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ABSTRACT

Due to the continued dominance of fossil fuels liobgl industry, CQ capture
and geological storage (CCS) is a vital technologgfforts to combat climate
change. Capture technologies are implemented tdyp@O, streams from
industrial sources, and these streams are injeldted underground in specialised
geological storage media. However, impurity gasadc still comprise greater
than 5% of the captured stream and be co-stordd twt CQ. The presence of
impurities underground could be detrimental or liers to CO, storage; but as

yet, the influence of many impurities is unclear.

Coal seams, which have been classified as ‘unmieease unconventional GO
storage media that hold importance in areas whadneesaquifers are not readily
available. The major storage mechanism in this arads sorption, which must
be quantified experimentally for storage capacistineations. An important
impurity in CCS is S which has very strong sorbing properties and the
potential to affect coal storage capacity. In thiady, the effect of different
concentrations of SOon CQ sorption in a typical South African coal was

investigated via laboratory-scale volumetric adsorpexperiments.

After sorption experiments of binary GEO, mixtures, with SQ concentration
from 0% to 6.7%, were run for 48 hours at 85 bat 4&C, it was clear that SO
sorbed very strongly to the coal and its sorpt®preferential to that of GOThe
results show that SOnteracts with CQ and can potentially enhance or inhibit
CO, sorption, depending on the model used to desthbeadensity of the C&
SO, mixture. The effect of SOis seen to be significant even at low
concentrations (< 2% S{) and it is recommended that its effect is taketo i
account when storage capacity estimations on eaaths are carried out.
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CHAPTER 1: Introduction

In this chapter the reader is introduced to thgegtdby means of the following
sections: Background, Motivation, Research Objestiand Dissertation Outline.
The aim of this chapter is to describe the contéxiroject, give it meaning, and

clarify what it hopes to achieve.

1.1 Background

A cause of global concern is the rapid increas€©f levels in the atmosphere in
recent times. The C{concentration has increased from a pre-industahle of
280 ppm to 395 ppm in 2013 (Tans and Keeling, 20it&rgovernmental Panel
on Climate Change (IPCC), 2007). This rise is nyathle to vast increases in
anthropogenic C®emissions, two thirds of which stem from fossiélfwsage,
causing the Coto accumulate in the atmosphere (IPCC, 2007). @adoxide is
a greenhouse gas and plays an important role iclimate control mechanisms
of the earth. It is widely accepted among climatpegts that increasing levels of
CGO; in the atmosphere can have adverse effects owdhd’s climate, and if the
CO, concentration of 450 ppm is exceeded, the globatae temperature will
rise by more than °€ (International Energy Agency (IEA), 2010). Many
governments are backing plans to limit the increasglobal temperature to less
than 2C by increasing funding for research and develognm@o low-carbon
energy, implementation of new and more effectivécps, as well as national

emissions reduction targets (IEA, 2010).

Many alternatives to fossil fuel-based technologmsch as renewable energy
technologies, exist. However, they struggle to aepl CQ-intensive fossil fuel
based technologies due to these technologies besiiegestablished, reliable and
the cheapness of fossil fuels (IPCC, 2005). Allon&conomies of the world are
underpinned by fossil fuels, while South Africa,irtge the 13" highest C®
emitter world-wide, is as dependent on coal asauntry in the world (Beclet
al., 2011). Even though fossil fuel dependence isetqu to increase in South
Africa in the next 50 to 60 years, the South Afniggovernment has pledged to
demonstrate a responsible approach towards reditsif@> emissions (Beclet
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al., 2011). In fact, at the climate change negotmtim Copenhagen, South Africa
announced that it would take mitigation actionseduce national C£Oemissions
equating to a deviation of 42% below the “businessusual” emissions growth
trajectory by 2025 (Beclet al, 2011). This commitment and other similar
commitments worldwide highlight the importance ethnologies and concepts
aimed at CQ@reduction; one such concept is £Capture and Geological Storage
(CCS).

The implementation of CCS potentially allows fos$d fuel-dependent processes
to operate without releasing Gto the atmosphere. This is done by separating
the CQ from the waste/flue gas stream of the ;C@oducing facility and
pumping it underground, where it will be safelyppad in the long term (IPCC,
2005). Thus, CCS can play a vital role in helpiagransit to renewable energy,
providing valuable time for its development (IPCXDO5). While the application
of CCS to CQ producing facilities will add significant cost their operations,
these costs are still very competitive when congbavieh other technologies that
would reduce C@emissions in the energy sector. For instancs, ptedicted that
the electricity prices will increase by 210% by @05 CCS and nuclear energy
are not utilised in the schemes to achieve theal@D, emissions reduction
targets specified by the IEA; as opposed to an B@¥ease in the electricity price
if they are included (Courtright and Howard, 2008his statistic, along with
Figure 1.1, which indicates the predicted contiimg of different technologies to
reducing CQ production, reveals the important role CCS hgslag in achieving
emissions reduction targets. The importance of GCfarther emphasised in a
press release by the National Grid in the UK (200Bere it is stated that:
“Global energy demand is likely to double in thexineventy years, and CCS is
the only technology that can turn high carbon fuete genuinely low carbon

electricity and keep costs low for consumers”.
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Figure 1.1: Proposed contribution of various techlugies to reduce global Cemissions (IEA,

2010).

These target emission levels would stabilise them@dpheric CQ concentration at 450 ppm in
2050, thereby limiting the global average tempenauincrease to 2C. The ‘BLUE Map

scenario’ necessitates emissions to be decreasedtt&GtCQ, while ‘business as usual’ would
produce 57 GtC@by 2050. CCS contributes significantly in theseaps accounting for 19% of
the CQ emissions to be reduced.

One of the most significant barriers to CCS deplegimthough, is the cost, the
largest of which owes to the GQ@apture stage of CCS (Daniads al, 2012).
Capture refers to the process of separating i@ any other components so that
a relatively pure stream of G@ obtained. Carbon dioxide emission streams are
usually mostly comprised of N(>70%) but can also contain a wide range of
minor components, including Ar,.B, H,, H,S, SQ, NO,, O,, CO, etc. (Last and
Schmick, 2011). Separating @@om the bulk of the gas can be done according
to a large number of processes. For example, tlublsers can be used to remove
N, from a power plant flue gas (post combustionNgcan be separated from the
air using cryogenic distillation upstream to thevpo plant combustion process
(oxyfuel combustion) (IPCC, 2005). Purification pesses, such as
desulphurisation, are also implemented to remoyeadimer unwanted impurities
to prepare the COstream for the transport and storage phases of R3C,
2005). The type of impurities and their concentratin the final stream sent to
storage is thus a function of the €@roduction process, capture process, and

purification processes implemented.
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In order for CQ storage to be successful, it is important thatble storage sites
be identified. Potential sites for GBtorage include depleted oil and gas fields,
saline aquifers, and unmineable coal seams (B&dfBa). The storage options
in South Africa are largely in offshore saline dquiformations, which comprise
98% of the storage capacity estimations providedMijoen et al (2010).
However, concerns have been raised about the Inghational costs of offshore
storage facilities, as well as about costs of, @@nsport to these sites which are
located far from the large point sources of QWiljoen et al, 2010). Onshore
unmineablé coal seams are therefore also considered as atjabtstorage
option. Even though unmineable coal seams only cemja small fraction of the
total storage capacity in South Africa, they cors@ria large fraction of the
onshore capacity (approximately 50%). They are aldeantageously located in
close proximity to large COsources (Viljoeret al, 2010). See Figure 1.2 for
location of the unmineable coal seams in Southcafri

- : G
a0 ZIMBABWE :
e ok '

e
" Totat ostimated
storage capacity

Figure 1.2: Location of unmineable coal seams footential CQ storage in South Africa (black
circles). Collectively the storage potential of ummable coal seams in South Africa is between
0.3 and 1.4 GtCQ(Viljoen et al., 2010).

! ‘Unmineable’ coal seams are coal seams that hags Hefined as too deep and/or too thin to be
economically mined with current conventional minimgthods (Viljoeret al, 2010). This implies
that coal that is defined as unmineable now mightatways be considered unmineable as mining
technology advances. The likely future fate of al@®eam, considering its mining potential and
potential for enhanced coal bed Cidcovery (ECBMR), is a key determinant of its ahility for

CGO, storage (IPCC, 2005; Viljoest al, 2010).
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An important property that makes coal storage bbsss the ability for coal to
adsorb CQ under the high pressure conditions undergroundfatt, coal’s
affinity for CO, is so high that the COthat is adsorbed onto the coal can
potentially free CH from the coal (Reeves and Schoeling, 2000). i§ {GH,
could be recovered, it could offset some of thets@ssociated with CCS and
make this storage option more attractive (IPCC,5200'he adsorption, or
sorption (collectively adsorption, absorption areemisorption), capacity of the
coal is an important parameter used to estimateahseams’ ‘storage capacity’
(Bachuet al, 2007). The storage capacity is an estimatiothefamount of C®
that can be stored in the site, and is importankriow when assessing the

feasibility of a CCS venture.

From the background covered, it is evident that QGfys an important role in
global and local plans to combat climate. Impumgigses in C® streams are
significant contributors to the cost of capture,ichhis the phase of CCS that is
influential in holding this technology back fromibg implemented widely at a
commercial scale. Impurities will always be preserda CQ stream to be stored.
Unmineable coal seams are relevant potential €@age media, and determining
the sorption capacities in coals is important feliable storage capacity

estimations.

1.2 Motivation

Coal is an unconventional storage medium for,@@d the storage capacity in
this medium needs to be better understood (NORARLP Laboratory sorption
studies are essential for estimating the storagaaity in unmineable coal seams,
and they are in short supply in South Africa (M#jcet al, 2010). Most sorption
studies in coal only consider pure £@ their experimental setups, with some
studies considering Nand CH in addition to CQ and mixtures of these three
components, due to their importance in,Gelcovery processes. A whole host of
impurities can, however, exist in captured L&reams (Li, Het al, 2011), with
some minor components, such as,SMd HS, having very strong sorbing
properties (Bachu, 2008a). The influence of manythase minor component
impurities is unknown, and it is proposed that tleeyld affect CQ sorption

21



directly through competition or react with the caald change its characteristics
for CO, sorption (Sakurovst al, 2011).

Due to shortage of sorption data, storage capasitiynations have assumed that
any gases injected with the €@ill not affect its sorption behaviour (Bachu,
2008b). Very few studies have been conducted tb ttes reliability of this
assumption when realistic amounts of minor compbimapurities are present in
the gas streams. If this knowledge was obtainesdlatituracy of storage capacity
estimations for coal seams could be improved. Iditexh to more accurate
storage capacity estimations being possible, tflaeimce of the quality of the
CO, changing over time, as may be the case in realay, be determined if

underground impurity effects are better undersi®@RAD, 2011).

Some potential ways of reducing the cost of,CGfapture would be if fewer
processes were implemented to purify the ,C&ream, or if the purity
specifications on a C{Ostream could be relaxed so that less stringentatipg
conditions were required. Oxyfuel combustion isoadyexample of such a case as
the flue gas stream is already captured, i.e.incB0,, but also contains a wide
range of minor component impurities, including #igant amounts of S@if coal

is the combustion medium (Mikunda and de Conin€i,13. It has been proposed
that the co-injection of combustion impurities tlae difficult to separate out,
with the CQ could be economically advantageous (Cranekedil, 2009; Li, Q.et
al., 2011). In addition, this would prevent pollususuch as +6 and S@ being
emitted into the atmosphere, and companies cowe lsage amounts of money
that are spent on obtaining permits for the rightemit these gases (Crandetl
al., 2009). However, the long term effects of theaseg underground is largely
unknown and it is essential to determine thesecesffbefore the co-injection of
impurities can be considered (Crandglhbl, 2009; Heescheet al, 2011).

It is also desirable to know the effects of impgadton underground storage from
the perspective of defining the allowable Qgrity for storage (Heeschex al.,
2011). Even though regulations governing the imactof CG, have been
proposed, no clear specifications on the purity tfe injected C® have been
defined (Crandellet al, 2009; Mikunda and de Coninck, 2011). Indeed, the
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Directive 2009/31/EC of the European parliament emahcil (2009) only defines
qualitatively that a stream to be injected for agg must consist “overwhelmingly
of CO,". Several projects, including the IMPACT&nd COORAE projects,
which aim to determine the effects of impuritiesaid of providing quantitative
specifications for injected COstreams, are currently underway (Lilliestrale,
2013; Ruetters, 2013).

Thus, there is a lot of motivation for the presstudy, stemming from the
importance of laboratory sorption studies for ce@am capacity determination
and the significance of impurities in CCS. While tbffects of many impurities
require clarification, S@is selected as the impurity of focus for this gtuthis
selection is made primarily due to the propertigdsS®@,. Of the common
impurities that could exist in captured €8ireams, S@is one of the most highly
reactive and polar molecules, and is known to havg strong sorption properties
to coal. It is therefore deemed that it would bkiable to pinpoint the effects of a
molecule with these ‘extreme’ properties. If thedst is successful in identifying
whether the effects of SQ@re favourable or unfavourable to the storage©f G
coal, it would provide motivation to broaden thepestmentation to other
impurities. More generally, the study carries noveks many effects of impurities
are unknown, and, if they were known, there is e for significant financial

repercussiorfs

1.3 Aims and Objectives

The primary aim of the project is to deduce if, ahdo, to what extent, the
sorption of CQ in coal is affected by the presence of,SD high pressure and
moderate temperature conditions relevant te §&t@rage. It is desired to know if a
trend exists between the level of S0 the captured COstream and the sorption
capacity of the coal. Thus the aim is to analystemdint concentrations of SO

that are both equal to and above realisti¢c B&els of captured C{streams. The

2 IMPACTS - The impact of the quality of GOn transport and storage behaviour

¥ COORAL - CQ Purity for Capture and Storage

* Note: The study does not investigate the finanaakrcussions; but the potential for financial
consequences resulting from knowing impacts ofa@erimpurities on storage capacity serves as
motivation for the study.
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aims of the project are to be realised experimbntdrough the following

objectives:

Determine the amount of sorption that takes place irepresentative
South African coal sample when in contact with p0f® for 48 hours at a
pressure approaching 90 bar using volumetric atisorppparatus.
Determine the equivalent amount of sorption thiesaplace if the only
variable changed experimentally is the purity legélthe CQ that is
contacted with the coal. S@ the impurity considered and the sorption is
quantified for different concentrations of binar£S0O, mixtures where
the SQ concentration falls between 0.1% and 10%.

Compare the amount of sorption for the pure,@@d CQ-SO, mixture
cases and make deductions on the effect of@@he sorption capacity of
the coal. As far as possible, make recommendatmmswvhether the
presence of SQs favourable for C@storage in coal.

Develop an experimental method to achieve the albmbjectives by
modifying the experimental volumetric adsorptiotupeat Wits to include
a CQ-SO;, mixture producing system and GC sampling systemgés

analysis.

1.4 Dissertation Outline

This dissertation is structured conventionally. tkea 1 is the introductory

chapter and sets the scene for the project. Chapgissvides an in depth literature

review covering major areas relevant to the stugwell as important findings of

previous research. Chapter 3 outlines the methggiadd the project so that the

experimental work used to produce results in Chiaptean be fully appreciated.

Chapter 4 presents and discusses all the findihtfgee@roject which are split into

suitable subsections. Chapter 5 then concludeshenimportant findings of

Chapter 4, and provides recommendations for fukumek.
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CHAPTER 2: Literature Review

The literature review conducted has been split setctions that provide important
and relevant insight into the project. Section 8utlines the fundamentals of
CCS, including its place in society and descrigiaf the three major CCS
stages. Section 2.2 describes the role of imparitieCCS, as well as the findings
of projects conducted that are similar to this dection 2.3 describes important
properties and aspects of coal and the gases evedith the study. Section 2.4
explains the concept of storage capacity and de=srihe process of sorption.
Finally, Section 2.5 summarises the most imporfardings of the literature

review.

2.1 CO, Capture and Geological Storage (CCS)

Fundamentals

2.1.1 Climate Change and CCS as a Mitigation Techaquie
Atmospheric greenhouse gases are responsibledaeténtion of a fraction of the
long-wave radiation that is reflected off the eartburfaces (IPCC, 2007). The
greenhouse gas’s function in the earth’s energitiad balance is important in
maintaining the climate of the earth (IPCC, 200@he of the most important
greenhouse gases is &Q@nd its atmospheric concentration has risen loputab
35% since the industrial era. This increase is kmtwbe due to human activities,
largely through the combustion of fossil fuels (IBQ007). In order to mitigate
the serious consequences of climate change, measave been put in place in
order to stabilise the concentration of atmosph@®@ (IPCC, 2007). A broad
portfolio of measures and actions has been propaseti no single technology
option will provide all the emission reductions weged (Bachu, 2008a; IPCC,
2005). Among the C® mitigation techniques conceived is £©apture and

geological storage, which is an important optionl@sonstrated by Figure 1.1.

CCS has a great potential and can decrease thefcestigating climate change
when compared to scenarios where only other mitigatechnologies, such as
renewable energy, are employed (IPCC, 2005). Thiddsed on projections
predicting that fossil fuels will remain the dommasource for primary energy
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production into the middle of the century at le@®®CC, 2005). CCS is a
technology that would ideally be used to capture, @@m large point sources,
such as power plants or large industrial processes,store it permanently and
safely underground (IPCC, 2005). Thus, CCS wouldbén fossil fuel energy
plants, and other COproducing industries, to operate at low greenhayse

emission levels (IPCC, 2005). CCS is potentiallypatible with most current
fossil fuel-dependent energy infrastructures ana ttaus increase flexibility in

achieving the necessary greenhouse gas emissiocticdtargets (IPCC, 2005).

Although there are many costs and challenges in ,C&6h as decreased
efficiencies when implementing capture in power naand difficulty in
guaranteeing long term storage of {@olland, 2012; Valdelievre, 2012), many
components in CCS are mature technologies; i.&ntdogies now in operation
with multiple replications worldwide ( IPCC, 200%)or instance, C@Qis typically
removed in many industries with the aim of purifyiather streams, and G@&
injected into oil reservoirs to enhance oil recgv@PCC, 2005). In the majority
of cases, however, these technologies are nottassaimplete a full CCS chain or
implemented with the intent of reducing €@missions. Indeed, only five large-
scale commercial applications of CCS are in opamatvorldwide (Ringrose,
2012), with only one commercial scale applicatiérC®. capture to a coal-fired
power plant nearing completion (Monea, 2013).

It is apparent that a great deal of work is neagssa many different fronts to
optimise the process chains of CCS, particularlthviis application to power
generation processes. However, this is a highlynmiong, important technology
that can grow and become established as additibnahcial incentives for
development and industrial application are maddabla, so that its vital role in

in mitigating climate change is fulfilled.

26



2.1.2 The CCS System

CO, capture and geological storage is a three Stagdnology with each stage
defined briefly as follows (Rutherford, 2012):

» Capture: CQis ‘captured’ (i.e. separated from other compos¢atform
a stream rich in Cg) from point-source emission facilities.

» Transport: The captured G@ then compressed and transported to the
injection site of a selected storage medium.

» Geological Storage: The GGs injected into deep subsurface geological
formations where it is trapped or ‘stored’ for sigrant periods of time.

For further clarity, the overall CCS process iasttated schematically in Figure
2.1. The current project focusses mainly on thersgle’ element of CCS, more
specifically, the storage in unmineable coal seddmvever, all stages of CCS
are directly linked and one must have an undersignof the system as a whole
to fully appreciate any one element. Thus, in théature review section, each
stage of CCS is briefly outlined, highlighting aseaf importance and
understanding in capture and transport stages, &ithore detailed summary
provided in the storage section.

, Production

Compression
[

Figure 2.1: Schematic illustration of the overall CS process (modified from Total, 2007)

® Some consider a fourth phase of CCS to be ‘mdniggrwhereby the long and short term
progress of fluid underground is tracked aftes injected (IPCC, 2005).
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a) CO, Capture

A number of different industries produce &£®ut seldom is it produced in a very
pure stream. For instance, less than 2 % of inégsproduce a high purity GO
stream (> 95 %), while the GGtreams produced from fossil fuel combustion
using air are very diluted (~ 14 %) (Last and Saknk011; IPCC, 2005). In
principle, it is possible to compress and injecivHaurity CQO, streams into
geological storage sites, but this has several dds#ages. The main
disadvantage is that compression and injection anfel impure streams is
associated with high energy and other costs, andjeiserally considered
impractical (Ottigeret al, 2008; IPCC, 2005). It is thus necessary to sépanat
other gaseous components and produce a high ph@ystream for injection.

This CQ purification/separation process is termed ‘capture

CO, capture encompasses a wide range of technologg tgpd systems. Liquid
solvent absorption, membranes, solid sorbents ayabenic distillation are all
technologies used to separate,@@m other process gases (Mondahl, 2012;
Pireset al, 2011; IPCC, 2005). Of these technologies, solafsorption is the
most mature, with many applications in industry mn@onia and natural gas
industries, for example (Mondakt al, 2012; IPCC, 2005). Membrane
technologies have some advantages but suffer sstdten applied industrially;
adsorption technologies are mostly employed in kstle applications; while
distillation, although employed commercially, isryeenergy intensive and
requires a relatively high GQeed concentration to be economical (Monetadl,
2012; Bolland, 2012; Gottlicher and Pruschek, 1997)

It is of great interest to apply GQeparation technologies to fossil fuel-driven
energy production facilities. Three systems makisg of capture technologies
have been developed for these facilities. Theséemsys are:  post-combustion
capture, pre-combustion capture, and oxy-fuel captiystems (Mondaét al,
2012; Pireset al, 2011; IPCC, 2005). Post-combustion involves #maval of
CO, from the flue gas produced by conventional fokgl combustion (Mondal
et al, 2012; IPCC, 2005). Pre-combustion is designedrimgrated gasification

combined cycle (IGCC) power plants. The importdaps for this capture process
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are coal gasification, or analogous natural gasrmghg, and water-gas shift
stages (IPCC, 2005). The g@ould be separated from,Hbonce the syngas,
resulting from gasification/reforming, undergoes water-gas shift reaction
(Mondal et al, 2012; IPCC, 2005); Hwould be used as a carbon-free fuel.
Lastly, oxy-fuel capture is similar to post-combast capture in that the GO
stream requires purification after combustion. Heerethe fuel is combusted in
pure Q that has been cryogenically separated from air¢hvim turn makes the
downstream purification of CQeasier (Mondagt al, 2012). For greater clarity of
the processes described above, Figure 2.2 is dffek# systems have their
advantages and disadvantages and the reader iieedefe IPCC (2005) or any

other reputable source on the subject for morenmébion.

Power CO, to storage
Fuel ‘ i
il Powet: Tine gas co, Ex?aust (a)
gencrntion | separation (0
— unit 2 atmosphere
Air = unit
CO, to storage Power
Fuel Syngas WAITBA co H, Co, H, Power Exhaust
— gasification ——|  shift > separation generation |, ¢, (b)
reaction unit
oxygen’| unit Al atmosphere
Steam
N Power CO;, to storage
2 T T
i Air Power Co.+H,0 | co “
Alr | geparation 0, > g('llEI‘.IltiO 2 Isel::::i.? o !H:O {C}
unit Fﬁ unit

Figure 2.2: Principles of (a) Post-combustion; (Pre-combustion; and (c) Oxy-fuel combustion
capture processes (adapted from Mondal et al. (2012

All capture processes will reduce a power plangésetficiency, i.e. the plant will
require more fuel to generate each kilowatt-houelettricity (Valdelievre, 2012,
IPCC, 2005). Thus, capture technology would only feasible with high
efficiency power plants, such as supercritical tratsupercritical technology
when considering coal-powered plants (Valdeliex2@l12; IPCC, 2005). It is
important to note that the decrease in efficiendly depend on the type and

system of capture applied as well as the needdditianal treatment systems to
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remove low levels of sulphur, nitrogen oxides dmestminor components (Last
and Schmick, 2011; IPCC, 2005).

b) Transport

After point-source C@has been conditioned to the desired purity, itesessary
to transport it to the injection site of a selectémrage medium. There may a large
distance between these two sites, and thus a leelmid safe means of GO
transport is vital. Pipelines are the most commethwod for transporting CCand
are a mature technology as technical requiremestsimilar to those applied to
the transport of other gases (Pie¢sl, 2011; IPCC, 2005).

CO, is compressed to its supercritical form (80 — ba@) for transport as this
helps to improve efficiency and prevent two-phdew f(Pireset al, 2011). It is
also important to remove impurities such as watel laazardous gases (such as
H.S) to low levels to prevent corrosion and reducatheisks, if an incident were

to occur in a populated area, respectively (Ratesd, 2011; IPCC, 2005).

c) Geological Storage

The geological storage or sequestration of, @€¥ers to isolating industrially
produced C@ from the atmosphere by trapping it in subsurfaeslagical
formations for a significant period of time (Backtial, 2007). An acceptable
‘significant period of time’ is difficult to definehowever it is suggested that 400
to 1000 years be the minimum time before minor apheric leaks are tolerable
(Beck, 2012), with a storage period in the order cehturies to millennia
suggested by other sources (De Silva and Ranjihl ;2Bachwet al, 2007).

In order to achieve the desired objectives of sssfcé storage, the geological
formations in which the CQis to be stored must be carefully chosen. It is
suggested that the formations satisfy the followstgrage criteria (Bachu,
2008a):

» Capacity — The geological formation must be abladoept the intended
amount of CQ physically and trap it by any relevant mechanisms.
* Injectivity — The storage medium must be porous allé to take in C®

at the rate supplied by the g@@roducer(s).
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« Confinement — Barriers impermeable to £Quch as caprock) must be
present to prevent the migration and leakage ofbteyant and mobile
CO; to the surface, shallow, potable groundwater,nyr @her subsurface
places.

To help visualise the process and clarify publisacaonceptions of CObeing
stored underground in large cavities, the storagegss is described briefly here.
It has been mentioned earlier in this section tihas common practice to
compress C@for pipeline transport to high pressures in thdeorof 100 bar
where it exists in its supercritical state. In thiate, CQ has properties common
to both a liquid and a gas, most importantly it earst with a density approaching
that of a liquid (Bachu, 2008a). The supercritiC4, is injected via a borehole
drilled through impermeable caprock into a densmagie system, generally
greater than 800 m below the surface, where it m$n@ressurised in a
supercritical state. This ‘storage system’ constdtsa dense medium, such as
rock or coal; tiny pores or channels in the dengeliom; and a fluid (formation
waters) that fills the pores. When the £ injected it undergoes the following
chain of processes as simplified from descriptibpsViljoen et al. (2010) and
IPCC (2005): The COmigrates downward according to the pressure gnéslie
created by the injection process, displacing thalfin the pores. It then travels
laterally with natural hydraulic gradients (hydrodynic trapping) and is driven
up by buoyant forces against the caprock (structurstratigraphic trapping). The
CO, cannot rise to the surface due to the impermegloh the caprock, while
lateral flow of CQ with the formation waters within the storage systean
continue for potentially thousands to millions afays. In this extended time
period, the C@ undergoes a number of other slow trapping or toansational
mechanisms to become part of the storage systemseThlower mechanisms
depend on the specific storage medium system am¢éhchude processes such as:
i) Residual trapping - C£is trapped in the pore spaces due to capillanpracii)
Solubility trapping - CQdissolves into the formation waters; iii) Minetedpping

— dissolved CQreacts with the storage medium to form new carteonanerals;

and iv) Sorption trapping - GQs adsorbed or absorbed into an organic material.
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Figures 2.3 and 2.4 display the migration patteand trapping mechanisms of

CO;, respectively.

(b)

Figure 2.3: (a) Vertical and (b) horizontal seismiections through the developing G@lume
at the Sleipner gas field, North Sea (British Gegloal Survey, 2012). From (a) it is evident that
the CQ is effectively stopped from rising upwards by tleaprock and rather expends
downwards over time through the porous aquifer regi From (b) the lateral migration of the
CO, plume over time is apparent. The successful staagf CG at Sleipner creates a strong
case in favour of the safety of GQtorage.

€02 infection
residually
trapped CO, continuous

flow of CO,

rock grains

Flow direction ——

Slow CO: dissolution and mineral
trapping/sorption

Figure 2.4: Schematic representation of G@apping mechanisms (Viljoen et al., 2010). After
the CQ is injected into the storage site, it migrateswlg between the porous rock (see right)
where it is trapped residually, dissolves into tleemation water, sorbs, and reacts to become an
immobile part of the storage medium.

It is clear that only special structures will bagele for geological storage. Three
main types of feasible storage formations that haeeeived extensive
consideration are (IPCC, 2005): (i) oil and gaseresirs, (i) deep saline
formations/saline aquifers, and (iii) unmineablaldoeds. The first storage option
listed refers to structures in which hydrocarb@ugh as gas and oil, are naturally
trapped (Viljoenet al, 2010). These resources are often recovered far th
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economic value and reservoirs that have been @eptetare almost depleted are
ideal candidates for COstorage (Liet al, 2006). An important process in this
field is enhanced oil recovery (EOR). This processs the injection of CQOnto
partially depleted oil reservoirs to increase thespure in the well and force up
additional oil that would not have been conventilyngecovered (Viljoenet al,
2010; Li et al, 2006). EOR, as well as the analogous enhancedegasery
(EGR), are economically viable and widely practiaeail and gas industries (Li
et al, 2006). These geological storage sites have ssitdysstored hydrocarbon
fluids underground for geological timeframes, ahdst have great potential for
CO, storage (Viljoeret al, 2010).

Saline aquifers are formations consisting of wameable rocks that are
saturated with brine. These systems mainly comdigandstone saturated with
formation waters unsuitable for human consumptionagriculture, and are

generally located at depths below 800 m (Viljaetnal, 2010; IPCC, 2005).

Saline aquifers have the highest potential capdoityCO, storage globally and

the storage process can be successfully and ssgiphed today, as indicated by
the Sleipner project operating commercially in NaywDe Silva and Ranjith,

2011; Michaekt al, 2009).

Unmineable coal seams, although unconventionaloaee of the main onshore
storage options in South Africa (Viljoeat al, 2010). They are the type of
geological storage medium that is most relevarth&study in this project and
thus will be discussed more thoroughly in the fwileg subsection than the

others.

Unmineable coal seam storageCoal contains fractures, called cleats, that
contribute to making coal seams porous, which lew factor for a potential
storage medium (IPCC, 2005) (for more informationcoal structure, see Section
2.3.1). However, the main contributing attributeco#l to its feasibility as a GO
storage medium is its ability to sorb large voluré€0,, largely by adsorption

in the coals’ many micropores (Bachu, 2008a; Ree2€6€1). Coal sorption
typically consists of the following three mechanssas described by Aydet al.
(2010): (i) internal surface adsorption; (ii) makéar structure absorption; (iii) and
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pore and natural fracture absorption. It is usudiltfrcult to discern between these
three mechanisms in practice (Petial, 2010), and thus the term ‘sorption’ is
used to describe any single or combination, of somall, of these mechanisms.

The reader is referred to Section 2.4 for morermfdion on coal sorption.

It is important to note that the porosity of a ceahm decreases with increasing
depth, and thus it is debateable whethep Guld be stored deeper than 800 m
(Viljoen et al, 2010; IPCC, 2005). The global storage capacitymeses for
unmineable coal seam storage are given broadlyP{Cl (2005) as 3 — 200
GtCQ,. Favourable attributes of coal seams for storage @ simple structure
with minimal faulting or folding; laterally contimus coal seams that are
vertically isolated exist; frequently located n&age point sources of GQIPCC,
2005; Reeves, 2001). However, doubt has been vasttbe use of a valuable
mineral as a storage site for €Viljoen et al, 2010; IPCC, 2005).

The term ‘unmineable’ is used to describe a codlthat is currently considered
too deep or too thin to be economically mined veidmventional mining methods
(Viljoen et al, 2010). Thus, C@storage can only be considered in coal seams
that satisfy this criterion as once €9 injected into a coal seam, depressurising
that coal for mining purposes will release the,G@o the atmosphere (IPCC,
2005). Also, one cannot be certain that coal thatat economical to mine now
will not become economical with the advancementtethnology. Conflict
between mining and C{storage are, therefore, possible and the preditkedy
future fate of a coal seam is a key determinanit$osuitability for storage (IPCC,
2005).

A counter-argument in the favour of coal seam g@reould be the possibility of
enhanced coal bed GHecovery (ECBMR) upon the injection of G(Reeves,
2001). In the coalification process significant amis of CH are generated and
retained in the free and sorbed phase if a sealingture is present (Piet al,
2009), and this coal bed GHif recovered, could be exploited for energy
production (Ottigeret al, 2008). Since coal has a strong affinity for £GO,
injected into a coal seam would be preferentiatlgaabed into the coal and GH
that was previously adsorbed, subsequently releaedhe free phase (Bachu,
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2008a). Thus ECBMR proposes the net storage of&@ concomitant enhanced
recovery of valuable CH(Ottigeret al, 2008). This process is attractive from an
economical point of view as the production of Qtduld offset some of the costs
of CCS (Reeves, 2001). However, ECBMR is still ire tearly stages of its
development with integrated research and commescelke field demonstration
projects operating in the San Juan Basin (Reew@®l)2 It is a widely held
opinion that the storage of GAn unmineable coal seams should only be
considered for high gas content coal beds and ify C&h be successfully

recovered (Viljoeret al, 2010).

2.2 CO, Purity for CCS

In this section, the role of gaseous impurities, mon-CQ substances that exist as
gases at STP, in the CCS system is explored. Blartiemphasis is placed on
condensable impurities with interest lying on therage element, particularly
with coal seam storage. However, research in théxifc area does not stand
alone and thus all gaseous impurities, including-oondensable impurities, in all
three storage opportunities along with brief cagptand transport considerations
are included in the discussion where deemed releVidnis section is therefore
divided into the following subsections: Impuriti@s Capture and Transport
(Section 2.2.1), and Impurities in Geological SggrgSection 2.2.2). The last
section listed operates as a review of the liteeatnost relevant for the current
project and reports relevant findings in the field.

2.2.1 Impurities in Capture and Transport

Impurity gases in C®emission streams can originate from a number fédrent
sources (Last and Schmick, 2011). As a sample cagecan consider a coal-fired
power plant. The combustion process in this plaamtdforms the various non-
carbon components of coal through reaction or viagton into the vapour phase
flue gas. For instance, sulphur or nitrogen coimginminerals in coal can react
with oxygen to form SQor NQ,, respectively. The COn the flue gas stream can
also be diluted by inert or excess gases such as,Xar N,. Thus, it is clear that

CO, stream composition is a complex function of predgpe, process variations,

35



feedstocks, operating conditions, and a great deailther factors, even before
capture processes are implemented.

As mentioned in Section 2.1.2, it is necessarysi® capture processes to recover
CO, as a relatively pure stream ranging, from 85 %gteater than 99 %
(International Energy Agency's Greenhouse Gas Rdseand Development
Program (IEAGHG), 2011). Since the emphasis for, @8pture is placed on
recovery of CQ rather than selective removal of other specifimponents, other
purification technologies exist for the removal specific substances. For
example, SQ emissions are regulated in some countries for renmental
reasons, and this component may be removed viat aegelphurisation process
upstream or downstream of the £€apture, or even possibly within the €0
capture, depending on the scenario (Mikunda an@atenck, 2011). The type of
capture process implemented also plays a role irchwhmpurities are more
significantly present. Wangt al. (2012) reports that among the three commonly
investigated capture processes, the highest léveipurities would be present in
oxy-fuel combustion, which is also possibly the t@®mising capture process
(Bolland, 2012). In a report by the IEAGHG (2011tljsi stated that SQand NQ

will be captured at levels as high as 0.5 — 3 %nfraxy-fuel combustion for

transport and storage.

