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Abstract

South Africa has large coal reserves and the power generation industry produces
approximately 95% of the electricity from coal. Most of the high-grade coal is exported
leaving behind a discard of high ash coal. For the power generation industry to sustain
itself, some means of processing the high ash coal should be implemented. A fluidised
bed gasification process is seen as the best alternative to conventional pulverised coal
combustion process since it can handle a wide variety of feedstocks at low temperatures.
The reaction kinetics becomes important for a gasifier design that can handle high ash
feedstocks. This study is concerned with the determination of reaction kinetics of high
ash South African chars suitable for the development of fluidised bed combustors and
gasifiers.

Combustion and gasification studies of two South African high ash chars (48% ash of 70
um and 67% ash of 20 um diameter) were carried out isothermally and non-isothermally
in an atmospheric thermogravimetric analyser. In modelling the combustion experiments,
it was found that the reaction mechanism follows the shrinking unreacted core model
with surface reaction. This was attributed to the low porosities of both chars. Despite the
high ash contents, the kinetics of the two samples were found to match well those of low
ash chars. This was explained in terms of the mineral-carbon association in chars
observed during detailed characterisation. A two-step regression method capable of
evaluating parameters under non-isothermal experiments has also been developed. This
method gave plausible results when compared with another non-isothermal method and
was capable of predicting reaction kinetics under isothermal conditions.

Gasification experiments conducted on the same chars with carbon dioxide and steam
were described using a reaction controlled Langmuir-Hinshelwood rate equation.
Reactivity profiles have been obtained in the temperature range from 800 to 950 °C at
different steam and CO, partial pressures. The shrinking unreacted core model with
surface reaction was also found to provide the best fits for both chars. The obtained
parameters match well with those of other chars with lower ash contents indicating that
most of the carbon occurs with no mineral association for both chars investigated. Finally

experiments were carried out under synthesis mixtures of CO/CO,/H,/H,O at equilibrium




conditions and showed that the overall rate of reaction with CO, and H,O proceed over

different carbon sites.
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Uittreksel

Suid Afrika het ’n groot aantal steenkool reserwes en die krag generering industrie is
heeltemal afhanklik van steenkool. Ongeveer 95% van die elektrisiteit produseer deur
Eskom is hoofsaaklik vanaf steenkool. Meeste van die ho#& graad steenkool word
uitgevoer en sodoende bly *n hoé as steenkool oor. Vir die krag generasie industrie om dit
self te onderhou moet 'n manier gevind word om ho# as steenkool te prosesseer. 'n
Gevloeidiseerde bed verbrandings prosesse word gesien as die beste alternatief na
gewone fyn steenkool verbranders proses aangesien dit *n groot variasie voer by la&
temperature kan hanteer. Die kinetika word belangrik vir 'n vergasser ontwerp wat ho€ as
voerstroom kan hanteer. Hierdie studie is gefokus op die bepaling van kinetika van ho¢ as
Suid-Afrikaanse verkoolsels geskik vir die ontwikkeling van gevloeidiseerde bed
verbrander en vergasser.

Verbranding en vergassings studies van twee Suid-Afrikaanse ho& as verkoolsels (48% as
van 70um en 67% van 20um diameter) was uitgevoer isotermies en nie-isotermies in ‘n
atmosferiese termograwimetriese analiseerder. Deur die verbrandings eksperimente te
modelleer is daar gevind dat die reaksie meganisme die krimpende kern model met
oppervlak reaksie volg. Dit is toegeskryf aan die lag porositeit vir beide verkoolsels. Ten
spyte van die ho& as hoeveelhede, is gevind dat die die kinetika van die twee monsters
goed vergelyk met la& as verkoolsels. Dit was verduidelik in terme van die mineraal-
koolstof assosiasie in die verkoolsels geobserweer gedurende detail karakterisering. ‘n
Twee stap regressie metode wat in staat is om parameters te bepaal onder nie-isotermiese
eksperimente was gebruik. Die metode het goeie resultate gegee wanneer vergelyk word
met ‘n ander nie-isotermiese metode en was ook gebruik om die kinetika te voorspel
onder isotermiese kondisies.

Vergasings studies met koolstof dioksied en stoom was ook ondersoek met die selfde
verkoolsels deur gebruik te maak van ‘n atmosferiese TGA. Reaktiewiteits profiele was
gevind in die temperatuur reeks vanaf 800 to 950 °C by verskillende stoom en CO,
parsiéle drukke. ‘n Kinetiese uitdrukking gebaseer op die Langmuir-Hinshelwood
kinetics beskryf die reaksie(s) redelik goed. Daar is ook gevind dat die krimpende
onreageerende kern model met oppervlak reaksie beide die verkoolsels goed beskryf, Die

gevinde parameters stem goed ooreen met ander lag& as verkoolsel. Finaal is eksperimente
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uitgevoer met mengsels van CO/CO,/H,/H,0 by ewewig kondisies en het gewys dat die
algemene reaksie tempo met CO, en H;O oor verskillende koolstof aktiewe punte plaas

vind.

viii



TABLE OF CONTENTS

PAGE
DECLARATION .......o.ooetveceeeeessensssssssssssssssssossassassssssssssssssssrsrassssssssessssanssssassssssssnesnssans 11
LIST OF PUBLICATIONS .....c.ovtisiteetsissssnessssissrssscsssensssesssssssssnssssssssssssaessensesssssssenas 11
ACKNOWLEDGEMENTS .....oeotemceseressiesssssessssseses s sssessssesessssessesssasssssssssesasessssssees v
ADSITACL....coiiiiiriitieei e cccc e rrrt e se s et e e s s nt e s eee s e st st reeress bbb meseaasanrranreesaaacar s abbaee s enbens v
L8 1= 4= T TR vii
TABLE OF CONTENTS.........ovveiturerimsssnsssessssnssssssssssstsssssssssasssesssesssssssssssssssssssssnessas IX
LIST OF FIGURES ......oovvmitiismsnssssssssnssasssssssssssssssssssasssassss sasssssssssssessrsssssscnnssassasens XVI
LIST OF TABLES ...ttt tsseserssesssesssssssssssesssssssssssssesssses s sensssasssssesessees XIX
GLOSSARY ..c.oovveiierveerrcsnssnissessssrsessssssassssesssrssestsssesssssssassassssnesssesesassanes S XX1
1. GENERAL INTRODUCTION..........oeieeiieerretieeereeie s eeeeeevessaesaenaens 1
1.1 COAL AS AN ENERGY SOURCE.........oocosierremeesecrersssmessisssesessssssesevesssssesssesssnees ]
1.2 CURRRENT TECHNOLOGY IN THE ELECTRICITY GENERATION FROM

COAL co..eeeerrrraeriesrsesssssssssass s ssss s sesesssssesses s seeasses seeast s st ens et eaestsatantasessseanesesmasssessssen 9
1.3 COAL AND THE ENVIRONMENT .......oooicmmieeseeesssceescosssseseactssesesssssseeessensseees 10
1.4 CLEAN COAL TECHNOLOGIES .......nvveeisieevrenecisresesssesessieseesssssesersssseseessesnee 12
1.5 SCOPE AND OBJECTIVES........oooioimeeteeetie e cecteeseeeesves e tressressssesrasabesensseesenee i3
REFERENCES .......oououoieeeeeeseeeseesesssssessss s ssasssssssssssssa sosssanessassssesnesssoessssnsssnesmessinnns 16
2. COAL AND CHAR CHARACTERISATION .........ooovvveeicviirenreenns 17
2.1 INTRODUCTION .....cccomrvenritiemeeeoieeesss e ssessseesessstseesesseseeaesseseeseessesessesseess e 17

ix



2.2 ORIGIN OF COAL SAMPLES ...ttt cn s 18

2.3 PROPERTIES DETERMINED ... e 18
2.5 PARTICLE SIZE DISTRIBUTION ......occociiiciiciniisnies s 22
2.6 POROSITY .ottt tssssc s sss s a e sasss e s ae s s s s st s sh s s s s e aesne s s ssn e s anans 23
2.7 MINERALS IN ASH ..ot nnssssss s sssssbsen s sessasssssssssnnas 24

2.8 CHAR CHARACTERISATION SCANNING ELECTRON MICROSCOPE

RE S LTS et neerre s aa s oo s e rerre st e s aa s rrneesae s et emt e rras st eesanseensvaneacesrnentn 25
2.8.1 Minerals present in the Char.........coooor et eeeenee 26
2.8.2 Distribution of carbon and minerals in a char sample ... 27
2.9 PETROGRAPHY ANALYSIS ... oot eintenissisasre s essestasess e sssssasersenessesssssnssans 30
2.10 CONCLUSIONS ... icinrtrce et reresse s e s ss s s ee e e sae et s e ransaesssa s s sbasaenns 32
NOMENCLATURRE ...ttt rme e sersesssesesesssassesssavasssssssestassssesassnesssssssasessessassnss 33
REFERENCES ...ttt nn st s s s s st saa e e b st a st s e s ba s s e bt srnssnessansnses 34
3. COMBUSTION REACTION KINETICS ..ot 36
3.1 INTRODUCGTION .....ooioiiiiiiccieniii v vsessesssssessesssessssasssssssessesnsssasssesssssnssssnssssssesssnnes 36
3.2 LITERATURE SURVEY ...t setcnsnsses s ssesbesnsssasa s s ssssssnssassesssenns 37
3.2.] INETOAUCLION ..c..eicuiirrececttic it ectie e re s saesae s eesessesaesaeeaseae e s e sn e e s sbeenessbesnnnasssnnseasentas 37
3.2.2 Combustion reactions of coal Chars ............ccvveeeerericreeceeceece et 37
3.2.3 Factors affecting the reaction rates of coal chars..........ccocovvveevieecve e, 38

3.2.3.1 Char preparation .........ccuvveccvccenernnsceiresessessssesesesssseses e ssssssssssassssessssses 38

3.2.3.2 Char COMPOSITION ..ecueeveerereiceerinierirrsenie e sese s st sresssassbe s ensssssasnssnesmsabessssssases 39

3.2.3.3 Particle SiZ€ effect......ccoeiiiiiceinicrine et e e 40

3.2.3.4 Effect Of POTE SIZ€ ..c.cverueeiecricteiiree et se st e ss beraeens et e rerasenssnessennes 41

3.2.3.5 Effect of teMPETALULE .........ecoivrreererirsieseeseeeree s senseseeesssssassese s esssassssssssnsssses 41
3.2.4 Combustion MOMES ......cccoceeiervuiiieci et ses b er s s et eenenesasenas 42



3.3 DERIVATIONS OF FUNDAMENTAL REACTION RATE MODELS.................. 44

3.3.1 INErOAUCTION ... cereiereeeiries et et est s st sbs e e ses s b st es s nsan e s b e b s s b mherenaerasn 44
3.3.2 Shrinking unreacted core model (SUCM) .ovovvevviiveccccciicininnre s 44
KT T NI B T-3:1 1o i T ) o WU 44
3.3.2.2 Derivation of @qQUatiONS .......c...eeveerereirceritnisrine s eere s aecee s eness sasessas s raesaesans 45
3.3.3 Shrinking reacted core model (SRCM) .....covvvrviiiiniinnninii e 49
3.3.3.1 DeSCTIPHON ...ttt e et s s s 49
3.3.3.2 Derivation of @QUALIONS. ......cccuiiivirrricnier e st sttt re s sss s n b sas s eaen 49
3.3.4 Homogeneous Model ...... ..ottt sttt 54
JAEXPERIMENTAL... ...ttt ces st e ss e s s snes e s et s s sbe e nn e 55
3.4.1 Description of the experimental apparatus ........cveeevrccercricniininnerreesrsrccneneees 55
3.4.2 Experimental procedure.......c.ccvvueevrereceercenitnicrctrnsceere e searsneseressneessnsesaesseanes 58
3.4.2,1 Char Preparalion ... s s ersessessisssssrressssssssssesesssssses 58
3.4.2.2 Char COmMDBUSLION .....cveceiceiericeneee et ste e recese st s s e s e et 59
3.4.2.3 Reagent GASEs...........cciimeiiiiie ettt s 60
3.4.2.4 Char PrOPEITIES......coeeivreiriit ettt e s e sa s naesen 60
3.4.3 Experimental results confirming absence of diffusional effects..........ccooconininin 60
3.4.3.1 External diffusion ..ottt stee e 60
3.4.3.2 Intra-particle diffusion ........ccceeeeiiininiine s 61
3.4.4 Error calculation.........oiieiiiiiiiiii e 62
3.5 RESULTS AND DISCUSSION: ISOTHERMAL OPERATION .......cccoevmreceincnnes 63
3.5.1 INrOQUCLION ...t srae s e et e s s e e e 63
3.5.2 Experimental 1eSUILS ..........ccociiiiiiiiitiiit ettt 63
3.5.3 Validation of models: Shrinking Unreacted Core Models.........ccceceevnvceieneccnnnnnnee 65
3.5.4 Validation of models: Shrinking Reacted Core/Homogeneous Model ................... 67
3.6 RESULTS AND DISCUSSION: NON-ISOTHERMAL OPERATION ................... 70
3.6.1 INrOAUCHON ... ittt snae s s renane b saenaenes 70
3.6.2 Experimental TESUILS ......coorviiireiieeii e st et reeeve v raases ee e sanesase s e ereereen 70
3.6.3 Methods used for evaluation...........ccoueiveeiieccnieniece e s s se s eaeees 72
3.6.3.1 The method of Flynn and Wall ..o e 73

Xi



3.6.3.2 Regression Method. ..ot s s n s 75
3.6.4 Determination of Kinetic parameters...........ccooeeeeeeceriseereerresescsess e esessnsesansnnns 76

3.6.4.1 Method proposed by Flynn and Wall ... 77

3.6.4.2 Regression Method..........ccociiiniccncnvniineeninser e ssesssssae s bsrassaesssssesse s 86
3.6.5 Comparison of MethodS .........ccoiiiiiiierei e s 9]
3.7 CONCLUSIONS ... eeeetrere s ceeessetstseresesseessansaes st esre s e erbsssssnaac ronesnssnsassasssns 94
NOMENCLATURE ...ttt ercterrrenrsisesseseseesneess ssessneamessasss s bssbrnannneasntassatsssins 96
REFERENCES .......ccoioitiiticeterriennre s sessesssesese s s saesesesessaosensassneessies sesesaeensnssssssnssnees 99
4. GASIFICATION REACTION KINETICS ... 106
4.1 INTRODUCTION ..ot srircnaeseeac e saessesescs et sresassaesseose saassssanasssesssneses 106
42 LITERATURE SURVEY ...ttt seesstsnest s e sssessss e sae e nsassenaens 107
4.2.] INEEOAUCLION. ... ottt ettt e st st ne s s e e s b st e s re et se s b st s neemeenees 107
4.2.2 Gasification TEACHIONS ......c..ccceveeririeieencinrree st s et aseeee e e s eaess e eree e naass sas i e 107
4.2.3 Factors affecting the reaction rates of coal chars........ccceevvvvveiccecceeccecceeene 107
4.2.4 Gasification MOTElS ........cooireeiiniiicicnenicienier et sss et sr s e 108
4.3 FUNDAMENTAL REACTION RATE EQUATIONS ..o 110
4.3.1 INIPOAUCHION.....cveeecrriiiccirce ettt sttt e et e s e n e e e aeb s cncneenen 110
4.3.2 Langmuir-Hinshelwood rate equations...........cocccunceneicnnennienescsnne e 111

4.3.2.1 Carbon dioxide gasification mechanism and rate equations..............ccocrrunee. 111

4.3.2.2 Steam gasification mechanism and rate equations ..........cceecerrvcereniccerennene 113

4.3.2.3 Overall reaction rates of char with product gases............ccovenvniiiiivrnninnne, 114
4.4 EXPERIMENTAL. ..ottt cctnnnrense st s s e saesasces oo aessa s s st b sren et sacesenssnan 115
44,1 INIOAUCTION ...ttt e n st e bbb s g enene 115
4.4.2 Description of the experimental apparatus ...........ccccvveeceerieneervrernseesieeseereceressessens 115
443 Char PrEPAration ..........ccueceeecreeeeieiaeeieerreisesseeseresasssestesberrereesssssssesbeseessssasssesssssssns 116

xii



4.4.4 Char gasifiCAtION ......c..ceivecvreeririsienriseesst e ee s sessaasts e erssaee s st e snasnaaransens 116

4.4.5 Char ProPerties........cooveceriniiniiseeeere e e s s s n s s b sn s aeab e see s 117
4.5 RESULTS AND DISCUSSION....cccocrirtecrrenretereenresessereeresensstssessase e esseesessassssenes 117
4.5.1 INrOQUCEION....cecoeeeierirerrrees st et e e et s e st enan e e s s e e e e s e saaee 117
4,5.2 Reactivities of different gases.........ccocvvervmrincctininicercs e 117
4.5.3 Reaction of chars with carbon dioXide ..........cccceveemniiincnccii e 118

4.5.3.1 Experimental results.. ...t e snas 118
4.5.4 Carbon dioxide/Carbon monoxide MiXtUure .........cccceeceivemreercrireecnirmsreseesiesaaeas 127
4.5.5 Steam/Nitrogen MIXIUE.......ooocvvrieeiiaerininiinr e ree st s e ree e sae e e aren e seessaessasrernans 128

4.5.5.1 Experimental 1eSults...........covvriiininiiiiiniirceenseccssvsnee s e sae e nas 128

4.5.6 Steam/Hydrogen miXture.........ccooeeeerviriir e et e sesseesansnans 137
4.5.7 (CO2/COMMHo/Ha0) MIXLUIES ....cenireceetireerce ettt sesee st rees et saasnenas 139
4.5.8 Comparison of reactions with carbon dioxide and steam ..............cccevvivvrvecccnnnnnns 140
4.5.9 Discussion of results with respect to characteristics........ccvveevvrvienicereseveseneeenn, 141
4.6 CONCLUSIONS ..ottt eceest et e sesr et st asesr e sa s ae s s st ss s e seass st mrrsasanean 143
NOMENCLATURE ...ttt e e st ss e eore st e se s anass s e e sressssassasenns 145
REFERENCES ...t seceenesiest s e saee st ssnsnesessas st s s assa e sae st assasassassensonns 147

5.1 CONCLUSIONS ...ttt ss st e ees s sa s s et ss st ettt anenss 153
5.2 RECOMMENDATIONS ...ttt ese e aest e s s sra s she s e 154
RESULTS OF THE NON-ISOTHERMAL COMBUSTION EXPERIMENTS ........... 156
APPENDIX B ...ttt sttt se et st m e s b s 159

EVALUATION OF ACTIVATION ENERGY FROM NON-ISOTHERMAL DATA-
METHOD OF FLYNN AND WALL ...t srne e 159

Xiii



APPENDIX C ...ttt s s s sns s st 162

EVALUATION OF THE CONVERSION MODEL........ccccooniimiiniianens 162
APPENDIX D ...ttt nirsssi st e s n st s st v rvn e s s s e asbenrvras s 165
EVALUATION OF THE OVERALL KINETIC RATE EQUATION FROM NON-

ISOTHERMAL DATA......cootrttintrrncte e e st e rss et nas s 165
APPENDIX E ...ttt sstsssisses s ssass st asas s srnesss e sanss s smernssassascans 168

EVALUATION OF THE OVERALL KINETIC RATE EQUATION FROM NON-
ISOTHERMAL REGRESSION DATA

........................................................................................................................................ 171
APPENDIX G....coovriiiiintcciici e s s en s e st 174
VALIDATION OF THE SHRINKING UNREACTED-CORE REACTION MODEL
FOR CARBON DIOXIDE GASIFICATION ..o saess 174
APPENDIX H....ooooii ettt et e n e en e e e st sna e 177
THE SHRINKING UNREACTED-CORE REACTION MODEL FOR CARBON
DIOXIDE GASIFICATION........coviiiiiiniiiticnnseres st see et snesen st s ne s 177
APPENDIX L ..ottt er e s e et sen e n e 180
VALIDATION OF CARBON DIOXIDE GASIFICATION KINETICS ...................... 180
APPENDIX J ..ottt et e srssee s rae st s ras s e s e ns s e ene 189
BURNOFF CURVES FOR STEAM GASIFICATION ......cocceoimesninrrcceeenerereaenns 189
APPENDIX K ...ttt et se st st sae st e s nsres 192
VALIDATION OF THE SHRINKING UNREACTED-CORE REACTION MODEL
FOR STEAM GASIFICATION ..ottt st ettt sas e s nsnennssnns 192

Xiv



APPENDIX L ...ttt tescss e sassass s st n e snnes e s s srar s aeanananns 195

THE REACTION CONTROLLED SHRINKING UNREACTED CORE MODEL FOR

STEAM GASIFICATION ....cooiiiiinniiiit st seee s e ssss e ss st s ssss sasssasans 195
APPENDIX M.ttt s st st bbb st sna s e s sss s sasasens 198
VALIDATION OF STEAM GASIFICATION KINETICS....c.oooiiiieiiiniicneee 198

XV



LIST OF FIGURES
PAGE

Figure 1.1: The world’s primary energy shares, past and expected future (WCI,

Figure 1.2: International trading of coal ..o 3
Figure 1.3: Total world energy consumption by source in 2002 (WCI, 2002)........... 3
Figure 1.4: Total world electricity generation (WCI, 2002)..........cccoouervniiinnvnnnnnn, 5
Figure 1.5: General coal reserves worldwide ..., 6
Figure 1.6: Electricity generation from COal........ceeeimiireoninincnincin 9
Figure 1.7: Contribution to the enhanced greenhouse effect ..., 11
Figure 1.8: Contribution of coal industry to greenhouse effects .......c.ocoevviievceen. 12
Figure 2.1: Particle size distribution for char A............cccoommvnnn 22
Figure 2.2: Particle size distribution for char B..........cccooovicnncniiice 22
Figure 2.3: Association characteristics of char A ... 28
Figure 2.4: Association characteristics of char B ... 28
Figure 2.5: Fine included kaolinite and quartz in char A rich particles (back-

AT 1171 ) T g PR 29
Figure 2.6: A variety of extraneous mineral matter particles in char A (back-

07 11 L= o PP 30
Figure 3.1: Effect of Thiele modulus for a shrinking reacted core particle.............. 53
Figure 3.2: Photograph of the horizontal 951-thermogravimetric analyser.............. 56
Figure 3.3: Schematic presentation of 2050 Thermogravimetric analyser............... 56
Figure 3.4: Preparation of char from a parent coal ............cooniinniiniiini, 59
Figure 3.5: Combustion of char A using different flow rates.........cccoconiiinnnnnn, 61
Figure 3.6: Combustion of char A using different particle sizes ... 61
Figure 3.7: Typical isothermal combustion for char A in air ... 64
Figure 3.8: Conversion of char A in air for different temperatures..............ccoeennne, 65
Figure 3.9: Conversion of char B in air for different temperatures .............ccoeveee.e. 65
Figure 3.10: Conversion of char A as a function of the normalised time, t/t........ 67
Figure 3.11: Conversion of char B as a function of the normalised time, t/tps ........ 67

xvi



Figure 3.12: Shrinking reacted core model for char A in air.........ccovveeicncinenen. 68
Figure 3.13: Shrinking reacted core model for char B in air ... 68
Figure 3.14: Description of the homogeneous model for char A ....................... 69
Figure 3.15: Description of the homogeneous model for char B........ccoeovvirirnneec 69
Figure3.16: Non-isothermal combustion of char A in oxygen ........cooceeveininnnnene. 70
Figure 3.17: Non-isothermal combustion of char A in aif...........cccoovivviiinnnnn 71
Figure 3.18: Non-isothermal combustion of char B in air........cccooocvinininnnnn, 72
Figure 3.19: Activation energy calculation for char A in air.........cccocoeevvnnnne. 77
Figure 3.20: Activation energy calculation for char B in air........ccccomneiinii, 77
Figure 3.21: Reaction controlled SUCM for char A combustion in air.................... 81
Figure 3.22: Reaction controlied SUCM for char B combustion in air................... 81

