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Abstract

Abstract

Self-oxidationand spontaneous combustion of coals is a problem of global concern.
There are social, economic and environmental castsociated with ik
phenomenorand major incidents can, in extreme cases, tedtuman casualties
More often howeverdamages madeto commercialfacilities, the calorific valueof

the fuel is reduced and substantielease ohoxious gases, particulate matter and
CO, may contribute to local and international pollution levels.

This problem is not only restricted to coals, it also affects other carbonaceous
materials such as biomass and potentially -bo@hass blends. Aconsiderable
amount of literature has been published, and whilst the causes are relatively well
understood, th existing methods for predicting spontaneous combustion are not
reliable enoughfor scientistsor the coal industry.This research focuses on
understanding the oxidation characteristics of coal, biomass antioo#ss blends

at low temperatug with the aimof defininga set of experimental test procedures to
identify coal and biomass propensity to spontaneously combust.

Based on a comprehensive literature survey, two main research areas were identified
as feasiblesources of informatioio detect pronecoals microscopy and thermal
analysis. Considering these, an extensive experimental program was carried out
using 2 coals(including at least three weknown samples prone to spontaneous
combustion),10 different biomasdypes, and a number of cealbmass blends,
including diverse particle and sample sizes, at different stages of the oxidation
process. Initially, pulverized coal samples (size <106pum) were subjected to
thermogravimetri@and calorimetric tests (small sample size), and differential therma
analysis (large sample size) using a large scale reactor. From thes¢éheesits

betweenthe weight losgain of the samples and the reactivity at low temperature
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wasconfirmed, developinguccessfullywo thermogravimetric tests to identify high
risk samples. Afterwards, textural featurestioérmaly altered coal samples (light
reflectance and particle morphology) were studieg means of combined
petrographic and image alysis techniques. Results shovikdt particle reflectance
and textural changs depend onoxidation temperature, which ataked to the
spontaneous combustion potentiBhsed on theseesults,two testswere proposed

by compamg light reflectancebefore and after a slow oxidatioquantifying the
formation of morphotypeassociated with highly reactive samples.

A similar approach was used to study biomass andloalass blends, focusing on
the quantification of intrinsic reactivity and particle morphology by TGA and optical
microscopy For raw and char biomass particlessults showed a significant
correlation between the optical and reactivity properties. Additionally, several new
morphotypes were identified from biomass char samples. These characteristics were
associated withthe thermal behaviour of largeamples, altough these results did
not suggest any distinctive indicator to identify samples prone teheatf
concluding thathe low temperature oxidation of biomass is a completely different
phenomenoto that experienced by coals.

In the case of coddiomasshlends the most relevant finding was a synergetic effect
observed for the ignition temperatusrghich was always lowerthan theignition
temperature ofhe ndividual components. Thiginding has not beedescribed in
literaturebefore, and further work isecessaryn order to investigatthis interaction

in greater depthFinally, a set of standardesl procedureto assess theeactie

propertieof these materials has also b@eaposed.
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Chapter 1. General overview

1.1 Introduction

1.1.1 The influence of coal in our society

Coal has been present in the world before the beginning of human history. This rock
is the remaining of organic lifever the lasB60 million years.It is a petrified matrix

of carbon formed during the primary age of the Edntloughthe deposition and
compaction of organic matter from prehistoric animals, forest and[4pi(Bigurel).

In this perod of time, this material has been exposeéxtvemephysical processes
including high pressures and elevated temperatunegigh compactioresulting in
significant changes in its chemical structure. Then, the material has been
concentated in deep Igers underground to remain as the mineral thaoday

known as codl2,3].

Original Organic material _Increase Increase Increase
in heat and in heat and in heat and
I pressure pressure pressure

P\eat Brown Coal Sub-bituminous Bituminous Anthracite

| l '

Maturation degree (increase in coal rank)

Carbon content 60% 60 to 70% 71t0 77% 78 to 87% > 88%
Volatile content >53% 53 to 49% 48 to 40% 40 to 20% <20%
Water content >75% 35t0 10% 25 to 10% 10 to 3% <5%

Figurel: Coal formation processvith additional informationfrom [2,1,3].
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The impact of coal in our civilization significant Archaeological reportattribute
the first uses of coal by humantribes with the discovey of fire (the exothermic
reaction of coal oxidation). In this case, coal was w@&sedn alternative to woddr
cooking food and provide hed#,5,6]. Later on, in the Iron and Bronze Age, it was
used for melting and deformation of mefalhich requires high temperaturdeat
were only possibleo be obtainedby coal combustionin addition, coal was used as
an additiveto change the strength propertie$ metalsthrough thecreation ofthe
first metal alloys Archaeologicalinvestigations haveevealed that these materials
contain a high concentration of carbon (examined by advanced metallographic
analysis), whickcan only beexplainedby the use of coal as an additivg.

By the end of théMiddle ags, it was used to heat big castles and citssyell ado
obtain some earlyprimary suppliessuch as methane gas$.was a this point in
history thatthe first complait arcse about contamination produced by the smoke
from coal fires. It was subsequentignned inLondonby King Edward | in 1276,
because the local air quality had becosogoor [8]. However, it was also a vital
ingredient insome early discoveries, such as thumpowder in China (around 10
AD), whichwaslater introduced to Europe (around 13 AB)JQ].

However, it was at the end of 17 centurywhen coal use became central to the
development of our civilizatianAlongside iron, steam and railwaysoal is the
symbol of the industrial age. It was the primary matter thavigea the energy
needed for steam machines, transport, agriejland the poweto sustain the new
chain production lines being implemented during the industrial revolution. At this
point, coal has revolutionizexbciety which had previously relied amanual labour
towards a machine based manufacturing economy. At the same ftotiner

discoveres such as electricity and artificial lightimcrease the need fooal[11].
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Spontaneous combustion of caald natural @al fires have been documentharing

the whole historyThe oldest record of a coal fire was found in China, specifically in
the Xinjiang region, which started in the year of 1560. This fire has been active for at
least 400 years, and jusasbeen recently extinguishg?]. Nowadays, etive coal

fires can be found across the entire wath problem of global proportions, with

vast areas being affected in China, Australia, India, Souiba®and North America.

1.1.2The increasing coal consumption to cover the energdemand

Nowadayscoal is one of the most importaglobally tradedfuels meetinggrowing
energy requirement26% of primary energy needs in the woitdproducedrom

coal providing41% of worldwide electrity production Figure?2) [13]. Coal has a
high energy densitfapproximatelyB000 to15000 BTU or13 to 24MJ kg™ [14]); it

also has dow production cost, foexamplecoal for steam generation cost around
U$47 to U$70 per short Tofunit of mass equal to 2000 puis used by the coal
industry) depending of the calorific value and the sulphur content; the metallurgical
coal cost approximately U$150 per short Taf]. Finally, coalcan be easily stored

and tranported, and it is available across the whole wfs]d

Total World Primary Energy Total World Electricity
Supply by Fuel (2006) Generation by Fuel (2006)

Hydro, 2.2

L

Other, 2.3

Nuclear,

6.2 Other, 0.6

Renewable
and waste,
10.1

Qil, 34.4 Coal, 41

Hydro, 16
Gas, 20.5

Gas, 20.1

Figure2: World energy outlooR006 adapted fronp14].
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Despiteall the problems and the negative image of coal,ugeis expectedto
steadilyincrease In 2009, 5990 million of tons (Mt) of coalere produced from
which 5210t was used for steam and electricity production directly, and 780Mt
wasused for coke mak It has been estimated that the reserves are in the order of
984 billions of tons (Bt), which could cover the demand for next 120 years (based
coal consumption of 2006)14]. The largestworldwide reserves are located in
United States (250Bt), Russia (150Bt), China (120Bt), India (85Bt) and Australia
(80Bt). Neverthelessthe main producer is China with 2970Mt per year, followed
United States with just 9@t per year. The main consumer of coah&a with a 54%

of the global demand, in which China is one of the main contributors. The second
largest consumer ithe United States, wibh consumes approximateB0% of the

worldwide production[13].

1.1.3 The impacts and hazards of coal use

Regardles®f all its benefits, at the end of ®@entury coalusebecame a active
focus of debate due to itk with human healtleffectsand climate change. With
regard to the effects in human health, these significantat early stages of
production specificallyduringthe mining andextractionprocess. Among these, the
main hazardsre poisoning due to breathing of CO and methane; inhalation of heavy
metals such as mercury, selenium, and arsenic; andiltasuproduced by gas
explosions inside pits and coal fires (in the surface or inside[pBg)6]. In the last
decades, there has been an improvement in working corgitltat has helped
considerably to reduce and avoid thasks[17].

Regardhg to the effectoon the environmenthe first place where thesee seen is
close tothe miningsites,where millions of ton®f waste dumpare generatedlso,

when coal hakigh sulphur content, extraction genesag@aseous aerosolg produce
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acid rain as well ascontamination of natural water resources with heavy metals
affectingthe flora and fauna that depend diredatythis. Finally, it alsocontributes

to releaseof particulate matter to the air; all of these factors leads to high levels of
environmental pollution disturbing wildlife and human population in areas adjacent
to themining sites[18].

In addition to thesepne ofthe main impaa of coal has been orlimate change,
which may prove to change the coursehoiman historylt has been demonstrated
that the natural CQand methane concentrationthe atmospéreproduce a global
warming effect, which helpto maintain the temperatue¢ astablevalue (~-10 to
40°C, dependingnthe place). This natural phenomenon has relevance crucial for all
the geological and biological cycles, as well as temperature and wind conditions
necessaries to sustain the life in the eft). Howeve, it also has beerevealed

that there has been an increase in the €&centration due to human activities
within the last 100 yearg0,21,13]. Every day, millions of tons of coal are burned
through the combustion process to obtain enddgy. When added to the other
emissions of C@from fossil fuels these emissionsave led to an ircrease of the
global concentration of CQin the atmosphere, which is starting to modify all
natural cycles This had produed some negative effects such as increase of
temperature in the ocean (reducing the solubility p&@ CQ), helpingto melt the

ice in the polesinfluencingchangsin the wind directions, and then it is producing
an unknown effect in the whole world lif2qQ].

At the same timethe natural combustion of coal hase®ed much less attention
from the mediadespitebeing a major source of G@nd CH emissiong21]. The
natural seHoxidation of coahas createdeveral uncontrolled coal fires around the

world, which areresponsible for diseases and fatalitreeumars around thessites
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These fires are alscesponsible for an uncalculated amount of noxious gases,
particulate matter an€O, releasedinto the atmosphere producing an unknown
impact[22]. Lamentably, there are just a few aciingiativesthattrying to study the

effects and the possible solutions to this underestimated problem.

1.2 Natural coal fires in the world: an underestimated problem

Figure 3 presers an overview of coal firearoundthe world. In these places, fires
have been initiated by naturehusesr by humanactivity, andsone of these have
been burning for hundreds of years. Howewvdrat is less clear ihe magnitude of
the areaaffected,the total gaseougmissionsand the potential impacisroduced
[22]. In addition to scientific studies by academicsthere are also some
intergovernmental initiatives such as the S@erman initiative[23], and the
AmericanGovernment initiativgd 24], which have provided funding and support for
research groups in order to clarlipw some of these issueselinked to a global

scenario.

s |

m Spontaneous Coal Fires in the surface o /

O Underground Coal Fires

Figure3: Overview of the coal fires events in the world.
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1.21 Coal fires andspontaneouscoal fires

In order to understand the consequences of a coal fire,ftios necessary to
understandts origins. Natural coal combustion can be triggered by diffefietors

that havebeen classified in two main grouggres produced by an external ignition
source, or fires started spontaneously due to a self oxidation regb@boan occur

in coal [25,26]. The first and the most common group of fires are produced by
external sources of ignition. In these cases, the combustion reaction can be triggered
by an external event such as a forest fightning (which produce a fire directly or
indirectly in the cal deposit), but the most frequent caisstairough humasinduced
ignition [21,22,26]. Normally, the reaction starts from a highly exotherrsiage
releasing an elevated amount of heat, which increases the temperature of the coal
deposit accelerating the oxidation into a self sustainable reaction. In this case the
temperature of the reaction is close to “4@@epending of the coal tyja].

The second case is not as frequent as the first, aamisés froma selfoxidation
reaction.This reactionis a slow process that can takem several hourso daysor

weeks; passing throughthermal decomposition and oxidation steps when the
material is &posed to the oxygen presenttime air[27,28]. At ambient temperature

this reaction is thermodynamically spontangowhich means that it does not need

an external source of energy to progress. Compared with a conventional combustion,
this is a series of parallendothermic and exothermic reactiate/eloped between

20 to 106C, releasing some heavy volatiles as vesllHO, CH; and CQ without

the presence of a visible flami29]. However, if the exothermic reactiongtweigh

the endothermic reactions, the rate of heating can incoeesederably and release
higher amounts of C®and water, which added to a poor ventilation (reduced

cooling not alloving the heat dissipation), it can be out of control and reach a
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complete combustion stad@1,22,28]. This process is known in popular terms as
Aspontaneous ¢ o mhutechdracteristis and ideatificatiorarethea n d
main focus of this research.

It is important taclarify the differencedetweerthese twaypesof fire, because both
evolvein a completely different way. It is a common ertorconfuse underground
coal fires with spontaneous coal firg25,26]. The first caserequiresan external
source of energy to induce the fileecausehe surface area expas® theoxygenis

not large enough to generaiad accumulate the heat needed for asetainable
thermal ruraway[30]. Also, these fires are characterized by high temperatures and
onceit starts the chances to stop it without any exterimaterventionare reduced
[31,32]. Thespontaneous combustion of coal could never reach the exothermic stage
if the amount of hegbrodued isreadily dissipated to the environment. However, if
the heat is concentrated in the deposit, the possibilitiesclantea selfsustainable

fire are high.The last point is important because an early detection of the self
oxidation reaction can translate to an action, which ceoolisiderablyreduce the
chance®f reacling the high exothermally poimesultingin an uncontrdled fire [33].
Perhaps a clear differentiation can be establighednderstanding the difference
between ignition phenomeitie first casg, with a selfheating phenomenon such as

thespontaneous combusti@f coal(second case)

1.2.2 Undergroundcoal fires and surface coal fires

Natural coal fires can also be classified dependmthe location in which it takes
place: underground coal fires and fires in the surfg@4. Considering the
underground coal fires, these are produced in the interior of seams and pits, due to
gas explosions or inducday human activities such as welding works, electrical

short circuitsand smoking. Alsg thesecan beproduce by natural events such as
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lightning, or ignition from forest fires close to the mining site. Underground coal
fires can remain active for hundreds of yeazensuming oxygenhtough the
ventilation systems, burning at a very slow &@#8]. Surface oal firescould share

the same originas underground firesthere is the additional possibility of a
spontaneouggnition [26,28,29]. This new classificationadded to the explanation
given in the previous sectipis usefulin understanihg the characteristics of a coal

fire. Figure4 showsthe different ways to classify a coal fire.

Externally Induced

Underground =% Underground Coal Fire

1 (in a Seam or Mine)

Coal Fire

\ Externally Induced
In the surface _,’ Surfacial Coal Fire

(in a Deposit or Stockpile) S\ Spontaneously Induced
Spontaneous Coal Fire

Figure4: Classification of coal fires

1.2.3 Historicalreports of spontaneouscoal fires around the world

In order to get an historical perspectiviee information documented and available in

the web can be organized in a histogram relating the numbers of references for the
term ASpontaneous Coal F i seevens. Byiusingthet he t i
time line tool provided byGoogle it is possible to preserhe resultsas a graph
(Figureb). This gives an idea about the period ofstaztivity, with mostdocuments
beinggenerated around 1900, in the boom of coal industry.

Recently, there has been an increasspontaneous coal firaccidents reported in
mining sites coal depositaind power stationédmong these tltere have beereports

of sponaineouscoal fires with the Kleinkopje coal seam in South Africa sirkc®00

[35]; andin the H Cerrejon mine in ColombifB86] beingamongtthe most recurrent

In these cases, the frequern@s beenn order of daysThere havalsobeenseveral

9
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accidents during theoal transportin marine vessels, extensively reviewed at the
beginning of 28 century[37]; andaccidentsn storage siteat powerplants,such as
an incident reported recently in Spain, in which a spontaneous coatdred in a
coal deposit property of Union Fenosa in November 200¥ch tooka weekto
control the fire[38]; as well as in some mining sites @Ghina[39], Australia[40],

India[41], South Africa[42], and several moraround the world21,26,22,43].

I s I|“| I ILhi

1760 1780 1800 1820 1840 1860 1880 1800 1820 1840 1860 1880 2000

Figure 5. Histogram of number of references per year associated to the term

ASpont@alfeoes di splayed by Googl e.

From these experiencs, it is notedthat extinguising a coal fire in a deposie.g.
insidea power plantcan beanextremely complicated task due to the amount of coal
involved, usuallywith stockpiles of up tdillions of tons[35]. These circumstances
also brings severe economic losses du¢htloss of calorific valug the needfor
extralabourto combat thdire, and in the most dramatic cases human casualties and
damage to the main facilities associated to the coal ddR@itClearly, there is an
imperative to avoidhese eventthroughout technical mechanisms and systéans

early detectior44].

1.2.4 Effects ofcoal fires in the environmentand human populations
The consequences oifatural coal fires are vast and seriouand they affect the
environmentthe economy, sociahspectsand human healtlfOn a global scale, the

main concern is related to the emission of large amounts of greerdasese which

10



Chapter 1. General overview

hasbecone the central focus of attentioas a result ofjlobal warming issuel1,45].
However, the local and regional scale effd@se immediateonsequencethatare

far more evidenin terms of impact omatural resources and human 1iyé46,45,22].

Also, coal fires are particulaty severe indevelopingcountriessuch as China, India
and South Africa, Wwere policies andvailableresources to mitigate the problem are
scarceor have a lovpriority [35,39,41].

In addition, natural resources can suffer significterations The frst impact is a
change in the geological environment, generating extensive zones of burned rocks
andleaving large empty areas below the surf@eehe case of an underground Jfire
with high potential risk of floodings andandslides Also, burned rocks increase
permeability andvaterretention that can produce changes in the physhemical
conditions around the place, such as contaminatiomeaiote areaswith heavy
metalsthroughwater leaching43,47]. At the same timesoil surfaces becommaore
complex,which canaccelerat processssuch as soil desertification, wind and water
erosion, and acid rainfall43,47].

The emission of noxious gases emitted frooal fires, and the high temperatures
reached produce significant alterations in tleeal flora and fauna. High
temperaturest the surfaceround a coal fire careach more thahOFC destroyng

the vegetation, resulting in thdeath of microorganisms, insecand grass, which
also reducethe biodiversity of theeareaq43]. Those problems are enlarged when
heavy rainfall and strong winds transmit pollutants to natural places adjacent to the
affected sitesaffecting the locahuman populatiof46].

Greenhouse gas emissiofnem naturalcoal fires are relevant but at the same time
unquantified A research group has estimated that coal fires in northern China

produces each year arou@diOMt of CO,0.51IMt of SO, 0.3Mt of NO,, 0.11Mt of

11
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dust. This smoke and particulate matezspread ovevastarea that include some

big cities which preserg a pollution indexfive times higher than the national
standard26]. In other estimatios) naturalcoalfires in China burn 200Mif coalper

year, equivalent to about 20 per cent of the tatabunt ofcoal used by theJnited
Statesfor power generatiofi22]. The amount of coal involved in natural coal fires
burning in India and Francewvas partially estimate, unfortunately it doesot
represent the complete local landscd@d,43]. Therefore, with an uncertain
numbers of active coal firet is even mordifficult to obtain a global estimation of
emissionsacrosshe world.

Coal fires also produca high impacbn human health, especially for local residents
close tothe burning sites. The long term exposure to the emission of noxious gases
such as KS and S@has direct relation to lunganceranddamage to the respiratory
system[43]. Also, the prolonged exposure to a range of volatile organic species
emitted from thee fires, including xylene, toluene and benzeoeuld be another
cause of respiratory diseadd®]. Recently, nanomaterials released from finase

been identifiedwhich could be potentially hazardguswever the impactof these
substancesrohurman health icurrentlyunknown.

Finally, spontaneous coal fires are just a fraction of the natural coal fires; however
thesecan damage the extractive and productive capacity of industries as well as
reduéng resources for mining resulting Economiclosses As mentioned earlier
there are some direct problems createdthmsesuch asthe loss of material in
deposits or in the mining siteedirection ofthe working forcdor extinguishng fires

[4]]. Alongside these, there is a reduction of the economic income for companies
and governments, which alsffectsother businessrelated directly or indirectly to

the coal industry[4347]. The cost of treatment of diseases produced in the

12



Chapter 1. General overview

population due to poisoning and chronic intoxication, the recovery and
decontamination of soils affectetthe cost toreintrodu@ natural species affected
places, and the dss of environmental value of these sitsd others indirect

problemsareeven more difficult to quantiff43].

1.3 A new player:biomass used as a fuel to combat climate change

Considering the currentiving standards of our society, the impact of coal
consumption has increasednd it is necessaryto find clean and sustainable
alternatives to replace iAs a result the use of fresh biomass (energy cré&ps
forestry waste) and the use of the orgamaction of municipal wasgeare now
considered clean sources of renewable energy. Both have a potential role to play in
combustion and gasification proces§4849] because they can reduce overall,CO
and NQ emissiong50], with a lower cost energy sour®l], whilst reducing waste
residues from other processesldhe reliance on imported fueBor these reasons

the driversover the last decadbave beertowardsthe greater use of biomass in
energy production through environmental and economic policy targets established
for the EU[52]. This area is still an active focus of policy debate. In the UK, the
targets for C@emission reductions from coal based electricity production by 2020
are currently set at 32% of 1990 emissipbd], thus creating several scenarios in
which biomass has a key rdlg4]. Each scenario highlights the need to understand
how biomass differs from coal during combustion or gasification.

Biomass combustion will be different from coal combustion, not least because of the
huge differences in composition. The calorific va(ge) for biomass material can
range from 419GJ toft, with moisture contents of 2% to 60%, carbon contents of
20% to80wt%, and volatile contents of ~10 to 70%6]. A standard bituminous coal

might have values of & ton™ for CV, 1% of moisture, 90% afarbon content and

13
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22% of volatiles, although they can vary degieg on the age of the cofB,2].
Nevertheless these differences are negative when coal is replaced directly by
biomass, because the efficiency of the whole procesdused considerably [71].
However,in the last ten yearso-firing of coatbiomass blendkas seemanincreased
interestin partialreplacenentof coal withbiomassin power stationsBlending has
been the route tminimizing the negative impact¥he advatagesinclude thedirect
reduction of CQwith approximatelyl0% now beingproduced by the closed carbon
cycle of biomassthe use of residues and organic wastes from other progbssh
reduce landfill disposala reduction in the ash waste generated due to its low ash
content;andthe diversification of the energy matii%6]. Nevertheless, the negative
impactsincludethe increase in NQemissiond56]; the synerggtic effectsproduced

by coatbiomassblendson ash deposition, which affecthe heat recovery systems
and reduce the efficiency of the whalecesg56]; there is an increase in the energy
needed for milling due to the fibrous nature of bionfa&, and problems related to

the seasonal fluctuations of the supjf¥].

1.4 Potential risksof biomass and coabiomass blends

Biomassunder certain conditionslso has the potential to suffer a thermal runaway.
There have been incidents reported inlitezature[57], but less scientific attention

has been plackon this problem, probably due fiits low incidencerate However,
some biomasses hawgeparticularlyhigh chanceof spontaneous firel68]. In these
cases, the causes of the dadhtingare different than tbse presented byoal, and
bacterial activity is usually one of the main contributors through the heat released
from theaerobic respiratioprocesg59].

Also, the spontaneous combustion of ebaimass blends a potential problem that

has not received any consideratigks cofiring initiatives areincreasing large

14
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guantities of coal and biomassed forelectricity generatio are being stockpiled in
power stations. These deposits share the same environmental coraditioak such

as openstockpiling in thecontact with rain, wind and sun radiation. Under these
circumstances, there issufficientinformation about the patdial risks ofthermal
runaways produced Iself-oxidation processs abouthow a blend of thesmaterials
behavewhen storedfor short or long perioslof time; and alscabout any possible
synergisticeffects producedby biomassioal blends[60]. As it will be shownlater
thatenvironmental moisture and water content are critical parambégdrink to the
thermal runaway of coal. At the same time, fresh biomass and organic wastes are
characterizedy their high water content. The association of these two factors can

have dramatic consequences with regard to eheelfing phenomenon.