To illustrate the variability in C@stream impurities, the following tables from
Last and Schmick (2011), and Mikunda and de Coni(&l1) are offered
respectively below (Tables 2.1 and 2.2). It sholéd noted that the impurity
concentrations in these tables are examples imdgcatariability and are not

binding to define the various processes.
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Table 2.1: Estimated Component Concentrations inuEl Gas and Purified CQStreams (Last
and Schmick, 2011)

Relative Relative Proportions in
Proportions in Separated CO, Stream
Separated CO, Relative Proportions  with Low NO, Burners. Estimated
Stream Without in Separated CO; Selective Catalytic Concentrations in
Relative Wet Flue Gas Stream with Wet Flue Reduction, and Wet Separated CO;
Proportionsin ~ Desulfurization Gas Desulfurization Flue Gas Stream. Assuming
Flue Gas Scrubber Scrubber Desulfurization Amine Adsorption
Component (%e[v]) (a[w]) (*e[w]) Scrubber (%[w]) (%e[v])
CO, 135 9745 908 008 932
50, 0.016 23 0.12575 0.12575 Trace
504 0.00325 0.0205 0.01535 0.01535 Trace
M 747 017
NOy 0.0025 0.00585 0.0046 0.00185
NO, 0.06 Trace
HCl 0.00525 0.0422 0.000575 0.000575
O, 4 0.01
H0 77 6.5
Hydrocarbons Trace Trace
Metals Trace Trace
Hg(2+) Trace 0.0000142 0.00000145 0.00000145

Table 2.2: An lllustrative Calculation on the Compent Concentrations of streams resulting

from CO, capture processes (Mikunda and de Coninck, 2011)

Component Post Pre- Oxy-fuel Cement plant Refinery
combustion combustion combustion (MEA) stack (MEA)

capture at capture at at

subcritical coal IGCC supercritical

pulverized plant pulverised

coal plant {Selexol) coal plant

(MEA) (Stack gas)
Argon, Ar 22 ppmv 178 ppmv 3.7% 11 ppmv 38 ppmv
Arsenic, As 0.0055 ppmv | 0.0033 ppmv | 0.0085 ppmv | 0.002% ppmv
Methane, CH, 112 ppmv 0.026 ppmv
Chlorine, Cl 0.85 ppmv 17.5 ppmv 0.14% 0.41 ppmv 0.4 ppmv
Carbon monoxide, CO 0.13% 1.2 ppmv
Carbon dioxide, CO, 99.7% 98.1% 88.4% 99.8% 99.6%
Carbonyl sulphide, COS 1.7 ppmv
Hydrogen, H, 1.5%
Water, H,0 540 ppmv 376 ppmv 640 ppmv 640 ppmv 640 ppmv
Hydrogen sulphide H,5 0.17% 7.9 ppmv
Mercury, Hg 0.000638 0.00068 0.0035 ppmv 0.00073
ppmv ppmv ppmv

Nitrogen, as N, 0.18% 195 ppmv 2.8% 893 ppmv 0.29%
Ammonia, NH; 38 ppmv
Nitric oxides as NO, 1.5 ppmv 11 ppmv 721 ppmv 0.86 ppmv 2.5 ppmv
Oxygen, Oz 61 ppmv 3.6% 35 ppmv 121 ppmv
Selenium, Se 0.017 ppmv 0.01 ppmv 0.026 ppmv 0.0088 ppmv
Sulphur oxides, as SO, 0.84 ppmv 1.3% 0.097 ppmv 1.3 ppmv

Note: MEA (Monoethanolamine) and Selexol are theestt used in the respective processes.

The amount and type of impurities predicted fronptaee processes varies
considerably (IEAGHG, 2011; Li, Het al, 2011). Impurities gases can be
categorised into non-condensable gases, such ,asON Ar, and H, and
condensable gases, such as, 9@, H,S, and HO (IEAGHG, 2011; Li, H.et
al., 2011). Other impurities include particulate reegt and heavy metals
(IEAGHG, 2011). It is also not uncommon to expeaté amounts of substances
associated with solvent absorption columns (suchB&8 or NH3) to occur in a

captured gas stream (Sakuretsal, 2011).
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Some main considerations with regard to impurite€0, pipeline transport are,
corrosion, pressure requirements and compressioR, vand health and safety
considerations when toxic components are presentVfdseret al, 2008). de
Visseret al (2008) report that there is a lack of standarogegning impurity
levels permitted for C@transport, and they advise some safe impurityletigms
for transport. Though, they do note that some itréessoperate above, and even

greatly above, these levels, particularly with reiga H.S.

It is thus evident that a wide range of impuritrggh a fair amount of uncertainty
with regard to acceptable levels are generatedhensteps preceding geological
storage. If it were determined that it was safe &sakible to store certain
hazardous substances, for example,S@th the CQ streams, then this could
have far reaching economic consequences with regapdirification or overall
process selection, and potentially make certain @f@gcts more attractive (Li,
H. et al, 2011). On the other hand if geological storagedd stricter regulations
to be imposed, detrimental effects on a CCS prajecltd be encountered.

2.2.2 Impurities in Geological Storage

From Section 2.2.1, one can see that a great deiahpurity level variability
exists in the processes preceding storage in the €@in. At each stage of CCS
upstream of storage, varying regulations on theouar impurity levels exist
(Mikunda and de Coninck, 2011; de Vissdral, 2008). However, due to the
uncertainties regarding the interactions of impesitand geological storage
systems, whether long term or short term/agislation quantifying the permitted
impurity levels in a stream injected for storagerently exists in Europe (Mikunda
and de Coninck, 2011). The composition of the tgecCQ stream has, thus far,
been left to the responsibility of the competenthatity on a case-by-case basis
(Mikunda and de Coninck, 2011).

This section looks at the non-g@omponent effects in storage systems, particularly
with regard to storage capacity (The reader isrmedeto Section 2.4 for an
explanation on storage capacity). As always, emphaplaced on impurity sorption
effects on coal;, however, this area of researclmiged and insight into impurity
effects in aquifer or gas/oil reservoirs could dsovaluable.
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a) Impurity Effects on Coal Storage

It was mentioned in Section 2.1.2 that the uti@atof coal seams as a €O
storage medium will depend a lot on its potentaal ECBMR. Thus, a growing
body of research into the competitive sorption-detson interactions between
CH, and CQ, and the influence of Nexists (Piniet al, 2010; Wanget al, 2009;
Ottiger et al, 2008; Reeves, 2001; Chabaakal, 1996). High pressure sorption
studies are important to estimate the storage dgpat coal, to describe the
sorption-desorption dynamics, and to correctly nhdlde recovery of gas (Pirit
al., 2010; Chabackt al, 1996). CH and CQ are the main components of any
ECBMR operation and Nhas been successfully used as an alternative to or
together with CQ(Piniet al, 2010; Reeves, 2001). Petial. (2010), Wanget al
(2009), Ottigeret al (2008), and Chabackt al (1996) all produced sorption
isotherms experimentally for pure gGCH; and N, as well as for their binary
and, in some cases, ternary mixtures on differeatscat pressures relevant to
storage. Either gravimetric or volumetric experita¢nsetups coupled to gas
chromatographs (GC’s) were used, and the experaheatption isotherms were
modelled by varying theory or correlations (for exde, the Langmuir model). It
must be noted that sorption isotherms are an itidicaf the storage capacity of
coal and an explanation of sorption isotherms apdsures of storage capacity is

offered in Section 2.4.

Reeves (2001) presented a paper that describedfutidamental reservoir
mechanisms of COsequestration and enhanced jQEcovery. This paper also
reported the field performances of two ECBMR pjptdnts (Allison and Tiffany
Units) in the San Juan basin. The final report leewes and Koperna (2008)
relayed technical findings from field validatiorudtes for these same pilot units,
laboratory experiments, and theoretical model dgrekent aimed at advancing
industry’s understanding of coal bed £Hservoir behaviour in the presence of
multicomponent mixtures (COCH,, and N). Selected important findings, from
the literature mentioned thus far in this subsectwith regard to the behaviour of

a CQ-CH4-N; system on various coals in CCS conditions, atedibelow.
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The mechanisms of CGGsequestration and enhanced ;GEcovery from
coal by the presence of G@nd/or N is a complex mix of physical and
chemical interactions that must achieve equilibrisimultaneously in the
sorbed state, as well as in the gaseous state éRe2001).

CO, adsorbs to coal more strongly than £Which in turn adsorbs more
strongly than N (Ottigeret al, 2008; Piniet al, 2010). CQ, CH,;, and N
exist in the sorption phase in an approximate rafi@d:2:1 respectively
(Reeves, 2001).

CO; is preferentially adsorbed in the sorption phaskthus ‘pushes’ CH

to the gas phase.;n the other hand overwhelms the gas phase ageatin
disequilibrium and ‘pulls’ or strips the GHrom the sorption into the gas
phase (Reeves, 2001). Thus, we can see how theggonents work to
enhance CH recovery and flue gas injection has been considere
attractive (Reeves and Schoeling, 2000).

An optimum ratio of M:CO, is proposed to exist in an ECBM recovery
project, when accounting for the economics of sapay N from the
recovered Chistream (Reeves and Schoeling, 2000).

Increased sorption of Nat elevated pressures is also seen to decrease the
sorption of CQ (Wanget al, 2009).

An additional advantage of including W the injected stream (as present
in flue gas) involves coal-seam porosity. Coal $sveind therefore
decreases in permeability under high (iessure (Ottigeet al, 2008;
Reeves and Schoeling, 2000). In response to thifavoarable
observation, it has been proposed that the pres®rdgin flue gas might
keep the coal permeability high enough to explut ¢toal seam in a more
efficient way (Ottigeret al, 2008)

The extended Langmuir isotherm model gas been ftaube a useful tool
in modelling laboratory experimental data in mutigponent systems
with regard to accuracy and mathematical simpli¢Ryni et al, 2010;
Chabacket al, 1996; Wanget al, 2009). This model was shown to be
inaccurate in modelling field studies, however, ahds an improved

model, the Simplified Local-density Adsorption mbdeth the Peng-
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Robinson equation of state (SLD-PR model), was ldgeel for rigorous
application to C@CHs-N, systems (Reeves and Koperna, 2008). The
SLD-PR model is capable of generating accuraténésots based solely
on information provided by coal characterisatioreéRes and Koperna,
2008).

The focus of the research above is on the majorpooents of an ECBMR
system with little or no attention being paid tonom, non-CQ components. This
is the case even though flue gas streams, thatiooat wide range of minor
component impurities, have been recommended forNERBGases such as $0
and HS, although only existing in small amounts in {reams before or after
capture, have been shown to have even strongenitiaii to coal than CO
(Bachu, 2008a) — see Figure 2.5. Bachu (2008ainsldhat, in the presence of
multiple gases, it is expected that the amountaoheaas in the sorbed state would
be approximately in proportion to the respectiviendfes of each to coal. IPCC
(2005) also mentions that the strong affinitiesS&) and HS to coal would
reduce the storage capacity for £0On the basis that these impurities will be
preferentially adsorbed. The limited experimentattonducted on C&impurity
mixtures and their combined sorption propertiesaal-seam storage conditions

warrants greater research into this subject.
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Figure 2.5: Adsorption of various components on ¢¢Bachu, 2008a)

There are many potential effects £€ream impurities can have on coal sorption.

It is proposed that minor impurity gases could cetapand affect COsorption
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directly. Or they could react with the coal potaliyi changing its structure and
characteristics, affect its swelling or influenbe tsaline coal environment which
could influence the COsorption indirectly (Sakurovet al, 2011). Sakurovset

al. (2011) also claim that even though these immsriéxist in low concentrations
(ranging from trace amounts to 8% (Last and Schp?€Kd 1)), strong sorption
characteristics give them the potential to accuteuteear the injection site, thus

increasing the potential for additional effects.

Only two experimental studies that aim to dedueeetffiects of minor components
on CQ sorption of coal have been found, namely, Sakuedval (2011) and
Mazumderet al (2006). Sakurovst al (2011) conducted a relatively long-term
experiment exposing a moistened Australian bitunsnooal to an intensified
impurity environment of substances common to varicaptured C@streams.
Pure SQ, H:S, NGO, NHs;, a number of potential amine capture agents, #sase
CQO; itself, were trapped with coal samples in seatattaners for up to two years
at 3 bar and 55°C. At the end of the two year domathey evacuated the samples
and measured the treated-coal’'s ;G0rption behaviour by producing sorption
isotherms up to 170 bar using a gravimetric metAdek coals’ mineralogy was
also determined before and after treatments byyXdifiraction (XRD) analysis
and He density analysis. Their main finding wad ®@ markedly reduced the
coal's CQ sorption capacity by 25 % by modifying the micromes structure of
the coal. It is proposed that this reduction wassed by S@ changing the coal
mineralogy by attacking the clay minerals and tognthem to sulphates, as
opposed to the coal’s pores being blocked. Othaclasive findings were that
H,S alsaoreduced the sorption capacity slightly, while NIEO, and NQ had no
significant effect (see Figure 2.6). They concltiug if SQ is present in a stream
proposed for storage, its effect needs to be takernaccount when predicting the
sorption potential of the coal. Sakuroes al (2011) deduced that the strong
effects observed, particularly on the coal’'s mitegg, indicate that SPshould
be avoided as an impurity if GOs to be injected into an organic rich

environment such as a coal seam.
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Figure 2.6: Excess sorption curves for coals preited with different materials plotted against
pressure (Sakurovs et al.,, 2011). Note: WO is thaximum sorption capacity for the coal
calculated according to a modified Dubinin-Radushkieh equation fitted to excess sorption
data.

The second experimental study found that consider@dr component sorption
on coal is one by Mazumdet al (2006). This experiment compared the sorption
behaviour of pure COto that of a seven-component, custom class, indufitie
gas mixture on a Polish, Selesia Basin coal (both and dry samples were
tested). The flue gas in question had the followengposition: 11 % C¢ 0.01

% CO, 9% H, 3% CH, 3% Q, 0.1 % SQ, balance 73.89% N Sorption
isotherms were produced using a volumetric methat gfroduced measurements
up to 110 bar, and stepwise desorption of thedagwas tracked using a GC (for
greater detail refer to Mazumdet al (2006)). The main findings of the paper in

the interest of non-C£xomponent effects were:

* The sorption capacity of coal is much higher forep€Q than for flue
gas. This is mainly due to the extra componentsjdintya non-
condensables) reducing the partial pressure ahtiia sorbing component
- CO..

* There is indication that Oreacts or chemisorbs to the coal, although the
authors question the reliability of results forstetomponent.

* Measured S@results are considered unreliable in this experintele to

lack of repeatability.
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 CO, and CH are strongly sorbed with G®eing most strongly sorbed as
expected. Both Nand H sorb very little to coal, however,Hshows
increased sorption with the presence of moistuhgs & explained by the
dissolution of H in water.

* Good correspondence of the £6orption in the flue gas to pure €O
sorption indicates that the sorption of £i® not hindered by the addition

of other gases, other than the dilution effectrelspure.

It is thus evident that the research in this asegery limited even though there is
considerable interest surrounding ECBMR applicajoparticularly in North

America (Reeves and Koperna, 2008).

b) General and Aquifer Impurity Effects

While not much literature involving impurity inter@ons on coal has been
encountered, a larger body of research, though adtian early developmental
stage, is available on aquifer interactions andsgay stream effects. The IPCC
(2005) reports that gas impurities in £&reams would increase the volume
needed for storing a given amount of £0e. space will be taken up in the free
phase by other gases which will affect the capaéity CO, storage. The
International Energy Agency's Greenhouse Gas Raseand Development
Program (IEAGHG) (2011) reports that the presende impurities can
significantly affect the phase and pressure-tentperabehaviour of the fluid.
Thus, common equations of state, such as the Pehm$dn equation, are
imperative to gas-mixture calculations in £6torage in all media (IEAGHG,
2011).

The IEAGHG (2011) investigates the physical effeftpossible impurities from,
and in the range of, oxy-fuel capture processegicoof phase behaviour,
physical storage capacity, permeation flux, buoyaand rising velocity, and
dissolution of CQ in formation water are addressed (IEAGHG, 2011)m&
selective findings are that non-condensable imigsrisuch as Ar, N H; and Q
decrease the mixture density and viscosity, lowermeability, increase the
buoyancy of the C@plume, and decrease the solubility of L6 the formation

water.
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An important finding in the IEAGHG (2011) that ispeated in a paper by Wang
et al (2012) has to do with the influence of the nondensable as well as
condensable (SQand HS) impurities on the physical storage capacity. Gvein
al. (2012) derived an equation quantifying the effettimpurities on storage
capacity, as a function of density and stream caitipo. This equation revealed
that the non-condensable impurities decrease tinage capacity of C£and, at a
certain pressure, a maximum reduction in the storaegpacity exists. It is
naturally important to avoid this maximum storaggacity reduction. The effect
of condensable impurities is seen to be more camfdeth SG and HS have
pressures at which the storage capacity is afféoggttmally’. For a CQ stream
with 5% H,S, the optimal point is the pressure at which aimmim reduction of
storage capacity is observed. However, $Dactually seen to increase storage
capacity of CQ at certain pressures. At the optimal point for 3@ in a CQ

stream, the storage capacity of d®predicted to increase by as much as 5%.

The effects of impurities in saline aquifer systeans an area in which there is a
great deal of active research. The dirity for Capture and Storage (COORAL)
project is a German research project dedicatedtestigating the influence of
impure CQ in CCS since 2009 (Ruetters, 2013). This projexst tleveloped a
base of specific research into the impurity effentsaline aquifer systems. It is
proposed that impurities can have reactive effegte caprock and affect the
mineral sequestration of GGIEAGHG, 2011). The IEAGHG (2011) perform
thermochemical evaluations for §ONCy, H.S, &, CO,, and H on minerals
important to caprock integrity and sandstone. Irtgodr findings are that the
dissolution of sandstone (represented by quartz) nst affected
thermodynamically by S©Oor NG, but these components could dissolve several
caprock minerals. However, the effect on the cdpnminerals decreases with

decreasing concentration of the gases.

Mikunda and de Coninck (2011) review in-depth redeaconducted into the
interactions of impurities in saline aquifer systeaver extended periods of time.
They assess impurity effects on geochemical trappitissolved gas-rock

interactions, injectivity, and impacts of certairoipgical formations. Many

45



articles reviewed in this study with regard to cemshble impurities reveal
consistent findings, through flow and reaction datiaons, that impurities such as
SO, NO,, and HS decrease the pH of the brine through the formaiiostrong

acids. These acidic conditions increase the ratgeothemical reactions which

affects the porosity and permeability of the rock.

The injection of impure CQ streams into geological storage media on a
commercial scale can be seen in acid gas injecfiba.injection of acid gas (2 %
to 86 % mixtures of k6 in CQ) into saline aquifers and depleted hydrocarbon
reservoirs has become common practice in Westenadzasince 1990 (Bachu
and Gunter, 2005; IPCC, 2005). This technology inreduced with the aim of
disposing of HS (a waste gas from natural gas recovery), while, &Oco-
injected as it is uneconomical to separate thedsmponents (IPCC, 2005). This
technology has proven successful with 41 activdiegtpons in 2003 and 5.5 Mt
of acid gas being disposed of, with no incidentagtidi and Gunter, 2005). The
apparent success of this technology in Western dzahas led to research being
done into the co-storage oL8 and potentially SOwith CO, in China in a CCS
context (Li, Q.et al, 2011). The control of $ and S@ emissions is an urgent
need and the co-storage of these substances witlc&@0Obe an effective way to

reduce the costs of CCS.

The systems in saline aquifers are similar to seam systems in that they are
both saturated with brine (IPCC, 2005). Howeveal dormation water is already
bicarbonate-rich (i.e. rich in Gpand therefore significant solids precipitation is
not expected (Reeves and Schoeling, 2000). Itcsmenended that the long term
reaction processes in coal seam systems are igatsti (Reeves and Schoeling,
2000) and insight can be gained from the methodsad in saline aquifer

research.

2.3 Components

The main components in the experiments conductéaisrproject are the storage
medium (coal) and the gaseous components,(@ad CQ-SO, mixtures). It is

important to have a thorough understanding of athese components, and thus
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their properties, as well as various relevant festuwill be discussed in this

section.

2.3.1 Coal

Coal is an organic sedimentary rock that contaargimg amounts of C, H, N, O,
and S as well other trace elements, including rain@atter (Speight, 2005). It is
an extremely complex, heterogeneous material tlkhtbis a wide range of

physical properties (Speight, 2005).

Coal is the storage medium, or sorbent in thisystamsd thus most important
property of coal in this regard is its ability tadsmrb and absorb GOCoal's
affinity for CO;, is very strong and, depending on the coal rantyéden three to
thirteen molecules of COcan be preferentially sorbed on the coal for each
molecule of CH released (Viljoenet al, 2010). Other substances are also
accepted by coal to various extents, witsSHand S@ sorbed strongly and 2N
weakly (See previously in Section 2.2.2). For & didcussion on coal’s sorption

behaviour, refer to Section 2.4.

Coal can be classified according the degree ofifaalon, which gives an
indication of its response to levels of heat arebpure (Schweinfurth, 2009). The
categories in this classification system are knewrranks’. The rank of a coal is
determined according to the fixed carbon, moistanel volatile matter content of
the coal, as well as its calorific value, after twntent of mineral matter and
sulphur have been subtracted (Schweinfurth, 20099. coal used in the study is
of bituminous rank, which is a dense, usually blec#l with a high heating value
that is commonly used in power generation apphceti (Speight, 2005). The
material safety data sheet (MSDS) for bituminous coay be found in Appendix
A.l.

Analytical techniques used to characterise coabr@eg to its composition are
numerous. A proximate analysis is used to deterrtheemoisture, ash, volatile
matter, and fixed carbon composition of a coal {§e 2005). Ultimate analysis,
determines the coal's elemental composition (CNSand O weight percent)

(Speight, 2005). Petrography is used to determiree drganic maceral (i.e.
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vitrinite, inertinite, and liptinite) and inorganimineral composition of the coal
through microscopic evaluations (van Krevelen actuger, 1957). The coal’s
petrographic composition has been identified to dme important factor for

sorption of coal. For example, high-vitrinite codisve a higher adsorption
capacity than low-vitrinite coals, whilst coals hign mineral content adsorb less
than organic-rich coals (Bhebhe, 2008). The prokemaltimate and petrographic

analyses will all be used to characterise the gsatl in the project.

The physical structure of coal, which is linkedstly to the coal’s composition,
is an important factor in gas storage and recov@ogl is a porous solid that has a
pore structure composed of micropores, mesoporeésractropores (Gorbatgt
al., 1986; Edgar, 1983). In coal seams, two distvecporosity systems exist: a
network of well-defined and distributed naturalcttaes or cleats; and a highly
heterogeneous porous structure within the coalixnbétween the cleats (Mandal
et al, 2004; Shi and Durucan, 2003). The potential gutgn sites are largely
within the micropores which are estimated to actdomabout 95 % of the coal’s
internal surface (Shi and Durucan, 2003). The strat properties of coal, such
as porosity and surface area, may be determineztibgrption analysis of a gas
(Edgar, 1983), e.g. Brunauer, Emmett and TellerT{Bihalysis using C©

Since the coal of interest in geological storagstsexun-mined in coal seams, it is
of interest to explore the properties of coal urttiese conditions. Table 2.3 from
Zhang (2008) shows the pressure and temperatuexexpat various depths in a
coal seam. Attention is drawn to depths greatar 820 m at which C@exists in

the supercritical phase. At these depths the pressxceeds 70 bar while the
temperature is greater than°@2 The pressure and temperature specified for the

sorption experiments are selected according toaakeconditions underground.

The main focus with regard to coal in this projectto ensure consistency in
samples and that the coal is characterised acgpriinproximate, ultimate,
petrography, and BET analyses. This sampling aassdlcation is vital to give
meaning to the results of the sorption studies.lif&a coal seam storage
conditions are selected for the sorption experisienthich are also kept

consistent throughout.
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Table 2.3: Coal Seam Temperature and Pressure dsuaction of Depth (reconstructed from
work by Zhang, 2008)

Depth (m) Coal Reservoir Pressure  Coal Reservoir Temperature
(bar) (°C)
100 10 18-21
200 20 21-24
300 30 24-27
400 40 27-30
500 50 30-36
600-700 70 36-42
800-900 90 49-48
1000-1100 110 48-54
1200-1300 130 54-60
1300-1400 150 60-66
1500-1600 170 66-72
1700-1800 190 72
2.3.2 Gases

This section describes the properties of the gaseomponents that are used in
this study as sorbates (i.e. the substance thhs smrto the coal sorbent). The
components selected are £&hd SQ. SO, was selected as it is the impurity that
showed the most decisive effects on coal fromhallliterature surveyed (see the
study performed by Sakurowt al (2011) in Section 2.2.2). It would be highly
desirable to perform experiments with other impesit such as }$ and NG, in
addition to S@ however, various challenges and time constraimésle these
experiments unattainable. Pure £4nd CQ with a variable concentration of 30
were used in the experiments and therefore theaetgroperties of each of these
substances are reviewed. A brief account on ligdefjases is also included as
well as a section on relevant equations of stabe former section is important
for experimentation purposes, while latter sect®mmmportant when producing
meaningful results.

a) CO, (Carbon Dioxide)

COQO; is a colourless, odourless, non-toxic, slighthdemcsubstance that exists as a
gas at atmospheric conditions, approximately 50 éavier than air (Asia
Industrial Gases Association, 2009; Linde AG, 200®) MSDS is provided in
Appendix A.2. CQis the principal product of carbonaceous fuel costion and
has the ability to absorb radiant heat (IPCC, 2008g latter property defines
CO, as a greenhouse gas (IPCC, 2007).
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In this project, C@is used in the gaseous, liquid and supercrititesps, and
thus it is important to have a good understandihgsophysical properties. The
phase change points that are of particular inteneitis project are presented in
Table 2.4, with the full phase diagram for £@esented thereafter in Figure 2.7.
From the below data, it is evident that £ahder atmospheric conditions can be
compressed isothermally to produce liquid ;G pressures in the region of 60
bar; however, to produce supercritical £@e temperature must be raised above
30.98°C and pressurised to at least 73.77 bar.

The density of CQis also highly relevant in the project. Densityriga with
pressure and temperature, and a plot of the d&@sity is provided in Figure 2.8.
Reliable density predictions are essential and riwder is referred to the
Equations of Statesubsection for further discussion. Other basic spiay
properties, such as molar mass and solubility itewyare provided in Table 2.5

for completion.

Table 2.4: Important Physical States of GENIST, 2011; Span and Wagner, 1994)

Point of Interest Pressure (bar) Temperature (°C)
Critical Point 73.77 30.98
Vapour Pressure at 20°C 57.29 20
Triple Point 5.18 -56.56

Carbon dioxide: Temperature - pressure diagram
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Figure 2.7: Phase diagram of CEYIPCC, 2005)
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Figure 2.8: CQ density as a function of pressure and temperat(ifeCC, 2005)

Table 2.5: General Physical Properties of gOPCC, 2005)

Property Value
Molecular weight 4401
Critical temperature L1°C
Critical pressure 73.9 bar
Cntical density 467 kg m*
Triple point temperature -565°C
Triple point pressure 5.18 bar
Boiling (sublimation) peint (1.013 bar) -785°C
Gas Phase

Gas density (1.013 bar at boiling point) 2814 kg m?
Gas density (@ STP) 1.976 kg m*
Specific volume (@ 5TP) 0.506 m’ kg

Cp (@ STP)

Cv (@ 5TP)

Cp/Cv (@ STF)

Viscosity (@ S5TP)

Thermal conductivity (@ STP)

Solubility n water (@ STP)

Enthalpy (@ STP)

Entropy (@ STP)

Entropy of formation

Liguid Phase

Vapour pressure (at 20 *C)

Liquid density {at -20 °C and 19.7 bar)

Viscosity (& STP)

Solrd Phase

Density of carbon dioxide smow at freezing point
Latent heat of vaporisation (1.013 bar at sublimation pomt)

0.0364 kT (mol' K-')
0.0278 kT (mol' K-}
1.308

13.72 pN.s m* {or pPa.s)
14.65 mW (m K1)

1.716 vol vol!

21.34 kT mol!

117.2 T mol K*

2138 Tmol K

58.5 bar
1032 kg m*
90 uN.s m* (or pPas)

1562 ke m*
5711k ke

Where STP stands for Standard Temperature and Pressure, which is 0°C and 1.013 bar

CO, is a compound with chemical properties that mdkeelevant to a large

number of industries and areas of life. The relewaaea of interest for this project
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is CO interactions with coal under moderate temperataneselevated pressures
applicable to coal seam storage. With regard totirgty, any chemical reactions
causing mineralisation of the GOn coal are expected to take place over
geological timeframes (Reeves and Schoeling, 200Be main interaction
mechanism for C@in this study is sorption, including adsorptiobsarption and
chemisorption, which is discussed in Section 2.4.2

b) SO, (Sulphur Dioxide)

SO, exists as a colourless gas that is approximateljpleé the density of air at
normal temperatures and pressures (Air Liquide Bag/clopaedia, 2013). When
inhaled, S@ has a pungent and irritating odour, and has tiyxreited at 2 ppm
(Air Liquide Gas Encyclopaedia, 2013). Sf@acts with moisture to form,80,,
which is highly corrosive. Stainless steel is $at®orily compatible with S¢)
however high quality stainless steel is advised rwhkigere is a presence of
moisture (Air Liquide Gas Encyclopaedia, 2013).udl MSDS for the substance
provided in Appendix A.3. SOcan be found in various concentrations in coal
combustion flue gas and results due to the pres@fcsulphur-containing
minerals in coal (IEAGHG, 2011).

The critical temperature of $SQ157.35°C) is much higher than the moderate
temperatures of the experiments conducted and dinlys the gas and liquid
phases of SPare of relevance in this study (Hasenberg, 2008 phase
diagram and various important phase change poiatsféered in Figure 2.9 and
Table 2.6 respectively. Using this data, it is ewidthat S@ at atmospheric
conditions can be liquefied through isothermal coespion once the moderate
pressure of 3.309 bar is exceeded.

Table 2.6: Important Physical States of $SONIST, 2011; Hasenberg, 2008; Hogenboom et al.,
1996)

Point of Interest Pressure (bar) Temperature (°C)
Critical Point 78.8 157.35
Vapour Pressure at 20°C 3.309 20
Triple Point 0.0165 -75.55
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Figure 2.9: Phase diagram of S(QHogenboom et al., 1996)
c) Vapour-Liquid Equilibrium Systems

A liguefied gas is a substance that exists as aag&TP, but can be liquefied
when its pressure is raised at standard temper#tuwagh compression (Linde
AG, 2002). Cylinders made with liquefied gases@essurised so that a vapour-
liquid equilibrium (VLE) exists in the cylinder. ‘€hliquid, settling at the bottom
of the cylinder can be drawn while the cylindeinghe upright position using a
dip tube that extends down to the bottom of thendgr. CQ pressurised at its
vapour pressure of approximately 57 bar at 20°@ tip tube fitted cylinder fits
this description (Linde AG, 2002). Other condensaldses, such as §@re also

easily liquefied at moderate pressures.

When considering a cylinder containing a more thia@ liquefied gas component,
it is important to understand that the componenit$ distribute themselves
unequally between the liquid and the gas phase aigh2000). The VLE
compositions will be a function of pressure andgerature and the partitioning
of the components will be related to the volaghtiof each pure component, i.e.
the component that has the higher volatility wédafure more prominently in the
vapour phase (Cheah, 2000). When applying theseiples to a mixture of CO
and SQ, one can expect S@o be more prominent in the liquid phase tharhin t
vapour phase. The same conclusion can be reachednsydering S@is much

easier to condense than €0
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VLE data for CQ-SO, systems is limited even though it is an imporiangurity
for CCS process calculations (Li, et al, 2011; Li, 2008). According to Li, Het
al. (2011), the only VLE data produced for this sysi@as by Caubet (1901) who
covered the pressure and temperature ranges of0R27bhAr and 24-143°C
respectively. However, the author does questionréhability of Caubet’'s data
due to the fact that it is over 100 years old. lff/data is available at the relevant
pressure and temperature, the liquid compositiothefCQ-SO, mixtures made

using the mixing system described in Section 3rRkmaestimated.

d) Equations of State

With volumetric adsorption equipment, it is impartato convert pressure
measurements to density or specific volume, whanh then be used to calculate
sorption. In order to calculate the fluid densityrh its pressure, it is necessary to
use an equation of state (EOS). A great numberGf’E have been developed,
and it is necessary to select one that is apptepttathe components, phase, and
temperature and pressure rages of the system. OisesEsuitable for pure GO
pure SQ and their mixtures at the experimental conditians discussed in this

subsection.

The EOS derived by Span and Wagner (1994) is widefjarded as the most
reliable equation for pure G@panning a wide range of pressure and temperature
conditions. This equation is a specialised EOSteceampirically for CQ@ and

has an estimated uncertainty of 0.05% in the deriSipan and Wagner, 1994).
The CQ density may be conveniently determined as a fancéind temperature
from the NIST data, which uses the Span and WaB@$ for its calculations.
This data may be obtained at http://webbook.nistaemistry/fluid/ (Lemmon

et al, 2011).

Similarly, an empirically determined EOS has beewetbped for pure S{bver a
wide range of conditions by Ihmekt al (2003). This equation has reported
uncertainty in the density of 0.1% at the condsioalevant to the present study.
The SQ density can again be conveniently determined ftbenNIST database
which uses Ihmelst al’s (2003) EOS (Lemmoat al, 2011).
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Obtaining a reliable EOS for high pressure mixtweSG and CQ is a lot more
challenging than for its pure components. EOS’s taam accurately predict the
densities of high pressure mixtures of £fd impurities is an area of interest in
in CCS modelling processes (Mantovaati al, 2012; Mazzocoliet al, 2012;
Wilhelmsenet al, 2011; Li and Yan, 2009). However, very few papevaluated
the influence of S@with most papers choosing to focus of N,, O,, Ar, and
CH,, while impurities such as 4, H,S and hydrocarbons have been well

covered due to their importance in natural gasgssiog and EOR.

Li and Yan (2009) attempted to find an accurate HQSCO, mixtures with a
wide range of species, including SO'hey evaluated the accuracy of seven
different thermodynamic models for predicting theedfic volume of different
concentrations of C£S0, mixtures over a wide range of temperatures, pressu
and compositions. The accuracy was evaluated byaong the model values to
experimental values from literature. Li and YanQ®@palso calculated the binary
interaction parameter for GEO, mixtures that can be applied to the models for
greater accuracy. It is concluded that the Pat@-EOS is the most accurate
overall for predicting the specific liquid volumes CO,-SO, mixtures having an
absolute average deviation (AAD) from the experitakrvalues of 9.28%.
However, this model is seen to become considerdbls accurate at
concentrations of COthat are higher than 90 mol%, where the AAD s
approximately 23%. The performance of the models wat evaluated for
mixtures greater than 92.5 mol% g@ue to lack of experimental data, as seen in

the experimental gaps relayed by Li,dtdal (2011).

It is thus seen that there are concerns arounddtracy of predicting the density
of CO,-SO, mixtures relevant to CCS. A simpler, general méthsed to estimate
the density of real gases is through the use ofireapcompressibility factors
(Felder and Rousseau, 2000). These factors rdlatentignitude to which real
gases deviate from ideal gas behaviour. The comsiprkty factor as a function of
temperature and pressure can be found for @OPerry and Green (1999),
however that of S®has proved a lot more difficult to find. To ovence this

problem, the principle of corresponding states $ed) which works on the
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principle that all fluids behave similarly relative their respective critical points
(Felder and Rousseau, 2000). It is thus possiblma&e use of a generalised
compressibility factor chart for all componentspyded the value is determined
at ‘reduced’ conditions, i.e. the ratio of experirted pressure and temperature to

their respective pure component critical points.

Methods used to estimate the compressibility fastanixtures include Amagat’s
Law and Kay's Rule. Kay's Rule calculates a ‘pseaurdwal’ point for the
mixture based on the molar weighted average ofpime component critical
points. This parameter is then used to calculateaed conditions from which the
compressibility factor for the mixture is determinémagat’s Law, on the other
hand, makes use of the assumption that the tolameof the mixture is equal to
the sum of the partial volumes of the pure comptsjest the pressure of the
mixture (Felder and Rousseau, 2000). According hkis tmethod, the
compressibility factor is determined for each peammponent at the reduced
pressure and temperature of the mixture. The wedlaverage of the pure
component compressibility factors is then usechascompressibility factor of the
mixture. It must be noted that that Amagat’s Laveslmot ignore the effect the
particle interactions, as does Dalton’s Law, buhea assumes that the forces
between molecules of different types behave silgiles those between like
molecules (Woo and Yeo, 1995). Alternatively, Amagydaw can also be
applied to calculate the density of the mixturesdity from the densities of the
pure components using the mole fractions of eaampoment in the mixture. This
formula is shown below and is the simplest metloydcélculating the density of a
CO,-SO, mixture considering reliable pure component dgng#tlues are easily

obtainable.

Pmixture = 1/2 xi/pi (2-1)

Where pixture @nd p; are the densities of the mixture and pure compohen

respectively, and; is the mole fraction of componeint

The accuracy of the simple methods has proved tee&gonable in many cases
(~10%) (Woo and Yeo, 1995), although it is difficadb deduce this for the
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components and conditions in the present studyceSthe systems considered
contain a high purity of CO(> 95 mol%), the mixture density might not deviate
dramatically from that of pure G@nd thus estimation methods may be adequate.
However, it would be best to compare the mixturesttg predictions from a
complex thermodynamic method, such as the Patal-fedel, with estimations
obtained from simpler methods, e.g. Amagat’'s Lawd determine the influence

this parameter has on overall sorption results.
2.4 CO, Storage Capacity and Sorption in Coal

2.4.1 Storage Capacity

Carbon dioxide storage capacity estimates providendication of how much
CO, can be stored in a geological storage medium. eha® important
parameters for CCS projects as they will help esténthe lifespan for CO
storage or if a project is even feasible. Many roé¢hfor storage capacity
estimation exist and these methods are specifeatd type of storage medium
(Bachuet al, 2007; IPCC, 2005). According to IPCC (2005), diféerent storage
mechanisms and means of trapping suggest, in pl&che following methods:

* Volumetric trapping — the capacity is determined the product of
available volume (pore space or cavity) and,@@ensity at then situ
pressure and temperature.

