4432 Attenuated total reflection-Fourier Transform Infra-Red
Spectroscopy (ATR-FTIR)
The ATR-FTIR spectra of the demineralised coal dampre presented in Figure 4.6, and
exhibited well-resolved peaks and bands and flatelb@es. The three lower iso-rank coals
(coals DEN, FOZ and OGS; Rr.% 0.63-0.69) possesigaithr spectral features and functional

groups compared with the spectral properties andtional groups of the higher rank coal
TKD (Rr.% 1.2).

——Dem. Coal DEN
Dem. Coal OGS
——Dem. Coal FOZ

——Dem. Coal TKD

Absorbance (a.u)

L e iy

3900 3700 3500 3300 3100 2900 2700 2500 2300 2100 1900 1700 1500 1300 1100 900 700

Wavenumber (cm?)

Figure 4.6: ATR-FTIR spectra of coal demineralisedl samples.
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Table 4.4: Peak assignment from FTIR spectra aadhcleristic absorbance intensity with respecatd and maceral abundance.

Characteristic IR absorbance intenity
Low rank high rank Inertinite-rich Vitrinite-rich

Wavenumber (crh) Band/peak Assignment

3600-3100 — OH stretching vibration s, b w, b s, b w, b

3100-3000 Aromatic C — H stretching vibration w S w-m S

3000-2800 Aromatic C— H stretching vibration w-m m-s w S
2960 Asymmetric aliphatic Cdktretching vibration w-m m-s w S
2920 Symmetric aliphatic GH$tretching vibration w-m m-s w S
2850 Symmetric aliphatic GHstretching vibration w-m m-s w S
1700 Aliphatic C = O and — COOH stretching vibrato m-s m-w S w

1680-1500 Aromatic C = C stretching modes S m-w % v
1650 Aromatic C = O stretching vibration S m-w v \
1600 Aromatic C = C stretching vibrations of aromaings S w % %
1460 Aromatic C = C stretching vibration w S m-w m-s
1435 Aliphatic CH and CH bending vibration % % m-w m-s
1373 CH groups in aliphatic chains % % m-w m-s
1312 Aliphatic CH in-plane bending vibration w m w m

1280-1000 Aliphatic skeletal C — C; C — O stretghiand — OH bending vibrations S m-w S m-w

900-700 Out-of-plane aromatic C — H bending vilonadi w S m-w m-s
866 Aromatic nucleus CH bending vibration (one e€id H deformation) w S m-w m-s
805 Aromatic nucleus CH bending vibration (two adjat H deformation) w S m-w m-s
Aromatic nucleus CH bending vibration (three torfadjacent H deformations
745 : . w S m-w m-s
in long CH chains
720-680 Long aromatic alkanes ((&kin > 4) side rings w S m-w m-s

#. s- strong; b- broad; w- weak; m- medium; v- vhléa
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The broad region, 3700-3100 ¢nwas observed in all the four samples and wagedito —
OH stretching vibrations. Absorbance in this regih@s been attributed to intermolecular H
bonds, free OH groups and associated OH grougseatetminal of the aromatic clusters of
coal [17, 46]. The three lower iso-rank coals shibgteonger IR absorbance in this region than
the higher rank coal TKD. This observation compaved with the inherent moisture contents
of the samples determined from proximate analysable 4.1). A peak observed in the region
3100-3000 crt was assigned to the aromatic C—H stretching viiomaand was higher for coal
TKD, and significantly weak or absent in the ottleee coals. Spectra peaks observed in the
region 3000-2800 crhwas assigned to C—H stretching mode due to alipbiate chains. This
region consists of two distinct peaks at 2850'cand 2920 cm assigned to aliphatic
symmetric CH and CH, and asymmetric CHaliphatic stretching vibrations respectively;
while the shoulder peak at 2960 ¢éwas assigned to asymmetric aliphatic :Gitretching
vibration. The vitrinite-rich and higher rank coBKD exhibited stronger absorbance in this
region compared with the three lower iso-rank cod@itss is in good agreement with the
reported findings of other investigators [17, 23, 80]. The observed peak at 1700'cwas
assigned to the aliphatic C=0 and —COOH stretchibations due to the presence of acids,
ketones and aldehydes [23, 64, 65].

Figure 4.6 shows that the vitrinite-rich and higteerk coal TKD has lower absorbance at 1700
cm® than the three other samples rich in inertinites Bwer in rank. The spectral region,
1680-1500 cm, was assigned to aromatic stretching modes. Th& pe~1600 crh was
assigned to the C=C aromatic stretching vibratmirsromatic rings or aromatic nuclejls,

22, 23, 64, 67]A shoulder observed on the left-hand side of th€ Gtretching vibration of
the aromatic nucleus at 1650 ¢was assigned to C=0 aromatic stretching vibratidine
presence of these peaks (1700'cand 1650 cm) suggests carbonyl groups are present. [17,
23, 65, 66]. It can be seen from Figure 4.6 thatttiiee inertinite-rich coals exhibited higher
absorbance in both the aliphatic C=0 and —COOQOHicstireg vibrations; and aromatic C=C and
C=0 stretching modes than for the vitrinite-richacd@KD; which is in agreement with
published results [17, 23An aliphatic bending vibration due to GAnd CH was observed at
~1435 cmt of the spectra in all the four samples, with arsger absorbance exhibited by the
vitrinite-rich coal TKD. At around 1460 cfa shoulder was observed on the left-hand side of
the peak at 1435 cton the spectra of the coal samples which wasat&d to the aromatic
C=C stretching vibratiofiL7, 64]. The intensity of this shoulder was found to bersger for

the vitrinite-rich and higher rank coal TKD and yexeak or almost absent for the three
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inertinite-rich lower iso-rank coalé. low absorbance peak was observed at 1373tbat was
assigned to Cklgroups in aliphatic chains; it was found to bersger and sharper in the
vitrinite-rich coal TKD compared to the other sap®plVisual inspection shows that coal FOZ
exhibited stronger absorbance at this peak tharotter two iso-rank inertinite-rich coals,
which may be due to its higher volatile matter cangg to the other two lower iso-rank
inertinite-rich coals(Table 4.1).At 1312 cm', a small peak due to aliphatic CH in-plane
bending vibration [64], was found on the spectrunt@al TKD which was very diffuse or
entirely absent in the spectra of the other thoze samplesin the wavenumber region, 1280
to 1000 cm, multiple peaks assigned to saturated aliphatees&l C—C vibration; C—O
stretching vibration of ether groups; and O—H begdribrations in phenolic, phenoxy and
hydroxybenzene structures were observed in thetrspetall the four coals [17, 23, 64-66,
70]. The three lower iso-rank coals were found xhil@t higher absorbance in this region
compared with the higher rank coal TKD. Out-of-gasromatic C—H bending vibrations
indicating the presence of substituted aromaticisggan aromatic rings; andans andcis-
CH: in long saturated aromatic -CH—CH chains were meskin the 900 to 700 chregion

of the spectra of the entire coal sample [17, B3,64, 65].The peaks at 866 cl805 cn,
and 745 cit were assigned to aromatic nucleus CH bending tiisranvolving one adjacent

H deformation, two adjacent H deformation and thcefour adjacent H deformations in long
CH> chains respectively, in the aromatic cluster @& tloals. The ATR-FTIR spectra of the
samples (Figure 4.6) showed that the higher raak TED had higher absorbance in the 900
cmit to 700 cmt aromatic region, than for the three other coat@uBtler peaks present in the
region 720-680 crhon the right hand side of the 745 ¢peak were attributed to long aromatic
alkanes ((CH)n, n > 4) side rings [23, 46, 64], and stronger abswcbavas observed in this
region for coal TKD when compared with the othereéhcoal samples. The absorbance
intensity patterns of the three lower iso-rank soaére similar in the region 1500-680 ¢m
but were entirely different to that of coal TKD. & lifferences in absorbance at these peaks
may indicate that the vitrinite-rich coal TKD angetother three inertinite-rich coals have
different substitution patterns in their aliphagied aromatic ring structures [17] and aromatic
chain substitutions [65A summary of thepeak assignment from the FTIR spectra and the
characteristic absorbance intensity with respecamé and maceral abundance compiled from
the results from this work and the reported finging Speight [65], Van Niekerk et al. [17],
and Malumbazo et al. [46] is given in Table 4.4.
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4.4.3.3 Solid state 3Carbon nuclear magnetic resonance spectroscopy
(ss*C NMR)
Figure 4.7 shows th€C CP-MAS with interruptedH decoupling (DD-MAS) NMR spectra
of the four demineralised and Sntileated bituminous coal samples. All four coalsexfeund
to exhibit two distinct peaks: an aromatic regiatuwring from 100 to 200 ppm and an

aliphatic peak (0 — 60 ppm).

—FO0Z

OGS

300 250 200 150 100 50 0 -50
8(*C)/ppm

Figure 4.713C CP-MAS with interruptedH decoupling (DD-MAS) NMR spectra of
demineralised and Sealreated coal samples.

The signal (around 225 ppm) is a spinning side@&@®¥B1) arising from the chemical shift
anisotropy (CSA) associated with aromatic carb@is$.[Since SSB’s arise in distances of the
spinning frequency apart from the isotropic liee(fromatic signal about 120 ppm), a second
spinning sideband (SSB2) will overlap with the béfic signal in the region, 0 to 60 ppm. The
signal contribution of SSB2 is considered in thécwation of the>C NMR determined
structural parameters, by subtracting the SSB@iatdrom the aliphatic region and adding it
to the total aromatic integral. SSB2 is assumebet@f similar intensity as SSB1 (Note that
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SSB1 and SSB2 annotated in Figure 4.7 are not dtawopale). The coal samples’ structural

parameters were determined from the integral vatdiésC NMR spectra, while the lattice

parameters were calculated; according to the msthaomposed by Solum and co-workers [14,

25]. These results are summarised in Table 4.5.

Table 4.5: Solid statC NMR structural and derived lattice parameterthefcoal samples.

Sample ID FOZ DEN OGS TKD
Solid state!*C NMR structural parameters
Aromatic carbons,f, 0.74 0.79 0.79 0.87
Aliphatic carbons,s, 0.26 0.21 0.21 0.13
Aliphatic carbons bonded to oxygefﬁ 0.008 0.018 0.002 0.00
Carbonyl/ carboxyl and amide carborfgc,O 0.023 0.020 0.006 <0.001
Phenolics fractionf, 0.08 0.08 0.07 0.04
Alkylated aromatic carbonsf,® 0.17 0.18 0.17 0.20
Non-protonated aromatic carbong," 0.59 0.63 0.64 0.70
Protonated aromatic carbon§,” 0.09 0.11 0.11 0.10
Aromatic bridgehead carbon; 0.34 0.37 0.39 0.45
Aliphatic CH and CH, f ' 0.26 0.21 0.21 0.13
Solid state’*C NMR derived lattice parameters
Average number of intact bridgd?, 0.33 0.63 0.60 0.90
Averagg number of bridges and loop per cluster 297 547 593 8.42
(cross-links)B.L
Average number of side chains per cluste€ 6.10 3.19 3.48 0.96
Mole fraction of aromatic bridgehead carboXs, 0.50 0.50 0.53 0.57
Average number of aromatic carbons per cluger, 24.67 24.83 26.65 30.84
Average number of clusters per 100 carbon atoms 8 2.7 3.00 2.81 2.60
Ave.. number of attachments (bridges, loops, side 9.07 8.65 871 9.39
chains) per clustes; + 1
Fraction of aromatic ring carbons with a directly 013 0.15 0.15 0.13
attached protoriyig
Ayerage molecular weight of side chain or half of 2701 23.41 23.38 17.30
bridge mass\i;s
Average molecular weight per cluststW 544.4 504.1 527.2 536.4
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The aromaticity, t_, ranges from 74% for coal FOZ (0.63 Rr.%) to 8G#doal TKD (1.2
Rr.%), in agreement with published results on Sédtitan coals [3, 17, 19, 27]. These values
showed a satisfactory comparison with the arontgitiof the samples determined from
WAXRD-CFA (Table 4.3), which ranged from 0.73 t&0, and exhibited the same trend with
the vitrinite reflectance. A graphical comparisdritee aromaticity data of the samples from
these two techniques (WAXRD-CFA and'$s NMR) is included in Appendix C.

The fraction of phenolic aromatic carborfg'?,, was observed to be low (4%) in coal TKD; and
higher and fairly similar values of around 7-8% fbe other three coals. The fraction of
aliphatic carbons bonded to oxygef;(i, was found to be significantly low (0.2-1.8%) et

three lower iso-rank coals, and completely abgsetiteé higher rank coal TKD. The carbonyl,

carboxyl and amide carbons fractioﬁ,co, was also found to be very low in coal TKD (<

0.1%), but comparatively higher (0.6-2.3%) in thbeo three lower iso-rank coals. It was
observed that coal FOZ, with the lowest vitrinieflectance amongst the four samples,

contained greatest amount of the oxygen functiteal(fy, f°°, f7), while the higher rank

coal TKD possessed the least amount of oxygenifumadtgroups. These results followed the
trend of the qualitative ATR-FTIR analysis res\(fable 4.4 and Figure 4.6), where coal TKD
showed lower absorbance in the regions, bands akspassigned to different oxygen
functionalities (-OH, C-0O, C=0, —COOH). These r&salso agreed with the lower moisture
content from proximate analysis and the lower elgal@xygen content from ultimate analysis
of coal TKD relative to the other three lower ismk coal samples (Table 4.1), and highlight
the rank dependency of the chemical-structuralifeatof the examined coals. Similar results
have been reported for a suite of South Africamrbihous coals with vitrinite reflectance
ranging from 0.61-1.23 Rr.% [3].

The three lower iso-rank coals did not exhibit gigant differences with regard to their

fraction of alkylated aromatic carbonsfaS contents (17-18%), but coal TKD contained more

alkylated aromatic carbons (20%). This was consisteth the greater absorbance observed
for the ATR-FTIR of coal TKD in the out-of-planecamnatic C—H bending vibrations region
(900-700 crit) and the long aromatic alkanes region (720-680H¢rand corroborates the
higher aromaticity value of coal TKD from both WAXRCFA and'*C NMR. The fraction of

non-protonated carbons in the aromatic regitﬁﬁ,, was found to increase with increasing
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vitrinite reflectance of the coals. ThuémN was observed to be lower in coal FOZ (59%) with

0.63 Rr.%, and maximum in coal TKD (70%) with Rréf1.2. The fraction of aromatic

bridgehead carbonsfaB, was found to be higher in coal TKD (45%) thartha other samples

(34-39%) and was lowest in coal FOZ (34%). Howetee, fraction of protonated aromatic

carbons remains fairly constant in all the fourlsq@-11%). The fraction of aliphatic CH and

CHa, fa||-| , was also found to be higher in coal FOZ (26%)laadt for coal TKD (13%). These

results may explain the higher volatile matter ¢il coal FOZ (Table 4.1), compared to the
other three samples. Furthermore, Coal FOZ alsabatl a higher content of aliphatic
carbons, which are more easily affected by hedat9227], as measured by both the WAXRD-
CFA and solid stat®C NMR spectroscopy analysis; and confirms the highematicity from
both WAXRD-CFA and"*C NMR and the lower index of disordé®D, of coal TKD from
WAXRD-CFA. It is worthy to note that the aromaticof the samples determined from both
13C NMR and WAXRD-CFA are quite similar (Tables 4r&ia.5).