1.5 Thesisoverview

The aim of this research is the prediction pbistaneous combustion. After the
review of the cumnt global scenarios given in this Chapter, the scientific
understanding of the spontaneous combustion phenomenon is reviewed in Chapter 2.
Then, a methodological research proposal and the materials used to dadesess
guestionsare presented in Chapt&8 The basic results of the investigation are
presented in Chapters 8and6; with an integrated view of all the results in Chapter

7. Finally, ChapteB presens the main conclusions and findings of the whole project,

as well as some recommendationsféother work.
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Chapter 2. Understanding the sekheating process

2.1 Introduction

The first attempt$o understand the spontaneous combustion of @ppéar around

the beginning of twentieth century. In 1908, Parf27] was one of the earliest
researchersto study the initial stages of coal oxidatioparticularly around
weathering phenomena. He quantified the effect of volatile release and the
adsorption of oxygeby measuing the partial pressure and the combustibility of the

gas generated in a sealed sample jar after being stored for 10 nMdvshstudyalso
reported the loss of calorific valuwduring weathering withsimilar valuesto those
reported in current literature-1.5 to 3%). From this earlywork he concludd that

the aerial oxidation of the sample at low temperature was responsible for the changes.
However, in 1911Parrwent everfurther[28 byd e s ¢ r i b iiditygof fteshlgs 0 a v
mi ned coal for oxygeno and the | oss of
the amount of CO, CHCH, and Q involved in the reactiorOxygenwas found to
fiabsorbvery rapidly in a manner which does not result in the formatioradian

dioxide, but by direct incorporation into the molecular structure to satisfy certain of

the unsaturated compoundsaniitis bktitl pawef he a r el

current understandinigr themechanism of the reactiom 1926[61,62], he went on
to point to the effect of pyrite content as a fadimr spontaneous combustion, but
verifying that sulphumwas not always the sour¢é3]. Finally in 1929[64], duringa
work related to lowtemperature carbonization of coalcoal samplevas heated in a
constant heating rate under an oxidative atmosph€&igurgé 6), recording
temperature profilesimilar to these obtained using therossing point temperature

method which wasdeveloped several years laterséd nowadaysfor propensity
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assessment At this stage, thisvas one of the first graphic visualisation of the

phenomenon.
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Figure6: Experimental results obtained fBarrin 1926[64].

In parallel to the work of Parr, in 1925 J. Davis developed an experimental method

to quantify the loss of heating value, using a calorimetric dewunckcating that

coals storecht temperature higher than 12%C would be extremely dangero[65].

This was the first attempt to measure spontaneous propensity using the heat
evolution rather than the rate of adsorption of oxy@@s]. This work icentified

some key parameters that influence the proresdsding coal rank, particle size and

surface area. Finall\pavis introducel the idea of the influence of moisture on the
spontaneous heating of cdd7]. It wass hown t hat Ain dried c
heating proceeds slowly from %D tending to stop around %7, indicating that the
presence of moi sture 1is required by the
was concluded that coals with moisture content haveepditled with water that

cannot absorb oxygemnddried coals willextractmoisture from the environment

creating aheat of condensationwhich increase itscritical temperature[67].
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However, later it was demonstrated that water content in some cases produce the
opposite effect encouraging the reacii6§].

Over time different scientific disciplinefave tried taunderstandhe phenomenon,
using the tools availableiithin their own field. Geologis$ introducel the use of
microscopes to quantify mineral content and crystal structure of the coal B&rix
Engineersintroducel measurements died temperature, calorific valueand fluid
dynamics of the system{§0]; Chemists introducethe kineticsand mechanisms
identifying alsothe organic components involved in the reacti@%. Recently the
integration of the results from these different areas has brought aerclear
understanding of the process. Howewadthough thecaugs are well knowrthereis

still a need to develogafe and reliable methods for an early detection of the reaction

Spontaneous combustion incidents still happen that could probably be avoided.

2.2 The spontaneous heating reactions of coal
There are di#rent oxidation reactions that coal canndergodependhg on the
magnitude of the variables involved in the process. In all cases, these reactions have
an exothernt charactestic that contributes in a single or parallel way to the global
phenomena of skheating. The development of a mechanism explain the
phenomenon depesdlirectly on the variablespresentand thespecific chemical
reactiors involved. From literature, three main reacti@ppear to be possibj29]:

1 The exothernt reaction of coal oxidatiohy oxygendirectly.

1 Theexothermicadsorptionof watermoleculesn the coalurface

1 Theexothermic reactionf pyrite oxidation in the coal matrix.
A biochemical reaction of bacterian the coal surfacéas been identifiedhat
produce heat[71,72]. However, thismechanismwill be omitted from this research

because thkeat contribution has proven to ibsignificant
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For all thethreereactionmechanismg, the concentration of oxygen is essential, but
also the presence of pyrite and waseakey factorto developthe global phenomena

in some specific coals. These reactionssafeematizedh Figure?.

Coal Oxidation Pyrite oxidation Water absorption-desorption

3 - 7S
LAY LA Y

¢« s
& <

heat H,O+ O, heat HO+O, heat

NSNS NS

Dried coal High pyrite content High active surface

Figure 7. Different reactions that release heat, which contribute to the global self

heating process.

The contact of coal with molecular oxygen present in thasaihe maincauseof
self-heating and spontaneous combustion. This oxidation phenomenon takes place
immediately when coal is extracted from seams emules intocontact with air.
Oxidation is a complex process that involves several stejkin some case
different reaction pathways depending b the chemical characteristics of the coal
[73]. However, it also dependsrdahe amount of coasince heat accumulatioms
critical in variousexothermicreactions In this case, technological variables such as
heightof deposit, degree of compaction, wind speed over the dejgrgth intime

of storage, and the lateral angles of the piles also play an importantnrole
facilitating the heat accumulatidir4]. All these factors combined are present during
the transport and processing of the material, and they can encourage therdentlop

of the reaction.
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2.2.1 Variables involved in theself-heating of coal

Several variablebave been identifieth berelated tahe selfheatingof coal[29,73].

The most importanbnesare the dependencyndhe oxygen concentration and the
temperature. The reaction is also significantly affected by the presence of water,
particularminerals, and the particle surface area. All these variables have a strong
influenceon boththe intrinsic reactivity and the global rate of the reactMost of

these areconsidered in the differenproposed mechanismand in subsequent
kinetics parameters associatweith the selfheating phenomena. However, there is
also a set of secondary variables from which the reactiosdmasdependency, but
theseare considred to be less significarithe variablesdentified in the literature

are discussedelow.

2.2.1.1Temperature

Work oncoal selfoxidation[75,76,77] has identifiedemperatures one of thanost
relevant parametenwith a direct impacton the rate of reaction. For all chemical
reactions involved in the seffeating process (exothermic and endothermic), it is
common to us¢he Arrhenius equation to describe the dependency of the rate of the
reaction with the temperature, whidepend exponentially o this parametef76].

This variablealsohas areffecton somesecondary ppcesgssuch as rate of oxygen
diffusion through the coal matrik78]; the adsorption of oxygen and watand
desorption and diffusion of products from the coal surfaég’7].

The temperaturgrofiles in a coal pileare established byinternal and external
changes. First, it is affected mainly by internal conditions, such as the heaetele
by exothermicchemicalreactions;and by physical phenomenon such as adsorption
of vapours in the coal surfa¢@9]. Also, there are some external parameters that

affectthe coalbedtemperature suchs theincidenceof solar radiatio{80]. Solar
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radiationhas not being studied deeply; however theoretaklulations havehown

that this factor dependsh the time of yeabut can be relevari8Q].

2.2.1.2Concentration of oxygen in the surface obal particles

The concentration of oxygen is a critical factor and the main cause of spontaneous
combustion as some researchers have demonstri@#&@2]. The rate of the coal
oxidationis directly proportional to the partial pressure of the oxygen in the surface
of particles[83]. However, at the same tinas oxygen is adsorbed in the coal, the
active sites available for the adsorption are gradually reduced leading to saturation,
which shifs the ignition point towards higher temperaturg84]. Oxygen
concentration is also important for the secondary reactions that can lead to an
indirect self-heating process, such pgrite oxidation[61,62] and water adsorption
(reviewed inFigure 7) [85]. For these reasons, the experimental aseirement of
oxygen consumptiomas been used as one of the eadyiablesto estimate the
propensity ofa coal to spontaneous comby&8]. This parameters still used to

measure the oxidation abilibf coals[86].

2.2.1.3Moisture content in the coal sample

As a hygroscopic material, coal has a natural affinity to absorb water. For freshly
mined coal, the inherent water content is proportional to the coal maturation reached
during its geological formatiorF{gurel) [2]. Depending a this, water can be found

in three different phases: free moisture, loosely bound mojstacetightly bound
moisture (chemicajl bound moisture is namcluded, requiringdifferent amourg of
energy to be removddom the coal surfacg7]. The original inherent water content

can produce a dual effect in the coal oxidation: Wjibition by the obstruction of

pores and active sites available for the oxidation reaf@8f) resulting ina cooling

effect from the water desorptiof68,85]; or B) enhanimig the oxidation procesky
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acting as a cataly$89]. The competition between thegbenomea will determine
the net amount of heagleased. The different mechanisms in which inherent water

plays a roleare explained ifsection 2.32.

2.2.1.4Atmospheric moisture

When coal interacts with the atmosphere, water can be adsorbed ryedetsoreach
equilibrium with environmental conditios The physical adsorption of water in the
coal particles is an exothernmpcocesshat releaseheat in the order of4.4kJ mol*
(describedn Section 2.32) [90]. Theability for coalto absorb moisturdepend on

the porosity andnternal surface area, which also depead coal ranki.e. higher
surface areas fdow rank coals[88]. When thisphenomenornakes place and the
evolvedheat is notreleased, the temperature of the coal bed can rise and lead to
chain oxidation reactiofi90]. For this reason, the relative humidity of the air is a

significant variablen the proces§79].

2.2.1.5Mineral contentof coal

Mineral content can have a dual effect in fe¢-heatingphenomenon. With regard
to selfoxidation, it has been found that some mineealact as a catalyst enhang
the reaction[91,92]. It is not just pyriteshat can releasdsatduring oxidation, but
also some minerals such as calcium carbomddéc, KAc [92], and Cu(Ac)[93].
This can reduceonsiderably the barrier imposed by the activation energy, even if
thar concentration ismall (usually in the range of 1 to 5%®©2]. Conversely when
the concentration of minerals in the coal matrix is &rgtheycanact asaninhibitor
in the reaction, blocking the active sites and acting lasaasink. This phenomenon
usuallyoccurswhen the mineral content is above w8494], with the exception of
some minerals that directly inhibit the reaction, suck@g NaCl[92], CaC}, and

Mg(Ac), [93]. The total mineral concentration is normally calculated as the residue
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remaining after burrout, and the inhibitor effect isndependent o the chemical

composition of the mineralshen thé& concentration is higher than 1080[94].

2.2.1.6Sizeof coal particles

The effect of particle size has been studied by several resed@b8&97]. These
studieshave takera range of sizes from pulverized coal particlebdre75%is less
than75um), tolumpsof several centimetre3he smallest particle sizeproduce the
maximum external surface area producing an increase in the rate of oxygen
consumption[97], as shown inFigure 8. This increase in the external surface
accompanyinghereduction of particle size is of minor significancemparedo the
increase in accessible internal surface, which is related directly to thexgklfion
reaction [98]. A maximum pointis reachedwhen kinetic control is achieved,

particularlyfor particle sizein therange below 500 to 100uf89].

Chemical Diffusion
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Figure 8: Typical trendused toexemplify the role of particle size in the different

stages of the reaction rasécoal oxidatior[10Q.

2.2.1.7Porosity and internal surface area aal particles
Surface area is relevant to the progress of the reacdmexplained in the previous

section[97,78]. The main contribution to this comes from the interpafosity

23



Chapter 2. Understanding the sekheating process

structure ofthe coal, specifically from the micropousregion (pore diameter less
than 2nm), whicHor coals provides a considergdarger area than the macro porous
structure (pore diameter greater than 50nfR). This porosity is usually a
consequence of an uncompleted geolalgprocess. For instance, it imderstood
that brown coals (lignite, low rank) va higher propensity for spontaneous
combustion[101,89]. This is explainedmainly throughthe high surface area
available in this kind of coal, which provides a largemberof active sitesvhich
canreact with oxygenandalso because these sites are &bbbsorbmoisture[102].
Other contributory factors includegherinitial volatile and water contentompared

to othertypes of coal(Figurel).

2.2.1.8Proportion of maceral components presented in coal
Maceral composition is analogous to the tdimineral compositioa However,
these are carbon structures formed by the original plant matdtahg
carbonization[1]. There are several maceral groups, but commonly the most
frequent are three
a) Vitrinite : formed by cellular wadl or woody tissue of plant materidt has
high calorific valueand high volatile contentand mrmally it is the most
abundant component of coal €50%)[1,2];
b) Liptinite: it is produced from spores, pollen, waxy and resinous pdrthe
plants. It has #éower calorific valuebut a high volatile content, being fluorescent
under ultraviolet light. Normally, it is around-16% of the coal matrixi
depending on origin and rafk,2];
c) Inertinite : comes from material strongly altered and degraded during the coal
formation. It has low volatile content amigh calorific value varying from 5 to

40%]1,2].
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The influence of maceral composition in the spontaneous combustion phenemena
not well understoodsince most techniqudscused a thermal analysis instead of
microscopy,but there aresomereports thatinvestigate this to some extef@9].
Petrographyis a very common variable used to quantify the reactivity of doals
power stationsbecause it has been demonstrated that each singular maceral group

hasa particularcombustiorcharacteristicand degree of reactivifjt03104].

2.2.1.9Coal rank orvitrinite light reflectance

Coal rank can be defined as the degree of coalification reached by the carbonaceous
material through the metamorphiqdi&3]. This property can be rasured through

the reflection of the light, usuallipcussing on the light of theitrinite maceralto
suggest the maturity and the crystal structure of the coal nja@%. For instance,

low coal ralk such as peat and brown coal has a low rank value due to its high
porosityand structural isotropywhich means that most of the light directed to the
sample is captured by the porous structtligh rank coa such as anthracites and

coke have highreflectancevalues, sincemost of the light is reflectebecauseof

highly developed anisotropy andweell ordered aromatic carbastructure. At the

same time, the crystal structure has a direct relationship with reactioity rank

coals aranorereactivethanhigher rank coalswhich havea lower porosity, a lower
adsorption capacity amreéducedvater contenf2].

This parameter also has been substantially used by the coal industry as one of the
main indcators of propensity to spontaneous combugfi®h In this case, low rank

coals share some critical variables such as high porosity and surface area; it has an
affinity to absorb watera high volatilecontent and a high vitrinite and liptinite
content[101]. However,there are cases wherank is high and the reactivitfor

propensity remains high as we[ll0g. A low rank coalwith a highwater content
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and porous structure can bmmpletely saturad making the coal relatively

unreactive 89].

2.2.1.10Densityof the samplgweight change)

This variable isgenerallyusedby the coal industry to estimatie rate of the
combustion reaction, reactivity, and the distributions of compounds such as moisture,
volatiles, fixed carbon and ash cont¢h©7]. However, this has not been used to
estimate the coabropensity to spontanedyscombust. Just a few researchers have
tried to link this parameter to the spontaneous combustion behduio84.09.

From these works, theris evidencethat weight loss is directlgonnectedo the
volatile releasewhen oxidation occurs at low temperaturg408. However,thar

results are inaccurae, not showng a onclusivetrend Preliminary research has
shownthatit is possible to implement a thermogravimetric program to quantify the

rate of the oxidation reaction and the oxygen adsorption in fh@dk

2.2.1.11Volatile contentand chemical compositioof coal

Each coal is unique in terms of its chemical composition. The differenceiin the
chemical attributegan provide valuable information about the potentialctems
that a coal sample camnder go. These dingerprieh eoafct es o alcs
before, during and after the oxidation. In cdak research, there are several
experimental procedurethat canquantify chemical composition such:aGas
Chromatography, used to calculate the composition of the gases released from seams
[11(0 to monitor the rate of the reaction and the environmental impact associated
[111]; MassSpectrometry, used to identify compound and molecules present in coals
prone to spontaneous combustion before and after the reddidy Fourier
Transforminfrared SpectroscopyFTIR), used to characterize samplgsdetecing

molecular groups associated to the -saifdation reaction[113, as well as to
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identify chemical alterations produced by weathelfib@]; Ultimate Analysis (or
Elemental Analysis)used to quantifglementacomposition interms ofC, H, O, N,

and Swhich form the majority of the weight of codl19; ProximateAnalysis, used

to quantify moisture fixed carbon, ashand volatile contentwhich are usually
estimated bythermogravimetic methods[107. With regard to the selfxidation
process, the resgltof these experimental tests have been used successfully to
identify the chemical reactions, to postulate mechanisms and calculate the rate of the

reactions involved29].

2.3 Mechanisms, kinetics andhermodynamics of selfoxidation reactions

In this sectionthe three main chemical interactions identified as the precursors of
the spontaneous combustion of c@Bigure 7) are descriled. Understanding the
mechanism and the kinetics of #ieereactionsis fundamentally important when
seeking to understanthe spontaneous combustigorocess.Particularly, sveral
mechanisms have been postulate descrite the different stages of the oxidation
reaction including theintermediate species and free radicals from which the main
chemical changes occur. The details of these steps have beerirusefigestinghe
kinetics models that can be applied hedretical scenarios, allémg the conversion
and the rate of the reactitm be calculatefil0(. Understanding the mechanism and
kineticsis crucial to predict bigger systems in a variety of enviramaleconditions
These models provide useful toaisthe designof transport and storage facilities, as
well as providhg informationto calculate the real impact of each variable in the
whole process (through a sensitivity analys[4)16. However, due to the
heterogeneous ambmplex chemistry of coal, the mechanidmisself-oxidationare

still only partially understood
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2.3.1Low temperature oxidation of coal by O,

Coal oxidation & low temperature will follow a completely differentseries of
reactionsfrom those athigh temperatur¢2,3]. In this case the reaction takes place
between 25 to 15C without flame, in a very slow process with a slight output of
heat. When the amounts of coal are smalti{gorder of grams to a couple of tons),
the exothernt reaction produces an insignificant effect over the rate of the reaction,
mainly because the tgrarature is regulated by the heat transfer to th@sodings
which is maximized when the reactianeais reduced117]. However, for a large
amount of coal (irthe order of hundreds to thousands of torkg heat transfer to

the surroundings is reduced compared with the amount of heat produced, which
combined withthe low thermal conductivity of coal generates a significant enthalpic
effect. This heat accumulatiornceelerates the rate of the reactiéinally triggering

the thermatunaway andhehigh temperature combusti¢phl18119. add

The first attempts to characterize the reacbnly estimaéd reactiorrate trying to
establish theoretical mechanisms of oxygen absorption by coals. Parr and Kressman
1911 [28] were the first to maintain that freshiyined coal absorbs oxygen &
manner which does not result in the formation of carbon dioxide, but by direct
incorporation into the moleculartracture, particularly aroundunsaturated
compounds. Theybservedthis by analysing the gas released after an incubation
period for a numbeof coal samples. In I8 Parr & Wheeler{27] conclude that the
absorption of oxygen by bituminous coal was initially very rapid, even at ordinary
atmospheric temperatureshey also noticed that it was not accompanied by the
formation of water or oxides of carbofhe rapid sorption soonage wayto slow

but extensive absorption, in which water and the oxides of carbon appear,

accompanied by an increase in the coal bed temperature. However, theskdfacts
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not explan thereactionmechanisnthat leads t@spontaneous combustioand they
gave no indication of the reason why one coal is more liable thasatfthararother.
Porter and Ralston in 191420 also observe that the reactionsvere primarily
oxidation reactions, in which the oxygen first combines with the coal to form an
Aunstable solidod, which gradually breaks
the normal gaseous oxidation products1925 Davis & Byrng¢66] tried toestimate
the rate of the reaction by measurithg heat released. Schmidt and EIffE2]]
demonstratedn 1936 that the total weight of a coal sample increases when the
adsorption of oxygen takes place, indicating that the weight of the oxygen remaining
on the coal was greater than the weight of carbon and hydrogewdbkabstas
gaseous products. Later, the samsearchers measurtte characteristicoxidation
rates of coalg121] and concluckd that the speed of oxidation increased with
increasing volatile matter content.
After this successfullevelopmentthefocus centrean improving the experimental
techniques to callate the rate of the reactio@arpenter in 196475,12297,78]
studed the effect of coal rank, temperature and the tomdhe rate of the oxygen
consumption. Some of these results added to the findihgrevious researchers
[123 showing that the activation energy remathapproximately constant for the
low temperature oxidation, and confirmed that the reacti@s depeneht on
temperaturejn line with the Arrhenius equation. Based on the profiles of oxygen
consumption obtained duringetlsame worka global mechanisiwas proposethat
included three stages:

A) The external and macro porous surface costrble rate of oxygen

consumptionAt this stagetherearecombined effect the adsorption of oxygen

which blocks active sites and the creation of new actives sites due tha
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desorption of unstabksolid-solid bonds Thiswill produce a linear rate of oxygen
consumptior75].
B) By the second stagthere is a large surfacavailable but now it is less
accessible.Through combined effectof adsorption and desorption, an abrupt
decrease in the oxygen consumption oc{uisk.
C) At this stage, lere is an even less accessible surfateyhich the rate of
adsorption of the oxygen controls the rate of the reaction. However, the increase
in temperature could allow greater quantities of oxygen to be consumed before
the change in the reaction rfi®).
This explanation wasupported bycalculatiors of the order of the reaction for the
different stage$122, which was in the range of 0.01 to 2 fix samples studied,
dependhg on the concentration of the oxygem the coal surface. However these
conclusions were not enough to formulateéinitive mechanism. Then, in a further
study[97] the efect of particle sizavas introducedpreviously studied by Schmidt
[123) and the accessibility of the internal surface to oxy@@h From these mults
it was concluded that thpreviousreaction regimesvere influenced byatrticle size
through an increase in ttavailablereactive areawhen there is a reduction of this
parameterFor particles below the rangd# 2000um to 36um they found that the
increase in the reactive surface dnad anegligibleeffect an the rate of the reaction,
being chemically controlled below these limits.
Despite all teseefforts, the mechanism of the reaction is still unclear. Indbngext,
one of the first to propose a molecular mechanism for the coal oxidation at low
temperature was Marinov in 1977, who studied the changes in wgigB},
elementary compositiofi24], and oxygen functional group82] produced by non

isothermal exposure of coals to oxygdimesestudiescombined IRspectrometry,
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gas chromatographynicrosc@y andthermogravimetry, whiclyavea wider vision

of the phenomenorntwo reactive regionsvere identified:one where the hydrogen
content remained invariable or increased, which means a possible interaction of coal
with water in oxygen presen¢#08; and a second region, where gasesproduced

in ahigherrateproducing seHignition due toexothermicdecompositionFrom these
observationst was deducedhat the oxidation reaction coulse considered as a
redox process, in which the aromatic part of coak ast an oxidizing agent,
specifically whereattachedhydrogenis not affected by molecular oxyg¢h0882].

The generation and elimination of hydrogen peroxide is asstonieela reason for

the endothermicityt some stages of the reaction. mhthe seHignition is due tahe
combustionof low molecular weighproducts initiated by aldehydexidation [82].
These two conclusions have been used as a base fgordpesedtheoretical
mechanismsin parallel to thee studiesthere was also an interest in the specific
factors that influence the globalgeess, such as the role of water molecules and the
heat released by its adsorpti@b,79 (studied in 8ction 2.3.2); and the changes in
coal structure due to oxidati¢h2512q.

The work of threespecific research group$ias been widely accepted by the
scientific community. Eaclkleveloped their own theorieghich have been used by
others and thus thesepresent the current state of the art and they are described as
follow:

J. Gethner, (19801987)[127,128129130,131,137.

Work onFTIR analysisof coal sample$127] showed thavacuum drying methods,
used inprevious workto study ischted coaloxygen interactionsalso induced
complex changes in ¢hcoal matrix. These changes werdicative of variations in

internal hydrogefbonded interactions and in the number and types of cross linked
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bonds[129. In the same study, there were observed reactions involving carbon
oxygen groups, such as carboxylic acid groups akmrig functionality, which
meantan important perturbation of the organic coal reactive area after a drying
process From both finding, it was inferred thabrevious mechanistic implications
about the low temperature oxidation reaction matybeocorrect, due to the alteration
of thethermal history of the sampl§$28129.