» Solubility trapping — the capacity is the amounC@, that can dissolve in
the formation fluid (oil in oil reservoirs, brackisvater or brine in saline
aquifers).

e Sorption trapping — the capacity is the productcoél volume and its
capacity for sorbing C@at thein situ conditions.

* Mineral trapping — the capacity is calculated adogg to the amount of

CO; that will be used in carbonate precipitation remgn;

Although no universally accepted methods for steregpacity estimation exists,
the Carbon Sequestration Leadership Forum recomsntgwhniques that have
been established with the aim of producing a st@haaethodology (Bachu,
2008b). The technique recommended for coal bedgtors presented here in
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order to provide a context for the sorption measnar®s determined in the

present study. The theoretical £€&torage capacity can be calculated for coal
seam storage according to Equation 2.2 below. G&yacity represents the base
level of storage capacity estimation, from whicte tmore advanced storage

capacity estimations can be determined.

MCOZ = pCOZ(Std)'A'h'ﬁ’\E'GC(l - fa - fm) (22)

Where M¢,,is the theoretical COstorage capacity (units of mass of O
Pco,stay 1S the CQ density at standard (surface) conditions (unitsnafss per

volume); A and h are the area and effective thickness of the ceams
respectivelyii; is the bulk coal densityj- is the coal gas content (dry, ash free)
at saturation assuming that the coal will be 10@%arsted with CQ(in units of
volume of gas per unit of coal mass); gpdandf,, are the ash and moisture mass

fractions of the coal, respectively.

The parameter in Equation 2.2 that is most relevarthe project isG.. This

parameter is generally calculated using an adsorpgiotherm model, such as the
Langmuir isotherm, which can be applieditositu conditions (Bachu, 2008b,
2008). The availability of experimental data spectb the coal in question is
important for this parameter to be determined maceurately. The sorption
calculated in this study can be converted t6.avalue at specific pressure and

temperature conditions relevant to storage.

From the definition of7 it is evident that it has been assumed that p@evall

be stored independently of impurity gases and thesffect of impurities o6
has not been considered. While a factor can bedatred to account for the effect
of impurities when they decrease the volume fractod CG, and as well as
influence the stream’s density (Waeapal, 2012), it is more difficult to introduce
such a factor for coal storage where experimerdatd ¢ needed to quantify the
effects on sorption. This project will determineetlirer the neglect of impurities
is significant with regard to sorption in coal, areh thus recommend whether it

is necessary to extend the definitiont@fto include impurities.
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2.4.2 Sorption Theory

Since sorption is the mechanism by which,@@d impurity gases are stored in
coal, it will be discussed in the literature reviewy means of this this section.
Sorption is a term used to collectively describenactions that occur between
solid and fluid substances. These interactions lmarphysical (adsorption and
absorption) and chemical (chemisorption) (Gertehle@l, 2009; van Bergeat
al., 2006). Adsorption in coal is the process wherélbid molecules form a
layer/layers on the internal surfaces (micropodghe coal so that an adsorbed
phase exists between the fluid and solid phasestd@®mchet al, 2009).
Adsorption and its reverse process, desorptionpfie® seen to cause volumetric
changes to the coal matrix and can cause changésetcoal’'s porosity and
permeability (van Bergewrt al, 2006). These phenomena are known as coal
shrinking and swelling. Reversible adsorption amsadption are expected to
attain a state of equilibrium in a coal-g€ystem relatively rapidly (van Bergen
al., 2006). Absorption occurs when the fluid molesybenetrate into the internal
structure of the coal, while chemisorption involwee formation of a chemical
bond between the fluid and coal surface (Gertenlschl, 2009). It must be
noted that adsorption is an exothermic processs ashemisorption typically,
while absorption is usually endothermic (Gertenbathal, 2009). The main
differences between the properties of adsorptiahdmemisorption are shown in
Table 2.7.

Table 2.7: Difference between adsorption and cheonjgion (Ruthven, 1984)

Adsorption Chemisorption
Low heat of adsorption (less than 2 or 3 High heat of adsorption (greater than 2 or 3
times the latent heat of evaporation) times the latent heat of evaporation)
Non specific Highly specific
Monolayer or multilayer Monolayer only
No dissociation of adsorbed species May involve dissogiation of adsorbed
species
Significant at relatively low temperatures Possibler a wide temperature range
Rapid, Non-activated, and reversible Activated, meyslow, and irreversible
No electron transfer, although polarisatiorElectron transfer leading to bond formation
of adsorbate may occur between fluid and solid

Although adsorption, absorption, and chemisorpton easily distinguishable as

concepts, it is often difficult to do so in praeti§Ruthven, 1984). The term
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‘sorption’ has been established and, in this ptpjsaused to describe any and all
combinations of adsorption, absorption, and chemtsm. Thus, the fluid in a
system in which sorption is occurring is referreds the ‘sorbate’ (as opposed to
‘adsorbate’) while the solid (coal) is termed thsorbent’ (as opposed to
‘adsorbent’). The fluid that has been ‘sorbed’ bg sorbent is said to exist in the
‘sorbed’ phase. For clarification of the terminojpgFigure 2.10 has been

produced.

Figure 2.10: Schematic sorption process. A — Adgap; B — Absorption; C — Chemisorption;
(1) — Fluid sorbate molecules; (2) — Solid sorbe(8), (4) and (5) — Sorbed molecules in sorbed
phase

Although absorption and chemisorption are possiblea CQ-coal system,

particularly at supercritical conditions (Day al,2008), adsorption is expected to
be the prevalent process considering that the expatal run time is in the order
of days rather than months or years (van Besgeai, 2006). Sulphur dioxide can
have clear chemical effects on coal after a these period in contact with coal,
while it is also seen to adsorb very strongly (Ssxtion 2.2.2). Due to the
importance of adsorption in the study, some adsorphodel theory is described
here. Many adsorption models exist and some makereht assumptions

regarding the nature of the adsorption that occline. most common adsorption
model is the Langmuir model that defines adsorptonording to monolayer

theory. This theory works on the basis that moleswre adsorbed at a fixed
number of well-defined, localised sites and, ontietheese sites are filled, the
adsorbent is fully saturated and no more adsorptaon occur (Ruthven, 1984).
Although this model is simple, it has been showrsame cases to successfully

model the sorption behaviour of @@nd CH in coal indicating that monolayer
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adsorption takes place (Gertenbasthal, 2009, Chabaclet al, 1996). Other
conventional models include the BET model, wherdtipla layers of adsorption
are accounted for; Freundich’s model, which is mpieical model widely applied
to heterogeneous surface systems; and Dubinin’sopoce-filling model (Foo
and Hameed, 2010; Ruthven, 1984; Dubinin, 1966).

Adsorption models can be used to explain and catsgdhe behaviour of
sorption as a function of pressure, or concentnaib constant temperature. The
plot of sorption versus pressure, or concentrai®known as a sorption isotherm
and is a useful tool in COstorage capacity studies (see Section 2.4.1).eatgr
number of sorption isotherm models of varying cawjl exist with a varying
level of success observed when they are appli€iGebased systems with coal
(Pini et al, 2010; Wanget al, 2009; Ottigeret al, 2008; and Chabac#t al,
1996).

What is also relevant to the study is how to quwritie amount of sorption that
occurs from volumetric experimental data. The sormptan be calculated using
mass balance principles and an EOS according ton#thod described in Felder
and Rousseau (2000). The initial number of moleshef sorbate is calculated
from the volume available for the sorbate (whiclpassible to be determined by
experimental methods) multiplied by the sorbatesdgrat the initial temperature
and pressure conditions. This density can be cledilusing an EOS as described
in Section 2.3.2. The final number of moles of seebate can be calculated at the
end of the sorption experiment in the same manitez.difference between these
two molar quantities is then the number of moleélwtl that have been sorbed.
This quantity is known as the ‘excess sorption’ anda common means of
guantifying sorption (Gertenbaeh al,, 2009).

2.5 Chapter Summary

In the literature review conducted, the broad apecsic context of the project
was explored. CCS is a technology used to mitigleate change and has a key
role to play in reducing the cost of meeting theiel CQ reduction targets.
Each stage of CCS was outlined, as they are &kédinand impurities allowed in

the storage stage of CCS could influence the intipardesired during production,
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separation and transportation stages. Unminealdkei€@n unconventional GO
storage medium, but is important in a South Africantext where it is one of the
primary onshore options. Sorption studies are edgvalue when determining the

storage capacity in unmineable coal, and are int Slipply in South Africa.

Studies on the effect of non-G@ases, particularly strong-sorbing condensable
impurities that are common in CCS, on £€rption in coal are very rare. Only
two studies with relevance in this sector have b#isnovered (Sakurowst al,
2011; Mazumdeet al, 2006). Of the impurities investigated by Sakuret al
(2011), SQ had the largest effect on sorption capacity ofciba by decreasing it
significantly according to the experiments they dcted. Mazumdeet al
(2006), on the other hand, did not see a signifiedfect of a small amount of
SO,. Thus, the present study will hope to clarify #féect of SQ and make a
contribution, whether by way of results and/or noglitiogy, to CCS research as a

whole.
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CHAPTER 3: Methodology

The methods used to prepare and characterise #Hiesamples, as well as the
detailed experimental procedure used to conductnvetric sorption experiments
with impure CQ, are outlined in this chapter. Sample preparatamd

characterisation is included in Section 3.1 whitke tsorption studies are the
subject of Section 3.2. Section 3.3 describes ttayais that was done on coal

samples that were run in the sorption experiments.

3.1 Sample Preparation and Characterisation

As discussed in Section 2.3.1, coal is a highletogfeneous substance and thus
care must be taken to prepare representative, aibased samples that can be
regarded as being from the same population. In gbion, the procedure and
methods used to prepare and characterise the eogbles are outlined. The
following characterisation analyses were conductedte the samples were

prepared, as discussed in Section 3.1.1:

* Proximate Analysis (3.1.2)

e Ultimate Analysis (3.1.3)

* Petrographic Analysis (3.1.4)

e Brunauer, Emmett and Teller (BET) Analysis (3.1.5)

e Sample Volume Determination (3.1.6)

Whilst the composition of the coal is not the foafighe project, and will remain
constant throughout, it is still crucial to obtaiiormation regarding the sorbate

properties.

3.1.1 Sample Preparation

The aim was to produce thirty representative 3a samples of -250 um particle
size from a large bag (approximately 50 kg) of cobtained directly from a
Witbank coal mine in South Africa. This was achivéirough a series of
crushing, coning and quartering, sieving, and meiclad splitting steps.

Throughout the sample preparation it was assumedctining and quartering as
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well as mechanical splitting ensured that a remtasee fraction of the original
coal sample was obtained.

The bag was initially coned and quartered twicelitain an eighth of the initial
sample. This coal was crushed to -4 mm using cngsfaicilities at the University
of Johannesburg. This particle size was selectedagamot too many fine particles
were generated during this first crushing stagee $&imple was then coned and
quartered several more times until approximatel§ g0quarters were obtained.
One of these quarters was sieved using facilitied/itss so that only the particle
size class above 2 mm was retained. This was iordance with provisional
plans to conduct experiments using the equipmenisatvane University of
Technology (TUT) that could not handle fine pad&l A quarter of the sieved
sample was set aside for runs at TUT while hathefsample was crushed to -250
pm using an in-house mill (Retsch ZM 200) for raisWits. The remaining
quarter was crushed by the same means to -1 mmeqaged for petrography.
More coning and quartering as well as use of a ar@chl splitter (ERIEZ 15A)
was then used to divide the different sample ckssenly into final 3 g samples.
The final samples were stored in 25 ml containéiat were maintained at
constant environment in a refrigerator. 2 g of slenwas extracted from these

containers for experimentation.

3.1.2 Proximate Analysis

A Perkin-Elmer Thermogravimetric analyser (TGA)usied in the School of
Chemical and Metallurgical Engineering at the Ursity of the Witwatersrand
(Wits) was used to conduct the proximate analy3isrough a series of
temperature ramps, certain components of the aeat@mbusted and thus the
composition of the coal can be identified. An inibe technique was used for this
analysis: the temperature was ramped up from amtaerperature until 10C to
determine the moisture content; the heating rate stawed until 400C was
reached before being increased gradually untiPC0€o that the volatile matter
were combusted; the temperature was then rampedrypapidly until 900C so

that the fixed carbon was combusted; the remaimrags indicated the ash
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content. The moisture, volatile matter, fixed carband ash content determined
through this analysis are reported in Section 4.1.1

3.1.3 Ultimate and C-S Analyses

The major elemental composition, C, H, and N of twal samples was
determined by ultimate analysis. This analysis wasducted at a commercial
laboratory, UIS Analytical Services, to ensure aleleé results. Since the S
composition was not reported in the UIS findingse tS composition was
determined by C-S analysis using a Leco C-S Analismted at the School of
Chemical and Metallurgical Engineering at Wits. ©rall of these constituents
were determined, the O composition was determiyadifierence.

3.1.4 Petrographic Analysis

Petrography blocks were prepared with approximadetyof -1 mm coal sample
to which resin and hardener were applied. The sarf# each block was then
subjected to multistage polishing using a StruexgrdPol-11 polisher located at
Wits’ School of Chemical and Metallurgical Engineer, following ISO 7404
part 2.

The petrography blocks were analysed using a peipbic microscope (Leica
DM2500P) located at the same venue. This analysis @onducted by Prof.
Nicola Wagner and the composition of the maceraligs and mineral matter was
determined following ISO 7404 part 4. These resalts available in Section
4.1.3.

3.1.5 Brunauer, Emmett and Teller Analysis

The BET analysis was used to determine structuraesties of coal that are
important for sorption studies and for comparatpeposes. These properties
include surface area, micropore surface area, aweé polume. They were
calculated from low pressure adsorption isothermlyced for the coal. The
isotherms were determined up to a relative pressdirapproximately 0.03
(experimental pressure/saturation pressure), angl \i@3 used as the adsorbent

gas. Approximately 0.2 g of sample was analysedrasdlts were calculated on a
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per mass basis. The facilities used for this amalgse located at North West

University, Potchefstroom campus.

The coal surface area, calculated by three diftemeethods (BET, Langmuir and
Single point), the micropore surface area, caledldty two different methods
(Dubinin-Radushkevich and Dubinin-Astakhov), ance thore and micropore

volumes are reported in Section 4.1.4.

3.1.6 Sample Volume Determination

It is necessary to determine the volume of the ample to be used in the
sorption experiments for sorption calculation pwg® (see Section 4.2 for
calculations). A stereopycnometer, Quantachromeruments SPY-D160E,
located in the School of Chemical and Metallurgiéaigineering at Wits,
operated with He, was used. This piece of equipnuaitulates the sample
volume based on the principle that the solid caatigles will displace the He,
with these small gas molecules able to penetrate the particles’ pores

(Quantachrome Instruments, 2009).

The stereopycnometer applies a low pressure obhelts of known volume, one
of which houses the sample. The sample cell isspresed and, once the pressure
reading is recorded, the pressure is then alloweexpand into a larger known
volume and the pressure recorded again. The vobfrttee coal sample can then
be calculated using a formula derived from thelidea law. See Section 4.1.5 for

calculation details and the average sample volus®iated.

3.2 Sorption Experiments

The amount of gas able to be sorbed by the coapleanwas determined by
volumetric sorption experiments. These experimentgacted gas mixtures and
pure CQ with the samples at a single pressure and temperdbr a suitable

period of time. The sorption was then calculateg aolumetric basis.

This section is split into Equipment (Section 3)Zahd Experimental Procedure
(Section 3.2.2) sections. The former section dbessrithe main piece of
equipment used in the sorption study so that tlaelee can have a thorough
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understanding of its underlying theory and fundciidy. The latter section
outlines the actions taken to operate the equip®emhat a run can be accurately
replicated if desired. The results of the sorptexperiments are presented in
Section 4.2.

3.2.1 Equipment
The main pieces of equipment that are fundameat#is study on the sorption
capacity of gas mixtures on coal are:

a) Volumetric Adsorption System (VAS) located att§Vi

b) Mixture Producing System at Wits

c) Gas Chromatography (GC) at Wits.

A subsection is dedicated to describing each fetlmgeces of equipment.

a) Volumetric Adsorption System

A VAS is a system that aims to simulate the coodgiof geological storage. This
unit brings a sample, or sorbent, into contact vathluid, or sorbate, under
specified conditions of pressure and temperatund, enables the amount of
sorption that occurs in a certain time period to determined using the
volumetric, or P-V-T, method. This is one of theshoommon methods adapted
for high pressure sorption measurements (Belmatikkowal, 2003). In this
method, the amount of sorption is calculated iraliye using pressure
measurements, an equation of state, and a masgédkee Section 4.2 for more

details).

The operating principle of the VAS can be explaitledugh the use of Figure
3.1. Fluid is pumped into the expansion volume ufgio V1 until the desired

pressure is measured by the pressure sensor. M#ised and the fluid expands
into the sample cell so that the sample is expdsedn instantaneous high
pressure after a brief equilibration period. Thpasion volume cell usually has
a greater volume than the sample cell so that tbp th pressure, that occurs
when V2 is opened, is not dramatic. The fluid isrthn contact with the sample
and sorption may occur. All the valves remain albse that a rigid system is
formed. The pressure is then tracked with timec&itme fluid cannot escape the

system, a decrease in pressure indicates thatrflaldcules are moving out of the
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free space, into the sorbed phase of the sample.dlference in the initial
pressure, i.e. once the fluid has expanded thrdf2gand all the valves are closed,
and the final pressure, i.e. once the operatoiddsdio end the experiment, can be
used to calculate the amount of fluid sorbed bydample in the experiment’s

operation time.

PI PI

Sorbate Vi V2 \& Sorbate
Pump ‘

Sample Sample/
Cell Sorbent

Expansion
Volume

Figure 3.1: Schematic diagram of VAS internals hoe in a temperature controlling oven.
Valves, pressure indicators, cells, sorbent andosie are represented.

The VAS used in this study is located at Wits. MA&S experienced problems
with leaks prior to, and for a significant portiofy this project, which frequently
affected the reliability of results. Since it isportant to have a rigid system for
the sorption calculations, inconsistent leaks vatider results meaningless. Thus,
a number of pressure stability tests were performeaxder to locate the leaks so
that they could be fixed. Some of these tests mgepted in Appendix B.1. Leaks
were located at several Swagelok fittings, throsgweral valves, as well as at the
sealing surface of the sample cell. It was necgdsareplace the leaking fittings
with new ones and it was required to take the wabgart to clean the sealing
surfaces. The sample cell leaks, however, requireeintire new sample cell to be
designed with more reliable, disposable seals. &iile VAS at Wits was
leaking, some runs were attempted using the VASW@T. However, these
attempts also failed due to leak problems (see AgigeB.2. for a comparison
between the VAS at Wits and the one at TUT). Oree YAS at Wits was
modified, a pressure stability test was produceticating that the system was
leak-free before the sorption experiments werg(see Appendix B.1).

To perform a run on the VAS, it is necessary tcedelthe desired starting

pressure, number and size of incremental pressteps,sas well as the
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equilibration time at each pressure. For the ptojeavas decided that the
experiments would be run at the constant pressuapmroximately 85 bar for a
period of 48 hours, as opposed to stepping thespresup over a range of values
to produce sorption isotherms. The selection ofehgarameters is justified using

the following reasoning:

* Experiment runtime — If a sorbent-sorbate systeailtsved to stand for a
sufficient period of time, a state of equilibriung ireached where
desorption occurs at the same rate as adsorptieati¢8 2.4.2). The
experiment runtime for sorption studies varies tyaa literature (4 hours
to weeks are reported for adsorption equilibriutaiatment in different
coals (Dayet al, 2007; Gertenbach, 2009)), but longer times aered
preferable where the system is allowed to reachiliequm. From
preliminary experiments for the system at handyas seen that it could
take up to 20 hours for the pressure to platealicating that equilibrium
had been reached. Thus, a safe experiment runtimdB8 chours was
selected for the project, which, due to time caists, allowed for only
one pressure to be tested. The presence of impgaggs in the sorbate
and their unknown influence in the sorbent alsoygdiaa role in the
decision for a longer experiment runtime.

» Single pressure — The pressure of 85 bar was edlest this corresponds
to a depth of 700 — 800 m below the surface, wiscrelevant to C®
storage (see Section 2.3.1). Since the focus gbithject is on the effect of
the impurity components on sorption capacity, iswaemed sufficient to
compare sorption capacities calculated for a sjngievant pressure.
Varying the pressure was left as a recommendaterdipg the project
results.

* Experiment temperature — In order to simulate ugmbemd storage
conditions, the temperature corresponding to tipehdef 700 — 800 m was
selected. This temperature is approximatelyC4Qsee Section 2.3.1) and
was applied as a set point to the oven.

* Sorbate sampling — If the pressure was steppedt wpould require a

sorbate sample to be drawn and sent to the GCchtprassure step. This
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sampling procedure is not automated and thus aauld not be left to run
over night without requiring the operator to beréhat odd hours.

The full procedure for the VAS experiments is expad further in Section 3.2.2.

Overview of Operation. The reader is directed to Figures 3.1 (VAS oven
internals) and 3.2 (full VAS system) which suppl@&tithe description. A liquid
phase C@rich gas is supplied from a cylinder/vessel fitteith a dip tube (either
located in an external cylinder storage cage or riiging setup, see next
subsection) to an automatic Teledyne Isco syring@ap The pump is able to
control the pressure to a desired set point inxgramsion volume cell, which is
connected to the pump via a pneumatic valve (Viguiie 3.1). The gas can be
sampled from the expansion volume cell through as@@pling system made up
of a manual system of valves so that the compasiifothe gas before analysis
may be determined. Once the pressure in the expanglume is set to the
desired pressure, the fluid is expanded througkcargl pneumatic valve (V2)
into a sample cell in which a storage medium sar{ipl¢his instance coal) may
be placed. V2 is closed and the fluid sample froméxpansion volume is sent to
the GC. The system is left pressurised for a desireount of time. Both the cells
and the interconnecting valves are housed in an ovevhich the temperature can
be held at a set-point. Pressure and temperatasoisemeasure the respective
conditions of both cells, and acquisition hardwaskects this data and transfers it
to a PC. Once the time has elapsed, the run ipstband the contents of the cells
vented to the atmosphere through V3 (another pnecmwalve that leads out of
the sample cell and has remained closed thus fat)am external instrument
panel. Before the fluid is vented, a sorbate sarfrpi@ the sample cell may be
extracted through another route of the GC sampdiygfem for analysis. The
events described thus far, other than the fluidpsiaug, may be automated via PC

programming.
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Figure 3.2: Complete VAS as viewed in the Laboratat Wits

Labelled Components:

A- Teledyne Isco Syringe pump for raising fluid psure

B- Oven housing high pressure system (expansioruvag and sample cells)

C- Instrument Panel to GC for fluid sampling

D- Instrument Panel to vent and vacuum pump

E- Control panel operating pneumatic valves withgssure display

F- National Instruments CompactRIO hardware for datcapture and automation. Out of
picture to the left is the fluid supply, and to thaght is the PC linked to the CompactRIO

Description of VAS Components.Various important components making up the
VAS are isolated and described in more detail hEne.components were ordered
from a variety sources and custom made by Chemealbased in Centurion,
Pretoria. A number of students have completed t¥&c and PhD studies using
this VAS, including Maphada (2012) and Maphala @01

Liquid CG, and Mixture Supply- Liquid CG is supplied to the syringe pump
from a standard Afrox liquid C&{cylinder fitted with a dip tube. The mixtures are
supplied after being mixed from pure componentpbeg by standard cylinders

in the laboratory using a mixing system designed @mstom-made by Chemvak
cc (discussed further in 3.2.1(b)).

Teledyne Isco 260D Syringe PumpPressurises the fluid and supplies it to the
expansion volume until the desired pressure ishehcThe pump is specifically
designed for high pressure fluid and contains atoraated pressure control

system.

Expansion Volume Cell An off-the-shelf stainless-steel vessel of appmately
30 ml specified to 120 bar. It is pressurised wita fluid sorbate to a specified

set-point before the fluid is allowed to enter siaenple cell.
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Sample Cel A predominantly stainless-steel ‘vessel’ of apmrately 4 mi

manufactured from Swagelok fittings that housesstimaple of geological storage
medium. These fittings are specified to hold pressin excess of 300 bar. It is
detached from the system and filled with a sampiewnecessary. Copper seals
are used to ensure the cell is pressure tight egdire frequent changing. Once
the expansion volume has been fully pressurisedgés is allowed to enter this

vessel to contact the sample.

Pneumatic Valves- Swagelok valves run by compressed air suppliech fa
cylinder at 8 — 10 bar. They can be operated manuatl a control panel, or
automatically, via software, to control the flow ffiid into and out of each

storage vessel.

Oven— The vessel system is housed in an oven that eanskd to create an
approximately isothermal environment for the vessé&he temperature can be
specified from ambient conditions up to 60°C anadtemled to within 0.5°C.

GC Sampling System A manually operated system of valves that ersatiie
withdrawal of fluid samples from either the expamsvolume or sample cell. The
sampling system leads directly to a line connetatie GC. A N purge line and

line to a vacuum pump also exist to prevent samgamination.

Briker 430 GG- This unit is used to analyse the compositiothefgas samples
from the VAS before and after the sorption expentaeare run. It contains a
thermal conductivity detector (TCD), auto-samplinglve, and HayeSep N
packed column that enables the separation gf&¥@ SQ. The carrier gas used is
N,. More information on the GC analysis conditionspi®vided in Section
3.2.1(b).

Instrument Panel to Vent and Vacuum Pwmn instrument panel with manually
operated Swagelok valves that control the flow had fluid once it leaves the
sample vessel. The gas may be vented to the atm@sphthe oven system may
be vacuumed prior to being pressurised using awmacpump. The panel also
directs the flow for sample degasification.
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Sample Degasifying systenaConsists of a clamp-on heater, zeolite volatilag,
and the same vacuum pump used to vacuum the owselseand GC sampling
system. Prior to connecting the sample vessel ¢ostfstem in the oven, the
sample must be degasified to purge it of all imgesiand open the sample pores.
This is achieved by attaching the sample vesseh#o clamp-on heater and
vacuuming the sample, through the volatiles trametded, by selecting the

desired flow course on the instrument panel fordgred amount of time.

Control Panel- Allows for the manual operation of the pneumataves and
contains displays for the pressure and temperatutbe vessels that have been
measured with appropriate instrumentation setupswifich enables automated or

manual operation to be selected.

National Instruments CompactRIO and PCrhe data acquisition, measurement,
display and control processes are handled by ah&tinstruments CompactRIO
and Systems Integration hardware supplied by Natibrstruments coupled to a
PC with LabVIEW software programmed by JAD SysteMere specifically, the
pneumatic valves and Teledyne Isco pump can beatggeautomatically via the
CompactRIO and LabVIEW programming which also aliethe pressure and

temperature data over the course of the experiment.

b) Mixing System

The mixing system is a system designed and custalniiy Chemvak cc that

makes it possible to produce liquid mixtures oftafive component inputs. This

piece of equipment was introduced to the laborato®013 and the present study
is the first project to involve it. The substandgeput to the mixing system are
typically pure species, and the liquid phase ofrthieture is only ensured if the

mixture is predominantly liquid CO The mixture is made up roughly using
pressure readings and an equation of state, andhkecomposition is verified via

GC analysis. A rotational setup is required to emsthe components mix

thoroughly. The mixing system is portrayed in FeyGr3.
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Figure 3.3: Mixing System as viewed in the Laboragat Wits

Labelled Components:

A- Inlet ports and valves — Control entry of puremponents from respective cylinders

B- Mixing Vessels — Stainless steel vessels, fitndth dip tubes and containing ball bearings,
that mix and house mixture

C- Pressure display — Relays pressure in the MixMegssels

D- Valves leading into Mixing Vessels — Controlstgnand exit of fluids into Mixing Vessels

E- Axis around which Mixing Vessels rotate — Alloviisr thorough mixing of components

F- Rotation controls (out of sight) — Controls spgef Mixing Vessel rotation

G- Outlet ports and valves — Control exit of mixeufrom Mixing Vessels to VAS and vent, as
well as line to vacuum pump

Motivation for Mixing System. In order to appreciate the need for a custom-
made mixing system, it is necessary to have anratataling of the operation of
the Teledyne Isco syringe pump. This pump supphiedluid to the VAS vessels
and functions similarly to a syringe. It comprestesfluid in a rigid space within
the pump until the desired pressure is obtainedeQ@inis is achieved, the fluid is
sent to the rest of the system. For the pump toabpeeffectively with CQ a
liquid feed is required. If gaseous €3 fed to the pump, and a high pressure
output is required, the pump will compress the,@@til it liquefies and beyond.
Due to the small volume of liquid GQ&ompared to the gaseous L£that was
initially present, the pressure supplied to the V#&sels when the fluid is

released to the rest of the system may not becgaritly high.

The mixtures desired for the project are theorkiivétations of captured CO

streams of which the composition is 90% L@ greater. Thus, based on the
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requirements of the Teledyne Isco syringe pumpidicphase mixtures of the
desired captured COstream composition are necessary. Local gas suppli
Afrox and Air Liquide, were unwilling to supply rég-made cylinders containing
liquid mixtures of CQ and a condensable impurity. They were only prep&oe
supply pure liquid C@or gas phase mixtures, neither of which was gsefiicfor

the task at hand. Thus, it was decided to desighcamstruct equipment that
would enable the production of liquid mixtures frggure components on lab-

scale.

Liquid Mixture Theory. The challenge with liquid mixtures relates to ¥HeE
existing in a liquefied gas cylinder. The readeeferred to the relevant section of
Section 2.3.2 for more information on liquefied ggslf a small amount of S
introduced into a liquefied CQrylinder, the S@will partition itself between the
liquid and the vapour phase. A literature studydpaed by Chemvak cc (2012)
determined that, although a VLE will form in the xtuire (both components
existing in sTable Doncentrations in each phad&y,mhay take, in some cases, an
inordinately long time. Thus, in order to promotd@mogeneous mixture it is
necessary to agitate the mixture (Chemvak cc, 20t2ahis project, this is done
by rotating vessels with ball bearings within thessels (see Figure 3.3). Small
volumes of mixtures that can be used soon aftey #re made up have been
selected in order to avoid settling out of compdseh is difficult to predict the
concentration of the liquid mixtures made up acilyahowever this problem is
overcome by analysing the mixtures by GC analys@ po introduction into the

sample cell of the VAS.

Overview of Operation. Components are loaded one at a time into the ixin
vessels, starting with the component that is sedpét the lowest pressure or is
required to be at the lowest composition in thetarx For instance, for a binary
mixture of SQ and CQ to be produced, the low pressure,$Oloaded first until
the desired pressure reading is achieved in thengixessels (e.g. 1 — 2 bar).
Liquid CO, (~45 bar) is then allowed to enter the mixing e¢sslowly until they
are topped up. It is important to vent, flush amduum the common lines to the

mixing vessels when loading different components ffeecise operation. Now
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that both components are present in the mixing elesshey are rotated
mechanically for approximately 15 minutes, so tbeponents can be assumed to
be homogenously mixed. The mixture is then readyetded to the VAS for GC

analysis and sorption experiments.

c) Gas Chromatography Analysis

The GC analysis had two functions: firstly, to aetaly quantify the
concentration of the mixture sent to the VAS frohe tMixing System; and,
secondly, to determine the change in concentratibrthe sorbate from the
beginning of the sorption experiment to its complet Thus, it was possible to
deduce whether selective sorption had taken placahé extent that the
concentration of the sorbate changed through thesemf the experiment.

GC Specifications.A GC is an instrument that operates on the prlactpat
different compounds have different elution ratesewhpassed through a
specialised column. The individual components hues tseparated in the column
and detected once they exit the column by a medsatsréacts proportionally to
the amount of component present (Poole, 2012). GGeused in this study is a
Bruker 430-GC, and is connected via a line to gnaping system of the VAS.
The Briker is equipped with a HayeSep N packedmopldhat is capable of
separating sulphur gases. The detector used isl3 Wa@ich is a bulk property
detector that detects changes in thermal condtctii disruption, or ‘peak’, in
the carrier gas baseline indicates that a substaaeg@assed through the detector.
N2 is used as the carrier gas that ‘carries’ the $anmpough the column and an

auto-sampling valve is equipped.

A relatively short temperature programme for the @&@n that would allow for
good peak separation of the components in que$ti@ and SQ) was set up
through a trial and error method upon sample imgast This temperature
programme of the oven is shown graphically in Fegu8.4. The injection
temperature and detector temperature in the GCramogvere set to 140°C and
270°C respectively. The reference flow for the iesirgas was 30 ml/min with a

make-up flow of 5 ml/min.
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The GC was calibrated for relevant concentrationS@. In order to do this it
was necessary to run standard gas samples ptis@ugh the GC and produce a
plot of peak area versus concentration to whichlidm@tion curve could be fitted.
This calibration curve is presented in Figure 3&e calibration gas samples were
drawn from certified gas mixture cylinders (1.5% ,S&ahd 5% S@ in CQO,)
purchased from Afrox, which were loaded into Alttfgas sampling bags. Five
injections per sample were run and the averagesvalited for each. The fitted
calibration curve is linear and is used to caleulde concentration of unknown

mixtures using the peak area response obtained win@mg it through the GC.
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Figure 3.4: Temperature Program for GC method
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Figure 3.5: Calibration Curve produced for SO

Overview of Operation. The GC is first prepared for sample injection adow
to the procedure described in Section 3.2.2. Onee/iAS has been fully loaded
with the mixture made in the Mixing System, theidlis allowed to pass to the
sample cell, and all VAS valves closed; a fluid p@mis drawn from the
reference cell and allowed to pass through thetbnthe GC. The gas from the
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reference cell is analysed a number of times t@inbén average, but precise,
value. At the end of the VAS experiment, a sorbsdenple that has been in
contact with the coal sample for 48 hours is drdvem the sample cell and
analysed in the same fashion by the GC. The chagrains for the sorbate are
thus available at the outset and end of the sormiperiments. The GC analysis
results for the project are presented in Secti@r4.

3.2.2 Procedure

In this section, the sorption experiments are d@iglithto stages, which make up
the complete experiment. Full instructions are giwebullet form in Appendix C
so that the experiments may be repeated preciseguired.

a) Sample Degassing

It was necessary to heat and vacuum the coal sampd@sure that unwanted
volatiles did not escape from the sample duringsitigtion experiment runs and
interfere with results. The vacuum system showfigure 3.6 and experimental
details are given in Appendix C.1.

Figure 3.6: Vacuum setup for sample degassing.
Labelled components: A- reactor heating jacket; Bstrument Panel; C- Cold trap; D- Vacuum

pump

b) Free Volume Determination

In order to calculate the amount of sorption odagrin the experiments it was
required to know the volume available for the flsigirounding the sample in the
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rigid VAS vessel system. See Figure 3.7 for a depicof this volume, which is

referred to as the ‘free volume’.

Expansion Sample

Volume Cell
Vi V2 V3

Sorbate
inlet

Sorbate
outlet

B Volume A

& Free Volume Sample/sorbent

Figure 3.7: Schematic diagram of VAS pressure vdsdadicating volumes of interest, i.e. the
volume between V1 and V2 (Volume A) and the volupetween V2 and V3 (Free Volume)

The VAS volumes were calculated using the ideallgasin various pressuring
and expansion experiments using He gas at low ymessThe detailed procedure

for determining the free volume is provided in Apgix C.2.

The results for the free volume of the system dated are presented in Section
4.2.1.

c) VAS Operating Procedure

The procedure presented in Appendix C.3 descritigs sy step how to run the
VAS as used in the sorption experiments. The VASestral to the sorption
experiments, as described in Section 3.2.1.a. Tevelins in the VAS were
performed — 3 runs for pure G@nd 9 runs for mixtures. In each case, the
procedure was designed so that the raw data negessaalculate amount of
sorption that took place in a degassed 2 g coapkawas obtained. Sorption took
place for 48 hours at constant temperature angpre$40°C and 85 bar), and the
component-wise sorption of each gas in the mixiwues also identified. The
procedure for drawing gas samples from the VASse described in Appendix
C.3.

d) Mixing System Operation Procedure
The systematic procedure followed to produce nifferdnt gas mixtures used in
the VAS sorption experiments is presented in Apper@.4. The mixtures

consisted of C® and SQ where the concentration of $Qanged from
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approximately 0.2 mol% to 6.7 mol%. These concéiotna were made up
through estimation on a pressure basis, as dedadnlfgection 3.2.1.b.

e) GC Operating Procedure

Gas samples were analysed from the sorption expatgia GC analysis at the
beginning and end of each VAS run, as describedh&n VAS Operating

Procedure (see Appendix C.3). In order to obtainaaerage concentration
measurement for each sorption experiment, thredivio gas samples were
analysed. The column was conditioned accordingiialsle GC operating guides
prior to the experiments. The procedure used toatpehe GC is outlined in
Appendix C.5.