Figure 3.23: Estimation of pre-exponential factor and reaction order for both chars

using Flynn and Wall method...........cooviviinnciicissv s 84
Figure 3.24: Prediction of the burnoff curve for char A in air.......ccccevivrriinnnine, 85
Figure 3.25: Prediction of burnoff curve for char B in air.......ccoooeveiennnninniennnnn, 86

Figure 3.26: Evaluation of activation energy for char A in air using the regression

Figure 3.28: Evaluation of reaction order and pre-exponential factors for both chars

using the regression method...........cooiviiiiii 88

Figure 3.29: Model validation and parameter evaluation for char A using the

regression MEthOd ... s e e 89

Figure 3.30: Model validation and parameter evaluation for char B using the

regression MELNOd .. .o vt ee e e b b e ae s ar s e s e m e 90
Figure 3.31: Burnoff curves (char A) from regression parameters...........oeeccriinnnnn. 90
Figure 3.32: BurnofT curves (char B} from regression parameters..........cocovvvennenn 91
Figure 3.33: Prediction of isothermal burnoff curve (char A) ..., 93
Figure 3.34: Prediction of isothermal burnoff curve (char B) ... 93
Figure 4.1: Char gasification with various gasifying agents..........cc..cccovvvvrinieenecee 117
Figure 4.2: Typical raw data for char A CO, gasification at 900 °C...................... 118

xvii



Figure 4.3: Conversion rate as a function of time at 900 °C (char A) .......ccc.c...... 119
Figure 4.4: Conversion rate as a function of time at 900 °C (char B) ................... 119
Figure 4.5: Conversion models for char A gasification at 900 °C........cocccruneee. 120
Figure 4.6: Conversion models for char B gasification at 900°C ............ccoceevunencnes 120
Figure 4.7: Char conversion model for char A gasification at 900 °C.................... 121
Figure 4.8: Char conversion model for char B gasification at 900 °C..................... 121
Figure 4.9: Linearised form of the Langmuir results for char A ............................ 122
Figure 4.10: Determination of activation energy for both chars............ccccooenenene. 124
Figure 4.11: Determination of adsorption enthalpy for CO; gasification............... 125
Figure 4.12: Prediction of burnoff curves for char A CO; gasification.................. 126
Figure 4.13: Prediction of burnoff curves for char B CO, gasification................. 126
Figure 4.14: Inhibition effect of CO during CO,, gasification at 900 °C ................ 127
Figure 4.15; Typical steam gasification at 900 °C.........ccooerceeiernnirvrvcrnccesrreenans 128
Figure 4.16: Conversion rate as function of time at 900 °C (char A) .......cccoo........ 129
Figure 4.17: Conversion rate as function of time at 900 °C (char B) .......c............. 129
Figure 4.18: Conversion models for char A gasification in steam at 900 °C.......... 130
Figure 4.19: Conversion models for char B gasification in steam at 900 °C .......... 131
Figure 4.20: Unreacted-core shrinking model for char A steam gasification......... 131
Figure 4.21: Unreacted-core shrinking model for char B steam gasification ......... 132
Figure 4.22: Linearised Langmuir-Hinshelwood plot for char A at 900 °C ........... 133
Figure 4.23: Activation Energy calculation for char A and B in steam.................. 134
Figure 4.24: Determination of adsorption enthalpy for steam gasification ............ 136
Figure 4.25: Burnoff behaviour for HO/N; (char A) at 900 °C..........cccoevienenennn. 137
Figure 4.26: Bumnoff behaviour for H,QO/N; (char B) at 900 °C...........cooveevvuveennee. 137
Figure 4.27: Effect of hydrogen during steam gasification at 900 °C (char A)...... 138
Figure 4.28: Char gasification under synthetic mixtures for char A....................... 139
Figure 4.29: CO, gasification for char A and char B at 900 °C.........cccceevvveveneeee. 140
Figure 4.30: Steam gasification for char A and char B at 900 °C..........ccccoonue...... 141

xviii



LIST OF TABLES

PAGE
Table 1.1: Major producers of hard coal in 1999 (WCI, 2000) ........cc.ccoiiininnnn, 4
Table 1.2: Major coal exporters (WCI, 2000) ..., 5
Table 1.3: Coal in electricity generation (WCI, 2000) .........ccoovverimmniniiccininiinnnn, 6

Tablel.4: Advantages and disadvantages of energy sources in South Africa (Eskom,

........................................................................................................................... 7
Table 2.1: Properties of coal and chars determined..........cooreiniiioicnniiiiicecns 18
Table 2.2: Proximate and ultimate analysis of the coals........ccccevriminvccnccicciicnnnnee 20

Table 2.3: Proximate analysis of coals from different South African coal mines.... 20

Table 2.4: Ultimate analysis from different South African coal mines .................... 21
Table 2.5: Proximate analysis from some international coals ...........ccovvenniccnnennne, 21
Table 2.6: Ultimate analysis from some international coals/chars ............ccoceeeeen 21
Table 2.7: Properties of coal and char samples ... 23
Table 2.8: Porosities of different coals as presented in literature..............cccceveeeenns 24
Table 2.9: Mineral oxides found in ash for samples investigated..............ccocovcenneee 24
Table 2.10: Mineral oxides found in ash for other South African coals................... 25
Table 2.11: Mineral oxides for non South Aftrican coalS........ccoeeenininiiininincncen 25
Table 2.12: Compositions of mineral abundance ..........c.ocoeveciviinnic i 26

Table 2.13: Mineral distribution of char samples compared to typical power station

PUlVeTised fUel.....oovm i e 27
Table 2.14: Petrographic (Maceral composition) characteristics of coal A and coal

< 2 O PO 31
Table 3.1: Summary of particle conversion models ...........cccovriievecininrcnincn 43
Table 3.2: Specifications of the 951-thermogravimetric analyser...........ccccocveeee 57
Table 3.3: Specifications of the 2050 thermogravimetric analyser ..............ccccooce..e. 57
Table 3.4: Activation energies (kJ mol™) for char A as a function of conversion and
OXVEEN TIACHION .oeevviiieeccesccee et s e st d s vee e s a e e sn e e b a e ae e s s e nanenis 78
Table 3.5: Activation energies (kJ mol) for char B as a function of conversion and
OXYEEN fTACHION c.eeereeeieecect et cr et ar st ettt een g s aeamanses 79
Table 3.6: Literature values for activation energy ........ccvovvenvvivceercrrenrceieree e 80

Xix



Table 3.7: Slopes (dimensionless) derived for the calculation of pre-exponential

factor fOr Char A.......coviiiiiii st ceee e e s s 82
Table 3.8: Slopes (dimensionless) derived for the calculation of pre-exponential
factor fOr Char B.....coo e r e e e e 82
Table 3.9: Calculated values of Z () for char A ........ccovevueeeereereeieeeeeecereeneesenns 33
Table 3.10: Calculated values of Z () fOr char B.......coevoveeereecressesisssseesessienans 83
Table 3.11: Averaged kinetic parameters for the reaction controlled shrinking
unreacted core model according to the Flynn and Wall method «.....coovvvcennivicnnnnn. 84
Table 3.12: Values of Z (s") obtained from the regression method..............coeeee 88
Table 3.13: Summary of results from the regression method........coovinvevniinnninne 89
Table 3.14: Comparison for char A ... 92

Table 3.15: Comparison for char B
Table 4.1: Values derived from the slopes (s™) of F(X) against time for char A ... 122
Table 4.2: Values derived from the slopes (s) of SUCM against time for char B 122

Table 4.3: Kinetic constants for carbon dioxide gasification (char A)................... 123
Table 4.4: Kinetic constants for carbon dioxide gasification (char B).................... 123
Table 4.5: Activation energy values reported from literature..........ccoevvvivvvivinnnne 124
Table 4.6: Averaged kinetic parameters for carbon dioxide gasification ............... 125
Table 4.7: Kinetic parameters for carbon monoxide for both chars....................... 127
Table 4.8: Slopes (s”') derived for char A steam gasification...........co.ovveveervrenrennn. 132
Table 4.9: Slopes (s™") derived for char B steam gasification...............cc.ceeeeeeen.n. 133
Table 4.10: Kinetic parameters for char A steam gasification ...........ccoeeiiiinn 134
Table 4.11: Kinetic parameters for char B steam gasification......cc.ccccceevvrvininnan 134
Table 4.12: Values of activation energies for steam gasification.............c.c..ee.... 135
Table 4.13: Values of pre-exponential factor for steam gasification..................... 135
Table 4.14: Kinetic parameters of hydrogen for both chars ........ccccoccorrrrncnnnne. 138
Table 4.15: Water gas shift reaction conditions .........c.ccoomrvcnmiinicnnnencnecnncnne. 139
Table 4.16: Adsorption enthalpies for steam and carbon dioxide ......ccocevcevvrnnnee. 142
Carbon diOXide.......ccovirmrirrircrir s e e e ene s 142

XX



GLOSSARY

In this thesis, specific terminology is used for certain aspects. For clarity, this

terminology is defined in this section:

Char

The term char refers to a mixture of carbon and ash (minerals).

Conversion model:

This model gives the conversion of the carbon as a function of time; the conversion is
denoted as: X.

Homogeneous model:

This model is an extreme of the SRCM, in which the reaction rate is completely

determined by the chemical reaction rate and not by mass transport of the gases in and

out the particle.

Intrinsic reaction rate:

This is the rate of the chemical reaction between the carbon and the gas, not taking into
account the degree of conversion of the carbon (X).

Overall reaction rate:

This is defined as the product of the particle conversion model and the intrinsic reaction

rate.

Particle conversion model:

This model describes the relative conversion rate (ratio of reaction rate to initial reaction
rate) of the char as conversion progresses and is denoted as: f(X).

Shrinking unreacted core model (SUCM):

This model assumes that the reaction takes place on the surface of the char and that there
is negligible penetration of the reactant gases into the core of the char particle.

Shrinking reacted core mode] (SRCM):

This model assumes that the reaction takes place inside the core of the porous char

particle.

CCSEM (Coal Characterisation Scanning Microscopy)

xxi



CHAPTER 1
GENERAL INTRODUCTION

This chapter gives a brief introduction of this investigation. In Section 1.1, the
importance of coal in the present and future society is discussed. Section 1.2 deals with
the current technology of converting coal into energy and the impact of coal on the
environment is given in Section 1.3. The necessity of clean coal technology is discussed

in Section 1.4. Finally, the scope and objectives of this study are presented in Section 1.5.

1.1 COAL AS AN ENERGY SOURCE

Coal is a combustible, sedimentary, organic rock composed primarily of carbon,
hydrogen and oxygen from vegetation, which has been consolidated between other rock
strata to form coal seams, and altered by the combined effects of microbial action,
pressure and heat over a considerable time period (WCI, 2002).

Coal is the world’s most abundant fossil fuel and has been used as an energy source for
hundreds of years. There was international trade in coal as long ago as the Roman
Empire. Coal not only provided the energy that fuelled the industrial Revolution of the
19" Century, but it also launched the electric era in the 20™ Century. Until the 1960s, coal
was the single most important source of world’s primary energy, (see Figure 1.1). In the
late 1960s it was overtaken by oil; but it is forecast that coal, apart from its importance in
the generation of electricity, could again become the primary energy source at some stage
during the first half of this century, (see Figure 1.1). It can also be seen from this figure

that currently, 27% of the total energy consumption worldwide is produced from coal.
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Figure 1.1: The world’s primary energy shares, past and expected future (WCI,
2002)

The importance of other fossil fuels (like oil and gas) and alternative energy sources
(such as nuclear) cannot be ignored. Renewable energy sources, like hydro, wind, solar,
biomass and wave and tidal energy, do provide alternative sources for power generation,
and are also expected © play a more important rok in the 21% century.

All fossil fuel reserves are finite and need to be used as efficiently as commercially
possible in order to conserve valuable resources. As the global population grows and as
living standards improve in the developing world, international demand for energy
increases, often at a dramatic rate. In Indonesia, for example, power generation has
increased by 13% per annum during the period 1980 to 1997, and is forecast to continue
growing at or above this rate.

During the period 1997 to 2010, the International Energy Association (IEA) forecasts that
energy demand will rise by more than 30% equivalent to 2% per annum (WCI, 2002).
Fossil fuels are expected to meet 95% of this energy demand. Adequate energy supplies

are essential if the world’s nations are to sustain their ndustrial and economic expansion.
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Figure 1.2: Intenational trading of coal

Coal is still seen as the most abundant, widely distributed, safeand economical fossil fuel
available to meet this escalating demand and will therefore be indispensable for the
economic sustainability, as is also illustrated in Figure 1.2, showing the internatioml
trade in coa worldwide.

MNowadays, coal provides around 27% of the world’s total primary energy consumption,
whereas oil and gas are responsible for 39% and 24% respectively. Smaller energy

sources are nuclear energy (7%) and hydro electricity (3%) as presented in Figure 1.3.
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Figure 1.3: Totalworld energy consumption by source in 2002 (WCI, 2002)



The total global hard coal (all coal mined) production in 1975 was 2429 million tonnes
(Mt) and increased by 43% to 3.466 Mt in 1999. Major hard coal producers are China and
USA. South Africa is the 5™ largest coal producer in the world with 225 million tons in
2001. South Africa produces over 95% of the total coal produced in Africa. Table 1.1

shows the regional shares of the world hard coal production.

Country Amount | Cou ntry Amount
(Mt) (Mt)
PR. China 1.171 Russia 169
USA 899 Poland 102
India 310 Ukraine 81
Australia 238 Indonesia 79
South Africa 225 Kazakhstan 7

Considering the international trade of coal, Australia is the largest exporter followed by
South Africa and Indonesia. Coal is traded both for electricity generation (steam coal)

and for steel production (coking coal). An overview of major coal exporters is given in
Table 1.2.



Table 1.2: Major coal exporters (WCI, 2000)

Country Steam coal Coking | Country Steam coal Coking
(ML) coal (Mt) (M) coal (Mt)
Australia B7.8 99.0 Canada 34.0 0.5
South 67.5 23 Colombia 27.0 P
Africa
Indonesia 48.1 8.7 Russia 4.6 272
USA 48.2 6.9 Poland 18.0 5.8
China 24.6 284

Coal is abundantly used for electricity generation, and about 37% of the world electricity

production is dependant on this source, Other fossil fuels used for electricity generation

include oil (9%), gas (16%). Alternative power generation methods include nuclear
electricity (17%) and electricity derived from hydro energy (21%) as depicted in Figure

1.4.

Figure 1.4: Totalworld electricity generation (WCI, 2002)

A lot of countries genemte their electricity mainly from coal. Countries like Poland and
South Africa depend extreme heavily on coal (96% and 95%) while countries like
Australia (84%) and China (80%) also derive ther electricity mainly from coal. The

generation of electricity from coal is illustrated in Table 1.3.




Table 1.3: Coal in electricity generation (WCI, 2000)

Country Electricity generation | Country Electricity generation
Poland 96% India 66%
South Africa 95% USA 56%
Australia 84% Denmark 52%
PR China 80% Germany 51%
Czech Republic 1% Netherlands 42%
Greece 69% EU15 (1999) 25%

The (proven) reserves of coals are spread in a number of countries; see Figure 1.5

(www.gasification.org,, 2001). It is estimated that around one thousand billion tones of

total coal reserves are economically accessible using current mining technology, of which

approximately half of it is hard coal.

Figure 1.5: General coal reserves worldwide

At 1998 levels of production, coal reserves are sufficient to last over two hundred years.

In addition, significant advances continue to be made in improving utilization efficiencies

so that more useful energy is recovered from every tonne of coal. Current reserves of coal

are approximately six times the reserves of 0il (45 years) and four times that of gas (65




years). Due to the large amount of reserves, coal is expected to play a more and more
important role as an energy source in the near future (see also Figure 1.1).

Next to energy source, coal is also increasingly used for the production of chemicals (e.g.
SASOL, South Africa). In these chemical processes, coal is used as a raw material for the
production of synthesis gas, from which a number of chemicals can be produced. Due to
the large reserves of coal (i.e. with respect to crude oil), it is also expected that coal will
play a key role in the production of chemicals in the 21% century. This investigation,
however, is focussed on the use of coal in energy generation.

A survey, carried out by Eskom (2002), around the different forms of energy sources is
summarised in Table 1.4, In this table, the advantages and disadvantages of different
energy sources, relevant to South Africa relevant are listed. Although a lot of alternative
sources (e.g. solar energy and hydro energy) have economic potential in South Africa,

coal will be the most important energy source in the near future.

Tablel.4: Advantages and disadvantages of energy sources in South Africa (Eskom,
2002)

Energy source | Advantages ' Disadvaniag_es
Coal -Proven technology for large-scale -Expensive to transport.
| : electricity production. -Worst waste problem of
-Reliable power stations. i' any energy source, i.e. i
-Very competitive economically. sulphur, organic
-Provides SA with the cheapest compounds, heavy metals
electricity production. and greenhouse gases.
| Nuclear -Proven technology for large-scale -High capital costs of
electricity production. current designs.
-No technical problems for waste -Poor public opinion |
disposal. because of association with I
-Economical competitive. nuclear weapons and |
-Huge uranium reserves. perceived problems with |
-Fuel very cheap to transport. safety.




Hydro

-Proven technology for large-scale
electricity.

-Renewable

-No emissions.

-Economically competitive.

-Enormous potential in Central
Africa.

-Little potential since SA is
dry with few suitable
rivers.

-Environmental problems
with dams.

-High capital costs.

-No emissions.
-Free energy.
-Good conditions for wind power in

coastal regions.

Biomass -Wood, bagasse (from spent cane) = -Cutting down trees from
and dung are renewable. firewood can cause land
-Households use biomass for energy. | grow and gather for large-
scale productions.
-Large land use.
Gas -Proven technology for large-scale -Emissions of greenhouse
electricity. gas and nitrogen oxides.
-Low capital costs. -South Africa has very
-Fairly clean. little gas of its own.
-Uncertainty about future
gas prices.
- Solar -Renewable -The energy is dilute.
-Clean -High capital costs.
-No emissions. -Expensive electricity.
-Free energy.
-Northern Cape has very good
conditions for solar power.
Wind -Renewable -The energy is dilute and
-Clean intermittent.

-High capital costs.
-Expensive electricity.
-Environmental objections
that it defaces the

countryside.




Oil

-Proven technology.
-Unrivalled for use in transport such

as in cars, lorries, ships and airplanes.

-South Africa has almost
no oil reserves.

-Emissions including
sulphur and nitrogen
oxides, organic compounds
and greenhouse gases.

-Expensive.

1.2 CURRRENT TECHNOLOGY IN THE ELECTRICITY GENERATION FROM
COAL

The earliest conventional method for generating electricity was burning lump coal on a

grate in boilers to raise steam. In modern, highly efficient, versions of this system, the

coal is milled to a fine powder in a pulveriser. This increases the surface area of the coal

and hence the rate of combustion. The powdered coal is blown in a combustion chamber
of a boiler where it is bumt at around 1600 °C. The hot gases from the boiler and radiant
heat energy produced convert water in tubes lining the bdler into steam, see Figure 1.6.

Figure 1.6: Ekctricity generation from coal

The high-pressure steam is passed into a turbine wntaining thousands of propeller-like
blades. The expanding steam hits these blades causing the turbine shaft © rotate at high



speed. Mounted at the end of the turbine shaft is the generator, consisting of carefully
wound wire coils. Electricity is generated when these are rapidly rotated in a strong
magnetic field. After passing through the turbine chamber, the steam is condensed and
recycled to the boiler to be heated once again. The electricity is transformed into the
higher voltages used for economic transmission via power line grids (40,000 volts and
above). Near the point of consumption, the electricity is transformed down to the safer

100 to 250-voltage system used in domestic market.

1.3 COAL AND THE ENVIRONMENT

Although cleaner, efficient and environmentally aware, the coal industry of today is still
working to escape the false image of coal that lingers from the past. Coal bears the
unjustifiable stigma of being a “dirty’, polluting fuel, bringing to mind pictures of black
smoke rising from chimneystacks. There may once have been reason to feel this way
about coal; the industrial revolution saw industrial areas covered in a dark haze. although
the smoke was viewed as a symbol of economic progress. London and other European
cities suffered from fogs aggravated by the inefficient combustion of coal in the countless
domestic hearths. Today, however, this view needs to be left in history books. Coal can
be burnt cleanly and effectively throughout the world, using constantly improving
technologies.

The development of the modern world is based on the availability of industrial energy,
electricity and improved modes of transport. However, in recent decades both industry
and the public have recognized the increasing need for the preservation of the
environment from some of the potentially detrimental effects of unregulated economic
growth. Technologies have been developed to improve the environmental performance of
coal to energy processes, for example electrostatic precipitators and/or bag filters have
been introduced in coal power stations to avoid the emission of black smoke and dust.
The greenhouse effect has received mounting attention since the early 1980s. It is in fact
a natural phenomenon referring to the warming of the surface earth, caused by the effect
water vapour, CO; and certain trace gases in the atmosphere have on the earth’s radiation
balance. Without the greenhouse effect, or atmospheric re-radiation, the average surface

temperature of the earth would be about 33 “C cooler than it is today and the world would
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be inhabitable. The change in composition of the atnosphere, due to theemission of
several greenhouse gases from industrial activities aresaid to have an impact on the
average temperature on the earth. An increase of the average temperature on earth can
have drastic effects on the life on earth. This suggests that the emissions contributing
towards the greenhouse effect should be controlled. The greenhouse gases (GHGs)
include water vapour (the predominant one), carbon dioxide (CO,), methane (CHa),
nitrous oxide (N;O) and, in recent years, halocarbons (CFCs and their substitutes) and
sulphur hexafluoride (SFg).

Figure 1.7: Contributionto the enhanced greenhouse effect

Arrhenius (WCI, 2002) already predicted that doubling the level of CO; in the
atmosphere would lead to 5 to 6 °C rise in globa surface temperature. Water vapour is
the most active comporent in the atmosphere, responsible for about 67% of the natural
greenhouse effect. The role of water in the climate system is crucial and extremely
complex; its concentration in the atmosphere and cloud distributions is largely
determined by climatic conditions. More recent scientific theories suggest this
temperature rise might lie in the range of 1 to 3 °C. Increased levels of CO; in the
atmosphere can partly be attributed to fossil fuel combustion, cement manufacture and
changes in agricultural activities. However CO; (see Figure 1.7) is not the only gas
contributing to the enhanced greenhouse effect. The atmospheric concentration of
methane has more than doubled over the past 200 years.

Consumption/combustion of all fossil fuels (oil, gas and coal) creates greenhouse gas
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emissions. GHGs from the coal industry are estimated to contribute less than 20% to the
enhanced greenhouse effect, see Figure 1.8. Around half of the coal’s GHGs emissions

arise from power generation.