After these important points, the focus was to examine the mechausrsamples
were exposedto a mild thermal oxidationand subjected t&TIR analysis, which
indicates the presence of at least three reactions, frochwivo are competitive
takingplace at low temperatuls€Equationl & Equation3, ~ 25°C), and one taking
place at higher temperatsréEquation2, ~ 100C). Two of these reactions involve
oxygen directly Equation2 & Equation3), and the thirds a decarbonylation that
proceedsn the absence of oxygerEfuationl). The steps are described as follows
[131]:

Thermal pathway
Equationl (Coal)OOH Y Co00HkCG+ EO
Oxidation pathways
Equation2 [Coal-C=0] 6, ¥ OCo ad + GO, 4O
Equation3 Coal+Q,Y [ GO@H] Y -C=Op al

First, a variety of oxygenated carbonyl species are formed by the catiori
(Equation3). At the same time, there is a loss of carbonyl spe&esgtionl),
which are differenfrom those formed during reaction I{Equation3). However, if
they proceed during an extended period, the net changernexamately zero. Then,

an oxidation reactiotakes place due to the increasetemperature produced by
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reactionl (Equationl), which also interfer®with reactionll (Equation2), releasing

CO, CQ and water. In addition, the reactiomppeared to besensitive to the
presence of water molecules, similarthefindings of Marinov[108132]. Finally, it

was concluded that the overall effect of oxidatiomas depenént on time,
temperaturehistory and prereatment of the samplgl31]. These developments
complemered the work of bottMarinov and Carpenter. However, there we@me
complex interrelationghat still require explanatiorand the mechanism remains
unclear

H. Wang et al (19992005)[99,133,134,29,100.

Based a previousresearct29,100, theoretical analysif99,133 and experimental

work [134], Wang et al.proposed a mukstep mechanism whicbonsideredgas
adsorption, formation of gaseous and solids products, and thdeoamposition
steps. The detail of the mechanism proposed starts with the chemisorption of oxygen
molecules in the pores of the coal surface, forming a group of carbmen
complex at temperatures between ~20 t2C70hese carbenxygen complex were
classified in three groups: unstable (peroxygen, hydroperoxide and hydroxyl species);
stable (carbonyl or carboxgntaining species); and unreactives (humic a¢i2is)

Then, when a slightly higir temperaturés reached~50 to 70C), these oxygenated
complexes underga thermal decomposition. The last reaction evolves in parallel to

a direct reaction of coal oxidation, which also contributes to the emission of carbon
oxides[10(. The reaction of the solid carbarxygen complex also could create
new stable solid products, which can be decomposed at temperatures higher than
70°C, leaving available new active sites to be used by the reactishoas in

Figure9 [10Q.
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Burnoff
coal+ O, — CO,, CO and H,O

Sorption CO;, CO and H,0
coal + O, —» Unstable solid intermediate el

carbon-oxygen complexes Stable solid products, which
tend to decompose at
temperatures above 70°C

Figure 9: Potential pathways followed by thmal oxidation reactianPropogd by

Wang et al. 2008100

The mechanism proposed by Wasgimilar to thatproposed by Gethner in 1984
[132). However, fromprevious worka more detailed approach to the chemisorption
sequencevas introduced, whicltould explain the role of water molecules. This
sequencealso explains why other speciesare detected, and how the reaction
regenerates the active siteyerating carbon oxides. This processay also be
cataly®d by water molecules. The whole sequence is presentEdyume 10, in

which R Grepresent the radical that s&te chain reactiofil0(.

+o2 an +%7) \20) co

(19) -C +HO® -C

R-0O-0°
+RH |12 215) { Sites for
P R* 3 further O, }
A adsorption
+R*
R-O-O-H

R’ 9 N\ e 0 \
13) @2 CO,

Figurel0: Mechanism of the chemiguron sequencproposed by Wan{10(Q.
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Finally, Wangsuggestd that two parallel reactions sequences contribhite the
emission of carbon oxides during oxidation (as showrFigure 11); however,
depending o the particle size and the porosity of the coal, geation is controlled
by continuingdiffusion for reactivecoal or kinetically controlled for lesseactive

coal[29].

3r Stage 2

N

Time, h
3]

| Stagel
1L
SN
_ ﬁ (a)

0 4x10° 8x10° 0 90x10% 180x10° 270x10°

1/R o, » (kg coal s) kmol™ 1/R.o » (kg coal s) kmol”'

Figurell: Different stages for the emission of €&hd CO during the coal oxidation

at low temperaturaVanget al.2003[29].

After the contribution of Wan@nd ceworkers no further experimental advances
have beemepored about the mechanism. Howevsome theoretical workas been
producedin which algorithmsof Molecular Dynamics were used to demonstrate
previous finding and explore potential unknown pathway®ne of these is
described as follows:

T. Shi et al (2005)135

Shi et al.recently investigated thenechanism of oxidation at room temperature
using quatum chemical methods. Aodel of coal surface in which the reacgon

take place waproposed, simulating eight types of active groups connected to one or
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two aromatic rings linked to the surface. Afterds the mechanism of oxaton of

all these components wasnulated by density functional theory (DFT) and ONIOM
methods(stands for our own-fayered integrated molecular orbital and molecular
mechanicy both programmed using numerical software. Theusation provided
useful information about the activation energy of each component selected and the
potential oxidation reactions that it could suffitralso provided information about
coal structure andthermodynamic data associated withese reactionsFor
theoreical applications, coal waseplaced by a single aromatic ring, considered
stable and unreactive during the oxidatitinvas alsoconsidered that the oxidation
reaction take place between actives groups and oxygen. The active groups used in
this research are presentedablel.

Table 1: Model of coal molecules used in the simulatiofiL35

RI R2 R3 R4
H
O{m-@ OCHz‘O@ O—m@ QCHO
—-CHO

—CH,— —CH,-O- —CHOH-
aH=-18.65 kJ/mol aH=21.3 kJ/mol aH=-31.35 kJ/mol aH=66.2 kJ/mol
RS R6 R7 RS
OO_CHS Qi@ OE’LHZQ O@LHB
~OCH; ~CH3CH-CH,- ~CHOH-CH,— ~CHOH-CH;

aH=-14.94kJ/mol aH=-125.55kJ/mol aH=-30.20kJ/mol aH=-17.77kJ/mol

From the results obtained, it was demonstrated that the assumption of replacing the
coal matrix by phenyl groups did not have any influence on the oxidation of active
groups. Then, based on the activation energies and the f&ebsnergycalculated,

six of the eight compounds were found to react spontaneously with the atmospheric

oxygen at room temperature. In addition, the opposite scenario where the reverse
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reaction is prohibited at room temperature was assumed. Finally, the six spontaneous
reactions wee foundto be exothermic. écordng to theseresults, it wagpossible to
establish an order of reactivity between active grodpdle 1) as follows:(R7)>

(R3)> (R8)> (R6)> (R1)> (R2)> (R4)> (R5), in which reaction 2 and 4 are
endothermic.

However, there wasome criticism about this worlEirst, none of the reactios
studied produces carbon monoxide, a product found in previous experimental
research Secondly,reactiors 2 and 4 werenot found to bespontaneous at room
temperature and endothermitowever, thesare the main reactienproposed by
Wang[100, Clemeng[89] and Petiff136], as responsible for the séléating The
mechanisms revieweste summarized ifable?2.

Table 2: Summary of mechanismgproposed forcoal selfoxidation.

Research group Mechanism Technique used Range T
Carpenter et al multi-step Gas chromatography, AR,
(1964) reactor designed to measu| 25-15(F°C
(3 steps) .
[75,12297,79 oxygen consumption
J. Gethner, _
multi-step
(19821987) o
(3 reactionsin 2 FT-IR 25-100°C
[127,12812913013 )
series)
1,137.
H. Wang et al multi-step Gas chromatography & FT
(19992005) (2 parallel reactiong IR (gas emission of coal be 25100°C
[99,13313429,100 sequences) isothermal reactor)
T. Shi et al (2005) multi-step _ _ Start at room
Computational chemistry
[139 (eightreactions) temperature
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2.3.2 Physical and chemical interactions between coal and water

Water can interact with coal in several wd98,88], but none of these includa
direct chemical reaction. These interactions are linked to thdaaling procesm
three differentvays A) by theheat produced from the physical pro@sss sorption

and desorption in the coal surface; B) bgatalytic function in the low temperature
oxidation reaction of coal by oxygen; and KB) blocking porous and actives sites
available for the main oxidation reaction, producing an inhibitory effect in the

thermal runaway.

2.3.2.1 Heat produced adsorption and desorption of water

A) Moisture adsorption (enhancing setheating)

The adsorption of moisture in coal has been identified as a major soutmeheft
that is responsible for the thermal runawéy9]. It is a physical phenomenon
produced when water molecules in a liquid or vapoursphare deposited in the
pores of theoal matrix by electrostatic forces. Tlésa spontaneous and exothermic
process, with a negnthalpy of adsorption 0f443%J mol™* [90], when considering
just the adsorption phenomenon itsétegarding the global sefffeating process,
there is a difference in the total heat contribution dependimgvhether the
adsorpton of water takeplace in a liquid or in vapour phase. When liquid water is
absorbed, the heat released is in part captured by the water, which High
calorific capacity producing just a sligtise in temperature in the cda¢d because
heat is accumulated partby the fluid.

However, the thermal behaviour of the global process differs considerably when
water molecules are adsorbed in a vapour pfig8le In this case, it is atkéd to the
heat of adsorption (44.83 mol™) the latent heat of condensation of water (4KJ65

mol ™), resulting in a total contribution &5kJ mol™?, twice as high as with liquid
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adsorption It wasfound that this phenomenon is muctore significant wit low

rank coals dueo their higher internal surface areg89]. Additionally, this heat is
released directly to the coal because the mass of water vapour available to capture
the heat is negligible comped to the adsorptionprocess with liquid wateNapour
adsorption produces a considerabincreasein the coal bed temperaturahich is
enough to start the chain of the spontaneous combustion refic8orThe heat
releasedn this casds even higher than the net heat contribution produced by the
direct coal oxidation reaction. It means that twak capacityto adsorb water or
moisture and the heat released in this process are key varialles assssing a
coalability to selfheat.

B) Moisture desorption (inhibiting selfheating)

In contrastto the adsorption of water, an opposite thermal effect is produced when
moisture is desorbed from the coal mafi®§]. In this case, the process needs an
energy inputsince this phenomenon igndothermic,which is differentto the
adsorption value due to the hysteresfsthe process. In this case, the energy
requirement is in the order of 11.9 to 14 tidl37], when the moisture is released as
vapour. f the water in the coal matrix is liquid, thethetotal heat requirement is
even higher because the heawaporisationrmust be includedOverall, this pocess
produces a coolingf the coal bed, which also aas aheatsink from the parallel
reaction of coal oxidation by molecular oxygen, allowing natural weathering but

inhibiting the thermal runawg§].

2.3.2.2 Catalytic effects produced by water in the chemical interaction between
coal and oxygen
Besides the direct enthalpic contribution produced by adsorption and desorption,

water molecules alscatalysethe direct oxidation of coal by air. This @les derived
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from the coaloxygen complex theory from which water affethe nature othe
radical sites where oxidation occuf89]. This contribues to the generation of
peroxiradicalsand the genation of oxygenated solid complex, which alater
desorbed from the coal surface and decomposectigl oxidatiorreleasing a large
amount of heat89].

This mechanism is complex and still createaglisementbetween scientists. Some
researchergnaintain that the catalytic action is carried out by physically and
chemically adsorbed water (surface wetting) instefadiater vapourpresent in the
gas phas¢l13§. Others have shown experimentally that some csladsv a large
increase n temperaturewhen exposed tonoist oxygeninstead ofdry oxygen,
attributing this effect to the moisture present in the gas; howtwethis processt

is not clear if he vapouris adsobedon the coal surface firgtt39. Finally, it also
has beenagree that water affects the nature of the radical sites in which the
oxidation takes placgl3§, whichalso produces an alteration of the normal thermal

behaviour of the direct coal oxidation by molecular oxy(§s.

2.3.2.3 Inhibitory effects produced by water satumatiof the active sites

It is possible to identify two inhibitory effects produced by water. Tis¢ felaes to

the residual liquid water deposited in capillary cavitig® ithe coal matrix. This
water inhibits the oxidation process by hindering accessdactive sites, and then
delaying the contact between molecular oxygen and dt&.oxygen neeslto be
dissolved first and then transported through the water, pmegeatlow mass
diffusion in this liquid[88]. Considering the case that oxygen finally reacts with the
coal surface, water also dissipsithe heat produced by the oxidation reacli8,
when moisturecontent in coal is extremely highb@e 20%).The second case is

produced when coal has been extensively exposed to air and water, reaching
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saturatioron the surface reducing the natural oxidation process to a minimum. Since
there are not enough active sites to rettwd, coalcannot produe a significant
thermal response thabuld lead to a thermal runawdgy4(. Table 3 presersg a

summary of kthe interactions studied.

Table 3: Summary of water-coal interactions effecing thermal runaway

_ Effect in the o
Reference Interaction ) Description
self-heating
Adsorption of water in _ Net heatelease, increasin
[79,88,141,142 enhancing
the coal surface temperature of coal bed
Catalytic effect in _ Reducing activation energ
[89,13§ o _ enhancing _ _ _
oxidation reaction and acting as intermediar
Saturation of coal Blocking porous and acces
[89,88] porous with water inhibiting to active sites for oxygen
molecules molecules
. _ Net heat absorption
Desorption of water in o _ _
[68,85,89,14( inhibiting producing a cooling effect
the coal surface _
in the coal bed

2.3.3 Reaction of pyrite oxidaibn

A secondary reaction produced by the oxidation of pyrites by oxygen has also been
suggested as one contributor to the-bekting of coa[14361,63]. Pyrites (Fed

are present in coals in different mineral formations such as cubic yellow pyrites and
rhombic marcasite, in different morphologic forfisi4. In some extreme&ases

pyrite content carexceed 12%t; however, inmostcaseswhere coal is utilized it
range from0.1to 5%. Chemicaly, these minerals are oxidized by oxygen and water
through an exothermicreaction that release61.0J mol™ for mol of Fe$, or

16.74 Joules perml of oxygen consumef®5).
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It has been found that the global rate of the reaction is similar for both types of
minerals; however, there are discrepancies among researchers aboehctin
mechanism. In general terms, the chemical reaction of pyrite oxidation can be

described as:
Equatiord 2FeS+70,+16 O Y 204+ 2FeSQ-7H,0

This reaction produces a set of products with a higher volume than itlz¢ in
reactants, which contribute to the fragmentation of ,a@gbosing a greater surface
area to the aithus accelerating the reactiof25]. The selfheating processs
maximized throughpyrite oxidaton whenfound in a concentration between 5 to
10% Concentration greater than 1@%lower than 5% produces a negligible effect
in coal selfheating[145. Nowadays this problemhas been minimizedt power
statiors and in the coal industy through the targeting of coal wittow pyrite
concentratiog mainly due to thestrict environmental regulationfer the abatement
of SO, emissionsFor this reasonscientific efforts havenainly concentratean the

interactions of coalvater and coadir.

2.4 Methods developed for detection and quantification ofspontaneous
combustion ofcoal

After the study of the variables and reactions involvedpmsiderable number of
methods have been created to detect amast the degree of oxidation that a coal
can suffer. From these, the most common appesaate using thermal analysis
consideing micro and macro scale experimeniiese tests argased on the net
amount of heat released by the samaial the dependea of specific parameteit®
the temperatureLater, other methodshave been introducedonsidering optical
parameters (g. microscopy and rank analygis05) which provide an idea of the
crystal structure of the carbon matthatis associated directly to the reactivity of
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the fuel. Finally, there are some miscellaneous methods that consider alses$ of

conventionaparametersuch as gas concentration

2.4.1 Thermal methods teestimateself-oxidation potential of coals

The common approaches used to predict the spontaneous combustion phenomena are
basedon thermal analysi§146. In this case,hte mainlabomatory techniquebased

on the direct temperature measurement to estimate reactive propedigse
Differential Thermal Analysis (DTA), Calorimetry, Differential Scanner Calorimeter
(DSC), isothermal reactors, and adiabatic reactiorsaddition gas comosition
analyses are used to obtain information about gaseous reactants, intermediaries and
products present before, during and after the oxidation reaction. From thesesthe
importantlaboratory techniques aFouriertransform infrared spectroscofyTIR),

Gas chromatography (GC) and Mass spectrometry (MS).

2.4.1.1Methodsfor testingintrinsic properties ofcoals

In this section, a number of thermal tests used to measunettinsic properties of

coak are described. The main characteristitheke tests is the analysis of a small
sample mass (in the order of milligrams to grams).

A) Differential Thermal Analysis (DTA): This technique has been used
extensively to characterize thermal changes in coal samples. However, there are just
a few repats in which it is useddirectly to assess low temperature oxidatidime

usual experimental procedure of DTA exmosmals to a steady heating rate,
measuring the temperature difference between the sample and a reference material
heated under same condit® Then, the difference is used to observe the heat
evolution of the sampleyhich relate tothe potentialchemical reactions that are
occurrirg. This method have been used by Banerjee. 498él7[147, Marinov 1977

[10882], Gouws et al1989[148149, Pis et al1996[15(, andin all casesonly
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using a small amount of samplé2pPmg). Some of the results obtained from these
researchers shaa that the thermogram can be dividedoithree different stages
during the heang process[147]. The first stage has been associated to the
endothermic releases of moisture from the coal sample. Then, the second stage is
slightly exothernt relatingto the beginning of the oxidatoprocess. From this
stage, it has been concluded that the slope is lower for coals with lower propensity to
spontaneous combustiph48. The third stage is highly exotheisrand it has been

linked to the main combustion phenomena that coalwastergo The last stage has

not been used to infer properties riglgtto the sekheating process. IRigure12, a

typical thermogram obtained by DTA is presented.
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Figure 12 A typical thermogram from a DTA showing the three main regions

present during the low temperaturedation of coal. Extracted frofi4§.

A standard procedurbas been proposet identify coals prone to spontaneous
combustiorusing this techniquEl49. From the characteristics of theermogramit
is possible to calculate the slopes of each segment. These slopes can be considered as

a simple index of propensitput alsouseful to introduce a mathematical correction
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to the crossing point method (frewed in Section 2.4.1.9 creating a composite
index However, both indces obtainedfrom this techniquehave beenseverely
criticized, since they produced contradictory predictions of caadlfheating
potential[149.

B) Differential Scanner Calorimetry (DSC): The coal sample and a reference
material are heated uedthe same thermal conditiofe the same period of time,
allowing the difference in energy emitted from each crucibtethis case, the
difference between the amount of heaededto increase the temperature of the
sample, and the amount of heat necessamaigethe temperature of a reference
material is measured as a function of temperafdel]. Consequently, any
difference is therefore directly as a result of physical or chemical transformations
taking place.

Reports inthe literature about this technique are scarce (Garcia ¢.%%, Sahu
[153, Mohalik et al.[154,155]). In these,a clear experimental procedufie coal
assessmens not definedAlso, the reliabilityof theseare questionable for several
reasonsthe range of temperature in which the experiments have been carried out (20
to 1000C) [152 (Figure 13); and the use of raw curves without the subtraction of
the environmentahoise[154,155. Theseissuesintroduce problems in the analysis
and inthe sensitivity of the result®espite all tlse criticisms, it could befeasible to
establish a systematic way to predict propensity using this instrument, whigh is a

important issue for future research.
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Figure13: A typical DSC profile obtained for cofl57. As can be seen, the areas a,
b and c are discussed by the author as stages of thexgkfion phenomenayhich

contradics the temperature range proposed by previous reseaf@lo€s

C) Thermogravimetric Analysis (TGA): This techniqueis widely used to
characterize coal samples by the coal industry, espeuiiiy obtairing reactivity

data and compositional characteristjé®7]. For fire reseailt, this instrument has
allowed the measurement of parameters such as reactivity of coal in air at low
temperature, under different heating and atmospheric conditid®10882], as

well as some basic properties such as volatile content, mineral and moisture content,
and fixed carbon[107]. However this technique has not been used to quantify the
propensity of coals to spontaneous combustion diresithgeit is argued that the
reactionis too slight to be detectday theinstrumen{29].

SomeTGA experimentdave shown a link between weight loss and the self heating
behaviour of coa]10882,157,156. Researchergseportedthe increase of weight of

the sample between 20 to 3@0when it is exposed to a heating rafi®§g.
However, thisapproachhas some issues ralad samplingscale, whichwas in the

order of grams When an attemptvas made to reduce thsample weight to

micrograms, the accuracy of the reswitas dramatically reducely the sampling

46



Chapter 2. Understanding the sekheating process

noise generatedy the instrument.The findings reported in this workvere
confirmed by other &hniques (e.g. FTIR, GG-MS), butnot yetconfirmed using a
TGA with a highersensitivity

Another thermogravimetric analysieported was exposing coals to a constant
heating rate (8 min®) under different oxygen concentratioffgure 14) [15§. As

can be seen from the graph, the temperature rhag@o relation to the ranges
proposed by previous researchgt8(. Also, the resolution of the curves between
20 to 300C is reducedmaking itimpossibleto detectany anomalous behaviour

during the lev temperature process.
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Figure 14: TGA profiles obtained fora coal sampleexposed to a constant heating

rateunder different oxygen concentratigi$§g.

2.4.1.2l arge samplesize experiments to evaluate sekating potential of coals
These tests have been desigtedneasurgoroperties exhibéd in large systers)
which have a relationshito the global process of thermal runawéy.thesecases,
the phenomenon isontrolled by heat and mass transferteractionspresent ina

large scaledeposis. The most frequent pargeters measured are temperatuine,
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heat releasecand the gas emissions accompanying a natural or induced oxidation
process.

A) Adiabatic Oxidation test: Thiswasone of the first methods reported in literature

to assess spontaneous combustion lial{i@g]. This simulate the thermal runaway

by eliminating the heat loss to the environment produmgdhe coal oxidation.
Usually, the experimental procedure depaitoal sample in a thermally isolated
sample holder that is submerged in a thermal bath, in which the temperature is
adjusted periodically to follow the temperature rise in the centre ckitingle holder.

The air flow passing through the sample is also adjusted to minimize the heat loss,
and to provide enough fresh oxygen to react with the coal sample. Finally, the
subsequent temperaturesponse depenay the initial temperature of the safa

[159. The initial temperatures adjusted depending of thariginal conditions of
coalsstudied(freshly mined or pr@xidized sampleshavingin common a starting

value of 40C [159160. Figure15 showsa typical resulf161].
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Figure 15 Seltheating curves obtained from adiabatic oxidation test for New

Zealand coals. Adapted from Beam|4l61].

There are technical issussgarding the implementation of this test. First, these tests

can take several houf$59 or several day§16(, depending o the reactivity and
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the anount of sample used. Secondly, as the heat release is almost imperceptible,
there are technical problems in the adjustment of temperature in the thermal bath and
in the measurement of the heat lo$be standardization of the test is another
problem becawesit has been implemented using considerably different parameters
such as different reactor sizes, diverse particle sizes, and air flows, which have a
major impact on the results obtained.

From this test , an Salfpeating e rds B,40 was n d e X
developed[160161]. This index has been usedainly by the coal industry in
Australia It is defined as the reciprocal of the time taken for the sample to reach
70°C in an adiabatic oven from a starting point of@0In practical terms, it is the

sl ope obtained from the graph AiCemper a
representing a critical haag rate of the sampl@-igure16). Reference values of this

index areat<0.5°C h*, coalsareconsideredassafe;betweer0.5°C h'to 0.8C h*,
coalsareconsideredf medium risk; andit>0.8C h*, coalsareconsidered prone to

self-heating
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Figurel6: Self-heating rate R Index for a New Zealand ebsamplg161].

The adiabatic oxidation test has been used by Davis [B&?5Shonhardt et al 1984

[162), Gouws et al. 199163, Ren et al. 1999159, Beamish et al160,161,164],
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Nordon 1985[165, Humphreys 198]1166], andVance et al. 1996139 ; in amass
rangefrom 100g to 10kg

B) Frank-Kamenetskii method: This method is an application derived from the
FrankKamenetskii theory of selieating of material§30]. The general theory is a
mathematical model deduc&édm a mass andnergy balance applied ta &ealized

slabof coal The differential equationbtained fronthe energy balance is:
Equations "HMP— _— R

In which } is the density of the materjaCp is the heat capacityye i s t he t hel
conductivity and fNis the heat generatday the reactionA stationary solution of

this equation provides themperaturgrofilesin the material
. - 4 N_I
Equation6 n

For this equation, FrarRKamenetskii found a stationary solution when the balance is
applied to a material prone to sékating. In this cas&quation6 can be expressed

as:
Equation? AN YO DB

In which aH, is the heat of thereaction and the groupd JQ is the

dependency of the reaction with the temperature. Applying border conditions to a
slab of size L, and some assumptions related to thegetfon process, it has been

defined the FrandkKk a me net s ki i[30)Jpar amet er U

Equation8 g 122 :)%‘Q °

In which T, is the ambient temperature. As can be seen fiaqudtion8), the

par ameter 0 i s a di mensirothegeomstry of themb e r ,
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system and it representhe ratio between the heat generated by the reaction
(numerator) and the heat diffusivity of the system (denominator). Depending of the
system geometry, it is possible to calculate a critical value of this paramefet c ) ,
causing three different situatior’) U < Uc, i n this case the
selfignition temperature, and the heat dissipation is faster than the heat produced by
thereactonB) U a Uc, this i s t he betveenthe lreatl con
produced and the heat dissipated;@d U > Uc, in this case t
reaction exceedsthe rate of heat dissipation, amkdermal runawayoccurs. The
FrankKa menet s ki i par amet er tb gredicthetignitidne en us
temperature of different materials as reactive powdergl67], waste and
carbonaceous deposjtg, and coa[101,169.
C) The Heating Basket method(particular gplication ofthe FrankKamenetskii
methodin coals): The FrankkKamenetskii model also has been applied for the coal
self-heating phenomena. this case, severalperts exisf101,170,76], which have
adapted the theoretical conditions to laboratory scale facilities in ordetetionitee
the coal propensity. This has been the
met hodo proposed i 1999 [1TJe fromv avhid¢h the hormdlo n e s
procedure can be described as follow:
1 A specific volume for the coadample is definedvhich isa cube of 3m length

per side. For this volume is considereg90°C as a critical temperature
T For this specific igeaoulatedobe?257.t he Uc par e
1 Then, using th&quation8, T, a n d thaé ‘E‘oz,is calculatedor a cube of 10cm

to be14(°C.

q Finally the cube is introduced in an oven at°Qibr a period of timeand it is

observed whether there is ignition.
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The theoretical bas of this methodhas been applied to severahgineering
problems. However, is hot commonlyused to predict the self oxidation of coal due

to sever al t ec hni aravery sessisivdacetise .activation enérgy U an
and the preexponential kinetic factor, the heat diffusivity, the heat capacity, the
sampledensity and the heat of the reactiomhich are difficult to calculate or
measure Second, tottea consmligedcenstaitcandndependent of the
coalsample as can be seen from the work of Jojigx,170169. However,i avas
originally obtained by usinthe kinetic and thermal parameters of an arbitrary coal
sampl e. Thi s means théaang fromthes mdéthoe ia r@lativec y 0t
to a single and arbitrary coal sample.