3.3 Post-Sorption Analysis

Fourier transform infrared spectroscopy (FTIR) gsigl was performed on
selected coal samples once the sorption experimeats completed and the
sorption quantified. The samples were removed ftbm sample cell, thereby
being restored to atmospheric conditions, aftendpexposed to the high pressure
fluids for 48 hours and sent to the School of Clstirpiat Wits where the analysis
was conducted. FTIR analysis was not included énattiginal plans of the project
which aimed to determine how sorption was affectsd the presence of
impurities; but was rather added to supplementtsnrpesults by attempting to

explain why certain impurity effects are observed.

FTIR analyses the surface functionalities and ype of functional groups present
on the pulverised coal sample by measuring thesoddance of infrared radiation
(Thermo Nicolet Corporation, 2001). It is valuabiethis project as it can be used
to determine whether there have been any changhas themical structure of the
coal, and can thus identify whether there have laegrasting effects on the coal
(e.g. chemisorption) as opposed to only reversdorptive processes during the
sorption experiments (Goodmahal, 2005). The experimental procedure for the
analysis included the use of a Briker Tensor 27riepulrransform Infrared

spectrometer which recorded the spectra in theerarigs50-4000 ci with a
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resolution of 4 cril. The samples were not degassed before analysishend

experiments were performed at ambient conditions.

Three coal samples that had been treated with reifteconcentrations of
supercritical C@ SO, mixtures were analysed, and were compared witmgke
that had been treated with pure supercriticab @@d a sample that had not been
treated. The samples for the €80, mixtures were selected on the basis that
different sorption results had been observed fesghsamples that could benefit
from further analysis (see Section 4.2.6(b)). TA@RFresults are presented in
Section 4.2.5.

3.4 Chapter Summary

In this section, the methodology derived to achigeeaims and objectives of the
study is presented. The means by which the coaplesmwvere prepared was
described, along with the methods used to charsetehe coal so that its
important characteristics are known. The volumettsorption experiments
(headed ‘Sorption Experiments’) are described ith flhe relevant pieces of
equipment, i.e. VAS, Mixing System, and GC, arelaxgd and the operating
procedure for each is provided. The Mixing Systerd &C analysis linked to the
VAS are introduced for the first time in this repor
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CHAPTER 4: Results and Discussion

This chapter is split into the coal sample chargzgéon results (Section 4.1) and
the sorption experiment results (Section 4.2) Wete obtained from conducting
the experiments described in the methodology, &@@&i This chapter follows a

format in which the results are first presented taeh discussed.

4.1 Coal Characterisation

The coal analysed in this study is a bituminousl edracted from a South
African coal mine in a Witbank coalfield. Small gales that are assumed to be
homogenous were prepared from this coal as desciib&ection 3.1.1. These
samples were then subjected to proximate, ultimp&trographic, BET, and
volume determination analyses, as described inid®®esc.1.2 to 3.1.6. These
analyses are important so that the findings ofrtfagn sorption experiments can
be deemed applicable to a coal with specific prigger The results of each

characterisation analysis are reported in the sghemns that follow.

4.1.1 Proximate Analysis
Three runs of 15 mg of the coal sample were perdrion the TGA in order to
determine the average moisture, volatile, fixedoarand ash content of the coal

samples. The results obtained are presented ire Babl

Table 4.1: Composition of Coal as determined frombRimate Analysis

Percentage of Sample (%)

Run Moisture Volatile Matter Fixed carbon Ash

1 4,62 16.70 42.39 36.29

2 3.86 20.50 42.66 32.98

3 3.68 20.01 41.55 34.76

Average 4.05 19.07 42.20 34.68
(wet basis)

Average ] 19.87 43.98 36.14
(dry basis)

It is evident that the coal has a high ash corteatt is typical of South African
coal from the Witbank area. Due to the high ashterun the volatile yield and
fixed carbon content are in the lower range expkcat a bituminous coal
(Speight, 2005).
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4.1.2 Ultimate and C-S Analyses

The C, H, and N composition in the coal was deteetiifrom the ultimate
analysis, while the S composition was determinethfC-S analysis, as described
in Section 3.1.3. Thus, once the O compositioneiteminined by difference, the
composition of all major coal constituents is knownd the results are presented
in Table 4.2.

Table 4.2: Major Elemental Composition of Coal Salep

Element Percentage of Sample (%)
C 42.2
H 2.86
N 0.99
S 0.88
O 14.34

Note: O composition was determined on an ash free, dsjsb&ased on the Proximate analysis
results (Section 4.1.1)

In order to interpret the results, they are comgbai® ranges expected for
bituminous coal reported in Speight (2005). Theneletal C and H composition
are lower than typical values (65% to 80% for C ah8% to 6% for H).
However, this is due to the greater presence afamc ash present in the coal
which exceeds the typical range of 4% to 15% byeatgmargin (see Section
4.1.1). The N and S composition fall within the egfed range, and the O content
iIs seen to be only slightly higher than the 4.5%1086 range in reported in

literature.

4.1.3 Petrographic Analysis

The maceral and mineral composition of the coal determined through the
petrographic analysis described in Section 3.1H4e Summarised results are
displayed in Table 4.3 and the full report, inchglisub-maceral and mineral

groups, is available in Appendix E.2.

Table 4.3: Petrographic Composition of Coal

Maceral Groups Volume Percent (%)
Vitrinite 33.1
Liptinite 51
Inertinite 36.7

Mineral Matter 25.1
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From these results, the coal has been describedtygscal high ash, inertinite-
rich, high volatile bituminous C Witbank coal.

4.1.4 BET Analysis

The surface area, micropore surface area, andvyoduene of a 0.2080 g sample
of the coal in question were determined. This wesieved through modelling

calculations conducted on a low pressure, @0therm produced experimentally
for the coal. The isotherm on which the calculatiorere based, along with more

experimental details, is presented in Appendix E.3.

The surface area available to adsorb,@@r mass of sample was calculated
according to three different methods, namely: LangnBET and Single Point (at
a specified pressure) methods. The results arershoWable 4.4.

The micropore surface area was calculated by theinilhtRadushkevich (DR)
and Dubinin-Astakhov (DA) methods. The maximum peoskime was calculated
by the Horvath-Kawazoe (HK) method using a singtenp and the limiting

micropore volume was determined according to therd&hod. The monolayer
capacity was also determined by the DR method. &hesults are depicted in
Table 4.4.

Table 4.4: Summarised BET Results specifying thedalling methods used for calculation

Surface Area (nf/g)
Langmuir 87.30
Numerical Method: BET 81.71
Single Point 70.62
Micropore Surface Area (nf/g)
Numerical Method: DR 122.78
DA 150.91

Maximum Pore Volume (cnt/g)

Numerical Method: HK 0.0293

Limiting Micropore Volume (cm */g)

Numerical Method: DA 0.0634

Monolayer Capacity (cnt/g)

Numerical Method: DR 26.88
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From the results in Table 4.4 it is evident th&réhis some variation between the
specific surface area and micropore surface aregewvdhat are calculated by the
different methods. Differences in these values laogjever, expected and are due
to the different assumptions implicit to each ckdtion method. In this study,

these details are provided so that accurate cosgrerican be made.

The values in Table 4.4 were compared with thos®laphala (2012), who also
conducted surface area and pore analysis on g fameshed, bituminous South
African coal. Maphala (2012) considered LangmuiTBand single point
methods in his analysis, and all compared resubgevsimilar; as would be
expected due to the similarity in coal type andiaegas well as the sample

preparation technique.

4.1.5 Sample Volume

In order to determine the average volume of the samples, three 2 g samples
were run in a stereopycnometer. For the averagesunement, two pressure
readings per stereopycnometer run were taken, lane@ runs per sample were
performed. Three samples were used in the steraopyeter in order to obtain

sufficient data for a confident volume measuremdm. calculate the sample

volume, the pressure readings recorded were ims@nte Equation D.1 that is

presented and described fully in Appendix E.1.

A description of the experimental procedure accamgehby detailed working is
offered in Appendix E.1. The summary of the residtseported below in Table
4.5.

Table 4.5: The volume determined for three identlggprepared 2 g coal samples

Sample Volume (cn)
1 0.977
2 1.000
3 0.928
Average 0.968

Thus, the average volume of 2 g of -250 um pasiolethe Witbank coal used is
calculated to be 0.968 ém
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In order to check this value of the sample voluthe, density of the coal is
calculated by dividing it by the mass of samplg)2The density of the sample is
thus 2.07 g/crh This value is a high considering the densityibirhinous coal is
reported to range from 1.28 g/2to 1.35 g/cri (Speight, 2005).

The reason for the inaccurate density determinsdspected to be due to several
sources of experimental error during the stereopy@ter runs. The pressure in
the stereopycnometer cells was seen to fluctugtea deal at times when it was
required to take pressure readings. This made dakixperimental readings
challenging and could lead to inaccurate measuresn&he main reason for the
fluctuations encountered arises from the sengitiwf the pressure in the
stereopycnometer cells to fluctuations with tempeea Factors contributing to
unstable temperature include heat dissipation frible equipment, and the
temperature of the sample equilibrating. Volatédssaping from the sample could
also influence the stability of the pressure. Thacwations are strongly
dependent on pressure measurements and thus miiocs & the readings are

magnified.

Nevertheless, relatively small errors in the vatighe sample volume will not
have a great bearing in calculations used to deterthe magnitude of the excess
sorption (the sample volume is relatively small paned to the sample cell
volume; see Section 4.2.1). The magnitude of tmepsa volume will also have
no consequence when comparing the amount sorpticurring across runs. Thus
the sample volume of 0.968 &mwas deemed adequate for the project, and this
value was used in the free volume calculationst{&ed.2.1).

4.2 Sorption Capacity

This section presents the results of the experisndescribed in Section 3.2 and
provides discussion on the findings. Descriptiohfimwv the data obtained were
converted into meaningful results are also provideus is the most important
section of the dissertation with regard to satrgfyithe project’'s aims and
objectives. In this section, the parameters impbrta sorption calculations that
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were determined experimentally or theoreticallyupyc Sections 4.2.1 and 4.2.2
while the primary results follow in Section 4.2.3.

4.2.1 Free Volume

The volume in the sample cell system, between 2 \&B, which is free to be
occupied by the sorbate, is termed the ‘free volu(see Figure 3.6). This
parameter is required in the excess isotherm emugiquation 4.3 in Section
4.2.6(a)).

The procedure and experimental work required terdehe the free volume are
outlined in Section 3.2.2, while a comprehensivplaxation of the calculations
used and experimental results are provided in Agiged.1. Only the final results
are presented in this section.

The empty volume between V2 and V3,£V:) calculated is presented in Table
4.6. The average volume calculated of 8.17° grems reasonable as the

Swagelok sample cell is estimated to have a volohagproximately 4 crh

Table 4.6: Sample cell system volume

Run Vyavs (cm?)
1 8.26
2 8.45
3 7.80
Average 8.17
Standard Deviation 0.34

The free volume is then calculated by subtractimg volume of the sorbent
sample from V..vs. The sorbent sample volume was calculated in @edtil.5 to
be 0.968 crfy and thus the free volume is 7.20%cm

4.2.2 Density Calculations

In order to calculate the sorption from the rawuless obtained from the

experiments described in Section 3.2.2, it is rem®sto convert pressure
measurements into density. This is typically dosa@ an equation of state, as
described in Section 2.3.2.

The density of pure COand pure S® can be determined reliably using

component-specific, empirical equations of staex(i®n 2.3.2). Density data that
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were calculated from these equations of state vedtained from the NIST
database (http://webbook.nist.gov/chemistry/fluidémmon et al, 2011). The
data were plotted as a function of pressure in phessure range of the
experiments (82 bar to 87 bar) at the experimemip&rature of 4%TC.
Polynomials that fit the data almost perfectlyhe televant range were applied to
the data so that the density could be predictedowithaving to continually return

to the website. The relevant details are provige8ippendix D.2.

It is more difficult to predict the density of highressure C®@SO, mixtures
accurately. The reader is referred to Section 2(@:2a full discussion on this
topic. Since the concentration of @M the experimental mixtures is relatively
low, Amagat's law, which is an assumption of additipartial volumes, is
introduced to estimate the density of the mixturésis law will be used to
estimate the mixture density based on the densifethe pure components
comprising the mixture, which can be reliably detered at the mixture
conditions. Equation 2.1 is the equation that Wwdlused to calculate the density
of the mixtures and is presented again here fatgre&eonvenience.

Pmixture = 1/% Xi/pi (2-1)

Where p,ixture @nd p; are the densities of the mixture and pure compohen

respectively, and; is the mole fraction of componeit

The sorbate density according to Equation 2.1 attgdl as a function of the
pressures and S@oncentrations relevant to the study. These reandt presented
in Figure 4.1.
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Figure 4.1: Density of relevant CSO, mixtures as a function of pressure at 40°C calctdd
using Amagat’s Law

The density of pure S(see Appendix D.2) is much higher than that oep0Q
and remains relatively constant at these high pressat a value of approximately
21 mol/l. Thus, it is seen that the presence of BCreases the density of the
mixture which is in accordance with literature (RD08). If the concentration of
SO is 3 mol %, then the density of the mixture deasaby an average of less than

2% from the density of pure G@ver the pressure range of the experiment.

In addition to using Amagat’s law, it was attemptegredict the mixture density
using the Patel-Teja EOS, which is a more compteoic model. This EOS is
presented in Equation 4.1 and is described fullyAppendix D.2. In order to

solve for the density under the desired conditiaghe, model was programmed

into Matlab software (see Appendix D.2 for code).

. . _ RT _ Amix(T)
Patel-Teja EOS: P = b T VOt e b 4.1

Mixing Rules:

Amix = 2i 2 €ij XiXjJQiAj 3 brix = XiXib;i ; Cmix = XiXiCi &5 = & (4.2)
WhereV is the molar volume (inverse of molar densit),is pressurel is
temperature, an® is the universal gas constant, b, and ¢ are parameters
defined in more detail in Appendix D.2. It is imgemt to note that these

parameters were solved for each pure componeridj, and then mixing laws
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(Equation 4.2) were used to determine their mixuaiees. The binary interaction
parameter;;, is a very important parameter used in the mixiags as it
accounts for the attraction forces between painsoofsimilar molecules (Li and
Yan, 2009). This parameter is obtained from litematfor mixtures of specific
components where it is generally determined frost-fits to experimental VLE
data, since it is more sensitive to derivative artipl properties such as fugacity
coefficients than to total properties such as nmetonolar volumes (Li and Yan,
2009). That said;; regressed from VLE data is not guaranteed to trésal good
accuracy on the density calculations, and it hanshown that significant errors

can occur if the if the value ¢f; is not accurately calibrated (Li and Yan, 2009).

The Patel-Teja EOS was recommended by Li (2008pfedicting the density of
CO,-SO, mixtures under a variety of concentrations, pressuemperatures. The
binary interaction parameter for GSQO, mixtures was also obtained from Li
(2008), where it was calibrated to predict the sdion pressure of mixtures at
VLE to within 5%. Since the experimental conditios® supercritical and not
VLE, and since;; is merely a ‘best fit' parameter at certain coiotis, it cannot
be taken for granted that the density will be prtstl to this level of accuracy at
the conditions of the experiments. It must alsmbted that;; was not fitted to
data where C@concentrations exceeded 92.5% due to lack of iieemental
data. There could also be reason to doubt thebiijaof the VLE experimental
data as it was produced from experiments condusteda hundred years ago (Li,
H. et al, 2011). Nevertheless, this is one of the few nedeliterature that was
applied to C@SO, mixtures under any conditions with some level ofcess,

and thus it is included as a comparison for the gahaensities.

The density predictions of the Patel-Teja modelaasinction of pressure and

concentration values that are relevant to the stwidyresented in Figure 4.2.
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Figure 4.2: Density of different C@SO, mixtures as a function of pressure at 40°C as piced
according to the Patel-Teja model

From the results in Figure 4.2, it is clear tha fresence of even small amounts
of SO, has a large influence on the density of the m&twhen predicted by the
Patel-Teja EOS. This is contrary to the predictiohfAmagat’s law, where the
influence of SQ@ is seen to be small. For instance, the densitg aiol% SQ
predicted by the Patel-Teja model is seen to bavanage of 28.6% greater than
that of pure C@over the experimental pressure range, while Amsdgav only

predicts a 2% increase in density.

In order to check for errors in the model prediesiothe pure COand pure S©
densities predicted by the model were comparedheoréspective NIST values.
The NIST values were, however observed to be piestimccurately with absolute
average deviations of 0.9% and 1.7% being obseime@O, and SQ over the
experimental pressure range respectively. The gnlaénce of S@ cannot be in
doubt due to incorrect pure densities predictedhieymodel. The great influence
of SO, is rather attributed to the mixing laws appliedtie model as well as due
to the mixture’s binary interaction parameter. Btk mixing laws and binary

interaction parameter were applied as recommengéd (2008).
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Although the model is mathematically sound, theraa literature indicating that
the predictions are accurate outside of VLE coadgi There is also no reason to
believe the Amagat predictions are any more rediah$ no literature confirming
this is available either. Thus the density preditsi from both methods will be
used to calculate the sorption and the effect ef dliferent predictions on the
final findings noted.

4.2.3 Pressure versus Run Time

Sorption experiments were conducted by contactimpa sample with a fluid

mixture of the desired CE&50, composition for a suitable amount of time to
allow sorption to take place. This experiment isalbed in greater detail in

Section 3.2. Pressure and temperature measurermentsaken throughout the
experiment using LabVIEW software. The reductiorpmessure from the outset
of the experiment can be used to quantify the amolfluid that has been sorbed
by the sample in that period of time. It is impaitéhat the temperature remain
constant throughout the experiment to avoid angotsfof the temperature on the

pressure that interfere with sorption calculations.

Selected pressure and temperature data that wamettfrom three sorption
experiments is presented below, for illustratiomposes, while the data for all
runs are presented in Appendix D.3. All runs wdiewsed to continue for 48
hours and the oven was set at@0Figures 4.3 to 4.5 below were obtained for 0.2
mol%, 1 mol%, and 2.5 mol% S$SCQespectfully. It must be noted that the
temperature values on the secondary axes diffgintsli from the temperature of

the oven due to a calibration discrepancy wherstfgvare was set up.
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Figure 4.3: Sample cell pressure and temperatureathghout a volumetric sorption experiment

with a sorbate containing 0.16 mol% S@nd 99.84 mol% CQ
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From the results, it is evident that the pressuopsl relatively quickly over the
first 6 to 18 hours, at which point it starts towde off to a relatively constant
value. This behaviour is in accordance with adsonptheory where it is expected
that an equilibrium between the adsorption and mght®m processes will
eventually occur resulting in a stable pressur@deeached. In some cases, the
pressure is seen to take almost the full 48 haussabilise completely with a very
slow decrease in pressure occurring after thealmdtiop, before levelling off (see
Figure 4.4). This justifies the need for a longhdir experimental run time.

The temperature is usually seen to cycle to witfi@ as expected according to
the control system of the oven, although more teatpee variation is noted on
some runs than others (e.g. Figure 4.5 as oppas€&tgtires 4.4 and 4.6). This
greater variation was noted to occur when the eatdemperature was markedly
colder than for the runs when the temperature wasenstable. However, no
consistent influence of these minor temperaturengés on the pressure is seen,

although a constant temperature environment itaheratory is recommended.

Another parameter that deserves some attentiomesirtitial pressure in the

sample cell. This pressure is achieved after theamesion volume has been
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pumped to the pressure of 119 bar with the fluitidther pure C®or mixture)
and is then allowed to expand to the sample cell6fd seconds where it is
trapped. The initial pressure is calculated asatlerage pressure over the second
hour of the run as the pressure is seen to takbeaufirst hour to equilibrate while
the temperature rises steadily. The final presssirealculated as the average
pressure over the final hour of the experiment. sEh@ressure values are

important for use in Equation 4.3 (Section 4.2.6(a)

It was expected that the initial pressure wouldaentonstant from run to run as
the expansion volume was set to pressurise todhe set point; however, this
was seen not to be the case. The initial pressaehed in the sample cell for the
pure CQ runs was approximately 86 bar, while that of tim@ure CQ runs was
lower, between 83 and 85 bar. This difference iitiain pressures may be
explained by the liquid C{cylinder supplying the Teledyne Isco pump directly
in the case of pure CObut indirectly (via the Mixing System) in the easf the
mixtures, where the fluid was brought to a loweegsure. The higher pressure
pure CQ was hence delivered to the expansion volume agteehflowrate than
the mixtures were, which caused the pressure getspior the CQ runs to be
overshot slightly. Thus slightly elevated initialegsures for the pure GQ@uns

resulted.

A plot of the initial pressure versus S€ncentration is provided in Figure 4.6 in
order to investigate whether a trend between th&separameters exists. From
this plot no clear evidence that a trend betweentivo variables exists, even

though the higher starting pressures of the thuee 8Q runs are apparent.

This subsection is of great importance as the presgata forms the basis of the
sorption capacity calculations. This data shouldderred to if there is indication

of an error or outlying points.
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Figure 4.6: Initial pressure of sample cell versimtial SO, concentration of mixture

4.2.4 Gas Composition Analysis

The SQ content of the sorbate was determined before dieil 48 hours of
sorption had taken place. This was done using G&lysis according to the
method described in Section 3.2.1. Chromatogramee vpeoduced for each
sorbate sample drawn from the VAS, and the conatoitr determined from the
average peak area for @nd a calibration curve (see Figure 3.5 in Section
3.2.1). The initial and final SOpeak area, peak area standard deviation and SO
concentration for each VAS run are presented inleTah.7. The S@
concentrations determined are represented ag&igume 4.7, for greater clarity.

The peak areas determined for each mixture in gémesre acceptable, with an
average percentage deviation for all runs at 11.Bwever, the peak areas
determined for mixtures 4, 6, 7, 8 and 9 have inadbt high standard deviations,
as is best observed from the error bars in Figuve Mlixture 6, which was

determined to have an initial concentration of 328G, was seen to have high
standard deviations for both the initial and ficahcentrations measured. This
could have bearing on the excess sorption and tgeresults, which use these
mixture compositions in calculations. The experitaédata for the GC analysis

Is presented in Appendix D.4.
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Table 4.7: SQ experimental peak areas and calculated concentvat

Average Peak Area Peak Area Standard SO, Concentration
Mixture (uV.min) Deviation (uV.min) (mol%)

Initial Final Initial Final Initial Final
1 23.16 0 3.9 0 0.16 0
2 137.2 32.44 5.7 10.5 0.95 0.23
3 179.54 57.08 22.4 2.3 1.25 0.40
4 274.62 69.44 61.2 1.7 191 0.48
5 363.26 197.2 29.7 19.8 2.52 1.37
6 460.62 202.04 91.9 33.9 3.20 1.40
7 535.9 2111 6.7 46.9 3.72 1.46
8 568.02 387.64 57.5 15.2 3.94 2.69
9 964.68 434.68 98.3 47.0 6.69 3.02
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Figure 4.7: Comparison of the SQOconcentration of each mixture determined beforedaafter
the sorption experiments. Error bars indicate theviel of experimental deviation obtained from
repeat concentration measurements on the GC.

When comparing the initial and final sorbate conmdions, it is evident that a
significant decrease in the $@vel in the sorbate occurs. This is attributethi®
occurrence of sorption, as $@ expected to have strong sorbing properties on

coal (see Section 2.2.2). The molar concentratiothh@ mixture is an important
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factor in sorption calculations as it is used tlw@ate the mixture density as well
as determine the percentage of each componentdsorbe

4.2.5 Fourier Transform Infrared Spectroscopy
FTIR analysis was performed on a coal sampleshadtundergone no treatment
other than degassing (described in Section 3.22yal as on samples that had
been treated with the following mixtures under sapgcal conditions of 85 bar
and 40C for 48 hours:

 100% CQ

* 0.16% SQ, 99.84% CQ

¢ 3.20% SQ, 96.80% CQ

* 6.69% SQ, 93.31% CQ
The results produced from FTIR analysis are spectrbich are plots of
wavenumber (cif) versus percentage transmittance. These plotsribesthe
amount of infrared radiation that was absorbedhgytionds of the sample. The
‘peaks’ observed at each radiation wavenumber itheistify the presence of a
certain functional group and the size of the paa&n indication of the amount of
material present (Thermo Nicolet, 2001).

The spectra produced for each sample analysedrasemed in Figures 4.8 to
4.12. The results are compared with each other taedconclusive findings

highlighted in the in the discussion to follow.
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Figure 4.8: FTIR Spectrum produced for coal samphathout sorption treatment

et
li'.]l_

Transmittance [%]
]

L

-

26417 —
206147 —

3gsen ——
amMopa ——

z 5
o™ -
T T T T T T
3500 2000 2500 2000 1500 1000

Wavenumber cm-1
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85 bar and 40C for 48 hours. The peak indicating the G@etained by the coal is circled.

By comparing the peaks observed in Figures 4.8itfirdo 4.12, the most obvious
peak of interest lies between 2340 tmnd 2360 ci (as highlighted by the
circles introduced to the spectra plots). The pmsiof this peak corresponds very
closely to the position of the peak observed foysmorbed C@ on coal by
Goodmaret al (2005) at 2332 cth Faust (1992) identifies this peak to be due to
the asymmetrical stretch of the €@olecule. Since the position of this peak is
seen to vary slightly from coal to coal (Goodmetnal, 2005), the peak in the
present study is deduced to identify physisorbed. C8e presence of these peaks
after the samples were allowed to return to amipeessure indicates that some
CO, remains either absorbed or adsorbed to the coualla® observations to this

were made by Maphala (2012).

The physisorbed COpeak does not appear in the coal sample that was n
treated, as expected (Figure 4.8), and is promiitetihe samples treated with
pure CQ, 0.16% SQ, and 3.20% S©®(Figure 4.9 to 4.11). This peak, although
still present, decreases substantially in magnitwden the sample was treated
with the highest S@concentration of 6.69% (Figure 4.12). This deeasthe
physisorbed C@peak magnitude could indicate that there is higitanpetition
for pore occupancy at this high level of S®earing in mind that SChas a high
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affinity for coal than C@ However, the physisorbed G@eak is slightly larger
in the case of 3.2% SAFigure 4.11) than that of 0.16% SFigure 4.11), and

thus further analysis may be required to explais dbservation suitably.

The position of S@on the spectrum corresponds to 1360*cfasymmetrical
stretch), 1150 cih (symmetrical stretch), and 540 ¢nbending) (Faust, 1992).
However, no peaks were identified at these wavemuspband thus it can be
deduced that all SCthat had physisorbed to the coal, desorbed oresadmple
was depressurised. Other functional groups of ésteto the study are all groups
that include S, which are located at a variety ak@numbers that are defined in
Table 4.8, as well as the hydroxyl group, whicloisated between 3200 ¢hand
3600 cnt. The functional groups containing S are of releeaas they would
appear if S@chemisorbed to the coal; while the hydroxyl grasipf importance
to sorption studies as a high hydroxyl group ondingace would induce a higher
CO, adsorption (Maphala, 2012). However, no conclusindings were evident
at these wavenumbers when the spectra of the @hiffesorption-treated samples

were compared with each other.
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Table 4.8: Characteristic infrared absorption fregacies of S-containing functional groups
(Table of IR Absorption Frequencies, unknown)

Bond Compound Type Frequency range (cm-)

Organic Sulphur Compounds

S-H stretching Aliphatic mercaptans, thiophenols 2550-2600 (w)
Thioketos 2415 (b)

C-S stretching Sulfides 600-700 (w)

S5-3 stretching Disulfides 400-500 (w)

C=8 stretching Thiocarbonyls 1020-1250
Thiobenzophenones 1207-1224

Compounds Containing Sulphur-Oxygen Bonds

5=0 stretching Organic sulfoxides 1030-1070(s)
Sulfones 1120-1160(s) & 1300-1350 (s)
Sulfonyl chlorides 1177-1204 (s) & 1380-1410(s)
Sulfonamides 1155-1170(s) & 1335-1370(s)
Covalent sulfonates 1168-1195(s) & 1335-1372(d, s)
Organic sulfates 1185-1200(s) & 1380-1415(s)
Sulfonic acids 1150-1165(s) & 1342-1350(s)
Sulfonate salts 1055 (s) & 1175 (s)
N-H stretching Sulfonamides
1E 3247-3300(s) & 3330-3390(s)
2E 3265 (s)

Abbreviations: s = strong, w = weak, d = doublet, b = broad

Another observation made was that there are a greaiber of small peaks
between 3905 and 3737 ¢nfor the 6.69% S@treated coal (Figure 4.12) that
were not identified for the other samples. Howetteese peaks are very small as
they are not easily observable with the human éy#ough the occurrence of
chemisorption of S@or CQ looks unlikely from the FTIR findings, Raman
spectroscopy, with more visible organic peaks, &DXanalysis, with focus on
mineral behaviour, may provide greater insight @ws tsubject. These two
analyses were not undertaken in the study but ¥olim part of the

recommendations.

4.2.6 The Effect of Impurities on Sorption

The amount of fluid the coal samples sorbed duttiegd8 hour VAS experiments
was calculated for different S@nixtures. The sorption quantification procedure
is described in Part (a) of this section and thrptsan results, as calculated using
different density predictions, are presented int Far Part (b) comprises of the

sorption results produced when (i) Amagat’'s law el (i) Patel-Teja EOS are
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used to predict the density, and the results obthfrom these two methods are
compared with each other in a final subsectioi (iii

a) Excess Sorption

The amount of sorption of the coal samples is dfiadtusing the excess sorption
equation presented as Equation 4.3 below. This titqu®alculates the number
of moles of substance sorbed per gram of sanlg .4, in mmol/g) from the
difference in initial and final number of molestime sorbate, through the course
of the experiment, according to mass balance pplesi(Felder and Rousseau,
2000). The parameters needed are: the molar dengiti the total sorbate,
whether it is a pure component or a mixture, atdheset and completion of the
experiment finitiq; and pring; respectively, in mmdl); the free volume in the
sample cell ., in I); and the mass of samplei(in g). The density is a

function of pressure”) and the molar composition of the sorbate (

Nsorbed = Vfree (pinitiall(Pinitial;xim-tial) - pfinall(Pfinal; xfinal))/m (4-3)

The free volume was determined in Section 4.2.1 #red sample mass is
consistently 2 g. The initial and final pressuresl anolar concentrations were
recorded experimentally (see Sections 4.2.3 and)4.Phese experimental values
were used to calculate the relevant sorbate dessdiccording to methods
described in Section 4.2.2. In the case of mixtuites component-wise sorption,
as opposed to the total sorption, can be calculayeshodifying Equation 4.3 so

that Equation 4.4 is achieved.

N (i)sorbed (4.4)
= Viree (x(i)initial-pinitiall(Pim-tial; Xinitiat) ~ X final Pfinatl (P pipa; xﬁnal))/ m
Wherex yiitia @andx(;yrinq are the initial and final mole fractions of compati in
the sorbate.
The sorption of pure COon three coal samples was calculated in order to
determine the variation of the excess sorption from to run. Pure COwas

selected for this purpose as it was more easilyoteible than for a mixture
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where the exact concentration would have to beockpred. These results are
presented in Table 4.9.

Table 4.9: Excess sorption calculated for three gaes runs with pure C@

Run Sorption Capacity (mmol/g)
1 2.409
2 1.653
3 2.047
Average 2.036
Standard Deviation 0.378

Note: Since the sorbate is pure £@e density was calculated using NIST data

The percentage deviation from the average sorptaoe is relatively high at
18.6%. Reasons for the deviation between runs cbealdlue to differences in
temperature fluctuations, differences in initialeggure, and errors in sample
handling. However, an isolated cause of the sicgifi differences between these
runs is not clear. The raw data for these runsrésgnted in Appendix D.3.
Nevertheless, it is assumed that the sorption dgpealues calculated for each

sorbate mixture will fall within a +18.6% error g

The results comparing the sorption for the mixtusith the average sorption for
pure CQ, as presented in Table 4.9, is presented in Barth@t follows. The

detailed excess sorption calculations for all rarespresented in Appendix D.3.

b) Sorption as a function of SQ content

The total excess sorption is calculated for a warief binary CQ-SO,
concentrations, ranging from pure £t approximately 7 mol% SOThe initial
pressure of each run ranged from 83 bar to 86 bdethe oven temperature was
at 40C. Equations 4.3 and 4.4 are used to quantify engtisn for each mixture
run which is based on the experimental data pravideAppendix D.3. A worked

example of how the sorption is quantified is alsespnted in Appendix D.3.

In Section 4.2.2 it was determined that an imparteariable in the excess
isotherm equation is the sorbate density. It issiipbs to calculate this variable,
when both S@and CQ are present in the sorbate, in a great numbeagéwith

some level of uncertainty surrounding the applaa®f all prediction models. It

was therefore decided to determine the effect of &htent on sorption using
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two different methods to predict the sorbate dgnsdt that the bearing of the
density prediction methods on final results/trecds be observed. The results
produced for the different density predictions resented in two parts separated
by different subheadings. The results in each @& thoroughly discussed before
being compared with each other at the end of tbeose

I. Mixture density estimation based on Amagat's Law

The density of the mixture can be estimated usingcanique based on the
assumption of Amagat’s law. This method calculditesdensity of a mixture by
combining the pure component densities, assumidgiael volumes (see Section
2.3.2). A reason for the selection of this appro@ctiat it is easy to apply if the
NIST database is used to compute the complex E&tsdescribe the densities
of CO, and SQ accurately. When this approach is used to estietedensity
and the excess sorption is calculated, Figure 4sl®roduced. This figure
describes the sorption capacity of coal samplesn fihe same batch of coal, for
nine different CQ mixtures of varying S@concentration. The amount of each
component sorbed, as calculated according to Emudt#, is also expressed.
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Figure 4.13: Excess sorption in a typical South Adan coal when exposed to G@nixtures with
differing initial sorbate concentrations of SO The temperature is 48 and the initial pressure
is approximately 85 bar. The mixture density waslatdated using Amagat’'s Law and the
standard deviation at 0% SQs shown via error bars.
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The excess sorption is seen to range from 0.6 ngn@l2.4 mmol/g, which is in
the same order of magnitude as L£é@nd CH sorption in various coals
(Gertenbaclet al, 2009) although being on the lower side. Thignderstandable
as the coal’s vitrinite content (the main sorbirmgnponent) is relatively low at
33.1% (see Section 4.1.3). The large range of ex@@ption values indicates that
the presence of SMas a significant influence.

An important observation from Figure 4.13 is thia¢ total sorption generally
decreases as the concentration of $@reases. This trend is also evident for
component-wise sorption of GQOwhile the sorption of S{clearly increases with
an increase in its concentration. When comparimgstbrption of the pure GO
stream with that of the 0.16% $@nixture, the total sorption is seen to drop
dramatically, by about 60%, even though only a sarabunt of SQis present in
the sorbate. However, the experimental deviatiaulkshbe considered (indicated

by the error bar for the 0% $which could influence the magnitude of this drop.

Another experimental error for the dramatic initilglcrease in sorption from pure
CO, t0 0.16% SQ@could be due to the slightly higher initial pressobtained for
the pure CQruns (approximately 86 bar, as opposed to 85drathe 0.16% S©
run) — see Figure 4.6. That is, the higher startirgssure of the pure G@uns
would create a greater driving force for sorptibart the slightly lower pressure
of the 0.16% S@ run; which would result in the results not beingectly
comparable as the effect of 50 not isolated as the only changing variable. The
reason for the different initial pressures obserueay be due to the set point
pressure in the expansion volume being overshghtyfi as the Teledyne Isco
pump was fed by pure liquid GOwhich is at a slightly higher pressure than was
achieved in the mixing system (see Section 4.2BYyen though some
experimental error is likely here, no data are reedoas it is likely that only the
magnitude of the drop in sorption between 0% adé%. SQ will be influenced,

as opposed to the trend observed being contradicted

If Figure 4.13 is analysed in greater depth, sé\aatditional observations can be
made. The C@sorption remains relatively constant for Sf@ncentrations above
0.16% and below 1.25%, but since the,S0rption still rises over this range, a
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slight increase in the total sorption occurs. At,SOncentrations greater than
1.25%, the total, and pure G@orption start declining again until an outlying
point occurs at 3.72% SOThe pressure versus run time plot of this poiasw

reviewed in order to investigate the reason fafewiating from the trend, and it

was evident that this plot was significantly di#fat to the plots produced for the
other mixtures (see Figure 4.14). The pressurenduhis run is seen to decrease
relatively linearly with run time and did not levedf to a constant pressure value,
as was observed for the other runs (see Appendx Dhis may be attributed to a

very small leak which caused the pressure to esttapepparatus rather than
sorb. For this reason, this point is discardedafbdiscussion from here on in.
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Figure 4.14: Sample cell pressure and temperaturBroughout a volumetric sorption
experiment with a sorbate containing 3.72 mol% sahd 96.28 mol% C®

The CQ sorption is seen to increase from an almost nbigigralue at an SO
concentration of 3.20%, where $8brption accounts for almost the total amount
of sorption, to a slightly higher value of 0.25 nifgaat 3.94% S@ This raises
guestions as to what will happen to the sorptioB@tconcentrations higher than
4%. Thus, a sorption experiment was run at a mugineh concentration of 6.96%
SO. It must be noted that the $@ontent is never likely to exceed 2% in a

captured C@ stream; although SOcould potentially accumulate underground
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due to its strong sorbing qualities, which are app&in this study, causing
regions of higher SOcontent to be formed (Sakurogsal, 2011). The updated
plot including the excess sorption at 6.69% &Ppresented in Figure 4.15.
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Figure 4.15: Excess sorption as a function of irdli sorbate S@ concentration, at
approximately 85 bar and 4€C, observed up until 6.69 mol% $OThe Henry’s law adsorption
model is fitted to the SOsorption. The mixture density used in excess smnpicalculations was
calculated using Amagat’s Law.