A structural comparison of the four coals with spto the lattice parameters determined by
13C NMR show that the higher rank coal TKD exhibitégher contents of most likely intact
bridges,Po (90%); average number of cross-links per clusBek, (8.4); mole fraction of
aromatic bridgehead carbon or aromatic skelexgii57%); and average number of carbons
per clusterC (31), than the other coal samples; the lowest aat FOZ showed the lowest
values for these parameters. Remarkably, coal FDEamed more side-chains per clus&C
(6.1) than for the other coals, with coal TKD haythe least number of side-chains per cluster
(0.96). These results are in agreement with thatgrearomaticity and smaller fraction of
amorphous carbons of the higher rank coal TKD Rr26), compared to the other samples
and indicates that coal TKD has larger aromatianshand cross-links than the three other
samples. The average molecular weight of the samg&culated fromrt*’C NMR analysis
ranged from 504 to 544 amu for the four coal samglbe relationship of some of the structural
properties of the coal samples determined ft8thNMR with the vitrinite reflectance of the
samples is presented graphically in Figure 4.8. fidveds exhibited by thEC NMR results
are consistent with the structural features ofsémmples determined from WAXRD-CFA and
the qualitative ATR-FTIR techniques; in that theynfirm that the structure of coal TKD is
different to that of the other three coals, whisltonsistent with its higher rank (or possibly,
greater vitrinite abundance).
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However, structural properties are also impactednbgeral diversity [11, 27, 74]. In the set
of coal samples used in this investigation, thgdat differences are between coal FOZ and
coal TKD. The presence of reactive inertinite (te@c semifusinite and reactive
inertodetrinite) is thus, expected to have a lowgpact than inert inertinite where greater

ordering and larger aromatic structures are enesgiyl, 74].

4434 High resolution transmission electron microscopy (HRTEM)

Figure 4.9 shows the different stages of image gmsiag as applied to the HRTEM digital
image of coal TKD. The number of the identifiedtteras (aromatic fringes) in the skeletonised
images of the samples was: 675 for coal DEN; 76%dal FOZ; 754 for coal OGS and 447

features for coal TKD.

Table 4.6 presents a summary of the grouping oatbmatic fringes by fringe lengths and by
average molecular weight ranges; as well as thegquiency of occurrence in the aromatic
fringes population and individual contribution teetaverage molecular weight of the aromatic
fringe of the samples (Also see Appendix C, Figuee3 and C-4). The average molecular
weights,MW, of the sample’s aromatic fringes are also givemable 4.6.

Results from the HRTEM image analysis show thatdbatified fringes ranged from benzene
(< 3 A) to 19x19 aromatic rings (fringe length: 98:9 A) corresponding to molecular weight

distributions ranging from 75 to 1925 amu.

Coal TKD possessed a higher percentage of longeyels corresponding to higher molecular
mass aromatic components [10, 17, 24, 27] reldovéhe other studied samples. Coal FOZ
was found to contain a higher distribution of smalhromatic fringes representing lower
molecular mass components. The average molecuightvef the HRTEM aromatic fringes
ranged from 506.9 amu for coal FOZ to 659.5 amwéa DEN, which compared well with
the solid staté3C NMR determined results (Tables 4.5 and 4.6). #&pbical comparison of
the average molecular weight of the coal samples fthese two techniques (HRTEM and
solid state”C NMR) is included in Appendix C.
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Table 4.6: Structural assignments, frequency aedage molecular weight contributions based on HRTE\es image analysis.

Sample ID FOZ DEN OGS TKD

roupin frin roupin MW MW MW MW
Ice;nOthlE rzgng)é (A)ge ﬁ/lv?/urgngeb{amu % Freq. contribution % Freq. contribution % Freq. contribution % Freq. contribution
Benzene (< 3 A) 50-99 3.8 0.9 1 0.3 1.1 0.3 0.7 0.7
Naphthalene (< 4.4 A) 100-149 3.4 4.2 1.6 2 2.3 2.8 1.6 5
Anthracene (<5.9A) 150-199 5.5 9.6 24 4.1 3.1 3 5. 2.2 8.2
59-9.9 (2x2) 200-249 13.2 29.6 8 18 12.3 727 10.1 23.8
10.0 - 14.9 (3x3) 300-349 14.4 46.7 10.5 34.1 13.1 42.6 10.3 38.2
15.0-19.9 (4x4) 400-449 14.6 62.1 11.1 47.2 13 5.25 9.8 53.9
20.0 - 24.9 (5x5) 500-549 10.5 54.8 10.8 56.7 14.9 77.9 9.4 51.8
25.0 - 29.9 (6x6) 600-649 8.8 54.7 9.9 62 125 977. 7.6 50
30.0-34.9 (7x7) 700-749 7.5 54 10.2 74.1 9.2 366. 6.7 51.1
35.0 - 39.9 (8x8) 800-849 5.8 47.4 7.7 63.5 6.2 451 7.2 54.3
40.0 - 44.9 (9x9) 900-949 3.9 36.3 7.4 68.5 3.8 .635 6.3 50
45.0 - 49.9 (10x10) 1000-1049 2.5 25.4 6.2 63.7 8 3. 39.4 6.3 45.8
50.0-54.9 (11x11) 1100-1149 2.4 26.5 4.3 48.3 1 1. 11.9 5.4 37
55.0-59.9 (12x12) 1200-1249 1.3 16 3.6 43.5 15 17.9 4.3 25.9
60.0 - 64.9 (13x13) 1300-1349 0.9 12.1 2.5 33.4 9 0. 12.3 3.1 24.9
65.0 - 69.9 (14x14) 1400-1449 0.7 9.3 1.6 23.2 0.5 7.6 2.5 20.1
70.0 - 74.9 (15x15) 1500-1549 0.5 8 0.4 6.8 0.3 4 2 17.9
75.0 - 79.9 (16x16) 1600-1649 0.1 2.1 0.3 4.8 0.3 4.3 1.8 115
80.0-84.9 (17x17) 1700-1749 0.1 2.3 0.1 2.6 0.1 2.3 1.1 8.1
85.0 - 89.9 (18x18) 1800-1849 0.1 2.4 0.1 2.7 0.1 2.4 0.9 8.6
90.0 - 94.9 (19x19) 1900-1949 0.1 2.5 0 0 0 0 0.4 4.5
95.0 - 99.9 (20x20) 2000-2049 0 0 0 0 0 0 0 0
Average molecular weight of aromatic 506.9 659 5 545 1 501 3

fringes (amu)
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FOZ DEN

OGS TKD

<——> Direction of the bedding plane

Figure 4.10: Rose diagrams showing the orientaifdhe of the HRTEM fringes relative to the beddpigne of the coal samples.
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Assuming that the dominant moment angle of the HRTEnges is aligned parallel to the
bedding plane [9]; it was possible to construcerdmgrams to visualise the orientations of the
aromatic fringes with respect to the bedding plafkis was achieved by utilising the
orientations of the fringes extracted from the motrangles of the skeletonised image using
the IPTK 5.0 plug-in on the Adobe Photoshop CSSiegion platform. The entire aromatic
fringe population of each sample was used forakécise and plotted using GEOrient Version
9.5.0 software [75]. The resulting rose diagramthefcoal samples are shown in Figure 4.10;
they are comparable to reported results by MathevadsSharma [9]. The small arrowed red
lines through the rose diagrams indicate the caledlbedding plane. Visual inspection and
interpretation of the rose diagrams reveals thatdhentation of the fringes normal to the
bedding plane increases in the order: coal TKD & €@GS < coal DEN < coal FOZ. This
correlates well with the trends observed from tbkdsstate!*C NMR, WAXRD-CFA and
gualitative ATR-FTIR analysis results, and furtherbstantiates the increasing structural

orderliness of the coals with increasing vitrimiélectance (rank).

45 Conclusions

Various analytical techniques were successfullfiagpn the characterisation and elucidation

of the chemical structural properties of four Sa@dthica bituminous coals.

v' Aromaticity of the coals increases with increasiitgnite reflectance of the samples
from both solid staté®C NMR and WAXRD-CFA data. Qualitative ATR-FTIR show
that coal TKD (with greatest vitrinite reflectanakthe samples investigated)
contained greater amounts of polyaromatic moietreslonger chains of saturated
aromatic hydrocarbons than the other samples, s tincrease with increasing
Rr.%.

v HRTEM image analysis revealed that the aromatigfilength of the coals increases
with increasing vitrinite reflectance of the sangpl€hus, coal TKD (with higher
Rr.%) consists of longer chains of polyaromaticrogarbon compared with the other
three lower iso-rank coals. The average numberarhatic carbons per cluster
determined from solid statéC NMR analysis was higher for coal TKD which is
consistent with WAXRD-CFA, ATR-FTIR and HRTEM anaBs results.
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v' The lattice parameters determined from WAXRD-CFAwlthat the three lower rank
coals investigated are structurally less well-cedethan the higher rank coal TKD,
even though it exhibited a higheyoo, Lc values.

v Crystallite heightl, relatively increased with increasing coalificatiovhile

crystallite diametel,, remains fairly constant across the coal ranks.

v' The rose diagrams constructed from the moment ariglee aromatic fringes from
the HRTEM image analysis shows that the aromatigés become more strongly

aligned as rank increases.

v' There is a good agreement between average moleweeiigint of the aromatic fringes
determined from HRTEM and solid stdf€ NMR data. The aromaticity of the
samples as measured by WAXRD-CFA was very similahé solid staté’C NMR
determined values. Both the fraction of amorpharba@n and the index of disorder
were found to correlate well with the aromaticifytioe samples, and decreases with

increasing Rr.%.

v It has been demonstrated that, for the four Soditita bituminous coals studied in
this investigation, that vitrinite reflectance inggad more on the chemical-structural

properties of the samples than maceral compositions
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Chapter 5

5.0 High pressure CQ, CHs, and N sorption experiments: Results and
discussion

Note: This chapter has been submitted to the Journal|] Eudmission No.JFUE-
S-17-00163) as: Okolo GN, Everson RC, Neomagus HWJP, Sakurovs R,
Grigore M & Bunt JR. 2017. Correlation of coal peofes with the carbon
dioxide, methane and nitrogen high-pressure sorpficoperties of South
African bituminous coals.
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Highlights

»  The coals can store up to 4.1 — 8.7 wt.%CI00 — 1.8 wt.% Ck and 1.0 — 2.2 wt.%
No.

»  The DR-HH model provided better fits to the sorptisotherm data than the M-DR
model.

»  Physisorption is the dominant sorption mechanisrhjlevstorage is by structural
trapping.

»  Rr.%, microlithotype abundance, and micropore prioge of the coals impact the
sorption properties.

»  Polarisability and the van der Waal’s attractivastants of the gases also influence the

sorption properties.

5.1 Abstract

In this paper we report the GOCHs and N sorption isotherms of four South African
bituminous coals at pressures up to 16 MPa at 59R€ sorption capacities of the samples
with respect to the adsorbate gases decreasee andbr: CQ> CHs = N2by weight, and C©

> CHs > N2 by volume. A new model, based on a hybrid Dubinad&shkevich and Henry
law approach (DR-HH), provided substantially betfitisrto the sorption isotherm data than the
previously used modified DR (M-DR) model. Obtainedtertainty metrices show that the DR-
HH model generally returned lower error sum of $ga4dESS) and root mean square (RMS)
residuals, and higher quality of fit (QOF) compatedthe M-DR model. The net heat of
sorption, SEs, of the samples for the three adsorbate gases gesrerally low (8.5 - 12.8
kJ/mol), indicating that physisorption was the doating sorption mechanism. The sorption
capacities of the samples were found to be ranlem#gnt as they decreased with increasing
vitrinite reflectance and elemental carbon cont&he micropore properties of the samples as
measured by both GQow pressure gas adsorption (LPGA) and small akglay scattering
(SAXS), significantly impacted the sorption propestof the sample more than both the
mesopore and macropore properties determined frobiP8A, SAXS, and mercury intrusion
porosimetry. The sorption capacities of the samplese found to increase with increasing
intermediate maceral abundance, suggesting thatyppe bandings enhances either the fluid

transport processes or the micropore propertigheotoal matrix. Mineralogical analysis of
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the samples showed that, of the minerals presaht,pyrite and calcite showed a trend with
sorption capacity, which may be related to ranted#nces of the coals. In addition, it has been

demonstrated that critical properties of the adst@rgases influenced their sorption properties.

Keywords. GHG emissions, sorption capacity, Dubinin-Radusidgketdenry law hybrid, coal

properties, micropore properties, critical propessi of gases.

5.2 Introduction

Increasing anthropogenic greenhouse gas (GHG) mmssemanating from the utilisation of
fossil fuels for energy production and other indaktprocesses (cement production,
metallurgical uses, etc.), has been largely blafoedhe global climate change [1, 2]. Data
from the Earth System Research Laboratory (ESRMaina Loa, Hawaii show that global
CO; emission into the atmosphere has increased frd@rpaits per million (ppm) during the
pre-industrial era (approximately 280 ppm) to o4@0 ppm as at February, 2016 [3]. This has
effectively contributed to different climate changgenarios [1, 2, 4, 5], resulting in global
warming with a predicted increase of 1.8 - 3.9 $2b00 [2, 6].

South Africa operates a highly energy-intensivenecoy, with considerable dependency on
fossil fuels to meet its energy needs. This, togretith a relatively small population, means
that South Africa is a significant contributor witbspect to per capita emissions ofA0@ the
global scale [7]. Considering electricity product@one, 92% of electricity produced in South
Africa is from coal combustion, complemented bylaacenergy [8]. South Africa emits about
440 Mt CQ per annum, and is responsible for over 40% of @@itted in the African
continent. South Africa accounts for about 1% aibgll emission and is ranked 11th highest
CO; emitter in the world [7-9].

Carbon capture and sequestration or storage (C&Sheen demonstrated as a viable and
strategic option for climate change mitigation. tRermore, geological storage of carbon
dioxide in deep “unmineable” or unprofitable coeams has been shown as one of the feasible
geological sequestration strategies for captured, @h the synergy for enhanced coalbed
methane production [10]. Viljoen and co-workerst@&ported that up to 1.30 Gton of &€€an

be stored in identified unmineable coal seams aitfsAfrica, with an estimated gas content
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of about 0.14 - 0.28 trillion #(4.9 - 9.9 Tf). Moreover, a good source-sink match exists

between the emission point sources and the unnimeabl seams [8].

However, a fundamental knowledge of the sorptioopprties of these coals to various
adsorbate gases, especially Gfdd CH is necessary in determining the storage capag€ity o
unmineable coal seams. Although, sorption data mtbdar northern hemispheres’ coals,
information on South African coals at supercriticanditions is still limited. Several
investigators [11-16] have studied simultaneous¢y@Q, CHs, and N sorption properties of

northern hemispheres’ bituminous coals of vari@unks.

Sakurovs and co-workers [11] studied the2OCHs, and N sorption properties of Australian
bituminous coals under supercritical conditions dadher investigated the relationship
between the critical properties of different adsdebgases on their supercritical sorption
behaviour on the coals [12]. Their reported findisgow that the maximum sorption capacities
of the coals under supercritical conditions coteslawell with the critical properties of the

gases.

Cui et al. [13] have demonstrated experimentallg by numerical modelling (using a slit-
shaped pore and bidisperse model) that selectwesport of CQ CHs, and N through the
coal matrix is highly dependent on the micro- aresaipore structures of the coals. They also
found that the apparent diffusivity of the adsoetgdses through the pore structures (especially
the micropores), which is a function of the adsorpkinetics, is highly dependent on the
kinetic diameter of the gases [13]. Morse et &] fixamined the sorption behaviour of 16 coal
samples from the Tanquary injection site in lllsl0olJSA under sub- and super critical
conditions. They reported that the microlithotypenpositions and abundances of the samples
in combination with their mineral matter contenfpmats the micro- and meso-pore properties

of the coals, which in turn, significantly influeeethe sorption capacities of the samples.

Pini et al. [15] investigated the GGCHs, and N sorption capacities of bituminous coals from
Europe and found that the maximum sorption capcaf the dry coals fall within the range:

5-14 wt.% for CQ, and 1 - 3 wt.% for both C+and N. They also reported that the sorption
capacities of the coal samples for the three studases decreased with increasing vitrinite

reflectance.