A generalcriticism associateavith this test and the FrankKamenetskii theory is
aroundits theoretical basisin relaion to the prediction of coal selfeating, the

model does not consider important factors such as the catalytic activity of species
involved or generated during the process (wated pyrite for instance), the latent

heat of vaporization or condensation generated by some components in the system,
and the presence of complex reacsiomhich depencdon the heat evolution of the
whole process. In addition, the role of water in thel @xddation processs not
considered in the modeljherethe moistureas transporédthrough the porous matrix

of coal. This could have serious consequenmesthe predictions, becaugkis
dictatesthe adsorption and desorptioatesand the subsequenedt releasdrom

these interactions. Finally, the implementation of this tsb requires long
experimentalperiodsto find the critical temperatures in which the ignition takes
place. All these factors made this test l@ssirable tahe coal industry.

D) Isothermal oven or Isothermal reactor testing:In this test, a coal sample is

placed in an oven at a certain constant temperature, and the time that it takes to reach
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the thermal runaway is measured. If the experiment fails and there is not thermal
runaway after a preset period of time, the temperature in the oven is increased to a
predetermined value. Then, the experiment is repeated sequentially to find a
temperaturewhen the thermal runaway starts within the specific period of time
[92,146171]]. This test could be considered as a practical modification of the-Frank
Kamenetskii test methodjnceboth sharethe same theoretical base; however, it was
developed independently fromigtprevious test. An example ofishis presented in

Figurel?.

300

250 + Oven Temperature:

1 145 0C

200 +

T(°C)

150 ¥~ ]

100

time(h)
Figure 17: Experimental results from an isothermal reactor. testthis case, the

critical temperaturvas 155C [92).

Considering thescarcenumber of reports about this test, this carctesidered as a
non conventionatesting procedure, probably due to the technical issuesatisat
during its application and interpretation. The first criticism is about the preset period
of time toincrease the oven temperature, whicinithe orderf days considerably
short compared tdahe natural time of the thermal runaway (weeks to months)
Second, the size of the reactor and the size of the sample baskere arbitrary,
which explain theconsiderable differems between different experimenteported

[92]. In addition,the critical temperatures frothis test arevery differentfrom those
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obtained by alternative methqdseingcloser tothe selfignition temperatureather
thana critical ®lf-heating temperature

E) Crossingpoint temperature method (CPT): This method shares several aspects
with the FrankKamenetskii methodsince thisis basedon the heat and mass
balances applied to a reactive system, but conisgiére nonstationary slution of

the mathematicalproblem. Two different experimental approaches have been
reported:

E.1) Classic CPT method (early development900): This methods a simplified
experimental procedure toassess coal reactivity [25172173174175.
Experimentdly, a coal samplés placel into a symmetricsample holderwhich is
introduced in an oven. Then, a constant and slow heating ramp is applied recording
the temperature in the centre of the oven and the temperature in the centre of the
sample. From this, the crossipgint value is consideredo be when both
thermoouples reach the same value. An example is showigirel18.

The simplicity of this method introduces some eresuch as overestimatirtge
value of the critical temperature.his could happen when the heating ramp is not
slow enough to provide a stationary temperature profile into the sample, taoider
when a hotspot is producedar from the centre of the sample (where the
thermocouplds locatedl. As can be seen fromigure 18 (B), the crossing point is
mer el y a ofdhe wholp grdtess, and it does not reflect theataignich the
sampletemperature increaséeforeand after the crossing point. Thassues have
been solved in parby the creation of severahdices calculated from the full

temperature profile obtainetliring the experimerji48149144.
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Figure 18: Crossing point temperature method. (A) Adapted from Parr ét9ab

[177; (B) Extracted from Nandy et al972[173.

E.2) The new CPTmethod(Chen method 1990 [70]: Despite h e

point temperatu@as the original, this is a new method basedthe transient

tcrogsinge

solution of the heat and mass transfer problem proposed by-Kean&netskii.In

this caseChen[70] appliedthe mass and energyalance overa similar differential

element than this used Eqguation5. However the resulting equation was replaced

in Equation? to obtain

Equation9

YO D
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Applying symmetry conditions, produced by an assumption of a symmetric profile
of temperature developed when the temperature is close to the critical value,

Equation9 becomes:
Equation10 — ey m

From this equationunder a constant heatirige critical temperaturis found when
the temperature profile is completely flat.

In order to use thigheory experimentally several attempts have been made
[17617776,14814970,92]. In general,several thermocouples are used to measure
the coal temperature in regions close to the centre of the sample thislss
constantly heatedrhen, when the temperature pradilrecorded is flatthe crossing
temperatures produced (as can be seerrigure19). The limitations of this method
are similar to thosdound for the FankKamenetskiimethod In this case, the
simplifications assumed introduce a large variability of the results. Fomagsta
some variables are difficult tstandardizethe different packing conditions of the
material into the sample holdethe air flow conditions applied,the oxygen
concentrationthe moisture in coaland in the gaseous environmghe particle size
and the effect introduced bgactor size.

Although this isone of the most cited techniques in literatuine use of this method
by the coal industry is limited just tobtain thelower estimate of the ignition
temperature. In addition, it is not populgnenpredicing propensity to spontaneous
combustion due to its poor repeatability. Frolata in theliterature most of the
results are basedn different experimental conditions, whichave producel
different critical temperatures for same groups of tested Finally, this methodis

a relative test forampaing samples, but not to be used asa#solutendicator.
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Figure 19: Experimental temperature profile$ a coal sample exposed to a heating
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F) Measurement of oxygen consumption and gas analysihis techniqueis

basedon the evolution of the oxygen consumed and the gaseous prodieasd

when coal is subjeet to thermal stress. This technique has been used to quantify
propensity directhf178, as well as to understamdaction and kinetic mechanism
[179.There are two types of thermal conditioapplied (sothermal and nen
isothermal tes), whichcan be performed in batch or continuous system:

F.1) Isothermal oxygenconsumptionof coal This procedure can be executed in a

batch or in continuous flow reactor systeifhe isothermal batch systemas

developed during the early studies of spontaneous combustion {€&2iq. In this

case, the sample is introduced in a sealed container, and the partial pressure of
oxygen in the system is measured after a preset period of time. After that, the mass

of oxygen consumes measuredThiswashso call ed the fAoxygen
and fAthe static methodo, and its result

consumed in a specific segment of time per coal fizgs
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A continuous systemisesa continuous gas flow through a reactor comtgrihe

coal sample. Té inlet gas contains oxygen in a specified concentratang a
percentage of moisturgan also be includedhe temperature in the gas and in the
coal bed is kept constaduring the entire experimefit7g. In order to calculate the
oxygen consumptionhe partial pressure of oxygen in the inlet and in the owtyut
measuredy using a gas analyzefhe composition of thgaseous productsan also

be analysedy using Gas Chromatographf$78, FTIR, Mass Spectrometry or a
similar technique to identify theompoundsyeneratedand calculate the comple
mass balance of theystem

Comparing both techniques, the batch system is a time consuming metiochan
takefrom weeksto severalmonths The continuous system &faster technique, but
requires instruments setige enough to measure tlsenall concentratiorchangsin

the gas productgenerated29]. In the same way for both, their results can be
expressed as a volume of oxygen consumed per mass of coal.

F.2) Non-isothermal oxygen consumption of coalln this case, the experimental
work has been implementezhly as a continuous systefi64,1791801627. The
laboratory procedure is similéo the isothermal experiment, but now the sample is
exposed to a controlled heating ramp during the air oxidation. The heating rates
reported for this test are slow (B8min™ [179 [86]; 0.4C min® [167]). Figure20
preserd some results from this tedRarticularly, for high rank coals results have
shown that oxygen consumption decrease with an increase in the temperature (from
30 to 50C) reaching a mmimum. Then, above 5Q the consumption increases again,
keeping a steady increasing rgé].

The difficulty with using this test as an indicator of propensity is the complexity of

generating a clear dex. For both procedures (isothermal and-ismthermal), it is
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difficult to obtain a temperature that could be considered as critical. Second, these
tests dependroa large number of variables such as the gas flow; the volume of the
reactor and the ared contact between coal and gas; the residence time of the gas in

the reactor and the duration of the experiment; and the amount of sample used.
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Figure20: Oxygen consumption profiles obtained for A) high rank coals, aridvg)

rank coals. The heating rate applieas 0.8C min* [86].

2.4.2Reactive properties of coals estimated frortextural characteristics

Sincethe beginning of coal mining, petrographic information hasrba primary
form for coal characterization. Coal petrology has relevance in technological
applications as a tool to predict combustion performance, degramabdxidation

coal reactivity, andestimate the proportion aeinreactivematerial[114]. In general,

these parameters can be determined from two waaiables:
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a) Maceral composition an optical classification of different organic components
from their initial plant material§1]. Maceral analysis refers to the systematic
guantification of maceral components presents in a coal sample (defined in Section
2.2.1). It is possible to estimate the average reactivity of the whole sample,
considering the concentration of higher reactive emals such as vitrinite and
liptinite. Also, the quantification of the subaceral fusinite combined with the
degree of light reflectance allows an estimation of the unreactive content of the
sample181]].

b) Rankvalue: a measure of light adsorption or reflection by the safiflg The

rank value haseen used by the coal industry as an index to idectifsproneto
spontaneous combustigi®ection 2.2.1.) A low rank value meana low degree of

light reflection, produced bydisorganized crystal structure and high porosty
isotropy This isdetermined mainly by itmaturity, and correlates well witkiolatile
contentand moisture content. On the other hand, coals with high rank valuea have
high degree of light reflectance, due to its wweljanized crystal structuréor
anisotropy)and low porosity, low volatile and low moisture contewhich also
means a lower degree of reactivifit,3]. All these characteristics allow an
association between coal rank and reactivity. In the case of low rank coals, the high
surfacearea and heat released by water adsorption also insrsagetential to react

at low temperatures. For these reasons, coal rank is currently usethdsxthat is
directly proportional tself-oxidation potentia]69].

In addition, coal can suffer physical and chemical transformations due to physical
phenomena such as temperature variation or natural oxideglating tochanges in

its petrographic propertiegl14,187. Several researchers have shown that light

reflectance of vitrinite particles increasesth an increasen temperature in an
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oxidative atmosphereThe rate of thischangeis related to maturity and roeral
composition[114,182,18377]. Petrographicanalysis isconsideredto be the most
suitable technique for detectiaf weathering andhe early stages of oxidatioas a
result ofnatural exposurgl1y. Neverthelessstudies are limited to small number
of coals and welkstallished trends relatg to self oxidationare scarceFinally,
petrology has been used to identify particle morphologyand detect textural
alterations which can beproven through the assessment of large numbers of

particles[184].

2.4.3 Miscellaneous method® estimate selheating potential of coals

Some alternatives methodlave beenimplemented to detect propensity to
spontaneous combustion-site. In this case, systerase large scale and commonly
open to the atmosphere (in the order of a few tons to a millions of tons). The normal
parameters measured attee temperatureat specific points in a coal stockpile
[185186, the emission of specific gases products (CO and fGOnstancg [187],

the wind speedround the pilg116119, the slopes of the coal deposj#], and

the raining and environmental conditions of the sites. In gentredetestscan
confirm numerical models[118 and low scale experimentsyhich require
extrapolatiorupto large coal stockpike

Figure21 shows the thermal profile obtained from large scsieckpile testsusinga

15 ton coal facility (16r) stored for a period of two weeks86]. The total research
period took five months, and a maximum temperature ofQ#@&s reportedt the

end of theexperiment. The experimental results have shown that the hotspot formed
within the first two weeks reached a maximum temperature ofCL80hich was
surprisinglyclose to the surface of tistockpile(Figure21 B). This result not only

contradicts their own model predictions, but d@s®modelsof otherswho suggested
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that the hotspot must be locatedarthe centre of the pil§118119117. These
testscan reproduce the origins of a spontaneous coafiree accuratelyand this
can be virtually impossiblat laboratory scaleAlso, important experimental data

from these tests has beesed to confirm previous salts acquired at a lower scale
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Figure 1 Temperature-distance profiles at
different times: computed results. A, 20; B, 40;
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Figure 2 Temperature-distance profiles at
different times: experimental results. A, 0; B,
20; C, 40; D, 60; E, 80; F, 100; G, 120 h from
start

Figure21: Thermal profiles for a 15 ton facility between 1 and 15 days of storage. A)

Modelresults,B) experimental resultg186].

However, there are major disadvantages associated with the practical application of
these testsThe mostrelevantamong theseelates to the large scale of the system,
which is an impediment for a rapid implementatidhese alsmeed extra resources
such as machinery andlarge land site availabléo performthe experimentsin
addition, these tests are time consuming (from weeks to several months), which

introduces problems in the repeatability of the resulf$ese are also affected by
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uncontrolled variablessuch asthe weatherconditions at the moment of the
experiment (winter or summer; rainy, sunny or cloudtihe environmental
temperature (high and lopand tke wind speeds. Finally, there are some parameters
such as patrticle size and compaction of the deffadit which are almost impossible

to repeat. For these reasons, the coal industrynbisadopted thes testson safety
grounds However, some of the experimental features such as the thermocouple
locations and the methodology used for gas analysis have ilmpdemented in

industrial depositsas a wayf monitoling anomalous conditiain coal stockpiles

2.5Developgng new methodsfor spontaneous combustion detection

The existingtesting methodso identify coals prone to spontaneous combusdien
not reliable enouglo be used by the coal industdespite the largaumber that has
beenpropo®d. This creates severaloubtswhensafetyproceduresre implemented
exposng industriesto an extra risk derived from a wrong analysitie current
methodsin use are basedn the assessment ofariables such agoal rank,
temperature of theoal deposit,the heat evolutiorof the stockpile andthe oxygen
corcentrations nearhygnoringsecondary parameters suchtasmassoss of coals
changes in petrolggand chemicalcomposition as a result ofieathering Also,
improvements inthe data analysigould reval new information being able to
characterize the phenomenon from a different perspe(tive thermogravimetric

data and image analysis for instance).

2.5.1 Thermogravimetric analysis as a tool to identify prone coals

Thermogravimetric analysi6TGA) remains as a secondatgol to identify prone

coals Most of the standard thermal tests developed to quantify the spontaneous
combustion behavioupbcus onthe direct reading of temperature profiJexcluding

changes in the total weight of the sample his tontext, thermogravimetric analysis
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provides the history of thesample mass associatedo external changes in
temperature.

From this instrument, it is possible to obtamecise valuesfor degradation
temperaturedluringthe oxidation process$o quantifythe adsorption and desorption
of oxygen, moisture and volatileandquantify reactive or unreactiv@®mponent®f
sampls [15]]. Thermogravimetric analysis ialso frequently used by the power
industry to assess coaleactivity, obtairing kinetics parameters of fuekuch as
reaction order, activation energy and -psponential factor§18818919(; to
calculate reactivity under different atmosphere conditipgi®l]; and to quantify
physical characteristics such as moisture, volatile, carbon and ash ¢a6#&n®2,.

In addition, different nonisothermal testhave been reported ithe literature to
calculate burning profiles of coal and char parti¢le83, which can beuseful to
predict the operatg conditions of industrial reactors. Most of these tests were
designed to provide informatioamboutthe oxidation reaction at high temperatire
[194,195. Some researchers disagree about the use of TGA to obtain informfation
coal oxidationat low temperatures (below 1%I), because this is close to being
within the margins of error for the instrumefit96]. Nevertheless, technologic
advances inthermogravimetric analyzers haveproved the accuracyof data
collection, and significantmprovementsin the control of temperaturand data
analysishave been achieved, resultingtins toolbeing more suited to precisaw
temperature measuremeft97].

Successful attemptsisng thermogravimetry to estimate propensity of coals to
spontaneous cadnaustionhave not beemeported However, lhere are a number of
potential techniques such as rsothermal methodq193 that could reveal

important information about the sditating of coal[191]. Considering the
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experience of previous researchgl88199, there are twotentialnon-isothermal

tests: Firstdifferent stages of the weight loss can be spotted through a single heating
ramp in air. Depending rothe specific heating rate applied, there are several
measurableparameters such as percentage of oxygen absorption and water
desorption [107], starting combustion temperature, and peak and burnout
temperature$191,193. Secom, by using an integrated approaithis possibé to

study theeffect oftemperaturen sampleneight, calculating an index independent

of the heating rate appliedrhis is possible Y carrying outparallel experimentat
different heating ratesjsing a similar experimentalapproachto calculate kinetis
parameters by TGAL99. Additionally, the derivative of the weight losanalso be
associatedvith each heatingate to determinehow coal reactivity is affected by
change in temperature. Dependingnthe magnitude afhese changesoal samples
could be classifiedn terms of its propensity to react with.alihese potential uses of

TGA to quantify coal oxidative behaviour represemiear research opportunity.

2.5.2 Advance image analysis techniques applied to coal science

Image Analysis(lA) is a relative recenttechniquethat has gained momentum in
many areas of scientific analyslts growthduring the last decadéss been dictated
by the enhancement of computationgbtems,both software and hardware. This
techniquecould be described as a series of stépsn image acquisition and
processing Many different disciplines routinely use 1A includingiology,
mineralogy, chemistry, engineerirgnd manufacturing procesf200). The main
sequence of steps starts with the image acquisition, by meamsgital camera oa
similar device implemented alone or in conjunction with o#garipmentsuchasa
microsco. After that, the image is sted This has been enhanced in last few years

due to advanaein microchips and electronics, allowibggger images to be stored
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for processingresulting inmore informationManipulation and enhancement of the
image is the next ste@nd this has also beewptimized in the last years due to
improvements irsoftware. In addition, images can be mathematically transformed,
processing them in spatial or frequency domgaseparating or reconstructing
particles or objects to obtain moretdiled information Finally, the results can be
represerdd as a new image saved ina data basg20(Q.

For coal sciengetherehavebeen successful attemgtsuse image analysisnitial

work was based on recognizimgaceral content anthe calculaton of rank using
automated systenj201]. This basic research ascarried outusingsystems attached

to microscopes (without any computer processing), applying greyscale recognition
under dixed light exposure. The sanoenceps of processin@reapplied nowadays,
using digital devices to obtain and process the informataomatically
[202103203. Development increases the Nineties, when thémprovementsof
computer and digital cameras allowed image capture andppmstssing easily
Some of ths workwascarried out at Nottinghardniversity studying coal properties
performing automatednaceral and rank measuremelit84,204,205, andcreatng a
coalchar morphotype characterizatif20§.

For a normal image, a pixel is the minimwimgle piece of information available
andit is represented by a sgéc colour level. Imagescan bedefined as Colour
(well known as RGB)and Gey Scalelmages (GH. A Grey Scale image is a
representationn which the colour pixal range is defined in 256 different levels,
starting from black (level 1) to white (level 256), passing through all the different
tonalities produced by the combination of black and whiitaded in 255 different
levels Then, the image containsa specific number of pixels that could be

represented ira histogram The image histograns a plot of thetotal number of
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pixelsof each grey scale levelgainsthe gey scaleinterval (from 1 to 256) As can

be seen frontigure 22, the image histogram is a useful route to quartierall
optical propertiesandto determine material characteristitem a large number of
particles.For instance, the backgradimesin of a coal mounted sample appeared in
the image as blaclgorresponding to a large peak around@0&GSUin the image
histogram. The vitrinite maceral is another major constituent presentedsanipte
showinga peak around 7050GSU in the imagehistogram Finally, thehigh light
refledanceof fusinite makes thathese particles appear the region close tthe

white, which is around.50-255GSU.
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Figure 22 Histogram of images from a coal sampk) Raw image including
background resinand B) processed imageBoth casesre represented using gr

scale unitgleft) andequivalen light refleciance scale (right)

Histograms obtained from grey scale images have been used to calculate the random
reflectance of a coal samplend linked successfully to the manual measurement of

rank [20]1]. Also, these have been related to the maceral content

67



Chapter 2. Understanding the sekheating process

[201,202104(schematized ifrigure22). For coal fire research, changes in maceral
fractions under certain conditions such as weathering, natural or artificially created
oxidation can be quantified using image analysis.

Besides, IA has been implemented for particle identification, morphological
classification, and for characterization of caad char particlef206. In addition,
measurement of particle size distribution, diameter, roundness, length and mineral
content of coal particles have also been studi2dd, defining standardized
procedures for industrial application207]. Nowadays, algorithms of image
processing of coal are focused in obtaining parameters such as random reflectance,
particle size, and particle morphology. However, the use of these techniques to
detect thermally altered coal particles has not been ugg@semting another clear

research opportunity.

2.5.3 Spectroscopy, a less explored tool for coal characterization

Spectroscopy is the study of the interactions between energy and imatés.case,

an electromagnetic beam is directed @sample surfae and the absorbance or
reflectance of energy is measuregbveral techniqguesiave been developed by
altering the frequency of the beamchasll t ra vi ol et spectroscorg
to 400nm)andl nf r ared spectr oscopybefwéeRhemesyi on,
common In these cases, the changes in the different regions of the spectrum emitted
and absorbed provide valuable information about madeculbration, bond
stretching and bendingseful to characterizeolecular groups incorporatedarthe
sample[208. Fourier transformed infrared spectroscopy igaaticularly attractive

tool for coal researchbecausemnost of the organic functional groupisat arepresent

in coals interact with infraredight [209. This tool has been used tevaluate

different chemical attributes of coals such as weathering and change of functional
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groups by aerial oxidatiofi21Q; characterization of macerals such as liptinite,
vitrinite and sukmaceral groups[211,212213; analyis of specific organic
structuressuch as aliphatic and aromatitoups|[214]; and study of changes in
technological characteristics of coals such as plastic properties, volatile matter and
variationsin mineral matter compositiofi114].

Some literature exists where this technique has been usstirtate the propensity

of coal to spontaneolys combust [106215137. The most relevantstudy
investigated the chemical changes during the natural oxidafiam set of high
volatile bituminous coaland found thatlear differencegxistedbetween fresh and
oxidized sample$10€. Specifically, the study shows a marked loss of aliphatic
groups with increasing oxidation, as well as an increase in carbonyl and carboxylate
groups. This study sb concludd that aromatic groups were less affected by the
oxidation procesdn a recent studj215, changes in active functional groupsre
observedduring lowtemperature oxidation of coal, whichnfirmedthe presence of
specific componentassumedduring the mechanisnformulation [132. In this,
aliphatic hydrocarbonsuch as methyl and methylene, react with oxygen atoms
absorbed by pores on theal surface generating unstable solid intermediate carbon
oxygen complexes, which then decompose into gaseous products (GDar@D
stable solid complexefl28131]. Consequently, te use of FTIR to identifya
fingerprint of coals prone to spontaneous combustion, and the ubes dbol to
estimate the impact d¢iie coal oxidation are attractive research opportuniteslly,
FTIR could also beombined with othetechniques such deermogravimetry (TG
FTIR), differential scanning calorimetryDSG-FTIR) andmass spectrometry (MS

FTIR), to visualiz the phenomenon inraore advanceday.
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2.6 Spontaneous combustion potential dfiomass andcoal-biomass blends

The spontaneous combustion iseactionthat could affect dher materialgdifferent

from coalsuch as biomass, cebilomass blends, organic and forestry wadtes.all

these materials, the thermal runaway shares the same fundameniaifatemce
favourale toheat production instead beat releasthroughthe stockpile However,

in the case of hygroscopic biological materials such as biomass and waste, bacterial

activity is aprimary cause.

2.6.1Incidence of selfheatingin biomass materials

Several ncidentsof thermal runawayhave been reportetbr different types of
biomass sawdust{216217,218, wood chips[218217,57], composting pileg5§],

hay piles[58], rapeseed and soybean pilBg], municipal wast¢219220, charcoal

[22Q, eucalyptus leavd®16], yard trimminggd216, pistachio nut@nd palm kernel
among the most frequef21]. In literature, a vast number of accideatsreported;
however, information about the mechanism and the reactions that take place is
further complicatedby the complex biochemistrinvolved A review of the global

medanismandthe variables involved given below.

2.6.2Global mechanism

The precise mechanism in which these incidents took péamwains unknowbut in

all these casethe same steps have been reportgda rise in temperature due to
fermentation; b) water vaporization; and aritical temperaturdas reachedand
thermal runaway talsplace.These steps are descrikasifollow

a) An initial rise in temperaturproduced bythe aerobic respiration ofving plant
cells and microbes incubated into the pile, which libsragat by direct oxidation of
plant chemicals[216. The normal temperature range of the microorganism

interacting into the pile can mafrom 20-40°C (mesophiles) to 480°C (facultative
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thermophiles]222. At this stage, the temperature in the pile does not rise abeve 70
90°C until all free waters removed216].

b) Water vaporizatioproduced byhe previous temperature increase. From this,

pile canlose nearly allthe free water reaching a temperature approximate t6C1,00
whereall the microorganismare killed At this stagepxygen still flows into the pile,
reacting with plant chemicals to produce even more heat, increasing pile temperature
and acceleration thexidativechemical reactiong21§.

c) Oncethe pilehas lost all its free waterthe thermal runaway is produced. At this
stage the biomass pile isich in carbonaceous materialith ignition temperatures
around 13a160°C [221]. Also, & this stagehe rate of hdarelease by the chemical
reactions is higher than the heat loasd the thermal runawayvill take place

eventuallyreaching the ignition temperatui216,221].