Figure 1.8: Contributionof coal industry to greenhouse effects

From the 18.9% shown in Figure 1.8, CO; contributes 17.5%, methane 1.1% and nitrous
oxide 0.3%. Although the coal industry is not completely respansible for the greenhouse
effect, the coal industry is obliged to invest in clean cod technology

1.4 CLEAN COAL TECHNOLOGIES

Clean Coal Technologies (CCT) are defined as technologies designed to enhance both the
efficiency and environmental acceptability of coal extraction and use. These technologies
reduce emissions, reduce waste, and increase the amount of energy gained from each ton
of coal. Most CCTs concentrate on power generation from coal, as more than 50% of
coal produced is used to generate electricity. An impressive array of technologies is
already commercially viable, and a large number of others will become available in the
near future.

A promising alternative in power generation, compared to pulveised coal combustion, is
the use of gasification technology. In gasification, coal is converted to synthesis gas,
which is sent to a gas turbine. The overall efficiency in an integrated coal gasification
combined cycle (ICGCC) is over 45% Gururajan et al. (1992), while conventional
pulverised cod combustion processes have only an overall efficiency of about 30%

(Bermenjo et al., 2003). Gururajan et al. (1992) also concluded that this gasification

12



process is attractive for high ash coals, since the processing of these types of coal in a
combustion process is uneconomical and is associated with large damages to the
environment. A major problem in the use of high ash coals is the extensive melting and
agglomeration of the ash that takes place in the reactor. To avoid this slagging, operation
at sufficient low temperatures is essential. A fluidised bed gasification process is
therefore recommended above the moving bed or entrained flow gasification process,
because the good temperature control in a fluidised bed. Although gasification processes
are more attractive than combustion processes for high ash coals, fluidised bed
combustion can have significant advantages compared to pulverised coal combustion.
This is mainly because of the relative lower temperature in fluidised bed processes,
making sulphur capture inside the reactor possible and reducing NO, production
simultaneously.

Reésumé, a fluidised gasification process seems to be the most promising process in the
use of high ash coal for energy purposes. The conversion of coal to gas takes place at
relative low temperatures (< 1000 "C) with high efficiencies (> 45%) and little impact on
the environment.

For the design of a large-scale gasification process, it is essential to have detailed
information about the (intrinsic) kinetics and mechanisms associated with the conversion

of high ash coal. This forms the basis of this project.

1.5 SCOPE AND OBJECTIVES

In this investigation, the reaction kinetics of two high-ash chars (48% and 67%), obtained
from coal samples from the Witbank region (Mpumalanga) in South Africa, is studied.
Both coals are obtained as a discard from the processing of coal to produce high-grade
coal feedstocks.

In this study, both the combustion and the gasification has been studied. The combustion
reaction is studied at low temperatures (370-560 °C) and low pressure (atmospheric
pressure), using small particles (20 — 70 um) in order to ensure operation within the
chemical controlled regime (surface or volume reactions). The combustion experiments

are carried out both isothermal and non-isothermal, in order to study the mechanisms of
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conversion (overall reaction) that are associated with high ash chars. The gasification
reactions are studied at temperatures between 800 and 950 °C at atmospheric pressure
using the same coal as used in the combustion study and attention is given to the
evaluation of Langmuir-Hinshelwood type reaction rate equations. Both combustion and
gasification reactions are studied in the region of 10 to 90 % carbon conversion with
experimentation carried out with Thermogravimetric analysers (TGA).

The overall objective of the study is to investigate the chemical reactivity of selected
high-ash chars in terms of its unique physical properties, suitable for the development of

fluidised bed combustors and gasifiers. The specific objectives are the following:

1. Determination of the morphological and structural properties of the high-ash coals

and corresponding chars. For this purpose, advanced characterisation techniques
need to be used.

2. Determination of the combustion kinetics of two pulverized coal chars. The
kinetic evaluation includes the determination of the overall reaction rate model
and the activation energy, pre-exponential factor and order with respect to oxygen
associated with the intrinsic reaction rate. The appropriate experimental
procedures and data processing methods need to be developed.

3. Determination of the kinetics of gasification for both the reaction of chars with
steam and with carbon dioxide, and the effects of the reaction products on the
conversion rate. The kinetic evaluation includes the determination of the overall
reaction rate model, the adsorption model and relevant parameters associated with
the intrinsic reaction rate (Langmuir-Hinshelwood). The appropriate experimental

procedures and data processing methods need also to be developed.

In Chapter 2, a thorough characterisation is given for the used coals and resulting chars.
The proximate, ultimate and petrographic analyses of the coal are presented in this
chapter as well as a detailed inspection of the minerals present in the ash using CCSEM
(Coal Characterisation Scanning Electron Microscopy). Additionally, some structural

parameters of the coals (particle size distribution and porosity) are also given in this

chapter.
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I'he experimental results, together with a discussion on the possible reaction models with
associated parameters where applicable, are reported in Chapter 3 for the combustion
reaction and in Chapter 4 for the gasification reaction. Finally, Chapter 5 gives the

general conclusions of this study and the recommendations for further studies.
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CHAPTER 2
COAL AND CHAR CHARACTERISATION

2.1 INTRODUCTION

In this chapter, a detailed characterisation of the coal and char samples used in this study
is presented. Since this work is concerned with the evaluation of reaction kinetics of high
ash chars, the coal and char characteristics have been compared with those used in
current South African power stations and worldwide. The different properties of the coal
and chars include the determination of proximate and ultimate analysis, particle size
distribution, porosity, minerals in ash and the determination of the maceral composition.
In Section 2.4, the proximate and ultimate analyses are reported for the two coal samples
investigated. This is followed by the results on particle size distribution presented in
Section 2.5. The results on porosity values obtained for both chars are given in Section
2.6. In Section 2.7 a study on minerals in ash was conducted and is followed by CCSEM
(Coal Characterisation Scanning Electron Microscopy) results presented in Section 2.8.

Finally a study on petrography analysis is presented in Section 2.9.
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2.2 ORIGIN OF COAL SAMPLES

The two South African coal chars studied in this investigation are both from Mpumalanga
province in the region of Witbank. Both chars have been chosen based on their high ash
content with char A having an ash content of 48% and char B with 67% ash content.
Most of the coal used for power generation in South Africa has an ash content of the
order of 25% ash. In this investigation, the high ash char reaction kinetics, for both
combustion and gasification, have been studied at ambient pressure. For a good
understanding of the mechanisms involved in the reaction of coal, it is a prerequisite to
characterise the coal thoroughly. The characterisation of both coals is given in this
chapter.

2.3 PROPERTIES DETERMINED

A summary of the different properties that were conducted on both coal and chars is
given in Table 2.1.

Table 2.1: Properties of coal and chars determined

Characterisation method Coal Char
Proximate analysis Reported Mot reported
Ultimate analysis Reported Not reported
Particle size distribution Not reported | Reported
Porosity measurement Reported Reported
Determination of minerals in ash | Not reported | Reported E
CCSEM Notreported | Reported

I Petrography Reported
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The char particle size can determine the reaction rate, and it is therefore important to
determine. Most combustion and gasification models require the knowledge of the
particle size (distribution) as an input parameter. In addition, the particle size plays and
important role in defining the operation regime for the kinetic measurements (diffusion
effects can influence the measurement of reaction kinetics, especially at large particle
diameters and high temperatures).

In gas solid reactions, the porosity of the particle is another important parameter. The
porosity of the solid gives information whether a particle can be modelled as a dense or
porous substance. The mineral matter in the ash analyses were conducted since it is
believed that some of the minerals could have a catalytic effect on the combustion and
gasification reaction as well as on the structure of the resulting chars.

A CCSEM (Coal Characterisation Scanning Electron Microscope) analysis was
conducted on the coal char samples. This technique provides quantitative information
about the occurrence of minerals in the char particle. It can also generate a deeper insight
in what forms the minerals are present in the char and how the minerals are embedded in
the carbon regions. A petrographic study was conducted in order to know the origin of
carbon concerned. This is necessary because the burning behaviour is set by the nature of
the maceral groups found in coal. The coal porosity is also strongly related to the

petrography.

2.4 PROXIMATE AND ULTIMATE ANALYSES

Proximate and ultimate analyses were carried out by the CSIR (Centre for Scientific
Industrial Research) in Pretoria, South Africa. The results for both coal samples are
presented in Table 2.2. For the proximate analysis different ovens corresponding to the
standard methods were used for the analysis. The VARIO instrument was used for

ultimate analysis. The standard methods are presented in Table 2.2.
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Table 2.2: Proximate and ultimate analysis of the coals

Property CoalA | CoalA | CoalA | CoalB | CoalB | Coal B
(db) (ar) (daf) (db) (ar) (daf)

Coal proximate analysis
% Moisture (SABS SM924) - 24 - - il -
% Ash (ISO 1171) 313 36.3 - 54.3 351 -
% Volatiles (ISO 562) 209 20.4 333 19.1 18.7 41.8
% Fixed carbon (by difference) 41.9 40.9 66.7 26.6 26 58.2
Coal ultimate analysis 3
% Total sulphur (ASTM D4239) 3T 1.7 2.8 i 30 7.0
% Carbon (ASTM D5373) 50 49.1 80.0 45 342 7.7
% Hydrogen (ASTM D5373) %3 2.6 42 1.7 & 4.0
% Oxygen (by difference) 7.1 6.9 11.2 34 33 g 4§
% Nitrogen (ASTM D5373) 3 L1 1.8 0.7 0.7 1.6

The amount of ash based on char was found by excluding the moisture and the volatiles

and was found to be 47 % and 67 % for char A and B respectively. In Table 2.2 it can be

seen that coal B has the higher ash content. It can be seen that coal B also has the higher

amount sulphur than the other coal. The emissions of SO, and H;S from these chars can

be significant from any combustion or gasification process (more in char B).

A comparative study conducted by Pretorius ef al. (2002) on other coals obtained from

the same area (Witbank mines) is given in Table (2.3 and 2.4).

Table 2.3: Proximate analysis of coals from different South African coal mines

Coal-char | Moisture Ash | Volatile matter | Fixed carbon | Total sulphur

(wt. %) (wt. %) (wt. %) (wt. %) (wt. %)

Arnot ' 4.6 22.0 22.1 51.3 0.56

Blackwattle 20 15.0 26.2 55.9 035

Boschmans 24 16.5 26.7 54.4 0.79

Dorsfontein 3.5 11.2 30.1 553 0.68

Delmas 38 230 23.8 49.4 1.28
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Table 2.4: Ultimate analysis from different South African coal mines

Coal-char Carbon Hydrogen Nitrogen Sulphur Oxygen |
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
Arnot 59.68 2.91 1.36 0.56 8.89
Blackwattle 69.40 3.85 1.54 0.32 7.09
Boschmans 67.38 3.73 1.47 0.81 7.91
Dorsfontein 69.63 4.05 1.60 0.50 = |
Delmas 68.11 3.71 1.63 1.07 6.28

It is seen from Table 2.3 that the ash content of the studied coals is much higher and the

amount of fixed carbon is lower compared to the coals used for power generation in

South Africa. The ultimate analysis also shows higher values of carbon compared to the

coals investigated in this work. If the South African coals are compared with analyses of

coals from USA and Sweden in particular, it can be concluded that the South African

coals have a relative high ash and low carbon content (see Table 2.5 and 2.6).

Table 2.5: Proximate analysis from some international coals

Coal-char Moisture | Ash | Volatile matter | Fixed carbon
(wt. %) | (wt. %) (wt %) (wt. %)
Gottelborn char’ 1.7 9.1 36.9 54.0
Western Kentucky bituminous char” 42 7.9 36.3 51.6
Pittsburgh bituminous coal’ 1.1 | 10.2 41.7 47
"Moors et al. (1999), “Goyal et al. (1989), *Goyal et al. (1990) g
Table 2.6: Ultimate analysis from some international coals/chars
Coal/char Carbon | Hydrogen | Nitrogen | Oxygen | Ash
(wt. %) (wt. %) (wt. %) | (wt. %) | (wt. %)
Gottelborn char' 72.2 43 1.5 11 84
Western Kentucky bituminous char” 748 5.1 1.6 7.2 83
Pittsburgh bituminous coal’ 71.8 5.2 Il 7.1 10.3

"Moors et al. 1999, “Goyal et al. 1989, *Goyal et al. 1990
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2.5 PARTICLE SIZE DISTRIBUTION

In preparing the coal samples, coal was finely pulverised using a ball mill. The pulverised
coal was then sieved and the largest fraction between the screens of different sizes was
used for the different combustion and gasification reactiors. This was for coal A between
63 and 80 pm and for coal B the last fraction below 37 um was taken. After sieving and
fractioning, char was prepared from the coal samples. The char particle size distribution
was determined using a Malvern particle size analyser (Master Sizer X 6333), see Figure

2.1 and 2.2 forchar A and B respectively (volumepercentage).

10 PP
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Figure 2.1: Particle size distribution for cha A
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Figure 2.2: Particle size distribution for cha B
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The results show that the average particle size for char A is 70 4 m and for char B 20 g m.

2.6 POROSITY

In order to gain better understanding of the particle structure, a nitrogen based BET-
analysis was conducted on both coal samples using a Micromeritics ASAP 2010 analyser.
The BET results give quantitative information about the porosity and pore size
distribution of the coal and char particles, and the most important results are given in
Table 2.7. From this table, it is concluded that the coals and chars have very low

porosities. Particles with this amount of porosity could be considered as non-porous.

Table 2.7: Properties of coal and char samples

Property Coal A Char A CoalB | CharB
BET surface area (m°g )’ 2.68 0.42 455 | 3.49
Pore volume (cm’g ")’ 0.008 0.004 0.017 0.016
| Average pore diameter (A)' 113 373 150 182
Bulk density (g cm™)’ 1.936 1.945 2.5 2.58
 Porosity’ <2% 1% | =5% | =5%

‘obtained from BET, “obtained from pycnometer, “calculated with Equation 2.1

The bulk density of values were measured with a pycnometer SPY-4 and the porosity was

calculated from the following relationship:

_ Sp,
2

£ (Hines and Maddox, 1985) (2.1}

If the porosity of the coals and chars are compared to studies that are presented in the
open literature (summarised in Table 2.8), it can be concluded that the porosity of the
coals and chars used in this study, is very small. This is largely attributed to the high
inertinite content (see Section 2.9) of both coals (Du Cann, 2002).
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Table 2.8: Porosities of different coals as presented in literature

Char origin Ash Porosity Author

(wt. %) (%0)
Coal 16.5 50 Moors et al. (1999)
Coal (lignite) T 6.74 22 Halder and Saha, (1991)
Coal 7 53 Gadiou et al. (2002)
Coal 38 28 Chen and Kojima, (1996)
Coal (sub-bituminous) Not given 14 Tomeczek and Gil, (2003)
Coal 45 23 Senel, (1994)

- 2.7 MINERALS IN ASH

After the char had reacted, some of the ash was collected and a mineral analysis of this
ash was carried out by CSIR, Pretoria. In Table 2.9, the results of the mineral analysis are

given for both the ash obtained from char A and B.

Table 2.9: Mineral oxides found in ash for samples investigated

Samples 5101 AlzDa FEED:.] Ca0O MgG TIDZ Kzo NﬂzU 503 PzU5
Investigated | % % % % % % % %o |' % | %

Char A 502 | 262 | 740 | 7.92 | 1.53 | 1.34 080 | 025 | 3.64 | 0.72

Char B 503 | 254 | 7.21 | 966 | 1.79 | 1.43 | 043 | 023 | 2.90 | 0.83

(All percentages are given as wt. %)

If the ash analyses are compared to the ash of coals from different South A frican mines
(see Table 2.10), it is observed that the ash is especially rich in calcium and sulphur and

in a lesser extent in iron. On the other hand, both coals have relative low titanium oxide

contents.
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Table 2.10: Mineral oxides found in ash for other South African coals

Colliery Si0; | ALO; | Fe03 | Ca0 | MgO | TiO; | KO | Na;O | 805 | P2Os
% % % %% B % %% % % %
Arnot 573 | 227 | 355 | 026 | 1.58 | 679 | 2,60 |'0.61 | 0.27 | 3.61
Blackwattle | 58.8 | 293 | 1.50 | 0.13 | 1.97 | 470 | 0.87 | 0.52 | 0.02 | 2.22
Boschmans | 46.7 | 276 | 336 | 275 | 1.31 | 109 | 254 | 0.62 | 0.24 | 3.78
Delmas 48.7 | 266 | 5.60 | 1.39 | 1.81 | 7.60 | 2.24 | 0.54 | 0.79 | 3.44
Dorsfontein | 54.7 | 33.8 | 3.08 | 022 | 1.56 | 4.04 | 0.65 | 0.65 | 0.07 | 1.00

(All percentages are given as wt. %)

When the ashes of the coals are compared with the available literature on non South

African coals (Table 2.11), it can also be concluded that the calcium content is relatively

high. It is also found that the American coal is rich in iron and the East-European coal is

very poor in calcium.

Table 2.11: Mineral oxides for non South African coals

Sample nrigin SiDz ﬁIzDg FEzD; Ca0 Mg{] Tiﬂg KzD Nazﬂl 303 Pzﬂs
%o %o % %o %o %o Ya % %o %

Western Kentucky coal | 47.61 | 2226 | 19.41 | 435 | 144 | 1.06 [ 252 ] 1.13 [0.75 | 0.23

(Hower et al., 1999)

Bulgarian coal 29T X6 58 [ 07 ) 25 | OF | 2D - - S

(Vassilev ef al., 1999)

(All percentages are given as wi. %)

2.8 CHAR CHARACTERISATION SCANNING ELECTRON MICROSCOPE

RESULTS

The identity, mass percentages of the minerals and the association characteristics of the

mineral matter in the char samples were studied using Coal Characterisation Electron

Microscope (CCSEM). This detailed mineralogical analysis as was carried out by Van

Alphen, (2003) at the Technical Service Institute of Eskom is presented for both chars in
Section 2.8.1 and 2.8.2.
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2.8.1 Minerals present in the char

The different minerals that are present in the chars are summarised in Table 2.12.

Included in Table 2.12 is the comparison between the total mineral matter composition

and the % ash obtained.

Table 2.12: Compositions of mineral abundance

| Char A | CharB
Mineral Mineral source in original coal
Mass-% | Mass-% :
A : Partial transformation of pyrite

Pyrite/pyrrhotite 8.0 9.3 (FeS,) FE
Quartz T 18.1 Quartz (Si0;)
Feldspar 1.0 1.0 Orthoclase (KAISi;0g) feldspar

y Illite
e 1> |12 e A s
Mica 0.2 0.3 Muscovite (KAl;Si50,5(0OH),)
Kaolinite 22.3 28.5 Kaolinite (AL Si,Os(OH),) — clay
Fe-oxide 1.3 1.3 Fe-hydroxides, magnetite
Calcite 8.8 9.5 CaCO;
Dolomite 2.1 24 CaMg(CO4),
Ankerite/Siderite 0.4 0.4 CaFe(CO3)y/ FeCO4
Apatite 0.1 0.1 Cas(PO,4);(F,C1,OH)
Anatase/Rutile 0.2 0.4 TiO;
Gypsum/Anhydrite 0.0 1.0 CaS0,2H,0/CaS0,
Other 0.4 23 Unidentified minerals
Carbon 46.2 23.5 Char
Total 100.0 100.0
Ash-reconciliation
Mineral Matter (MM) 53.8 76.5 MM = 100 — Mass-%Char
WM factor 12 1.14 MM/ Ash-% (Char)

Ash of the char after complete

Ash-% - Carbon 48 67.0 S Ap
Ash-% - Carbon 41.3 61.3 Estimated from CCSEM analysis

It is seen from Table 2.12 that the main difference between char A and B, is the higher
proportion of quartz, kaolinite and to a lesser extent calcite and pyrite. Since char B has

an ash content of 67%, the proportion of carbon is significantly lower than the proportion
of carbon in sample A.



In order to show the uniqueness of char A and char B, a comparison between the mineral
compositions of the two char samples and mineral composition of typical power station

pulverised fuel (South African) is summarised in Table 2.13.

Table 2.13: Mineral distribution of char samples compared to typical power station
pulverised fuel

Char A | Char B |Hendrina| Duhva | Kriel | Kendal
Pyrite 2.0 9.5 2.4 4.6 3.5 R
Quartz 1.5 18.1 9.2 3.6 3.8 4.6
Feldspar 1.0 1.0 0.7 0.2 0.3 0.7
Illite 1.5 1.9 0.8 0.7 0.2 1.8
Kaolinite 223 28.5 14.5 14.8 8.9 234
Mica 0.2 0.3 0.1 0.1 0.0 0.3
Fe-Oxide 1.3 1.3 0.6 0.8 0.1 0.7
Calcite 8.8 9.5 1.0 2.8 5.0 2.2
Dolomite 2] 24 0.6 4.0 2.0 2.2
Other Carbonates 0.4 0.4 0.2 0.8 0.1 0.3
Apatite 0.1 0.1 0.0 0.2 0.2 0.2
Anatase/Rutile 0.2 0.4 0.2 0.1 0.0 0.1
Other 0.4 Z 0.4 1.1 0.4 0.7
Carbon 46.2 23.5 69.4 66.2 73.3 60.4
Total 100.0 | 100.0 100.0 100.0 | 100.0 100.0

(Al resulis are given as wt. %)
It is seen from Table 2.13 that the minerals in char A and B do not match well the
samples obtained from different power stations. This is also another indication of how

different the two chars are to those used in typical South African power generation.

2.8.2 Distribution of carbon and minerals in a char sample

Association of mineral matter with carbon can be described by classifying the particles
based on the relative proportion of mineral matter and carbon in each particle. In the
CCSEM analysis, the total area proportion of the particle and the area proportion of the
individual mineral species and carbon in that specific particle are computed. By summing
the total area proportion of the mineral matter and corresponding carbon, the particles can
be classified using the relative proportion of carbon to mineral matter. The accepted

standard is to classify particles into 12 area groups into intervals of 10 area-%, with the



first interval starting at 0-area% carbon and the last been 100 area-% (mineral free
carbon). Thus, the particle association class of 30-40 describes a particle in which the
proportion of carbon is between 30-40 area-% and the proportion of mineral matter
makes up the balance. A 100-% class is carbon particle with no measured included
mineral grains and the 0% class is particle with only mineral matter and no carbon
present.

The % total particle distribution, % carbon distribution and % mineral matter distribution
for each association classis illustrated in Figure 2.3 (char A) and Figure 2.4 (char B).

60 - ~ . -
50 i — L =
40 HEE _|m%-Particle |_
g W% -Mineral
‘5 30 — |O%-Carbon [
20 4 il il =l Sl Lot |
10
0

0 | 5 |15 |25 | 35 | 45 | 55 | 65 | 75 | 85 | 95 | 100
[mo%-Particle | 2.2 [21.8] 7.0 [ 28 [ 05 [10 [ 14 [ 22 |51 | 7.8 |27.8 (203
[m%-Mineral | 6.0 [56.4 (16454 [ 10 |16 [17 [ 21|35 |29 [31 00
|O% -Carbon | 00 | 14 |15 |08 [03 |07 [ 1.3 |24 |61 [10.6|42.4 323

Association class midpoints

Figure 2.3: Association characberisticsfuf char A
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e B % -Particle
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s 20 ™
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0

0 6 |15 [ 25 |35 [ 45 |65 |65 [ 75 | 85 | a5 | 100
M%-Particle |21.4 (214 | 9.1 40 | 456 | T 34 [1.7 | 7.7 | 34 | 42 |11.2
M%-Mineral [32.8 (312 [120 |57 |45 |61 |25 [10 [3.4 |07 |04 |00
O%-Carbon | 0.0 |32 [ 37 [ 33 |44 |as [82 [32 [162] 83 [115[3z21

Association class midpoints

Figure 2.4: Association characteristics of char B
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It is seen from Figure 2.3 that 27.8% of the carbon particlesin char A are predominantly
carbon with less than 10 area % of included mineral grains (90-100 class). 21.8% are
particles comsisting predominantly of mineral matter with <10 area % carbon (0-10 class)
and 20.3% are mineral-free carbon particles (100class). In contrast, 21.4% of the
particles in char B are 100% mineral matter with no associated carbon (0 class). 21.4%
are particles comsisting predominantly of mineral matter with <10 area % carbon (0-10
class) and 11.2% are mineral-free carbon particles (100 class).