Reported maximum sorption capacities of dry coaleadous ranks up to anthracite by weight
vary in the range: 20.7 - 1514 kg/t, db for JO1-15, 17-20], 7.4 - 29.0 kg/t, db for GH.1-
15, 20-23], and 3.4 - 35.9 kg/t, db fos [ 1-15]. These translates to sorption capacitiesb
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to 15.1 wt.% of dry coal for C£0.7 - 2.9 wt.% of dry coal for C4and 0.3 - 3.6 wt.% of dry
coal for Nb. Thus, the sorption capacities of coals by masgasfper unit mass of dry coal
decrease in magnitude in the order:2GCCH; = N2. However, expressed as volume of gas (at
standard temperature and pressure (STP)) per ahitne of coal, the sorption capacities of
coals decrease in the order: £0CH; > N2 [12, 15]. The determined net heat of sorptjti,

of coals of different ranks vary in the range: 813.5 kJ/mol for CQ[11, 12, 17, 19, 21], 8.8

- 11.8 kd/mol for CHI[12, 21, 23], and 8.6 - 10.4 kJ/mol fop NL2]; and seem to decrease in
the order: C@> CH; > Nz.

In this paper, we report the GACH; and N sorption properties of four bituminous coals from
underground coal seams of South Africa at superatitonditions, up to 16.4 MPa at 55 °C.
Different isotherm models were studied and coal gagEous adsorbate properties impacting

the sorption properties of these coals were examine

5.3 Experimental

5.3.1 Origin and preparation of the coal samples

Four run-of-mine South African bituminous coal s#&spwere used in this study. These
samples were collected from underground coal seaitisn the Highveld, Witbank, and
Tshipise-Pafuri coalfields [24, 25]. The coal saesplvere code-named as coals: DEN, FOZ,
OGS and TKD. Respective depths of mining of thesees were: OGS, 90 m; FOZ, 120 m;
DEN, 200 m; and TKD, 250 m. The coal samples weeeived as -50 mm patrticles.
Representative 1 mm average particle size of timpkes, used for both petrographic analysis

and the sorption experiments, were obtained folgvthe procedure detailed elsewhere [25].

5.3.2 Sample characterisation
5321 Proximate, ultimate, and free swelling index analyses

The chemical properties of the sample of the caahpdes were examined by proximate,
ultimate (CHNS) and total sulphur content analystsch were conducted at the Bureau
Veritas laboratory, Pretoria, following standardgedures given in Table 5.1. Both the fixed

carbon content from proximate analysis and the efgal oxygen content from ultimate
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analysis of the samples were calculated by difisgeihe free swelling index (FSI) was also

determined.

5322 Petrographic properties

The petrographic properties of the coals were stludising standard petrographic analysis
methods at the laboratory of Petrographics SA dfigetSample blocks set in epoxy resin were
prepared according to SANS ISO 7404-2:2009 [2G6}ugd, polished, and then studied under
a Leica DM4500P microscope coupled with a 50x mfagation lens and a 10x magnification
internal reflected light oil immersion lens [24,29]. This gives a total magnification of 500x.
The mean vitrinite random reflectance (Rr.%) of doals was determined following SANS
ISO 7404-5:2009 [28]. The rank classification of ttoal samples based Rr.% was conducted
according to the SANS ISO 11760:2005 method [28F acerals were quantified by a 500
point-count technique following the SANS ISO 740239 procedure [30]. Coal
microlithotype, carbominerite and minerite analyges determine the organic/inorganic
associations) were carried out in accordance WghfSANS ISO 7404-4:1998 [31].

53.23 Physical-structural properties

The physical structural properties of the samplesompassing the surface area, porosity,
average pore diameters were determined using elifféechniques including: G@nd N low
pressure gas adsorption (LPGA), mercury intrupiamsimetry (MIP) and small angle X-ray
scattering (SAXS). Details of the analytical progex$ were reported by Okolo et al. [24].

53.24 Mineralogy of the samples

The mineralogy of the coal samples was investigatgidg wide angle X-ray diffraction

(WAXRD) crystalline minerals analysis. About 30fglanm average patrticle size of each coal
sample was initially ground to fine powder (<pih), and further oxidised at low temperature
(about 110 °C) using a radio frequency oxygen-ptasasher, following the procedures
described elsewhere [32-35]. The resulting low terapure ashes (LTA’s) were used for

mineralogical characterisation. The WAXRD LTA ars$/was performed on a Philips PW
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1729 goniometer using Cuwkadiation at 40kV and 35 mA. Step scans were takien from

2 to 90° B, with a step interval of 0.04%92nd 5 seconds count time per step. Approximately
one gram of the sample’'s LTAs was pressed into lamiaium sample holder. Mineral
identification was performed using Bruker Eva skamatch software. A quantitative XRD
analysis software package, SIROQUANTwas used to determine the relative concentrations

of the identified mineral phases.

5.3.3 Sorption experiments

The high pressure sorption experiments were coedwt a high pressure gravimetric sorption
system (HPGSS) at CSIRO Energy, North Ryde, Auatrglgure 5.1 shows the schematic of
the HPGSS. The sorption equipment and the angbysisedure has been described in detail
elsewhere [17, 36, 37].

For sorption measurements, the 0.8-1 mm size tnastdf the coals were prepared and used.
These samples were dried and degassed for 2 wadkswacuum at 60 °C in a vacuum drying

oven. When shorter degassing times were used,fisamly smaller measured sorption

amounts were obtained and the sample mass shoWwether reduction when degassed after
the experiment. The samples were then weighedetbatdo the stainless steel sample cells
and transferred to the HPGSS system. The coal sam@ighing between 220.48 g and 229.04
g, now in the sample cells, were degassed at tessure of < 0.5 mbar at 55 °C for 24 hrs
to ensure adequate removal of any moisture fronptines of the coal samples that may have

been adsorbed during the transfer.

For the adsorption experiments, step-wise presagrements from about 0.1 MPa up to 16
MPa were used. All the experiments were conducte®5a°C, and both the ambient
temperature and the temperature inside the HPG&Sma@nitored by thermocouples. All four
samples were analysed simultaneously as the HP@8Shald up to four high pressure
stainless steel sample cells at a time. Each samgdeexposed to the adsorbate gas in this
sequence: C§Ny, and lastly CH The sample cells were evacuated after each empaeti(the
vacuum level in the cells was0.5 mbar). Sakurovs and co-workers [11, 12, 31| $taown
that sequential exposure of coals to these adsodsses, under conditions and procedures
similar to this study, has negligible influencetbe subsequent sorption capacity of the coals.

211



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

S H :
Py : Vent
o :

Data System i 1 1 1

3-way
valve I | |
Vent <€ * i
Vacuum <€ H Flexible staix.lless
3-way steel coupling
vave Thermocouples
HP stainless steel
-~ W reactors

Pressure
transducer

(M

N, A N E—
(2]
R
.E ¥— Modified furnace
e
z—

Syringe Pump

Figure 5.1: Schematic diagram of the high presgtaimetric sorption system (HPGSS)
(Adapted from Day et al. [17Not drawn to scale

The resulting data (time, instantaneous mass (maisy, pressure, and temperature) were
acquired via a data logging hardware and softwanmected to the facility. At each pressure
step, the sample was allowed to equilibrate forual2d hrs; and data were logged from the
HPGSS every 2 hours. The long equilibration tinss atabilises the thermal equilibration of
the adsorbate gases due to compression [11, 129137, 38]. Each set of experiments takes

about 16 days to complete. The adsorptive gas twes)si, at the different pressure steps were
measured using a reference cell. The excess (Gisbsption, Q,,. of the samples were

determined from the gravimetric data using Equafdn[11]; while the sorption isotherms

were plotted using the excess sorption data.

Qexc = M mea (Vcell _Vsamplgpg (5-1)
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The maximum sorption capacities of the samples kespect to the examined adsorbates at 55
°C up to 16 MPa pressure were evaluated using titéfimd Dubinin-Radushkevich (M-DR)
isotherm model (Equation 5.4) and the Dubinin-Ra#&asich/Henry law hybrid (DR-HH)
isotherm model (Equation 5.5) for gravimetric syste

Qe =Q (1-%) eX;{—(DIn%} } (5.2)
D :[%} (5.3)

The affinity constantD, is related to the heat of sorption of the coatstlie adsorbate gases
as defined by Equation 5.3 [10, 17, 20, 39, 40] tuedaffinity of the gases for the adsorbent
pore surfaces [17, 19, 39, 40]. The tefR is the net heat of sorption [17, 23], which is a
function of the affinity coefficientp, and the characteristic heat of sorptigg,of the coals
[17, 19, 20, 39].

In the classical DR equation, the ter(&r,og/pa) corrects for the volume occupied by the

condensed phase on the surface of the sample, disiplaces the gas phase of the adsorbate.
This term can as well be applied to all "absol@®@ption isotherm functions to convert them
to "excess" sorption isotherm functions The cla€3R equation is only valid when the
instantaneous experimental pressure is less tleagatturation pressure of the adsorbate gas,
i.e. P < Ps. Thus, the DR cannot be used to model gas sorgticor above supercritical
conditions where the saturation pressure of therbdte gasPs, is undefined. In fact, some
investigators [11, 41, 42] have criticised the agiility of this important equation over a wide
range of pressures and temperatures wRere> Ps, including at and above supercritical
conditions of most gases. To assuage this discogpan the use of the DR model at

supercritical conditions, Sakurovs et al. [11] mepd a modification to the classical DR

equation by replacing thE, term by the adsorbed phase densi#y, and the pressure term by

gas density, following the critical observationsotiier investigators regarding th term in

the original DR equation [41, 42]. This modified IR-DR) isotherm equation is given in
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Equation 5.4 and can be applied over wider presauagk temperature ranges, including

supercritical conditions.

Qexc :QO (1_&) EXF{—[Dln&J :| (54)
p, 2,

To further account for observations [11, 19, 43-48fch as imbibition (Henry's law
dissolution) especially for coal-Glnteractions at high pressures, differences irssibility
between helium and the other gaseous adsorbatesalopore network, and errors and
uncertainties in measured helium density and @dlme; aproportionality term was added to
the M-DR equation to improve their applicability sapercritical conditions, especially for
coals. The hybrid equation hereinafter referreds®ubinin-Radushkevich/Henry law hybrid
(DR-HH) takes the form (Equation 5.5):

Qexc = QO (l_ %)exp[_(D In %j :| + k,Og (55)

a 9

The DR-HH isotherm equation has been applied irsthey of sorption properties of different
adsorbate gases in coal at both sub- and supmationditions using volumetric [19] and
gravimetric systems [11, 17].

The resulting excess sorption data were also fligethe M-DR and the DR-HH equations to
ascertain the adsorption mechanism underlying ttsoration process [49]. The affinity
constantsD; the maximum sorption capacities of the samp@sandVo; and the DR-HH
proportionality constant; are unknowns that can be evaluated by modeidittia minimum
convergence. This was achieved using the VisualcBas Applications (VBA) macros,
scripted and executed on Microsoft™ Excel 2013. Tibe heat of sorption of the three
adsorbate gases for the coals was evaluated frerddatermined affinity constantS, using
Equation 5.3 [17, 19].
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5.4 Results and discussions

5.4.1 Proximate, ultimate, and FSI analyses results

Table 5.1 shows the proximate and CHNS elementlyses results of the examined coals,
and the standard methods used for their deterromalihe ash yields for the coals ranged from
16.9 wt.%, db to 27.0 wt.%, db; with coal TKD hayia considerably lower ash yield than the
other coals. Of all the four coal samples, onlylcd&D was found to exhibit appreciable
propensity to swell on heating with a free swellingex (FSI) of 8.5. These results are
comparable and within the range of published pratérand elemental CHNS analyses data

on South African bituminous coals [9, 50-53].

Table 5.1: Proximate, ultimate and FSI analysea dasamples.

Sample ID/ Properties Standard method FOZ DEN OGS KDT
Proximate analysis (dry basis, (wt. %, db))
Ash yield SANS ISO 1171: 2010 22.8 27.0 25.2 16.9
Volatile Matter yield SANS ISO 562: 2010 27.5 22.4 23.0 22.2
Fixed carbon by difference 49.7 50.6 51.8 60.9
Elemental CHNS analysis (dry ash free basis, (widéth))
Carbon SANS ISO 17247: 2013 78.5 78.7 81.3 86.9
Hydrogen SANS ISO 17247: 2013 4.9 4.4 4.7 51
Nitrogen SANS ISO 17247: 2013 2.0 2.2 2.0 2.1
Total sulphur SANS ISO 19579: 2006 1.4 1.7 1.3 1.0
Oxygen by difference 13.2 13.0 10.6 4.8
Free swelling index (FSI) SANS ISO 501: 2012 0 0 5 0. 8.5
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5.4.2 Petrographic properties

Detailed petrographic data of the samples repatechineral matter basis (vol.%, mmb) are
presented in Table 5.2. Based on the mean randtoimite reflectance, Rr,%, of the coal

samples, coal TKD (1.2 Rr.%) was classified asmittwus medium rank B; while the other

three samples with Rr.% ranging from 0.63 to 0.@®exclassified as bituminous medium rank
C. The coal random vitrinite reflectance histograshthe samples are given in Appendix A.
Coals DEN and OGS were found to be richer in inggithan the other samples, while coal
TKD was found to be richer in vitrinite. LiptinieEoundance was low &t5 vol.%, mmb, in all

the coals.

Coal microlithotype analysis results (Table 5.2)egded that vitrite was the dominant mono-
maceral in coal TKD (45 vol.%, mmb); while inertias the main mono-maceral in coals
FOZ, DEN, and OGS (19 - 33 vol.%, mmb). The bi-nalceitrinertite (vitrinite + inertinite

> 95 vol.%) was also in high abundance in coal TBRDvol.%, mmb) compared with the other
three samples (10 — 13 vol.%, mmb). The amountseobther intermediate macerals: clarite,
durite, and trimacerite were significantly low inat TKD, < 1 vol.%, mmb, with respect to
the other three samples, which can be attributedg@onsiderably low volume of liptinite in
coal TKD. Pure liptinite, liptite, was not iden#fl in any of the four samples. Liptinite was
only identified in the intermediate macerals (¢&rdurite, and trimacerite) in all four samples
examined. The presence of higher volumes of viginomponents (vitrite and vitrinertite) in
coal TKD agree well with its higher total vitrinit@lume (68 vol.%, mmb) compared with the
other three samples (20 — 36 vol.%, mmb). It istimpiof note that the total intermediate
macerals (maceral-maceral associations) abundaasehighest for coal FOZ at 40 vol.%,
mmb and lowest for coal TKD (23 vol.%, mmb). It walsserved from the carbominerite
analysis result that carbargilite and carbosilicitere the more abundant maceral-mineral
associations occurring in the coal samples; whiak worroborated by the higher volumes of
clay and quartz mineral groups from minerite analgata. These show that clay and quartz
minerals are the most prevalent minerals in thenéxed samples, similar to the published
findings of other investigators on South Africaralso[35, 51, 53, 54]. The petrographic data
of these coal samples also compared well to therteg petrographic properties of South

African bituminous coals [35, 51-53].
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Table 5.2: Petrographic properties of samples.