2.6.3Potential variables involvedin the biomass sekheating

Several factors affect this processgch aghe oxygen concentratiptemperaturend
moisture content which play an important role facilitating the grakv of
microorganismsAlso, thereare additimal parametersuch aghe activation energy
of the biochemical reactionshe catalytic activityof microbes(biocatalysis), the
dependencyf particle size anthe pile compaction (porosity of the pile)vhich also

influence the sefheating

2.6.3.10xygen temperature and pile compaction

Oxygen is a fundamental reactant for bbibtic (biochemica)l and abiotic reactions.

In the first case, oxygen is used for cellular breeding, reaching a maximum
consumptionvhen the temperature is close to the optingnowing temperature of
each specific microorganism evoig. In the second case, oxygenssa$ an oxidant

of the carbon structures, showing Arrhenius typedependencyon temperature,
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similar to that shown by coa[221]. The pile compaction is a technological factor
that also has influence over theparametersIn the case of oxygen, a low
compaction degree facilitates its diffusiomrdugh the pile allowing higher heat
dissipation.Conversely a highcompaction degree obstrudfse oxygen transpart
but at the same time reduces heat dissipafitre intermediate state is the most
hazardous situation because thersusicientoxygen and theorrectconditions for

biological activity, accelerating thiése in temperaturg221,216.

2.6.3.2Moisture

Water content plays an important role in the process supporting several interactions
that maintairs microbial activity In this case, water can be udey microbesas a
substratea transport mediumgnda thermo regulatof216. The thermal properties

of wateralso havemajor influenceon the process, for instance iglh watker content

pile can produce heata lower rateby obstructingpxygen diffusion Elevated water
content levelscan also inhibit the growth of themicroorganismsand requires a
higher energy input to be evaporat§2l?]. However, whenwater is totally

eliminatedthe ignition temperature of the material is reduced considefab8/

2.6.3.3Activation energy

The number of chemical and biocheral reactionghat take placén a biomass pile

is uncertain. In the case of biochemical reactidhs, activation energy is reduced
considerably by biological activity, decomposing large hydrocarbon chaios in
simple compoundshat are easy tooxidize This action has a direct effeoh the
subsequent chemicakactions which also are facilitated by a reduction of the

activationbarrier (biocatalytic effect)221,216227.

72



Chapter 2. Understanding the sekheating process

2.6.3.4Particle size

For biomass materials, the reactivity not only depemdaccessof oxygento the
active sitesat which reactions take place, but also it depentd¢he surface area in
contact with the biological &wity. At laboratory scalewith large particlesthe
phenomenon is controlled by heat and mass transfer restrigti@smilar way to
coal. When the patrticle size is reduced, a chemical control of the reastieached
However, a reduction in part&sizealsofacilitates the compaction, which restricts
the mass transfemdincreasehe heat conductiof22(. Some researchemsaintain

thatthesame ruleasappliedto coals can be appligd biomas [21§.

2.6.3.50ther factors

Other factorsan also be namedhichhave been less studied:

1 The influence of inorganic materials such as metals which can act as catalyst.

For instance, the omtamination by iron and aluminium is common in
composting and landfills depos[21§.

1 The influence of cellular walthicknessand the internal structure of biomass
particles. As it will be demonstratein this thesis, the morphology of the

biomass has a direct relationskfih intrinsic reactivity[223.

2.6.4Testing procedures

Several experimental procedurdsave been usedo estimate the spontaneo
combustion of biomasmaterials However, most of theranly take into accounthe
final oxidation stages (close to the ignition pointjthout giving relevance tdhe
biological activity of the material In those caseshé¢ same standard tesig
procedureshave beenused as for coal assessmentTheseincluded the Frank
Kamenetskii and the heating basket meth@#i8217, Chenés met hod

crossing point tempature) [70], the classic crossing point temperature method
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[22058], the isothermal ovetest(referred to as theonstant temperature method)
[22(], and spontaneous ignition teg&7]. Biomass testing has ngenerated any

newadditional methoather tharthose sed for coal assessment.

2.65 Potential problems ofcoal-biomass blends.

Cofiring of coatbiomass blends ibeing implemente@crossEuropetargeting the

reduction incarbon dioxide emissiorf84]. During the last decadbiomasshasbeen

adoptedby power stationausing three different approacheson which the storage

facilities associated depend diredtB)]:

71 Direct cofiring: In this case, biomass and coal are burned insétmeeboiler
furnace The milling and the subsequent injectidependon biomass type, and
can be performedusing combined or eparate equipment This is a

straightforward technology and the cheap2gd].

1 Indirect cefiring: In this case, biomass is gasified in a separate unit, and the fuel

gas is burned in the coal boiler. This technology allows higher fuel flexibility
and cleaning the gas before injectinto theboiler, increasing the useful life of
the unit. However, it requires a higher investni@2;

1 Parallel cefiring: biomass is burned in a separate baled the steam produced
is combinedwith that comingfrom the coal boiler. This is the most expensive
alternative because it requires the construction of aumvior biomass burning
[224.

Information about synergetinteractionsduring storage and subsequent blending

problems is scarce Also, investigations havefocused on high temperature

combustion reactionshat take place inside theeactors[225, and the sigging
problemsprodued bythe residualmineral mattewhen itreaches the heat recovery

units[60]. However, information about potential interactions at low tempesinre
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industrial reportsis highlighted as a possibfarther concern22€§. In relation to
technical and scientific paperdittle information exists about spontaneous
combustiorof coatbiomass blensl

Currently, mixed coalbiomassstorage facilitiesdlo rot exist[60] becausduels are
milled and blended in situ, seconds before ingedin the boilerd56]. This situation
does not represent a rigklowever if the use of organic material is finally adopted by
the industryin a large scaleblending could have important advantagasd
disadvantagesin this context, e best scenario is given by negative synergetic
interactions The potential risk ospontaneous combustion of the single components
(coal and biomass) will be higher than thiendedmaterial, which representn
exceptionabpportunity to reduce the probability of incidenConversely the worst
scenariocould be where mixed fuels amgore likely to spontaneously combust than
the separate individual componentsnderstandingthis requires further stud,

representing a clear research opportunity

2.7 Biomass andcoal-biomass characterization

For biomass it is necessary to study the thed behaviour and the material
morphology to generate predictive models. A number of techniques have been used
to classify coal char morpholod206,227,228, and the same methods can be used

for biomass particles. Some researchers have used scanning electron microscopy
(SEM) analysis to observe char structures although this technique can be more
qualitative than quantitativi229230231,237. Optical microscopyusing reflected

light techniquegpotentially coupled with automated imageabysis) could also be

used for biomass char characterization.

Thermogravimetric studies can also provide relevant information about chemical

reactivity (intrinsic reactivity) of the fl material and subsequent char products
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[233. Previous investigations have focussed on coal char reactivity using TGA
analysis[234,235. In this case, it is possible to find studies whielate physical
factors with reactivity behaviour, such as heating rate effe@&232, influence of
atmosphere usej®@34, relevance of different pressurg31], and the significance

of particle siz§231,232.

The existence of a llnbetween shape and particle reactivity would be an interesting
and important area for study, particularly since biomass patrticles are generally fired
in much larger sizes (>500microns). Changes in reactivity and char morphology with

increasing particle ge, might also impact burnout performance.

2.8 Research opportunitiesand thesis scope

The thermal runaway of carbonaceous materials is a major problem not only for
industry, but also for the wildlife and the population affected by these incidents. A
key to prevent thse events is performing a precise assessment ofahables
involved, which will depend mainly of the consistency and accuracy dfettimg
methods used. At present, there are sewx@erimentaprocedureshat areused by

the scientift community to predict the spontaneous combustion of materials;
however, most of them are based the measurement of a restricted number of
variables, delivering in some cases contradictory results. In order to address the
problem froma new point of view it is necessaryto increase the spectrum of
variables used to quantify the phenomenon to a wider range. As the energy
requirements and global warming concerns increase, the use of envirdnemsty
materials such as biomass and organic wastes arssesttractive alternatives;
however, there idittle information about the application ofoal teststo biomass

Finally, cofiring is also afeasiblealternative to reduce carbon emissidmsi there
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is availablelittle information aboutthe possiblesynergetic effects produced in the

reactive properties of coabiomass blends at low temperature

2.8.1 Research questions

Considering the ideasecentlyexposeda number of research questsonill drive

this research:

1 Since it has been demonstratedttthe spontaneous combustion phenomena is
closdy related to sample weight, would it be possible to differentiate materials
prone to spontaneous combustion based in the information obtained from weight
loss as a result of changes in thermal conditions?

1 Can the optical information obtained from microscopy studies be used to predict
the phenomenon of spontaneous combustion? If this is the case, how reliable
this kind of testing would be?

1 Could the same procedurbs used for coal testing in the study of stareous
combustion of biomass?

1 Is there any synergetic effect in the thermal oxidation of-bmahass blends,

which increase or decrease the probability of a spontaneous fire?

2.8.2Thesis scope

Finding adequate answelt® all these research questiopgesentsclear research
opportunites whichis the mainaim of this investigation In general, a study of the
phenomena of spontaneous combustion of walhlbe carried outconsidering the
work of previous researchers, the search of historic records fesf@mus coal fires,

and also the introduction of new methods to identify propensity at laboratory scale.
Alongside these, a parallel study of biomass-griflation will be carried out, based

on past events and experimental waiikh the aimto understandhe biomass self

heating phenomenon. In this case, the experimantastigationsconsider two
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characteristic biologic materials: raw biomass and charcoal (biologic oxidised
material). Ultimatelyfrom the results obtained for coal and biomass indepelyien
the study is extended to cdaibmass blends.

In particular, the experimental studyill be conducted by two experimental
techniques: a) therno-chemcal analysis, focusedon thermogravimetric and
calorimetric tests; and) studes of the optical properties of materials involved by
optical microscopy. In this context, thermal datavéharoven to be essential to
obtain kinetics and thermodynamic parameters that allow measote ofthe
intrinsic rate of reactions and the global rates ofegkrin restricted heahass
transfer environments such as a stockfileen the connection of the weight loss of
the sample with the selfeating phenomenandthe heat releaseuly this reaction

will be quantified by thermogravimetric and calorimetricudies. Additionally,
microscopy and image analysis toolwill be used tostudy morphologic and
structural changes produced by the oxidation reaction, linking these with the
information obtained by thermal methods, with the aiwf identifying possible
optical characteristics of coals prone to spontaneous combustamally,
considering all the properties diad and the results obtainetlset of experimental
procedurewill be proposedo identify coals prone to spontaneous combustion, to
identify the posible risks associated to the storage of biomass, and the potential

hazards of codbiomass blends.
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Chapter 3. Experimental methods for spontaneous

combustion research

3.1 Research plan

The main focus of this study is to develop new methimdsidentification and
quantification of the potential of spontaneous combustion of coal, biomass and coal
biomass blends. In order to complete this task, the main variables associated to the
selfheating phenomenawere identified for measurment and experimeatal
guantiication by thermal analysis anobtical microscopyThermal methods provide

a unigue source of information to assess the potential of a material to suffer a
thermal runawayThese techniquesre used to obtain information i@eactivityo and
kinetics; to measure the specific degree of oxidation of sampjeantify
composition includingmoisture, carbon content and volatile matter; and also to
artificially createthemal alterations in the materidhn addition microscopy and
advanced image analysis techniqueere used toidentify other characteristics
includinglight reflectance; the mineral and maceral composition; the morphology of
particles; and the degree of oxidation. 8flthese parameters are closedjated to

the phenomena studiealhd can beneasured directly for each sample.

In both casescharacteristics could be quantified different stages of the self
oxidation process.Physical propertiescan bemeasured directly from thenitial
sample (orighal properties of the fresh material); during a specific treatmeegt (
temperature, pressure, concentration profiledira®); and after the treatment (e.qg.
changes in chemical and optical propertissa result of theeating process). Finally,

the conbination of all these techniques will provide new approach tothe
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understandingf the selfheating phenomen Applied experimental techniques at

different stages of this research presented ifrigure23.
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Figure23: Diagram of processing and analysis of the sample. Two main techniques

of analysis are applied at different stages of sample processing.

3.2 Sample collectiorand preparation

3.2.1 Coals selection

For this research, 42 coal sampiesn different parts of the world wergsed. From

these, 29 samplewere used directly in a main set of experiments designed to
identify key features of the self heating process. Then, this informatisrused to
develop a new set of methods for spontaneous combustion assessment. This coal
selection include at least threesamples welknown prone to spontaneous

combustion, as well as three unreactive sampleish wereused as standasdor

80



Chapter 3. Experimental methods for spontaneous combustion research

benchmarks for reactive or unreactive codlsere are also two samples with high
sulphur concentration, and four samples with high watantent. The samples
coveed a vast range of coal types such as lignite, bituminous andasghracites.

The selection of samples and their main characteriatiepresented inlTable 4.
Additionally, 13 special samples were provided by the Federal Institute of Material
Research of Berlin (BAM), to be used as a reference in the assessment of the testing
procedures developed. These samples were tamildficom natural fires and coal
deposits, and the information about their propensity is well known.

Between the samples used, Fenosa coal has recently suffered an incident of
spontaneous combustion. This sample is a low rank Indonesian coal being used in a
power station located in the north of Spain. The real nhame of this sample has not
been provided. Instead, in this report this coal is identified by the name of the power
station who suffered the incident (Union Fenosa). About the incident, there are
seveal press releases which provide general ddtaffls From these, it is possible to
extract the following information: A considerable amount of smoke and steam
started being released from a coal depasiaited in A Coruna port on November

13" 2007, in which were stored 70.000 tons of coal arrived two weekse Then,

in order to eliminate the hotspot heavy machingag used to remove the coal from

the deposit. This produced a higher steam releaséhéne wasabsencef a visible

flame. The smoke produced was described by witness as strongly smelly, itchy and
similar to the natural gas smell. A week of work was needed to remove all the

material stored into the deposit and to extinguish the hot($pdtovember 2007).
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Table 4: List of worldwide coals selected for the research project.

Coal name Origin Type of coal Characteristics

1 Fenosa Indonesia Lignite Prone to sporcomb.

2 Orupka Nigeria Lignite High reactive

3 North Dakota USA Lignite Prone to sporcomb.

4 Hambach Germany Lignite High water content

5 lllinois #6 USA High V(_)Iatile High reactive
bituminous

6 Pocahontas #3 USA Low vglatile Coal blend
bituminous

7 Indiana EDF USA Bituminous 1.8%S

8 LaJagua Venezuela Bituminous

9 La Loma Colombia Bituminous

10 El Cerrejon Colombia Bituminous High reactive

11 Blue Creek Australia Bituminous

12 Bulli Australia Bituminous (old sample)

13| Huntervalley | Australia Bituminous

14| Kaltim prima Indonesia Bituminous High reactive

15 Indo Indonesia Bituminous (old sample)

16 Goedehoop S. Africa Bituminous

17 Kleinkopje S. Africa Bituminous (old sample)

18 Bulawayo Zimbabwe Bituminous

19 Zondag 1 Russia Bituminous

20 Sines Portugal Bituminous

21 Littleton UK Bituminous

22 Daw Mill UK Bituminous

23 Yanowice Poland Bituminous

24 Asfordby UK Bituminous

25 Lea Hall UK Bituminous

26 | DeepNavigation UK Bituminous (old sample)

27 Bentinck UK Bituminous

28 Nadins UK Bituminous

29 Ironbridge UK Bituminous (old sample)

The coal deposit in use was a closed dome, with ventilation in the top of the structure,
and located besides a maritime port. Personnel working in the site also commented
that ventilation inside was poor and there was high humidity in the area. Finally, a

representative sample was collected from the site. Some images of the incident are

shown inFigure24.
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Figure24: Images of the spontaneous coal fire produced in SJ04A[38].

3.2.2 Biomass selection
Biomass materialsvere alsoobtained from different sources. Most of therare a
combination of energy crops amdsidues being tested currently tilée UK as a

potential substitute of coal in combustion processes for electricity generation.
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Table 5: List of worldwide biomass séected for the research project

Biomass name Origin Characteristics
1 Miscanthus UK, Crop Energy crops
2 Corn UK, Animal feed Energy crops
3 Wheat UK, Flour production Agricultural feedstock
4 Short cereal Chinese, Cereal residue | Agricultural feedstock
5 Sunflower UK, Oil production residues | Agricultural feedstock
6 Rapeseed UK, Oil production residues | Agricultural feedstock
7 Dried distillation grain UK, Ethanpl production Corn processed
(DDG) residues
8 D_ried distillation grain UK, Ethan_ol production Cornprocessed
without soluble (DDGS) residues
9 Olive wood Spain, Oil production residue Forest wood
10 Swedish wood UK, Sawdust residue Forest wood

3.2.3 Sample preparation

3.2.3.1Coal

Coal samples were prepared in a similar way for all the experiments. In some
particular cases (it will be indicated), theves a special pr&reatment of the sample.

First of all, particle sizevas standardized due to the different sample origins. The
procedure is detailed as follows: fresh samples were pulverized and sieved in order
to obtain a set of four different particle size fractions. Approximate 1kg of each
sample was milled using a Laboratory disc mill (equipment described section 3.3).
Subsequely, the samplewas sieved capturing the fraction below 1180mm mesh.
After a series of sieving, all particles above 1180mm were milled once more by hand
with the aim to reduce the size of the whole sample. Then, particles were sieved
using the British staradd for coal sievin§237], collecting the followingsize ranges:
fraction <106um, 10212um, 212500um, and 500.180um Finally, 10 gr. of each

size fraction were kept in glass bottles to be used insthall sample size

experiments. The remaining material was kept in sealed plastic bags, vacuum sealed
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and stored in a dry place prior to be used in large scale experifeahlsé6 is a list
of the material prepared and tb@respondingxperiment.

Table 6: Particle sizedistribution of coal fractions

Experiments <106 106-212pm 212-500um 500-1180pum
TGA, DSC, FFIR
Microscopy 10 g bottle 10 g bottle 10 g bottle 10 g bottle

(small sample size

Spon. comb. reactor, 600 g 100 g 100 g 100 g

b?;]%scfrﬁgtg?omsiﬁe) sealed bag| sealed bag sealed bag sealed bag

3.2.3.2Biomass

Fresh samples were crushed and sieved to obtain six different particle size fractions.
Approximate 2 kg of each samplare milled using a cutting mill machine
(equipment described section 3.3), and the fraction below 2130mm weesh
captued After sieving,all particles above 2130mm were crushed. Then, particles
were separatkinto six size fraction range$3-75, 75106, 106212, 212300, 300

600 and 60€1180mm. Finally, 15g of each size fraction were kept in glass bottles to
be used in themall sample geexperiments and 10g of each size fraction were kept

in glass bottles to prepare char particles. The remaining matesakept in sealed
plastic bags, vacuum sealed and stored in a dry place to be used in the large scale
experimentsTable7).

Table 7: List of biomass material prepared and their associated experiment

Experiments 53 75 106 212 300 600
P 75um 106um 212um 30Qum 600um 118Qum
Raw material 159 159 159
(TGA, FT-IR) bote | botte | 109 Pottle| 15g bottle) /. | 159 bottle
Char preparation
10g 10g 10g
(TGA and bottle bottle 10g bottle| 10g bottle bottle 10g bottle
microscopy)
Spon. comb. reactor i i 1200g i 1200g ]
coakbiomass blends bag bag
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3.2.3.3CoalBiomass blends

Coaltbiomass blends were prepared in situ, before each experiment, using four
different ratios of coal:biomass @ 9010, 8515 and 8R0 respectively. In these
cases, blends were prepared using Sif0geven selected samples of pulverized coal
(particle size <106um), blended with four crushed samples of biomass in two
particle size (106-212um and 30&600um). Theblend was mixednanually in a
Vickers jar with capacity of 500I, using a spoon for 5 mimes to obtain a
homogeneous blend. For each blend, 1@ kept in a glass bottleto be used in
small sample sizexperiments. The remaining material was used directly in large
scale experimentd able3).

Table 8: Coal-biomass blend material prepared for oxidation experiments

Experiments 106-:212pm 300-600pum
TGA, FT-IR
(7 coal samples blended with 4 biomass, ir 159 bottle 159 bottle

proportionstotal 112 samples)

Spontaneous Combustion reactor
(7 coal samples blended with 4 biomass, ir 100g bag 100g bag
proportions, total 112 samples)

3.3Equipment and experimental procedurefor sample preparation

3.3.1Drop Tube Furnace

A drop tube furnace developed EyOn (formally known ag?owergen UK and
situated at the Department ofChemical and EnvironmentaEngineeringat The
University of Nottingham is used to produce biomass char samples oodgolled
conditionsto reproduce combustion conditiofBigure 25). The furnace is pre
heated by three heating elements located in the top, centre and bottom ofttire reac
each managed remotely from a main controller unit. The furnace opanates

temperatureangefrom 300 to 1308C, and three different resident times: 200ms,
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400ms and 600ms. For each resimetime there is a specific gas flow, which has
been calibreed under standard conditions. The sample is fed at the top of the furnace
automatically by a screw feeder in a rate of 1g'mand collected in a water cooled
probe at the bottom of the reactor. The outlet is connected to a cyclone which
separatethe olid char particles from the flue gas.

This equipmentvas used to study the structure of biomass partasidsompare the
effect of a high heating ratenvironment a the reactivity and morphology of
particles.For this test, five biomass types in six different particle sizes weesl
Samples were passed through the furnace, operating at’Cl0006 oxygen
concentration and using a residentime of 600ms. The experimemequired
approximately 5g of fresh materi@ pass througkthe screwfeedersystem Finally,

the materials stored in glass bottlder microscopy and TGA analysis.

Feeding probe

Pre-heater

Main heater

Furnace insulation

(== Trim-heater

e

cooling __ ;
Wiatoi o Collecting probe
samp]e <-CYC'one

collector ™

Figure25: Drop tube furnace.
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3.3.2Muffle furnace

A Carbolite muffle furnace model OAF 10i4as used to ppduce biomass char
samples under fix bed conditio(iSigure26). The furnace is praeated by means of

an electrical resistance at 10G0connected tpower supply on 220/230 volts A.C.

The experimental is described as follows: Ceramic crucibles were filled with 10g of
fresh biomass and a closed ceramic lid (to allow pyrolysis but with reduced air
ingression in order to minimise combustion) and placeecty into a preheated
Muffle furnace at 1000°C. Samples were left for 3 minutes, to allow pyrolysis stage
to be completed, after which the crucibles were removed and placed in a dessicator

to avoid the rantroduction of moisture.

Figure26: Carbolite muffle furnac@eft) and cutting mill Pulverisettel5 (right).

3.33 Cutting mill
A laboratory cutting mill model Pulverisette 15 (Fritschgs used for grinding
biomass particlegFigure 26). A rotor inside the mill revolves the material at high

speed (3000rpm), fractioning by means of a cutting plate located in the inferior part
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of the mill. The fine material isatlected in the bottom of the equipment in a

stainless steel basket attached.

3.3.4 Laboratory disc mill

A laboratory disc mill model Tema T 750 Krigure 27), is used for grinding
minerals and organic materials. The mill has a cylindrical chamber with two
concentric cylinders that allow the milling of 100g of sample. The diSggire27,

right side)are agitated by horizontal vibrations, grounding the material by impact
and friction. The time of milling is preset by an analogous timer, in a variable range

from seconds to hours. All coal samples waubrerized using this device.

Figure27: Laboratory disc mill, similar modéb theactual used.

3.4 Equipments and methods used for thermal analysis

Three main thermal techniquesere used:thermogravimetric analysis (TGA),
differential scanner calorimeter (DSC), axdferential thermal analysis (DTA).
Each provides useful information about the response of coals in a heated
environment that could be related to the issue ofre=ting Techniques and their

characteristic prides are summarized ifiable9.
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Table 9: Thermal techniques used in this research. Adapted frorfil5]]

Parameter Instrument .
Method Typical curve
measured employed
80 o
Weight (m) Thermo | 5, | E
Tea | andweight balance | £ i
loss (im/d) i :
-0
20
°3 100 200 00 400 500 a0
t (min)
Heat flow . £
Calorimeter | 5 ... o
DSC (dH/dt) - %
= Vil
& 0925 50 7 100 125T (,c|)5° 175 200 225 250
DTA 5
DTA Tem(p_lt_e)rature apparatus | ~
designed
100
90
Balance
attached to | & -
DTA Mass(m) DTA -
apparatus
designed €0
S0
0 1 2 3 4 5
t (hr)

3.4.1 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is one of the masmmon tools used for

thermal coal characterizationFrom this it is possible to study mass change as a
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function of temperature and timeproviding information about thermal stability,

composition, reactivity, kinetics and relevant physical properties of the samples.