About 56% of mineral matter in char A occurs as predominantly excluded minerals with
minor associated carbon (<10%). In char B, the proportion of minerals occurring as
excluded mineral particles with no associated carbon is 32.8% and proportion of minerals
with minor associated carbon (<10%) is31.2%. 78.8% of mineral matter in char A is
associated with particles where the proportion of carbon is less than 3(P% (sum 0-30). In
comparison, 76% of the mineral matter occurs in this group in char B. In Figure 2.3, it is
seen that about 85% of carbon occurs as free char with no associations wih minerals
whereas in Figure 2.4 about 68% of carbon occurs with no associations with minerals.
Another attractive feature of the CCSEM is that an image on how the carbon is located
can be seen. In Figure 2.5 and Figure 2.6 images of char A are shown.

Mineral
free
carbon
Fine
included
kaolinite
(grey) and
quartz
(white) i
carbon

o

Figure 2.5: Fine included kaolinite and quartz in char A rich particles (back-scatter)
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Visually, asseen in Figure 2.5, the mineral matter in the predaminantly carbon rich
particles (20-100) are fine isolated inclusions of predbminantly kaolinite, quartz and to a
less extent calcite and pyrite. In Figure 2.6 a variety of extraneous mineral matter

particles is shown.

Pyrite Excluded
(white) carbonate
with
minor
Kaolinite
with thin
Quartz carbon
(white) parting
kaolinite
(grey) Excluded
orthoclase

Figure 2.6: Avariety of extraneous mineral matter particles in char A (back-scatter)

A higher proportion of kaolinite and quartz occur as fine included grains in carbon than
pyrite and calcite/dolomite, see Figure 2.6. Pyrite (=70%) and calcite/dolomite (>60%)
predominantly occur as extraneous particles (60-100 class). Excluded kaolinite/quartz
particles are also common. In char B, the higher quartz content (Table 2.6) is attributed to

a higher proportion of excluded quartz grains and not due to fine includeal quartz grains
associated with carbon.

2.9 PETROGRAPHY ANALYSIS

A study on coal petrogmaphy was conducted at SABS (South African Bureau of
Standards) laboratory in Pretora. In this study, three maceral groups were identified, i.e.
vitrinite, liptinites and inertinites usinga petrographic microscope. Due to the much finer
particle size of coal A and coal B samples, identification of the inertinit sub-macerals

was not possible. The group of maceral analyses were carried out in accordance with the
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[SO Standard 7404 —5, 1994, Table 2.14 shows the petrographic results obtained from
the two chars investigated.

Table 2.14: Petrographic (Maceral composition) characteristics of coal A and coal B

Parent coal petrography Coal A | Coal B
Vitrinite content ( wt.%) 21 18
Liptinite content ( wt%) | 3 =
Total inertinite ( wt.%) ! 76 80

Vitrinites generally contain relatively less oxygen and more carbon than inertinites.
Liptinites are relatively poor in oxygen. They are rich in hydrogen and produce the
highest yield of volatile matter when heated, followed by vitrinites. Inertinites are rich in
oxygen compared to vitrinites and relatively low in volatiles (Du Cann, 2002).

The major difference with petrography lies most in their behaviours during heating.
Vitrinite-rich particles from bituminous coals soften, become plastic and expand to form
cellular structures producing a porous char. This char then provides a greatly increased
surface area for combustion to occur. The degree of expansion is affected by the heating
rate. Most inertinites however, do not soften, degasify or develop into porous structures,
but form dense chars, which are more ditficult to ignite. They also tend to have lower
burnoff rates. In terms of organic composition in bituminous coals, the inertinite group
macerals generally exhibit the highest hardness, liptinites the lowest and vitrinites
intermediate values. Maceral/mineral associations (in particular those where the cell
cavities are filled with minerals) are characterised by increased hardness. It is seen that
both coals can be classified as high inertinite bituminous coals. It is for the above reason

that very low porosities were obtained with the coals investigated.
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2.10 CONCLUSIONS

A detailed characterisation of the two chars and coals have been conducted. Different
properties such as proximate and ultimate analysis, particle size distribution, porosity,
minerals oxides in the ash, carbon-mineral association (using CCSEM technique) and
petrography have been evaluated for both samples.

The following conclusions have been drawn:

* The ash content of both chars is 48 % and 67% for char A and B respectively.
These values are much higher than coals normally processed in both the South
African and non South African power generation industry.

e The average particle size of char A is 70 um and that of char B was 20 pm.

» Both chars have very low porosities (< 5%) which can be attributed to the high
content of inertenite (> 75 wt.%) in both coals.

e The mineral content of the ash shows large contents of calcium and sulphur and a
lower iron contents compared to other South African coals. This conclusion was
also confirmed by a CCSEM study on both chars.

* Microscopic inspection of the chars show that the char samples are a collection of
mainly carbon rich particles (< 10% minerals) and mineral rich particles (<10%

carbon), This was more pronounced for char A than for char B.
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NOMENCLATURE

¥ pore radius

S surface area

Greek Letters

£ porosity

Px bulk density

Abbreviations

ar as received

ASTM American Society for Testing and Materials

CCSEM Coal Characterisation Scanning Electron Microscope

CSIR Centre for Scientific Industrial Research
daf dry and ash free

db dry basis

150 International Occupational Standards

SABS South African Bureau of Standards

m

2

kgem

kg
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CHAPTER 3
COMBUSTION REACTION KINETICS

3.1 INTRODUCTION

In this chapter, the kinetics of combustion of two high ash chars is determined with
isothermal and non-isothermal methods using a thermogravimetric analyser. Combustion
reactions have been studied with oxygen and oxygen/nitrogen mixtures at atmospheric
pressure and temperatures between 370 and 560 °C. Isothermal experiments were carried
out between 370 and 410 °C and the non-isothermal experiments up to 560 °C. Factors
affecting the reaction rates of the char combustion have been evaluated and quantified.
In Section 3.2, a literature survey is presented, in which a general background on char
combustion is given. Also, the different parameters that influence the rate of combustion
is presented in this section. Fundamental char combustion models, the shrinking
unreacted core model, the shrinking reacted core model and the homogeneous model are
discussed in Section 3.3. The experimental apparatus and the experimental procedures to
determine the reaction kinetics of combustion are presented in Section 3.4. The results
and discussion is given in Section 3.5 for the isothermal study and in Section 3.6 for the

non-isothermal study. Finally, the conclusions of the complete study are summarised in

Section 3.7.
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3.2 LITERATURE SURVEY

3.2.1 Introduction

In this section, a summary of the mechanisms and particle conversion models for the

combustion of char is given. The most important factors that influence the rate of

combustion are also discussed.

3.2.2 Combustion reactions of coal chars

The mechanism of combustion of coal-derived char has been studied extensively in the
past 50 years (e.g., Russell ef al., 1998, Sorenson ef al., 1996, Querol et al., 1994 and
Grovest ef al., 1987). It is generally accepted that chemisorption of oxygen on the char
surface (Hill and Fott, 1993) is the first step in the combustion process. The resulting
surface oxides decompose to form carbon dioxide (Equation 3.4) or carbon monoxide
(Equation 3.1). If an excess of oxygen is present, as is the case in combustion reactions,
the carbon monoxide will be oxidised to carbon dioxide very fast (Equation 3.2). The
Bouduard equilibrium reaction (Equation 3.3) can also occur, especially at high

temperatures (T'sai, 1982; Essenhigh, 1982).

2C oty + Oy >2C0 [3.1]
2C0 uy + Oypy > 2C0y [3.2]
Caiity +COy > 2C0, [3.3]
C lootiay + Opguy = COyy [3.4]

The overall reaction of the combustion of char in an excess of oxygen is predominantly
represented as the reaction given in Equation 3.4 (Russell, ef al., 1998 and Sorenson et
al., 1996). Therefore, this reaction is taken as the combustion reaction and forms the basis
for the derivation of the different combustion models (Section 3.3).
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3.2.3 Factors affecting the reaction rates of coal chars

The combustion of coal in any system, whether carried out in a fixed or fluidised bed, is
primarily a matter of combustion of carbon, with primary combustion of volatiles. Under
reaction conditions, the release of volatiles from the coal and the successive combustion
of the volatiles is very fast compared to the combustion of char (Essenhigh, 1982; Moors
et al., 1999 and Tomeczek and Gil, 2003). Since the combustion of char is the rate
determining step in the overall combustion process, the coal samples are devolatilised
before every experiment and hence the reaction kinetics of the resulting char is studied in
depth. There are several factors that influence the reaction kinetics and mechanisms of

char combustion reactions. The most important factors are described in the following

sections.

3.2.3.1 Char preparation

It is well known that the structure of char depends on the devolatilisation process of the
coal and hence can have an influence on the char reactivity (Gonene, 1990; Howard,
1982). As the formation of char proceeds, the porosity of the char sample increases
initially. The accessibility of the pores to penetrating molecules however only increases
in temperatures below 500 to 600 °C, and then severely decreases in the range of 600 to
1000 °C (Evans and Hermann, 1970). A similar conclusion was drawn by Serio ef al.
(1987) and Muhlen and van Heek (1985), who studied the reactivity of chars prepared at
different temperatures and found that for chars prepared at lower temperatures (600 °C),
the char exhibited a much higher reactivity than for chars prepared at higher temperatures
(800 - 900 °C). This is mainly due to the degree of graphitisation of the char as the
temperature increases (Howard, 1982).

One of the macroscopic changes taking place during the plastic stage in the
devolatilisation process is the formation and transport of gas bubbles within the resultant
viscous mass. The transport of these bubbles to the surface of the char is responsible for
the formation of the char pore structure. Pore structures can be macro- or micro porous,
depending on the coal and the preparation conditions (Habermehl et al., 1981). These

significant structural changes during devolatilisation are however not found for high
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inertinite chars. For these chars, the porosity and structure of the coal is only slightly
influenced by the devolatilisation process (Tomeczek and Gil, 2003).
Since the char formation process can have an effect on the reactivity of the char, it is

important to carry out the devolatilisation identically before every experiment.

3.2.3.2 Char composition

The relative reactivity of chars can be quantified by studying the reaction kinetics of
different chars at the same reaction conditions (Jenkins et al., 1973). In this way, the
reactivity of a char describes a property of the char but should therefore be reported for
well-defined operating conditions (e.g. temperature and pressure). As the reactivity also
varies with conversion, it should also be reported for specific conversion levels. So, the
reactivity of the char is closely related to the origin of the coal.

Several researchers found that the reactivity of a char strongly depends on the
composition of the char (Takarada et al., 1985, Cloke and Lester, 1994 and Miura, ef al.,
1989). According to Takarada et al. (1985), there are mainly three factors affecting the

intrinsic reactivity of a coal derived char:

1. Chemical composition, particularly the amount of hydrogen, oxygen and sulphur
that affect the imperfections of the carbon structure (active sites).
2. The coal ash, which may provide catalytic effects.

3. The rank of the coal, which determines pore size and structure.

The measurement of these char properties is therefore very important in kinetic
investigations (see Chapter 2). The oxygen content of a coal is considered as a parameter
indicative of the amount of free sites that will be available on the surface of a resulting
char (Hashimoto et al., 1986). The moisture content of a coal is considered as an
indication of the porosity of a char (Takarada et al., 1985).

Several investigators (e.g. Walker, 1977, Jenkins ef al., 1973 and Miura et al., 1989)
observed that the reactivity of chars increase as the grade of coal decreases. This is

usually explained by a catalytic effect that the metal oxides can have on the combustion
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reaction (Hill and Fott, 1993). If hydrogen, present in the carboxyl groups of the char, is
exchanged by calcium and sodium, the char becomes more reactive in the reaction of
chars with oxygen and other reactive gases (Hashimoto ef al., 1986). Other investigators
(e.g. Miura et al., 1989) have also observed a catalytic effect of calcium, sodium,
potassium and magnesium on the reactivity of chars. Miura et al. (1989) found that the
combustion reactivity of lower grade coals (carbon content less than 80%) is controlled
by a catalytic effect of the minerals. On the other hand, the gasification rate of higher
rank coals seemed to be a non-catalytic reaction of carbon, controlled mainly by the
intrinsic reactivity of the char. This conclusion however, does not necessarily mean that
the gasification rate of higher rank coals is not affected by catalytic activity. When alkali
metals or alkali earth metals are added to these chars prior to reaction, the reactivity is
greatly enhanced (Nsakala er al., 1977).

To eliminate the effect of catalytic reactivity demineralised chars are often used, whereby
the chars are washed in acid to remove metal constituents (Johnson, 1979; Essenhigh,
1982). Since the intrinsic reactivity of the char is of importance in this study, the chars
are not demineralised before every combustion experiment.

In order to predict the combustion behaviour of chars accurately under various
conditions, e.g. varying temperatures and partial pressures, it is important to develop and
validate physically realistic kinetics. The availability of high-ash coal in South Africa has
strongly motivated this study. Peek (2000) and Lorenz et al. (2000) have studied
combustion of chars less than 30% ash. In literature the evaluation of kinetics of

combustion of high ash coal chars greater than 48% has not been published.

3.2.3.3 Particle size effect

The reaction of porous carbons with gaseous reactants involves the transport of both
reactant and product gases between the bulk gas phase and the particle surfaces, where
the chemical reactions take place (Levenspiel, 1972). Under conditions where gaseous
concentrations within a particle are different from the external gaseous concentrations,
diffusion processes affect the overall reaction rate (Laine ef al., 1964). For small and

relatively non-porous materials the ratio of external to internal surface area is relatively
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large, and the effect of intraparticle diffusion can be neglected. External diffusion is, in
these cases, the dominant diffusional resistance, which can be reduced by higher gas flow
rates around the particle (Essenhigh, 1982; Hashimoto ef al., 1986). In contrast, with
large and porous carbon particles (> 100 pm) at elevated temperatures, the reaction rate is

greatly influenced by intraparticle pore diffusion (Johnson, 1979; Tsai, 1982).

3.2.3.4 Effect of pore size

The complex pore structure of coal chars, which changes during the course of combustion
reactions, presents great difficulty in the analysis of diffusion behaviour. Walker et al.
(1959) described this process in detail for the reaction of pure carbons with oxygen.
Other investigators have also quantitatively considered the effect of intraparticle diffusion
on the gasification rate of coal chars (Kunio and Kunii, 1969).

Walker and co-workers (1977) have indicated that coal chars have a trimodal pore
structure, consisting of macropores, transitional pores and micropores. They stated that
diffusion through the initial macropores and transitional pores is relatively fast. This has
the result that the gaseous concentrations at the mouths of the micropores are nearly the
same as the concentrations at the external particle surface.

Gaseous diffusion within the micropores can be very slow in relation to the diffusion
through the macropores systems (Evans and Hermann, 1970). It has therefore been
suggested that chars with a large transitional pore system will show fewer limitations to

mass transport during reaction (Walker er al., 1977).

3.2.3.5 Effect of temperature

High temperature favours high reaction rates (Johnson, 1979; Essenhigh, 1981). This
leads to the observation that there is a transition in the controlling mechanism of gas-solid
reactions from chemical reaction control to diffusion control, as the temperature
increases. The reactions of a porous solid can generally be divided into three regions, and
thereby is called the three-zone concept. This concept was first postulated by Wicke
(1955), and was discussed in detail by Walker and co-workers (1959) for coal

conversion. At low temperature (ambient-500°C), when the reaction rate is relatively low,
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reactant gases can diffuse into the porous solid faster than it can be depleted by the rate of
the reaction. The reaction therefore takes place uniformly throughout the particle. This is
referred to as Zone 1 (Walker ef al., 1959).

At temperatures around (500 — 800 °C), the in-diffusing gas is consumed in a reactive
zone that does not penetrate to the centre of the solid, leaving an unreacted core. This is
referred to as Zone II (Walker ef al., 1959).

At very high temperatures (=800 °C), the reaction is so fast that no significant penetration
of the gas into the solid matrix occurs. The reaction retreats to the external surface of the
particle, and the rate is controlled by boundary layer (external) diffusion. This is referred
to as Zone 111 (Walker ef al., 1959). It is also well established by Walker (1959) that the
activation energy in Zone Il is half that of the activation in Zone | (Essenhigh, 1982).

It is therefore clear that the mechanism whereby a reaction occurs, either diffusionally or

chemically controlled, is dependent on a number of factors.

3.2.4 Combustion models

One of the most used empirical models to describe reaction kinetics of char oxidation at
typical industrial combustion temperatures is the n-th order rate equation (Smith, 1982;

Hurt and Mitchell, 1992; Monson ef al., 1995). The most common form of the n-th order

overall reaction rate equation is:

dX =
— =k ex
o PfR

E o
5, f(X) [3.5]

where fi’X) is the particle conversion model, the model that describes the relative
conversion rate (ratio of reaction rate to initial reaction rate) as conversion progresses.
This simple equation provides a basis for estimating overall reaction rates, and has often
been adequate for practical use at atmospheric pressure over small temperature ranges
(Smoot and Smith, 1985) and has often been used. However, the n-th order rate equation
does not account for pore diffusion effects on kinetics. Also, the reaction order is often

observed to vary as experimental conditions vary, with limits of zero and unity
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(Suurberg, 1988). Presently no theory can satisfactorily explain or predict how the
reaction order of char oxidation would change with experimental conditions.
Several investigators have proposed different forms of char overall reaction rate

equations (Smith ef al., 1994). These models are presented in Table 3.1.

Table 3.1: Summary of overall reaction rate models

Researcher Particle conversion model
Wen (1968) e Xt
dr
Mahajan (1978) —=a, -[-al'r+c.'|:2'l'1
dr
Gardner (1979) ax _ re ™ (1- X)
dr :
Johnson (1979) & ™ T
dr
Simons (1980) L sr Hred-X0-X)
| dr
| Chornet (1979)

R T

ffd_X. =r, JI-yn( - X).0- X)
T

Bhatia and Perlmutter (1980)

Laurendeau (1978) and Reade (1996) state that models vary in levels of detail and can be
classified into two subcategories: macroscopic and microscopic models. Macroscopic
models use average properties of the particles to estimate the effective diffusivity in the
porous structure, and usually do not model the evolution of pore structure with
conversion. In other words, macroscopic models assume spatially uniform properties
(porosity, pore size and surface reactivity) and invariant pore structures. Microscopic
models involve the development of a reaction model for a single pore and then prediction
of the overall particle reactivity by an appropriate statistical description of the pore size
distribution (Laurendeau, 1978). Microscopic models use a pore structure model to

approximate the spatial and temporal variations in local diffusivity, pore structure, and
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the properties of the particles are assumed to be uniform, then the microscopic approach
becomes equivalent to macroscopic approach. Microscopic models have the potential to
capture the effects of burnout on reactivity. However, these models are numerically
cumbersome and generally less desirable as sub-models in comprehensive combustion

codes (Cope, 1995). More fundamental models are derived in the next section.

3.3 DERIVATIONS OF FUNDAMENTAL REACTION RATE MODELS

3.3.1 Introduction

In this section, different forms of the shrinking core model are described. The derivation
corresponding to each model is presented. In the first part of this section a situation for a
shrinking unreacted core with gas film diffusion, diffusion through the ash layer and
chemical reaction controlling is considered. In the second part of this work, a situation

describing the shrinking reacted core model as well as the homogeneous model is

presented.

3.3.2 Shrinking unreacted core model (SUCM)

3.3.2.1 Description

This well known model consists of a nonporous char particles (at reaction conditions)
with reaction occurring only on the outer surface and as the reacting surface recedes, a
layer of ash can be formed around the unreacted core of char. This ash is assumed to be
porous so that reaction occurs by diffusion of oxygen through this ash layer to the surface
of the impervious core of char. The condition for this to occur is that the rate of
movement of the reaction interface is small with respect to the velocity of diffusion of
oxygen through the ash layer. The requirements for this pseudo-steady-state concept have
been carefully developed and are available in many publications (Bischoff and Froment,
1963). Based on this concept there are three rates of importance and need to be

investigated to determine a possible rate controlling mechanism: (1) diffusion of oxygen
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through a gaseous boundary layer; gas film diffusion (2) diffusion through the ash layer,

and (3) reaction at the interface between ash and unreacted core.

3.3.2.2 Derivation of equations

Consider the following reaction in a spherical particle with an initial radius R:
Oaqg) + Cisy — prod [3.6]
[A+S§S— P+ash] [3.7]

with a reaction rate proportional to the partial pressure of oxygen only to the power »,

namely:

-

ri=r'=kC Pl=kP"=k e"P" [3.8]
The moles of carbon (denoted with subscript S) reacted at any time is:
N, =p,MR,—r.) I3M, [3.9]

where r. is the radius of the unreacted core.

Also the conversion X is:

X =1-(t/Rp)’ = 1 -y [3.10]
Cras film diffusion control

Equating the consumption rate of carbon to the rate of mass transfer
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1 dN, __ Pt dr

— = =- 3.11
it Y MR & e
Integrating for constant R (ash layer and core)
.Iﬂ.-.'Rp 3 -
S Sl [3.12]
3M kP,
and in terms of conversion:
R
il L X=t1 X [3.13]

[ = =
IM kP,

If the time is normalised to the time of 90% conversion, the following equation can be
derived:

A
f.l'rfnlg :ﬁ [314]

The corresponding overall reaction rate is the following:

dX 3M kP,

e B G 3.13
dt PR, A

Diffusion through product ash layer control

Based on the pseudo-steady-state assumption the following differential equation is

applicable:

dc',
dr

e
b — 00 [3.16]
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with boundary conditions: r =R,; C, =C,,,r=rc; C, =0. The diffusion coeffient
depends on the properties of the resulting ash layer.