Sample ID / Properties FOz DEN OGS TDK
Reflectance properties
Mean vitrinite random reflectance (Rr.%) 0.63 0.65 0.69 1.2
Rank (Bituminous) Medium Rank C Medium Rank C Medium Rank C MediunmikB
Maceral analysis data (vol.%, mmb)
Total vitrinite 36 20 21 68
Total liptinite 5 3 5 1
Total inertinite 45 59 57 23
Visible minerals 14 18 17 8
Total (vol.%, mmb) 100 100 100 100
Microlithotype analysis data (vol.%, mmb)
Vitrite 17 5 8 45
"Pure" Mono-macerals Liptite 0 0 0 0
Inertite 19 37 33 12
Clarite 2 1 1 <<1
Intermediates Bi-mcaerals Durite 6 6 7 <<1
Vitrinertite 10 13 13 22
Tri-macerals Trimacerite 22 11 12 1
Total intermediates (vol.%, mmb) 40 31 33 23
: Carbargilite and Carbosilicite 10 9 15 12
Maceral / mineral .
associations Carbopyrite 1 3 1 <<l1
Carbankerite 3 4 1 2
Carbominerite- Organic Total Carbominerite (vol.%, mmb) 14 16 17 14
/inorganic associations Clay and quartz group 6 9 8 4
Mineral-rich particles Pyrite 2 1 <<1 <<1
Carbonate group 2 1 1 2
Total Minerite (vol.%, mmb) 10 11 9 6
100 100 100 100

Total microlithotype volume (vol.%, mmb)
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5.4.3 Physical-structural properties
Table 5.3 summarises the physical-structural ptegseof the samples, including the surface
area and porosity properties determined using reiffeanalytical techniques (adapted from
Okolo et al. [24]). From the COLPGA results, it was observed that coals FOZ aliND
exhibited similar values for the micropore surfaea, characteristic adsorption energy,
micropore volume, and microporosity, and these visggber than the values obtained for the
other two coals. Conversely, Coals FOZ and DEN wetend to possess lower average
micropore diameter than the other two coals dichlG®Z had lower micropore surface area
and microporosity and relatively higher averageraopore diameter than the other samples.
These observed trends can be attributed to thdicaibn or maturity of the coal samples [24,
55, 56].

The results of the NLPGA analysis, which probes the mesopore (1% &, < 500 A)
properties, show that the mesopore surface artreesfamples ranged from 2.6 - 5.7gnand
decreases with increasing vitrinite reflectancenyeof the samples. However, the medium
rank B coal TKD was found to have a relatively lighotal pore volume (2.03 x2@&m?®q),
average pore diameter (261 A), and mesoporosi®a¥8) compared to the three medium rank
C coals. Data from MIP measurements (correcteddal compressibility [24, 57]) and the N
LPGA results exhibited similar trends, although tadues for MIP were generally greater,
except for the average pore diameter. This sinylaritrends may be related to both techniques
probing the entire mesopore properties of the saspplt to different extents. In addition, MIP
also examines the macropore features of the sammpdejifically, the pore throat diameters,

which may have contributed to its higher valued.[24

Results from the SAXS analysis (Table 5.3) revkat the surface areas of the coal samples
determined by this method were greater than the authe specific surface areas from the
other three techniques (GGnd N- LPGA, and MIP) combined, and decrease with irgiren
vitrinite reflectance (rank) of the samples. Thas de attributed to SAXS probing pores that
are inaccessible by the other three techniquesg2458]. While the microporosity of the
samples determined by SAXS decreased with incrgameturity of the coals, no systematic
trend was found for the mesoporosity. The macrogttes of all of the studied samples as

determined by SAXS were similar [24].
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Table 5.3: Porosity and surface area propertie¢seosamples (Adapted from Okolo et al. [24].

Properties Analysis method FOz DEN OGS TKD
CO, LPGA data
Micropore surface area {fq) DR 127.9 129.3 117.8 107.3
Characteristic adsorption energy (kJ/mol) DR 231 282 22.3 19.4
Micropore volume x18 (cm?/g) DR 51 52 4.7 4.3
Average micropore diameter (A) H-K 3.87 3.85 3.89 14
Microporosity (3 A< d, <5 A) (%) CQ Ads data 5.36 5.27 4.58 2.91
N2 LPGA data
Surface area (ffg) BET 3.6 5.7 2.9 2.6
Total pore volume x18(cm3/g) BJH 1.99 1.89 1.46 2.03
Average pore diameter (A) BJH 187 125 196 261
Mesoporosity (1% d, < 500 A) (%) N Ads data 2.23 1.60 1.32 2.63
MIP Measurements(corrected for coal compressibilif24])
Total pore area (ffg) MIP 13.9 14.1 125 10.9
Total intrusion pore volume x¥Jcn?/g) MIP 4.4 3.9 5.2 5.7
Average pore diameter (A) MIP 127 111 168 208
Porosity (30< d, < 600000 A) (%) MIP 6.2 6.1 7.1 7.6
Helium Pycnometer measurements
Skeletal (Apparent) density (kg#fm HP 1595 1668 1623 1495
SAXS analysis data
Specific surface area ¢fg) SAXS 162.6 171.7 158.2 147.4
Microporosity (%) SAXS 10.3 10.1 9.5 8.7
Mesoporosity (%) SAXS 8.6 7.7 8.6 6.6
Macroporosity (%) SAXS 11.0 9.9 10.5 111
Total Porosity (%) SAXS 29.9 27.7 28.6 26.4

5.4.4 Mineralogy of the samples

Table 5.4 lists the relative abundances of the ralnghases identified from the quantitative
WAXRD crystalline mineral analysis results of thewl temperature oxygen-plasma ashes

(LTA) of the samples and are reported on ash b&sslinite and quartz were the most
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abundant mineral phases in all four samples with bocounting for 67.7 wt.% to 78.9 wt.%,
LTA basis, similar to other reported data on c¢20; 35, 51]. This corroborates the findings
from the petrographic analysis where greater vokiofecarbargilite and carbosilicite were
obtained for the maceral-mineral associations #ngdand quartz mineral group were found to
be the more ubiquitous mineral-rich particles. Dake, calcite, pyrite, and illite were present
in smaller amounts in the samples; coal DEN hadthiieest abundance of dolomite (9.5 wt.%)
and pyrite (5.4 wt.%). Greater amounts of illitelanixed-layer illite-smectite, both of the clay
minerals group, were present in coal TKD. Rutileatase, apatite, crandallite, and goyazite
were present in some of the samples; while albiterocline, and siderite were identified only
in coal TKD.

Table 5.4: Relative concentrations of the mineralges identified in the LTA of the coal
samples (wt.%, LTA basis).

Mineral Chemical formula FOZ DEN OGS TKD
Kaolinite AlLSiOs(OH)4 55.7 40.0 58.0 44.3
Quartz SiQ 18.1 31.6 20.9 23.4
Dolomite CaMg(CQ)2 6.0 9.5 1.3 2.8
Calcite CaC@ 3.8 3.2 2.0 0.9
Rutile TiO 0.7 0.8 0.4 0.0
Anatase TiQ 0.6 0.8 0.5 0.0
Pyrite FeS 3.7 5.4 2.8 1.3
lllite (K,H30)AI2SizAl010(OH)2 5.0 2.5 6.8 13.3
Smectite (Na,Ca)(Al,Mg) 2SisO10(OH)2- n(H:0) - 0.3 - -
lllite-smectite - - - - 5.9
Albite NaAlSizOs - - - 1.9
Microcline KAISizOs - - - 1.3
Siderite FeCoQ - - - 3.3
Apatite Ca(PQu)sF - - 1.8 -
Crandalite CaAlPQOy)2(OH)s- H20 - - 1.4 0.1
Goyazite SrAd(PQu)(POsOH)(OH)s - - 0.6 0.3
Bassanite CaSfy.sH20 6.5 5.9 3.5 1.1

Bassanite, most likely an artefact formed during lthw temperature oxygen-plasma ashing

from organically associated (non-mineral) calciuna gulphur within the organic matrix of

coal [32-35, 54, 59], was observed in all the sasgHowever, basanite abundance was greater

220



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

in the three lower iso-ranked (medium rank C) caahples. It is well known that the amount
of organically associated mineral species and eisngecrease as the coal rank (maturity)
increases [32, 33, 60]. Thus, the amount of bassaritained decreased as the coal rank
increases in the order: FOZ > DEN > OGS > TKD. skheesults are within the range of
published data on the mineralogy of South Africaarbinous coals [35, 54, 60].

5.5  Sorption capacity of the samples

The raw data from the HPGSS for €@dsorption at 55 °C for the four coal samples are
presented in Figure 5.2, showing the mass gaineo$amples, pressure steps (increments), and
the temperature readings from the thermocouplésside, and 4 outside the furnace. Similar
raw data were also acquired fos &hd CH.

130 —DEN 30
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O 120 1 —Foz J 28
< —TKD L 26
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Figure 5.2: Raw data from the HPGSS for &@sorption at 55 °C for the coal samples.

It can be seen from Figure 5.2 that the mass gatenwere well resolved, and fluctuations and
noise were adequately minimised. Temperaturesernid modified furnace varied between
55.1 and 55.9 °C with an average of 55.4 = 0.23Ti& room (ambient) temperature i.e.,
outside the furnace, varied from 21.2 to 23.7 °@an average of 22.4 £+ 0.45 °C. The£O

CHas, and N excess sorption isotherms of the four coal samglesrted in kg/tonne (kg/t) of

221



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

coal, resulting from the raw data of Figure 5.2ng€quation 5.1 are shown in Figure 5.3 in

3D rendering. The properties of the three gasegiaen in Table 5.5.

Table 5.5: Properties of the three gases usedsrstidy.

Properties / gases CO CH, N> Reference
Molecular massn (g/mol) 44 16 28 -
Critical temperaturel. (K) 304.2 190.5 126.2 [12, 61]
Critical pressurel. (MPa) 7.4 4.6 3.4 [12, 61]
Critical density, 2. (kg/m) 467.6 162.7 313.3 [62]
Adsorbed phase densitg, (kg/n?) 1028 372 726 [12, 61]
van der Waals attractive consta@t(kF¥/mol’Pa) 0.365 0.230 0.137 calculated
Molar polarisability,a,, (cn/mol) 7.34 6.54 4.39 [40, 63, 64]
Compressibility factor at maximum pressure at 552G) 0.3839 0.8941 1.0482 calculated
Kinetic diameter,Gj (A) 3.30 3.80 3.64 [12, 61, 65]
Collision diameter T, (A) 4.00 382 368 [65]
Effective molecule diameteqg,,; = m R) 363 381 366 [65]

It can be seen from Figure 5.3 that the mass aéssxsorption for the coals was highest for

CQOg, but considerably lower and relatively similar @iz and N.The excess sorption of GO

increased with increasing pressure and adsorbeskphensity until near its critical pressure

(7.4 MPa), and then decreased with increasing pressd adsorbed phase density. This was

not observed for either of the other gasess @hd N, due to to the fact the experimental

temperature were much farther away from theiraalittemperatures. The increased sorption

of CO; compared to that of CHand N is attributed to the critical properties of thesgs [12,

61], relative to the experimental conditons. Figbré shows the relationship between the

critical properties of the adsorbate gases and thetmaximum sorption capacities on percent

volume of gas (at STP) per volume of the coal samphd the net heat of sorption of the coals.

It was observed that the maximum sorption capacarel the net heats of sorption of the coals

exhibited similar trends with respect to both thgeal temperature and the critical pressure of

the gases. In both cases (Figure 5.4 (a - d), gedmum sorption capacities of the coals (on
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vol.% of coal) and their net heats of sorption wienend to increase with increasing critical
temperatures and critical pressures of the gasimying a 29 order polynomial fit. It can also
be seen from Table 5.5 that at maximum experimgmegsure (16 MPa at 55 °C), ¢hlas

lower compressibility factor value than the otheotadsorbates (CHand N), indicating
relatively higher compressibility at the experinamonditions.
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Figure 5.3: CQ CHs and N excess sorption isotherms of the coals at 55 °C.
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sorption capacities (in vol.% of coal) and the medt of sorption of the coals.

224



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

This may imply that the adsorbates are adsorbed et coals in the highly compressible
(densified) gaseous phase and not actually in@helensed liquid phase. Similar finding has
been reported by Sakurovs et al. [12, 61]. In @olditother critical properties of the adsorbate
such as van der Waals’ attractive constants angdlagizabilities of the gases, were found to
impact on both the sorption capacities of the sampk well as the sorption energies (Figures
5.4 (e — h). It has been demonstrated that thiereasgas is to polarise, the stronger the
interaction with the adsorbent surface, as weklheghbouring adsorbate molecules [12, 40,
61, 63, 64]. The polarisability of a gas is relatedthe square root of the van der Waals
attractive constant (thaterm of the van der Waal equation) (Equation 5Télese properties

of the gases are given in Table 5.5. While thedeam\Waal's attractive constants were evaluated
from Equation 5.6, the molar polarisabilities o¢ thhases were determined from data [63, 64]

and conversion factor [40] reported by other aighor

2
a=04218750c) (5.6)

C

Figures 5.4 (e - h) show that both the maximumtsmmpcapacities of the samples and the net

heat of sorption increase with increasiv@, anda ,, . Hence, CQwith higher van der Waals’

attractive constant and higher molar polarizabéitiibited both higher sorption capacities and
net heat of sorption for all four coals than thieeottwo gases. This shows that both adsorbent-
adsorbate and adsorbate-adsorbate interactionsiglees for CQ and supports the pore filling
adsorption mechanism [24, 66]. It may as well lgeiad that the relationship between both the
sorption capacities and the net heat of sorptidh@samples, and the critical pressures of the
gases, may be coincidental as the critical preseftira gas is a function of the critical
temperature and polarizability of the gas. Corretabf the maximum sorption capacities of
the coals with the kinetic-, collision-, and effiget molecule- diameter does not yield a
systematic trend. Although these parameters infle¢ime kinetics of the sorption process, they

do not influence the amount of adsorbate sorbeitiédygoals [12].

Two gravimetric sorption models—the M-DR and DR-Htddels—were also tested for their
ability to fit the experimental excess sorptiortimyms of the samples as shown in 3D in Figure

5.5. The sorption properties of the samples: theimam sorption capacity (by weight and by
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volume), Qo and Vo; affinity constant,D; net heat of sorptionSEs, and the uncertainty
parameters— the error sum of squares, ESS; roat sipaare residuals, RMS; and the quality
of fits, QOF [24] were determined from the modélse proportionality constank, was
evaluated from the DR-HH model. These results anensarised in Table 5.6.

From Figure 5.5, showing the M-DR and DR-HH isothenodel fittings to the experimentally
determined excess sorption data (excess sorptitimeisns), it is clear that the DR-HH model
generally exhibited better fittings to experimerdata than the M-DR model for all four coal
samples and the three studied adsorbate gase® @WHibnd N showed similar fitting trends,

CO; gas sorption isotherms displayed a different trarnis is especially more noticeable for
the CQ sorption results. Evaluated uncertainty metriegorted in Table 5.6 show that, lower
ESS and RMS residuals, and higher QOF values wetained for the DR-HH model-

compared with the M-DR model-determined maximumpson capacities of the coals.

However, coal DEN Bsorption isotherm QOF was an outlier.