3.4.1.1Equipment used for sample analysis

Thermogravimetric analysis (TGA) was carried out using A @500 (TA
instruments Co.), with a gas flow of 100ml Miand a sample size of2Dmg. This
instrument has 1flatinum pans located in an auto sampler tray, which is controlled
from a remote desktop that is also used to control the heating programs and record
the weight of the sample as a function of time. Five main methods have been used:
Proximate analysis, reactivity air, slow pyrolysis, spontaneous combustion testing,

and absorption of oxygen.

3.4.1.2Sample preparation and analysis

The experimental procedure to load the sample pans is described as follow:

a) Plainum crucibles were clean and tdnesing the autgsamplertool.

b) Approximately 10mg of sample&as placed in theplainum crucibles (sample
preparation described in section 3.2.3).

c) Sample is run using a software controlled program

3.4.1.3Methods

i) Intrinsic Reactivity: The intrinsic reactivity dst identifies the propensity of
samples to lose weight whilst being heated at a fixed ramp rate in ¥ir (o).
There are key values that can be obtained from thisagstitial temperature (the
stage at which at 1%wt conversion is achieyda) peak temperature (where
combustion or devolatilisation rates reach a maximwmngic) burnout temperature
(where 99% of the carbonaceous material has been combusted).

i) Proximate analysis[107]: This te$ was used taneasurevolatile, fixed carbon,
ash and moisture content. First, samp¥ese heated fronambientto 105°C under a
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constant heating rate in nitrogen {€0min?). After reaching 10% the temperature
was kept constant for 5 minuteigie weigh loss to thispoint was attributed tahe
moisture content. Thethe samplewas heated from 108 to 920C under a constant
ramp rate in nitrogen (2@ min?), and held athe maximum temperature for 15
minutes;this weight losswvas attributed tahe volatile content. Finally, Ngasflow
wasswitched toair at 920C for 15 minutego calculate the fix carbon content. The
remaining weight in the pan corresponds to the ash content.

iii) Slow pyrolysis test: This test identifies the behaviour of atile matterin the
sample whilst being heated at a slow ramp rate in nitrodénr(en’). There are key
values that can be obtained from this:tainitial temperature (the stage at which at
1%wt volatilization is achieved)) peak temperature (whedevolatilisation rates
reach a maximumyandc) final temperature (where 99% of the volatile material has
been released from the sample).

iv) Spontaneous combustion testingThis testis used to identifgamples which are
highly reactive in air at low teperaturs. The fundamentals of this test are explained
carefully inChapter 4. The test consists in a set of different heating ratagin air
(experiment executed using heating rates of 3, 5, 7, 10, 20, 30, 40 “ghd&0).
There are key values thaan be obtained from this test) derivatives of weight
againstime; andb) the slope of the derivatiy@ot in the linear segment of the curve,
at low temperature.

This informationcan beplotted to forma profile of heating rampate vs slope
obtained,which is unique for each sample and pogsielates to the sekheating
phenomena.

v) Absorption of oxygen: This test identifies samples which absorb oxygen at low

temperature whilst being heatetla slow ramp rate in air (executed twice using
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heatingrates of 3 and % min™* underan air atmosphere). There are key values that
can be obtained from this test) initial temperature (the stage at which an increase
in sample weighstars); b) peak temperature (where increased weight of the sample
reach amaximum) andc) % of maximum oxygen absorption (% of weight reached
in the peak temperature). iEhtest considers just the net oxygen adsorption and its

fundamentals are explained@mapter 4.

3.4.2 Differential Scanning calorimeter

Differential scannercalorimeter (DSC) is used to study the heat released at low
temperature duringvolatilization and oxidation. In this case, a nitrogen atmosphere
is used to study of the heat of volatilization of the sample; and an air atmosphere is

used to measure the hed O, adsorption.

3.4.2.1Equipment used for sample analysis

A differential scanner calorimeter model Q2000 (TA instruments Co.), with auto
sampler for50 Tzero aluminiumcrucibles anda temperature accuracy of +0°01
wasused. The sampleizerangewas 4 to 20mg, and the gas flomas setat 100ml

min™ to have equivalence with the TGA analysis. In this instrument the atmosphere
used is nitrogen. Alternatively, a differential scanner calorimeter model Q10 (TA
instruments Co.), with a temperature aeoyrof +0.02C was alsaused. The sample
rangewas 4 to 20mg, and the gas flomassetat 100ml miri*. In this instrument the

atmosphere usesasair (21G-79 Np).

3.4.2.2Sample preparation and analysis
For both instruments, the procedure for iogdthe sample is similar and it is
described as follows:

a) Aluminium crucibles were clean and treanually in grecisionbalance.
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b) Approximately 10mg of samplevas placed in the aluminium crucibles
(preparation of sample describedSection 3.2.3).

¢) An aluminium lidwas placel over the top of the pan, and then compressed
usinga hand press (executed whendimospherés used.

d) Crucibleswere located in the autsample tray of the instrument.

e) Theexperiment is run using software control

3.4.2.3Methods

i) Heat of volatile and water releaseFor this procedure, 10mg of pulverized coal
samplewas placed into the sample pan and then exposed to a heating ramp under a
Nitrogen atmosphere (experiment executed twice using 10 &i@l 31" heaing
ramps). The temperature range of these experimentsdvdreen ambient
temperature to 30C. From this test heat evolution profilegre obtainedwhich

related to the mass evolution profiles. Also, profiese compared with the same
procedurebut executed in air to observe the net heat evolution produced by the
oxygen adsorption.

i) Heat of oxygen adsorption: For this test, 10mg of pulverized coal samyias

placed into the sample pan and then exposed to a heating ramp under air atmosphere
(experimat executed using 5, 10 and®°@0min* heating ramps). The temperature
range of these experiments varfeom ambient temperature to 3@ From this test

were obtained the heat evolution profiles under air, whiete used to obtain the net

heat evolutiorproduced by the oxygen adsorption in coal particles.

3.4.3 Prototype reactor for thermal analysis of a large sample
A thermalreactorwas designed at Nottingham &chieve two main objectives: Study
the chemical behaviour of the samplea slow ramp oftemperature, measuring

simultaneously the weight loss, the gas released and the temperature in real time at
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different positions ¢rossing point temperaturest CPT); and poduce sufficient

materialfor studyingthe degree of oxidation usingflectanceanalysis

3.4.3.1Reactor design

i) Furnace reactor. This apparatugvas a vertical tubular furnace, powered by three
heating elements (top, centre and bottoamd managedby an external controller

unit in atemperatureange between room temperature to(@0 The furnace hha
diameter of 0.06m and 0.75m of length, with a sealed connection for gas extraction
atthe top. Dry airwasfed into the furnace by an air diffuser installed at the bottom
of the unit. The diffusetwas connected to a compressed aippy line and
controlled by a flow meter in the rangeSlL min™, whichwas installed in the line

before the diffuser. The entire installation is showRigure28.

Gas Out Gas Out [ | o
Conditions: > e s,
o Maximum rate 20 ml/min, Dry gas Water Out | = - H .
. Maximum temperature 40°C / |
1 A ‘
Control Flow Panel E " | Ch4 E H [ § 1
a e Cooling - o ‘
0 oooom System 1 A.Il:
1=
AT ran- -
Water In
Air Inlet
Digital Balance
&
1 Particle filter
A \__,/(' iR -—
Vacuum pump P Thermocouple probes

Figure28: Diagram of experimental reactor.

i) Sample holder and temperature reading systemThe sample holdewas a
stainless steel cylinder of 180 of capacity. The diameter of thigas 0.05m; the

length was 0.08m; and the net volunweas 98.9ml. The metallic recipient th&
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holes,with 13 thermocouplesetat different positionsKigure29). Also, the sarmle

holder resbn a platform, which is connected by a rigid base to a baldaheenally

protectedusinghigh temperature ceramic insulatidfiqure 30).

f
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Figure29: Diagram of sample holder designed. The heat transfer is restricted to the
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L=80 mm
35 mm

25 mm

axial edge and the mass transfer is restricted to the top of the sample holder.

All thermocouplesvere K type and 0.6nm length, modeSuperOMEGACLAD XL

(sheathedyuick disconnect with miniature size plug; Chrormdimel type with an

insulated junction and minerally insulated body, Omega brand). Seven of these ha

diameter of 1mm, and wee located 35mm from the bottom of the sample heid

(Figure 29, blue colour). Five thermocouplescha diameter of0.5mm and were

located 25m from the bottom of the sample hold&idure29, red colour). Finally,

a single thermocouple with a diameterlofim was located exactly in the centre top

of the sample holdeF{gure29, yellow colour).
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Figure30: Sample holder structure, which was positioned on a balance.

All thermocoupleswere connected to two Picologata acquisition system model
TC-08, with an automatic cool junction adjustment for each thermocouple. The
device alloved temperatureeading in real time, with a maximum sample rate of 1
reading per millisecond. Both devices are controlled by a sceguiuged in Labview
(described irBection 3.6), which allowthe user to set the sample rate.

iii) Gas analysis systemA vacuum pump colleedthe flue gas from the top of the
furnace and pumping this through a heat exchatmgerduce its temperatufeom a
maximum of 400C (maximum temperature of design) to°’GQin orderto achieve

an appropriatéemperaturefor the gas analyzer system (below’@)) Two filters
wereinstalled to capture the particulate matter and moisture present in the gas. The
first filter was a glass cylinder filled with glass wool; and the second, a drying filter
made from glasandfilled with silica gel particlesboth located between the pump

and the heat exchanger (as it is showRigure28). After the pump, a fraction of the
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flue gaswas fed into the gas analyzers (designed capacity €208l min’ per
channel). The normal operat@nflow was 8aml min® per channel, and the
remaining gasvas sent to a fume extraction.

The gasanalysis was carried out usingServomex 1440D gaanalyzer, with an
analogue output in the range ofl@QV thatwas connected to the data acquisition
system. The first analyzevas capableof measuing CO and CQ concentration in
the range of 0.0 to 20.0%. The second analyzer mah&yrand CH concentrations
in the range of 0.0 to 25.0% for,@nd 0.0 to 5.0% for CH In both cases, the
readingwas in real time, with a maximum isgle rate of 1 reading per millisecond.
It was also controlled by a script executed in Labview (describegeation 3.6),
which allowedthe user ta@wontrolthe sample rate.

iv) Mass analysis systemA balance model Explord?ro 6102 (Ohausyas usedo
record the mass of the sample during the experiment. The bgtaoceled an
analogue output in the range ofl@V, and itwasconnected directly to a computer
thought a COMM port by means of a 32 cable. The balanegsas located below
the centre of e furnaceto allow a reading ofthe weight in real time, with a
maximum sample rate of 1 reading per second. Labwview usedo control the
instrument, allowng the user to set the sample rate.

v) Data acquisition system (DAQ) The circuit for data acgsition is shown in
Figure31. This circuitwas used talrive all the analogue signalsrougha series of
devices to a computer. Then, the signaése cleaned, processed and saved in real
time using a program code wroteLabview 9.0, which at the same timbowedthe
synchronization of all the instrumentstandardsing the sampling rate for all the
signals. The default sampling rat@as 5 readings per seconaldorithm detailsare

given inSection 3.. Finally, apictureof the whole system shownin Figure32.
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Figure31: Diagramof the data acquisition system

Figure32 Photograplof the reactor system.

3.4.3.2Sample preparation and analysis

i) Preparation of coal samples For all coal samples, 100g were wegghtand

placal into the sample holdeinitially, half of the samplevas introduced after
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which it was ensured that all gaps between thermocouple® filled. Then, the
sampleholderis shakenfollowed by the introductiorof the remaining material. In
the case ofow density sampkg hand pressing was used to charge the material
Finally, the surfae edge of the cylindevasleft flat, Lmm below the level of the top
thermocouple.

i) Preparation of biomass samplesFor this experiment, the amount of sampbs
relative to the type of biomass uselpending ortheir respective density. For all
grain textured biomass, the proceduwas similarto thatthese used for coal, but
with approximately 60g(enough to fill the sample holder)n the case of fibre
textured biomass, the amount of sampés reduced to approximately 35g.

iii) Preparation of coatbiomass blends sampled-or this experiment, the amount
of samplewas setto 90g (enough to fill the sample holderyhe blending process
was implemented in situ, and the experimental procedasessimilar to that used for

coal samples.

3.4.3.3Experimentl procedure

i) Experiment (A): 100g of samplavasplaced in the sample holder and located in
the experimental position over the balance and in the centre of the furnace. Then,
thermocoupleswere connected to the interface data logger, whids already
connected to the main PC unit. The pumping systesiswitched on, and a gas flow

of 80ml min™ was set up to feed the gas analyzers. After all these steps, the balance
was tarel. When all instrumentswere running, the mass, temperature and
concentration readingaere checked byhe software (described iSection 3.6).
Finally, the software stagtrecording all the variables measured, and the furnace
controller simultaneously initiatethe heating stagé heating ramp of 0% min*

was applied to the sample holder. When the oven temperature reacli€s 8&0
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furnace is switcheoff and the cooling stage starts. In this case, the samade
cooled down naturally inside the furnace and the profile oficg@las also recorded.
Finally, when the temperature of all thermocouples rea86°C, the data recording
was stopped and samplasremoved and disposexd.

i) Experiment (B): Experiment B used theame initial conditiongs experiment
(A). The recordig of all the variables starts simultaneousljhvthe furnace heating.
With experiment Ba heating ramp of 0°6 min® was used but ashe oven
temperature reacHe25(°C, all data recordingvas stopped and the sampleas
removeal from the centre of the fuate. Afterwards, the sample holdeas cooled
down by a cotton sponge saturated in waA@proximately 5 minutes was needed to
cool the temperature from 250 to %0 After that, the materiavas removed from
the sample holder and spread in a metallic tfay two minutesto reach a
temperature of ~3C. Finally, 10g of the material is saved in a crystal bottle (to be
used inthe small sample sizexperiments), and the remaining is stored in a vacuum

sealed plastic bag.

3.5 Microscopy and spectroscopy ofaal and biomass

Microscopywas also used to characterize coal samfileswo main studies: the
characterization of the material structure; and the determination of optical properties
of coal and biomass. In both cases, the observaus performed maraily
(classical approachand using automated image analysis (using image processing

algorithmsdeveloped specifically for this research).

3.5.1 Reflected Light Microscopy and Oil immersion techniques
For this study, Reflecteldght Microscopywas used wh an oil immersion objective
lense which increasedhe contrast between the sample and the mounting media

Standard analysis such as maceral content and rank anabsisarried out, as well
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as classificatiorof shape, measurement of particle size, aed porosityusing

image analysis

3.5.1.1Equipment used for sample analysis

A reflected light microscope model Leitz Orthoplan 1l RBK, with oil-immersion
objectiveswas used. The microscope cha 10X eyepieces, and several objective
lenses in a rang of 10 to 50X magnification, which provide a total magnification
range of 100 to 500X. The microscope alsal hacolour digital Zeiss AxioCam
camera witha 2axis automated stage contrtd,allow the synchronization between

the stage and the digital caradn order to obtain mosaic images. The cames
connected to a computer using an optic fibre cable and operated with KS400 V3.1

software.

3.5.1.2Sample preparation and analysis

i) Petrographic blocks preparatiort There are two types of blockounting which

are described as follav
a) Cold mounting (for biomass and soft materials):particleswere placed in
plastic moulds (3cm diameter), and embedded in Epoxy liquid resin in a
proportion of 3:10 (% weight) respectively. Then, the mateviad placed in a
vacuum impregnator for 15 minutes, and then left 24 hours for drying.
b) Hot mounting (coal and coke materials): in this case, particlesvere
homogeneously blended in a proportion of 3:2 (% weight) with Carnauba paraffin
wax. Then, the materialvas placed in the metallic container of a pressure
mounting machine model Labopre3gStruers), filling the top with 10g of pure
Carnauba paraffin wa(to increase the thickness of the block). Then, the mixture

was heated at 25KN of pressure to 4dor 10 minutes, and cooled by water for
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10 minutes. Finally, the solid bloskas removed from the machine, ready for the
polishing step.
i) Block polishing: For cold and hot mounting, the polishing proceduas similar.
An automatic metallographic polisher model Rotopol (Struers), with a range of speed
of 150 to 300rpm is used. Firstly, blockere polished at 150rpm for 2 minutes and
20N of pressure usina 600 gritgrinding paper. Consecutively, the same procedure
is repeated using 8200 grit grinding papeiThen, theblocks werepolished using
2400 gritgrinding paper for 40 seconds under 15N of pressure and 150rpm. After
this, the materiavaspolishal usinga 4000 grit gnding paper for 20 seconds under
15N of pressure and 300rpm. Finally, the matenas polished using a colloidal
silica suspension of 0.04um, for 2 minutes at 15N of pressure and 150rpbtai

a resolution of 0.04um in the finatage of polishing.

3.5.1.3Methods

i) Maceral analysis[18]]: In this test, the maceral groups describecirapter2
(Section 2.2.1, H)were identified following the British Standard procedure for
Maceral analysig181]. The proportions of Maceral groupgre determined by a
manual or automated point count procedure, considering 250 paimds,four
maceral groups (vitrinite, semifusinite, fusinite and liptinite). Each puoias
positionedusing a mechanical stage, capable of advancing the specimen laterally
equal steps, with a single count per particle. For this, the step length nagstdsea
half of the maximum particle diameter (for more details, refer to the staji&j.

i) Rank analysis[109:

In this case, the British Stdard procedurevas usedfor coal rank analysis
Experimenal conditionsrequirel a standard and stable source lgfht with a

wavelength of 546nm, whiclas reflected at near normal incidence from a specified
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area of a welpolished vitrinite particleunder an oil immersion objective. The
reflected beam is measured using a photomultiplier (or similar device), and
compared with the light reflected under identical conditions from a standard
reference (sapphire and glass, in this case). The proceduresgiegjuninimum of

100 pointsto bemeasured, obtaining a maximum, minimum and average fraloe
thereflectancehistogram of the sample (for more details, refer to the stapti@g).

iii) Automated image acquisition and image analysisColour mosaic images of 15

by 15 were captured autoatically for each sample using automated system
described in therevioussection. The procedure to operate the microscoge
similar to those described for Maceeld Rank analysis. In this case, the exposure
time of the cameravas adjusted automatically for the program-K@, using a
calibration procedure with a sapphire or glass standdrémosais were converted

to a gey scale format to obtain a grey scalstbhgram(as describeih Chapter 2)
using a code developed lrabview (describedSection 3.6). Imagesvere used to
obtain parameters such as particle size distributindarea of the total number of

particles per block, or for single particles as well.

3.5.2 Scanning electron Microscope

A Scanning Electron Microscope&as used to study the surface of particles and
changes in internal structure of both, biomass and coal samples. Two techniques
were used: a) adhesive disks for surface analysis, and lghpd surfaces for

internal structure analysis.

3.5.2.1 Equipment used for sample analysis
EDAX-SEM analysisvas carried out using a Scanning Electron Microscope model

Quanta 600 with energy dispersiveray. This SEMwas also combined with a
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mineral liberator analyzer software (MLA) that provides a tool to relate mineral

content with surface area for biomass and coal particles analysis.

3.5.2.2Sample preparation and analysis

i) Surface analysis (A) Adhesive disks samples are prepared using pestioélow

1mm of diameter, separated after a gently hand sieving. Then, weesespread
manually over the surface of an aluminium carbon adhesive disk, removing all
particles noattached to the surface by a manual blowarally, carbon diskavere
expo®d directly to the electron beam.

This test allowed qualitative analysis of the characteristics of particles including
macro porous structure, volumetric geometry and specific features presented such as
ash deposition, identified using EDAX analysis. Ttast was used performed for

fast visual analysis, prior to quantitative analysis.

i) Cross sectionanalysis (B) Polished blocks were prepared using the same
procedure described previouslgettion 3.5.1). Then, blocksere treated in a
vacuum chamber toemove volatiles and moisture absorbed, prior cardmmating
whichincreasd the conductivity in the surfader highermagnificationanalysis

From this test, it was possible to analyse and quantify the mineral content and crystal
structure linked to th specific areas of particles. From this test wadso possible

to calculate parameters associated with the particle morphology, especially for
materials that could not be analyzed using Reflected or Transmitted light
microscopes such as cross sectidrbiomass particles. In the same way, stored

image mosaic could also be quantified using image analysis algorithms.

3.6 Software designed for control, data acquisition and data analysis
A set of computational algorithmgerewritten to facilitate the datacquisition and

analysis of online instruments, as well tag analysisof images. All these codes
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were developed in Labview 2009 (version 9.0) from National Instrumente

specific details of the software are shown in Appendix 1.

3.6.1 Software designefbr data acquisition

The variables to be acquiredreal timeare mass, temperature and gas concentration.
Each of these signatbomesfrom a specific instrument using a single interface. Once
the computer hasstablishedcommunication with the instrumgnthe reading
process can be executed by a simple algorithm, which is showigune 33. The
main program synchronizes the execution of all tHesps (one for each variable
measured)delivering a single file with the information recorded at the end of each
experiment.In all these cases, the defaslimpling ratewas 1 reading every 5
seconds. The initial input of the programas the initial massof the sample to be

tested.The graphic interface developed for each loop is present&ppendix 1

Set initial conditions
Sample weight
Sampling rate

| Execute program

‘Execute Sampling cycle Data filtering and save

‘ wait for sampling time

no _— o ~___yes
< is there an external —5
~__ ordertostop?

e ‘Final data to be analized

Figure 33. Loop sequence executed for data captigiag the system described in

Figure 31

3.6.2 Algorithm used for dataprocessing
An integrated algorithm is used for data processing of the signal obtained from the
reactor described iBection 3.4.3. The aim of this program is to prepare the output
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signal coming from the data acquisition system showkigare 141, beforeanalysis

In this case, the signaéd divided intodifferent single channelsyith appliedfilters

for noise removalas showrin the diagram irFigure34 by the icon Time Averaging.
Also, new output channelse createdby the calculation of derivatives (e.g. mass to
obtain mass Iasrate); as well aghe differential temperature profieby subtracting

a blank temperature profile. Finally, the voltage reading from the concentration
analyzer is transformed and filteratto percentage units. This program has been

written in Labview, ad applied after the experimental testing.

Data from Time
i ivati Mass loss rate
experiment Derivative

in time
P » Mass
Mass | ; :
Read From b ’ Conversion
Measurement File Time Averaging \

Voltages | ‘ ' Concentration | kivid

i ’ (concentration) - Group Digital
Select Signals Curve Fitting ime Averaging Signals

Temperature|, : Temperature /

»
»
»
»
»
»

Write To
Measurement File

v v v
yvvvvw

»
»
»
»
»

Data from Time Averagin

blank test o
> »
b 6| I_
L B > Temperature
| difference i i

readFrom | Reference temperature pifferential temperature
' per channel

Measurement File

Figure34: Algorithm used for data processing and filtering.

3.6.3 Program used foiimage analysis

A set of algorithmswere developedfor analysing mosaicimages. All these
algorithms fdlow a similar sequence: a) image acquisition; b) manipulation of the
image (to obtain a gy scale image and to remove noise); and c) the application of
subcodes to obtain particular information from the image. The first algontias

designed to obtaimgrey scale histogranishown inFigure 35). These histograms
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were compared in order to obtain difference between samples, as wédtir as

comparisorbetween fresh and oxidized samples.

Image Acquisition

RGB image Final Histogram obtained

350000

Luminance plane extraction 000w
. 250000

‘Gray Scale image oo

150000

Fast Fourier Step A g

Transform Filter iy Histogram » s0000

(Noise attenuation) stib-code

0 50 100 150 200 250
Step B‘ Final Histogram obtained

350000
Background remotion
(Mounting resm)

BT -
~ istogram
'_f;;"* ¥ sub-gode » 150009

Tﬁ Y'“}ﬁ?s ’ﬁ»/\/\_¥«4L

0 50 100 150 200 250

300000

250000

Figure35: Algorithm developedor histogram acquisition.

The second algorithnwvas designed to perform a morphologic characterization of
particles. In this case, the original image obtained uiegautomated microscope
systemwas standardized at gy scale, and then cleaned by a Fourier transform filter.
After this, the image is transfoedto a binary mode by usirathreshold histogram,
removing all material between 0 to 50egrscale units (GSU) and leaving the
remaining in a unique colour tone. From this manipulated image, it is possible to
perform a particle analysis test to calculate morphologic paramgiets. The
algorithm (shown inFigure 36) used theVision Assistant of Labview, in order to
processa large number of image#\ database for each imageas generated
containing the following parameters: diameter of particle (maximum and minimum);
area of particle (with pes and without pas); roundness; percentage of goper

particle; maximum and minimum length per particle; and the total number of
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particles analsed. Thesedatawereused to compare between samples and quantify

the impact othe oxidation.

Finally, a third algorithm wapartially developedo quantify the thermal alterations

produced in treatedoal samplesHowever, this test was performed manudile to

the complex implementation of this in a computer c@ile algorithm is shown in

Appendix J.