Equating the rate of consumption of carbon to the flux of oxygen through the ash

dN ) P, dre 1y 40y
v e S 3.17
& Tty oo R Lol
Integrating for constant R, (ash layer and core)
R G L
PO - Y s G i [3.18]
MEE T 2 3
and in terms of conversion:
PR, :
t=—F—[1=-3(1-4)° +2(1- X)) [3.19]
6M. DC .,
:
t=¢ [1-3(1-X) +2(1- X)] [3.20]

If the time is normalised to the time of 90% conversion, the following equation can be
derived:

2
=il - F
tltyy =— 'L"'h}_sé' el [3.21]

The corresponding overall reaction rate is the following:

dX _3M.,DC,, [ 1
dt PR,

070 3-22]
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Chemical reaction control

Equating the rate of consumption of carbon to the reaction rate at the surface:

L aN, _ppr P O [3.23]
md @t T M, &
Integrating:
2R,
t=—2 £ __(1~¥) [3.24]
Mxklx PAH :V
and in terms of conversion:
p-‘RP IF3 1/3
tm el = {1 - K = [l ] [3.25]
MskxPAon

If the time is normalised to the time of 90% conversion, the following equation can be
derived:

L
1-(1-X)*
0.54

thtys = [3.26]

The corresponding overall reaction rate is the following

| - L
% » BM; k_;EPAL. {l e X}Zn’] = koeRT}})zh(l = X]Z.-'El [32?]
LA

This equation is similar to the equation used by Johnson ef al. (1979) as given in Table

3.1. If equation 3.27 is combined with Equation 3.5:



Bty [3.28]

3.3.3 Shrinking reacted core model (SRCM)

3.3.3.1 Description

The particles are assumed to be a homogeneous mixture of carbon (C) and minerals (ash)
and with porosity such that diffusion inside the particle can affect the overall reaction
rate. The reaction rate is first-order with respect to the concentration of oxygen and
concentration profiles of oxygen (pseudo steady state) and carbon are generated inside
the coal/char particles. As a result of the carbon being depleted inside the core a structural
change (pore sizes) will be occurring during the combustion process which in turn effects
the diffusion coefficient of the diffusing gases (Knudsen diffusion). Since the reaction
rate is the fastest near the surface, rather than in the interior of the particle the carbon
concentration will be depleted first at the surface thus forming an ash layer. This will be
designated as the first period. After this period, the ash layer will increase (or will be
removed) with a decreasing active porous core of the char, similar to the particle during
the first period, constituting the second period. External film diffusion is not considered

and the ash layer is removed as it is formed (equivalent to an ash layer with negligible

diffusional resistance).
3.3.3.2 Derivation of equations

The relevant equations for this model are the following (for complete derivations see

[shida and Wen [1968]. Consider the following reaction in a spherical particle with a

radius R,
Oz + C(s) — products,

with a reaction rate dependence on the concentration of oxygen (1* order) only:
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R N R exp(%)c,t [3.29]

For the first period the material balance for oxygen (A) and carbon (S) is:

e 240 : .
e e [3.30]
oC, /8t =—r’ [3.31]

with boundary conditions:

CA=CM]; EtTERp [332]
dC ,
=0; atr=0 3.33
- [3:33]
and:
Ce=Cs; att=0 [3.34]

The solution of these equations can be obtained as:

C, _ sinh(gé)

C, &sinh(g) [3.35]
and:

€, __ smh(go)k,C pof i

BN £ sinh(g)



where:

r k.
= —t :R R
J f° o D,

P

= Thiele modulus [3.37]

The fractional conversion of carbon can be found to be:

3
(9’

(¢cothg — Dk, C ot [3.38]

There is thus a linear relationship between X and t over the first period. The duration of

the first period is determined from Equation (3.36) with C;=0 at £ =1, that is:

kCoty =1 [3.39]
and the fractional conversion and carbon profile at t; is:

3

P
(#)

(pcothg 1) [3.40]

and the carbon concentration profile:

S i sinh(¢&)

£ £ sinh(g)

[3.41]

For the second period, the material balances for oxygen (A) and carbon (S) needs to be
solved for the shrinking porous particle only which are the same as for the first period
except that the radius of the particle changes (with time). For a varying core radius ry

(£, =1,/ R, with R, = initial radius) the following equations are obtained:
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C, _ &nsinh(gs) [3.42]
C, Esinh(@e,) '

Coo & sinh(¢Z,, )

The total time duration (t =t; + tz ) is then:

,1+InG, sinf}(@i)f’ sinh(¢¢,, ) [3.44]
k,C 4

and the fraction conversion over this period is:

i 4 E'f“ [6€, coth(@E,) 1] [3.45]

2

A dimensionless time variable defined as t't. where t. is the time for total combustion

can be used, thus:

_ 1+In(Z, sinh(g) /sinh(gé, )
16 il ) G

Also a dimensionless time variable defined as t/tyo where tgg is the time for 90%

conversion can be used, thus:

e 1+ In(&,, sinh(g)/sinh(gs, ) [3.47)
7 1+In(&2° sinh(¢"” )/ sinh(g**£1?)

It should be noted that by combining Equations (3.45) and (3.46), a plot of conversion X

versus t/t would result which is dependant on the Thiele modulus parameter only and

52



independent of the concentration of oxygen. This is also applicable to combining
Equations (3.45) and (3.47)

Also the results (X versus t/t., as shown in Figure 3.1 merge for large values of the
Thiele modulus, corresponding to no penetration of oxygen into the core and is
equivalent to an unreacted-core shrinking model (Ishida et al., 1968). Also applicable to

X versus t/4,,.

0 0.2 0.4 0.6 0.8 1
e

Figure 3.1: Effect of Thiele modulus for a shrinking reacted core particle

The unreacted-core shrinking model referred to corresponds to a reaction controlled
surface reaction model without a product (ash) layer. The equations for conversion and
dimensionless time being the following (Ishida and Vén, 1968):

X=1-¢& [3.48]
t/t, =1-& =1-(1-X)'° [3.49]
where
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R [3.50]

It is well known that a plot of Equation (3.49) is good test for the validity of this model.

3.3.4 Homogeneous Model

A homogeneous model in this study is considered to describe conversion of a very porous
particle (large diffusion coefficient relative to the reaction rate constant) with a constant
oxygen concentration in the particle (Ca = Cap). Consequently, the reaction is solely
reaction rate controlling throughout a constant size particle (R,) and Equation (3.31)
above is applicable. Different reaction rate equations have been proposed in the literature,

which give the following results.

Case 1. The rate depends on the oxygen concentration only as in Section 3.3.3 above,

and substituting in Equation (3.31) above:

%:{R; dg;* - "zﬁ Lol [3.51]
[ntegrating over a time period t:
P [3.52]
EC .
The corresponding rate equation is:
% - % [3.53]

xa
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Case 2. The rate depends on both oxygen and carbon concentrations in the particle, and

substituting in Equation (3.31) above:

,],-,.Rz m; z d;’ =~hCCoo [3.54]
A3 L,

Integrating over a time period t
-In(l-X)=kC, ¢ [3.55]

The corresponding rate equation is:

dax !
— =5Ci0l-X) [3.56]

This equation is similar to the equation used by Wen (1968) as given in Table 3.1.

3.4 EXPERIMENTAL

In this section, a brief description of the two (TGA) thermogravimetric analysers used is
given. The TI 2050 vertical TGA was used for isothermal experiments while all the non-
isothermal experiments were carried out using the Du pont 951 horizontal
thermogravimetric analyser. The char preparation together with the combustion method

followed is described. Some experimental results confirming the absence of diffusion are

also presented.

3.4.1 Description of the experimental apparatus

The TGA operates on a principle whereby the sample weight change is constantly
measured as a function of time and temperature. The instrument can be operated

isothermally or non-isothermally. The photograph and a schematic representation of the



instruments used in this investigation are shown in Figure 3.2 and 3.3. Both instruments
measure the mass and temperature at short time intervals i.e. 2-5 seconds (depending on
the duration of the experiments), resulting in a semi-continuous time-temperature-mass

plot (see e.g. Figure 3.4 and 3.7)

Figure 3.2: Photograph of the horizontal 951-thermogravimetric analyser

F“n‘nu Iau-.'- TR e LTRSS O TS S F AR S SRR

Infrared LED

Meler movemeant
Balance arm

Tare pan

Thermocouple

Sampile pan — .
Furnace assembly

Furge gas outlet

Heater
Elevator hase
Purge ga=s Inlet ———— - ———— ——

Sample pan holder o et

Figure 3.3: Schematic presentation of 2050 Thermogravimetric analyser

-

The specifications for the TGA’s used in this work are given in Table 3.2 and 3.3.
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Table 3.2: Specifications of the 951-thermogravimetric analyser

*l Capacity 500 mg including sample pan (sample mass < 110 mg)
Temperature Ambient to 1100°C
Suppression ] 110 mg electronic tare

Suppression accuracy

+0.4% of suppression

Precision of weight

0.4% of full scale

Accuracy of weight

+1% full scale

Time constant 0 — 5 seconds
Pressure Atmospheric g
Purge rate Upto 1 lYmin

' Control thermocouple Platinel II

Sample thermocouple

Chromel-Alumel

Table 3.3: Specifications of the 2050 thermogravimetric analyser

Maximum weighing capacity l0g

Temperature Ambient to 1000 °C
Sensitivity/Resolution 0.2 pg g
Balance accuracy <+).1%

| Purge gas rate

Furnace 90 ml/min; Balance 10 ml/min

Temperature calibration

1 to 5 points (metal standards)

Heating rate

0.1 to 50 °C/min (0.01 °C/min increments)

Furnace cooling

Forced air

Sample pans Platinum: 50uL, 100uL
Alumina: 100puL, 250pL, 500uL
Aluminum: 100uL
Thermocouple Platinel II
| Operating line voltage 115 volts, 50/60 Hz
Energy consumption 1.5 kVA
Fanges: 100 mg range 10 mg-100 mg

1000 mg range

100 mg-1000 mg

Furnace atmosphere purge gases

He, Nj, O, Air, Ar

Furnace atmosphere purge rates

Up to 100 cm’/min
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3.4.2 Experimental procedure

All the data used in the reaction kinetic evaluations of the combustion kinetics were
obtained from combustion experiments conducted on coal-derived chars. The most
common way to prepare a coal char is to heat a coal sample to a specific temperature in a
nitrogen atmosphere until insignificant changes in mass sample are observed (Johnson,
1979; Tsai, 1982). The procedure followed during char preparation and char combustion
is described below:

3.4.2.1 Char preparation

In all the experiments conducted, char was prepared in situ in the apparatus used for the
relevant combustion. It was therefore not necessary to handle the char in any way after
pyrolysis was completed, minimising contamination of the char as well as structural
changes due to the breakdown of the char body with time. All cooling of the chars were
conducted under flowing nitrogen, and the gas was switched directly to the combustion
medium at the onset of the combustion experiments.

The coal samples were converted to char before each experiment. An internal standard
procedure to prepare the char was followed in this study. Peek (2000) also made use of
the same procedure. It has to be mentioned here that in industrial pulverised coal boilers
and fluidised bed combustors much higher heating rates (up to 10° K/s) are observed. The

following char preparation procedure was followed for isothermal and non-isothermal
experiments:

1. The sample temperature is equilibrated at 30 °C in a nitrogen atmosphere.
The sample is heated at a constant heating rate of 20°C/min to 700 °C.

The sample is held isothermally at 700 °C for 60 minutes.

B

The char sample is then cooled down.

Figure 3.4 shows a plot obtained during the char preparation. It is seen that the volatile

matter is approximately 20%, which is in agreement with results presented in Table 2.2.
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Figure 3.4: Preparation of char from a parent coal

In all experiments conducted, the sample temperature was equilibrated at 30 °C prior to
the commencement of any reaction. This was done to create an identical starting point for

all experimental procedures.

3.4.2.2 Char cambustion

The following method was employed in all non-isothermal combustion experiments:

The sample temperature is equilibrated at 30 °C in a nitrogen atmosphere.
The sample is heated at constant heating rate of20 “C/min to 250°C.

The sample is then held isothermally for 1 minute.

The sample is heated at a constant heating rate of B °C/min to 1000 °C.

LI SR

The sample is then allowed to cool-down after conversion has been completed.

In the case of isothermal experiments, air was only introduced at desired operating

conditions and the temperature was kept constant until the reaction attainscompletion.
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3.4.2.3 Reagent gases

The following six different gases were used in this study: air, nitrogen (99.99%, oxygen
(99.99%), carbon dioxide (99.99%), carbon monoxide (99.99%), hydrogen (99.99%) and
distilled water. All gases were supplied by Afrox South Africa. Nitrogen was used for
preparing the char. It was also used to keep the char under inert conditions until the
reaction temperatures were attained. Oxygen and air were used for combustion
experiments. The mixtures were made on-line using the (Brooks 5850) mass flow

controllers.
3.4.2.4 Char properties
The properties of the chars are given in Chapter 2.

3.4.3 Experimental results confirming absence of diffusional effects

In this section an experimental confirmation of the absence of any diffusional limitations
is presented. The effect of external and intra-particle diffusional limitations is examined.
In Section 3.4.3.1 an experimental procedure followed to tests for external diffusional
limitations is presented followed by Section 3.4.3.2 that describes the experimental

procedure followed to test for the effect of intra-particle diffusional limitations.

3.4.3.1 External diffusion

Most researchers (e.g. Barrio and Hastad, 2000, Peek, 2000, Gururajan et al., 1992 and
Meijer, 1992) have measured kinetics without verifying the effect of diffusion resistance.
Diffusion must be eliminated for proper kinetics. In order to test for the absence of
external diffusion limitations the combustion experiments were conducted under identical

conditions but only at different flow rates, see Figure 3.5. For all experiments, a flow rate

of 80 ml min"' was used.
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Figure 3.5: Combustion of char A using different flow rates

3.4.3.2 Intra-particle diffusion

The influence of different particle sizes duringcombustion was tested. Figure 3.6 shows
the thermograms obtained fiom the combustion of different particle sizes. Char with
particle sizes of approximately (40 pm — 100 pm) were combusted with air. It is seen that
the thermogrammes of different particle sizes gave identical results. This is a strong
confirmation that the combustion of 70 pwm powder is reaction controlled.

350 400 450 500 550
Temp (°C)

Figure 3.6: Combustion of char A using different particle sizes
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3.4.4 Error calculation

The errors of the experimentally determined values in this thesis are calculated
statistically. For this, a 90% confidentiality interval has been used. As an example, the
average activation energy as determined in Table 3.4 is based on the mathematical
average of the 45 reported values (= 133 kJ mol™). The standard deviation for this set of

values is 7.5 kJ mol ™, and the error is calculated as 1.65 times the standard deviation (=

12 kJ mol™), representing a 90% confidentiality interval.
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3.5 RESULTS AND DISCUSSION: ISOTHERMAL OPERATION
3.5.1 Introduction

In this section, the combustion of the chars using air, carried out under isothermal
conditions between 370 and 410 °C is presented. Char conversion models (as presented in
Section 3.3) have been tested and the relevant reaction kinetic parameters were
determined. The isothermal method is traditionally used since the results are easy to
interpret (only conversion changes as the combustion proceeds). Therefore, most
researchers, studying char combustion, have conducted their experiments isothermally
(Guo et al, 2003; Olivela and Heras, 2002 and Moors ef al., 1999). The disadvantage of
an isothermal approach is that only one temperature is studied per experiment and that the
temperature is restricted to low values, when using thermogravimetric methods. In this
study, the particle conversion model will be determined using the isothermal approach,
while the full set of reaction kinetic parameters is quantitatively determined using a non-
isothermal (temperature programmed) approach (see Section 3.6). These results are used

to predict the isothermal data in order to confirm the validity of a new method developed.

3.5.2 Experimental results

In Figure 3.7, a typical experimental result for the isothermal combustion of char A in air

at 380 °C is presented.
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Figure 3.7: Typial isothermal combustion for char A in air

The combustion reaxction commences as soon as air is supplied to the char sample (t=0)
and the temperature remains constant at+ 0.05 *C from the set temperature. The ash
content is determined from each experiment and was found to be 48 (+ 2) % (based on
char), which is in very good agreement with the results presented in Section 2.4. If only
the carbon is considered, the results can also be presented as given in Figure 3.8 and 3.9,
for char A and B respectively, where the conversion of the carbon (X) is given as a
function of time. The conversion is calculated by:

ke 1-_35?}
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Figure 3.8: Conversion of char A in air for different temperatures
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Figure 3.9: Conversion of char B in air for different temperatures

3.5.3 Validation of models: Shrinking Unreacted Core Models

The results aspresented in Figure 3.8 and 3.9 are normalised with respect to time and
given in Figure 3.10and 3.11. In these figumrs, the char conversion is given as a function
of the normalised time, t/'tp s, which is the reaction time relative to the reaction time where
90% conversion is reached. The modelling of combustion in this investigation was
confined to maximum carbon conversions of (%4 because of the followingreasons: The
determination of the time for complete combustion, which is conveniently used for
evaluating models, is very difficult to determine experimentally, because of the

65



asymptotic behaviour of the combustion process and inherent noise associated with
measurements. The time required for a finite conversion (such as 90%) is easily obtained
and more reliabie and can be used for model evaluations as shown in Section 3.3.2, Some
workers e.g. Liliedahl and Sjostrom, (1997) used even lower conversions as a reference
state. The mechanism of combustion during the end of the combustion process (>98%)
with very minute particles is very different to the combustion mechanism at lower
conversions and requires very accurate measurements for accurate modeling. This was
difficult to measure even with the accurate TGA s available (It was found that F(X)
versus time (isothermal) deviated from linearity near the end of the combustion period
(Equation 4.13)). Industrial processes normally do not operate at complete conversion
because of the longer reaction times (larger reactor volume) required.

The results from the shrinking core model with the three different rate controlling
mechanisms explained and derived in detail in Section 3.3.2 were compared with
experimental results and the comparisons are shown in Figures 3.10 and 3.11. From these
figures, it can be seen that the shrinking core model with a controlling surface reaction
describes the conversion for both char A (Figure 3.10) and B (Figure 3.11) very well.
This result when compared with the models postulated with those of Walker et al. (1959)
indicates that as a result of the extremely low porosity of the chars, the high ash chars
examined have a different behaviour at the temperature quoted by Walker er al. (1959).
The high ash chars are not porous enough to ensure a reaction controlled homogeneous

model at the low temperatures, instead a non-porous model with a controlling surface

reaction is valid.
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Figure 3.10: Conversion of char A as a function of the normalised time, t/ty s

0.8

0.6

X6G)

0.4

0.2

1]

a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ttp.o

Figure 3.11: Conversion of char B as a function of the normalised time, t/ty o

3.5.4 Validation of models: Shrinking Reacted Core/Homogeneous Model

The shrinking reacted core model, explained in detail in Section 3.3.3 wasalso tested for
the combustion of the charsin order to establish conclusively that the corebehaviour is
such that diffusion in the core is negligible under the conditions adopted in this
investigation. In contrast with the shrinking unreacted model, the shrinking reacted core
model has an additional parameter, the Thiele modulus, describing the canbined effect of
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diffusion and reaction in a porous particle. The best fits for both chars are given in Figure
3.12 (char A) and 3.13 (char B) and shows that agreement were obtained at high Thiele
moduli (in the figures theSRCM is plotted using a Thiele modulus of 100). This model
which uses a volume- based reaction rate becomes a diffusion controlled process for large
values of the Thiele modulus and in the limit as the Thiele modulus becomes very large
this model approximates a surface-based impervious core model with surface reaction
control (Ishida and Wen, 1968). This being the traditional shrinking unreacted core model
with surfacereaction control and agrees with the result obtained above.

X0

0 0.2 0.4 0.6 0.8 1 12

Figure 3.12: Shrinking reacted core model for char A in air

X
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Figure 3.13: Shrinking reacted core model for char B in air

A comparison of the shrinking reacted core model for very low Thiele moduli (very
porous) are also shown (Case 1, see Section 3.3.4) in Figure 3.14 and 3.15 in order to
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demonstrate the magnitude of the deviation of this so-called homogereous model
(Section 3.3.4) relative to the experimental results obtained. The effect of the dependence
of the reaction rate on the carbon concentration is also shown(Case 2), and it can be seen
that there isalso no agreement.
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Figure 3.14: Description of the homogereous model for char A
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Figure 3.15: Description of the homogeneous model for char B
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3.6 RESULTS AND DISCUSSION: NON-ISOTHERMAL OPERATION

3.6.1 Introduction

In this section, the char combustion results, obtained under non-isothermal conditions, are
presented. The advantage of a nonrisothermal method is that the change in conversion is
evaluated at different temperatures within a single experiment, and the relevant kinetic
parameters can therefore be determined using fewer experiments, compared to the
isothermal approach. Experimentally, the non-isothermal experiments are less sensitive to
thermal runaways so that a wider temperature range can be studied. In this section, the
reaction kinetic parameters, for the combustion of the two chars, was determined using
two different methods. The first method used is the method as presented by Flynn and
Wall (1966), while the second method makes use of a two-step regression (Everson et al.,
2003) to quantify the kinetic parameters. The combustion was studied for 5 different
oxygen fractions (0.21, 0.4, 0.6, 0.7 and 1) with the reaction temperature varying between
370 and 560 "C. For this purpose, heating rates between 1 and 4 "C/min were used.

3.6.2 Experimental results

Typical data obtained from the TGA during non-isothermal combustion is presented in
the form shown in Figure 3.16.
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Figure3.16: Non-isothermal combustion of char A in oxygen
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In Figure 3.16, the mass of the char sample and the temperature are given as a function of
time. From the figure, the ash content can be calculated and was found to be 47 (£2) %
by mass, which is in good agreement with the figures as presented in Table 2.2. From
Figure 3.16, itcan also be seen that the sample temperature is ncreasing linearly with
time (constant heating rate).

The data from Figure 3.16 can be processed further and is plotied in a formof a
thermogram as presented in Figure 3.17 and 3.18 for char A and B respectively. In these
figures, the normalised amount of carbon (1-X) is given as a function of the reaction
temperature for different heating rates. From these figures, it can be seen that the
experiments with the lowest heating rates have the highest conversion at a specific
temperature.

i3
1

0.8
%06 14
0.4
0.2

0

350 400 450 550 600 650

500
Temp ("C)
Figure 3.17: Non-isothermal combustion of char A in air
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Figure 3.18: Nonisothermal combustion of char B in air

The same procedure was followed for other gas compositions and the results areshown in
Appendix A.

3.6.3 Methods used for evaluation
The interprefation of the experimental results obtained under non-isothermal conditions is
more complex than under isothermal condition, since the temperature is also changing

while the conversion inaeases. Two methods have been used to evaluate the data:

« A method from literature, as developed by Flynn and Wall (1966)
e A newly designed two-step regression method (Everson et al., 2003)

The conventional and the new method are discussed in Section 3.6.3.1 and3.6.3.2
respectively.
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3.6.3.1 The method of Flynn and Wall

In the literature, two methods for the kinetic evaluation of non-isothermal reaction data
are used. These two methods are the Flynn and Wall (1966) method, and the direct
evaluation method (Russell e al., 1998). In the Flynn and Wall method, the activation

energy of the combustion reaction is obtained from non-isothermal experiments carried

out at different heating rates. The direct evaluation method uses a single thermogramme

to determine the different kinetic parameters. Since a large set of experiments have been

carried out, the method of Flynn and Wall has been used in this study, and is explained in

detail in this section.