From Table 5.6, it can be seen that the M-DR igotheodel generally over-estimated the
maximum sorption capacities of the samples fathadle gases. Based on the DR-HH isotherm
model, the maximum sorption capacities of the sasply weight ranged from 40.7 — 60.6
kg/tcoal for COp, 10.1 — 13.3 kgébaifor CHs, and 10.4 — 13.2 kgbti for N2; and decreases with
increasing Rr.%. The sorption capacities of them@amby volume, reported on Table 5.6,
exhibited similar trend as the sorption capaciigseight. With respect to the adsorbate gases,
the sorption capacities of the samples decreasedgmnitude in the order: GG CHs = N2 by
weight (db), and C®> CHs > N> on volume basis (db) similar to other reportedlifigs [12,
15]. The CQ:CH4N: sorption capacity ratios (by weight and by volunoé)the samples
presented in Table 5.6 were found not to be unifoun relatively varied across the coal
samples. These variations can be attributed tdifferences in coal properties especially the
micropore structural and surface properties, aaatffinity of the gases to the heterogeneously
energetic surfaces of the micropores [13], which ba explained by the Polanyi potential
theory [41, 67], upon which the DR isotherm modelswhased [41, 68]. These determined
sorption capacity ratios were comparatively différ® the ratios of 4:2:1 reported by Chaback
et al. [16], but agreed well with ratios from thabfished data of other investigators [11, 12,
14, 15].
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Table 5.6: CQ CHs, and N sorption properties of the coal samples on drysbas

Properties / Sample ID

Carbon dioxide (COy)

FOz DEN OGS TKD
Method used M-DR DR-HH M-DR DR-HH M-DR DR-HH M-DR DR-HH
Maximum sorption capacity by weigt@ (kg/tcoa, db) 86.9 60.6 65.4 56.3 71.6 51.4 57.7 40.7
Maximum sorption capacity, % weight of co&Qu, db) 8.7 6.1 6.5 5.6 7.2 51 5.8 4.1
Maximum sorption capacity by volumé, at STP (mtcoa, db) 44.2 30.9 33.3 28.7 36.5 26.2 29.4 20.7
Maximum sorption capacity, % volume of co#\ocoa, db) 6.8 4.7 5.6 4.8 5.7 4.1 4.4 3.1
Affinity constant,D (-) 0.076 0.049 0.060 0.051 0.068 0.045 0.070 0.046
Net heat of sorptioriEs(kJ/mol) 9.9 12.3 11.1 12.1 10.5 12.8 10.3 12.7
Proportionality constank (ml/g) - 0.035 - 0.013 - 0.029 - 0.024
ESS (1) 454.3 4.6 100.2 4.2 454.3 4.6 454.3 4.6
RMS residuals (-) 7.13 0.54 2.78 0.57 5.91 0.60 5.01 0.86
QOF (%) 81.4 97.4 91.4 97.3 81.4 97.4 81.4 97.4

Methane (CH,)

Maximum sorption capacity by weigh®p (kg/tcoa, db) 18.1 13.3 13.6 12.1 15.1 11.4 12.9 10.1
Maximum sorption capacity, % weight of cogsQo, db) 1.8 1.3 1.4 1.2 15 11 13 1.0
Maximum sorption capacity by volumé, at STP (mtcoa, db) 25.3 18.6 19.0 16.9 21.1 16.0 18.1 14.1
Maximum sorption capacity, % volume of co#\(ocoa, db) 3.9 29 3.2 29 3.3 2.5 2.7 2.1
Affinity constant,D (-) 0.090 0.070 0.079 0.071 0.084 0.067 0.092 0.077
Net heat of sorptioriEs(kJ/mol) 9.1 10.3 9.7 10.2 9.4 10.6 9.0 9.9
Proportionality constank (ml/g) - 0.034 - 0.011 - 0.027 - 0.020
ESS (1) 1.97 0.18 1.97 0.18 1.97 0.18 2.87 0.19
RMS residuals (-) 0.47 0.12 0.20 0.12 0.39 0.12 0.39 0.29
QOF (%) 92.6 94.4 92.6 94.4 92.6 94.4 90.8 94.9
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Table 5.6 (contd): C§& CHs, and N sorption properties of the coal samples on drysbas

. Nitrogen (N2)
Properties / Sample ID

FOZ DEN OGS TKD

Method used M-DR DR-HH M-DR DR-HH M-DR DR-HH M-DR DR-HH
Nitrogen (N2)

Maximum sorption capacity by weigh@p (kg/tcoa, db) 21.7 13.2 14.8 12.1 18.1 13.1 15.0 10.4
Maximum sorption capacity, % weight of co8Qo, db) 2.2 1.3 15 1.2 1.8 1.3 15 1.0
Maximum sorption capacity by volumé; at STP (Mtcoa, db) 17.4 10.6 11.8 9.7 14.5 10.5 12.0 8.3
Maximum sorption capacity, % volume of co#\{ocoa, db) 2.7 1.6 2.0 1.6 2.3 1.7 1.8 1.2
Affinity constant,D (-) 0.130 0.099 0.116 0.104 0.124 0.104 0.118 0.096
Net heat of sorptioniEs(kJ/mol) 7.6 8.7 8.0 8.5 7.8 8.5 7.9 8.8
Proportionality constank (ml/g) - 0.032 - 0.010 - 0.019 - 0.018
ESS () 1.88 0.11 0.26 0.06 0.87 0.28 0.94 0.31
RMS residuals (-) 0.38 0.09 0.14 0.07 0.26 0.15 0.27 0.15
QOF (%) 87.1 94.9 95.1 94.5 90.1 94.4 87.6 95.3
Maximum sorption capacity ratios by weight: £0Ha:N> (-) - 4.6:1:1 - 4.7:1:1 - 3.9:0.9:11 - 3.9:1:1
Maximum sorption capacity ratios by volume: £8CH4:N> (-) - 2.9:1.8:1 - 3:1.7:1 - 2.5:1.51 - 2.5:1.7:1
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The affinity constants determined for the four soaith respect to the three gases generally
increased in the order: G& CHs < N2 as shown in Figure 5.6. This means that @0dnore
strongly attracted to the pore surfaces of thesctan CH and N; while N> exhibited the
least affinity. These are similar to the findingother investigators on coals [11, 12, 61, 69],
activated carbons [38, 70], and even metal-orgaaimeworks (MOFs) [71]. It can thus be
inferred that pore-filling mechanism and or demsifion of gaseous adsorptives in the
micropores of the coals is the more predominanddi®n mechanism. This follows the fact
that pore-filling is more favoured by smaller kilweaind effective molecular gas diameter [24,
66], exhibited in this case by GQcompared with CkHand N. This leads to faster diffusion
rate through the pores and greater gas molecuj@sanolecule interaction (van der Waals
forces). Although adsorbent pore surface to gasowié interactions (layers formations) are
the primary mechanism at the start of the sorpfwocess; pore-filling and adsorbate
densification becomes more significant after thenglete layer coverage of the pores till the

pores are finally filled by the adsorbate.
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Figure 5.6: Affinity constanD), of samples for the three gaseous adsorbatesDf+HH
model.

The net heats of sorptiofizs, determined from the DR-HH model were generallynid to be

< 12.8 kJ/mol for all three adsobates, indicatingf fhysisorption is the prevailing sorption
process occurring during the experiments [12, 763]. The net heat of sorption was found
to decrease in magnitude for the different adsedbat the order: C&> CHs > No. This may

be explained by the higher polarizability of £f@lative to the other two gases. The heat of

sorption is related to the polarisability of thesaxbing gas molecule — the easier it is to polarise
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the greater the induced electrostatic attractidawéen coal pore surfaces and the gas, resulting
in higher heat of sorption. It should also be ndteat the van der Waals’ attractive constant
was also higher for Cindicating more interactions with both the adsmtsurface and the
neighbouring molecules, culmination to higher sorpenergy.
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TKD
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DR-HH model proportionality constant, k(m3/t)

Figure 5.7: Proportionality constanks,determined from the DR-HH model.

The proportionality constantg&, determined from the DR-HH isotherm model presgme
Figure 5.7 were found to be very low (0.010 - 0)d&%d distinct for each coal. This shows that
the extent of coal volume penetrated by the adserbases are not very different to that
penetrated by helium [12, 61], from which it maydeeluced that imbibition and swelling may
only have small effects on the sorption propertisthe samples in this study. The
proportionality constants also tend to slightly @ese in magnitude in the order: £9OCH;

> Np, indicating that C®@ penetrates a greater volume of coal than both &l N. The
positivek values indicates that the gases can penetrategoakréhan expected from the helium
density (or that the free space volume may beror dry [k * volume of coal], which in this

case would be about 1 - 3 ml). Tkevalues can also be indicative of the differencges i
accessibility of the coal pore voids between treodohte gases. For examdl%Q _kcm gives

the extra accessibility of G&ompared to CHin each coal in ml/g. From coal TKibvalues,
the extra C@accessibility of coal TKD volume compared to £d4n be estimated to be 0.4
ml/g. However, these differences are small and n@tybe significant, with regards to the
maximum sorption capacities of the samples. Neets, these differences do provide a

lower limit to the difference in accessibility dig different gases, and do support the well-
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known fact the accessibility as well as affinitycofal pores for these adsorbate gases decreases
in the order: of the C&> CHs > No. The proportionality constant was also found tatreely
vary linearly with sorption capacities of the coatsshown in Figure 5.7, although coal DEN

was an outlier.

5.6 Influence of coal properties on the sorption gqaacity of the samples

5.6.1 Influence of coal rank and petrography
Figures 5.8 (a-d) show the relationships betweerhigh pressure sorption capacities of the
coals at 55 °C and their coal rank and petrograptoperties. Figure 5.8 (a) shows that the
CO,, CH4, and N maximum sorption capacities of the coals decreagbsncreasing vitrinite
reflectance of the coal samples. This is furtheralmrated by Figure 5.8 (c), where the
sorption capacities of all four coals were foundlézrease with increasing elemental carbon
content- another indicator of coal rank, with ctatien coefficients (R > 0.88 for CH and
N2, and > 0.97 for C® Hence, the three medium rank C bituminous coalserally exhibited
higher sorption capacities for all three adsorbabtespared with the medium rank B coal TKD.
This can be attributed to their superior microppreperties: higher micropore volume,
microporosity, micropore surface area, etc., ofltheer iso-ranked coals [20] compared with
those of coal TKD. Similar findings have been réporby other investigators [9, 17, 72].
However at higher vitrinite reflectance (Rr.% >)1.this trend may considerably change,
especially for C@and CH. Day et al. [17] and Zhang et al. [72] have repdra U-shaped
trend; where the C£and CH maximum sorption capacities of coals of varioudksadecreased
with increasing Rr.% until a point of inflection atound 1.3 Rr.%, after which sorption

capacities increased.

In Figure 5.8 (b), the relationship between the0Blz and CQ/N2 maximum sorption
capacities ratios and the vitrinite reflectancaljaof the coal samples is presented. While the
CO,/CHs maximum sorption capacities ratios were found ¢obetween 4.0 and 4.7; the
CO2/N2 maximum sorption capacities ratios ranged from ®.94.6, for all four coals.
Generally, these sorption capacity ratios were askto decrease with increasing Rr.% [61],
and correlates well with the affinity constantstloé coals. These ratios give insight into the

selectivity of these adsorbates in a binary or thigases system.
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Rr.%; (c) Sorption capacities vs elemental C; (@)p8on capacities vs total intermediate

macerals.

Most of the petrographic properties of the coal gas) especially maceral abundance and
compositions, yielded a wide scatter without angtayatic trend [9, 17, 20]. In fact,
Weishauptova, et al. [20] described the influeniceaceral compositions of some European
bituminous coals from the Upper Silesian basin loe €Q and CH maximum sorption
capacities of the samples as ambiguous. Howewgwpd correlation was observed between
the CQ, CHs, and N sorption capacities and the total intermediatearas shown in Figure
5.8 (d), with R > 0.87. It is well known that coal microlithotypehich is a reflection of the
variety of combination(s) of maceral groups is eanly distributed in coal; but tend to occur
in band or layers, which gives coal its layereddusBanding in coal develops or rather
becomes more apparent with the increased compadtiong rank advance from lignite to
bituminous coal [73]. Thus, microlithotypes becortess observable with increasing rank as
the more reactive macerals (vitrinites and lipasjt lose their volatile components with

concomitant increase in elemental carbon contemd, thus appear more comparable to
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inertinites under the petrographic microscopeemmt of shade and gray [74]. However, it is
still possible to distinguish between vitrinitesdanertinites in anthracites, and thus possible
to distinguish the different microlithotypes in hrdcites, although significantly less in volume
compared to microlithotypes in bituminous coals][73leats in coal matrices and often,
fractures occur along these bands; and are thaudsrahd principal pathways for the migration
of fluids in coal seams [73, 75-77], which may midhe accessibility of remote pores [24, 77],
and enhance the pore volume of the geological g¢ongedia [77]. Hence, coal FOZ with the
highest abundance of intermediate macerals: bitranaacerals (40 vol.%, mmb) amongst the
four studied coals, exhibited the highest maximonmptson capacities for the three adsorbates
used in this study. Coal TKD with the lowest voluofebi- and tri-macerals (23 vol.%, mmb)
was found to return the lowest sorption capaciieshe three adsorbates. Furthermore, the
abundance of these intermediate macerals decre@bdacreasing rank [51, 73].

5.6.2 Influence of coal pore and porosity properties

It is well known that the physical-structural projes of coal including: surface area, porosity,
pore size distribution, and pore structure, sigatfitly impact coal utilisation processes such
as the use of deep seated and economically urgisteficoal seams as a geological carbon sink
as a global climate change mitigation option [1D, 24, 25]. The relationship between the
micropore, mesopore, and macropore propertieseofdlal samples on the @@Hs, and N
sorption capacities is presented in Figure 5.€artbe seen from Figure 5.9 (a-d) that the,CO
CHs4, and N sorption capacities of the samples increase witteasing DR micropore surface
area, microporosity from both CQPGA and SAXS data, and DR micropore volume; and
decreasing average micropore diameter. This shbaisthe micropore properties of coals
largely determine the high pressure sorption prtogeeof the coals [9]. The correlation of the
samples’ sorption capacities for these adsorbai#stive micropore properties also yielded
appreciable systematic trends (Figure 5.9 (a-€)) ® > 0.8; which was more significant for
CO; sorption, with R > 0.9 in most instances. This may be attributethéogreater affinity
exhibited by coal pore surfaces to £€dmpared with coal pore surfaces affinity toGirnd

N2 [11, 38, 40, 49, 52, 61, 69, 71].

In contrast, no systematic trends of either theapese properties (Figure 5.9 (f-j)) and
macropore properties (Figure 5.9 (I-0)) with thearption capacities for the three studied

adsorbates was found, even for mesoporosity andop@®sity from SAXS analysis.
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Figure 5.9: Influence of the micropore, mesoponel macropore properties of the coal
samples on the GOCH,, and N sorption capacities.
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These suggest that detailed characterisation ahtbepore properties of coal seams can give

useful insights into their gas storage capabiliifgsis intended to be used as a geological sink

for CO.. However, knowledge of the meso- and macro-pavpeaties is still important as they
form channels for fluid transport in coal seamsl tlnus, may influence the kinetics of sorption

[14].

5.6.3

I nfluence of mineral matter in coal

The influence of ash yields, low temperature ashA(Lcontents and some mineral phases of

the coal samples on the g@H,4, and N sorption capacities of the samples is given iufgg

5.10. Both the ash yields from proximate analysid the LTA contents tend to give weak

opposite trends with irregular scatter pattern lamger correlation coefficients.
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These may suggest that the overall (total) minmatter contents (ash yields) of the samples,
although very important geological storage sitesteration in CCS value chain, with respect
to porosity, permeability, and containment; havé exhibited appreciable control on the
sorption capacities of the samples, under the ostuaeperimental conditions. It is worthy of
note that the sorption experiments were conduatedip (moisture-free) samples. In contrast,
appreciable mineral matter-gas reactions (espgd@ilreactive CQ) will be expected in the
presence of moisture (aqueous phase), under caal senditions, which may further be
enhanced by C&issolution by coal seam water [17]. With resged¢he mineral phases from
the LTA process, only pyrite and calcite gave ao@able trend where, the sorption capacities
increased with increasing pyrite and calcite cotstewhich may as well be related to the rank
differences of the coals. However, this observatwas more significant for C&orption data
with higher R, which may probably be attributed to the relatviigher reactivity of CQ@
compared with the other two adsobates. Althoughteralisation is an important aspect of £O
geological storage, this usually occurs in aquenedium or in the presence of moisture, over

geological time [20, 78-80], which was lacking unttee current experimental conditions.