From Figure 4.15, it is apparent that at the muigihdr SQ concentration of
6.69% the amount of C{sorbed has increased by 0.3 mmol/g when compared
with the amount of C@sorbed at 3.94% SOThe sorption of S§) on the other
hand, has continued with the same increasing trasdwas observed for
concentrations below 4% $OThese results lead to a much higher total sarptio
taking place at 6.69% SQOwhich approaches the amount of total sorptiont tha
occurred for pure CO However, the amount of G&orbed is still very low at
about 25% of the sorption occurring when the,@Jpure.

When considering the trends of the excess sori@®0, and CQ as a function
of their respective concentrations, theoreticalpgon isotherm models can be
used to describe the data (Chabatlal, 1996). It is observed from Figure 4.15
that SQ as it follows a linear trend relatively accuratdi? = 0.90). This
behaviour is in accordance with Henry's law adsomptwhich is a model that
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typically describes adsorption at low sorbate catre¢ions (Silva da Roclet al,
1998). This behaviour is shown to hold true at lo@ncentrations for many
adsorption theories, e.g. Langmuir model (SilvaRtachaet al, 1998). The
Henry’'s constant for the fitted model was deterrditeebe 0.147.

The CQ sorption data, when plotted against its conceotraexhibits a trend that
is not typical of CQ sorption in coal (Gertenbackt al, 2009) (see Appendix
D.5). The reader is referred to Appendix D.5, whdre CQ sorption was
modelled by typical adsorption models (Langmuigwfrdlich and DR), and was
shown to have a poor fit in each case. It is tloeeehikely that S@ has a complex
effect on the C@sorption. Varying the COconcentration by the addition of $O
IS seen not to be equivalent to varying its comagiain through the addition of,N
or CH;, as was done by Chabaek al. (1996), which did not cause the €0
sorption to stray from Langmuir adsorption behaxicd related observation is
the great amount by which the g&orption is seen to vary (almost 100%) over
the small concentration range considered (93% @4 CQ). This indicates that
it is likely that the concentration of GQs not the main driving force for its
sorption, and leads to the same conclusion thatCie adsorption cannot be

successfully modelled independently of interac® effects.

The SQ sorption following Henry's law indicates that trs®rption of this
component occurs independently of the presence@f &hd only relies on its
concentration in the sorbate. According to adsorptsite theory, as the 30
concentration increases, it preferentially occupiessorption sites, which in turn
decreases the amount of sorption of,@at can take place. However, if the same
number of adsorption sites are available for eashl sample, then the total
amount of sorption would remain the same regardiésthe SQ concentration.
The fact that the total moles sorbed per gram daads for the increased levels of
SO, indicates that SQOs having additional effects on the €€brption other than
displacing CQ from a proportional amount of adsorption sites.

To explain the drop in total sorption and the deera of CQ, sorption from
typical adsorption behaviour, it is postulated ti&® not only preferentially
occupies the adsorption sites, but also has amacttee effect with CQ that
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inhibits the CQ@'s sorption. It is possible that the adsorbed 8€creases the total
amount of space available for adsorption due tdatger molecular size. i.e.
better coverage of the micropore surface areaeottlal would be possible if only
smaller CQ molecules were adsorbed. The presence ofdQhe surface of the
coal could also decrease the amount of absorptid®Q» into the coal matrix,
which has been proposed to occur under superdritizaditions (Dayet al,
2007). This theory is partially backed up by thelFFTesults in Section 4.2.5,
which reveal a decrease in the size of the ‘phylexb CQ’ peak at the greatest
concentration of S© However, the size of the physisorbed Qf@ak does not
decrease for lower S@oncentrations (3.20% S where the total sorption is the
least, which therefore strays from the trend. Ettesugh much speculation is
possible as to the mechanisms by which the, @@ption is inhibited, a key
observation from these results that correspondse@im of the study is that SO
has a clear interactive influence on £0rption.

The rise in CQ sorption at 6.69% SOseen in Figure 4.15 (even though £O
physisorption is clearly low for this sample acéogdto the FTIR results in
Section 4.2.5) could be due to chemical effectshigber concentration of SO
could have that enhance the coal’s sorption cheriatits. This is, however, in
contrast to findings of Sakuroes al (2011) who found that coal exposed to pure
SO, for a three year period chemically reduced th@tsar abilities of the coal.
Sakurovset al’s (2011) experiment was fundamentally differemttihe present
study though, and different chemical effects cchdgle occurred over their much
longer experimental run time. Since there is onyygle data point at these very
high levels of S@ it may also be necessary to produce more datasmegion to
validate the trend. Nevertheless, no conclusiveenge of chemical effects was
observed through the FTIR results (Section 4.22B) thus other post sorption
analyses would be necessary to shed light ontosgesulation. It is concluded
that other post sorption analyses, such as Ramactrepcopy, XRD or BET,
could be valuable for a greater level of understandf the results as a whole by
helping to distinguish between the mechanisms aogation, absorption and

chemisorption.
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If the attention is shifted away from Figure 4.Ifdowards the composition of
the sorbed phase, additional discussion pointsatdtilemselves. Literature states
that in the presence of multiple gases, the amofueach gas in the adsorbed state
would be approximately in proportion to the respectffinities of each to the
coal (Bachu, 2008a). Since 8®affinity for coal is far greater than that of O
one would expect it to exist in a high proportionthe adsorbed state. This
behaviour is evident from the results producedS@sis sometimes observed to
comprise the majority of the sorbed phase evengihauexists in a minor amount
in the sorbate. The reader is referred to Figuté #hich plots the percentage of
SO, and CQ in the sorbed phase versus the initial conceptraif the sorbate.
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Figure 4.16: Percentage of SQand CQ in the sorbed phase as a function of its initial
concentration of the sorbate. Note: the outlying ipts at 3.20% S@ are excluded from the
trendline functions.

From Figure 4.16, it is evident that the percentaf€0, in the sorbed phase
decreases as the initial level of Sf@esent increases. This relationship is seen to
follow an exponential trend, in this concentratrange. This trend is consistent if
the outlying points at 3.20% S@re omitted — a large standard deviation exists on
the GC measurements for 3.20%,S®hich can explain the great deviation from
this trend without affecting the excess sorptiofcwated as significantly; see
Section 4.2.4. The bearing the modelling of thébedrphase composition has is

112



that, if the initial concentration of S@ known, then it may be possible to predict
the number of moles of each component {&@d CQ) sorbed at the end of a
future sorption experiment without GC analysis amtdd at the end of each run.
i.e. the functions fit to the experimental dataFigure 4.16 could be used to
instead of drawing a sorbate sample from the sample and analysing its
concentration (if all experimental parameters, sashpressure, temperature, and
coal, were identical). The production of a verifieghction of this kind may thus

reduce the need for elaborate experimental setrpsxperiments of this nature.

The main findings in this section reveal that tlespnce of S©decreases the
sorption of CQ at supercritical conditions of approximately 85 laamd 40C.
This is in accordance with literature, which statest it is likely that S@will be
preferentially adsorbed by coal due to coal's giraffinity for it, thus reducing
the storage capacity for GQIPCC, 2005). Although, there is evidence in Fegur
4.15 to suggest that the effects of,%@e not limited purely to simple preferential
adsorption at the high pressure conditions of theys It can, nevertheless, be
concluded that S8s unfavourable when it is desired to store,@0Ocoal through
the process of sorption at any concentration beivwi¥é and 6.69% SO SO,
even at low concentrations relevant to CCS (< 2%), reduce the total and €O
sorption significantly, and should therefore becacted for in storage capacity
estimations if it is present in the G&tream.

ii. Patel-Teja Equation of State Density Prediction

The Patel-Teja EOS is a cubic model that has been @o predict the VLE
properties of C@SO, mixtures relatively accurately (see Section 4far2a full
discussion). This method has been used to préaanixture densities relevant to
the experiment, which are then used to calculageréispective sorption values.
Figure 4.17 has thus been produced, which is anakotp Figure 4.15 which used
Amagat’s law for its mixture density predictionsglire 4.17 is presented and the
outlying point at 3.72% SfOthat was discarded due to experimental error

described previously has been omitted on the samends (see discussion in Part

(1))
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The total excess sorption values calculated rafrged 1.3 mmol/l to 6.6 mmol/l
when the S@concentration in the feed was less than 4%, and idnol/l when
the SQ concentration is higher at 6.69%. These sorpt@ines far exceed those
seen in literature for pure GGand CH streams (0.6 mmol/g — 2.5 mmol/g;

Gertenbaclet al. (2009)) and thus point to a very significant urgihce of SQ
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Figure 4.17: Excess sorption in a typical South Adan coal when exposed to G@nixtures with
differing initial sorbate concentrations of SO The temperature is 48 and the initial pressure
is approximately 85 bar. The mixture density wadadated using the Patel-Teja EOS.

From Figure 4.17 it is evident that the total siompt as well as that of SCGand
CO; individually, increases with increasing S€ncentration. The increase of the
SO, sorption can again be described relatively welHepry's law adsorption (R

= 0.89). However, the sorption of GCrlearly cannot be described by a
conventional adsorption model due to its sorptiogreasing greatly as its
concentration in the mixture decreases. It is aggathat S@ not only sorbs
strongly itself to coal, but its presence also tiyeanproves the sorption of GO
For instance, the addition of 1.91% Sdbubles the amount of GBorbed when
compared with the case of pure £@hile the addition of 6.69% SOmproves
CO; sorption more than 7 fold. It is reinforced tHag¢te results were produced at
the same pressure and temperature conditions fapmately 85 bar and 4C)

and the coal samples were from the same population.
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Before considering how SQwas able to modify the sorption properties of the
coal, it is worth considering how the presence ©f &ould enhance the properties
of the sorbate. It is seen in Section 4.2.2 thatpading to the Patel-Teja EOS, the
density of the mixture is very strongly dependemttloe concentration of S0n

the mixture, where the more S@here is present, the greater the density of the
sorbate will be. This means that if the sample isefilled with sorbate to a set
pressure for each run, by performing runs with easing levels of Sf the
starting density of the mixture will increase fraom to run. In turn the starting
number of moles of all components will be greatar Higher concentrations of
SG;, than for lower concentrations. In general, theatgethe number of moles of
sorbate present at the beginning of the experintbatgreater the driving force
for sorption to take place, which could explain thereasing sorption trends
observed in Figure 4.17. In order to avoid comgathre amount of sorption that
occurs when the starting number of moles of sorbdter, sorption isotherms are
sometimes plotted as a function of density rathan fpressure. Figure 4.18 is thus
produced which plots the mixture density as a fionctof initial SQ
concentration in order to see whether the stadmggsity for each mixture varied
significantly, which would render the results inquamable.

It must be noted that the problem of not maintgjranconsistent density for each
experimental run could have been overcome if somggotherms where produced
as opposed to considering only a single pressepe klowever, this problem was
not foreseen and only manifested itself when th&tumé density is a strong
function of the concentration (even at low impuitgyels). The preferable use of
sorption isotherms will thus be one of the recomdagions listed in Section 5.2.
However, additional experimental time should beocaoted for in the future

project if it is desired to maintain the hold-tines48 hours at each pressure.
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Figure 4.18: The initial and final sorbate densitie determined by the Patel-Teja EOS
corresponding to each sorption experiment run fafférent initial concentrations of S@

From Figure 4.18 it is clear that the densitiestfi@ mixtures that are greater than
2% SQ are significantly higher than those for mixturesd than 2% SOFor this
reason, the sorption capacities calculated forntiddures greater than 2% $0O
cannot be compared with pure €0r the other mixtures. Due to the initial
sorbate density for the mixtures less than 2% I$ing relatively constant (due to
slight variations in initial pressure in additiom the composition changes), it is
still possible to compare the sorption capacitiésthie mixtures below this
concentration. The CfOsorption still increases by a significant amounthw
increasing S@levels in this range (40% and 100% increases%i%.SQ and
1.91% SQ respectively). This could be due to the £&ZOrption characteristics of
the coal being enhanced due to a reactive effethefcoal with S@ Another
possibility is that these sorption results are meous due to incorrect mixture
density predictions. The possibility of erroneoesisity predictions are discussed
further in Part (iii).

When the Patel-Teja EOS is used to predict the urexdensities, it can be
concluded that SQs strongly sorbed by the coal and has a clearantive effect
on the sorption of C& whereby the sorption of GQignificantly improved. This
behaviour could only be observed when the 8@hcentration was less than 2%,
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due to experimental error at higher concentratidihe positive effects of Sn
the sorption capacity are in contrast with effegbserved by Sakurovst al
(2011) and trends expected by IPCC (2005). The amesm by which the amount
of CQO, sorption is increased due to the presence of i8@ains unclear; even
after considering FTIR analysis results (see Secd®.5). However, further
analysis of the treated coal, which is beyond twgps of the present study, may

be able to shed light on these mechanisms.

lii. Comparison of Sorption Results obtained from dfferent Density
Prediction Methods

By comparing the results and discussions in Parisng@ (ii), it is clear that the
density predictions can have a strong impact onstiretion results and trends
observed. The density predicted by Amagat’s lawRant (i), is not a very strong
function of the S@ concentration, while the density predicted by Hatel-Teja
EOS, in Part (ii), is strongly influenced by evemadl amounts of S© (see
Section 4.2.2). This difference leads to contradlictrends being observed in the
effect of sorption as a function of 20O'he sorption of C@is seen to decrease
when SQ is present in Part (i) leading to the conclusioat tSQ is unfavourable
for CO, storage; while in Part (ii) the opposite effectolsserved where SQs
seen to increase the sorption of O@sulting in SQ being viewed as favourable
for CO, storage. These observations are highlighted ttrdabg use of Figure
4.19.

The discrepancy between the sorption results thae been produced by each
density prediction method is purely mathematictis Idifficult to define which

method is more correct as there is little literatarvailable where the density of
S0O,-CO, mixtures has been predicted at the specific prestamperature and
concentration conditions of the experiment. TheeP&atja EOS has proved
relatively accurate at certain VLE conditions, whAmagat's law is a density
estimationtechnique and its accuracy cannot be confirmeéssnexperimental

data is available.
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Figure 4.19: Percentage C{sorbed, calculated at00x (Moles CQ sorbed)/(Moles Cgfed),
as a function of the initial SQ concentration in the mixture. This is compared f@cenarios
where the mixture density was determined using Aragg law and the Patel-Teja EOS.

Based on the results of the excess sorption cagmatlculated, there is some
reason to doubt the accuracy of the Patel-Teja mdelesity predictions, since
very high CQ sorption capacities, e.g. 12 mmol/g for a 6.69% B@&ture, were
observed (see Figure 4.17). This level of ,30rption is deemed unlikely as the
adsorption in some zeolites, which are synthesspettifically to adsorb CQis
less than 12 mmol/g at optimum high pressure camdit(Younet al, 2010).
Errors in measuring the concentration of the meguwill also have a large
impact on the density predictions when the Pat@-Teethod is used. The
standard deviation on the peak areas generatdu iohromatograms was seen to
be as high as 32% (see Section 4.2.4) which wdstd lzave an influence on the
accuracy of the sorption capacities calculatedindpke error analysis showed that
if the peak areas were lowered by 10%, the exaapsion of pure CQpredicted
decreased by an average of 7.2%.

Another possible source of error is the value ef imary interaction parameter
applied to the Patel-Teja EOS. As was mentionedaction 4.2.2, there is
sufficient reason to doubt the value used that a@sined from literature (see

discussion in Section 4.2.2 for more details). A@e error analysis revealed that
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if the binary interaction parameter is decreasemmfrthe value reported in
literature of 0.953 to 0.94, the excess sorptionC@k decreases by 5.7% on
average over the S@oncentration range. It is known that this paramnet taken

to be unity if no literature data is available, may also be significantly above or
below unity. The great influence of small changesttis parameter, and its
empirical nature, makes it possible that it conii®l most to the amount of

sorption being over-predicted.

The excess sorption capacities produced througthagat’'s law approach, on
the other hand, were all reasonable, and thus ticeracy of these density
predictions cannot be doubted on this basis. It thayefore be possible that the
mixture densities estimated under these condifigndmagat’s law are closer to
the real density values even though it is the nbasic of the density prediction
techniques considered. It is proposed that thel-Faja EOS, which is relatively

sophisticated, may be prone to greater errors i@murately calibrated value of
the binary interaction parameter under the expertalie€onditions is not available
and experimental error exists in the concentratletermination. However, this

speculation cannot be verified and must thus keedewith caution.

4.3 Summary of Key Findings

This chapter presented all relevant results froenstindy and discussed them with
more detail being provided in areas that relateatly to satisfying the aims and

objectives of the study.

The coal used in the study has been characterisearding to its elemental,

proximate, and petrographic composition; its swefand structural properties
according to BET analysis, as well as its densgniple volume). These results
lead to the confirmation of the coal as a typicélirninous South African coal

with high ash content and high inertinite compositiThe properties analysed
provide suitable grounds to judge whether the smmptapacity results of other
studies are comparable with those of this study.

The bulk of the chapter was dedicated to the samptiapacity results and their

analysis. The important parameters, both experiatigntdetermined and
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calculated, that are used to quantify the sorpitiothe coal were presented and
discussed along with the errors associated with dbgermination of these
parameters. The free volume, sorbate density, preskata, and gas composition
are all key parameters for excess sorption detetioim Of these parameters, it is
necessary to highlight that the accurate predicobrihe density of S@CO,
mixtures at supercritical conditions is very chaflang due to a lack of literature
on this topic as a comparative basis. Thus, theumexdensity was calculated
using two techniques for comparison: (i) a densgiimation technique based on
Amagat’s law; and (ii) a cubic model, the PatelaljOS. Post-sorption sample
analysis results, produced via FTIR spectroscomrevalso interpreted. Finally,
the sorption is quantified and discussed in depth vegard to the influence of

SO, concentration in the CGstream on its magnitude.

Key findings are that the sorption of $@ very strong in the coal and that its
sorption increases with increasing concentratioitialty present in the C®
stream contacted with the coal. The concentratioB@ present in the sorbed
phase at the end of the experiment far exceed®itsentration in the sorbate at
the beginning of the experiment. These observatamree well with literature
(Bachu, 2008a; IPCC, 2005). A finding of the FTIRabysis was that physisorbed
CO, was clearly observed in the depressurised coaplesnthat had been treated
in the sorption experiments. In addition, the antafrphysisorbed C@observed
was considerably lower for the sample that was segoto the highest

concentration of S£X(6.69%), indicating a significant influence of SO

The influence of S@on the sorption of pure GDas observed from the excess
sorption plots (Figures 4.15 and 4.17), is more mlerm and different trends are
observed depending on how the G0, mixture density is determined from the
parameters of pressure and concentration. Wherdehsity estimation approach

based on Amagat’s law was employed:

» The CQ sorption of the coal generally decreased as atimof the
sorbate S@ concentration when SOevels ranged from pure GQo
3.94% in CQ.
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* The SQ appeared to adsorb preferentially on the adsorgites of the
coal, which decreased the adsorption of,CDhis agrees well with
speculation in literature.

» This leads to the conclusion that S© unfavourable for coal seam €O

storage.
Alternatively, when the Patel-Teja EOS was usegréalict the mixture density:

* Anincreased presence of S0 the sorbate greatly enhanced the sorption
of CO, in the coal.

* This observation alludes to a more complex infleeotSQ on sorption,
and further insight explaining these results was passible from FTIR
analysis.

* The conclusion that S(has favourable influences coal seam,G@rage
follows from the results.

* However, these results did produce suspiciouslly bayption values (~14
mmol/g for 6.69% Sg) and thus are expected to contain errors.

Hence, it is seen that accurate density predictames vital when performing

sorption analyses on mixtures as inaccurate modetten lead to meaningless
results. The accurate prediction of the density S,-CO, mixtures at

supercritical conditions should be investigatedhfer. Thus, the conclusions that
can be drawn on the effect of $Gn the coal sorption of GGare limited to the

accuracy of the density prediction method employaaen though the results and
trends observed when the Amagat’s law approackad sgeem more reliable than
those observed when the complex EOS is utilisegtetiis no evidence that can
support either of these density predictions as mx@atal density data is scarce.
Thus, no high level of certainty can be offeredhwitgard to the sorption trends

observed.
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CHAPTER 5: Conclusions and Recommendations

A project with the aim of exploring the effectsiofpurity gases on the sorption
capacity of coal was conceived. After a literatatgvey was conducted, it was
observed that the biggest research gaps existédrasgpect to minor component
impurities that are present in variable amountsaptured C@ streams. Of these
components, Swas selected as the focus as it was seen froratiite to have

interesting sorption properties and effects on.cblaé project was thus refined by

defining specific aims and objectives that are dbed in Section 1.3.

A methodology was produced, which centred arountumetric adsorption
studies. The amount of sorption was determined wtwma samples were in
contact with pure C@®as well as C@SO, mixtures of different concentration at
supercritical conditions (85 bar and°d@) for 48 hours. The main set of results
was a plot of the excess sorption of the coal Aseation of SQ concentration.
These results were analysed with respect to saigsthe aims and objectives of
the study. This final chapter will describe the dosions that can be drawn from
the findings of the project in bullet form underioais subheadings pertaining to
the aims and objectives of the study in Section Bdcommendations for future

projects are provided separately in Section 5.2.
5.1 Conclusions

Equipment Modifications

* In order to introduce impure GGstreams to the volumetric adsorption
setup at Wits and analyse the results meaningfaiytain equipment
modifications were necessary.

* A mixing system was built and commissioned (by Chakncc.) that
enabled impurity gases to be mixed with liquid C&d that mixtures
representative of different captured £8reams could be produced and
supplied successfully to the VAS. In the case @& phmoject, CQ was
spiked with small amounts of $&o that different S@CO, mixtures

were produced.
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* A means of sampling the mixtures prior to as welladter the sorption
experiments was necessary so that the initial adretgon of the mixture
could be determined along with the proportion afhreeaomponent sorbed
by the coal. A sampling system was thus installduckv enabled fluid
samples to be drawn from the expansion volume antpke cell of the
VAS and sent for GC analysis.

* The experiment modifications were successful arablkedl the production
of SO,-CO, mixtures for the project ranging from 0.16% to®H6SQ. It
was easy to determine the amount of each composerted from
concentration measurements taken both prior taaéted sorption.

Sorption Behaviour of SO

e SO, was seen to sorb very strongly to coal when istexin a binary
mixture with CQ. After being in contact with the coal for 48 howat
supercritical conditions, the final concentratidntlee SQ in the sorbate
was significantly lower than present at the begignof the experiment,
which indicates that it is sorbed preferentiallyG@, in the coal (if CQ
and SQ were sorbed at the same rate, the sorbate coatientmwould
remain constant).

« The amount of S@sorbed increased with increasing concentratioB8@f
originally present in the sorbate. The percentaj&@©, in the sorbed
phase at all concentrations of SO far greater than its concentration in
the fluid phase.

* These findings agree well with literature whicheals that S@adsorbs
more strongly to coal than GQand will thus be present in a high
concentration in the adsorbed phase (IPCC, 200Bis behaviour can
now be confirmed to hold true under supercriticaiditions for a 48 hour

sorption period.

Sorption Calculations for SECO, mixtures
« An important parameter when calculating the amooft sorption
occurring in a volumetric sorption experiment is 8orbate density at the

outset and end of the experiment run time. Theaderblensity can be
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determined with a high level of accuracy when tbebate is pure CQOor
most other pure components due to well-developedteans of state, that
are often semi-empirical, being readily available.

However, it is more difficult to make accurate dgngredictions when
the sorbate is a mixture. The density predictiansSQ-CO, mixtures are
identified to be very challenging when comparechwpitedictions for other
SOx-impurity mixtures relevant to CCS (Li and Yan, 200

Two methods were thus used to predict the dengifidse mixtures: (i) an
approach based on Amagat's law that is simple tolyagthen NIST
database resources are used; and (ii) a cubic mibedePatel-Teja EOS,
which has been applied to 00, mixtures in previous work (Li and
Yan, 2009). The Amagat's law approach is generalged as an
‘estimation’ technique and would not be expectedit@ highly accurate
results; while the more complex model is very delee on a binary
interaction parameter that is typically required b® empirically
determined over narrow pressure-temperature-coratemt ranges to
ensure accurate results. Thus, there is uncertdamtypoth approaches
considered.

The sorption calculated using each of these methoelgealed
contradictory trends for the effect of $6n the CQ sorption. It can thus
be concluded that a great amount of emphasis amdst@uld be placed
on the density prediction model used in sorptiondists involving

mixtures.

Effect of SQon the sorption of C&n coal

The influence of S@on the sorption of COwas determined primarily by
plotting the excess sorption, calculated from théadobtained from the
volumetric adsorption experiments, as a functiothefSQ concentration.
With the hopes of supplementing the sorption figdinFTIR analysis was
performed on the post-sorbed samples. The mostusive findings of
the FTIR analysis were that: (i) physisorbed,Gas clearly observed in

the coal samples treated in the sorption experispamd (ii) the amount of
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physisorbed C@observed was considerably low for the sample exghos
to the highest concentration of S€nsidered.

When the Amagat’s law density estimation approactemployed, the
sorption of CQ decreases as the p@oncentration of the mixture
increases. From adsorption theory it is possibledédluce that SO
competes with C®for the coal's adsorption sites and, since it isren
strongly adsorbed, reduces the adsorption of €i@nificantly over the
SO, concentration range of 0.16% to 6.69%. The exseg#ion of CQ is
seen to drop by 43% when introducing 1.25% &(the sorbate, which is
a realistic amount of SOn an oxyfuel captured stream. The influence of
SG;, is, however, not limited to simple adsorption ratgions as there are
indications of more complex sorption behaviour beimfluenced;
however, these influences could not be clearly tstded without further
analytical procedures. Due to the effects obser®g, is judged to be
undesirable in coal seam storage where a high isorpgtapacity is
important.

When the Patel-Teja EOS is used to predict theurextiensity, the CO
sorption increases significantly as a function &, $oncentration, while
the SQ sorption also increases as a function of 8@hcentration. This is
difficult to explain using adsorption theory, whitee chemical effects
observed from FTIR analysis performed on the sorptieated samples
could not support these findings either. Eitherthfer analysis on the
samples is necessary in order to explain thesdanfysdor there is an
experimental error inducing erroneous results. Tdeess sorption
calculated at certain S@oncentrations was suspiciously high (up to 14.4
mmol/g) which alludes to the latter explanationlikkely source of error is
the use binary interaction parameter in the modethy although obtained
from literature to be calibrated for the componentthe mixture, was not
calibrated for specific conditions of the experimen

From both methods it is observed that the amour€@@f sorbed by the
coal is influenced significantly by the concenwatiof SQ. Thus, there is

enough evidence to suggest that, ®fects should be taken into account
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when calculating the storage capacity of coal se@i86, is present in a
the CQ stream to be stored. This holds true even forlésels of SQ.
There is no evidence that can support the accurhtlye mixture density
predictions for when either method is consideradexperimental density
measurements, under the desired conditions, tohathie predictions can
be compared are scarce. Thus, no degree of cgr@ntbe offered with
regard to the sorption results produced, due tditpe dependence of the

calculated sorption on density predictions.

5.2 Recommendations

At the completion of the project, it has becomeaclas to how many aspects of

the project could be improved to provide more t#éa consistent, and/or

insightful results. Recommendations for future worlorder to advance research

into coal sorption-impurity interactions are listeere.

This study chose to analyse the sorption at a esirsgt of pressure-
temperature conditions in order to accommodatddioger experimental
run times and analyse a greater number o} &Dcentrations. Several
short-comings, due to this, were however encoudtevbere several
pressures were overshot and/or the presence pirienced the starting
density. The variation of these variables, in additto the SQ@
concentration, caused experimental error when cangasorption
capacities. Thus it is recommended that more thae pressure be
considered for each S@oncentration in order to overcome this problem
and ideally sorption isotherms for each mixture ustiobe compared.
Interest should be extended to sub-critical coodgias several sources
guote these as preferable coal seam storage anmxldue to permeability
considerations.

It is recommended that He be used as the carreemgthe GC analysis as
opposed to W used in this study. Helium is expected to givergéa
signals for low concentrations of $0and would thus help reduce

experimental errors observed.
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* It has been highlighted in this study that theresignificant uncertainty
surrounding density prediction methods for,STD, mixtures. In order to
predict the sorption capacity accurately usingwbkimetric method, the
density of the mixture must be predicted as acelyats possible. If there
are several different density prediction methodsomemended for a
mixture, each should be considered in order torgete the effect of this
parameter on the sorption capacity. In this stutg, results from two
different density models for SECO, mixtures are compared. It is possible
for more density models to be applied to the expental data for a
greater comparison of the effect of density préaiicon sorption. Some
additional EOS’s that can be included for furthealgsis are the SRK and
PR EOS’s and their modifications.

When binary interaction parameters are used in Hfdglels, these
parameters should be determined as accuratelysasbpounder the most
relevant conditions as possible. From the litemt@wurvey, it was
established that the experimental data which camudssl to determine
accurate S@CO, binary interaction parameters is very scarces lthus
proposed that further data for regression of binatgraction parameters
are produced experimentally for a variety of CCSnditions.
Alternatively, prediction methods that do not relg binary interaction
parameters, may also be applied. Such methodsdethe Lee-Kessler
type equations.

In order to know which model predicts the densigcuaately, it is
necessary to know the true density at conditiomslai to those which are
being modelled. Hence, it is essential to havelpii experimental density
data in order to validate any model. Since thiadsainot freely available
for SG-CO, mixtures under high pressure conditions, it ionemended
that experiments are conducted to produce this. dataexperimental
setup that combines flue gas density measuremeiit worption
determination would be ideal for the purposes o tstudy (see

experimental setup of Mazumdetral (2006)).
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Since sorption capacity determination for ;SGD, mixtures using the
volumetric method is very dependent on density rtiode it could be
advantageous to bypass this dependence by usimgngtac sorption
apparatus. Thus, if the certainty of the ,STD, mixture density
predictions cannot be improved, a gravimetric expental method could
potentially be used, as alternative to the voluimetrethod, to determine
the sorption accurately.

One of the ideas considered when the project waseteed was that the
impact of several different impurities would be luded in the study.
However, this idea was abandoned in order to facwgeater depth on a
single component. Although the influences of,&@e still not completely
understood, it is recommended that future projeotssider the impacts of
common gaseous impurities, such as,N@&,S, G, Ar, etc., in coal
sorption studies.

From the sorption results there is evidence to ssigthat mechanisms
other than just adsorption occurred in the 48 hsmption period, and a
greater understanding of the specific sorption @sees occurring would
help with the interpreting of the effect of the iampy. Thus, FTIR
analysis was introduced, and, while it shed lightsome areas, was not
wholly conclusive. There is, therefore, a need rabust, post-sorption
analysis on the samples that have been treated thethhigh pressure
fluids. Some analyses that may provide insight thi® samples that have
been exposed to the sorption experiments includeaRaspectroscopy,
XRD, and BET analyses.

The sorption experiments in this study were runafoelatively short time
of 48 hours with the focus on reaching adsorptignilérium. If long
term experiments were run (for periods in the omfemonths or years)
simultaneously with the short term experimentsaggechemical effects
could be observed. These results would also be mepeesentative of
underground storage, where long term effects apsitant.

Other variables that could be modified to make ttedy more

representative of underground conditions include tntroduction of
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moisture to the coal (the presence efOHwould certainly influence the
impurity effects), and the consideration of largelcparticles instead of

pulverised coal.
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APPENDICES

Appendix A: Material Safety Data Sheets (MSDS)

The MSDS'’s for all the main components in the stuadlg presented in this
appendix. The MSDS’s for each component has betinad from the websites

listed below.

* Bituminous Coal: Appendix A.1
http://avogadro.chem.iastate.edu/MSDS/Bituminous@da

* SO, Appendix A.2
http://www.afrox.co.za/internet.global.corp.zafiemges/Sulphur_Dioxid
e266_27766.pdf

* COy: Appendix A.3
http://www.afrox.co.za/internet.global.corp.zafiemges/Carbon_Dioxid
e266_27627.pdf
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A.1 Bituminous Coal

MATERIAL SAFETY DATA SHEET

BITUMINOUS

Spragueb

FUT OUR ENERGY TO WORK FOR YOU.

Two International Drive, Suite 200, Portsmouth, NH 03801
Tel (603) 431-1000 FAX (603) 430-7290

An Axel Johnson, Inc, Company

Content Last Revised 1/94; 10/12/00;

COAL

07/26/02; 06/05
4 pages.

SECTION 1 - MATERIAL IDENTIFICATION

24 HOUR EMERGENCY

OCCURRENCE:

INFORMATION
PRODUCT / Sprague: 603-431-1000
CHEMICAL NAME: BITUMINOUS COAL Chemtrec: 800-424-9300

HMIS | NFPA
PRODUCT / WASHED COAL, CLEAN COAL, SOFT | HAZARD RATING 1 +—— FIRE
CHEMICAL SYNONYMS: COAL

4=EXTREME REACTIVITY
CHEMICAL FAMILY / ALIPHATIC AND AROMATIC 3=SERIOUS
FORMULA: HYDROCARBONS / VARIABLE 2=MODERATE

1=SLIGHT QOTHER
MATERIAL USE OR - 0=MINIMAL

HEALTH
—

SECTION 2 - INGREDIENTS & RECOMMENDED OCCUPATIONAL EXPOSURE LIMITS

COMPOSITION % WEIGHT OSHA PEL ACGIH TLV
AS
RECEIVED
(Typical) Mone established. None established.
MOISTURE 1.0-10.0
ASH 4.0-20.0 15 mg/M* as nuisance dust 10 mg/M?® as nuisance dust
less than 1% quariz less than 1% quartz
TOTAL SULFUR 0522 5.0 ppm as SO, 2.00 ppm as SO,
FIXED CARBON 500-72.0 MNone established MNone established
VOLATILE MATTER* INCLUDING 17.0-37.0
ELEMENTAL AND COMPOUNDS OF:
HYDROGEN 4853 None established None established
NITROGEN 12-16 None established None established
CHLORINE 08-19 1.0 ppm 1.0 ppm
COAL DUST 2.4 mg/ M? respirable fraction, | 2 mg/M? respirable fraction,
< 5% Si0; < 5% Si0.
10 maf M = 5% Si0. 10 mgi M® = 5% SI10.
% Si0,. . % Si10..,

SECTION 3 - PHYSICAL DATA

IGNITION TEMPERATURE: 260°-365°F % VOLATILITY BY VOLUME: Negligible
MELTING POINT: 750 F VAPOR DENSITY (AIR =1): NIA
AVERAGE SPECIFIC GRAVITY (H20 = 1): 1.43 SOLUBILITY IN WATER: Non-soluble

HETEROGENQUS - CARBONACEQUS

APPEARANCE & ODOR: Irregular, rectangular-shaped chunks or paricles, dense, grayish-black to black color with

slight, minimal dank odor.
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Spragueb

Content Last Revised 1/84; 10/12/00: 07/26/02;

MATERIAL SAFETY DATA SHEET

BITUMINOUS

COAL

06/05 4 pages

SECTION 4 - FIRE AND EXPLOSION HAZARD DATA

FLASH POINT: When exposed to flame of temperatures in excess of 260° F.

EXTINGUISHING MEDIUM: Foam, carbon dioxide, dry chemical, halon, and water fog.

SPECIAL FIRE FIGHTING PROCEDURES: Use washdown and spread out methed.

UNUSUAL FIRE AMD EXPLOSION HAZARDS: Susceptible to spontansous combustion. Highly combustible andfor sxplosive

when in dust or powder form.

SECTION 5§ - HEALTH DATA

TOXICOLOGICAL TEST DATA: Coal may liberate various polycyclic aromatic hydrocarbons (PAH's) upon thermal
decomposition. There is no clear evidence that coal is carcinogenic to man or experimental animals because of their
polycyclic aromatic hydrocarbon content. However, there is evidence that these PAH's may play an active role in the

generation of lung cancer seen in cigarette smokers or tar-roofing workers.

Coal may release small quantities of methane gas over a period of time. Progression of tuberculosis is greatly

increased in pneumoconiosis but susceptibility is apparently not increased.