The overall reaction rate of the char is assumed to be (with f{X) being any unspecified

particle reaction model):

=€ = >
% = kpe® P f(X) = ;""; “K,e® P, (1~ X)? [3.58]

Fp

If a constant heating rate (B) is applied, the temperature change is given as:

dr
— =8 59
I [3.59]

Substituting Equation 3.59 into 3.58 results in:

-

A e R
= X
== ke T B S0 [3.60]

Integrating and rearranging results in:

T B
F(X)= %knP{,!” Ie-‘”"di" [3.61]
Ty

where:
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F(X) = “j ﬁdx (3.62]

Equation 3.61 can be written as (Flynn and Wall, 1966)

F(X) = (%}p(y} (3.63]
with:

Z=k,P," [3.64]
also:

— -P Al
p0)= T2 [(E2 gy [3.65]
¥a
and:
Lo
y=a [3.66]

The parameter p(y) can be approximated by the equation (Doyle, 1962):
E
log[ p(3)] = _2'315_0'45?E [3.67]

This equation can be substituted to Equation 3.63 to obtain:

log[ F(X)] = lug[k“TE} —~log B-2315-0.457 %«# nlog F,, [3.68]
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Differentiation of the expression at a constant level of conversion will therefore lead to

the following:

__—R dlogB [3.69]
0457 41y :
T

Thus, if a plot of the logarithm of the heating rate versus the inverse temperature for a
specific conversion is constructed, the value of the activation energy can be obtained
from the slope of the linear fit through the data. It has to be mentioned here, that the
determination of the activation energy with this method is independent of the particle
reaction model and that the activation energy is determined at different levels of
conversion for different heating rates. Thus in order to obtain an accurate result many
heating rates would be required. This is considered as a limitation of this method.

Once the activation energy is known, the particle reaction model can be found using
Equation 3.63. The plot of F(X) versus p(y) should have a linear relationship and can
hence be used to find the appropriate particle reaction model. Successively, if F(X) is
known, the value of Z can be calculated from the slope of the plot between F(X) and p(y).
The reaction order with respect to oxygen (n) and the pre-exponential factor (k) can now

be determined from a plot of the logarithm of Z versus the logarithm of the oxygen partial

pressure as can be derived from Equation 3.64.

3.6.3.2 Regression method

A newly developed method by (Everson ef al, 2003) is presented in this investigation,
which uses the equations developed by Flynn and Wall (1966) together with a linear
regression to evaluate the reaction rate model and the corresponding kinetic parameters.
The term p(3) is not approximated in a linear form (Doyle approximation) but is
calculated numerically for each case in this method. In order to determine the activation

energy a regression calculation is carried out using the logarithmic form of Equation
3.63:
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log(p(y)) = log(B) - IUE(%} +log(F (X)) (3.70)

For a constant oxygen partial pressure and for any unspecified combustion model, a plot
of the logarithm of the heating rate (B) against the logarithm of the parameter p(y) for a
certain activation energy (£) should have a slope of unity for all levels of carbon
conversion. Consequently a regression procedure using different heating rates and
oxygen partial pressures with results over a range of carbon conversions can be used with
the activation energy as the unknown parameter. Thus, in contrast to the method
developed by Flynn and Wall (1966), the activation energy is assumed to be independent
of the degree of conversion of the carbon.

The evaluation of the reaction rate model and the corresponding reaction rate parameters
can be obtained from a second regression calculation using Equation 3.63. With the
activation energy determined from, (first regression) and with an assumed particle
reaction model, the unknown parameter Z can be obtained by a regression procedure such
that Equation 3.63 is satisfied. Experimental results at different heating rates, involving
all carbon conversion levels and partial pressures of oxygen are used for this calculation.
With the regressed values of the parameter Z at different partial pressures of oxygen, a
plot of the logarithmic form of Equation 3.64 can be used to determine the parameters n

and kg from the slope and intercept respectively.

3.6.4 Determination of kinetic parameters

In this section, the kinetic parameters are determined based on the reaction controlled
shrinking unreacted core model. This model has been used to describe the char
conversion mechanism, since it predicted the isothermal combustion experiments
adequately (see Section 3.5.3). The kinetic parameters have been calculated both from the

Flynn and Wall (Section 3.6.4.1) and the regression method (Section 3.6.4.2).
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3.6.4.1 Method proposed by Flynn and Wall

Activation energy

A plot of the logarithm of the heating rate versus the reciprocal temperature at whicha
specific conversion is reached is presented in Figure 3.19 and 3.20 for char A and B
respectively. Evaluations were carried out for carbon conversions ranging from 10 to
90% conversion with intervals of 10%.
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Figure 3.19: Activation energy calculation for char A in air
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Figure 3.20: Activation erergy calculation for char B in air
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This process was carried out for different oxygen concentrations and the results are given

in Appendix B. As given in Equation 3.69, the activation energy can now be determined

from the slope of the various lines that are given in Figure 3.19 and 3.20 for char A and B

respectively. In Table 3.4 and 3.5, the values for the activation energy as a function of

conversion and oxygen fraction are presented. The activation energies of the char

samples were based on the averaged values obtained from Table 3.4 and 3.5.

Table 3.4: Activation energies (kJ mol) for char A as a function of conversion and

oxygen fraction

Oxygen fraction (-) | 0.21 0.4 0.6 0.7 1
Conversion
10% 123 120 127 125 126
20% 129 122 131 128 135
| 30% 131 125 132 125 137
40% 129 125 135 127 141
50% 131 127 136 131 141 |
60% 132 128 138 133 148
0% 130 129 139 135 142
80% 130 129 140 137 147
90% 130 130 141 140 158

Average E = 133 (*12) kJ mol

78



Table 3.5: Activation energies (kJ mol™) for char B as a function of conversion and

oxygen fraction
Oxygen fraction (-) | 0.21 0.4 0.6 0.7 1

Conversion

10% 143 145 133 106 132
20% 142 147 135 126 135
30% 143 152 133 135 137
40% 144 154 135 137 139
50% 146 155 137 142 139
60% 145 159 139 145 141
70% 146 161 140 148 144
80% 149 165 140 151 144
20% 146 170 141 151 148

Average E = 143 (£15) kJ mol™

The obtained activation energies were compared to some literature reported values as

shown in Table 3.6.
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_Table 3.6: Literature values for activation energy

Author Char origin Activation energy
(kJ mol™)

Gopalakrishnan and Barthomew, (1996) | coal 109-134
Sorensen et al. (1994) coal 130-133
Hecker er al. (1992) coal 133
Floess et al. (1991) coal 130
Park (1990) Bituminous coal | 80-125
Lizzio et al. (1988) coal 126
Peek (1999) coal 168
Suuberg ef al. (1988) Anthracite coal 131
Trangmar (1989) coal 130-175
Khan (1987) coal 130
Tsai and Scaroni (1987) coal 125

' Wells and Smoot (1987) coal 134
Tseng and Edgar (1985) Anthracite coal 137
Field (1969) coal 126

In Table 3.6 it is shown that the activation energies reported for the combustion of coal
chars ranges from 80 to 175 kJ mol™'. The determined values for the high-ash coal chars

are well in the region of the literature values, and the experimental error is about 10%.

Evaluation of the model

In this section, the parameters relevant to the reaction controlled shrinking unreacted-core

model are determined. In fitting this model, plots of F(X) versus p(y), as defined in

Equations 3.6] to 3.66, were constructed and a typical graphs are shown in Figure 3.21

and 3.22 for char A and B respectively. Other results are given in Appendix C for both

chars.
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Figure 3.21: Reaction contolled SUCM for char A combustion in air
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Figure 3.22: Reaction contiolled SUCM for char B combustion in air

It is seen that the reaction controlled shrinking unreacted-core model gives good fits for
non-isothermal char combustion, which confirms the experimental results from the
isothermal study (see Section 3.5.3). In Table 3.7 and 3.8, the values of the dopes of all
the plots similar to Figure 3.21 and 3.22 for different oxygen fraction and char type are

given.
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Table 3.7: Slopes (dimensionless) derived for the calculation of pre-exponential factor for

char A

Oxygen fraction 0.21 0.4 0.6 0.7 1
Heating rate (°C min™")
1 7.68-10"' | 1.58-10" | 2.84-10™ | 3.44-10" | 3.73-10"*
2 422-10"" | 8.05-10" | 1.44-10™ | 1.86-10" | 2.30-10"
3 2.49-10" [ 525-10™ | 9.84-10" | 1.30-10” | 1.56-10™ |
4 1.94-10" | 4.05-10"" | 7.90-10" | 9.87-10" 1.25~l{}‘2‘

Table 3.8: Slopes (dimensionless) derived for the calculation of pre-exponential factor for

char B

Oxygen fraction 0.21 64 | B6 | OF 1
Heating rate (°C min™)

1 8.00-10" | 1.3-10% | 2.04-10" | 2.02-10" | 2.95-10"
2 4.34-10"7 [ 7.01-10" | 1.00-10" | 1.23-10" | 1.52:10"
3 128610 | 5.33-10™ [ 6.56:10™ | 7.63-10™ | 1.14-10"
4 2.09-107 [4.11-107 [ 5.16:107 | 5.81-10™ | 7.55-107

Since the activation energy is known, the values of Z can be calculated from the slopes,

given in Table 3.7 and 3.8. These values are reported for a specific oxygen concentration

and heating rate, Table 3.9 and 3.10 for char A and B respectively.
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Table 3.9: Calculated values of Z (s™) for char A

Oxygen fraction 0.21 0.4 0.6 BT | |

Heating rate (°C min™)

1 7.9810° | 1.65:10° [2.96-10° [3.58-10° |3.88-10°
2 8.78-10° | 1.67-10° |2.99-10° |3.87-10° [4.78:10°
3 7.76:10° | 1.64-10° |3.07-10° |4.05:10° | 4.85-10°
4 8.05-10° | 1.68:10° [3.29:10° |4.11-10° |5.19-10°
Average Z 8.14-10° | 1.66-10° | 3.07-10° |3.90-10° |4.67-10°
| Error () 8.85-10" |3.65-10" |2.9810° [4.76:10° | 1.12-10°

Table 3.10: Calculated values of Z (s for char B

Oxygen fraction |  0.21 0.4 s 1 aF 1
Heating rate (°C min™)

1 | 7.8510° | 1.29-10" | 2.01-10” | 1.9810" | 2.89-10
2 ' 8.52:10° | 1.38-10" | 1.97-107 | 2.41-107 | 2.97-10
A 8.43-10° [ 1.57-107 | 1.93-107 | 2.25-10" | 3.37-10"7 |
4 : 8.22:10° | 1.62:107 | 2.02:10" | 2.28-107 | 2.96-107
‘Average Z 8.25-10° | 1.46:10" | 1.98-10" | 2.23-107 | 3.05-107
Error (£) 2.98:10° | 1.56:10° | 4.11-10° | 1.81-10° | 2.18-10°

Evaluation of the partial pressure dependency

The reaction order with respect to oxygen (n) and the pre-exponential factor (ko) are
determined from a plot of the averaged values of In Z versus In(Po,) as slope and
intercept respectively. This relation is given in Figure 3.23 and the order of oxygen is

determined as 1.1 and 0.83 for char A and B respectively. The pre-exponential factor is
14 s Pa'’' for char A and 2.5:10° s”' Pa®® for char B as given in Table 3.11.
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Figure 3.23: Estimation of pre-exponential factor and reaction order for both chars
using Flynn and Wall method

A summary of averaged reaction rate parameters obtained for char A and B is givenin
the Table 3.11.

Table 3.11: Averaged kinetic parameters for the reaction controlled shrinkng unreacted
core model according to the Flynn and Wall method

Kinetic parameter Char A Char B
Activation energy, E 133 (£ 12) kJ mol 143 ( 15) kJ mol™
Reaction order in oxygen, n 1.12 (£ 0.1) 0.833 (+0.1)
Pre-exponential factor, k, (from Eg, 3.58) £ 14" s'Pa’ " 25107 s'Pa"™
Pre-exponential factor, k_ (from Eqs. 3.8 and 3,28) 26" molm”s"Pa™" | 18107 mol m™s Pa""

“based on the average activation energy reported in row 2 of this table

It can be seen from Table 3.11 that the reaction order with respectto oxygen is close to 1.
The observed activation energy values do not differ significantly thus indicating

which takes

similarities in both chars studied. The difference in the pre-exponential ( &

m*

into account the effect of the particle radius) factor could be attributed to the different
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structures of the chars as reported in Section 2.8. Ithas to be said however, that the pre-

exponential factor is very sensitive to the value ofthe activation erergy.

Comparison of model results with experimental results

In order to validate the experimental results, the obtained reaction rate parameters from
Table 3.11 were substituted into Equation 3.60, and the differential equation was solved
numerically. Figure 3.24 and 3.25 show the comparison between the experimental

thermogrammes and the predicted themogrammes, for char A and B respectively.

] - = HENerS e

Combustion m air

1 °C/min (Exp)
2 °C/min (Exp)
3 °C/min (Exp

0.4 1 | —4 °C/min (E:p;
— 1 °C/min (Model)
0.2 | |— 2 °Cimin (Model)

= | | — 3 °C/min (Model)
— 4 °C/min (Model)

350 400 450 500 550 &00
Temp ("C)

Figure 3.24: Prediction of the burnoff curve for char A in air

It is seen from Figure 3.24 and 3.25 that the model predicts the thermogrammes fairly
well, especially between 10 and 90% conversion is a good agreement. At low (<10%) and
high (>90%) there are some discrepancies between model and experiments. Although the
experimental error for the determined activation energy is relatively large, the average
activation energy, obtained with this method, does describe all thermogrammes well (see

Appendix D)
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Figure 3.25: Prediction of burnoff curve for char B in air

3.6.4.2 Regression method

Using the regression method, a calculation was carried out using Equation 3.70 by
regressing the activation energy to obtain a slopeof unity when log B is plotted against
log p(y). This caleulation involved all carbon conversions for different set of experiments
at a certain partial pressure of oxygen (21%, 40%, 60%, 70% and 100%). Figure 3.26 and
3.27 show typical resultsfor an air mixture consisting of 21% (mole) oxygen for nine
different carbon conversion levels at a regressed value of 130(£10) and 139 (£10) kl/mol
for char A and B respectively (the dotted lines represent slopes of unity). In contrast to
the method of Flym and Wall, the determined activation energy is not a function of the
conversion. In Figure 3.26 and 3.27, the dotted lines represent the slopes of unity.
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Figure 3.26: Evaluation of activation erergy for char A in air using the regression
method
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Figure 3.27: Evaluation of activation erergy for char B in air using the regression

method

Once the activation energy is determined, the parameter Z can be calculated for a specific
combustion model (F(X)) using Equation 3.63. A second regression was done,involving
the unknown variable Z (for each partial pressure of oxygen) and carried out in such a
way that Equation 3.63 was satisfied forall carbon corversion levels and heating rates.
The reaction controlled shrinking unreacted core model particle models fitted the results
accurately, again confirming the isothermal results. The obtained values of Z for different

oxygen fractions are presented in Table 3.12.
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Table 3.12: Values of Z (s') obtained from the regression method

Oxygen fraction | 0.21 0.4 0.6 0.7 |
Char A 3.0010° | 63010 [1.1910° [1.5310° |[1.971¢°
Char B 326 10° [6.0110°F |7.7910° | 8.8610° |1.24 10/

The parameters n and k, are obtained from Equation 3.64 by plotting the natural

logarithm of Z against the natural logarithm of the oxygen fraction as shown in Figure
3.28 for both chars.

17 5
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15
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13

12

Q.5 10 10.5 11 115
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Figure 3.28: Evaluation of reaction order and pre-exponential factors for both
chars using the regression method

A summary of results yielded by the regression method is shown below in Table 3.13.

a8



Table 3.13: Summary of results from the regression method

Kinetic parameter Char A Char B
Activation energy, E 130 (£ 10) kJ mol” 139 (+ 10) kJ mol™
Reaction order, n 1.23(x0.1) (.84 (£ 0.1)
Pre-exponential factor, k, (from Eq. 3.58) 1.9°sPa™™ 9.1 107 s P
Pre-exponential factor, k_, (from Eq. 3.28) 3.5 molm%™Pa™™ | 6.510" molm”s” Pa™™

*based on the average activation energy reported in row 2 of this table

A parity plotof BF(X) against (ZE/R)p(y) (obtained from Equation 3.63) shows that the
model can accurately describe the experimental results, as can be seen from Figure 3.29
and 3.30 for char A and B respectively.

0.1

0.08

0.06 1

0.04

(ZE/R) p(y)

002 1

0 0.02 0.04 0.06 0.08 0.1
BF(X)

Figure 3.29: Model validation and parameter evaluation for char A using the
regression method
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Figure 3.30: Model validation and parameter evaluation for char B using the
regression method

In order to further validate the experimental results, the obtained regression kinetic
parameters from Table 3.13 were substituted into Equation 3.61, and the diffeential
equation was solvednumerically. Figure 3.31 and 3.32 show the comparison between the
experimental thermograms and the predicted thermograms, for char A and B respectively.

350 400 450 500 550 600
Temp ("C)

Figure 3.31: Bumndff curves (char A) from regression parameters




350 400 450 500 550 600
Temp ('C)

Figure 3.32: Burnoff curves (char B) from regression parameters

It is seen that the regression method also describes the experimental data fairly well.
Further results at other oxygen concentrations are shown in Appendix E for char A and B

respectively.

3.6.5 Comparison of methods

The purpose of this section is to provide a comparison of results obtained from the non-
isothermal combustion of both chars using the Flynn and Wall and the regression method
and to show the validity of the regression method by comparing results with isothermal
results. Kinetic parameters such as activation, pre-exponential factor and the reaction
order have been evaluated from both non-isothermal methods for both chars, A
comparison of the results for both chars obtained from the two non-isothermal methods is
presented in Table 3.14 and 3.15.
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Table 3.14: Comparison for char A

Parameter Flynn and Wall Regression l
Act. energy (E) (kJ mol ) 133 (£ 12) 130 (+ 10) |
Reaction order (n) 1.1 (£0.1) 1.2 (2 0.1)

"Pre~e:xp. Factor (k,) 145" pa’’ 1.9s'Pa’?
Pre-exp. Factor (k) | 26 mol m”s'Pa’"? 3.5molm?s’ Pa'®
Particle conversion model Reaction controlled SUCM | Reaction controlled SUCM

Table 3.15: Comparison for char B

Parameter Flynn and Wall Regression

Act. energy (E) (k] m-:)l'[) 143 (£ 15) [ 139 (£ 10)
Reaction order (n) 0.83 (£0.1) 0.84 (£ 0.1)
Pre-exp. Factor (k;) 2.5-10° s Pa™? 9.1-10°s" pa™®
Pre-exp. Factor (k,, } 1.8-10° mol m?s'pa®® 6.510° mol m2s"' Pa™®
Particle conversion model Reaction controlled SUCM | Reaction controlled SUCM

It is seen from Table 3.14 and 3.15 that the reaction rate parameters obtained from both
methods do agree well if the activation energy and reaction order of oxygen is
considered. The difference in the determined values for the pre-exponential factor can be
attributed to the exponential nature of the Arrhenius equation: a small change in
activation energy results in a relatively large change in the pre-exponential factor. Both
models predict the combustion of high ash chars accurately. The advantage of the
regression model is that the activation energy is determined from all experiments, while
the Flynn and Wall method only uses the experiments for a single oxygen fraction.

In order to predict the isothermal experimental data, the non-isothermal obtained kinetic
parameters from Table 3.14 and 3.15 were substituted into Equation 3.27, and the
differential equation was solved numerically. Figure 3.33 and 3.34 show the comparison

between the experimental thermograms and the predicted thermograms, for char A and B
respectively.
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Figure 3.33: Prediction of isothermal burnoff curve (char A)
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Figure 3.34: Prediction of isothermal burnoff curve (char B)

It is seen from Figure 3.33 and 3.34 that the non-isothermal kinetic parameters predict the
isothermal thermograms reasonable well indicating the validity of the regression method.
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3.7 CONCLUSIONS

It was possible to perform experiments, suitable for a kinetic study, involving the highly
exothermic combustion reaction in a TGA even with high concentrations of oxygen.
Experiments under isothermal conditions were confined to between 370 and 410 °C and
non-isothermal experiments up to 560 °C. For the non-isothermal operation stability (no
temperature runaway) was controlled by adjusting the heating rate and in certain cases
with the oxygen concentration.

A systematic procedure was developed for the determination of the most suitable reaction
overall rate model using experimental isothermal results. This procedure consisted
essentially of a range of models, which included surface and volume reactions. Regarding
the surface-based reactions, the well-known shrinking core model (unreacted core) was
tested for the three possible rate-controlling mechanisms, namely gas film diffusion,
diffusion through the ash layer and chemical reaction on the surface. For the volume
based reactions, also based on the shrinking core model concept, a porous core with
reaction and diffusion exists and the concept of the Thiele modulus is used to assess the
relative significance of the controlling mechanisms. The limits of this model were tested
which are (1) an impervious core model, equivalent to a shrinking unreacted model with
surface reaction, and characterized by a large Thiele modulus, and (2) a very porous core
model with reaction controlling (homogeneous model) characterized by a small Thiele
modulus.

From the isothermal experiments, it was found that the shrinking core model with a rate
controlling surface reaction was applicable for both chars examined at temperatures
between 370 and 410 "C. Under the conditions adopted and with the exceedingly low
porosities reported in Section 2.6, it is clear that the penetration of oxygen is negligible
and that the combustion rate is determined by the surface intrinsic reaction rate and the
available area. The limit of the volume-based model with a large Thiele modulus, which
approximates the shrinking unreacted model, was also found to be applicable.

‘Two non-isothermal methods using linear heating rates were considered, namely a
method proposed by Flynn and Wall (1966) and a new method developed for this study
(Everson ef al., 2003). The main advantage of these methods is that a suitable (wide)
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temperature range can be covered with a single experiment. The method of Flynn and
Wall however was found to require a large number of experiments involving a large
number of heating rates in order to get accurate results. The new method which is based
on a two-step regression is capable of testing a reaction rate model requiring fewer and
shorter time duration experiments and consists basically of non-linear regression
procedures using all the results at different heating rates (temperatures) and carbon
conversions. The disadvantage of this method is that it is confined to systems described
by relatively simple kinetics and cannot be used to verify most of the models described
above which were accomplished with an isothermal method. It is however suitable to test
the shrinking unreacted core model with surface reaction.

The validity of the non-isothermal method was verified with the results obtained from the
Flynn and Wall method and with isothermal results. It was found that the shrinking
unreacted core model with surface reaction was applicable and all the relevant parameters
were determined for the chars examined.

A full set of reaction rate parameters were obtained for the shrinking core model.
Activation energies compare well with literature. The dependence on oxygen partial
pressure (power rate dependence) was found close to unity, which is normally assumed
by many researchers. The value of the pre-exponential factor, not readily available in the
literature, has also been evaluated and for two different types of coal-chars and was found
to be extremely sensitive relative to the value of the activation energy.

The activation energies for the two coal-chars do not differ much, which indicates an
insignificant catalytic affect despite the different minerals composition (Section 2.7).
Porosities for both chars are very small with the consequence that the shrinking core
model with surface reaction is applicable to both. The pre-exponential factor and the

dependence on partial pressure of oxygen are different which can possibly be attributed

to the surface properties of the chars (Section 2.8).
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NOMENCLATURE

a,.d,,dy constants in Table 3.1. -

B heating rate °Cs!

£ concentration of oxygen in reacted core moles m™

sy concentration of oxygen in an ash layer moles m™
s concentration of oxygen in gas phase moles m”

. concentration of carbon in reacted core moles m”

e initial concentration of carbon moles m™

D, effective diffusuvity of oxygen in reacted core m?s’!