5.7 Conclusions
The high pressure GOCHs, and N sorption properties of four South African bitumursacoals
were studied using HPGSS at 55 °C, up to 16 MPa.

= Generally, the maximum sorption capacity of thelseodth respect to the examined
adsorptives decreased in the orderCG@H: ~ N2 by weight, and C©> CHs > N20on

volume basis.

= The DR-HH model was found to describe the sorptwocesses better than the
modified Dubinin-Radushkevich (M-DR) model.

= The net heats of sorption of the samples were géineén the range: C® 12.1 — 12.8
kJ/mol; CH:: 9.9 — 10.6 kJ/mol; N2: 8.5 — 8.8 kd/mol (congisteith previous findings)
indicating that physisorption was the dominant 8orpprocess. The heat of sorption

was also found to relatively increase with incregsorption capacity and tends to be
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closely related to the adsorptive gases’ criticalpprties such as van der Waals’

attractive constants and polarisability.

= The proportionality constantg, determined from the DR-HH model were generally
low, indicating that the accessible volume of quathetrated by the adsorbate gases is
not very different to that penetrated by heliunanirthat it can be concluded that
processes such as swelling and imbibition weremahiduring the sorption process.
The proportionality constant tends to decrease witheasing vitrinite reflectancé.
was also found to be fairly peculiar to each caahgle and decrease from €0 Ny,

suggesting that C{penetrates more volume of the coals than botha@id N.

= For all three adsorbates, the maximum sorption aaea of the four investigated
samples decreased with increasing vitrinite reflecé (rank) and elemental carbon
content. The microlithotype (intermediate macerals)ndance of the samples was also

found to impact on the sorption capacity of the glas

= The micropore properties of the coal samples wauned to significantly influence the
sorption processes of the adsorbate more thanélsepore and macropore properties;
this supports the observation that the microporestee primary fluid storage locations

in coals.

= Critical properties of the adsorptive gases suctrifisal temperature, van der Waals’
attractive constant and molar polarisability inflaed the sorption properties of the

samples.

= Under the experimental conditions used in this\gtbdth the ash yields and mineral
matter contents of the samples gave wide and ilmeggatter, when correlated with
the sorption capacities of the samples. Only pyitd calcite were found to exhibit a

systematic trend to the sorption capacities oktraples.
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Nomenclature

Symbol Definition

% Qo Maximum sorption capacity, % weight of coal (db)
%Vo Maximum sorption capacity, % volume of coal (db)
a van der Waals attractive constant’(kibl’Pa)

D Affinity constant (-)

dp Pore diameter (A)

Es Characteristic heat of sorption (kJ/mol)

ESS Error sum of squares (-)

FSI Free swelling index (-)

k Proportionality constant (ml/g)

kgt Kilogram per tonne

m Molecular mass (g/mol)

Mmea Measured mass of adsorbate at a given predagire (
P Instantaneous experimental pressure (MPa)

Pc Critical pressure (MPa)

Ps Saturation vapour pressure at 55 °C (MPa)

Qo Maximum sorption capacity by weight (kgé)

Qexc Excess (Gibbs’) sorption (kg)

QOF Quiality of fit (%)

R Universal gas constant (J/mol.K)

RMS Root mean square (-)

Rr.% Vitrinite reflectance (%)

T Absolute temperature (K)

Te Critical temperature (K)

Vo Maximum sorption capacity by volume $aoa)

Veell Volume of sample cell (f

vol.% Volume percent (%)

Vsample Volume of sample (/)

wt.% Weight percent (%)

Z Compressibility factor (-)
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Greek symbols

Symbol

Definition

[y

=

Abbreviations

Acronym

Molar polarisability (criymol)
Affinity coefficient (-)

Net heat of sorption (kJ/mol)
Adsorbed phase density (kg/m3)
Adsorbate gas density (kg/m3).
Collision diameter (A)

Effective molecule diameter (A)

Kinetic diameter (A)

Definition

BET
BJH
CCS
CO Ads data
dafb

db

DR
DR-HH
H-K

HP

HP
HPGSS
ISO
LPGA
LTA
M-DR
MIP

mmb

Brunauer-Emmet-Teller method

Barrett-Joyner-Halenda method

Carbon capture and sequestration (or storage)

C@adsorption data
Dry ash free basis
Dry basis

Dubinin-Radushkevich isotherm model
Dubinin-Radushkevich/Henry law hybrid isatimeemodel

Horvath-Kawazoe method
Helium pycnometry

High pressure

High pressure gravimetric sorption system
International Organization for Standardisation

Low pressure gas adsorption

Low temperature ash

Modified Dubinin-Radushkevich isotherm model

Mercury intrusion porosimetry

Mineral matter basis
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N2 Ads data N adsorption data

SANS South African National Standards

SAXS Small angle X-ray scattering

WAXRD-CFA Wide angle X-ray diffraction — carbon &tgon analysis

241



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[1]

[2]

[3]

[4]

[5]

[6]

[7]

References

CUBASCH U, WUEBBLES D, CHEN D, FACCHINI MC, FRWME D, MAHOWALD

N, and WINTHER J-GJntroduction in Climate Change 2013: The Physical Science
Basis. Contribution of Working Group | to the Fifthssessment Report of the
Intergovernmental Panel on Climate Chan&éocker TF, Qin D, Plattner G-K, Tignor
M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V,daMidgley PM, Editors. 2013,
Cambridge University Press: Cambridge, New YorkAU®. 119-158.

JACOBSON MZ,Air pollution and global warming: history, sciencand solutions
2012, New York, USA: Cambridge University Press375.

DLUGOKENCKY E and TRANS PTrends in atmospheric carbon dioxiddOAA/
Earth Systems Research Laboratory (ESRL) 2016. Wwadated: 11th January, 2017

[Accessed: 1% January 2017]; Available fromvww.esrl.noaa.gov/gmd/ccgg/trends/

IPCC. 2005.IPCC special report on carbon dioxide capture andrage Metz B,
Davidson O, de Coninck HC, Loos M, and Meyer LAntbaidge, UK & New York,
USA: Intergovernmental Panel on Climate Change,e8anSwitzerland). Working

Group lll. p. 442https://www.ipcc.ch/pdf/special-reports/srccs/sradsolereport. pdf

SOLOMON S, PLATTNER G-K, KNUTTI R, and FRIEDLIGSTEIN P,Irreversible
climate change due to carbon dioxide emissiénseceedings of the National Academy
of Sciences, 2009.06(6):1704-1709http://dx.doi.org/10.1073/pnas.0812721106

IPCC. 2007. Climate Change 2007: Impacts, Adaptation and Vudbéity.
Contribution of Working Group Il to the Fourth Assenent Report of the
Intergovernmental Panel on Climate ChanBarry ML, Canziani OF, Palutikof JP, van
der Linden PJ, and Hanson CE. Cambridge, UK: CadgbriJniversity Press. p. 976.
https://www.ipcc.ch/pdf/assessment-report/ard/weRfag2 _full_report.pdf

SUBRAMONEY J, VAN WYK J, DITHUPE M, MOLAPO A, MHLANGU N, and
MORUMUDI R. 2009.Digest of South African energy statisti€setoria: Department
of Energy, Republic of South Africa. p. 73.
http://www.energy.gov.za/files/media/explained/2%7PDDigest%20PDF%20version.
pdf. 23-11-2013.

242



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

VILJOEN J, STAPELBERG F, and CLOETE M. 2010echnical report on the
geological storage of carbon dioxide in South Adrieretoria: Council for Geoscience.
p. 1-237. http://www.sacccs.org.za/wp-
content/uploads/2011/02/CO2%20Technical%20ReporthZ20the%20geological
%20storage%200f%20carbon%20dioxide%20in%20South%sR@Adf.

PREMLALL K, MABUZA M, and WAGNER N,Evaluating CQ Sorption Capacity of
a Number of South African (SA) Coal Types: Compazebtudy of the Different Coal
Properties at Incremental Pressures up to SupecalitPressuresEnergy Procedia,
2014.51:299-307 .http://dx.doi.org/10.1016/j.eqypro.2014.07.036

WHITE CM, SMITH DH, JONES KL, GOODMAN AL, JIKCH SA, LACOUNT RB,
DUBOSE SB, OZDEMIR E, MORSI BIl, and SCHROEDER KS$equestration of
Carbon Dioxide in Coal with Enhanced Coalbed Meth&ecovery- A Revielnergy
& Fuels, 200519(3):659-724 http://dx.doi.org/10.1021/ef04004 7w

SAKUROVS R, DAY S, WEIR S, and DUFFY @pplication of a modified Dubinin-
Radushkevich equation to adsorption of gases bisaoaler supercritical conditions.
Energy & fuels, 200721(2):992-997 http://dx.doi.org/10.1021/ef0600614

SAKUROVS R, DAY S, and WEIR Relationships between the critical properties of
gases and their high pressure sorption behaviorcoals. Energy & Fuels, 2010.
24(3):1781-1787nttp://dx.doi.org/10.1021/ef901238¢c

CUI X, BUSTIN RM, and DIPPLE GSelective transport of GOCHs, and N in coals:
insights from modeling of experimental gas adsorptdata.Fuel, 200483(3):293-303.
http://dx.doi.org/10.1016/j.fuel.2003.09.Q001

MORSE DG, MASTALERZ M, DROBNIAK A, RUPP JA, anHARPALANI S,
Variations in coal characteristics and their podsibmplications for CQsequestration:
Tanquary injection site, southeastern lllinois, USAternational Journal of Coal
Geology, 201084(1):25-38.http://dx.doi.org/10.1016/].coal.2010.08.001

PINIR, OTTIGER S, BURLINI L, STORTI G, and M&ZOTTI M, Sorption of carbon
dioxide, methane and nitrogen in dry coals at mgbssure and moderate temperature.

243



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

International Journal of Greenhouse Gas Control, 1020 4(1):90-101.
http://dx.doi.org/10.1016/}.ijggc.2009.10.Q19

CHABACK JJ, MORGAN WD, and YEE DS$orption of nitrogen, methane, carbon
dioxide and their mixtures on bituminous coals @situ conditions.Fluid Phase
Equilibria, 19961171-2):289-296http://dx.doi.org/10.1016/0378-3812(95)02965-6

DAY S, DUFFY G, SAKUROVS R, and WEIR Effect of coal properties on GO
sorption capacity under supercritical conditioriaternational Journal of Greenhouse
Gas Control, 2008(3):342-352 http://dx.doi.org/10.1016/S1750-5836(07)00120-X

GENSTERBLUM Y, VAN HEMERT P, BILLEMONT P, BATISTUTTA E, BUSCH
A, KROOSS B, DE WEIRELD G, and WOLF K-Hguropean inter-laboratory
comparison of high pressure @@®orption isotherms Il: Natural coaldnternational
Journal of Coal Geology, 2010. 84(2):115-124.
http://dx.doi.org/10.1016/j.coal.2010.08.013

OZDEMIR E, MORSI BI, and SCHROEDER KO, adsorption capacity of argonne
premium coals. Fuel, 2004. 83(7-8):1085-1094.
http://dx.doi.org/10.1016/].fuel.2003.11.Q05

WEISHAUPTOVA Z, RIBYL O, SYKOROVA |, and MACHOVL V, Effect of
bituminous coal properties on carbon dioxide andhaee high pressure sorptioRuel,
2015.139115-124 http://dx.doi.org/10.1016/j.fuel.2014.08.030

DAY S, SAKUROVS R, and WEIR SS$upercritical gas sorption on moist coals.
International Journal of Coal Geology, 2008. 74(3):203-214.
http://dx.doi.org/10.1016/].coal.2008.01.003

MENG Y and LI Z,Experimental study on diffusion property of methgas in coal
and its influencing factors. Fuel, 2016. 185219-228.
http://dx.doi.org/10.1016/|.fuel.2016.07.119

NIE B, LIU X, YUAN S, GE B, JIAW, WANG C, an@HEN X, Sorption charateristics
of methane among various rank coals: impact of tnmesAdsorption, 201622(3):315-
325.http://dx.doi.org/10.1007/s10450-016-9778-9

244



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

OKOLO GN, EVERSON RC, NEOMAGUS HWJP, ROBERTS Mind SAKUROVS
R, Comparing the porosity and surface areas of coaessured by gas adsorption,
mercury intrusion and SAXS techniquesFuel, 2015. 141293-304.
http://dx.doi.org/10.1016/j.fuel.2014.10.046

OKOLO GN, NEOMAGUS HWJP, EVERSON RC, ROBERTSJMBUNT JR,
SAKUROVS R, and MATHEWS JRChemical—structural properties of South African
bituminous coals: Insights from wide angle XRD—-carlraction analysis, ATR-FTIR,
solid state *C NMR, and HRTEM techniquesFuel, 2015. 158779-792.
http://dx.doi.org/10.1016/).fuel.2015.06.Q027

ISO 7404-2:2009Methods for the petrographic analysis of coals.tParMethods of
preparing coal sample009, International Organisation for StandardisatGeneva,
Switzerland. p. 12.

ROBERTS MJ, EVERSON RC, NEOMAGUS HWJP, VAN MERK D, MATHEWS
JP, and BRANKEN DJinfluence of maceral composition on the structymperties
and behaviour of chars derived from South Africavals. Fuel, 2015.1429-20.
http://dx.doi.org/10.1016/j.fuel.2014.10.Q33

ISO 7404-5:2009Methods for the petrographic analysis of coals. tFarMethod of
determining microscopically the reflectance of imite. 2009, International

Organisation for Standardisation: Geneva, Switrerl@. 14.

ISO 11760:2005,Classification of coals 2005, International Organisation for

Standardisation: Geneva. p. 9.

ISO 7404-3:2009Methods for the petrographic analysis of coals. tFarMethod of
determining maceral group compositior2009, International Organisation for
Standardisation: Geneva, Switzerland. p. 7.

ISO 7404-4:1998Methods for the petrographic analysis of bituminawgal and
anthracite- Part 4. Method of determining microbtigpe, carbominerite and minerite
composition1998, International Organisation for StandarisatGeneva, Switzerland.

p. 6.