ACUTE HEALTH EFFECTS

CHRONIC HEALTH EFFECTS

INHALATION The principal health hazard associated with coal occurs | The chronic stage of CWP, however,
during its mining and transport. Coal workers' involves massive pulmanary fibrosis
pneumoconiosis (CWFP) can occur in miners after as that does impair pulmonary function
little as 15 years of excessive inhalation of respirable and shorten life.
coalmine dust. Respirable quartz particles and free
silica may he co-implicated. Coal dust is deposited in Chronic Bronchitis (lung
the lungs where its site of action is the lung inflammation, coughing attacks,
parenchyma, lymph nodes and hila. The severity of the | difficult breathing, etc.) and
disease is directly related to the amount of coal dust in emphysema can result from
the lungs. In the simple stages, the disease is excessive coal dust inhalation.
detectable by x-ray as round, irregular "maculesof 1-5
mm. This stage typically does not change lung function | Rheumatoid arthritis can be
or shorten life. exacerbated by pneumonias leading

to rapidly developing lung damage
(Caplan's Syndrome).
INGESTION May cause irritation. Mo data available

SKIN CONTACT

May cause irritation.

No data available.

EYE CONTACT

Irritation of the eye.

Mo data available

FIRST AID + PROCEDURES

First aid procedures generally don’t apply to this product. Maintain exposure to coal dust according to

applicable regulatory standards.
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Spraguebs

MATERIAL SAFETY DATA SHEET

BITUMINOUS
COAL

Content Last Revised 1/94; 10/12/00: 07/26/02;
06/05 4 pages

SECTION 6 - REACTIVITY DATA

STABILITY: Stable if properly stored to inhibit oxidation.

HAZARDOUS POLYMERIZATION:  Hazardous polymerization has not been known o occur under normal
temperatures and pressures. However, coal dust may react slowly with oxygen
at room temperature. Heat accelerates the process, which could lead fo
spontaneous ignition in piles of coal dust.

CONDITIONS TO AVOID: 1.
2.
3

ventilation.

Allowing coal to stand in water.

Storing coal on loose or porous ground.

Piling coal around upright steel or wooden posts, crane supporis,
underground drains, steam or hot water lines or areas where there is refuse
such as wood, straw, growing vegetation or other organic material.

Storage in closed hampers, bins, receptacles, etc. without positive

INCOMPATIBLES:

TYPICAL DECOMPOSITION May liberate hydrogen, methane, carbon monoxide, oxides of sulfur and
PRODUCTS: hydrogen, coal tar pitch volatiles upon thermal decomposition.

SECTION 7 - SPECIAL PROTECTION

RESPIRATORY PROTECTION:

Use with adequate ventilation.

VENTILATION LOCAL EXHAUST: MSHA/MIOSH approved dust respirator. Appropriate respirator
depends upon type and magnitude of exposure.
MECHANICAL Recommended for use in enclosed or semi-enclosed work
({General): areas.

EYE PROTECTION:

Splash goggles or shields with safety glasses

PROTECTIVE GLOVES:

Meoprene, PVC

OTHER PROTECTIVE CLOTHING OR
EQUIPMENT:

Employee must wear appropriate impervious clothing and
equipment to prevent repeated or prolonged skin contact with
this subst_ance.

SECTION 8 - SPECIAL PRECAUTIONS

PRECAUTIONS FOR SAFE HANDLING &

STORAGE:

Do not permit accumulation of dust or spillage. See also conditions to
avoid, above.

SPILL AND LEAK PROCEDURES:

Cleanup by excavation, vacuum collection or washdown.

WASTE DISPOSAL METHOD:

1. Incinerate in combustion device or system.
2_Dispose in approved, regulated landfill.

SECTION 9 - DOT HAZARDOUS MATERIAL INFORMATION

PROPER SHIPPING NAME:
BITUMINOUS COAL

REQUIRED PLACARDING: NONE

HAZARD CLASS:
Mon-Hazardous

PACKING GROUP
(P.G.): Il

N.A/U.N. NUMBER: NONE
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A.2 CO;,

T AFROX

MATERIAL SAFETY DATA SHEET (MSDS)

CARBON DIOXIDE

DATE: Movember 2010 Version 2

Bef. No.: MS5028

Page 10f2

1 PRODUCT AND COMPANY IDENTIFICATION

Product Name Carbon Dioxide

Chemical Formula GO

Company ldentification  African Owygen Limited
23 Webber Street
Johannesburg, 2001
Tel. Mo: (011) 400-0400
Fax Mo: (011) 420-0508

EMERGENCY NUMBER 0860 020202 or (011) 873 4382

[be removed 1o an uncontaminated area, and given mouth-te-mouth
resuscitation and supplemental oxygen

(24 hours)
2 COMPOSITION/INFORMATION ON INGREDIENTS
Chemical Name Carbon Dioxide
Chemical Family Carbon Anhydride
Synonyms Carbonic Acid Gas
CAS Moo 124-33-8
UM Mo. 1013
ERG Mo 120

Hazchem Waming 2 C Non flammable gas

3 HAZARDS IDENTIFICATION

Main Hazards. Carbon dioxide does not support life. Itean actas a
simple asphyxiant by diluting the cencentration of oxygen in air below
the levels necessary to support life. As it is heavier than air it will
tend to concentrate at bower levels. AN cylinders are poriable gas
containers, and must be regarded as pressure vessels at all times.

Adverse Health effects.

Carbon dimade acts as a stimulant and depressant on the central
nervous system. Increases in heart rate and blood pressure have
been noted at a concentration of 7.8 percent, and dyspnea (laboured
breathing), headache, dizziness and sweating occur if expesure at
that level is profonged.

Chemical Hazards.

Carbon dimade is relatively non-reactive and non-toxic. In the
presence of moisture it can aggressively bring about comosion in a
variety of stesd materials.

Biological Hazards.

The greatest physiological effect of carbon dioxide is to stimulate the
respiratory centre, thereby controlling the volume and rate of
respiration. It is able to cause dilation and constriction of blood
vessels and is a vital constituent of the acid-base mechanism that
conirals the pH of the blood.

Vapour Inhalation.

At concentrations of 10% and above, unconsciousness can result in
one minute or less. Impairment in performance has been noted
during prefonged exposure to concentrations of 3% carbon dioxide
even when the oxygen concentration was 21%.

5 FIRE FIGHTING MEASURES
Extinguishing media. Carbon digxide is an extinguishing medium.

Specific Hazards. Carbon dioxide doss not support life. It can act as
a simple asphyxiant by diluting the concentration of oxygen in the air
below the levels to support life.

Emergency Actions. If possible, shut off the source of excess carbon
dioxide. Ewacuate area. All cylinders should be remowed from the
vicinity of the fire. Cylinders that cannot be remowved should be
cooled with water from a safe distance. Cylinders that hawe been
exposed to excessive heat should be dearly identified and retumed to
the supplier. CONTACT THE NEAREET AFROX BRANCH.

Protective Clothing and Self-contained breathing apparatus.
Safety gloves and shoes, or boots, should be wom when handling
cylinders.

Environmental precautions. Carbon diciode s heavier than air and
could accumulate in low-lying areas. Care should be taken when
entering a potentially oxygen-deficient environment. K possible,
ventilate the affected area.

6. ACCIDENTAL RELEASE MEASURES

Personal Precautions.
Do not enter any area where carbon dioxide has been spilled unless
tests have shown that it is safe to do so.

Environmental precautions.
As carbon dicxide is classified as a “greenhouse” gas, any spillage
should be avoided at all times.

Small spills.
Shut off the source of escaping carbon diexide. Wentlate the area.

Large spills.

Evacuate the area. Shut off the source of the spill i this can be done
without risk. Restrict access to the area until completion of the clean-
up procedure. Ventidate the area using forced-draught if necessary.

T HANDLING AND STORAGE

Do not allow cylinders to slide or come into contact with sharp edges.
Carbon dioxide cylinders should be stacked vertically at all times, and
should be firly secured in order to prevent them from being knocked
ower. Use a “first-in first-out” inventory system to prevent full eylinders
from being stored for excessive periods of ime. Keep out of reach of
children.

4 FIRST AID MEASURES

Eye/Skin Contact: No known effect.

Ingestion: {See Section 3 above).

Inhalation: Prompt medical attention is mandatory in all cases of
oveTexposure to carbon dioxide. Rescue personnel should be
equipped with self-contained breathing apparatus. Gaseous carbon
dioxide is an asphyxiant. Concentrations of 10% or more can
produce unconsciousness or death. Lower concentrations may cause
headache, sweating, rapid breathing, increased heartheat, shorness
of breath, dizziness, mental depression, visual disturbances and
shaking. Conscious persons should be assisted to an
uncontaminated area and inhale fresh air. Quick removal from the
contaminated area is most important. Unconscious persons shoukd

AFROX is a member of The Linde Group

8 EXPOSURE CONTROLS/PERSOMAL PROTECTION
Oecupational Exposure Hazards.

As carbon disxide is a simple asphyxiant. avoid any areas where
spillage has taken place. Only enter ence testing has proved the
atmosphere 1o be safe, and remember that the gas is heavier than air.
Engineering control measures.

Engineering control measures are preferred to reduce esposure to
oxygen-depleted atmospheres. General methods include forced-
draught wentiation, separate from other exhaust ventilation systems.
Ensure that sufficient fresh air enters at, or near, fioor level.

Personal protection.

Self-contained breathing apparatus should always be wormm when
entering area where oxygen depletion may have occumed. Safety
goggles, ghowes and shoes, or boots, should be wom when handling
cylinders.

Skin. No known effect.

9 PHYSICAL AND CHEMICAL PROPERTIES
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¥ AFROX

MATERIAL SAFETY DATA SHEET (MSDS)

CAREON DIOXIDE

DATE: November 2010 Version 2 Page 1o0f2
Fef MNo.: MS028
PHYSICAL DATA Label MNon-lammable gas
Chemical Symbaol Ca,
Malecadar Weight 44.01 AIR TRANSPORTATION
Specific volume @ 20°C & 101,325 kPa 547 mlig ICACNATA Code 1012
Density gas @ 101,325 kPa & 20°C 1.830 kgim® Class 22
Relative density (Air=1) @ 101,325 kPa 1,522 Packaging group
Cobour Mone Packaging instructions
Taste Acidic -Cargo 200
Odour None -Paszenper 200
Maximum quantity allowed
10 STABILITY AND REACTIVITY -Cargo 150 kg
Conditions to avoid. -Passenger TE kg
The dilution of oxygen in the atmosphere to levels which canmot
support life. Mewer use cylinders as rollers or supports. or for any
other purpose than the storing of carbon dimode. Newver expose the
eylinders to excessive heat, as this may cause sufficient build-up of 15 REGULATORY INFORMATION
pressure to rupture the cylinders. EEC Hazard class Non-flammakble
Incompatible materials. Risk | Description | Safety Description
As dry carbon dioxide is inert it may be contained in systems Phras Phrase
constructed of any of the common metals that have been designed to 3
safely withstand the pressures involved. Ra3 Risk of | 52 Keep out of reach of Children
explosion  if
Hazardous decomposition products. None heated under
confinement
11 TOXICOLOGICAL INFORMATION R58 May cause | 53 Keep in a cool place
Acute Toxicity TLV 5000 VPM bong-term
Skin & eye contact Mo known effect adverse
Chronic Toxicity Mo known effect effects in the
Carcinogenicity Mo known effect envronment
Mutagenicity Mo known effect =0 Keep contamer in a welk
Reproductve Hazards Mo known efiect Ventlated place
{For further information see Section 3. Adverse Health effects_) 536 ::lll::ﬁ{ng suitable  protective
12 ECOLOGICAL INFORMATION 538 In case of insufficent
When discharged in large quantities may contribute to the ventilation.  wear  suitable
greenhouse effect respiratory equipment

Global Warming Factor 1

13 DISPOSAL CONSIDERATIONS

General

Do not discharge into any place where its accumulation could be
dangerous. Dischange to atmosphere in large quantities should be
avoided. Contact Afrox if guidance is required.

Refer to SANS 10265 for explanation of the above.

14 TRANSPORT INFORMATION

FROAD TEANSPORTATION

UN Ne. 1013

ERG Mo 120

Hazchem waming 2C Non-flammable gas.
SEA TRANSPORTATION

IMDG 1013

Class

Packaging group

AFROX s a member of The Linde Group

16 OTHER INFORMATION

Bibliography

Compressed Gas Association, Adingten, Virgmia
Handbook of Compressed Gases - 3rd Edition
Matheson. Matheson Gas Data Book - Sth Edition
SAMNS 10285 - Labelling of Dangerous Substances

EXCLUSION OF LIABILITY

Information contained in this publication is accurate at the date of
publication. The company dees not accept Bability arising from the
use of this information, or the use, application, adapation or process
of any products described herein.
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A.3 SO,

& AFROX
A Memierof The Linde Graup MATERIAL SAFETY DATA SHEET (MSDS)
SULPHUR DIOXIDE
Page 1of3
DATE: May 2010 Version 2
Ref Mo.: MS 026
1 PRODUCT AND COMPANY IDENTIFICATION Ingestion

Product Names SULPHUR DIOXIDE

Synonym Sulfurous Acid Anhydride

Chemical Formula 50,

Trade Name Sulphur Dioxide

Colour coding Brunswick green (H.OT) body with a
Golden yellow (B40) shoulder Valve CGA
240 — Steel 3/8 inch 18 NGT right hand
fernale

Company ldentification  African Oxygen Limited
23 Webber Strest
Johannesburg, 2001
Tel. Me: {011} 430-0400
Fax Mo: (011} 4280-0508

Emergency Mumber 086 011 1185 or

{041) 873 4382 [24 hours]

Severe bums to the mouth, threat, and gastrointestinal system may
oCeur.

4 FIRST AID MEASURES

Mowe wvictims of sulphur dioxide inhalation to fresh air. If breathing has
ceased, begin artificial respiration immediately. Administer cxygen if
exposwre has been severe and breathing is difficult. Skin exposure
first aid treatment includes flushing the contaminated skin with
copious amounts of water, and continuing as required in order to
controd buming sensation. Medical attention should be sought if
imitation persists, or if skin is broken or blistered. In the event of eye
contact, flush eyes immediately with copious amounts of water for at
least 15 minutes. Eyelids should be held apart to ensure complete
imgaticn. Seek medical atienbion immediately.

2 COMPOSITIONANFORMATION ON INGREDIENTS

Chemical Name Sulphur Dioxide
Chemical Family Incrganic. acidic gas
CAS No. T448-02-5

UN No. 1078

ERG Mo. 125

Hazchem Wamning Toxic and comosive gas

3 HAZARDS IDENTIFICATION

Main Hazards

All cylinders are portable gas containers, and must be regarded as
pressure vessels at all imes. Sulphur dicxide i a highly iritating gas:
it readily elicits respiratory reflexes. |t is intensely imitating to the eyes,
throat, and respiratory tract.

Adverse Health effects

Inhalation of this gas in concentrations of 8-12ppm in ar causes
throat irmtation, coughing, constriction of the chest, lachrimation, and
smarting of the eyes. A concentration of 150 ppm can be endured
only a few minutes, because of eye imitation and the effect on the
membranes of the nose. throat and lungs. Exposwe to a
concentration of 500 ppm by wvolume in ar for a few minutes is very
dangerous.

Chemical hazards

Sulphwr dioide dissolves in water forming sulphurous acid, which is
unstable toward heat. In many of is reactions. sulphur dioxide
behaves a5 a reducing agent.

Biological Hazards

Liguid Sulphur dioxide may cause skin and eye bums upon contact
with these tissues, which results from the freezing effect of the liquid
on the skin or eyes. Low (1%) concentrations of the vapour are
rritating to moist skin within a peried of 3 minutes.

Vapour Inhalation

Acute exposure through inhalation may result in dryness and imitation
of the nose and throat, choking, sneezing. coughing, and
bronchospasm. Severe overexposure may cause death through
systernic acidosis, from pulmonary cedema, or from respiratory
amest.

Eye Contact

Comeal burns, opacification of the comea, and blindness may result i
liquid Sulphwr dioxide is splashed in the eyes. Sulphur dioxide can
penetrate the intact comea and cause intis.

Skin Contact
Liquid sulphur dioxide can cause frostbite and skin bumns, and it
converts to sulphwrous acid in moist environments, which may cause
skin irritation.

AFROX is a member of The Linde Group

3 FIRE FIGHTING MEASURES

Extinguishing Media
As sulphur dioxide is non-lammable, the comect extinguishing media
should be used for the sumounding fire.

Specific Hazards

Water shoubd never be sprayed at or inte a tank or system which is
leaking sulphur dioxide. The presence of water causes sulphur
dioxide to be very corrosive, and water directed into a tank would also
increase the wenting rates.

Emergency Actions

A sulphur dioxide container exposed to a fire should be removed.
for any reason it cannot be removed, the container should be kept
cool with a water spray untd well after the fire is out. Fire fighting
personnel should be equipped with protective clothing and respiratory
equipment. CONTACT THE MEAREST AFROX BRANCH.

Protective Clothing
Exposed fire fighters shoubd wear approved self- contained breathing
apparatus with full face mask.

Environmental Precautions

When sulphur dioxide is released to the environment, the appropriate
regulatory agency should be notified. In the event of a release
however, provincial, municipal. andfor local reporting regulations must
be complied with. It is most important that the response groups in the
area afected be notfied as quickly as possible.

& ACCIDENTAL RELEASE MEASURES

Personal Precautions

It 5 essential that every facility handiing sulphur dioxide has an
emergency plan cutlining the actions that employees showld take in
case of specfic emergencies. These actions should include alerting
fellow employeses and area emergency control groups of the nature
and extent of the emergency. The plan should also include co-
ordination procedures with area emergency conirol groups in the
event of a major release. |f. despite all precautions, persons should
become trapped in a sulphur dioxide atmosphere, they should
breathe as lifle as possible and open their eyes only when
necessary. Partial protection may be gained by holding a wet cloth
over the nose and mouth.

Environmental Precautions

Only personnel trained for and designated fo handle emergencies
should attempt to stop a leak. Respiratory equipment of a type
suitable for sulphur dioxide must be wom. All persons not so
equipped must leave the affected area untd the leak has been
stopped.

Page 1of3
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&5 AFROX

ANMemberof The Linde Group MATERIAL SAFETY DATA SHEET (MSDS)
SULPHUR DIOXIDE
Page 2of3
Small spills 10 STABILITY AND REACTIVITY

If sulphur dioxide is released, the imitating effect of the vapour will
force personnel to leave the area long before they hawe been
exposad to dangerous concentrations. Sulphur dioxide is fairdy soluble
in cool water and therefore the vapour concentration can be reduced
by the use of spray or fog nozzles. If disposal of sulphur dioxide
becomes necessary. such as from a keaking container or vessel, it
can be vented into a lime or caustic soda solution. The resulting salt
solution should be taken to a plant treating unit for neutralisation and
disposal.

Large spills
See “Personal Precautions™ above.

& HANDLING AND STORAGE

Sulphwr dioxide should be handed enly in a well-ventilated area,
preferably a hood with forced ventilation. Persennel handling sulphur
dioxide should wear chemical safety goggles andior plastic face
shields, approved safety shoes, and rubber gloves. Additional gas
masks, airlne gas masks, and sef-contained breathing apparatus
should be conveniently located for use in emergencies. Instant-acting
safety showers should be available in convenient locations. Cylinders
should always be transported in the wpright position, with the valve
uppermost, and be fimly secured. Use the irst in - first cut” inventory
systern to prevent full cyinders from being stored for excessive
pericds of time. Compliance with all relevant legislation is essential.
Keep away from children.

Conditions to avoid
Overheating of cylinders. Mever use cylinders as rollers or supports;
or for any other purpose than the sterage of sulphur dicxide.

Incompatible Material
Muoist sulphur dioxide is comosive to carbon steel; therefore, other

matenals of construction have to be considered in this case.

Hazardous Decomposition Products

Sulphwr dioxide is not lammable, or explesive, in either the gaseous
or Bguid state. It i5 a relatively stable chemical. Temperatures above
2000°C are required to bring about detectable decomposition of
sulphur dicxide.

8 EXPOSURE CONTROLSPERSOMAL PROTECTION
Occupational exposure hazards

Prolonged or repeated exposure may cause impaired lung function,
bronchitis, hacking cough, nasal imitation and discharge, increased
fatigue, alteration in the sense of taste and smell. and longer duration
of common colds.

R 2 ppm
STEL {15 minutes) 5 ppm
IDLH 100 pprmi

Engineering control measures

Enginesring controd measures are preferred to reduce exposures.
General methods include mechanical ventiation, process or personal
enclosure, and controd of precess conditions. Administrative controls
and personal protective equipment may also be required

Personal protection
Use an approved gas mask or self contained breathing apparatus
when entering a sulphur dioxide contaminated area.

Eyes
‘Wear a chemical safety goggle or full face shield when handling
eylinders.

Hands
‘Wear suitable protective glowes when handiing cylinders.

Feet
Wear protective foot wear when working with cylinders.

Skin
Wear suitable protective clothing to prevent the ga:z fom coming info
direct contact with skin,

11 TOXICOLOGICAL INFORMATION

Acute Toxicity

In extreme cases, dental cavities, loss of filings, gum disorders, and
the rapid and painless destruction of teeth may result from repeated
overexposure. See section 3.

Skin & eye contact
See Section 3

Chronie Toxicity

See Section 3

Carcinogemnici
No known effect

Mutagenicity
No known effect

Reproductive Hazards
No known effect

12 ECOLOGICAL INFORMATION
Environment
Poses a severe hazard to the ecology in the form of “acid rain™

12 DISPOSAL CONSIDERATIONS

Disposal Methods

Due to the complexity and scope of sulphur dioxide disposal
proceduras, care must be taken to ensure that all existing regulations
are complied with. For more detailed information or guidance.
CONTACT THE NEAREST AFROX BRANCH.

3 PHYSICAL AND CHEMICAL PROPERTIES
PHYSICAL DATA

Chemical Symbaol 50;
Maolzcular Weight 4,083
Specific volume & 20°C & 101,225 kPa 2838.0 miig

14 TRANSPORT INFORMATION

ROAD TRANSPORTATION

UM No. 1079

Class 23

Subsidiary risk Toxic and comosive gas
ERG Ne 125

Hazchemn waming  Towxic and comosive gas
SEA TRANSPORTATION

IMDG 1072

Class 2.3

Label Toxic gas

AIR TRANSPORTATION

ICAONATA Code 10780

Class 23

Subsidiary rick Toxic and comosive gas

Packaging instructions

Relative density of gas @ 101,325 kPa (Air=1) 2,253 - Cango 200
Boiling point @ 101,325 kPa - 10°C - Passenger Forbidden
Colour None Maximurm gquantity allewed
Taste Acidic - Cargo 25 kg
Odowr Pungent, Sulphurous - Passangers forbidden

AFROX 5 a member of The Linde Group

Page 2 of 3
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7 AFROX

AMemberof The Linde Group

MATERIAL SAFETY DATA SHEET (MSDS)

SULPHUR DIOXIDE

Pagedofd

13 REGULATORY INFORMATION

EEC Hazard ciass Towie, Comosive gas.

Riak RZ3 Toode By nhalation
‘phrasea R Calses bUms
i Keep locked up and oul of reach of
e chiidren
S5 Keen contalner In 2 wellventliated piace
In case of contact with 2yes, rinss
=25 Immedately wen plenty of water and seek
medizal agvice
249 Cip not empky i drains
safaty L

A VWear suitable protactive clothing, gloves
phrasas S{3E739) and eyerace

16 OTHER INFORMATION

Ensure all nationalfocal regulations are observed. Ensure operators
wnderstand the toxicity hazard. Users of breathing apparatus must be
tramed. Ensure operators understand the toxicity hazard. Before
usmg this product in any new process or experment. a through
maternial compatibifity and safety study should be camied out.

Bibliography

Bibliography

Compressed Gas Association, Arington, Virginia

Handbook of Compressed E‘-ahses -3 Edition

Matheson Gas Data Book - 6 Edition

SAMS 11014 - Safety data shest for chemical products: Content and
order of sections

SAMS 10285 — Classification and Labefling of Dangerous Substances

I &35& Of 3ocdent or If you 1ee Lnwell,
=5 s2ek medcal advice Immediately and
Ehow I30e wers possinie

Use only In well ventlaied areas

UsE approgriaie con@nment fo avol
ervinonmentsl cortamination

% |4

Naticnal legistabon Mons
Refer to SANS 10265 for explanation of the above.

AFROX s a member of The Linde Group

17 EXCLUSION OF LIABILITY

Information contained in this publication s accurate at the date of
publication. Whilst AFROX made best endeavour o ensure that the
information contamed in this pubBication is accurate at the date of
publication, AFRCX does not accept liabifty for an naccuracy or
fiability arsing from the wse of this information, or the use, applicaton.
adaptation or process of any prodects  described  here

Page 3 of3
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MATERIAL SAFETY DATA SHEET

Spraguebs BITUMINOUS
praguel COAL

Content Last Revised 1/84; 10/12/00: 07/26/02;
06/05 4 pages

SECTION 10 - EPA SARA TITLE Ill INFORMATION

SECTION 311/312 ACUTE: N/A | CHRONIC: NJ/A
HAZARD CLASSIFICATION: Non- FIRE: WA PRESSURE: N/A REACTIVE: N/A
Hazardous

SECTION 11 - REMARKS

This material contains fused polycyclic hydrocarbons. The OSHA interpretation of coal tar pitch volatiles (Section 1910,
1002) is as follows: “Coal tar pitch volatiles include the fused polycyclic hydrocarbons which volatize from the
disfillation residues of coal, petroleum, wood, and other organic matter.” The OSHA PEL and ACGIH TLV for coal tar
pitch volatiles is 0.2 mg/M?* (basis one soluble fraction).

SECTION 12 - ADDITIONAL REGULATORY DATA

REPORTABLE COMPONENTS: FEDERAL EFPA % SARA RQ CERCLA RCRA
RQ NO.

BITUMINOUS COAL 100 | -— — e

NOTE: OSHA Reguiations 29 CFR 1910.1200 (Hazard Communication) do not consider coal as a “hazardous
material” and a Material Safety Data Sheet (MSDS) is not required. The information contained herein is based on data
available at this fime and is believed fo be accurate. However, no warranfy is expressed or implied regarding the
accuracy of these daia or the resulfs fo be oblained from the use thereof. Since information contained herein may be
applied under conditions beyond our control and with which we may be unfamiliar, no responsibility is assumed for the
resuifs of its use. The person receiving this information shall make his own defermination of the suitability of the
material for his parficular purpose.
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Appendix B: Equipment

B.1 Leak Tests

When the project commenced, the VAS was observérive large and yet slow
leaks in the sample cell system, which was comg@rafea custom built stainless
steel reactor, Swagelok fittings and pneumatic eIVl hese leaks could not be
detected using soap solution due to the very l@k late, and the occurrence of
these leaks could only be identified when presstability tests were run for a
long period of time. The pressure decreasing instmaple cell with time even
though the reactor is sample free indicates a (eralpressure drop should ensue
as no sorption would be taking place). If a samyds loaded in a leaking reactor,
the sorption measured would be greatly exaggerdtaslas also impractical to
compensate for leaks in calculations as the leak® ween not to be consistent

every time.

In an attempt to stop the leaks, all fittings whigkre frequently loosened and
tightened were replaced along with a new seal placeahe reactor. A pressure

stability test was then performed and results aasden in Figure B.1 below.

75
74 —
73 —
72 —
71 —
70 —
69
68
67
66

Pressure (bar)

64
63 —
62 —
61 —
60 —
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Time (hr)

Figure B.1: Pressure stability test with empty reac after fittings and reactor seal were
replaced

As can be seen in Figure B1, leaks were still presethe sample cell system. It

was suspected that there may be an inline leakughréhe pneumatic valves. A
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tube was attached to the port leaving the samplesgstem and placed in an
upturned water-filled flask. After a pressure digbtest was run, it was clear that
CO, was leaking through the closed valve and disptatiie water in the flask. In
order to stop these inline leaks, the valves wighggned with modified spanners.
The results from the leak test that was run afber valves were tightened is
shown below in Figure B.2.

80
79
78
77
76
75
74
73
72
71
70
69
68
67
66
65

Pressure (bar)

0 3 6 9 12 24 27 30 33 36

15 18 21
Time (hr)

Figure B.2: Pressure stability test with empty sal@gell after pneumatic valves were tightened

Although the inline leaks were successfully stoppbd system still leaked 4 bar
after 36 hours. The VAS was sent in to the suppbebe tested leak tested with
high pressure He and relevant He detectors. Itrveagessary for the suppliers to
make several more modifications to the valves av@nt leaks in this area. It was
also evident that the reactor seal was not sedighg. It was expected that the
sealing surface was damaged even though discresanould not be seen with
the naked eye. The sealing surfaces were thus miealig polished in order to

attempt to solve these problems. The manufactdréreoexpensive seals also had
to be replaced at the time with a new supplier tdugnancial considerations. The
new seal design was thicker than the previous desig thus it was expected that
a greater amount of tightening of the reactor bols required. Pressure stability
tests were performed on the new seals in the mamlisbactor surface with various

degrees of reactor bolt tightening, and the resultresented in Figure B.3.
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Figure B.3: Pressure stability test with empty salmjgell with new seal design, polished reactor
sealing surface under different levels of reactonlbtightening

From Figure B.3 it is evident that the system weakifree if the reactor bolts
were tightened to a certain torque. However, dfigher experimentation it was
discovered that the sealing was not consisterght tand the new seal design was
unreliable. It was thus desired to replace thearsgbuilt reactor with a new,
simplified reactor that was assembled from offshelf Swagelok parts. This
simplified reactor required inexpensive copper sdlaht could be easily replaced
after every run if necessary. This reactor provelhbly leak-free and is the
sample cell used in the sorption experiments. [Eigdd shows the results of a
pressure stability test of the new reactor that pagormed shortly before the

sorption experiments
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Figure B.4: Pressure stability test for sample casembled from Swagelok parts using a copper
seal

B.2 Volumetric Adsorption System at TUT

The VAS at TUT was used for several sorption expents while the VAS at
Wits was leaking. This VAS was used to perform ede®l runs over weekends.
The results produced using the equipment at TUThatgresented in this project
as the experimentation had to be cut short at aly stage due to persistent
leakage problems. Nevertheless, the VAS equipmetuipsat TUT and how it
compares to the equipment at Wits is describedi;Appendix.

The fundamentals of the VAS at TUT are identicalhat of the unit at Wits and
therefore the reader is referred to the main bddlgereport in Section 3.2.1 for a
description of the unit. However, an annotatedypef this VAS is provided for
completion below in Figure B.1. The main mechanidifflerences between the

units belonging to the two universities are listedable B.1 below.
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Figure B.5: VAS located at TUT. Labelled components

A — Liquefied CQ cylinder. Supplies fluid to system. May be replddey gas mixture cylinder.
B — Oven housing high pressure vessels.

C — Sample Cell seen within oven. Houses sample.

D — Manual valves. Control fluid flow in oven vedssystem.

E — Temperature control of oven. Imitates isotherhtanditions.

F — Pressure Display. Displays pressure in ovenséats.

G — Instrument Panel. Directs flow of fluid leavinthe oven.

H — Valve leading to vacuum pump.

| — Line to GC <out of picture> For gas compositianalysis.

J — PC. Collects pressure and temperature data freessels.

K — Gas and Liquid Pumps <out of picture>. Liquidump raises pressure of liquefied GGn
vessels; Gas pump performs the same task for gadurgs.

Table B.1: Main differences between the VAS units\iits and TUT

Wits TUT
Fully automated. Has data collector Has data collector but is operated
manually.
Pneumatic valves operate between vessels Manuedsvaperate between vessels
Small volume in expansion volume cell Relatively large volume in expansion
and sample cell (~20 ml) volume cell and sample cell (~500 ml)

Larger samples must be used (no less than

Powdered samples can be used : . .
2 mm in particle size)

Pressure sensor only on expansion volume
Pressure sensors on both expansion and cell. The valve between the expansion

sample cells volume and sample cell must be left open
during runs
Has pump for liquefied fluids with a Has two pumps without control systems.
control system One for liquefied fluids and one for gases
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Appendix C: Experimental Procedures

This appendix presents the detailed experimentagaiures followed to perform
the sorption experiments described in Section Btz experimental procedures
are broken into sections representing each stageeaxperiment (sections C1 to
C5)

C.1 Sample Degassing
Figure 3.6 (replicated below) should be used tgpkmpent the sample degassing

procedure.

Figure 3.6: Vacuum setup for sample degassing.
Labelled components: A- reactor heating jacket; Bstrument Panel; C- Cold trap; D- Vacuum

pump

* The desired mass of sample prepared according ¢bo8e3.1.1 is weighed
out on an electronic scale using adequate samplaiocers. About 0.5 g over
the required 2 g of sample required is weighed toutompensate for the
change in mass that occurs during degassing.

* The sample is secured in a custom sized reactofithanto a heating jacket
that is part of the VAS.

* The reactor, placed securely in the heating jadketpnnected to a line that
leads to the vacuum pump of the VAS.

* The correct valves in the VAS instrument panel positioned to allow an
open pathway from the reactor to the vacuum pump.

154



* The heating jacket and vacuum pump are turned driedhto run and degas
the sample for an hour. The heating jacket issattemperature of 80°C.

* Once the run is completed, the heating jacket @edwm pump are turned off
and the reactor disconnected.

» 2 g of the degassed sample is weighed out usingaime scale and is placed
in the sample cell that is used in the VAS overchEsample must be degassed
once before it is used in the pressurised tests.

C.2 Free Volume Determination

Figure 3.7 is presented below to accompany theepiwe to determine the VAS

free volume.

Expansion Sample

Volume Cell
Vi V2 V3

Sorbate

: Sorbate
inlet

outlet

B Volume A

B Free Volume Sample/sorbent

Figure 3.8: Schematic diagram of VAS pressure vdssadicating volumes of interest, i.e. the
volume between V1 and V2 (Volume A) and the volupeéween V2 and V3 (Free Volume)\

(i) Sample Cell is not loaded with a sample

* Close all valves housed in the VAS oven and sebtea to 40°C

* Evacuate the VAS using the vacuum pump and ensat®/IEW is
recording all pressure and temperature data.

* Open the He line and set the outlet of the regulatapproximately 6 bar

e Open the valves leading from the He source to tA8 Mncluding V1, and
allow the expansion volume to be pressurised tocequpately 5 bar.

e Close V1 and allow the system pressure a momesiatnlise

e Open V2 and allow the He to expand to the samgle ce

* Allow the system a few moments to stabilise, thet wentents

* Use the pressure data obtained from the experinrerthe relevant
calculations presented in Appendix D.1.

* Repeat this experiment three to five times.
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(i) Sample Cell is loaded with a sample
* Load a sample of known volume into the sample (tké sample volume
may be determined using the stereopycnometer dogortb the
descriptions provided in Section 3.1.6 and Appertdik)
* Follow the procedure described in the bullets #pSt)
» All the information is now obtained to calculate thhee volume — Refer to
Appendix D.1 for calculation procedure and formulaeivations

C.3 VAS

The procedure differs slightly when running mixsneroduced in the Mixing
System, and running pure G¢G@traight from the cylinder. The VAS procedure
provided here assumes a mixture is used, as thigisnost complex case. The
procedure is described ‘per coal sample’ and wpeated for 12 sample runs.
Refer to Figures 3.1 and 3.2 (presented again Belownotation used in the

description that follows.

PI PI

Sorbate L V2 V3 Sorbate
inlet from _N_ _Dq_ _N_ ot

Sample Sample/
Cell Sorbent

Expansion
Volume

Figure 3.1: Schematic diagram of VAS internals hoes in a temperature controlling oven.
Valves, pressure indicators, cells, sorbent andosie are represented.

Figure 3.2: Complete VAS as viewed in the Laborat@t Wits
Labelled Components:
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A- Teledyne Isco Syringe pump for raising fluid @sure

B- Oven housing high pressure system (expansioruntd and sample cells)

C- Instrument Panel to GC for fluid sampling

D- Instrument Panel to vent and vacuum pump

E- Control panel operating pneumatic valves withgssure display

F- National Instruments CompactRIO hardware for datcapture and automation. Out of
picture to the left is the fluid supply, and to thight is the PC linked to the CompactRIO

(i) VAS Preparation

Turn on extractor fan and open windows as a premador SQ being
released into the lab. Ensure S&&nsor, situated directly above the,SO
source, sensor is operational.

Turn on plug at wall so that the pumps, oven amdpactRio have power.
Open compressed air line and set regulator outle? bar so that the
pneumatic valves can operate.

Empty Teledyne Isco Syringe pump (hereby refercedd the ‘Teledyne
pump’). If the Teledyne pump is not empty and itdesired for the
experiment to run a new mixture, open V1 and rum Teledyne pump.
When empty, stop running immediately before it il

Vent VAS. Open only: the vent valve, the valvestioa Instrument Panel
leading to the oven, V3, V2, V1, and the valveslieg to the Sampling
System, in that order, so that the content of t#& \fnay be released to
the external environment. Close all valves.

Vacuum VAS. Open only: the valves leading to thenglang System, V1,
V2, V3, and the valves on the Instrument Panelifgpdo the vacuum
pump. Turn on vacuum pump and monitor pressureaispon Control
Panel. When stable, close all valves and turn afluum pump. It can be
assumed that the VAS is now Sfoee.