D, effective diffusuvity of oxygen in reacted core m’ s

E activation energy J mole”
f(X) particle conversion model -

F(X) defined in Equation 3.62 -

k, mass transfer coefficient mol m? s”'Pa’!
k, Pre-exponential factor s Pa®

k, reaction rate constant m Pa’!

k. reaction rate constant mol m?s' Pa™
k" reaction rate constant m* moles™” 5™
k. Pre-exponential factor mol m™>s' pa™
k, reaction rate constant m® moles™” s
k. reaction rate constant s’

k. pre-exponential factor s

Magh mass of ash mg

i, initial mass of char mg

H, mass of char at time, t mg

M, molar mass of carbon kg mol™

n reaction order with respect to oxygen -
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number of moles reacted

partial pressure of oxygen in reacted core
partial pressure of oxygen in gas phase
partial pressure of oxygen

defined in Equation 3.65

radius of particle (spherical) at any time

universal gas constant

rate of reaction for oxygen per unit area
rate of reaction for oxygen per unit volume
radius of shrinking unreacted core

radius of shrinking reacted core

reactivity rate

initial particle radius

rate of reaction for carbon per unit area
rate of reaction for carbon per unit volume
time

time for 90% conversion

duration of 1% period (SRCM)

duration of 2" period (SRCM)

time for complete conversion

temperature

fractional conversion of carbon

defined by Equation 3.64

moles

Pa
Pa

Pa

m

ITmol' K
X

molesm™ s

moles m™

¢
m
m
ot

Im
B
moles.m™ s

R
molesm™ s
5

8

1

1

1
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Greek Letters

a constant in Table 3.1 -
Jij power dependence in Table 3.1, (f =1 or 2/3) -
¥ defined in Equation 3.10 as y = ;" -
P
=t constant in Table 3.1 -
i dimensionless radius, at core -
£ dimensionless radius, £ = ;—‘ -
£ dimensionless shrinking core radius, £, = In -
i dimensionless shrinking core radius at X =0.9 -
: k
¢ Thiele modulus, ¢ = R, kCso 2
De.t
#*° Thiele modulus at X = 0.9, -
£ density of carbon, kgm
T dimensionless time in Table 3.1 -
13 constant in Table 3.1 &

Abbreviations

SRCM shrinking reacted core model
SUCM shrinking unreacted core model
TGA thermogravimetric analyser
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CHAPTER 4
GASIFICATION REACTION KINETICS

4.1 INTRODUCTION

In this chapter, the reaction kinetics of gasification of two high ash chars is presented.
Preliminary experiments have been conducted non-isothermally in order to study the
different reactions that take place in the gasification process. Also, the reaction kinetics,
gasification reactions have been studied isothermally with mixtures of CO./N,, CO5/CO,
H30/N3, HO/H; and CO,/CO/H;0/H; at atmospheric pressure and temperatures between
800 and 950 °C.

In Section 4.2, the relevant literature on gasification reactions is given as well as the
different gasification models are reviewed. In Section 4.3, different reaction rate
equations concerning the models used are given. The experimental procedure of
gasification is presented in Section 4.4 and the results and discussion are given in Section

4.5, Finally, the conclusions are presented in Section 4.6.
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4.2 LITERATURE SURVEY

4.2.1 Introduction

In this section, a literature study on the most important char gasification reactions,
relevant to a commercial gasification process, is presented. Different intrinsic reaction

and particle conversion models used in modelling gasification reaction are discussed.

4.2.2 Gasification reactions

The most important char gasification reactions occurring in a gasifier are (Gururajan ef
al., 1992):

C+80, - 2(1-8)CO+(26 -1)CO, [4.1]
C+H,0->CO+H, [4.2]
C+C0O, >2C0 [4.3]
C+2H, »>CH, [4.4]
CO+H,0<C0,+H, [4.5]

where & is a stoichiometric factor with values in the range of (.5 to 1. Reactions 4.1 and
4.4 are exothermic and they provide the necessary heat for the endothermic reactions 4.2
and 4.3, and reaction 4.4 only takes place at high pressures (Muhlen, 1985). A more
detailed description of the gasification with CO- and steam is given in Section 4.3.2.1 and

4.3.2.2 respectively. Reaction 4.5 is the water gas shift reaction occurring in the gas

phase.
4.2.3 Factors affecting the reaction rates of coal chars
The factors affecting the reaction rate during combustion have been presented in Section

3.2.3 and are very similar to those affecting the gasification rates. Char gasification is

considered a first order reaction, both for CO; and steam when working at pressures
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below atmospheric pressure (Molina and Mondragon, 1998). For pressures above
atmospheric, the reaction order approaches zero. In gasification, the formation of CO and
H; has been reported to result in a retarding effect (Molina and Mondragon, 1998).
Gasification experiments are usually studied at high temperatures because of the nature of
reactions involved. Reactions carried out at high temperatures might result in diffusive
restrictions and in order to avoid this, the particle size is usually chosen small enough.
The particle size where diffusion can be neglected depends on the type of coal. Kovacik
et al. (1991), found diffusion restrictions for bituminous and subbituminous coals at 900
C and particle size above 105 pm. Matsui et al., 1987 did not find diffusion restrictions
when working with subbituminous coal of 710 pum particles.

Many investigators such as Miura ef al. (1989), Takarada ef al. (1985) and van Heek and
Muhlen (1985) have reported that, in general, the intrinsic gasification rate of low ash
chars (carbon content > 80%) is relatively low and is correlated with the coal rank and
parameters such as carbon content. On the other hand, the gasification rate of high ash
chars (carbon content < 80%) is relatively high due to the catalytic activity of mineral
constituents such as Ca, K and Na and they do not show any trend with the coal rank
parameters. Several investigators examined the catalytic effect of coal minerals.

Hashimoto et al., (1986) indicated that reactivity tended to increase with an increase of
Na, Ca and K contained in the char.

4.2.4 Gasification models

Different forms of char conversion models have been proposed for steam and CO;
gasification. Dutta ef al. (1977) investigated coal char gasification in carbon dioxide and
found that the reaction can be represented by a homogeneous model with reaction orders
of unity for both gas and solids. Golovina (1980) investigated char gasification in carbon
dioxide, at high temperatures and pressures, and concluded that the reaction is first order
in CO, at atmosphere pressure. Kwon et al., (1988) studied the kinetics of char carbon
dioxide gasification taking into account the effects of particle size, gas concentration etc.
and reported that the overall reaction is chemically controlled and can be represented by a

shrinking core model. Osafune and Marsh (1988) have reported that for gasification of
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char in carbon dioxide in the temperature range 867-1287 °C, the experimental data also
followed a shrinking core model. Kovacik ef al. (1991) studied char gasification by
carbon dioxide in a fixed bed reactor. The experimental data was found to follow the
shrinking core model. Shufen and Ruizheng (1994) studied lignite char gasification in
CO3, H; and H20O mixtures under pressure. They found that the shrinking core model
represented the reaction both for steam and carbon dioxide. Standish and Tanjung, (1988)
reported that for gasification of wood char particles in CO., the reaction could be
represented by the shrinking core model. Bhat et al. (2000) studied the reaction kinetics
of rice husks in a thermogravimetric balance at temperatures between 750 and 900 °C.
The data was analysed based on the shrinking core models.

Some researchers Plante and Chornet (1988); DeGroot and Shafizadeh (1984) have
studied gasification kinetics without including the effect of the product gases. Although
these measurements may be useful (for example, to rank the coals according to their
reactivity or to examine the catalytic effect of inorganic salts), they cannot be used to
estimate the gasification in synthesis gas mixtures.

The reactions 4.2 and 4.3 (as given in Section 4.2.2) are the typical gasification reactions,
and most researchers have focussed on one of the reactions taking into account the
inhibitive effect of product gases (e.g. Johnson, 1981 and Goyal ef al., 1989). Kinetic rate
expressions derived from mechanistic considerations Johnson (1981) and Smith (1982)
clearly show that the reaction products CO and H; inhibit the rate of reaction. Other
experimental investigations Goyal ef al., (1989) and Muhlen et al., (1985) have also
confirmed the strong inhibitive effect of the reaction products.

The combination of the two reactions (reaction 4.2 and 4.3) and the influence of the
product gases on the reaction rate have only received attention from a few authors (Bliek,
1984; Goyal ef al., 1989 and Johnson, 1981). Johnson (1981) correlated the gasification
rates of American bituminous coal chars measured over a wide range of pressures (0.1 —
7.0 MPa) and temperatures (800 — 1100 "C) in atmospheres containing varying amounts
of CO, CO2, Hz, H20 and CHj. Johnson’s empirical correlations account for the effect of
inhibitive effect of products on reaction rates. Bliek, (1984) developed Langmuir
Hinshelwood type rate expressions for the intrinsic reaction rates of chars (prepared from

semi-anthracite and brown coals) in CO/CO,, Hy/H;0 and synthesis gas mixtures in
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temperature range of 677-927 °C at atmospheric pressure. Bliek (1984) found that the
reaction rate in synthesis gas mixtures is well approximated by the sum of the individual
rates in C/CO; and Ha/H20O mixtures. Goyal ef al. (1989) measured the rate of
gasification of a Western Kentucky bituminous coal char, prepared in a laboratory and
from a pilot scale gasifier, in steam, steam-hydrogen and synthesis gas mixtures in the
temperature range of 927 - 1027 °C and in the pressure range of 0.4-2.8 MPa. They found

that over the reaction conditions investigated, pressure had little influence on the reaction

rate.

4.3 FUNDAMENTAL REACTION RATE EQUATIONS

4.3.1 Introduction

This section describes the relevant theory with respect to the modelling of char
gasification. In describing the chemical reaction kinetics, the power rate law equation has
been criticised for inadequately predicting rates over a wide range of experimental
conditions, especially for high-pressure char gasification models. Fundamental studies
show that gasification processes consist of film diffusion, adsorption, surface reaction
and desorption. It is generally thought that in order to model the effects of total and
partial pressure over a broad temperature range, a detailed fundamental modelling
approach is required, and the Langmuir-Hinshelwood (LH) type of expressions are
recommended in the case of gasification (Essenhigh, 1988; Essenhigh, 1991 and Banin er
al., 1997). The advantage of the LH kinetics is that it includes the physical interaction
between carbon and reactants and therefore provides a more fundamental basis for
modelling char gasification rates at elevated pressures. In the following sections, the LH
models are applied to CO; gasification, steam gasification and the combined CO, and

steam gasification in the Sections 4.3.2.1, 4.3.2.2 and 4.3.2.3 respectively.
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4.3.2 Langmuir-Hinshelwood rate equations

4.3.2.1 Carbon dioxide gasification mechanism and rate equations

According to Gadsby et al. (1948), the elemental steps in the gasification reaction of

carbon with CO; are expressed as follows:

C+CO, »C(O)+CO [4.6]
C+CO & C(CO) [4.7]
C(0)— CO [4.8]

Reif (1952) and Ergun (1956) proposed a mechanism based on an oxygen exchange

mechanism;
C+C0, & C(H+CO0 [4.9]
C(0)—CO [4.10]

In both mechanisms, the rate of carbon gasification is adversely influenced by the
presence of the product CO. It is generally accepted that the kinetics of gasification of
carbonaceous materials with carbon dioxide below 1027 °C are governed by a LH type of
expression (Wigmans, 1982). A lot of research has been dedicated to elucidate the
reaction mechanism of the CO,-carbon reaction. Several authors (e.g. Walker et al., 1959,
Laurendeau, 1978, Johnson, 1979 and Kapteijn ef al., 1992) have studied the CO;- carbon
reaction and found that the rate of gasification of carbon by CO; in the presence of CO at

atmospheric and moderate pressures, with surface reaction controlling the reaction rate, is

best described by an equation of the following form:

ax ‘i-'rfr’:r:axﬂf':nzr2

bl X 4.11
dt 1+ Kpy Fog + KppFrp 15 4.11]

111



where f{X) is the particle conversion model, the model that describes the relative

conversion rate, as conversion progresses.
With,

L B e
dt f(X)

Equation 4.11 can be rewritten as:

__ kKy Py
1+ Ko, oo, + Koo Foo

After integration, Equation 4.12 gives,
rt = F(X)
where F(X) is defined in Section 3.2.4.

In the absence of CO, Equation 4.13 reduces to:

_ ki Keo, Feo,

=
1+ sz Fro,

Equation 4.15 can be linearised to:

r

= "Pﬂ-'::kcﬂ2 + erCG,
Pcog

[4.12]

[4.13]

[4.14]

[4.15]

[4.16]

112



Since the experiments are carried out isothermally, » can be obtained from the slope of

F(X) as a function of time (see Equation 4.14). Using Equation 4.16, the values for K,

and k, can be determined from a plot of — = versus r from slope and intercept
Oy

respectively.
The temperature dependence of the reaction and the adsorption constant are given by the

Arrhenius (Equation 4.17) and the Van‘t Hoff (Equation 4.18) relation respectively:

—E

k, = koe® [4.17]
o
K=Ky ® [4.18]

4.3.2.2 Steam gasification mechanism and rate equations

The reaction mechanism of carbon with steam at low pressures can be written as follows
(Huttinger and Merdes, 1992):

C+ H,0 & C(0) + H, [4.19]
C(0) - CO [4.20]
C +H, < C(H), [4.21]
C & %Hz & C(H) [4.22]

[f the steam-hydrogen follows a LH mechanism, a surface reaction controlling rate

equation can be expressed as:

o k?‘KHgij.H'zﬂ"_
1+ Ky oFyot Ky Py

[4.23]
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In the absence of H, Equation 4.23 reduces to:

kX..P
po o [4.24]
I+ Kﬁzu‘pn!u
Equation 4.24 can be presented in a linear form as:
. T Ao [4.25]
H0

The parameters corresponding to steam gasification can be calculated similar to CO,

gasification (Section 4.3.2.1).

4.3.2.3 Overall reaction rates of char with product gases

The rate of gasification of char is significantly influenced by the surface adsorption and
desorption reaction of CO; and H;0. These reactions may take place on a common site or
two independent sites (Bliek, 1984). In such mixtures, the homogeneous water gas shift
reaction (Equation 4.5) can take place, resulting in composition changes. It is often
assumed that the gas phase water gas shift reaction is fast as compared to the
heterogeneous gasification reactions. Therefore the composition of the mixture fed to the
TGA equipment was chosen at the equilibrium composition at the gasification
temperatures employed. The equilibrium constant, K., is a function of the gas

concentrations and temperature, and can be expressed as:

o = w [4.26]
[CON[H,0]

where the equilibrium constant, K., can be calculated with (Yan et al., 1998):
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4118.6

K,, = exp(-3.7774 + ) [4.27]

If the carbon-steam and carbon-CO; adsorption reaction proceed at a common active site
the overall rate with surface reaction controlled for gasification can be expressed as
{Ergun and Mentser, 1965):

M Ekrm Koo Foo, + kr,l.z,:. KyoPyol
14+ Koo Frp, + KegPop + Ky oFy o + Ky Py,

[4.28]

When CO; and steam adsorb on two separate and independent active sites, the overall

rate with surface reaction control is considered to be additive (Bliek, 1984):

P Pox.»
go-ss I_ s L ¢ Rl i a0 otk 1 1429]
1+ Kep Frp, + KegFog 14Ky o Py + Ky Py,
4.4 EXPERIMENTAL

4.4.1 Introduction

In this section, the equipment used in the gasification experiments is described. The
procedures used for char preparation and char gasification with CO; and steam is also
presented. The same chars were used as reported on in Chapter 2 and been used for the

combustion experiments.

4.4.2 Description of the experimental apparatus

All gasification experiments were carried out using the 951 horizontal TGA presented in
Section 3.4.1. In the case of steam gasification the feed gas was introduced via two

temperature controlled saturators. The vapour temperature in the saturators was carefully

monitored and its reading was correlated to the percentage moisture. The feed line from
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the last saturator to the TGA was insulated and kept at 125 °C to prevent condensation.
Since gasification experiments were performed at higher temperatures, nitrogen was first
used to attain the reaction conditions before the introduction of the steam or CO; mixture.
In the case of steam gasification the steam concentration was varied from 10% to 20%
because of the saturation limitations whereas in the case of CO; gasification it was
possible to use pure CO;. All CO; and steam gasification experiments were conducted

isothermally except preliminary experiments in Section 4.5.2.

4.4.3 Char preparation

Similar to the combustion experiments (Section 3.3), the coal samples were converted to

char before each experiment. The char preparation was carried out according to the

following procedure:

o

The sample temperature is equilibrated at 30 "C in a nitrogen atmosphere.
2. The sample is heated at a constant rate of 50 °C/min to 900 °C.

3. The sample is held isothermally at 900 °C for 60 minutes.

4. The sample is cooled down to 30 °C.

4.4.4 Char gasification

The following method was employed in all isothermal gasification experiments:

1. The sample temperature is equilibrated to 30 °C.

2. The sample is heated with nitrogen at constant heating rate of 50 "C/min to the

reaction temperature

3. At constant temperature, the reactive gases are introduced into the TGA, and

the temperature is kept constant.

4. The sample is cooled down to room temperature after the conversion is

complete.
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4.4.5 Char properties

The properties of chars used in this investigation are givenin Chapter 2.

4.5 RESULTS AND DISCUSSION

4.5.1 Introduction

The gasification results of the two coal chars are presented in this section. Hrst, the
different gas-char reactions have been studied, and the most important reactions (reaction
with CO, and steam) have been investigated for both char A and B. Finally, the
simultaneous gasification wih CO; and steam is presented in Section 4.5.8.

4.5.2 Reactivities of different gases

In a gasifier, the gases that are present in significant quantities are CO,, H;0, CO and H,
and are studied in this investigation. In order to determine the most relevant gasification
reactions, the reaction of char with the different gases is given in Figue 4.1. In this
figure, the conversion ofthe char is given as a function of time, under non-isothermal
conditions (a ramp of 1 °C/min was applied, starting at 250 “C) for the different gases.

1200 12
800 0.8
= o
< 600 0.6 &
B~ g
400 + 0.4
200 0.2
0 @l il ki it e o | 0
0 200 600 800 1000
P e il

Figure 4.1: Char gasification with variows gasifying agents
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From this figure, itcan be seen that the combustion reaction ismuch faster than the
gasification reactions and that the char reacts much faster with CO; and H;O than with
CO and H,. Several authors e.g. Weeda (1995) and Bliek (1984) have observed the same
sequence in reactivity. From these experiments, it can be concluded that the reaction with
CO, and H;O are the most important reactions, and will therefore be studied in more
detail in the following two sections.

4.5.3 Reaction of chars with carbon dioxide

In this section the experimental results obtained for char gasification wih carbon dioxide
are presented for char A and B. The focus is placed on CO; gasification under isothermal
conditions between800 and 950 °C.

4.5.3.1 Expaimental results

Figure 4.2 showsa typical 20% CO; gasification data derivel isothermally at 900 °C.
From this figure it can be concluded that the ash content is 47 (£2) %, which agrees well
with the ash content given in Table 2.2, showing that all carbon has reacted in the
gasification experiments.

1000

800
E 600
E 400 4

200

0 50 100 150 200 250 300
Time (min)

Figure 4.2: Typical raw data for char A CO; gasification at 900°C
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The data obtained from Figure 4.2 can be processed further and the extent of carbon
conversion can be calculated, similar to the combustion experiments, as presented in

Section 3.5. A plot of the carbon conversion asa function of time for different fractions

of CO, is givenin Figure 4.3 and 4.4 for char A and B respectively. (The figures for

different temperatures is givenin Appendix F)
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Figure 4.3: Conversion rate as a function of time at 900 °C (char A)
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Figure 4.4: Conversion rate as a function of time at 900 °C (char B)
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Evaluation of particle conversion model

The experimental data were normalised to 90% conversion, and are givenin Figure 4.

5

and 4.6 for char A and B respectively togetherwith the different conversion models, as
presented in Section 3.3. Confirming both the isothermal and non-isothermal combustion
(Section 3.5 and 3.6), the reaction cortrolled shrinking unreacted-core model fitted the
experiments the best. The same conclusion could be drawn for char B, as shown in Figure

4.6. Further results of experimental data against the reaction controlled SUCM at
different temperatures are presented in Appendix G. The applicability of this model is
attributed to the low porosity of char particles involved in this investigation.
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Figure 4.5: Conversion models for cha A gasification at 900 °C
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Figure 4.6: Conversion models for char B gasification at 900°C
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Determination of LH-parameters

For the surface reaction controlled SUCM, the experimental data could be plotted
according to Equation 4.14, as given in Figure4.7 and 4.8 for char A and B respectively.
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Figure 4.7: Char conversion model for char A gasification at 900 °C
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Figure 4.8: Char conversion model for char B gasification at 900 °C

This model was found to agree under all experimental conditions evaluated for both chars
(see Appendix H). The slopes derived from the fitting of Equation 4.14 are presented in
Table 4.1 and 4.2 for char A and B respectively.
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Table 4.1: Valies derived from the slopes (5') of F(X) against time for char A

CO, fraction (-) | 02 0.3 0.4 0.5 0.6 0.7 1
Temperature (°C)
800 1.08 10* | 1.48 10* | 1.72 107 - 2.42 10" - 2.82 10°
850 1.68 107 | 332104 | 3.55 107 - - 3.85 10" | 4.68 107
900 6.00 10° | 8.33 10 | 1.00 10 - - 135 10% | 1.57.16°*
950 4.67 107 - - 6.0010° | 7.3310° | 9.5010° | 11510
Table 4.2: Vahlies derived from the slopes (3") of F(X) against time for char B

CO, fraction (-) | 0.2 0.3 0.4 0.5 0.6 0.7 1
Temperature (°C)
800 6.33 107 - - 1.0210* | 1.18 10* - 1.35 10°
850 - L1710 | 138 107 - 1.6310* | 1.8510" | 1.9510"
900 1.4510* | 1.8210° - 2.50 10 | 2.77 10° - 3.47 10"
950 - 3.8210" | 460 10" | 523 10" | 60210* - 7.50 10°

In order to obtain the reaction and adsorption constants, the slopes presented in Table 4.1
and 4.2 were linearised according to Equation 4.16 and given in Figure 4.9.
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£ 4.0E-09
2.0E-09
0.0E+00

0  0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008
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Figure 4.9: Linearised form of the Langmuir results for char A

The results fit the Langmuir equation well at all temperatures studied. The kinetic
constants were derived from the plots of Figue 4.9 (char A given as an example) as
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previously described in Section 4.3.2.1. Table 4.3 and 4.4 summarizes the kinetic

constants obtained for both chars during CO; gasification.

Table 4.3: Kinetic constants for carbon dioxide gasification (char A)

Temp (°C) kKoo, (s Pa’) Koo, (Pa) | k()

800 3.47-10° 1.85-107 1.88-10°
850 4.55-107 1.74-10° 2.62-107
900 8.04-107 1.72-107 4.69-10™
950 1.21-10° 1.46-107 8.31-10"

Table 4.4: Kinetic constants for carbon dioxide gasification (char B)

Temp (°C) K (s'.Pat) B (Pa’h k(s

800 5.31-107 2.74-10” 1.94-10°
850 7.48-107 2.58-107 2.89-10°
900 1.10-10° 2.05-10° 534107 |
950 2.04-10° 1.56:107 1.31-10° ]

It is observed from both tables, that the reaction rate constant (&, ) increases and the CO;

adsorption constant ( K, ) decreases with increasing temperature.

The activation energy associated with k, was calculated according to Equation 4.17, and

is given in Figure 4.10 for char A and B respectively.
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Figure 4.10: Determination of activation erergy for both chars

From this figure, the activation energies could be calculated and are given in Table 4.5,
together with several values that were found in the open literature.