245



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

WARD CR, Analysis and significance of mineral matter in ceahmsInternational
Journal of Coal Geology, 200A0(1-4):135-168.http://dx.doi.org/10.1016/S0166-
5162(02)00117-9

SAKUROVS R, FRENCH D, and GRIGORE Muantification of mineral matter in
commercial cokes and their parent codigernational Journal of Coal Geology, 2007.
72(2):81-88.http://dx.doi.org/10.1016/j.coal.2006.12.009

GRIGORE M, SAKUROVS R, FRENCH D, and SAHAJWAALV, Mineral matter in
coals and their reactions during cokiniternational Journal of Coal Geology, 2008.
76(4):301-308 http://dx.doi.org/10.1016/j.coal.2008.08.013

MATJIE RH, LI Z, WARD CR, BUNT JR, and STRYDOMA, Determination of

mineral matter and elemental composition of indraldnacerals in coals from Highveld
mines.The Journal of The Southern African Institute ahMg and Metallurgy, 2016.
116:1-12.http://dx.doi.org/10.17159/2411-9717/2016/v116n2a8

GASPARIK M, REXER TFT, APLIN AC, BILLEMONT P,DE WEIRELD G,
GENSTERBLUM Y, HENRY M, KROOSS BM, LIU S, MA X, SAKROVS R,
SONG Z, STAIB G, THOMAS KM, WANG S, and ZHANG TRirst international
inter-laboratory comparison of high-pressure £KLO, and GHe sorption isotherms
on carbonaceous shalemternational Journal of Coal Geology, 201482131-146.
http://dx.doi.org/10.1016/j.coal.2014.07.010

SAKUROVS R, DAY S, and WEIR SCauses and consequences of errors in
determining sorption capacity of coals for carboeoxide at high pressurdnternational
Journal of Coal Geology, 20009. 77(1):16-22.
http://dx.doi.org/10.1016/j.coal.2008.07.001

DREISBACH F, STAUDT R, and KELLER JWHigh Pressure Adsorption Data of
Methane, Nitrogen, Carbon Dioxide and their Binand Ternary Mixtures on Activated
Carbon.Adsorption, 19995(3):215-227 http://dx.doi.org/10.1023/a:1008914703884

SAKUROVS R, DAY S, WEIR S, and DUFFY Gemperature dependence of sorption
of gases by coals and charcoalsternational Journal of Coal Geology, 2008(3-
4):250-258 http://dx.doi.org/10.1016/j.coal.2007.05.001

246



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

WOOD GO Affinity coefficients of the Polanyi/Dubinin adstigm isotherm equations:
A review with compilations and correlationsgCarbon, 2001.39(3):343-356.
http://dx.doi.org/10.1016/S0008-6223(00)00128-7

CEROFOLINI GF,The Dubinin-Radushkevich Equation: History of a Iftemn and
Perspectives for a Theqgriy Colloid Science: Volume 4 (Specialist Periodicap&ys)

Everett DH, Editor. 1983, The Royal Society of Clsny: London. p. 59-83.
http://dx.doi.org/10.1039/9781847555861-00059

FREEMAN EM, SIEMIENIEWSKA T, MARSH H, and RANIB, A critique and
experimental observations of the applicability tienmporosity of the Dubinin equation
of adsorptionCarbon, 19708(1):7-17.http://dx.doi.org/10.1016/0008-6223(70)90124-
7.

ASTASHOV AV, BELYI AA, and BUNIN AV, Quasi-equilibrium swelling and
structural  parameters  of coals. Fuel, 2008. 87(15-16):3455-3461.
http://dx.doi.org/10.1016/).fuel.2008.04.Q027

ZANG J, WANG K, and ZHAO YEvaluation of gas sorption-induced internal sweglin
in coal. Fuel, 2015143165-172 http://dx.doi.org/10.1016/j.fuel.2014.11.Q07

DAY S, FRY R, SAKUROVS R, and WEIR Swelling of coals by supercritical gases
and its relationship to sorption.Energy & Fuels, 2010.24(4):2777-2783.
http://dx.doi.org/10.1021/ef901588h

REUCROFT P and SETHURAMAN A:ffect of pressure on carbon dioxide induced
coal swelling. Energy & Fuels, 1987. 1(1):72-75.
http://dx.doi.org/10.1021/ef00001aQ13

GOODMAN A, BUSCH A, DUFFY G, FITZGERALD J, GABM K,
GENSTERBLUM Y, KROOSS B, LEVY J, OZDEMIR E, and PARl An inter-
laboratory comparison of C&sotherms measured on Argonne premium coal samples
Energy & Fuels, 2004.8(4):1175-1182http://dx.doi.org/10.1021/ef034104h

LARSEN JW, The effects of dissolved @n coal structure and properties.
International Journal of Coal Geology, 2004. 57(1):63-70.
http://dx.doi.org/10.1016/].coal.2003.08.001

247



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

DABROWSKI A, Adsorption - from theory to practicdddvances in Colloid and
Interface  Science, 2001.93(1-3):135-224. http://dx.doi.org/10.1016/S0001-
8686(00)00082-8

EVERSON RC, OKOLO GN, NEOMAGUS HWJP, and DOSNIOS J-M, X-ray
diffraction parameters and reaction rate modelilng §asification and combustion of
chars derived from inertinite-rich  coals. Fuel, 2013. 109148-156.
http://dx.doi.org/10.1016/j.fuel.2012.12.043

OKOLO GN, The effects of chemical and physical propertieshafrs derived from
inertinite-rich, high ash coals on gasification m#n kineticsin School of Chemical &
Minerals Engineering2010, North-West University: Potchefstroom, SoAthca. p.
278.http://hdl.handle.net/10394/4890

EVERSON RC, NEOMAGUS HWJP, KAITANO R, FALCON,RAN ALPHEN C,
and DU CANN VM, Properties of high ash char particles derived frorartinite-rich
coal: 1. Chemical, structural and petrographic cheteristics. Fuel, 2008.87(13-
14):3082-3090nttp://dx.doi.org/10.1016/j.fuel.2008.03.024

EVERSON RC, KOEKEMOER A, BUNT JR, NEOMAGUS HWJand SCHWARZ

C, Detailed characterization of South African high erial matter inertinite-rich coals

and density fractions and effect on reaction ratggh carbon dioxide: macerals,
microlithotypes, carbominerites and mineraSouth African Journal of Chemical
Engineering, 201318(1):1-16.

HLATSHWAYO TB, MATJIE RH, LI Z, and WARD CR, Mineralogical
Characterization of Sasol Feed Coals and CorrespondGasification Ash
Constituents. Energy & Fuels, 2009. 23(6):2867-2873.
http://dx.doi.org/10.1021/ef8010806

SENEL IG, GURUZ AG, YUCEL H, KANDAS AW, and SAROFIM AF,
Characterization of Pore Structure of Turkish Cod&lsergy & Fuels, 2001.5(2):331-
338.http://dx.doi.org/10.1021/ef000081k

WALKER PL, Microporosity in Coal: Its Characterization and #tsiplications for Coal

Utilization. Philosophical Transactions of the Royal SocietyLohdon. Series A,

248



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Mathematical and Physical Sciences, 1981. 300(1453):65-81.
http://dx.doi.org/10.1098/rsta.1981.0048

BERGINS C, HULSTON J, STRAUSS K, and CHAFFEHR,AVechanical/thermal
dewatering of lignite. Part 3: Physical propertiaad pore structure of MTE product
coals.Fuel, 200786(1):3-16.http://dx.doi.org/10.1016/).fuel.2006.06.019

RADLINSKI A, MASTALERZ M, HINDE A, HAINBUCHNER M, RAUCH H,
BARON M, LIN J, FAN L, and THIYAGARAJAN P Application of SAXS and SANS
in evaluation of porosity, pore size distributiondasurface area of coalnternational
Journal of Coal Geology, 2004. 59(3-4):245-271.
http://dx.doi.org/10.1016/j.coal.2004.03.002

WARD CR, TAYLOR JC, MATULIS CE, and DALE LSQuantification of mineral
matter in the Argonne Premium Coals using interatiRietveld-based X-ray
diffraction. International Journal of Coal Geology, 200M46(2-4):67-82.
http://dx.doi.org/10.1016/S0166-5162(01)00014-3

PINETOWN KL, WARD CR, and VAN DER WESTHUIZEN W, Quantitative
evaluation of minerals in coal deposits in the \Afitk and Highveld Coalfields, and the
potential impact on acid mine drainageternational Journal of Coal Geology, 2007.
70(1-3):166-183nttp://dx.doi.org/10.1016/j.coal.2006.02.013

SAKUROVS R, DAY S, and WEIR Relationships between the sorption behaviour of
methane, carbon dioxide, nitrogen and ethane onlscdauel, 2012.97:725-729.
http://dx.doi.org/10.1016/].fuel.2012.03.014

AIR LIQUIDE. Physical Properties of gasedir Liquide Gas Encyclopedia. 2017.
[Accessed: 18th January 2017]; Available frartips://encyclopedia.airliquide.com

MILLER TM, Atomic and Molecular Polarizabilitiesn CRC Handbook of Chemistry
and Physics 90th Edition (CD-ROM version 2010). Lide DR, Eiit 2010, CRC
Press/Taylor and Francis: Boca Raton, FL., USOpl93 - 10-202.

DILLER DE, The Clausius-Mossotti functions (molar polarizaieg) of pure
compressed gaseous and liquid methane, ethaneapeputanes, and nitrogen.
Cryogenics, 197414(4):215-216 http://dx.doi.org/10.1016/0011-2275(74)90191-X

249



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

SHIEH J-J and CHUNG TSGas permeability, diffusivity, and solubility of lyp@!-
vinylpyridine) film. Journal of Polymer Science Part B: Polymer Physk$99.
37(20):2851-2861. http://dx.doi.org/10.1002/(SICI)1099-
0488(19991015)37:20<2851::AID-POLB5>3.0.CO;2-U

THOMMES M, Physical adsorption characterization of nanoporouaterials.Chemie
Ingenieur Technik, 201@2(7):1059-1073http://dx.doi.org/10.1002/cite.201000064

POLANYI M, Section lll.-Theories of the adsorption of gasegeferal survey and
some additional remarks. Introductory paper to sectll. Transactions of the Faraday
Society, 193228:316-333.http://dx.doi.org/10.1039/TF9322800316

DUBININ MM, The potential theory of adsorption of gases ancovaor adsorbents
with energetically nonuniform surface€hemical Reviews, 196060(2):235-241.
http://dx.doi.org/10.1021/cr60204aQ06

DEGANCE AE, MORGAN WD, and YEE DHligh pressure adsorption of methane,
nitrogen and carbon dioxide on coal substratésid Phase Equilibria, 19982:215-
224.http://dx.doi.org/10.1016/0378-3812(93)87146-R

SUDIBANDRIYO M, PAN Z, FITZGERALD JE, ROBINSONRL, and GASEM
KAM, Adsorption of Methane, Nitrogen, Carbon Dioxidedadrheir Binary Mixtures
on Dry Activated Carbon at 318.2 K and Pressuresaift3.6 MPa.Langmuir, 2003.
19(13):5323-5331http://dx.doi.org/10.1021/1a020976k

MOELLMER J, MOELLER A, DREISBACH F, GLAESER Rnd STAUDT RHigh
pressure adsorption of hydrogen, nitrogen, carbaxide and methane on the metal—
organic framework HKUST-IMicroporous and Mesoporous Materials, 201381—
3):140-148http://dx.doi.org/10.1016/].micromeso0.2010.09.013

ZHANG D-F, CUI Y-J, LIU B, LI S-G, SONG W-L,rad LIN W-G, Supercritical Pure
Methane and C® Adsorption on Various Rank Coals of China: Expenis and
Modeling. Energy & Fuels, 2011. 25(4):1891-1899.
http://dx.doi.org/10.1021/ef101149d

STOUT SA, Chemical heterogeneity among adjacent coal midrotigpes -

implications for oil generation and primary migrati from humic coalGeological

250



Chapter 5 High pressure GACHs;, and N sorption experiments: Results and discussion

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Society, London, Special Publications, 1994. 77(1):93-106.
http://dx.doi.org/10.1144/GSL.SP.1994.077.01.05

O'KEEFE JMK, BECHTEL A, CHRISTANIS K, DAI S, MICHELE WA, EBLE CF,
ESTERLE JS, MASTALERZ M, RAYMOND AL, VALENTIM BV, WAGNER NJ,
WARD CR, and HOWER JQQn the fundamental difference between coal rank and
coal type. International Journal of Coal Geology, 201311858-87.
http://dx.doi.org/10.1016/j.coal.2013.08.007

HAN F, BUSCH A, KROOSS BM, LIU Z, VAN WAGENINGN N, and YANG J,
Experimental Study on Fluid Transport ProcessethenCleat and Matrix Systems of
Coal. Energy & Fuels, 201®24(12):6653-6661http://dx.doi.org/10.1021/ef100165w

ZHAO J, XU H, TANG D, MATHEWS JP, LI S, and TAS,Coal seam porosity and
fracture heterogeneity of macrolithotypes in thenelaeng Block, eastern margin, Ordos
Basin, China. International Journal of Coal Geology, 201615918-29.
http://dx.doi.org/10.1016/j.coal.2016.03.019

BERKOWITZ B, Characterizing flow and transport in fractured gegical media: A
review. Advances in Water Resources, 2002.25(8-12):861-884.
http://dx.doi.org/10.1016/S0309-1708(02)00042-8

MIRI R and HELLEVANG H, Salt precipitation during CO2 storage—A review.
International Journal of Greenhouse Gas Control, 1620 51:136-147.
http://dx.doi.org/10.1016/j.ijggc.2016.05.015

GEERLINGS H and ZEVENHOVEN RZO; Mineralization - Bridge Between Storage
and Utilization of CQ. Annual Review of Chemical and Biomolecular Engiieg
2013.4(1):103-117 http://dx.doi.org/10.1146/annurev-chembioeng-062080951

ROMANOV V, SOONG Y, CARNEY C, RUSH GE, NIELSER, and O'CONNOR
W, Mineralization of Carbon Dioxide: A Literature Rew. ChemBioEng Reviews,
2015.2(4):231-256 http://dx.doi.org/10.1002/cben.201500002

251



Chapter 6 Conclusion

Chapter 6

6.0 Conclusion

6.1 Introduction

The CQ, CHs, and N sorption properties of South African bituminousisorelevant for Ce
sequestration in unmineable coal seams, as cardgkdlogical storage site have been
investigated. Four coal samples from undergrourad seams of the Highveld, Witbank and
Tshipise-Pafuri coalfields were used in the studye coal samples were rigorously
characterised using both conventional and advaanatjtical techniques. GOCHs, and N
sorption experiments were conducted on the dry saralples at 55 °C, up to 16 MPa pressure.
CO,, CH4, and N sorption isotherms were constructed from the tegutiata and the sorption

properties of the samples including the maximurptson capacities with respect to the studied
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adsorptive gases were determined. A hybrid isotheodel was developed and fitted to the

experimental data. Sorption properties of the saahples were also correlated with both the

coal and adsorptive gases’ properties to deterfacters impacting the gas storage process.

6.2

Concluding summary

The main findings from this thesis are:

1.

2.

Standard and advanced analytical techniques weessfully applied in the detailed
characterisation of the chemical, petrographic,spia)- and chemical- structural
properties and the mineralogy of four bituminousit8oAfrican coals. Three of the
coals (FOZ, DEN, and OGS) were bituminous mediunk @ (0.63 — 0.69 Rr.%),
while coal TKD was bituminous medium rank B (1.20.9%). The effective PSD
analysable by gas adsorption (€&hd N) and MIP with regard to this study are: 3 A
<dp<5Afor CQ LPGA; 17 A<d, <500 A for N LPGA; and 30 A< d, < 600,000

A for MIP. These show that the ranges of poresssarmlysed significantly depend on
the equipment and technique used. SAXS analysigouasl to return higher values of
surface area and porosity than any of the threeratiethods used in this study, as
SAXS technique probes a wider pore size distribuf(lSD) range in coal and covers
PSD in the range: 5 & d, < 17 A, not captured by the other three standardhouist
Coal compressibility effect due to mercury intrusiat high pressures accounted for
20-25% of the recorded surface area, porosity and polume of coals from MIP

measurements.

Aromaticity of the coals increases with increasiitgnite reflectance of the samples
from both solid staté>C NMR and WAXRD-CFA data. Qualitative ATR-FTIR show
that the higher ranked coal TKD contained greateounts of polyaromatic moieties
and longer chains of saturated aromatic hydrocartitam the other samples, and these
increase with increasing vitrinite reflectance. Btite fraction of amorphous carbon
and the index of disorder were found to correlatdl with the aromaticity of the
samples, and decreases with increasing Rr.%. HRi&Ade analysis revealed that
the aromatic fringe length of the coals increasis inucreasing vitrinite reflectance of
the samples, and greater preferential alignmefiirajes was observed for the higher

ranked coal TKD. The average number of aromaticaras per cluster determined from
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solid state™*C NMR analysis was also higher for coal TKD, congplwith the three
other iso-ranked coals, which is consistent wiuhs obtained from WAXRD-CFA,
ATR-FTIR and HRTEM analyses.