(i) Sample Loading

Detach Sample Cell from VAS oven system using gmjaite spanners.

If a sample was present, empty Sample Cell conlpléet¢o a sample
container which must be labelled and stored. Thepta cell must be
thoroughly cleaned with acetone to ensure all remtsnaf the previous
coal sample are removed. The sample cell musthkeinsed with water

and dried thoroughly.
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 Load 2 g of the degassed sample into Sample Cetur8 Sample Cell
and use funnel to ensure no coal is spilled.

* Weigh approximately 0.03 g of glass wool using &lescale and place it
carefully in the Sample Cell over coal. Ensure tesg wool fibres are
sticking out as this could cause leaks. The glasd ¥8 used to prevent the
sample from being blown out when the VAS is presgadl, vacuumed or
vented.

* Replace Cu seal with a new one.

* Secure Sample Cell where appropriate in oven sbithdinger tight.
Fasten it tightly using spanners to ensure a leadkgeal.

* Vacuum VAS as described in in the ‘Prepare VAStisec(Step (i))

(iif) Commence Run
* Setovento 40°C
» Ensure all valves are closed other than vent valve.
* Flip switch on Control Panel from ‘manual’ to ‘LatBsAV’
 Open LabVIEW software in PC and connect to Compactput
experimental parameters as tabulated below. Thasenters will allow a
pressure of approximately 85 bar to be held in dample cell for 48

hours.

Table C.1: VAS run parameters

Experimental Parameter Value
Start Pressure 119 bar
End Pressure 119 bar
Pressure Steps 0
Hold-time 48 hours (2880 mins)

*Additional inputs made to the software includecasd data every 30 seconds; hold V2 open for
60 seconds when transferring sorbate from expansibime to sample cell; prevent content from
venting once the experiment has completed.

» ‘Initialise script’ to commence run. The Teledynanp will raise the fluid

pressure and run will continue automatically.

158



The pressure will be set, all valves closed, ard\tAS will run for 48
hours.
Monitor pressure in the sample cell for severaluten to be sure there are

no leaks.

(iv) Sample Gas for GC Analysis — Only done whenrtores are used

At beginning of 48 hour VAS runtime

Flush GC line. Open valve at GC end and valve toliG€ only. Open
valve from N source slowly and ensure 2 bar is not exceedethan
Sampling System (SS) pressure gauge. When lineoi®ughly flushed,
close all SS valves

Vacuum SS. Open SS valve to vacuum pump and valeQ line only.
Turn on vacuum pump and vacuum system thoroughlyseCSS valves
and turn off vacuum pump.

Flush line with expansion volume gas. Open SS vaéaling from
expansion volume. Open valve at GC end. Open uvalv@&C line slowly
ensuring 2 bar is not exceeded. Flush line thorlyughd close all SS
valves apart from the valve leading from the exmgangolume.

Analyse initial concentration of sorbate. Open edly GC line until 2 bar
is reached and close valve. Ensure GC is readyrtaarsample (see GC
Operating Procedure), open valve at GC end, anssretton to activate
GC auto-sampling valve. Repeat this bullet threefite times until
consistent chromatograms are produced.

Close SS valve to expansion volume.

Turn off extractor fan and close windows to preverastic temperature

changes in the laboratory.

Once 48 hour VAS runtime is complete

Turn on extractor fan and open windows.

Vent SS contents. Open SS vent valve; open valM@Qdline; close SS

vent valve.

Flush GC line with Nas described previously.
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* Flush line with sample cell gas. Open SS valveitepffom sample cell.
Open valve at GC end. Open valve to GC line slaaviguring 2 bar is not
exceeded. Flush line thoroughly and close all SISegaapart from the
valve leading from the sample cell.

« Analyse final concentration of sorbate. Follow mdare analogously to

how the initial concentration was analysed.

(v) VAS Shutdown

¢ Turn off oven.

Extract results from LabVIEW usirglezilla

* Empty Teledyne pump as described previously.

* Vent VAS as described previously.

* Flush VAS with N. Open SS Blvalve, open valve leading from SS to
expansion volume, open V2. Close SHvialve. Vent VAS.

* Vacuum VAS as described previously.

* Remove sample cell and empty its contents if desire

» Turn off extractor fan and close windows.

e Close compressed air line.

e Turn off power supply to VAS.

C.4 Mixing System
Figure 3.3, which is presented again below, shdnddused to supplement the

procedure.
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Figure 3.3: Mixing System as viewed in the Laboragat Wits

Labelled Components:

A- Inlet ports and valves — Control entry of puremponents from respective cylinders

B- Mixing Vessels — Stainless steel vessels, fitsdth dip tubes and containing ball bearings,
that mix and house mixture

C- Pressure display — Relays pressure in the MixMegssels

D- Valves leading into Mixing Vessels — Controlstgnand exit of fluids into Mixing Vessels

E- Axis around which Mixing Vessels rotate — Alloviisr thorough mixing of components

F- Rotation controls (out of sight) — Controls spgef Mixing Vessel rotation

G- Outlet ports and valves — Control exit of mixeifrom Mixing Vessels to VAS and vent, as
well as line to vacuum pump

(i) Pre-experimental

* Ensure correct gas sensor is installed and funagiocorrectly

* Open nearby windows

* Turn on extractor

* Close all Mixing System (MS) valves

* Ensure Teledyne pump is empty. If not, run it uetihpty through the
VAS according to VAS Operating Procedure

* Close VAS Instrument Panel valves that lead to¥ket line; and vacuum
pump

* Ensure the line at the top of the Mixing Vesselsaspled at the connector
port

* Ensure the MS pressure display LED Wire on tophefMixing Vessels is

coupled
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Switch on MS pressure display LED and note systesagure

(ii) Vent MS

Close all MS valves

Excluding MS vent valve, systematically open alvea leading from MS
vent valve to Mixing Vessels

Open System Valve (outlet valve to the VAS)

Open MS Vent Valve

Ensure contents has been completely vented (Netsere Display LED)

Close all MS valves

(iii) Flush MS with CQ

Close all MS valves

Excluding CQ inlet valve, systematically open all valves legdirom the
CO; inlet to Mixing Vessels

Open outlet valve to the VAS (Labelled “System”)

Open CQ inlet valve and thoroughly flush the system

Close CQinlet valve

Vent MS according to Vent MS Procedure

Close all MS valves

(vi) Vacuum MS

Close all MS valves

Ensure MS has been vented and flushed accordintheorespective
procedures

Open MS vacuum valve

Systematically open all valves leading to mixingsals

Open System valve

Turn on VAS vacuum pump

Allow MS to be thoroughly vacuumed (Note Pressuisplay LED)

Turn off VAS vacuum pump

Close all MS valves
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(vii) Load MS

Note: Fluids must be loaded one at a time in irgingamagnitude of pressure as
supplied to the MS (e.g. S@t ~ 3 bar must be loaded first, followed by GO~
40 bar).

Close all MS valves

Ensure MS has been vented, flushed and vacuumeatdaog to the
respective procedures.

Ensure selected fluid is able to flow freely fram source to MS

Open: Valves leading directly into both of the MigiVessels; the valve
second in line to the Mixing Vessels

Open fluid inlet valve and allow fluid to enter liul

Slowly open valve labelled “Mixer” on Instrument righ that leads up
towards Mixing Vessels; carefully monitor the prasgs on the MS
pressure display LED

When desired pressure is reached in Mixing Vessklse mixer valve
Close: fluid inlet valve; and the valve secondimelto the Mixing Vessels
Open mixer valve

Partial Vent: Open MS vent valvaeleases unwanted fluid and decreases
pressure. Close MS vent valve

Partial Flush: When the fluid loaded is $@pen CQ inlet valve and
flush thoroughly. Close CQOinlet valve. Open MS vent valve and allow
content to escape. Close MS vent valve.

Close source of fluid external to MS.

Partial Vacuum: Open MS vacuum valve. Turn on VA&uwum pump.
Allow adequate time for vacuuming. Turn off VAS vaen pump. Close
MS vacuum valve.

To load CQ, return to third bullet of Load MS procedure apgeat.

When done loading CG- Move on to Step (vi).

(viii) Mix MS

Ensure valves leading directly into Mixing Vessehtaining the mixture

are open
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Ensure valve second in line to the Mixing Vesselslosed

Double check that the area before the valve thaecond in line to the
Mixing Vessels has been vented and flushed. Se@Pdent and Partial
Flush procedures

Ensure all valves on the instrument panel are dlose

Decouple line leading to Mixing Vessels at the honital Al platform
using appropriate spanners

Remove Cu seal from inside connection and stowefarse

Stow disconnected line out of the way on movablglatform

Disconnect MS pressure display LED Wire at Al math (pull it up at
connection and stow out of the way)

Commence rotating of Mixing Vessels — Activate nidiyp toggling ‘Mix’
switch.

Adjust speed of rotation, by turning ‘Speed’ knob.

Allow Mixing Vessels to rotate at set speed fomii@utes.

Slow rotations using ‘Speed’ knob until Mixing Vess are perfectly
vertical and the line and connecting port are &dyrroggle ‘Mix’ switch
to “Off” position. Use jog option if necessary.

Replace Cu seal and re-couple connection usingppppte spanners.

Replace Pressure Display LED Wire.

(iX) Run

Vacuum the portion of the MS not exposed to thetunex — Open MS
vacuum and mixer valves and use VAS vacuum pump vatuumed
sufficiently.

Close MS vacuum valve

Open valve to allow fluid to flow out of the Mixingessels

Test for leaks at the coupled connection with ssajution. Other leak
indications are a steadily decreasing pressureherLED and activating
the gas sensor. If no leaks, proceed to next bulideaking and not
triggering sensor, tighten nut further with spasnand re-test. If still

leaking and components are dangerous, vent systdravacuate.
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Open mixer valve; and system valve
Refill the empty Teledyne pump of the VAS and pr&isp” when full.
VAS experimentation can now commence.

Leave valves in these positions for duration of V@&®erimentation

(x) MS Shutdown

Vent, flush and vacuum MS as described previously

Run Teledyne pump until empty according to VAS @tiag Procedure
Turn off extractor

Switch off MS pressure display LED

Close all MS valves

C5GC

Open the N line and set the outlet regulator between 4 arah6 for
adequate carrier gas flow.

Turn the GC and connecting PC on. Ogmmpassoftware

Load the GC’s ‘HayeSep Turn on’ method and runniteothe set points
have been reached in order to prepare the colunsafople injection.
Load the method designed for mixtures of ,Gd SQ, ‘HayeSep CO2-
SO2 Mixtures’. Wait for the method’s set pointdachieved.

When the gas sample is ready to flow through thenco, run the loaded
method and inject the sample using the buttonhferaluto-sampling valve.
When the run is complete and the chromatogram pestiuntegrate the
peaks in the chromatogram manually using the sofiwa obtain a
measurement of the peak area.

Calculate the mixture concentrations from the catibn curve produced
(Section 3.2.1)

Repeat the steps in the above three bullets fdr sample required to be
run.

When all samples have been run, load the ‘Brikertd®iwn’ method.

Turn off the GC once the set points are attainetichose the Mline.
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Appendix D: Sorption Experiment Calculations and

Results

D.1 Free Volume Determination
In this Appendix, the equations used to calculb&ftee volume, that is required
to calculate sorption capacity, are derived. THevant experimental results are

also presented.

Derivation
Figure D.1 below has been copied from Section 3a2@ presented below for

convenient reference.

Expansion Sample

Volume Cell
Vi V2 V3

Sorbate
inlet

Sorbate
outlet

B Volume A

& Free Volume Sample/sorbent

Figure D.1: Schematic diagram of VAS pressure vdssadicating volumes of interest, i.e. the
volume between V1 and V2 (Volume A) and the volubeween V2 and V3 when a sample is
loaded into the sample cell (Free Volume)

The calculations require two experimental steps:
* Step 1 — Volume Ax,), the total volume between valve 1 (V1) and valve
2 (V2), is pressurised with He to a known pressByeP; is typically low,
5 bar to 10 bar.
» Step 2 — The He is allowed to expand through Véhab the total volume
between V1 and valve 3 (V3);or, IS 0ccupied. This system will be at a

new pressure ab,.

These steps are repeated for two scenarios:
e Scenarioi) — The sample cell is empty

e Scenarioi{) — The sample cell contains a sample of knownmelw,.

Additional parameters of interest are:
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* Volume B () — The volume between V2 and V3 with the samplé ce
under Scenaria)
» Free Volume ¥¢.) - The volume between V2 and V3 with the sample

cell under Scenariaij

Important assumptions made are:
« The He gas behaves according to the Ideal Gas Laderuthe
experimental conditions. i.€v = nRT
WhereP is pressure, v is volume,is the number of moles of HR,is the
universal gas constarft,is temperature
» The temperature of the system remains constafieatemperature of the

oven throughout the experiments

The derivations are offered in a logical sequeretev.

Ideal Gas Law for steps 1 and 2:

PyiyVaqiy = nRT and PyiyUroriy = nRT (D1) & (D2)
Sum volume components Bfor;:

Vrori) = Vaw) * VB() (D3)
Combine and rearrange Equations D1, D2 and D3 teesfor the ratio of
V(i) L0 Vaciy:

VB(i Py
) _ P _ 4 (D4)
vaw P

Consider Ideal Gas Law equivalent to Equations bd B2 for Scenario (ii).
Combine and rearrange them to form Equation D5vbelo

Piid)  VToT(ii
1(ii) — TOT(ii) Da)
Painy V(i)

Sum volume components ofor ;).

Note thath(l-) = Va(ii ande(l-i) =Vgu) — Vp

Vrori) = Va@) t Ve — Vp (D6)
Substitute D6 into D5 and solve foy ;).

_ vp
Vaw) = 1+"B(i)_P1(ii) (D7)
va@) Pz
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The entire right hand side of Equation D7 can bterd@ned experimentally
and/or solved for.w,, can thus be calculated and used to deternmgg

according to Equation D8 below.

UB(i
V(i) = Va@) X vii; (D8)

Oncevg; is known,v,., can be calculated by subtracting the known voloie

sorbent used in the sorption experiments fig,.

Experimental Results

The results for one run of the experiments desdribeSteps 1 and 2 above are
displayed in Figures D2 and D3. The latter figwréor a run when there is a solid
sample loaded into the sample cell, while the forfigeire was obtained for when

the sample cell was empty. The sample volume wassared using a

stereopycnometer to be 1.92%with a standard deviation of 0.004 tm

Instantaneous pressures before and after V2 wasedpence the temperature had
equilibrated, were used for the calculations. Itséen that the assumption of
constant temperature is fair, as the drop in teamtpez from one state of
equilibrium to the next is not sufficiently largd&he vacuum pressure and
atmospheric pressure are added to the gauge peessanlings to obtain true
pressure values. Three runs were performed for gaaario in order to obtain an

average value of the free volume.

6 38.1
& System

5 3 Pressure 1 38

¢ System
4 Temperature | 379
’.M

5 3 sttt aanetlins — 37¢ £
© . ~—
-9. 'Y '3 g
£2 * o+ 377 8
a s
s 1 ¢ 37.6 g
Py -
O T T T T T T T T T T T T T T T 37-5
® ¢ 2 3 4 5 6 7 8 9 10 11 12 13 14 1516
-1 37.4
Y
2 37.3

Run Time (min)

Figure D.2: Behaviour of pressure and temperatune VAS cells during volume determination
experiment when sample cell is empty
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Figure D.3: Behaviour of pressure and temperatune VAS cells during volume determination
experiment when sample cell contains a sample

The tabulated calculations fog;y andv,;, are presented in Table D.1.

Table D.1: Experimental and calculated values forssem volume determination

System is empty
Initial Pressure in entire
Pressure (P4) System (P,) (bar) P./P, Vg/Va = P4/P;-1
(bar)
Run 1 6.063 4.173 1.453 0.453
Run 2 6.024 4.134 1.457 0.457
Run 3 6.131 4.237 1.447 0.447
AVERAGE 0.452
STD DEV 0.00511
Sample of known volume in Sample Cell
Initial Pressure in Sample Vp = Vg =
pressure entire P./P, Volume Vo/ (1+vg/Vpa— Vg/Va*Va
(P1) (bar) | system (P,) (Vo) (cm?) P,/P,) (cm’) (cm®)
Run 1 7.004 5.199 1.347 1.917 18.267 8.263
Run 2 6.952 5.151 1.350 1.916 18.682 8.450
Run 3 6.954 5.186 1.341 1.924 17.240 7.798
AVERAGE 1.919 18.063 8.170
STD DEV 0.004 0.743 0.336

The empty sample cell volume was thus calculatdzbt8.17 cmwith a standard
deviation of 0.336 crh The free volume is thus 7.202 tmhen the volume of the
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2 g coal sample (0.968 énsee Appendix E.1 for calculations) is subtradteth
it.

D.2 Density
The methods used to calculate the pure componehtn@rture densities are

outlined in this Appendix. It has been split inexsons for NIST data, Amagat’s
law and Patel-Teja EOS.

NIST Data

The density of pure COand pure S@can be determined reliably from data
obtained from the NIST database at http://webbaskgov/chemistry/fluid/
(Lemmon et al, 2003). Data was retrieved in tabulated form tioe desired
experimental conditions (4C and 82 bar to 86.5 bar). This data was plottetl an
fit with a suitable polynomial usind1S Excelso that the density at specific
conditions could be easily calculated. These <O, and SQ are presented

below in Figures D.4 and D.5 respectively.

¢ CO2 Data
——Poly. (CO2 Data)

Density (mol/I)

y =0.0016x3 - 0.381x? + 30.128x - 794.88
6.5 R?=1 —

6 T T T T T T T T 1
82 82.5 83 83.5 84 84.5 85 85.5 86 86.5
Pressure (bar)

Figure D.4: Density of CQ as a function of pressure at 4C. Data points were determined by
the Span Wagner EOS obtained from the NIST databadgle an almost perfect fit polynomial
was applied in this pressure range using MS Excel.
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Figure D.5: Density of SQ as a function of pressure at 4. Data points were obtained from
the NIST database and an almost perfect fit polyniahwas applied in this pressure range using
MS Excel.

Amagat’s Law

Amagat’s law is an assumption that enables theityeosmixtures simply from
the densities of its pure components. The densitglevant CQ-SO, mixtures at
relevant conditions and compositions was calculdteth the pure component
densities presented in Figures D.4 and D.5 accgrtirEquation D.13 which is
derived below.

Assumption: The sum of the theoretical pure component pavbaimes is equal
to the total volume of the mixture (Felder and Rmas 2000) (Equation D.9
below).

This assumption is generally superior to the edantaassumption using the sum
of the partial pressures (Dalton’s law) (Woo ando)Y&995). The following
derivation applies Amagat’'s law to the case whéee mixture comprises of a

binary mixture of CQand SQ.
Vmix = Vco, T Vso, (D.9)

Dividing through byn,,; and inverting both sides

_n
Pmix = t"f/(vcoz + 5o, (D.10)
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Pmix = ntot/(m_*_ &) (D.11)

Pco, Ps0,

Rearranging right hand side and substituting exqiwes forx; = n"i
tot

Pmix = 1/ xco, | 50, (D.12)
Cooz 4 =20
Pco, PSo,

Applying Equation D.12 to a general case:

pmix = 1/2%p, (D.13)

Notation:v,,;, is the total volume of the mixture amg is the partial volume of
component; p,,i, IS the molar density of the mixture apdis the molar density
of component; n;,; andn; are the total number of moles and number of moles

component respectively; and; is the mole fraction of componeit

The results obtained when Equation D.13 is useatttermine the mixture density

for relevant concentrations of $@nd CQ is presented in Figure D.6.

10

9.5

9

8.5

8

Density (mol/l)

Pure CO2  ===0.5% SO2
1.5% S02  ====3% SO2
6.5 5% SO2 7%S02 [

6 T T T T T T T T 1
82 82.5 83 83.5 84 84.5 85 85.5 86 86.5
Pressure (bar)

Figure D.6: Density of relevant C®@SO, mixtures as a function of pressure at 40°C calctdd
using Amagat’s Law
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Patel-Teja Equation of State

The Patel-Teja EOS is a cubic EOS that is a madiba on the ideal gas law so
it can describe the behaviour of certain real 8uatcurately (Patel and Teja,
1981). Mixing laws are applied to the EOS so thatin be extended to predicting
the behaviour of real fluid mixtures. This EOS iegented in Equation D.14
below. The equations used to fully describe theupaters in the Patel-Teja EOS

are presented thereafter.

RT Amix[T] (D ) 14)

V = bmix V(V+bmix)+Cmix(V—bmix)

P

WhereV is the molar volume (inverse of molar densitg),is pressurel is
temperature, andk is the universal gas constant,,;,, bpyix, and c,,;, are
parameters that can be calculated from correspgnuline component constants

according to van der Waals mixing rules.

Amix = Xi%jij XiXj\/ i) bmix = XiXibi ; Cmix = 2ixici 3 &5 = &5 (D.15)
Where x is the mole fraction, and andj are different components;; is the

binary interaction parameter and was calculatedi2008) from VLE data for
CO,-SO, mixtures to be 0.953.
R?T?

For each component: = Qa(?

RT, RT,

Jall] 1= 0,59 ic = 2.9 (D.16)
Where T, and P. and the critical temperature and critical pressafethe

component respectively afy is the reduced temperature definediby= T /T,.

The critical temperature and pressure for accorttingatel and Teja (1981) are
presented in Table D.2 below.

Table D.2: Critical properties of C@and SQ

Component T. (K) P, (bar)

CO, 304.13 73.773

SO, 430.64 78.84
N,=30+3(1-20)2, + 22 +1-3(, (D.17)
0=203+(Q2-30)02+ 3020, +1—{? (D.18)
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N.=1-3¢, (D.19)

a=(1+F(1- T))? (D.20)

Where . is an empirical factor that is component spedaiicl is obtained from
Patel and Teja (1981) to be 0.309 and 0.307 for, @ SQ respectfully.
Similarly F is a component specific empirical factor that i§0F3727 and
0.754966 for CQand SQ respectfully (Patel and Teja, 1981). is determined
first and then?, is calculated to be the smallest root of Equalob8, and then

, can be calculated.

Once Equations D.17 to C.20 are solved, the pasexmét Equation D.16 can be
solved and then used to solve the parameters irategps D.15. The molar
volume in Equation D.14 can then be calculated gusinsuitable solver and

inverted to finally determine the mixture densitggicted by the Patel-Teja EOS.

The algorithm described by Equations D.14 to C.23 woded intdMatlab in
order to conveniently solve for the mixture denstydifferent conditions. The
code produced is presented below.

function  rho = PT(P,T,x_S0O2)

%This function may be called on by a suiTable Erive r to output the
%mixture density of an SO2-CO2 mixture at a specifi ed pressure,
%temperature and mole fraction

%lInput P in bar, T in C, and x_SO2 in mol frac

R =0.0831451; %L.bar/mol.K

T=T+273.15; %K

%CO2

Tc_CO2 =30.9782 + 273.15; %K
Pc_C0O2=73.773; %bar
PARAMETERS

zc_CO2 =0.309;
TR_CO2 =T/Tc_CO2; %reduced temperature
F_C02=0.707727; %empirical factor

OmegaC_CO2 =1 - 3*zc_CO2;

OmegaB_CO2 = fzero(@(xX)x"3 + (2-3*zc_CO2)*x"2 + 3*z c_CO272*x -
zc_C02"3,0);

OmegaA CO2 = 3*zc_CO2"2 + 3*(1-2*zc_C0O2)*OmegaB_CO2 + OmegaB_C0O2"2
+1-3*zc_CO2;

alpha_CO2 = (1 + F_CO2*(1-TR_C02"0.5))"2;

a_CO2 = OmegaA_CO2*(R"2*Tc_CO2~2/Pc_CO2)*alpha_CO2;
b_CO2 = OmegaB_CO2*(R*Tc_CO2/Pc_CO2);
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¢c_CO02 = 0OmegaC_CO2*(R*Tc_CO2/Pc_CO02);

%S02

Tc_S0O2 =157.49 + 273.15; %K
Pc _SO2 =78.84; %bar
PARAMETERS

zc_S02 =0.307;

TR_SO2 =T/Tc_S02; %reduced temperature
F _S0O2 =0.754966; %empirical factor

OmegaC_S0O2 =1 - 3*zc_S02;

OmegaB_S02 = fzero(@(x)x"3 + (2-3*zc_SO2)*x"2 + 3*z C_SO2/2*x -
zc_S0273,0);

OmegaA _S0O2 = 3*zc_S02"2 + 3*(1-2*zc_S02)*OmegaB_S0O2 + OmegaB_S0272
+1-3*zc_SO2;

alpha_SO2 = (1 + F_SO2*(1-TR_S02"0.5))"2;

a_S02 = 0OmegaA_SO2*(R"2*Tc_S0272/Pc_SO2)*alpha_S0O2;
b_SO2 = OmegaB_SO2*(R*Tc_SO2/Pc_S02);
¢c_S02 = OmegaC_SO2*(R*Tc_SO2/Pc_S02);

%MIXING RULES

%Binary interaction parameter

ksi_ij = 0.953;

x_CO2=1-x_S02;

a_mix = x_C02"2*a_CO2 + 2*ksi_ij*x_CO2*x_S02*(a_C0O2 *a_S02)"0.5 +
x_S0272*a_SO02;

b_mix = x_CO02*b_CO2 + x_S02*h_S0O2;

¢_mix = x_C0O2*c_CO02 + x_S02*c_S02;

%PT EQUATION

%Provide accurate guess for fzero function using pr eviously
%determined Amagat’s law function at 40deg C or the Ideal gas Law
%at other temperatures

if T==40+273.15;

rho_CO2_40C = 0.00161974*P"3 - 0.3809948*P/2 + 30.1281322*P -
794.88245;  %rho @ 40degC known

rho_SO2_40C = 0.00000172992*P"3 - 0.00044373092 *PA2 +
0.04147088*P + 19.5889124;

rho_mix_40C = x_S02*rho_S02_40C + x_C0O2*rho_CO2 _40C; %Amagat's
Law

guess_v_mix = 1/rho_mix_40C;
else guess_v_mix = R*T/P; %Ildeal Gas Law
end
v = fzero(@(v) R*T/(v-b_mix) - a_mix/(v*(v+b_mix)+c _mix*(v-b_mix))
- P,guess_v_mix);
rho = 1/v;

The results obtained when tivatlab code was run to determine the mixture
density for relevant concentrations of S@nd CQ is presented in Figure D.7
below. The code was seen to predict the NIST dedsita for pure C®and SQ

under the experimental conditions relatively wslican be seen in Figure D.8.
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Figure D.7: Density of different C@SO, mixtures as a function of pressure at 40°C as
predicted according to the Patel-Teja model
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Figure D.8: Patel-Teja EOS pure component densities SO, and CQ compared with
respective densities obtained from the NIST databas

D.3 VAS Results

All raw and manipulated results obtained from thé&SV experiments are

presented in this Appendix. The raw pressure angpéeature versus time plots
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for each run are presented in the first subsecaoworked example describing
how the excess sorption is derived from this datapiesented in the next
subsection; and the spreadsheet used to calch&aextess sorption for all runs is

presented in the final subsection.

Raw Results

The sample cell of which the pressure and temperatere recorded was 8.17 ml
in volume and the mass of the coal sorbent was 2hg. composition of the
sorbate varied from run to run; however, a pure; 8@bate was analysed three
times. The other sorbates were mixtures ok @@d SQ and their concentration
varied from 0.16% to 6.7% SOThe pressure was set in the expansion volume to
119 bar for each run and the sorbate was allowezhjtalibrate into the sample
cell for 60 seconds before the sample cell wasaisdl and the pressure and
temperature readings recorded. The oven was sé@°, but the temperature
readings recorded are lower due to a calibratioor eThe plots produced for the
measured variables as a function of time througheath 48 hour run are
presented in Figures D.9 to D.20.
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Figure D.9: Sample cell pressure (black) and temaemre (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Pure CO- 1.
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Figure D.10: Sample cell pressure (black) and temgere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Pure CO- 2.
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Figure D.11: Sample cell pressure (black) and temgierre (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Pure CO- 3.
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Figure D.12: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Low SO- 1.
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Figure D.13: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Low SO- 2.
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Figure D.14: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Medium SG- 1.
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Figure D.15: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Medium SG- 2.
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Figure D.16: Sample cell pressure (black) and temgere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Medium SG- 3.
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Figure D.17: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. High S©- 1.
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Figure D.18: Sample cell pressure (black) and temgere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. High S©- 2.
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Figure D.19: Sample cell pressure (black) and termgere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. High S©- 3.
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Figure D.20: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. High S©- 4.

Worked Excess Sorption Calculation Example

In this section, the excess sorption will be calted step-be-step for a @S0,
mixture that was measured to be 1.25 mol% 8Cthe outset of the experiment
from GC analysis. Figure D.14 shows the pressurp dwer the course of the 48
hour experiment (presented again on the followinrggg) and the final
concentration was measured to be 0.40 mol% &G greater details on how the

concentrations were calculated, refer to Appendik D

The sorption is calculated using mass balance iptexcwhere the moles sorbed
equals the moles of sorbate at the completion efettperiment subtracted from
the moles of sorbate at the outset of the expetinlanorder to calculate the
moles of sorbate, the free volume available for gbebate is multiplied by the
molar density calculated at the pressure, temperaand concentration of the

mixture.
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Figure D.14: Sample cell pressure (black) and temgiere (red) recorded during VAS
experiment. Mixture concentration and sorption callated are shown. Medium SG- 1.

The free volume available for the sorbate was taed to be 7.20 cinby
subtracting the volume of the coal sample (0.968) dnom the volume of the
empty sample cell (8.17 én(see Appendix D.1), and the temperature of the
sorbate throughout the experiment was assumed tltebeame as the temperature
of the oven at 4. This assumption was made as the oven did nctutite from

the set point by more thanQ.

It is required to determine the initial and finakgsures from Figure D.14. The
first hour of the experiment was truncated as tlesgure rises as the temperature
reaches its set point, and the initial pressuréhes calculated to be 84.437 bar
which is the average pressure over the second dfaime experiment. Similarly,
the final pressure is calculated to be 83.589 Which is the average pressure

over the last hour of the experiment.

The pressure, temperature and concentration ainiti@ and final state of the
sorption experiment have thus been determined taisgoossible to calculate the

mixture density at each state. The initial andlfmalar densities calculated using
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Amagat’'s law are 7.85 mol/l and 7.46 mol/l and t@responding values
calculated using the Patel-Teja EOS are 8.51 raalll 7.66 mol/l (see Appendix

D.2 for details on the density determination me#)od

The total initial and final number of moles can thetermined by respective
densities by the free volume for the sorbate. Thenlrer of moles of each
component (S@and CQ) can be calculated at each state by multiplyiregrtiole
fraction of the component at the relevant statéhieytotal number of moles at the
relevant state. The total and component-wise smrptian be calculated by
subtracting the final number of moles from theiaihumber of moles present.
Finally, the sorption is expressed as an intengwantity by dividing it by the
initial mass of the coal sample (2 g). This sompwalculated is termed the ‘excess
sorption’ and is defined by the definition of thed volume used. The molar and
sorption values described are presented in Tab8 Helow for each density
method case.

Table D.3: Initial and final number of moles preséin the sorption experiment with 2 g of coal
when the initial SQ concentration is 1.25%. The excess sorption iscaédted from these values

according to mass balance principles. Two altervatidensity prediction methods are used in
calculating these values.

Amagat's Law Density Patel-Teja EOS Density
Initial Final Excess Initial Final Excess
Component . .

Moles Moles Sorption Moles Moles Sorption
(mmol) (mmol) (mmol/g) (mmol) (mmol) (mmol/g)

Total 56.54 53.74 1.40 61.30 55.14 3.078

CO, 55.84 53.52 1.16 60.53 54.92 2.805

SO, 0.704 0.213 0.246 0.764 0.218 0.273

Combined Results Spreadsheet
The tables that follow were extracted frévi® Exceland present the working data

that was used to produce the results in Sectiob 4.2

FINAL RESULTS

Initial SO, Amagat's Law Patel-Teja EOS
Concentration Moles Sorbed (mmol/g) Moles Sorbed (mmol/g)
(mol%) Total Co, SO, Total CO, SO,

0 2.409 2.409 0 1.991 1.991 0

0 1.653 1.653 0 1.310 1.310 0

0 2.047 2.047 0 1.662 1.662 0

Average 0 2.036 2.036 0 1.654 1.654 0
0.161 1.212 1.165 0.046 1.312 1.265 0.046
0.952 1.306 1.100 0.206 2.529 2.308 0.221
1.246 1.401 1.156 0.246 3.078 2.805 0.273
1.905 1.231 0.851 0.380 3.778 3.338 0.440
2.520 0.843 0.510 0.333 4.433 3.982 0.451
3.196 0.557 0.046 0.511 6.623 5.872 0.752
3.718 2.012 1.350 0.662 10.292 9.268 1.024
3.941 0.604 0.247 0.357 6.013 5.371 0.642
6.693 1.605 0.544 1.061 14.384 12.233 2.150
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EXPERIMENTAL PARAMETERS

Peak Area (uV.min) SO, Concentration (mol%) Concentration Pressure (bar) AP (bar)
Difference
— - — - (mol%) — -
Initial Std Dev Final Std Dev Initial Final Initial Final
0 0 0 0 0 0 0 85.872 84.475 1397
0 0 0 0 0 0 0 86.280 85.405 0.875
0 0 0 0 0 0 0 86.046 84.907 1.139
23.16 3.913 0 0 0.161 0 0.161 84.835 84.078 0.758
137.20 5.656 32.44 10.517 0.952 0.225 0.727 84.271 83.456 0.816
179.54 22.441 57.08 2.337 1.246 0.396 0.850 84.437 83.589 0.849
274.62 61.245 69.44 1736 1.905 0.482 1424 82.953 82.148 0.805
363.26 29.713 197.20 19.835 2.520 1.368 1.152 84.021 83.577 0.444
460.62 91.947 202.04 33.908 3.1% 1.402 1.794 84.063 83.903 0.159
535.90 6.704 211.10 46.944 3.718 1.465 2.253 84.016 82.845 1172
568.02 57.459 387.64 15.164 3.941 2.689 1.251 83.374 83.091 0.283
964.68 98.253 434.68 46.996 6.693 3.016 3.677 83.254 82.528 0.726
DENSITY
Initial Mole Final Mole Amagat's Law Patel-Teja EOS
. X Initial Density (mol/I) Final Density (mol/I) Density (mol/I)
Fraction SO, Fraction SO, " " . "
Cco, SO, Mixture Cco, SO, Mixture Initial Final
0 0 8.474 20.969 8.474 7.805 20.969 7.805 8.357 7.804
0 0 8.695 20.972 8.695 8.236 20.972 8.236 8.529 8.165
0 0 8.567 20.970 8.567 7.999 20.970 7.999 8.430 7.968
0.0016 0 7.966 20.967 7.974 7.637 20.967 7.637 8.022 7.658
0.0095 0.0023 7.718 20.965 7.765 7.391 20.965 7.402 8.235 7.533
0.0125 0.0040 7.789 20.965 7.850 7.442 20.965 7.461 8.511 7.656
0.0191 0.0048 7.207 20.960 7.298 6.934 20.960 6.956 8.236 7.187
0.0252 0.0137 7.614 20.965 7.738 7.438 20.965 7.504 9.409 8.178
0.0320 0.0140 7.631 20.966 7.789 7.566 20.966 7.635 10.197 8.358
0.0372 0.0146 7.612 20.963 7.797 7.168 20.963 7.238 10.759 7.901
0.0394 0.0269 7.361 20.964 7.554 7.256 20.964 7.386 10.666 8.99
0.0669 0.0302 7.316 20.962 7.649 7.059 20.962 7.203 12.963 8.969
FREE VOLUME
Chamber sample Volume Free Volume (l) [ Sample Mass (g)
Volume (1) (1)
0.00817 0.000968 0.00720 2
SORPTION CALCULATIONS
Amagat's Law
Initial Mole Final Mole Initial Moles (mmol) Final Moles (mmol) Percent Component Sorbed (%)
Fraction SO2 Fraction SO2
Tot CO, SO, Tot CO, SO, Tot CO, SO,
0 0 61.033 61.033 0 56.215 56.215 0 7.894 7.894 0
] ] 62.625 62.625 0 59.319 59.319 0 5.280 5.280 0
0 0 61.702 61.702 0 57.608 57.608 0 6.635 6.635 0
0.0016 0 57.428 57.335 0.092 55.004 55.004 0 4.219 4.065 100
0.0095 0.0023 55.923 55.391 0.532 53.311 53.191 0.120 4.670 3.971 77.460
0.0125 0.0040 56.540 55.836 0.704 53.738 53.525 0.213 4.957 4.139 69.784
0.0191 0.0048 52.561 51.559 1.001 50.098 49.857 0.241 4.684 3.301 75.899
0.0252 0.0137 55.732 54.327 1.405 54.046 53.306 0.739 3.025 1.879 47.356
0.0320 0.0140 56.101 54.308 1793 54.986 54.215 0.771 1.987 0.170 57.009
0.0372 0.0146 56.153 54.065 2.088 52.130 51.366 0.764 7.166 4.993 63.431
0.0394 0.0269 54.403 52.259 2.144 53.196 51.765 1.431 2219 0.945 33.270
0.0669 0.0302 55.089 51.402 3.687 51.879 50.315 1.565 5.827 2.115 57.566
Patel-Teja EOS
. . - . Percent
Imtlél Mole Fma.l Mole Initial Moles Final Moles Component
Fraction SO2 Fraction SO2 (mmol) (mmol) Sorbed (%)
Tot co2 502 Tot co2 502 Tot co2 502
0 0 60.187 60.187 0 56.205 56.205 0 6.616 6.616 0
0 0 61.427 61.427 0 58.807 58.807 0 4.265 4.265 0
0 0 60.713 60.713 0 57.389 57.389 0 5.474 5.474 0
0 0 60.775 60.775 0 57.467 57.467 0 5.452 5.452 0
0.0016 0 57.779 57.686 0.093 55.155 55.155 0 4.540 4.386 100
0.0095 0.0023 59.310 58.745 0.565 54.251 54.129 0.122 8.529 7.858 78.372
0.0125 0.0040 61.296 60.533 0.764 55.141 54.922 0.218 10.042 9.268 71.400
0.0191 0.0048 59.316 58.186 1.130 51.759 51.510 0.249 12.740 11.474 77.936
0.0252 0.0137 67.769 66.061 1.708 58.902 58.096 0.806 13.084 12.057 52.817
0.0320 0.0140 73.442 71.095 2.347 60.196 59.352 0.844 18.036 16.517 64.049
0.0372 0.0146 77.490 74.609 2.881 56.905 56.072 0.833 26.564 24.845 71.072
0.0394 0.0269 76.815 73.788 3.027 64.789 63.046 1.742 15.656 14.557 42.440
0.0669 0.0302 93.366 87.117 6.249 64.598 62.650 1.948 30.812 28.085 68.824
. Amagat's Law " Patel-Teja EOS
14 *
2 *
= 12 =
3 * 310 .
E 1.5 * - + Total E u & Total
e * ¢ a ¢ (02 <8 mC02
21 - — 2 *
B " ¢ S02 2 6 L] i 502
3 3 'Y
05 Y S 4 [ 4 s ¥ T
[ ] 2 * -
0 : : A : : : ) 0 Ah—A \ . : . .
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
SO, Concentration (mol %) SO, Concentration (mol %)
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D.4 Gas Analysis

In order to determine the concentration of the ,&0» mixtures, gas
chromatography was used. The chromatograms wedu@ed by running them
through a Briker 430-GC equipped with a HayeSepmbked column, TCD and
auto-sampling valve. Nwas used as the carrier gas, and the temperatgeam
selected ran the oven at a constartCAfor the first 2.5 minutes before raising the
temperature at 2C/min until the 150C was reached and held for approximately
3 minutes. The injection temperature and deteetmperature in the GC program
were set to 140°C and 270°C respectively. The eefer flow for the carrier gas
was 30 ml/min with a make-up flow of 5 ml/min. €@&nd SQ peaks are detected
at approximately 1.5 minutes and 6.4 minutes rdasmdg and were integrated

manually in order to obtain values of the peak sirea

The CQ-SO, mixtures were analysed both before and after tbeptisn
experiments had taken place. The sampled were tarb4imes through the GC
so that an average value of the,§f@ak area could be obtained. This peak area
was used to determine the concentration of @he mixture using a calibration
curve that was produced by running standar@-6Q, samples through the GC.
The calibration curve produced is presented belovinle the combined
chromatograms for each GGO, sample are presented thereafter. The g&ak

is zoomed into for a clearer view of the deviat@iween runs, and thereatfter, the
chromatograms produced before and after sorptierpltted on the same set of

axes for comparison.