Image Acquisition

RGB image

Binary Image
(full particles)

Luminance plane extraction

‘Gray Scale image

[

: Step A Threshold Particle
Fast Fourier ¥ ;
Transform Filter applied - analysis
at 50 GSU sub-code

Noise attenuation
ot ugtion) (Background removal)

Data obtained and saved:
- Diameter (max and min)
- Length (max and min)

- Area of particle

- Roundness

- % porous per particle

Data analysis
and comparison

|

Binary Image Binary Image
Step B Threshold Subtracted Particle Data obtaine_d:
appliad to the full analysis - Area of particle
manually binary Image sub-code - Roundness
- % porous
(100% High 100% Vitrinite per particle
reflectance particles) particles

Figure36: Algorithm developed for morphologic characterization of particles.

109



Chapter 4. Thermal analysis of coal at low temperature

Chapter 4. Thermal analysis of coal at low temperature

4.1 Thermal characterization of fresh coals

4.1.1 Proximate analysis

Proximate analysis was carried aut fresh coal samples. The results are shown in
Table 10, from which samples can be classified as standardsbguminous and
bituminous coals, according to existing correlations used by the coal in{RG3&y
These correlations establishio specificrelationships: A) water conterg inversely
proportional to the fixed carbon content, and at the same times directly
proportional to the volatile content; and B) water coniemiversely proportional to
the fuel ratio (volatile/carbon).

Table 10: Proximate analysis of coal samples used

As received Dry, ash free basis
Coal Moisture | Volatiles Clz;(be:n Ash | Volatiles CZ;(;:n \C/:;;btﬁgé
(Wt.%) (Wt.%) (Wt.9%) (Wt.%) | (wt.%) (WELo6) | (Wt.o%)
Hambach 37.5 38.1 23.1 1.3 62.2 37.8 0.6
North Dakota| 22.0 31.2 39.6 7.2 441 55.9 1.3
Fenosa 10.9 43.3 43.8 2.0 49.7 50.3 1.0
Nadins 7.4 35.6 50.4 6.7 41.4 58.6 1.4
Orupka 6.0 37.7 48.0 8.3 44.0 56.0 1.3
Asfordby 5.5 35.3 57.3 2.0 38.1 61.9 1.6
Lea Hall 55 35.2 57.4 2.0 38.0 62.0 1.6
Yanowice 5.1 26.9 60.8 7.3 30.7 69.3 2.3
Littleton 5.0 31.9 51.5 11.6 38.2 61.8 1.6
La Jagua 4.3 36.2 58.4 1.2 38.3 61.8 1.6
Ironbridge 4.1 34.9 52.4 8.6 40.0 60.0 15
Zondag 1 3.9 27.0 61.3 7.8 30.6 69.4 2.3
Indo 3.8 30.8 50.9 14.4 37.7 62.3 1.7
La Loma 3.8 45.1 39.3 11.9 53.5 46.5 0.9
lllinois #6 3.7 38.0 43.8 14.6 46.5 53.5 1.2
Bentinck 3.6 33.9 56.8 5.7 37.4 62.6 1.7
Kaltim prima 3.5 38.0 54.5 4.0 41.1 58.9 1.4
Blue Creek 3.5 28.9 59.7 7.9 32.7 67.3 2.1
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Table 10, continuation

As received Dry, ash free basis
Coal Moisture | Volatiles Fixed Ash | Volatiles Fixed Carbpn/
(Wt.9%) (Wt.9%) Carbon Wto) | (wt.o) Carbon | Volatiles
(wt.%) (wt.%) | (wt.%)
Kleinkopje 3.5 22.8 54.9 18.8 29.3 70.7 2.4
El Cerrejon 3.5 36.7 58.1 1.8 38.7 61.3 1.6
Daw Mill 3.3 34.9 56.3 55 38.3 61.7 1.6
Indiana EDF 2.8 33.2 53.1 10.9 38.5 61.5 1.6
Sines 2.7 27.8 56.2 134 33.1 66.9 2.0
Goedehoop 2.3 25.7 57.9 14.1 30.7 69.3 2.3
Hunter valley 2.2 27.3 52.3 18.2 34.3 65.7 1.9
Bulawayo 1.6 26.5 61.7 10.2 30.1 70.0 2.3
DeepNavigation 1.0 10.1 81.8 7.1 11.0 89.0 8.1
Bulli 0.9 22.3 67.5 9.4 24.8 75.2 3.0
Pocahontas #3 0.6 18.8 75.8 4.9 19.8 80.2 4.0

4.12 Intrinsic reactivity of coals

Intrinsic reactivity test was carriegh all the samplegTable 11) to obtained peak

and burnout temperatures, which are used to categbeaetivityd Low valuesfor

peak temperature represent higreactivity, which in this case were proportional to

the burnout values. The relationship between these paramdimis are generally

used when investigating high temperature reactiordisisussed laterinally, the

impact of physical parameters and the influence of intrinsic reactivity in the

spontaneous combustion tendency have not been studied yet. The dependency of the

low temperature oxidation with these propertisdl be discussedin the next

sectbns.
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Table 11: Intrinsic reactivity test (temperature values +2C)

Coal Peak Temp.°C) | Burnout Temp.9C)
Hambach 338 519
North Dakota 354 500
Orupka 361 503
Fenosa 380 477
Nadins 418 557
Sines 456
lllinois #6 460 560
Asfordby 464 554
La Loma 464 574
Goedehoop 480 567
Deep navigation 486 565
Bulawayo 487 571
Indo 489 574
Lea Hall 490 570
El Cerrejon 493 568
Ironbridge 502 579
Bentinck 507
La Jagua 510 558
Kaltim prima 512 580
Hunter valley 513
Pocahontas #3 520
Zondag 1 526 590
Blue Creek 530
Bulli 534 657
Daw Mill 535 583
Littleton 536 574
Yanowice 539
Indiana EDF 541
Kleinkopje 554

4.2 Thermal analysis of coal using small sample size
This section repostthe experimental results of thermogravimetric and differential
scaning calorimetry tests carried out for the coal samples. The objective of these

tests wado obtaininformation about the inherent reaction of coal oxidation at low
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temperature, observingasic transformation that could be associated directly to the
reaction mechanism, as well as to be canmg the results obtained from the large

scale thermal tests.

4.2.1 Thermogravimetric analysis of coal at low temperature

Two experimentsvere carriecbut using this technique. The main objectives were: i)
to study the weight evolution at low temperature and the impact of an induced
temperature change (Section 4.2.1.1); andtdi)study and quantify the weight

increase produced at low temperas(®ecton 4.2.1.2).

4.2.1.1 Propensity of coal to readtiring a temperature change

The basis of this study has a theoretical formulation. The focus was quantifying the
impacton mass loss rate produced by a change of temperature (at low temperatures),
insteadof usinga classical kinetic approaciihe change in the rate of the reaction
during a temperature increase givesiadication of thepropensityof the sample to
react.For coal samples, weight is a variable that dependime and temperature

and can be xperimentally recorded continuously using the TQ#is therefore

possible tgproducederivatives curves in time and temperature, which are defined as:

Equationl11 da — QYW

Equation12 1T — QYW

These partial derivatives were obtained from a profile of mass as a function of time
and temperatur@-igure37).

For this work, the two major experimental approachesre usedisothermal and
norrisothermal methods. The first keefhe sample under a constant temperature,
during a specific period dfme (in Figure37, curves parallel to the timaxis). The
second exposesamples to a constant heating rateRigure 37, coloured curves).

113



Chapter 4. Thermal analysis ofcoal at low temperature

Then, different nofisothermal TGA testreveal the full map of the sample weight as
a function of these variables (T, t). In the same way, mass curves draugious
derivatives, which represent the weight loss rate. This informébiotained at low

temperaturgwas the bds of the first test developed.

1 20°C min!

r 5
9 3 Temperature (°C
- perature (°C)

Figure 37. Mass profile as a function of time and temperature. Cololires

represent different heating rates.

Experimentally, weight loss profiles were obtained for all coal samples using several
heating ramps in the TGA (1, 3, 5, 7, 10, 20, 30, 40 afi@ B0in'). From these,
derivative curves in time were calculated fack coal sample and for each heating
rate. For a standard coal sample atittigal stages of heatinghe derivative curve
exhibits a linear segment that was approximated by a linear trend, as can be seen
from Figure38. These results were found for all the samples without excejaisan,
characteristic response at low temperature

The linear stage of the derivative weight loss took place immediatiely the main
moisturerelease (9A.20°C), finishing with an increasing devolatilisation rate that
leads to the main combustion reaction (approximately at-3500C). The

temperature range of this linear period was slightly higher than reported for the
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mechanism of the spontaneous combustion reaction; however, this reprisents
early stageof oxidation, which could be related the sekheating phenomenois

can be seen froRigure 38, these linear trends also depeandthe heating rate, and
this specific characteristiproduceda relationship between heating rate and mass

loss for each sample.
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Figure 38 Derivative curves obtained for a standard coal sample under different

heating ramps. At low temperature, all samples showed a linear segment.

At low heating rates (1 to 20 min') there was a direct relationship between the
slope of the linear segment of the derivatcurve, with the respective heating rate
applied Figure 39). Considering higher heating rates, it was observed that this
actually corresporetl to a sigmoid (higher order). However, thegression
coefficientof the linear approximation was close to 1 for all the coal studied, and
then it was considered as a linear tenddncyhis study Subsequently, the slope of
this profile was defined as the T index (thermogravimetric spontaneous

combustion index), which was particular for each coal sample (sldpguie39).
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Figure39: Heating ramp applied against slope of derivative curves (linear period) for

two coals. These profiles are unique for each sample.

The TGy index can be expressed mathematically as the ratio between the weight

loss rate variation and the tearpture change due to an external source:

Equation13 YO 5 Va3 a Qe

The same procedure described was applied for all samples and the results are

presentedn Table12 (Additional sample profiles are shownkigure40).
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Table 12: Slopes obtained for different heating ramps applied (wt % °C* min™)

Heating Ramp applied@ min™)

Coal
3 5 7 10 20 30
Fenosa 0.0291| 0.1047| 0.1648| 0.3727 | 1.3010( 2.6500
Orupka 0.0410| 0.0888 | 0.1949| 0.3625| 1.3150| 2.6270
North Dakota 0.0384 | 0.1319( 0.2032| 0.4838| 1.8310| 3.9970
Hambach 0.0082 | 0.0275( 0.0348 | 0.1282| 0.3433 | 0.7042
lllinois #6 0.0209 | 0.0634 | 0.0950| 0.2150| 0.7096 | 1.2490

Pocahontas #3 | 0.0331 | 0.0733| 0.1339| 0.2365| 0.6447 | 1.2520
Indiana EDF 0.0118 | 0.0332| 0.0507 | 0.0934| 0.2547 | 0.4441
La Jagua 0.0181 | 0.0419| 0.0731 | 0.1300| 0.4232 | 0.9041
La Loma 0.0179( 0.0516| 0.0821 | 0.1810| 0.5566 | 1.1140
El Cerrejon 0.0208 | 0.0599  0.0923 | 0.1965| 0.5823| 1.1010
Blue Creek 0.0211 | 0.0531( 0.0943| 0.1692| 0.5150| 0.9314
Bulli 0.0321 | 0.0466 | 0.1381| 0.1452| 0.4329 | 0.7247
Hunter valley 0.0200 | 0.0500| 0.0894 | 0.1788| 0.5281 | 1.0210
Kaltim prima 0.0222 | 0.0540| 0.1022 | 0.1906 | 0.6608 | 1.2660

Indo 0.0196 | 0.0435| 0.0896 | 0.1494 | 0.4985| 1.0690
Goedehoop 0.0203 | 0.0419| 0.0912 | 0.1692| 0.5596 | 1.1110
Kleinkopje 0.0121 | 0.0323 | 0.0495| 0.0885| 0.2882 | 0.5200
Bulawayo 0.0244 | 0.0608 | 0.1082| 0.1976| 0.5886 | 1.1150

Zondag 1 0.0207 | 0.0421( 0.0871| 0.1268| 0.4043 | 0.7614
Sines 0.0224 | 0.0565| 0.1042 | 0.1858 | 0.6146 | 1.1800
Littleton 0.0171 | 0.0415| 0.0705| 0.1198| 0.3743 | 0.7262
Daw Mill 0.0140 | 0.0350| 0.0601 | 0.1052| 0.2792 | 0.7015
Yanowice 0.0126 | 0.0321 | 0.0527 | 0.0922| 0.2611 | 0.5530
Asfordby 0.0233| 0.0532 | 0.0931| 0.1646| 0.4169| 0.9670
Lea Hall 0.0189| 0.0457 | 0.0755| 0.1368| 0.4264 | 0.8155
Bentinck 0.0075 | 0.0261| 0.0381 | 0.0757| 0.1694  0.2931
Nadins 0.0160 | 0.0305| 0.0669 | 0.1076| 0.3269 | 0.6776
Ironbridge 0.0177 | 0.0477| 0.0782 | 0.1247| 0.4384 | 1.0210

The selection of the heating ramp applatl the comparison of the Tg& index
between samplemrediscussed as follows:
I) Selection of heating ramps appliedThe TGy index calculated depends

on the heating rate. When this index was calculated using a set of lower heating rates,
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the TGp: value changed considerably compared th@ higher heating rates.
Considering the actl rate observed duringctual spontaneous combustion
occurrencega negligible rate increase), the use of slow heating ratesssl@oser
observation of the real phenomenon. However, at the same time there was a need to
optimize between the experimehtasting timerequired to generate a resatid the
reliability of the resultsdhemselvesFor this reason, several values of thest@&ere
calculatedusing an increasing number of points for each coal sanipgleld 13),

with the aim to find the optimum set of heating rates

As expected, when the T was calculated using slow heating rates (3,57G10
min™), the value was lower thandse obtaind when usinghigher heating ramps
(3,5,7,10,20,3% min™). However, despit¢he difference invalues, a comparative
plot revealed that these differences were similar for all samplagiré 41).
Additionally, the associated deviation coefficient of the linear approximation for

each set of experiment$)was similar and close to 1 for all the tests.

0.16 - _ _
—+—Heating rates 3,5,7,10 (°C min™)

0.14 - —m-Heating rates 3,5,7,10,20 (°C min™)
Heating rates 3,5,7,10,20,30 (°Cmin™)

0.12 -

0.10 -

0.08 -

0.06 -

0.04 -

TG, index (% °C* min)

Figure41: Graphic comparison of thEGspcindex, considering an increasing number

of heating ratevaluesused
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Table 13: TGspcindex by using different number of heating rateg% °C™* min™)

Ramp used®C min™)

Coal 3,5,7,10 3,5,7,10,20 3,5,7,10,20,30

TGgpeindex 12 | TGgpeindex  r? | TGgpcindex 1
Fenosa 0.048 0.96 0.077 0.97 0.098 0.97
Orukpa 0.047 0.98 0.078 0.97 0.097 0.98
North Dakota 0.063 0.95 0.109 0.97 0.147 0.96
Hambach 0.011 0.99 0.018 0.97 0.018 0.99
lllinois #6 0.027 0.96 0.042 0.98 0.047 0.99
Pocahontas #3 0.029 0.99 0.037 0.99 0.045 0.98
Indiana EDF 0.012 0.99 0.015 0.99 0.016 0.99
La Jagua 0.016 0.99 0.025 0.98 0.033 0.97
La Loma 0.023 0.96 0.033 0.98 0.041 0.98
El Cerrejon 0.025 0.97 0.034 0.99 0.040 0.99
Blue Creek 0.021 0.99 0.030 0.99 0.034 0.99
Bulli 0.018 0.83 0.024 0.97 0.026 0.99
Hunter valley 0.023 0.98 0.031 0.99 0.037 0.98
Kaltim prima 0.024 0.98 0.039 0.98 0.047 0.98
Indo 0.019 0.99 0.029 0.98 0.039 0.97
Goedehoop 0.022 0.98 0.033 0.98 0.041 0.98
Kleinkopje 0.011 0.99 0.017 0.98 0.019 0.99
Bulawayo 0.025 0.99 0.034 0.99 0.041 0.99
Zondag 1 0.016 0.99 0.023 0.98 0.028 0.98
Sines 0.024 0.99 0.036 0.98 0.043 0.98
Littleton 0.015 1.00 0.022 0.98 0.026 0.98
Daw Mill 0.013 0.99 0.016 0.99 0.025 0.94
Yanowice 0.011 0.99 0.015 0.99 0.020 0.97
Asfordby 0.020 0.99 0.024 1.00 0.034 0.96
Lea Hall 0.017 0.99 0.025 0.98 0.030 0.98
Bentinck 0.010 0.98 0.010 1.00 0.011 1.00
Nadins 0.014 0.98 0.019 0.99 0.024 0.97
Ironbridge 0.015 1.00 0.025 0.97 0.036 0.95

The setof heating rates3,5,7,10,26C min® was selected basemh the deviation
coefficient and the time needed terform the experimental testinghis selection

allowed the index calculation of a single coal sample in a day of experimental work,
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whilst using theslowest possible heating ramps. Lower heating ramps required a
considerablylonger experimental timewhilst producinga similar trendFigure 41
showsthat thesignificance of th& G, index isrelativeto other samplesather than

an absolute value. Finally, it was concluded thatube of this indicator must be
standardized by defining a sample as a standard case, which shows the limit between
high riskfor spontaneous combustiand safe.

ii) Comparison of TGspc index between samplesFigure 42 shows the
second order profiles for all the samples studied. It was observed that high reactive
coals samples (e.g. N. Dakota & Fenosa) showed higher Valuttee TG index.

The lowes valuesresulted from knowrow Geactivé coals. These results agreed
with the availabledataaboutspontaneous coal fires sufferby these coals. It also
agreed with parallel experimental tests carried iogtuding the crossing point

temperaturg@estand rank analysis shown later.

1.2 4 North Dakota
-#-Fenosa
1.1 4 ——Illinois # 6
—+—Kaltim Prima
1.0 ——Pocahontas #3
—+—El Cerrejon
0.9 Godehoop
——Hambach
0.8 —+—Asfordby
= —+—Nadins
E 0.7 —Leahall
] — Littleton
g 0.6 ——LaJagua
2 Ironbridge
§ 0.5 ——Zondag 1
‘g Laloma
0.4 Indo
Blue Creek
0.3 Hambach
Hunter Valley
0.2 ——Dawmill
Kleinkopje
0.1 4 ~o-EDF
-#-Yanowice
0.0 -

T T T T T T T T 1 ——Bentink
2 4 6 8 10 12 14 16 18 20
Heating rate (°C min?)

Figure42: Comparison of the second order slopes with the heating ramp applied.
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Considering the information showed Figure 41 and Table 13, samples were
classified in 5 groups by a decreasing order of thg,ci®lex, which was associated
with high to low reactivity Table14). From this, all samples included in groupre
well known high risk coals. Group 2 included some reactive sssguich as Kaltim

Prima, El Cerrejon, and lllinois #6, which had presented incidents of spontaneous

fires.
Table 14: Coal classification in decreasing order of TG, index
Group Characteristic Coal Agree_ment Wit.h historic
information
) ) North Dakota | Excellent (clearly identified)
High reactive at . .
1 Fenosa Excellent (clearly identified)
low temperature . o
Orukpa Excellent (clearly identified)
lllinois #6 Very good
Bulawayo Good
5 Reactive at low El Cerrejon Very good
temperature Kaltim prima Very good
Sines Poor (unreactive)
Pocahontas #3 Good
La Loma Very good
, Hunter valley Poor (unreactive)
Less reactive at .
3 Goedehoop Poor (unreactive)
low temperature .
Blue Creek Poor (not reactive)
Indo Poor (not reactive)
Ironbridge Very good
Asfordby Poor (reactive)
La Jagua Poor (reactive)
4 Not reactive Lea Hall Poor (reactive)
Zondag 1 Very good
Littleton Very good
Bulli Very good
Daw Mill Poor (reactive)
Nadins Poor (reactive)
. Yanowice Very good
Unreactive at low : .
5 Kleinkopje Very good
temperature
Hambach Very good
Indiana EDF Good
Bentinck Good
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4.2.1.2 Weight increase at low temperature

When coal samples were exposed to air under a heating ramp in the TGA, oxygen
adsorption took placacrossthe temperature range of 100 to 3D0Thisresponse
wasidentified by asmallweight increase, and corroborated by informatibtamed

from previous researchwhich discussedthe same phenomenon. This oxygen
adsorption was the key argument to sustagattual mechanism of the shiating
reaction, in which the formation of solid carborygen complexe®on the coal
surface identified as the first stage of this reaction, followed by exoitherm
desorption producing a temperature increase in the codtéadwed in Chapter 2).
Figure43 shows the thermogravimetric profile®r different coal samples, organized

by geographic origin and coal type. These profiles were obtained using a slow
heating rate in air (& min). The @sme phenomenon can be obserwdtnusing

higher heating ramps; however, the absorption rate decreased when the contact time
between the sample and air was reduced (higher heating rates meant reduced
segments of contact timelatv temperaturs).

From this initial observation, two arbitrary heating rates were selected (3 ¥d 5
min™) to quantify the oxygen absorption among samples using the TGA. In both
cases, it was possible to identify 3 main parameters: a) maximum weight increase; b)
initial temperatue (at the start of the weight increase); and c) peak temperature,
which is the temperaturat whichthe maximum weight increase is producé&te

results are showm Table 15. For both heating ramps the weight increase varies
from 0.0% to a maximum of 4.37%. In all cases, it was higher for the slow heating
ramp a ppdiffil enct r (efdusne ionTablel15). As can be seeithe reduction

in heating rateesulted in an increase op to 80% oxygen adsorption.
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Considering the theoreticedaction mechanism, high reactive coatyeexpected to
show the highest weight gain, due to a potendadfinityd to absorb oxygen.
However, five samplesproducedild weight increase (in both experimentajd
threeof these were well known high rea@ coals prone to spontaneous combustion.

Table 15: Weight increase observed at low temperature under air atmosphere

Ramp applied € min® | Ramp applied & min* | % diff.

Coal
% incr. Tmin Tpeak % incr. Tmin Tpeak increase

Fenosa 0.00 0.00 0.0
Orupka 0.00 0.00 0.0
North Dakota 0.00 0.00 0.0
Hambach 0.00 0.00 0.0
Nadins 0.00 0.00 0.0
lllinois #6 2.35 120 267 2.52 114 267 -7.2

Pocahontas #3 | 4.37 112 2% 4.17 103 326 4.6
Indiana EDF 1.38 124 269 1.09 135 282 21.0

La Jagua 0.73 124 232 | 0.61 169 281 16.4
La Loma 1.24 131 261 114 | 122 256 8.1
El Cerrejon 2.35 121 269 2.20 124 266 6.4
Blue Creek 2.25 153 317 1.95 183 329 13.3
Bulli 3.22 105 281 1.91 138 318 40.7

Hunter valley 1.52 151 288 1.32 155 297 13.2
Kaltim prima 1.53 139 276 1.21 151 284 20.9

Indo 1.50 112 244 1.58 126 274 -5.3
Goedehoop 2.04 121 255 | 0.45 | 144 236 77.9
Kleinkopje 2.13 123 302 | 1.91 | 120 295 10.3
Bulawayo 2.61 134 276 221 | 148 284 15.3

Zondag 1 1.27 118 240 1.36 138 285 -7.1
Sines 1.73 119 249 1.48 123 258 14.5
Littleton 1.07 136 250 | 0.71 | 156 263 33.6
Daw Mill 0.44 147 242 0.08 | 117 248 81.8
Yanowice 0.93 131 257 0.65 | 145 266 30.1
Asfordby 0.77 142 234 | 0.56 | 152 242 27.3
Lea Hall 1.19 132 247 0.82 | 142 252 31.1
DeepNavigation 3.98 121 306 3.46 133 313 13.1
Bentinck 0.88 152 258 | 0.54 | 170 267 38.6
Ironbridge 1.81 121 270 | 150 | 122 265 17.1
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In addition, the starting and peak temperatures observed were also lower for the
lowest heating rate applied (with a few exceptions whnete within experimental
deviation). In those cases, the minimum starting temperature recorded was 104
and the maximumvas18(°C. The minimum peak temperature registered was@32

and the maximumvas 330°C for the set of coals studied. The overall temperature
interval recorded during these experiments was higher than the temperature range
describedby the theoretical mechanism (estimated from ambient temperature to
150°C). This temperature interval correspe@adto the net oxygen adsorption
observed, which was the difference between the total oxygen adsorbed and desorbed
during the whole process. The singlentributions of these parameters cannot be

identified in TGA by using this experimental procedure.