3. Data from both WAXRD-CFA and HRTEM image analydi®w that the three lower
rank coals are structurally less well-ordered than higher rank coal TKD, while
crystallite heightlc, relatively increased with increasing coalificatiavhile crystallite
diameterLa, remains fairly constant across the coal ranksis@acted rose diagrams
from HRTEM data reveals that the aromatic fringéshe coals tend to be more

strongly aligned with increasing maturity of thergdes.

4. There is a good agreement between results WAXRD;GBAd staté*C NMR, and
HRTEM. It has been demonstrated for the coals sesngkamined in this study, that
vitrinite reflectance impacted more on the physieald chemical-structural properties

of the samples than maceral compositions.

5. Kaolinite and quartz were the most abundant misenadll four coals examined in this
study using low temperature oxygen-plasma ashed®)WWAXRD analysis. These
results corroborated the carbominerite and minetdéa from the microlithotype
analysis of the coals.

6. High pressure C& CHs, and N sorption experiments were conducted at operational
conditions (55 °C and up to 16 MPa) simulatingitm-sonditions in coals seams using
a gravimetric sorption facility. Results from thertion experiments show that the
maximum sorption capacity of the coals ranged f&inY — 86.9 kgéba, db by weight
(20.7 — 44.2 Mitcoa, db by volume) for C@ 10.1 — 18.1 kgdta, db by weight (14.20.7
— 44.2 niltcoa, db by volume) for Clj and 10.4 — 21.7 kgéty, db by weight (8.3 — 17.4
m3/tcoa, db by volume) for M These show that the coal samples can store dite
8.7% of CQ, 1.0 — 1.8% of CH4, and 1.0 — 2.2 % of idlative to its weight at the
experimental conditions. With respect to the ingeded adsorptive gases, the
maximum sorption capacities of the samples genedatreased in the order: €0
CHs= N2 by weight, and C&> CHs = N2 on volume basis. The GACH2:N2 maximum
sorption capacity ratios ranged from 4.6:1:1 taBBon weight basis, and between
2.9:1.8:1 and 2.5:1.7:1 by volume.
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7. The DR-HH model was found to describe the sorptwocesses better than the
modified Dubinin-Radushkevich (M-DR) model. The retat of sorption of the
samples were generally in the range:>CI2.1 - 12.8 kJ/mol; Ck 9.9 - 10.6 kJ/mol;
N2: 8.5 - 8.8 kJ/mol (consistent with previous fingsh indicating that physisorption
was the more dominant sorption mechanism, whilatis®rptives are store in the pores
by structural or capillary trapping mechanism. Heat of sorption was also found to
relatively increase with increasing sorption capaand tend to be closely related to
the gases’ critical properties such as van der WWaaitractive constants and

polarisability.

8. The proportionality constank, determined from the DR-HH isotherm model were
generally low indicating that the accessible volwheoal penetrated by the adsorptive
gases is not very different to that penetrated ddjuim, from that it can be concluded
that processes such as swelling and imbibition wenm@mal during the sorption
process, and decreases with increasing vitrinifeeatance. The proportionality
constantk, was also found to be fairly peculiar to each cgmhples and relatively
decreases in the order: €® CHs > Np, suggesting that COpenetrates more volume
of the coals than both Grnd N.

9. For all three adsorptives, the maximum sorptionacéjes of the four investigated
samples decreased with increasing vitrinite reflecé (rank) and elemental carbon
content. The microlithotype (intermediate macerals)ndance of the samples was also
found to impact the sorption capacity of the samplée micropore properties of the
coal samples were found to significantly influeribe sorption processes of the
adsorptives more than the mesopore and macropagemies; this supports the
observation that the micropores are the primaig #torage locations in coals. Hence,
micropore properties of coals can give insightiiibrmation on the storage capacities

of coal seams as candidate geological site for €&Questration.

10.Critical properties of the gases such as critiealgerature, van der Waals’ attractive
constant and molar polarisability influenced thepson properties of the samples.

Under the experimental conditions used in thisystadly pyrite and calcite were found
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to exhibit a systematic trend with the sorptionazafes of the samples, which arguably

may be related to the rank of the samples.

6.3  Contributions to the knowledge base of coal srice and technology

The main contributions of this study to the knowgedase of coal science and technology is

presented in this section:

1. Significant insight and understanding of the pdsosi coals has been highlighted in
this study. This study has demonstrated that bectnesdifferent techniques used to
probe the surface areas and porosity propertiesals are restricted to different pore
size ranges one technique is insufficient to coteplalescribe the porosity properties
of coal. While CQ LPGA examines the micropore properties, theLRGA is more
suited for the analyses of the mesopore propedias the MIP measurements can be
used to study the macropore features of the caath&more, SAXS analytical
technique, which was used to study these coalthéofirst time, returned higher values
than the sum of values from the three other wideslkgd techniques, arising from the
fact that SAXS methods probe a wider range of pagsvell as pores not penetrated

using the other methods.

2. Because coal is compressible, especially at highsure, the compressibility effect due
to mercury intrusion at high pressure was also destnated in this study to account for
20 — 25% of reported surface areas and pore votlumiag MIP measurements. This
will introduce huge systematic error or uncertaimythe reported data from MIP if
uncorrected. Methods of determining and corredtimghis compressibility effect has

also been detailed in the study.

3. The chemical structural properties of coal has belesidated in this study using
various advanced analytical tools including WAXRIBA; solid staté*C NMR, ATR-
FTIR, and HRTEM. Significant preferential alignmemas observed for the carbon

crystallites which increases with increasing vitameflectance (rank).
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4. The similarities of the physical- and chemical-stanal properties of the bituminous
medium rank C (iso-rank) coals examined in thidgtoriginating from both the
Highveld and the Witbank coalfields indicate thet Permian-aged coals of these two
coalfields are of similar maturity, which is entyedifferent from that of the
Tshikondeni sample. The vitrinite reflectance omkraf the samples significantly
influenced the both the physical- and chemicalestmal properties of the samples than

maceral compositions or abundance.

5. For the first time, the C& CHs, and N sorption properties of sample from the
underground coal seams of South African has beagthest at supercritical conditions
similar to in-situ coal seam conditions at 55 °@ amp to 16 MPa. Previous studies
although limited to only two studies [1, 2], haveeh conducted at < 27 °C and 35 °C
and at maximum pressures of 6 MPa and 8.5 MPactgply. While the former [1]
represented subcritical conditions with regardsC©,, the later [2] got up to
supercritical conditions, but reported increasing@ @xcess sorption with increasing
pressure up to 8 MPa. This may be due to unceytairthe saturation vapour pressure
used in their calculations or due to errors in cealume or density during the

experiments.

6. The coal samples examined were found to be allleltbup to 4.1 — 8.7% C0O1.0 —
1.8% CH, and 1.0 — 2.2 % Nrelative to their weights. With respect to theethr
adsorptive gases studied, sorption capacitieseofdimples decreased in the order> CO
> CHs = N2 by weight and C@> CHs > N2 by volume.

7. Coal properties such as rank characterised by ithaite reflectance of the samples
and the intermediate maceral (microlithotype) alamoe impacted the sorption
capacities of the samples, while maceral compesiiad abundance did show a
systematic trend with the sorption capacities ef sample in all three adsorptives. It
has also demonstrated that the critical properieshe gases, especially molar
polarizability and van der Waal’s attractive comstafluenced the sorption properties

of the samples.

8. Results from this work can be used as a roughlative estimate of the CGstorage

capacities and the CBM contents of the bituminooal seams of South Africa,
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6.4

assuming 100% C£pr CH; saturation of the coal seams. However, other factoch

as storage efficiency factor, and displacementieficies (vertical, horizontal, and
gravitational) need to be considered for a moreua@te assessment on a coal seam
scale.

Recommended future research

Following the finding reported in this thesis, flldlowing are recommended as value-added

future research directions.

Investigation further a wider range of coals ofieas ranks that will include semi-
anthracites and anthracites. Results from such watesty in coal rank can help
develop a predictive model for the sorption capesibf South African coals, and
further help in identifying parameters that sigraftly influenced the sorption
properties of the samples.

. The experiments conducted in this study were uaflert on dry coal samples. It will

be necessary to determine high pressure sorptloavimir of the moisture-equilibrated
samples, as this is more representative of thétunesndition in underground coal

seams.

. Apart from adsorption experimentations, desorpégperiment can be carried out on

the coal samples and other samples from South &kfrapalfields to ascertain if all
adsorbed species are fully desorbed and thus, leet@lguantify imbibition and or

dissolution of some gases into coal.

. Studies on the volumetric swelling of these coalshe presence of these adsorptive

gases at high pressure need to be undertaken mifgiithe magnitude of swelling, if
any, on these coals and its influence on both dhgtisn capacities and the bulk fluid

transport processes and permeability within thé seam.

It may be necessary to design and conduct expetawath the necessary volumetric
and gravitational stress and strain often expeeeéni real injection scenarios in coal
seams and study the possibility of permeability dgenwith increasing injection

pressure.
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6. Design and conduction of high pressure sorptioregrpents on these coals at varying

temperatures to study the kinetics of the sorppimtess and the impacting factors.

7. The vast characterisation data (Chapters 3 andsiy@from this thesis can be used to
construct a coal model and possibly, simulate tpgessure sorption of the three
investigated gases on the coal models. These sesatt be compared with and / or

validated with the experimental data and can bd tig#her for predictive purposes.
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Appendices

Appendix A: Supplementary data on the petrographigroperties of the
coal samples.

Appendix A-1: Coal vitrinite and maceral scan randm reflectance
histograms of the coal samples.

The histograms of the random reflectance readisgd to determine the vitrinite and maceral

reflectance of the coal samples are presentedjuré€s A-1 and A-2.
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Figure A-1: Coal vitrinite random reflectance higtams of the coal samples.
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Appendix B: Supplementary data on Sample Charactesation I:
Physical-structural properties of the coal samples.

Appendix B-1: BET Surface area of samples from C&LPGA

The BET surface area plots used to determine theBED surface areas of the samples are
given in Figure B-1, following the method propodsdBrunauer et al. [3], with correlation
coefficients, R< 0.98. The Robtained from the BET surface area plots were tahan the

R? returned by the D-R method [4], with relativelyder scatter than the D-R transformed plot
presented in Figure 3.2, Section 3.4.2.1. The tieguBET surface areas of the samples are
presented in Table B-1.

0.0030 4 #Coal TKD; R*=0.9777 |
Coal OGS; R? = 0.9827
0.0025 A ¢ Coal FOZ; R*=0.9777 |

# Coal DEN; R* =0.9813 |

? 0.0020 -
S 0.0015 -
0.0010 -
0.0005 -
0.0000 ( r T T T T T
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Relative Pressure (P/P)
Figure B-1: CQ BET surface area plots of the coal samples.
Table B-1: BET surface area of coal samples from OEGA
CO:2 BET surface area
Method / Sample ID Method used  Coal DEN Coal FOZ 0al®GS Coal TKD
BET surface area (f) BET 853 88.0x3 776 %2 705+2
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It is clear from Table B-1 that the BET surfaceasrbased on multi-layer adsorption on flat
regular surfaces [3], are substantially lower thi@nD-R surface areas reported in Table 3.2,
Section 3.4.2.1, based on Dubinin’s theory of vaitling of micropores (TVFM) [4-6] and
the Polanyi’s potential theory [7]. Thus, the Dg®therm model is more suited in describing
the micropore properties of relatively highly mipomous coals than the BET isotherm model
[8-12].

Appendix B-2: SAXS diffractograms of the raw and denineralised coal
samples

The double logarithmic plots of the SAXS data @& thw coal and demineralised coal samples

are shown in Figure B-2.
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Figure B-2: Double logarithmic plots of the SAXSalaf both the raw and demineralised
coal samples.
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The summary of the SAXS-determined physical stmattproperties of the coal and the
subsequent demineralised coal samples are reporfeable 3.3, Section 3.4.2.4 and in the
published report of Okolo et al. [8].

Appendix B-3: Graphical comparison of the surface eeas and porosity
properties of the coal samples determined from SAXSCO»-
and N>- LPGA, and MIP.

Graphical comparisons of the surface areas andsipprproperties of the coal samples

determined from SAXS data and the results obtafireed three other conventional techniques

(COz- and N-LPGA and MIP). Compared data were collated frorhl@s 3.2 and 3.3, Section

3.4.2. It should be noted that compared SAXS daeevibased on the results from the raw

coals. These comparisons are presented in Fig@résBrface areas) and Figure B-4 (porosity

SAXS DEN Coal DEN SAXS FOZ Coal FOZ SAXS OGS Coal OGS SAXS TKD Coal TKD
Sample ID

properties).
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60

40

20

mSAXS data @ CO, Ads HN, Ads u MIP

Figure B-3: Graphical comparison of the surfacasuetermined from SAXS and the other
three standard methods.
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Figure B-4: Comparison plots of the porosity resfibm extrapolated SAXS data and the
other techniques.
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Appendix C: Supplementary data on Sample Charactesation II:
Chemical-structural properties of the coal samples.

Appendix C-1: Graphical comparison of the aromaticty of the coal samples
obtained from WAXRD-CFA and solid state’*C NMR.

1.0

E@ss *"CNMR ®&WAXRD-CFA
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Aromaticity, £, (-)

I
()
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FOZ (0.63) DEN (0.65) OGS (0.69) TKD (1.2)

Sample ID (Vitrinite reflectance, Rr%)

Figure C-1: Graphical comparison of the samplesiraaticity determined from WAXRD-
CFA and solid stat®C NMR analyses.

Appendix C-2: Detailed algorithm for HRTEM image processing using
Photoshop CS5 and IPTK 5.0 plug-in.

Following the method proposed by Sharma et al.,[@3]etailed algorithm for the HRTEM
image analysis was developed on the platform ofb&dehotoshop CS5 in combination with
an image processing tool kit (IPTK 5.0) plug-ind®ped by Reindeer Graphics, USA). The
detailed algorithm is presented in Figure C-2, witl relevant processed image obtained at
every step of the image processing for coal TKBufmarised algorithm was given in Figure
4.9, Section 4.4.3.4.

268



Appendices

Open image in Adobe PS
CSS5 and convert to
grayscale

Identify region of interest (ROI). Crop

| ROI and set size in pixel or metric.

Perform FFT Forward
Filters == IP Fourier = FFT Forward

Filtering
IP Fourier === Generate Filters === Ideal Inverse

Invert (Image =P Invert)
Apply Filter & FFT Inverse

¥

Resulting image

satisfactory to proceed?

Bi-level Thresholding (IP Threshold)
Invert image

-

Conditional Smoothening (IP Process)
Binary image thresholding

Skeletonisation
Skeletonise & Trim Branches

Select Segments and colour by fringe
length

1

Resulting image from each step

Skeletonised image
satisfactory?

resulting data

< sip__ >

Figure C-2: Detailed algorithm for HRTEM fringe ig@processing for coal TKD micrograph.

/ Save processed images and /
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Appendix C-3: Distribution of aromatic fringe lengths in the coal samples
from HRTEM fringe image analysis.
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Figure C-3: Distribution of aromatic fringe lengtinsthe coal samples from HRTEM fringe

image analysis
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Appendix C-4: Distribution and contribution of HRTE M aromatic fringes to

the average molecular weight of the coal samples.

80

Molecular weight ranges of individual aromatic rafts (amu)

# Coal DEN
# Coal FOZ
u Coal OGS
# Coal TKD

Figure C-4: Contribution of individual molecular \gbts of aromatic fringes to the overall
average molecular weights of the aromatic fringet® samples from HRTEM image

analysis.
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Appendix C-5: Comparison of the average molecular eight of the coal
samples determined from HRTEM image analysis and $id
state3C NMR spectroscopy.
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Figure C-5: Comparison of the aromatic fringe agermolecular weight of the samples
determined from HRTEM and solid stdf€ NMR analyses.
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