187



Calibration Curve

vy = 0.006938x

5 1
R* =098 /
4 /

® Standard GasSamples

Concentration (mol %)

1 _/ Calibration Curve
o / . . T 1

o 200 400 600 800

Peak Area (uV.min)

Figure D.21: Calibration Curve produced for SOSO, Concentration = 0.006938 SO, Peak
Area

High SO,: Mixture 4

Before Sorption

SuperSO2run_initial 05-08_1.DATA
SuperSO2runlTinitia_05-08"2.DATA
SuperSOZruniinfia 0508 3 DATA

SuperSO2run]_initial_05-084.DAT/

RT [min]
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
3000% SuperSO2runi_initial_05-08_1.DATA
2000 SuperSO2runl intial 05-08_2.DATA
SuperSO2run1 initial 05-08"3
1.000: 3 )

uper SO2run1initial 05-
perso; 0

RT [min)
4.6 48 5 5.2 54 5.6 5.8 6 6.2 6.4 6.6 6.8 7 7.2 74 76 7.8 8

Figure D.22: Chromatograms of 5 gas sample runsafCQO,-SO, mixture with a high level of
SO, (High SO, - Mixture 4) before sorption. The entire chromatogm (top) and SQ peak
close-up (bottom) are shown.
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Table D.4: Summarised average results table fotimli concentration of High SQ - Mixture 4

Name Time | Quantity Area Area Cocr;clzl;ll'c;::;on
1 o) 1 o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol %)
Co, 1.39 88.93 7737.78 | 88.93 93.307
AVERAGE
SO, 6.35 11.07 964.68 | 11.07 6.693
CO, 0.01 0.95 53.06 0.96
STD DEV
SO, 0.00 0.95 98.25 0.96

After Sorption

SuperSO2runi._final 07-
SuperSO2runifinal 07-

07-0

08_2.DATA
0873DATA
84.DA

RT [min]

4.6

4.8 5

52 54

5.6 58

6 6.2 6.4

6.6 6.8

7 72 7.4 76

78

Figure D.23: Chromatograms of five gas sample runog High SO, - Mixture 4 after sorption.
The entire chromatogram (top) and S@eak close-up (bottom) are shown.

Table D.5: Summarised average results table fordliconcentration of High S@- Mixture 4

Name Time Quantity Area Area % Cocnaclslr:ltar:(;c:jon
1 0, 1 (o)
[Min] [% Area] | [uV.Min] [%] (mol %)
CO, 1.39 94.65 7684.68 | 94.65 96.984
AVERAGE
SO, 6.38 5.35 434.68 5.35 3.016
CO, 0.01 0.55 33.06 0.55
STD DEV
SO, 0.00 0.55 47.00 0.55
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Comparison

3000
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Figure D.24: Comparison of representative $Q@eaks before and after sorption. High $0

Mixture 4.

High SO,: Mixture 3

Before Sorption

SpikedSO2rund_initial 31-07_1.DATA
SpikedSO2rund initial_31-07"2.DATA
SpikedSO2rund_initial_31-07_3.DATA

SpikedSO2rundinitial~31- ATA

RT [min]

45 5

25 3 35 4

75

3000
2000
1000;

0;
-1 000;
-2 000
-3 000;
-4 000

-5 000;
-6 000
-7 000;
-8 000:
-9 000
-10 000;
-11 000
-12 000
-13 000
-14 000
-15 000

RT [min)

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 6.9

7

71 72 73 74 75 76 77 718 7.9

Figure D. 25: Chromatograms of 5 gas sample runsafCG-SO, mixture (High SG - Mixture
3) with a high level of S@before sorption. The entire chromatogram (top) aBd, peak close-

up (bottom) are shown.
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Table D. 6: Summarised average results table fatial concentration of High SQ - Mixture 3

Name Time | Quantity Area Area Cocr;clzl;ll'c;::;on
1 o) 1 o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.38 93.07 7628.94 | 93.07 .
AVERAGE 2 96.059
SO, 6.37 6.93 568.02 6.93 3.941
Cco, 0.01 0.70 88.67 0.70
STD DEV
SO, 0.01 0.70 57.46 0.70

After Sorption

0 05

6 6.5 7

75

RT [min)

46

48 5

5.2 54

5.6 5.8 6

6.6 6.8

7

7.2 74 7.6

7.8

8

Figure D.26: Chromatograms of five gas sample rumé a CO-SO, mixture (High SQ -
Mixture 3) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are

shown.

Table D.7: Summarised average results table fordficoncentration of High S@ - Mixture 3

Name Time Quantity Area Area % Cocr;clzl;ll'c;::;on
1 o) 1 (o)
[Min] [% Area] | [uV.Min] [%] (mol%)
Cco 1.38 95.16 7623.02 | 95.16 .
AVERAGE : 97.311
SO, 6.38 4.84 387.64 4.84 2.689
Cco, 0.01 0.16 56.56 0.16
STD DEV
SO, 0.00 0.16 15.16 0.16
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Comparison

30005 gy
2000
1000
0;
-1000
-2.000
-3 000
-4 000
-5 000
-6 000;
-7.000
-8 000
-9000
-10 000
-11 000
-12 000
-13000
-14 000

RT [min]

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 79

Figure D.27: Comparison of representative $Q@eaks before and after sorption. High $0
Mixture 3

High SO,: Mixture 2

Before Sorption

SpikedSO2_initial_25-06_1.DATA
SpikedSO2 initial 25-06~2.0

ATA
SpikedSO2"initial 25-06"3.DATA.
[SpikedSO2_inifial 25-06_4.DATA]

w SpikedS02_inital 25-06_1
3000; P edS0nar55 082 DA
b 0673
0

2000
1 000:

-1 000
-2 000
-3 000;
-4 000
-5 000;
-6 000

-7 000;

-8 000:
-9 000
-10 000

-11 000
RT [min)

-12 0007
46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 79

Figure D. 28: Chromatograms of four gas sample run$ a CQ-SO, mixture with a high level
of SO, (High SO, - Mixture 2) before sorption. The entire chromatam (top) and SQ peak
close-up (bottom) are shown.
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Table D.8: Summarised average results table fotialiconcentration of High SQ - Mixture 2

Name Time Quantity Area Area % Cocgiigr;f;:n
1 o) 1 o)
[Min] [% Area] | [uV.Min] [%] (mol%)
Co, 1.52 93.46 7686.53 | 93.46 96.282
AVERAGE
SO, 6.39 6.54 535.90 6.54 3.718
Co, 0.16 0.45 458.77 0.45
STD DEV
SO, 0.00 0.45 6.70 0.45

After Sorption

SpikedS02_final 27-06_1.DATA
SpikedSO2”final_27-06_2.DATA
SpikedSO?_final 3.DATA
SpikedSO2 final 27-06_4.DATA

-10 000

SpikedSO2_final 27-06_1.DATA
SpikedSO2 final_27-06 2.DATA

SpikedSO?_final_3.DATA
SpikedSO2 final 27-06_4. DATA
(SpikedSO7_Tinal 27-06_5.DATA]

RT [min]

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 79 8

Figure D.29: Chromatograms of five gas sample rumé a CO-SO, mixture (High SQ -
Mixture 2) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are

shown.

Table D.9: Summarised average results table fordliconcentration of High SQ - Mixture 2

Name Time | Quantity Area Area Cocr;clzl;ll'c;::;on
1 (o) 1 o) (o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
Co, 1.54 97.38 7815.58 | 97.38 98.535
AVERAGE
SO, 6.41 2.62 211.10 2.62 1.465
Cco, 0.14 0.51 255.33 0.51
STD DEV
SO, 0.01 0.51 46.94 0.51
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Comparison
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Figure D.30: Comparison of representative $Q@eaks before and after sorption. High $0
Mixture 2.

High SO,: Mixture 1

Before Sorption

SpikedSO2run2_initial 01-07_1.DATA
SpikedSO2run2 initial"01-07"2.DATA
SpikedSO2run2_initial_01-07_3.DATA

SpikedSO2run2initial_01- ATA

w SpikedSO2run2_initial 01-07_1.DATA
SRR MNT IR
1000;

o
-1.000
2,000
-3.000
4,000
5,000
-6.000
7000
-8.000
-9.000
-10 000 RT [min]

46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 7.9

Figure D.31: Chromatograms of four gas sample run$ a CQ-SO, mixture with a high level
of SO, (High SO, - Mixture 1) before sorption. The entire chromatgm (top) and SQ peak
close-up (bottom) are shown.
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Table D.10: Summarised average results table fatia concentration of High SQ - Mixture 1

Name Time | Quantity Area Area Cocr;clzl;ll'c;::;on
1 o) 1 (o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.50 94.47 7871.56 | 94.47 .
AVERAGE 2 96.80417
SO, 6.39 5.53 460.62 5.53 3.195828
Co, 0.14 1.14 162.20 1.14
STD DEV
SO, 0.00 1.14 91.95 1.14

After Sorption

SpikedSO2run2_final_2.DATA
SpikedSO; "3.DATA

35

6 6.5 7 75

‘SpikedSO2run2._final 2.DATA
SpikedSO2run2 final_3.DATA
SO2run2_final_4 DATA
02run2 [5.DATA

RT [min]

46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 7.6 77 78 79

Figure D.32: Chromatograms of five gas sample rumé a CO-SO, mixture (High SQ -
Mixture 1) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are

shown.
Table D.11: Summarised average results table forali concentration of High S@- Mixture 1
Name Time Quantity Area Area % Cocr;clzl;ll'c;::;on
1 0, 1 0,
[Min] [% Area] | [uV.Min] [%] (mol%)
co 1.60 97.55 8060.52 | 97.55 .
AVERAGE : 98.598
SO, 6.41 2.45 202.04 2.45 1.402
CO, 0.12 0.41 75.82 0.41
STD DEV
SO, 0.01 0.41 33.91 0.41
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Comparison

30003 uv/ SpikedSO2run?_final’5.DATA
2000
1 000:
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Figure D.33: Comparison of representative $Q@eaks before and after sorption. High $0
Mixture 1.

Medium SO,: Mixture 3

Before Sorption

MdSO2run2_initial 17-07_1.DATA
MdSO2run2Tinttial_17-07-3.DATA
MdSO2run2 initial17-07~2.DATA
MidSO2run2initial_17-07_4.DATA

30003 uv MdASO2run2_initial 17-07_1.DATA

MdSO2run2 initial 17-07_3.DATA

MidSO2run2_initial_17-07_2.DATA

2000 MidSO2run2initial_17-07_4.DATA
1,000
o
-1.000;
-2.000;
-3.000;

-4.000%_

-5 000:

-6 000:

-7 000

-8 000

RT [min]
48 49 5 61 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 715 76 77 78 179

Figure D.34: Chromatograms of five gas sample ruoba CG-SO, mixture with a mid level of
SO, (Medium SQ - Mixture 3) before sorption. The entire chromatam (top) and SQ peak
close-up (bottom) are shown.
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Table D.12: Summarised average results table foitial concentration of Medium SQ@ -

Mixture 3.
. . Concentration
Name Time | Quantity Area Area Calculated
1 0, 1 (o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.60 95.56 7815.34 | 95.56 .
AVERAGE 2 97.480
SO, 6.38 4.44 363.26 4.44 2.520
Co, 0.12 0.36 59.15 0.36
STD DEV
SO, 0.01 0.36 29.71 0.36

After Sorption

MdSO2run2_final 19
MidSO2run2”final”19-
n 19

-07_2.DATA
A

MidSO2run2_final_19-07_2.DATA
2 final_19-

MidSO2run:

MdSO2run2_final 19-07_4.DATA
MidSO2run2”final_19-07_5.DATA
MdSO 5

07_3.DATA

RT [min]

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 79 8

Figure D.35: Chromatograms of five gas sample run§ a CO-SO, mixture (Medium SQ -
Mixture 3) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are

shown.

Table D.13: Summarised average results table farali concentration of Medium S@- Mixture

3
Name Time Quantity Area Area % Cocr;clzl;ll'c;::;on
1 o) 1 o)
[Min] [% Area] | [uV.Min] [%] (mol%)
co 1.39 97.45 7530.70 | 97.45 .
AVERAGE 2 98.632
SO, 6.39 2.55 197.20 2.55 1.368
Cco, 0.00 0.25 40.76 0.25
STD DEV
SO, 0.00 0.25 19.84 0.25
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Comparison

30003 WV (MidSOZrunZ_nial_17-07_ZDATA]
MdSO2runZ_final_19-07_6.DATA

2000
1 000:

0
-1 000;
-2 000
-3 000;
-4,000;

-5 000

S0z

-6 000
~7.000 3
-8 000
-9000
-10 000

-11 000
RT [min]

48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 13 74 75 76 77 78 79

-12 0007

Figure D.36: Comparison of representative $@eaks before and after sorption. Medium $O
Mixture 3.

Medium SO,: Mixture 2

Before Sorption

30001 W MdSO2rung_inital_22-07_2.DATA
MdSO2run3_initial_22-07_3.DATA

MdSO2rund_initial 22-07_4 DATA

2000 MdSO2run3”initial 22-07_5.DATA
(MdSO2rund_iniial_22-076.DATA]

1 000:

-1 000
-2 000
-3 000;

-4 0004

-5 000

-6 000;

-7 000
-8 000;

-9 000;

-10 000 RT [
46 48 5 5.2 5.4 56 58 6 6.2 6.4 6.6 6.8 7 7.2 74 7.6 78

Figure D. 37: Chromatograms of five gas sample ruasa CG-SO, mixture with a mid level of
SO, (Medium SQ - Mixture 2) before sorption. The entire chromatam (top) and SQ peak
close-up (bottom) are shown.
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Table D. 14: Summarised average results table faitial concentration of Medium SQ@ -

Mixture 2
. . Concentration
Name Time | Quantity Area Area Calculated
1 0, 1 (o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.39 96.53 7623.58 | 96.53 .
AVERAGE 2 98.095
SO, 6.38 3.47 274.62 3.47 1.905
CO, 0.01 0.72 73.39 0.72
STD DEV
SO, 0.01 0.72 61.25 0.72

After Sorption

RT [min)

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 7.7 78 79 8

Figure D.38: Chromatograms of five gas sample run§ a CO-SO, mixture (Medium SQ -
Mixture 2) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are

shown.

Table D.15: Summarised average results table farali concentration of Medium S@- Mixture

2
Name Time Quantity Area Area % Cocr;clzl;ll'c;::;on
1 o) 1 o)
[Min] [% Area] | [uV.Min] [%] (mol%)
co 1.39 99.10 7657.06 | 99.10 .
AVERAGE 2 99.518
SO, 6.41 0.90 69.44 0.90 0.482
Cco, 0.00 0.03 60.35 0.03
STD DEV
SO, 0.00 0.03 1.74 0.03
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Comparison

3000f (MdSOZrun3_nfal_22-076.DATA]
2000

1.000;
o
~1.000:
~2.000
-3 000
AU - o e "
-5 000:
-6 000 8
~7.000
-8 000
-9000
-10 000
-11.000
~12 000 RT fmin]

46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 79 8

Figure D.39: Comparison of representative $@eaks before and after sorption. Medium $O
Mixture 2.

Medium SO,: Mixture 1

Before Sorption

Low SO2rund_initial 24-07_2.DATA
Low SO2run1 initial24-07-3

Low SO2run1_initial_24-
Low SO2run1_initial_24-

W!

0 05 1 15 2 25 3 35 4 45 5 55 6 6.5 7 75

RT [min]

30003 WV
2500
20003
1 500;
1000;

500;

-500:
-1 0003
-1 5003
-2 000;
-2 500;
-3 0003
-3 500

4000 M
-4 500
-5 000
-5 500
-6 000

-6 5003
-7 000;
-7 500;
-8 0003
-8 500;

RT [min]

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 7.5 76 7.7 78 79

Figure D. 40: Chromatograms of five gas sample ruasa CG-SO, mixture with a mid level of
SO, (Medium SQ - Mixture 1) before sorption. The entire chromatam (top) and SQ peak
close-up (bottom) are shown.
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Table D. 16: Summarised average results table faitial concentration of Medium SQ@ -

Mixture 1
. . Concentration
Name Time | Quantity Area Area Calculated
1 0, 1 (o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.39 97.70 7607.58 | 97.70 .
AVERAGE 2 98.754
SO, 6.40 2.30 179.54 2.30 1.246
CO, 0.00 0.27 48.25 0.27
STD DEV
SO, 0.01 0.27 22.44 0.27

After Sorption

Low SO2run1_final 26-07_2.DATA
Low SO2i 7_3.DATA

RT [min]

6 6.5 7

-4 000
-4 500;

T

Low SO2run1_final 26-07_2.DATA
Low 7_3.DATA

aZata-aci-2

RT [min]

46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 78 79 8

Figure D.41: Chromatograms of five gas sample ruaa CQO-SO, (Medium SQ - Mixture 1)
mixture after sorption. The entire chromatogram (i and SQ peak close-up (bottom) are

shown.

Table D.17: Summarised average results table farali concentration of Medium S@- Mixture

1
Name Time Quantity Area Area % Cocnaclslrjlltar?(;c:jon
1 0, 1 (o)
[Min] [% Area] | [uV.Min] [%] (mol%)
co 1.38 99.27 7804.56 | 99.27 .
AVERAGE 2 99.604
SO, 6.43 0.73 57.08 0.73 0.396
CO, 0.01 0.03 36.90 0.03
STD DEV
SO, 0.01 0.03 2.34 0.03
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Comparison

30003 uV Low SO2rund._intial 24-07 4.DATA
2 500;
2 000;
1500;
1000:
500:

0;
-500
-1 000;
-1500
-2 000;
-2 500
-3 000
-3500
4000 i
-4 500 S g =
-5 000 2
-5 500; o
-6 000
-6 500;
~7.000
-7 500

A e e T T P R AN

RT [min]
46 48 5 5.2 54 56 58 6 62 6.4 66 68 7 7.2 74 76 78 8

Figure D.42: Comparison of representative $@eaks before and after sorption. Medium $O
Mixture 1.

Low SO,: Mixture 2

Before Sorption

NESS)
MdSO2runl_initial_15-
MdSO2runi Tinitial_15-07"4.DATA
MdSO2runi initial_15-07_5.DATA

RT [min]

55 6 6.5 7 75

3000% wv 0. ) DATA
2500 dSO2runi_initial_15-07_3.DATA
MidSO2run initial_15-07_4.DATA

2000 MidSO2run1_initial_15-07_5.DATA
1 500;
1.000;
500:

-500:
-1 0003
-1 500
-2 000;
-2 500:
-3 000;

-3 500;
000
-4 500;
-5 000;

-5 500;
-6000;
-6 500;
-7.000;
-7 500;
-8 000;
-8500; RT [min]

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 7.5 7.6 7.7 78 79 8

Figure D.43: Chromatograms of four gas sample runga CGO-SO, mixture with a low level of
SO, (Low SQ - Mixture 2) before sorption. The entire chromatn (top) and S@ peak close-
up (bottom) are shown.
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Table D.18: Summarised average results table fatia concentration of Low S@ - Mixture 2

Name Time | Quantity Area Area Cocr;clzl;ll'c;::;on
1 o) 1 (o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.39 98.25 7698.95 | 98.25 .
AVERAGE 2 99.048
SO, 6.40 1.75 137.20 1.75 0.952
Cco, 0.01 0.07 31.91 0.07
STD DEV
SO, 0.00 0.07 5.66 0.07

After Sorption

MdSO2runi_f{ 17-07_3.DATA
MidSO2 17-07_4.DATA
17-07_5.DATA
17-07_ 6.DATA

55

MdSO2runi_final 17-07_3.DATA
MidSO2run1_final_17-07_4.DATA
17-

RT [min]

45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 7.2 7.3 74 75 76 77 78 719

Figure D.44: Chromatograms of five gas sample rumé a CQO-SO, mixture (Low SQ -
Mixture 2) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are

shown.

Table D.19: Summarised average results table forafi concentration of Low S@- Mixture 2

Name Time Quantity Area Area % Cocr;clzl;ll'c;::;on
1 o) 1 (o)
[Min] [% Area] | [uV.Min] [%] (mol%)
Cco 1.39 99.58 7618.64 | 99.58 .
AVERAGE 2 99.775
SO, 6.43 0.42 32.44 0.42 0.225
Cco, 0.01 0.13 41.43 0.14
STD DEV
SO, 0.01 0.13 10.52 0.14
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Comparison

3000,/ MidSO2runi _initial 15-07_4.DATA
2500

2000
1500;
1000;
500;

0;
-500;
-1 000;
-1 500
-2 000
-2 500
-3 000;
-3 500;

40003 TS s
-4500 e et e e e e
-5 000 ]

-5 500;
-6 000;
-6 500;
~7.000; RT [min]
46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 15 76 77 78 19

Figure D.45: Comparison of representative $@eaks before and after sorption. Low $©
Mixture 2.

Low SO,: Mixture 1

Before Sorption

Low SO2run2_initial 29-07_2.DATA
Low SO2run2 initial 29-07-3

Low SO2run2_initial 29-
Low SO2run2_initial_ 29

=)

7 75

3000
2500
2000
1 500;
1000;

500

-500:
-1 000;
-1500
-2.000
-2500
-3 000;
-3 500;
-4.000
4500
-5 000
-5 500
-6 000;
-6 500

RT [min]
5 5.1 5.2 5.3 5.4 55 5.6 5.7 5.8 59 6 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7 71 72 73 7.4 75 76 77 7.8 79

Figure D.46: Chromatograms of four gas sample run$a CGO-SO, mixture with a low level of
SO, (Low SQ - Mixture 1) before sorption. The entire chromatmn (top) and S@ peak close-
up (bottom) are shown.
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Table D.20: Summarised average results table fatia concentration of Low S@ - Mixture 1

Name Time | Quantity Area Area Cocr;clzl;ll'c;::;on
1 o) 1 (o) o)
[Min] | [% Area] | [uV.Min] | % [%] (mol%)
co 1.38 99.71 7815.42 | 99.70 .
AVERAGE 2 99.839
SO, 6.44 0.29 23.16 0.30 0.161
Cco, 0.01 0.05 22.23 0.05
STD DEV
SO, 0.01 0.05 3.91 0.05

After Sorption

Low SO2run2_final_31-07_3.DATA
Low SO; -07_4.DATA
Low SO

Low SO;
[Cow St

55 6 6.5 7 75

3000% uv Low SO2run2._final_31-07_3.DATA

Low SO2run2 final_31-07_4.DATA
2500 Low SO2run2 final_31-07_5.DATA
Low SC 2_final31-07_6.DATA
©

~7.000 RT [min]
45 46 47 48 49 5 651 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 74 75 76 77 18

Figure D.47. Chromatograms of five gas sample rumé a CQO-SO, mixture (Low SQ -
Mixture 1) after sorption. The entire chromatograrfiop) and SQ peak close-up (bottom) are
shown.

Table D.21: Summarised average results table forafi concentration of Low S@- Mixture 1

Name Time Quantity Area Area % Cocr;clzl;ll'c;::;on
1 (o) 1 o)
[Min] [% Area] | [uV.Min] [%] (mol%)

Co, 1.38 100.00 | 7687.30 | 100.00 100
AVERAGE

SO, - - - - 0

Co, 0.01 0.00 45.50 0.00
STD DEV

SO, - - - -
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Comparison

3 000: w Low SO2run2_initial 29-07_4.DATA
2500

2000
1500;
1000
500
o
-500
-1.000
-1500
2,000
2,500
-3.000
3500
4,000
VASDDM
5,000
-5/500
-6.000
6,500
-7 000;
7500
-8 000; RT, Imin]
45 46 47 48 49 5 51 52 53 54 55 56 57 58 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73 14 75 76 17 78 7.9

Figure D.48: Comparison of representative $@eaks before and after sorption. Low $©
Mixture 1.

D.5 Adsorption Modelling

In this Appendix, attempts were made to model thgeementally determined
excess sorption of GOas a function of the COconcentration in a SECO,
mixture using several adsorption theory models. Mioelels considered were the
Langmuir, Freundlich and Dubinin-Radushkevich (O8jtherm models. These
isotherms are described below in Table D.22. Theaegns describing the
models were fit to the experimental excess sorpdi@a for CQ once the model
parameters were known. The model parameters weernueed using linear
methods; once the linear forms of the models anttqu, the model parameters
can be easily calculated from the slope and y-cefgr The linear forms of the
isotherms and plotted variables are also present&dble D.22.

Table D.22: Summary of adsorption isotherm modetstd experimental data (Foo and Hameed
(2010))

Non-linear form )
Isotherm Model Linear form Plot
fOI" Nsorbed
. Byx X x 1 x
Langmuir =4+ VS x
g 1+ yx Nsorbed B yﬁ Nsorbea
log(Nsorbed)
) log(N ) vs
Freundlich 8.x18 1 sorbed
= Elog (x) +log (8) log (x)
A exp (—k.e?)
In(Nyorpea) 2
DR Where In(Ngprpea) VSE
1 =—k.e?+1n (1)
e =RTIn(1 + ;)
Symbols:  Ngyppeq@ndx Number of moles sorbed, and Mole fraction, retSpely
R andT Universal gas constant, and Absolute temperataspectively
B,v,8,(, Kk, A Model parameters
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Once the variables in the fourth column in Tabl2Dwere plotted, the MS Excel
trendline function was used to produce a linear functiorresged to the data.
Thus, the parameters required for the isotherm itsodere determined and are
presented in Table D.23. The isotherm models awteol alongside the
experimental C@sorption data for comparison in Figure D.49. Fiéigure D.49

it is evident that the models describe the datalpoo

Table D.23: Sorption isotherm model parameters

Isotherm Model Parameters
Langmuir ‘ Freundlich | DR
Linear Form
y-intercept
6845 |  -0.0494 | 14141
Slope
-66.13 | 21916 | -4.384E-06
Non-linear form
B o) A
-0.015 0.892 1.385E+06
Y ¢ K
-0.966 0.0456 4.384E-06
2.5
O Experimental Excess Sorption
2 Langmuir 0
=== Freundlich
o ——DR
]
E 1.5
S
s (=] o (=]
us, 1
~ (n ]
S
05 4
[n]
0 . . . o . . .
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
CO, Concentration (mol frac)

Figure D.49: Comparison of sorption isotherm moddisto CO, sorption data
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Appendix E: Sample Characterisation

E.1 Sample Volume Calculations

A stereopycnometer run with He is used to deterrtiieevolume of the 2 g coal
sample used in the sorption experiments. This poaécequipment consists of a
sample cell and an expansion cell linked togeth#r avvalve as well as a helium

source. A schematic diagram of the apparatus esedfin Figure E.1 below.

PYGHORETER FPRESSURE
OGAE IMNPUT TRANSDUCER
VYENT
HOSE
COMNECTOR

28 PHid
RELIEF wALWVE

BAMPLE CELL
HOLDER

F/, *’?1 =
|—-{>]<|—|>< i
IRFUT MA

ADBED
VOLUME

Figure E.1: Schematic diagram of stereopycnomet&u@antachrome Instruments, 2009)

It is necessary to take two pressure readings dieroto determine the sample
volume. The first pressure reading is when theuhelis allowed only to occupy

the cell in which the sample is situated, and #oBd is taken when the helium
is allowed to expand to the empty expansion voluite pressure readings are

then inserted where required into Equation E.1welo

— va
vy = v+ = P,/Ps (k.1

The volume of the sample to be calculated,isv. andv, are the known volumes
of the sample cell and expansion cell respectivR)yis the first pressure reading
which is taken once only the sample cell has beessprised; an®; is the

second pressure reading taken when the helium paneled to the expansion
volume. Equation E.1 is based on the ideal gaswgstson and its derivation may

be found in Quantachrome Instruments, 2009.
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The sample volume can thus be calculated with ¢kalts and all readings taken

offered in Figure E.2 below.

working spreadsheet.

Figure E.2 depicts therking as viewed in a

SAMPLE 1
Ve 093ssa01 | v 0981408372 |'M° v [ rossasranr]om’
DENSITY _g;cm2 DENSITY_g;cmE DENSITY_g;cmE
AVERAGE DENSITY —
AVERAGE VOLUME 0677058891

SAMPLE 2
~ 1l -~ I - N
DEMSITY _gx’cm2 DENSITY _g;’cm DEMSITY _g;cm2
AVERAGE DENSITY —
AVERAGE VOLUME 0999935681

SAMPLE 3

-~ Il -~ -
DENSITY _g;‘cm2 DENSIT\_g;’cmE DENSIT\_g;’cmE

AVERAGE DENSITY
AVERAGE VOLUME

| 0.927974852 |

Figure E.2: Complete results and calculations foreseopycnometer sample volume calculations

for three identically prepared 2 g coal

samples

The average sample volume and density were theslagd to be 0.968 chand

2.07 g/cm respectively.

E.2 Petrography Report
Table E.1 below reports the

detailed results obthifrom the petrographic

analysis (Section 3.1.4) performed on the coal $esnp
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Table E.1: Detailed Petrographic Report

MACERAL ANALYSIS (PERCENT BY VOLUME) & RANK DETERMINATION (%Ro Vmr)

CLIENT:
PROJECT:
DATE:

Nicolas Koutsouvelis
CO2 adsorption
28-Sep-12

JOB / SAMPLE NUMBERS:

Job 1225

ANALYST:

ICCP ACCREDITATION:

Prof NJ Wagner; Coal & Carbon Research Group, School of Chemical &

Metallurgical Engineering, University of the Witwatersrand
ICCP/SCAP-056/AB (expires Dec 2012);

ICCP/CBAP/056

THESE RESULTS RELATE ONLY TO THE SAMPLES ANALYSED

MACERAL ANALYSIS (ISO 7404

PART 3)
MACERAL MACERAL SUB SAMPLE
GROUP GROUP NUMBER / ID
sample 1
mm mmf
inc
VITRINITE (collotelinite) | 24.8
PSEUDOVITRINITE 0.8
VITRINITE VITRODETRINITE 7.5
CORPOGELINITE 0
OTHER VITRINITE 0
% TOTAL VITRINITE 33.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CUTINITE 0.8
SPORINITE 4.3
RESINITE 0
LIPTINITE ALGINITE 0
LIPTODETRINITE 0
OTHER LIPTINITE 0
% TOTAL LIPTINITE 5.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
R. SEMIFUSINITE 2
I. SEMIFUSINITE 9.3
FUSINITE 5.3
SECRETINITE 0
INERTINITE MACRINITE 0
MICRINITE 0.5
R.INERTODETRINITE 2.3
ILINERTODETRINITE 17.3
FUNGINITE 0
% TOTAL INERTINITE 36.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
% TOTAL REACTIVE MACERALS 42.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CLAYS 12.8
QUARTZ 10.5
M'/L\'TETFI‘EAR'- PYRITE 0.3
CARBONATES 1.5
OTHER 0
% TOTAL MINERAL MATTER 25.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
100
TABLE 2: RANK DETERMINATION
(ISO 7404 - 5, 1994)
RoVmr%
Standard
deviation
Range low
high
RANK bituminous
CATEGORY
Heat y/n no
affected

KEY: MACERAL GROUP ANALYSIS
Total Reactives = Vitrinite + Liptinite +
R.Semifusinite + R. inertodetrinite

mminc - mineral matter included

mmf - mineral matter excluded
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Other vitrinite includes telinite, collodetrinite, gelinite
Other liptinite includes suberinite and exsudatinite

COMMENTS
Typic al high ash, inertinite -rich, high volatile bituminous C Witbank coal

E.3 BET Isotherm and Summary Report

Figure E.3 below is the low pressure sorption isothproduced for BET analysis
at facilities at North West University. The dataedsto produce this plot is
manipulated by various different methods to deteamihe desired values of
surface area, pore volume, etc. The values catmlifftom the BET analysis are
depicted by means of a summary report in Table Ei8.conditions under which

the BET experiment was performed can be found be&iolable E.2.

Isotherm Linear Plot

16 —+— 100-Nicki - Adsorption

-

e b b e e

Quantity Adsorbed (cm?/g STP)

L bl ___L

g g Sy

e R i i e e e A

T
010 0.015 0.020 0.025 0.030
Relative Pressure (P/Po)

Figure E.3: Low pressure isotherm plot produced fooal parameter calculations
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Table E.2: Conditions of BET Experiment

Started: 3/27/2013 11:22:10PM Analysis Adsorptive: CO2
Completed: 3/28/2013 7:05:50AM Analysis Bath Temp.: 0.000 T
Report Time: 3/28/2013 7:08:43AM Thermal Correction: Mo
Sample Mass: 0.2080 g Warm Free Space: 27.0062 cm?® Measured
Cold Free Space: 29.0870 cm?® Equilibration Interval: 30 s
Ambient Temperature: 22.00 T Low Pressure Dose: 3.000 cm®g STP

Automatic Degas: Yes

Table E.3: Summary Report of coal parameters cabeld by specified numerical methods
Surface Area
Single point surface area at P/Po = 0.032973224: 70.6180 m3/g
BET Surface Area: 81.7103 m¥g
Langmuir Surface Area: 87.3033 m3¥/g
Horvath-Kawazoe
Maximum pore volume at P/Po = 0.032973224: 0.029264 cm?/g
Median pore width: 0.000 A
Dubinin-Astakhov
Micropore surface area: 150.908666 m¥g

Limiting micropore volume: 0.0635936 cm?®/g
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