4.2.1.2.1 Coal classification regarding weight increase and temperature range

A classification of coalsn terms of its weight increase ameimperature range is
shown inTable 16. For this classification, the temperature range was defined as the
arithmetical difference between the peak penature and the starting temperature,
representing the temperature interval in which the oxygen adsorption was increasing.
A combination ofthese two variables could hesed toestimate the stability of the
coaloxygen complex formed for each coal

Table 16: Coal classification regarding weight increase and temperature range

Group Weight increase Coal Temperature range (C)
North Dakota 0
o Fenosa 0
1 Weight increase Orukpa 0
not shown
Nadins 0
Hambach 0

(Continue next page)
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Table 16, continuation

Group Weight increase Coal Temperature range (C)
Asfordby 92
Daw Mill 95
Slight weight Bentinck 106
2 increase La Jagua 108
(0.1to 1.2%) Littleton 114
Lea Hall 115
Yanowice 126
Zondag 1 121
La Loma 129
Medium weight Sines 130
3 increase Indo 132
(1.2 to 1.8%) Hunter valley 137
Kaltim prima 138
Indiana EDF 146
Goedehoop 134
Bulawayo 141
Important weight lllinois #6 147
4 increase El Cerrejon 147
(1.8 to 2.5%) Ironbridge 149
Blue Creek 164
Kleinkopje 179
Major weight Bulli 176
5 increase Pocahontas #3 182
(2.5% and up) | peep navigation 185

4.2.1.2.2 Relationship between weight increase and sekidation potential

Observedweight increase can be linked directly to the-seitlation phenomenon.
From this observatigrithe potential of coals to suffer selkidationcan be explained
as aresult of two maimeactions that compete:

1*" reaction: oxygen adsorption phenomena forming -oagben solid

complexeon the coal surface.
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2" reaction: desorption of coalxygen solid complexes and their exothierm

degradation in the gas phase.
The first reaction corresponds to the initial step of the theoretical mechanism. This is
considered an endothermic stage in which oxygen molecules are adsoriiesl
coal surface forming codaxygen complexes. This was confirmed by the weight
increase observed ithe TGA. However, at early stages (below °@Qhis reaction
is masked bywater desorption. According to the mechanism, this reaction is also
restrictedby the temperature range and the availabilityrefctive sites. The last
parameter is aurolled by availablefree active sites, and those created by desorption
of water molecules from the coal surface. This could exglaipar) the observed
differences for different coals during the TGA experirseand theobservedveight
increase above 100.
Thesecond reaction corresponds to the final step of the theoretical mechanism (coal
oxygen complexes desorption). This is consideiede an exothernt reaction,
which generate the major of theheat responsiblfor the overall temperature rise in
the coalbed (confirmed by DSC tests, Section 4.2.2). This reaction is also restricted
by temperature rangeepending orhe stability of thecomplexsolids formed. The
stability of thesecomplex solidswas characteristic of each coal, expiaghwhy
differences in mass gain and peak temperatuvere observed Based on these
concepts and the results obtained, a complementary explanation to the mechanism of
the seltheating reaction is proposetiie problem of coals prone to spontaneous
combustion is produced whethe desorption of coabxygen complexes govesn
the entire process Consequently, this characteristioutd be observed and

quantified directly by TGAanalysis
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Weight (%)

If the desorption reactiois the keythenthe stability of thesolidscomplexis also
critical. Less stable complexes are desorbed at lowest temperatures, reacting
exothermally with the oxygen gas produe CO, HO and CQ, which increase the
temperaturaround theparticlesincreasing theate of thereaction[134]. Conversely

when thesolids formed are stablethe temperature range is wider and the peak
temperature is higheproducinga higher weight increase. This explanation was

confirmed byadditionalresearch, which idescribed irChapter 7

4.2.1.2.3 Quantification of the selbxidation potential by using TGA

The explanation to the phenomenon allows the use of TGA to quantify the self
oxidation potential of coals. TGA profiles ident® characteristic weight lossirves
which wee explained considering the 2 step reaction mechanism and the chemical

reactiors that govern the procesBigure44).
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Figure 44: Weight loss profiles obtained by TGA for characteristics coal samples

(net oxygen adsorption in air)
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In the first case Figure 44, left), it is possible to observe a nil weight increase.
Experimentally, this profile was characteristic of coals prone to speots
combustion (Orukpa, Fenosa & North Dakota coals). Then, according to the previous
explanation, the desorption stage gosehe process. In the second caBSeg\re44,
centre), it is possible to observe a Btigveight increase produced lmxygen
adsorption. This profile was characteristic of reactive coals (ElI Cerrejon, Kaltim
Prima & lllinois #6 coals). These coals were classified in an intermediate reactivity
range because under specific conditions theyatsmsuffer thermal runaway. In this
situation, according to the mechanism explanation there is an equilibrium between
the adsqgrtion and desorption phenomendiinally, in the third profile Figure 44,

right), it is possible to observe an elevated weight increase producedyggnox
adsorption. This profileés considered to be&haracteristicof low reactive coals
(Pocahontas#3, DeelNavigation & Bulli). In this case, the oxygen adsorption
governs the process, reflecting a wider temperature range due to the stability of the

solid complexes formed. This agewith the previous explanatiogiven
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Figure45: Relationship between weight increase and the tempeuitterence
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Consequently for the three cases explained, the comparison between historic data
and the results obtained from the TGA test, there was a strong corréletvoeen
thesetwo parameters. This means that dependingtle type of TGA profile
obtained, the tal mass gainand the starting and the peak temperatures of the
process, coals can be classiflegitheir potential toundergoself-oxidation. Figure

45 shows a relationship betee the maximum weight increaaad the temperature
range in which this was obseryedrfom which coals prone to spontaneous

combustiorcan beclearly identified.

4.2.1.2.4 Influence of water content, coal ageing and exceptions to the rule

The water content of low reactivecoal sample can produce an effect in the TGA
profile, whichcould be considered as highfpronéd This was the case for Hambach
coal Figure43, A), with a profile characteristic of a prone coal. However, this is
considered as unreactive by the coal industrg thu the extreme water content
(approximately 37.5% From the TGA pofile, this coal has lost 45% of the total
mass before 16Q (produced by water evaporation), which means that the oxygen
adsorption pattern was hiddeg the high amount of water being releasadirying

step for coalsike this one With watercontent higher than 25p6ould reveal theeal
oxidative tendency. Neverthelesgpoals with extremely high water contentare
naturally less prone to spontaneous combustion due to the high energy requirements
to vaporize all the war before the thermal runawagn begin These kinds of coals

are an exception, but can be identifiedsed orthe free moisture content from
proximate analysis.

A second exceptional case can be identified in lizighactive coals, which have
been exposed to the atmosphere for a long period of time losing their reactive

potential (weathering). This was the case of Kleinkopje dégu(e 43, D), which
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producesa 6 s aTiGA profile, with an elevated temperature range and slight weight
increase. The coal sample used for the experimenmeas thar3 years old, stored

in a small particle sizavith some exposure tar. Consequently, active sites were
saturated by oxygen and moisture showing a reduced reactive potential indeed. This
confirms the predictions of the TGA test, but also stipulates the conditions of the
coals neededbr a successful test. From historic aafresh Kleinkopje coatan be

highly reactive, andhere have beeseveral incidents of spontaneous combustion in
South Africa. Unfortunatelyattempts to access fresh supplieskidinkopje coal

were unsuccessful.

4.2.1.3 Relationship between both thergravimetric tests developed

Figure46 shows a graphic comparison between the two main paramigetse two

TGA test (% of weight increase and Tg Index). In both cases, coals prone to
spontaneous combustion were identified successfully. However, differerares
detectedwithin the intermediate coals. As can be seen fiigure 46, there is a
linear relationship between the weight increase and thg.Titelex for those coals
identified as safe in both cases. This trend shows that coals with a high weight
increase were identified by the IfsIndex asdnedium reactiv@ and coals with a
slight weight increase were identified as less reactive by thg:. T@ex. This trend

is contradicedbetween both tests.

However, the temperature ranfye the TGy, Index is higher than the temperature
range used to obtain the maximum weight increase. This egit@idifferences and

also suggestthat the second TGA test can deliver more reliable results. In addition,
the value of the TG, Index fluctuates betweeh01 and 0.08t % °C™* min™ for all

the safe coals, which correspond to a 30% of the total interval range (considering

that prone coals are situated between 0.045 tar®.24°C™* min™). This means that
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spontaneous combustion coals are clearly idedtifieit the difference between the
safe samples is insignificant. Finally, the deviation coefficient of the linear

approximation igoor(~0.6), which means that this relationship is not conclusive.

0.07

:';'\A
0.06, - ‘A

TG,,. index (% °C" min™)

Maximum weiaht increase (%)

Figure 46. Relationship betwen TGp: Index and the maximum weight increase
registered(using a heating rate of’@ min®). In the topcircle A: Fenosa, North

Dakota and Orukpeoals; B: Hambach; C: Nadins; and D: Pocahontas #3.

4.2.2 Differential scanrnng calorimeter tests
Two expeiments were carried out using this techniglieemain objectives were: i)
to study the heat evolution under a slow heating ramp in air (4.2.2.1); daogtdy

the link between heat release and weight evolution wigelar conditiong4.2.2.2).

4.2.2.1 Heat evolution under air atmosphere

Heat evolution was measured for all the samples studied using a single thermal ramp
of 5°C min, at ambient pressuia dry air. The heating rate was selected to study
the samples under similar conditions th&wose used for the TGA experiments,
allowing a comparison between both techniques. Higher heatingwatdd have
increased the instrument sensitivity, lwtuld also createonditions &r remoterom

actual reactionconditions On the other hand, lower agng rates reduced the
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experimental sensitivity of the instrumenhilst increagng the experimental time.

Figure47 shows DSC profiles for a represttive number of samples.
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Figure47: Heat evolution for all the samples studied using a DSC. The heating rate

applied was & min™ in anair atmosphere.

The DSC data was analyzed after removal of a baseline recorded for gnbéanjt
sample. The relative enthalpy associated to the specific stages of the reaction was
then obtained by the integration of the heat flow, during the time in which
exothermic and endothermic peaks were identified. As can be seelfrifjare 47,

the first peak was identified from ambient temperature to %1Zfegativevalues
produced by the heatbsorled when water wasvaporagd). The second peda&ok

place approximately from 130 and upwards (positivealues generated by the
oxygen adsorption and oxidation). This peak was hidden by a major peak produced
by the complete oxidation reaction that took place at higher temperatures (started
around 2025FC). The full combustion peak was not recorded due to technical
limitations of the instrument, ending the experiment afGQghis DSC wasunable

to carry outdecomposition experiments).
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From these results, the integration of the heat flow profiles definedby two
different cases, due to two possible interpretations (schematizgdure 48). The

first consides the initial heat bsorbed calcuked by integrating the curve from %5
(arbitrarily selected due to stability of the DSC curve at this temperature), and the
temperaturat which the heat flow is zerdd=0). The temperature of this point was
particularly characteristic for each sampleeihthe heat generated was calculated
by integrating fromQ=0 to 250C. The final temperature was also arbitrarily
selected as a conservative limit of the low temperature oxidation reaction. The

results for this case are shownTiable17.
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Figure48: The two different cases used for the integration and calculation of the heat

absorbed and released from coal samples.

The second considers the calculation of the heat adsorbed by integrating the heat

flow curve from 38C, to the point in which the heat flow rate was zero ( ). As
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can be seen fronfrigure 48, this took place approximately at Z5for all the
samples studied. Finally, the heat released was calculated by integrating the curve
from 125C to 250C. The results for this case af@own inTable18. In general, the

heat value calculated using the second integration approach showed the lower
estimates. For both integration methods, lower values of the endothermic heat
calculated meant higher value®r the estimatedexothernic heat. Figure 49
compars both integration methods by plotting the relation betwiberendotrermic

and exothermic heaftor each case. This comparison wagproximately linear
confirming that there was no significant difference between both approaches.

Finally, the results obtaindd case B were considered for subsequent analysis since
these curvesvere relative reflecing smallchanges before and after the inflection
point observed during the heat evolution (as can be seerFigure48).

Table 17: Case A, integration considering Q=0 as transitional point

Sample Time T (°C) Endothermi_cl Exothermig1

(min) peak *A (Jg~) | peak*B (Jg-)
N Dakota 21.7 137.8 519.8 663.2
Hambach 19.9 128.6 415.0 590.9
Fenosa 21.4 136.3 336.6 753.5
Nadins 22.3 140.9 188.5 485.5
Dawmill 22.1 139.6 150.3 417.3
Asfordby 20.2 130.1 147.2 785.5
La Jagua 20.6 132.6 128.7 441.5
K Prima 21.8 138.5 125.8 314.8
Lea Hall 18.0 119.4 123.9 769.0
El Cerrejon 19.9 128.8 115.6 622.1
La Loma 18.0 129.5 111.1 437.2
Kleinkopje 23.6 147.2 80.2 199.9
lllinois 15.3 105.6 73.7 907.8
Goedehoop 21.4 136.3 72.2 360.5
Hunter Valley 184 121.5 67.3 442.1
Bentinck 13.5 96.8 40.7 602.5
Pocahontas 134 96.2 6.1 315.6
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Table 18: Case B, integration considering dQ/dt=0 as inflection point

Time | T " 1
Sample (min) | (°C) peak *C (J g") 125 200 Total
35125C 200°C | 250°C | 125250°C
lllinois 19.1 | 125 110.5 179.1 667.6 846.7
- Lea Hall 19.1 | 125 137.4 171.7 S77.7 749.4
= Asfordby 19.1 | 125 133.0 170.8 633.4 804.2
8 N Dakota 19.1 | 125 470.3 160.2 563.9 724.1
Fenosa 19.1 | 125 298.5 159.0 | 641.7 800.8
El Cerrejon | 19.1 | 125 106.7 138.9 495.1 634.0
Hambach 19.1 | 125 414.1 103.0 489.1 592.1
o Nadins 19.1 | 125 139.6 126.9 416.7 543.6
g Bentink 19.1 | 125 89.0 117.6 397.4 515.0
8 La Loma 19.1 | 125 100.0 1141 338.6 452.7
Dawmill 19.1 | 125 110.9 111.7 352.9 464.6
La Jagua 19.1 | 125 111.2 111.0 357.2 468.2
Hunter Valley| 19.1 | 125 73.4 101.1 332.3 433.4
03_ KaltimPrima | 19.1 | 125 94.4 86.9 266.1 353.0
§ Goedehoop | 19.1 | 125 52.0 86.1 | 299.4 385.4
o Kleinkopje 19.1 | 125 49.5 52.5 181.6 234.1
Pocahontas | 19.1 | 125 18.0 50.8 243.9 294.7
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Figure49: Comparison of integration cases A and B.
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Afterwards,specificconclusions can bmade abouthe integration results. First, in

both cases the thermal response observed was similar and directly proportional to the
moisture cotent Figure 50, A). High water content coals reported the highest
absorbecheat.Secondly it was concluded that the net energy consunetatied to

the first peak was linked directly to the water release pro€egsreso, A).

25 200 -
* 180 -
y=0.0451x- 0.5585 Fenosa N. Dakota
20 4 R?=0.9591 160 - . .
oo
= 140 -
= s
15 | S 120 -
e o
Q N
£ ~N 100
S =
5 10 - L 80 -
I L2
= E 60 -
Q
N —
5 - L 40 -
&
20 | B
0 T . T . ) 0 T T T T )
0 100 200 300 400 500 0 100 200 300 400 500
Endothermic heat (J g7) Endothermic heat (J g™')

Figure 50: Relationship betweewater content and heat absorbed (A); and heat

absorbed against initial heat released in the rang2ad® (B).

However, the analysis of the heat released during the exadthestage is
compicated becauseduring this stagethere were several chemicaéactions
progressing in paralleimaking it impossible to identifyindividual enthalpic
contributions directly from the DSC profile. For this reason, #thermic
integration area was swuthvided considering the two most important reactions
described inthe mechanism: firt, an initial segment in which the oxygen
adsorption presumably contsdhe reaction (considered from 125 to 2D0similar
interval than the TGA by the weight increase); and second, a segment in which the
desorption of coabxygen ceonplexesprobably controk the reaction (from 200 to

250°C). These two segments were also repbinel able18.
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Reaarding the first segment (12ZD0C), all coals withwater content below 10%
showed a heat releateat wasdirectly proportional to the heat consumed during the
endothermic stage, as can be seerFigure 50 (B). This suggested a kind of
compensation phenomenon produced during the initial moments of the exotherm
stage, in which the heat released was equivalent to thedugmtedto evaporate the
water content during the endothermic stage. Additlgnahe origin of this heat
release is unknown, and two alternativesre consideredfirstly, it could be
produced by the adsorption of oxygen over the coal particles (suggested by the slight
weight increase detected in the TGA after @5 or secondly, it could be associated
with the readsorption of water vapour molecules in the coal surface (the heat of
water vapour adsorption in the surface of coal particles has similar magnitude than
the water latent heat).

In addition the heat neet to vaporize the water from coals with high water content
was considerably higher than the heat finally released by the sample. This result
seems to be inconsistent with the case of Fenosa and North Dakota (both well known
prone to spontaneous combustiooals), from which a pronouncegkothermic
responsewas expectedr a considerabl difference with the others coal samples
during this temperature segment.

Regarding the second segment (280°C), the heat evolution continued with the
trend establisheduring the first. In this occasion, coals with high reactivity towards
self oxidation (Fenosa and N. Dakpthowed an increasing rate loéat release,
detected only by the use of the derivative of the heat flow prdfigure 51
compars the heat flow profiles and their corresponding derivatives for a selected
number of coals, which idenyifthis tendency. In this example, the heat flow of

Fenosa coalwas not the highest, but it shows a clear acceleration in the rate
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compared with the other coal samples. The same phenomenon was observed for N.

Dakota coal.
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Figure 51: Fenosa coal showed an increasing heat releasing rate 200\@ (by

using a high resolution DSC curve).

Considering the information reported by other researchers about thexiskeifion
temperatures, the temperature range in which the derivative curve showed an
increasing rate was elevated. Then, this changil@lso be relate the beginning
of the complete oxidation reaction, characterized by an intense exahmwofile.
Finally, coal samples were classified in three different grdugesed ortheir thermal
responses:

i) Group 1: formed by coals charaatizedby a large endothermic heat peak
and a large exothermic heat response.

i) Group 2: formed by coals characterizéy a medium endothermic heat
adsorption and a medium exothermic heat response.

iii) Group 3: formed by coals with a small endothermic heat peak and a

small exothermic response.
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4.2.2.2 Link between heat released and weight evolution

The study of the link between the heat released and the weight evolution during the
low temperature oxidation rean was a fundamental parbf this work. The
temperature range in which this link could be established was narrowed to the
temperaturerange 1025FC. Nevertheless, as Was explained previouslythere

were several different interactions taking placeh&t same timencluding water
vaporisation, oxygen adsorption, volatile release, oxygen desorption and the volatile
combustion, which affects both weight and heat flow. Subsequeamlynitial
representation is shown iRigure 52 comparingthe DSC and TGA profiles for
representative samples. In this comparison, all the samples were exposed to the same
heating rate (& min), under similar atmospheraonditions (1 bar, dry air).

Figure52 showsthe temperature segment between 125 tdQ0¢heremost of the

DSC curves maintain identical shape, aatlthe TGA plots remains unaltered
during this segment (left side of vertical red lindhove 206C the weight increase

for particular samples becomes important, as well as the heat flow being released.
Figure53 (A) is a schemat of the relationship between maximum weight increase
(Table15) and the endothermic he@table18). From this, an inversely proportional
relationship was identifeééwith some key points of agreement. Firstly, coals with the
lowest heat requiremeifduring the endothermic stagshow the maximum weight
increase. Secondly, coals with the highest heat requirement during the water release
stage show nil weight increaskhis tendencymplies accompensation phenomerin
(described in the previous sectjpin which the water releass in part responsible

for the heat response during the beginning ofetk@hermicstage. Tis observation

would be validif the endothermistage is indeed linked to thexothermicstage.

However, there aréwo strongcounter arguments. Firstly, this tendency does not
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relate directlyto the weight increase with tlexothermiaesponse; and secondtiie

temperature range in which bothariables were measured is considerably different.
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Figure52: Graphical association between heat released (left axis) and sample weight

(right axis), both under the same heating rate.

Figure 53 (B) presernd the relationship between the maximum weight increase and
the total exothermic heat calculated. In this case, there were key points of agreement,
but no clear trend. Ithis correlation the highest weight increase (more than 4%)

matchesthe lowest heat release during the exothermic stage. This ssiffpoitea
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about how this process depends of the stability of theaoajen complexes formed
over the coal surfacecgusng the weight increase)The other side of the curve
showsthe high water content and high reactivity coals, which registered important
valuesfor heat release during tlexothermicstage. These coals were characterized
by a nil weight increase produced lilye fast decomposition of the cematygen
complexest h at potentialyd fobmed above their surface, generatamgtrong
exothermicresponse. This agreed with the hypothesis of two congpediactions
taking place in parallel, and also with the hypsthef the influence of the stability

of these coabxygen complexes, which determine the reaction that geteerentire
phenomenon and thermal response shown by the coal. If the last explanation is
confirmed, the problem of identification of coals prdnespontaneous combustion

could be solved.
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Figure 53 Total weight increase obtained from TGA and its relationship with

endothermic (A) anéxothermicheat (B) measured by DSC.

However, some coaldid not follow these trendsOn one side(supporting the
hypothesiy Hambachwith a high water content shed a low heat release during

the exothermicstage not suffering the compensation phenomenon expected. This
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can beexplainedby the extremely high water contentagorated (~37%), which
masksthe weight increase. In this case, the stability of the oxygen complexes was
high, confirmed by the poor thermal response exhibited aboV 10 the other
side(contradicting the hypothe3jssome intermediate coaléd notfollow this trend
(Figure53, B, circle) such as lllinois#6, El Cerrejon, Lea Hall and Asfordby. All of
these were classified as reactive (considetitgyintrinsic reactivity test), with low

ash and high carbon content.iFket of coals show heat release, but at the same time
they register a medium weight increase, which contrathetgeneral explanation.

In conclusion, when considering all theinformation evidencesuggestsa link
between heat release and weight evolution of the sample at low temperature.
However,this must be confirmed by further experimental workmore coalsin all
casesstudied the sensitivity and the error associated to the instrument could produce
important differences. Also, the conditions of the sample before the expearaent
critical in obtaining reliable results. In addition, from DSQGneasurements no
significant differexceswere found inthe heat releasgy the normal coals andell-
known spontaneous combustionals Subsequently, the net seltidation process
cannot be differentiated by using differential scanning calorimetry as a single
technique (specifically the esof a single thermal ramp ofG min?). In this case,

the use of a simultaneous TA@?SC instrument could be a keyea for further
evaluation Finally, despite the evidence about a possible thermal response, the
implementation of an experimental methadidentify prone coals by using DSC
wasfound to beinaccurate. Alspa detailed study considering addi@bmactors is
needed. Furthework would requirea statistically relevant number of coals, and the

implementation of rigorous sampling conditioor site, to preserve the original
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properties of the samelt was observed that a short period of contact between the

samples and air changed the thermal response of the coals undeosisidgrably

4.3 Thermal analysis of coal using medium scale reaut

This sectionpresens the experimental results obtained for the thermal testing of a
large coal sample. This test was performed for all coals, and the main objective was
to obtain information about the global therrobemical evolution of the system
unde restricted heatnass transfer conditions. This information wéal in orderto
evaluate the effects of the mass and energy transport in a bulk environment, over the
global rate of the reaction and its association with thermal runaway. In addition,
global characteristics of the systewere studiedand its link with the intrinsic
reactivity properties of coals obtained from TGA and DSC. Finally, results were
used to calculate therossing point temperaturiedex (CPT) and estimate the
ignition temperaturegboth currently used to predict coal propensity.

In general, a single experiment was performed for all samples using the reactor
designed: a heating ramp in air at®@.5min”, from ambient temperature to 280

which provided information about two diffemt aspects:

i) Thermal behaviour: In order to study the transient thermal profiles (4.3.1),
and the effect of water content on these (4.3.2); to obtain the crossing point
temperature (CPT) in all its different definitior&3.3)and to measure the ignition
temperature of each coal (4.3.4).

i) Mass evolution: In order to study the weight evolution during a heating
ramp and its relationship with temperature, as well as compare the mass change

observed using TGA (4.3.5).
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4.3.1 Trarsient temperature profiles

Transient temperature profiles were obtained for all coal samples (characteristic
samples are presented kigure 54, Figure 55 and Figure 56). These figures show
different temperature profiles registered for diverse radial positions inside the sample
holder, which were plotted in the time domain. The slope of each single
thermocouple denotes the characteristic heating rate for the specific position
recorded. For all # samples, the bulk system behaves similarly to a solid body

under a constant temperature incre@&C min® in air).
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Figure 54: Thermal profiles for North Dakota (Agnd EIl Cerrejon (Broals The

heating rate used was @Gmin™ in air.
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The difference between the temperature in the centre and the temperature in the
surface of the sample holdaras influenced by the coal rank, water and volatile
content. The differences between thermocoumeasings were also an indication of

the global thermal conductivity inside the sample container, which was formed by
the contribution of the single components (moisture, mineral matter, volatiles and

carbon content).
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Figure 55. Thermal profiles for Kaltim Prima (Cand Zondagl coals {Pboth

medium water conter@nd0.6 rank The heating rate used was ¥5min’ in air.

147



Chapter 4. Thermal analyss of coal at low temperature

One of the firstidentifiable attributes in the system was an inflection pointha

thermal profilesaround100°C, which was found for all samples. This corresponds to

the effect of the water vaporization, recordgdall the thermocouples (analyzed in

next section)When the water wasompletelyeliminated, the region close to the
centre of the sample showed an increase in the heating rate, which was higher than
the rate recorded close to the surface. This produced a crossing temperature region

that ended with the sample ignition (after the crugpsi

Figure 56. Thermal profiles of Pocahontas)(&nd Deep navigatiofF) coak; low

water, high volatilendhigh rankcoals.The heating rate used was ¥5miri* in air.
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