Table 4.5: Acfivation energy values reported from literature

Reference Char origin E (activation energy) kJ/mol
This investigation Char A 109

This investigation Char B 136

Yeeral, (1998) Coal 91*

Sinag er al., (2003) Coal 128-146*

Marquez et al., (2002) Coal 176-248*%

Fu, W.B. Wang, Q, (2001) | Coal 245*

*based on a power law reaction rate

It is seen that the activation energy varies widely; nevertheless the calculated activation
energy values falls within range of the literature reported values.
The pre-exponential factors were computed from the intercepts of Figure 4.10 using the
linearised form of Equation 4.17 and are given in Table 4.6.
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Table 4.6: Avemged kinetic parameters for carbon dioxide gasification

Kinetic parameter Char A Char B
Activation energy, £ 109 (£11) kJ mol’’ 136 (£12) kJ mol™
Pre-exponential factor, &, (from Eq. 4.17) 3.610's" 8.2 10°s”

“based on the average activation energy reported in row 2 of this table
The adsorption enthdpy for gasification with CO, was calculated from Equation 4.18.
Figure 4.11 shows a plot used to determine the adsorption enthalpy for both chars.
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Figure 4.11: Determination of adsarption enthalpy for CO, gasification

The enthalpy of adsorption was determined to be 16 kJ/mol and 41 kJ/mol for char A and
char B respectively. The values of adsorption canstants are scarcely published in
literature. Mugge et al., (2001) found 23 kl/mol for activated carbon. The differences in
values of the heat of adsorption and the activationenergy could be attributed to the
different nature and composition of the char (see Section 2.8).

In order to predict the burnoff curves the calculated kinetic constants were fitted into the
Langmuir rate (Equation 4.15). Figure 4.12 and 4.13 show a comparison between the
experimental data and the calculated results from the Langmuir-Hinshelwood rate model.

125



0 50 100 150 200 250
Time (min)

Figure 4.12: Prediction of burnoff curves for char A CO, gasification
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Figure 4.13: Prediction of burnoff curves for char B CO; gasification

It is seen that that the model givesa good prediction of the experimental data for both
chars. The model showed consistency under different experimental conditions; see
Appendix I for the other results of both chars.
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4.5.4 Carbon dioxide/Carbon monoxide mixture

In this section the results obtained from the CO,/CO gasification are presented. Since the
carbon monoxide is the product of the CO,-char reaction it is important to study its effect
during gasification. To account for the carbon monoxide effects experiments were
conducted with fractions of CO in the feed stream. These results were compared to those
obtained without CO as seen in Figure 4.14. Because of the inhibition effect of carbon

monoxide, experiments were conducted at 900 and 950 °C.
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Figure 4.14: Inhibition effect of CO during CO, gasification at 900 °C

The effect of CO inhibition isclearly seen in Figure 4.14. The maximum conversion is
difficult to attain at lower temperatures because of the nature of reaction. For this reason
the experiments where CO is concerned were only carried out at 900 and 950 °C. With all
the CO; associated kineic constants calculated (Section 4.5.3), the adsorption constant
associated with CO was calculated from Equation 4.13. Table 4.7 shows the adsorption
parameters obtained for CO,/CO gasification for char Aand B respectively.

Table 4.7 Ad=srption pammeters for carbon monoxide for both chars

Temperature (°C) K, (Pa’) for char A K, (Pa") for char B
900 1.010* 2.6 10
950 1.9106° 1.4 107
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It is seen that the adsarption is high at 900 °C compared to 950 °C indicating stronger
inhibition at lower temperatures.

4.5.5 Steam/Nitrogen mixture

Another important reaction that takes place in the gasifier is the reaction between steam
and carbon (Equation 4.2). In this section, the reaction kinetics of this reaction is
presented together with the effect of product gas. Experiments were carried out
temperatures between 800 and 950 °C with feed mixtures varying from 10 to 20% steam.

4.5.5.1 Expeimental results

Figure 4.15 shows the relationship between temperature, time and mass fraction obtained
during a typical steam gasification experiment.
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Figure 4.15: Typical steam gasification at 900 °C

From this figure and the other experiments, it could be concluded that, similar to the CO,
experiments, the ash content was 48 (£3)%. The data was normalised to the carbon only,
and the conversion of the carbon as a function of time is given in Figure 4.16 and 4.17 for
char A and B respectively. Other experimental results obtained at different temperatures

are presented in Appendix J.
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Figure 4.16: Conversion rate as function of time at 900 °C (char A)
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Figure 4.17: Conversion rate as function of time at 900 °C (char B)

From both figures, & can be concluded that the conversion rate necreases with an increase

in steam concentration.
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Evaluation of particle conversion model

A comparative study on different shrinking unreacted core models was conducted for
both chars. In this case, plots of the conversion as a function of the dimensionless time as
given in Equation 3.26 were corstructed for the different forms of the shrinking
unreacted core model, and are givenin Figure 4.18.

X6

0 02 0.4 0.6 0.8 1 12
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Figure 4.18: Conversion models for char A gasification in steamat 900 °C

It is seen from this figure, that the reaction controlled shrinkingunreacted core model
describes the experimental data well. This is consistent with CO, gasification and
combustion results indicating the validity of the reaction catrolled shrinking unreacted
core model. A similar plot was also corstructed for char B as well; see Figure 4.19 and
also Appendix K for results at different emperatures.
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Figure 4.19: Conversion models for char B gasification in steam at 900 °C
Determination of Langmuir-Hinshelwood parameters

In order to determine the reaction kinetic constants plots of the reaction cantrolled
shrinking unreacted core model as a function of time were constructed using Equation
4.14; see Figure 4.20 and 4.21 for char A and B respectively.
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Figure 4.20: Unmeacted-core shrinking model for char A steam gasification

131



1.8
1.6

- 1.4
1.2
1

= 0.8 1
0.6
0.4
0.2
0

0

20

Time (min)

80

Figure 4.21: Unmracted-core shrinking model for char B steam gasification

Similar plots were also obtained for different temperatures and the results are given in

Appendix L. The slopes derived from Equation 4.14 are presented in Table 4.8 and 4.9

for char A and B respectively.

Table 4.8: Slopes (s™') derived for char A steam gasification
Steam concentration 0.10 0.15 0.20
Temperature (“C)

800 53310° | 6.0010° | 6.6710°
850 130107 | 1.6010° | 1.78 10°
900 3.0010° | 3.6810° | 4.2510"
950 5.8810" | 74510 | 8.6710"
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Table 4.9: Slopes (s") derived for char B steam gasification

Steam concentration 0.10 0.15 0.20
Temperature (°C)

800 7.8310° | 8.6710° | 9.6710°
850 1.6210" | 1.9810" | 2.2110°
900 3.9210° | 4.6510° | 555107
950 7.6310% | 9.7010° | 1.20107

A linearised Langmuir plot for steam gasification (Equation 4.25) was used to calculate
adsorption constant parameters, see Figure 4.22, although limited points were used the
results are acceptable for the purpose of this investigation

8.0E-08
E 6.0E-08
e 4.0E-08
2.0E-08
0.0E+00
0 0.0002 ﬂ.mr{s_l;}.mnﬁ 0.0008  0.001

Figure 4.22: Linearised Langmuir-Hinshelwood plot for char A at 900 °C
The results presented in Table 4.8 and4.9 were used to calculate he adsorption constants

as previously described in Section 4.3.2.1. The kinetic parameters for both chars are
summarised in Table 4.10 and 4.11 for char A and B respectively.
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Table 4.10: Kinetic parameters for char A steam gasification

Temp ("C) kKyo (s'.Pa’) | K H,0 (Pa™) k. (s7)

800 15l 1.71 10™ 8.81 107
850 2.74 107 9.58 107 2.86 107
900 5.8210°F 8.04 107 7.24 10°
950 1.05 107 6.38 107 1.64 107

Table 4.11: Kinetic parameters for char B steam gasification

Temp °C) [ £,K,, (s"Pa’) | K,, (Pa) |k ()

800 2.71 107 1.57 107 i3 10
850 3.48 10° 1.05 10™ 3.33 107
900 5.8210° 8.50 10™ 6.8510™
950 1.10 107 3.50 10° 3.1410°

The activation energy was calculated from Equation 4.17 usingthe k, assoaated values
presented in Table 4.10 and 4.11. Figure 4.23 shows an Arrhenius plots for both chars in

-10

0.0008 0.00082 0.00084 0.00086 0.00088 0.0009 0.00092 0.

T (K" ~

Figure 4.23: Activation Energy calculation for char A and B in steam
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The activation energy determined for both chars compared well with each other. These

values were also compared with literature reported figures; see Table 4.12.

Table 4.12: Values of activation energies for steam gasification

Reference Char origin E (Activation Energy) kJ/mol
This investigation (char A) Coal 209
This investigation (char B) Coal 215
Muhlen ef al. (1985) Coal 153
Liliedahl et al. (1997) Coal 121
Ye et al. (1997) Coal e
Wen. (1968) Coal e 209
Weeda et al. (1993) Coal 183
Ma ef al. (1992) Coal i 163
Bliek. (1984) Coal a0 168

all results based on the LH model

It is seen that the literature reported, activation energies vary between 121 and 209 kJ
mol”. The experimentally found activation energies lie in the upper range of reported
values of Table 4.12, and even relatively high compared to other chars. A possible reason
could be due to greater fractions of carbon existing in their mineral-free state as shown by
the CCSEM results in Chapter 2. The values of the pre-exponential factors were
calculated from the intercepts of Figure 4.23 using the linearised form of Equation 4.17.

The averaged kinetic parameters for both chars are summarised in Table 4.13,

Table 4.13: Values of pre-exponential factor for steam gasification

Kinetic parameter Char A Char B
Activation energy, £ 209 (£ 12) kI mol™ | 215 (+ 12) kJ mol”
Pre-exponential factor, ky (from Eq. 4.17) 2.0-10% g 12105 57

"based on the average activation energy reported in row 2 of this table
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The adsorption enthapy for char gasification in the presence of steam was also calculated
from Equation 4.18. Figure 4.24 shows a plot used to compute the adsorption enthalpies
for both chars.

In (Knzo)

-10

-11
0.0008 0.00082 0.00084 0.00086 0.00088 0.0009 0.00092 0.00094

UT (K"
Figure 4.24: Determination of adsorption enthalpy for steam gasification

The adsorption enthapy for char A was determined at 69 kJ/mol and that of char Bat 97
kJ/mol. It is noted here, that the adsorption enthalpies for steam are higher than those of
carbon dioxide indicating more surface coverage. This is an explanation for the higher
reaction rate of steam gasification canpared to CO; gasification. The difference in the
adsorption enthalpy could possibly beattributed to the diffeent surface nature of the
chars (see Section 2.8). After evaluating all the kinetic parameters it was possible to
predict the burnoft curves by fitting the kindic parameters into Equation4.24. Figure
4.25 and 4.26 shows the burnoff behaviours for char A and B respectively.
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Figure 4.25: Burndff behaviour for H;O/N; (char A) at 900 °C
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Figure 4.26: Burnoff behaviour for H;O/N; (char B) at 900 °C

These plots showed consistency under all experimental conditions evaluated, more results
are shown in Appendix M.

4.5.6 Steam/Hydrogen mixture
In order to account for the effect of hydrogen during steam gasification, hydrogen was
added in the feed gas. Figure 4.27 shows a comparison of the conversion-time plots in the

absence and the presence of hydrogen. It is seen that the presence of hydogen in the feed
gas inhibits the reactionrate. Several investigators (e.g. Muhlen et al. (1985), Whitty
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(1997), Meijer et al. (1992)) have also observed the same behaviour of hydrogen during

steam gasification.
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Figure 4.27: Effect of hydrogen during steam gasification at 900 "C (char A)

With all the H,O associated kinetics calculated (Section 4.5.5), the adsorption constants
associated with H, were calculated using Equation 4.23, Table 4.14 shows the kinetics
derived for HoO/H; gasification for char A and B respectively. Experiments involving
hydrogen were carried out at 900 and 950 °C because of the strong inhibition effect.

Table 4.14: Adsorption parameters of hydrogen for both chars

Temperature (°C) K, (Pa") for char A K, (Pa)for char B
900 9.36 10™ 7.58 107
950 407 10" 4.23 107

It is seen that the adsorption is high at 900 °C than at 950 °C indicating the strong
inhibition of H; at lower temperatures.
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4.5.7 (COy/CO/Hy/H,0) Mixtures

To investigate whetler the reactions of carbon with CO; and carbon with steam proceed
on similar or different carbon sites, experiments were carried out in mixtures of
H;0/H;/CO/CO; at water gas shift equilibrium conditions. The equilibrium conditions
were chosen in order to avoid changes in composition that may arise due to water gas

shift reaction. Table 4.15 shows the equlibrium compositions at different temperatures

employed during experimentation.

Table 4.15:. Water gas shift reaction canditions

T(CC) | CO; (%vol) | H; (%vol) | HaO (%vol) | CO (%evol)
900 18.0 29.0 20.0 33.0
950 334 13.3 20.0 33.3

The rate of gasification of carbons in synthesis gas mixtures is predominantly governed
by the interaction of the reactions of the CO,/CO and H,O/H,. It was possible to predict
the overall reaction mechanism for both chars under synthetic gas mixtures since all the
kinetic constants were obtained from CO,-CO and H,O-H, experiments. Figure 4.28 is a
plot of the experimental curve against predicted mechanisms for mixtures of
COy/CO/H,0/H,.
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Figure 4.28: Char gsification under synthetic mixtures for char A
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Case 1 as seenin Figure 4.28 refers to a situation whereby the char-CO, and the char-
steam occur on the same sites (Equation 4.28). This situation is described as competitive
adsorption. Itis seen that case 1 does not describe the experimental data as obtained from
the mixture of COy/CO/H3/H;0. Case 2 is a fit based on the assumption that the char-CO,
and char-steam reactions take place on different carbon sites (Equation 4.29). Case 2
describes the experimental data better than case 1. This means that carbon-CO; and
carbon-steam proceed at different carbon sites. Ergun and Mentser (1965) found case 1 to
be applicable to the chars they studied. The results obtained in this investigation agree
well with those ottained by (Bliek, 1984).

4.5.8 Comparison of reactions with carbon dioxide and steam

It was further possible to compare the experimental burnoft curves for CO, gasification
of both chars under identical conditions. Figure 4.29 is a plot of conversion against time
for char A and B respectively.

1.2 o
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o 0.6 3§ "
0.4 1
0.2
0
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Time (min)

Figure 4.29: CO; gasification for char A and char B at 900°C
It is seen that char B reacts faster than char A under CO, atmosphere. With regard to

steam gasification, char B was also found to be more reactive than char A under the same
experimental conditions. Figure 4.30 is aplot of char A against char B both at 20% steam
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concentration. The difference in reactivity is due to the difference in adsorption enthalpy
and particles size of the chars.
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Figure 4.30: Steam gasification for char A and char B at 900°C
4.5.9 Discission of results with respect to characteristics

The shrinking unreacted core reaction model with surface reaction has been found valid
for both chars investigated under CO; and steam gasification. This is consistent with the
combustion results presented in Chapter 3. The shrinking unreacted reaction model is
motivated by the fact that both chars have a non-porous structure esulting in negligible
gas penetration into the core of the particle.

The activation energies Hr both chars under CO, and steam gasification were found to
match each other. These values compare well to literature reported values. This is an
indication that the kinetics of both chars studied in this investigation were not affected by
the difference in total mineral matter. This is in agreement with the results obtained from
the CCSEM where it was shown that greater fractions of chars occur with no mineral
association.

The steam gasification showed higher reactivities than CO; gasification indicating that
steam gasification results to more char converted in the gasifier. This is supported by the
fact that higher values of adsorption enthalpies were obtained for steam gasification (see
Table 4.16).
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Table 4.16: Adsorption enthalpies for steam and carbon dioxide

{

Reactant AH (kJ/mol) | AH (kJ/mol)
Char A Char B
Carbon dioxide 16 41
Steam 69 o7
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4.6 CONCLUSIONS

The gasification of high ash chars was successfully studied at temperatures between 800
and 950 °C under isothermal conditions using an atmospheric thermogravimetric
analyser. All experiments with, carbon dioxide and steam/nitrogen (maximum 20%),
carbon monoxide and hydrogen were carried out to completion under constant
temperatures.

It was established from non-isothermal experiments within a temperature range up to
800 °C that carbon dioxide and steam/nitrogen (14%) are the most reactive amongst the
gases involved in gasification. Carbon monoxide and hydrogen only have significant
reactivity at very high temperatures and pressures. The reaction rates for gasification
involving carbon dioxide and stream/nitrogen were found to be lower than the
corresponding combustion reaction rates involving oxygen. Steam is more reactive than
carbon dioxide and this can be attributed to weak hydrogen bonds forming water
molecules compared to the double bonds forming the carbon dioxide molecules. For
binary mixtures of carbon dioxide/carbon monoxide and steam/hydrogen, it was found
that the carbon monoxide and hydrogen respectively have a retarding affect on the
reaction rates.

Different forms of the shrinking core model were investigated, with isothermal results,
and the shrinking core model with a controlling surface reaction was shown to be the
most applicable in the presence a typical gasification gas mixture. The validity of this
model can be attributed to the core having an exceptional low porosity (Section 2.6) and
consequently negligible penetration of the gases at the temperatures between 800 and 950
°C. This result is in agreement with results obtained for combustion.

It has been found that the gasification reaction rates (intrinsic) can be adequately
described by Langmuir-Hinshelwood type rate equations and that established equations
have been validated according to reliable data processing procedures.

In the case of carbon dioxide/carbon monoxide and steam/hydrogen gasification the

inhibiting effect of the carbon monoxide and hydrogen respectively, have been included

in the overall reaction rate equation.
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The activation energies for both chars investigated was found to agree with some values
published in the literature. In the case of carbon dioxide gasification, the activation
energies were determined to be 109 and 136 kJ/mol for char A and B respectively. The
activation energies obtained for steam gasification were determined to be 209 kl/mol and
215 kJ/mol for char A and B respectively. The kinetics evaluated was also verified by
successtully predicting the experimental burnoff results.

The adsorption enthalpies for steam gasification (69 kl/mol for char A and 97 kl/mol for
char B) were found to be higher than those of carbon dioxide gasification (16 kl/mol for
char A and 41 kl/mol for char B). The high values of adsorption enthalpies were
attributed to higher reactivities observed for steam gasification compared to carbon
dioxide gasification.

Experiments were done and models evaluated for a multicomponent gasification mixture
consisting of a feed mixture of CO/CO2/H,2/H;0. Reaction parameters determined with
results from the binary mixtures were used to predict results and it was found that the

overall rate is best described with the assumption that the important reactions proceed on

separate sites.
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NOMENCLATURE

E activation energy
fiX)  particle conversion model
F(X) defined in 4.13

AH  enthalpy of adsorption

&, pre-exponential factor

k, reaction rate constant

K,,  equilibrium constant for the water gas shift reaction
K., adsorption constant for CO,
K., adsorption constant for CO
K, adsorption constant for H,O
K, adsorption constant for Hy
P,  partial pressure of CO;

F,  partial pressure of H;

Py o partial pressure of H;O

r rate of reaction

R universal gas constant

! time

T temperature
X conversion

Greek Letters

o) stoichiometric coefficient

I.mol' K

"
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Abbreviations

SRCM shrinking reacted core model
SUCM shrinking unreacted core model
TGA thermogravimetric analyser
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CHAPTER 5

GENERAL CONCLUSIONS AND RECOMMENDATIONS
5.1 GENERAL CONCLUSIONS

A detailed characterisation of two chars, used in this study, revealed that the ash content
is exceptionally high and was found to be 48 % and 67% for char A and B respectively.
The average particle size of char A is 70 pm and that of char B was 20 um. Both chars
have very low porosities (< 5%) and can be regarded as impervious. The mineral content
of the ash shows large contents of calcium and sulphur and to a lesser extent in iron
compared to other South African coals. Microscopic inspection of the chars show that the
char particles are a collection of mainly carbon rich particles (< 10% minerals) and

mineral rich particles (<10% carbon), This was more pronounced for char A than for char
B.

The combustion of the high-ash chars was studied up to 560 “C at atmospheric condition
and agreed with a surface reaction controlled shrinking unreacted core model, which was
both concluded from isothermal and non-isothermal experiments. The relevant reaction
kinetic parameters associated with this model were derived from non-isothermal
experiments and quantified using a conventional and a newly developed non-isothermal
method. The new method is based on a two-step regression and is capable of testing a
reaction rate model requiring fewer experiments with shorter time durations. A full set of
reaction rate parameters were obtained for the shrinking core model. Activation energies
compared well with literature and the difference between the two chars was small, which
indicates an insignificant catalytic affect despite the different minerals composition. The
dependence on oxygen partial pressure was found to differ only slightly from unity. The
values of the pre-exponential factor were also determined and differ for the two chars

examined. This could be attributed to the different surface properties of both chars.

The reaction with steam and carbon dioxide were the most important reactions in the

gasification of the two chars. These, relative slow gasification reactions, were studied
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between 800 and 950 °C at atmospheric conditions and could also be modelled with a
surface reaction controlled shrinking unreacted core model. Langmuir-Hinshelwood type
of reaction rate equations described both reactions effectively. The carbon dioxide and
steam gasification rate decreased in the presence of the products carbon monoxide and
hydrogen respectively. The activation energies for both chars did not differ significantly
and were higher for steam gasification than for carbon dioxide gasification, again
indicating the insignificant effect that the minerals in the ash have on the reaction rate of
the chars. The adsorption enthalpies for steam gasification were found higher than those
of carbon dioxide gasification and can possibly explain the higher reaction rate in steam
gasification. Heats of reaction are different for different chars and depend on the nature
of sites and its population. If both gasification reactions occur simultaneously in the
presence of both reactants and products, the overall rate is best described with the

assumption that the important reactions proceed on separate sites.

5.2 RECOMMENDATIONS

In this investigation, a thorough characterisation and reaction kinetic study has been
carried out for two chars with high ash contents. In order to establish any uniqueness of
high ash chars, it is recommended that more char samples of different ash contents must
be characterised as this will provide useful information on the reactivity (pre-exponential
factor, activation energy, heat of adsorption) of the char in relation to the ash content and
mineral composition of the char. A detailed, microscopic, characterisation of the carbon

surface, again in relation with the most important reaction kinetic rate parameters is also

recommended.

Further, it is proposed that the combustion and gasification experiments are carried out
with larger char particles in order to simulate the conditions in a fluidised bed gasifier
better. To account for the effect of internal- and external diffusion, more pronounced for

larger particles, it is also recommended to study these aspects.
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Since the reaction model and associated parameters have been determined in this
investigation, it is important to test the validity of these reaction kinetic rate expressions
with experiments on pilot plant scale. Ultimately, the determined reaction kinetic rate
expressions should be incorporated into a reactor model including heat balances,
hydrodynamics and other important factors, needed for the design of a fluidised bed

reactor with a high ash coal as a feed stock.
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APPENDIX A

RESULTS OF THE NON-ISOTHERMAL COMBUSTION EXPERIMENTS

A.l Introduction

In this appendix the results of the non-isothermal experiments are presented. Only two
chars were evaluated: char A and char B. Heating rates were varied from 1 “C/min to 4
°C/min. The different heating rates were also combined with five different oxygen
fractions in the feed stream: 21%, 40%, 60%, 70% and 100% oxygen. First, all the results

for char A will be shown and will be followed by char B results under identical
conditions.
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A2 Non-isothermal combustion of Char A
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A.3 Norrisothermal combustion of Char B
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APPENDIX B

EVALUATION OF ACTIVATION ENERGY FROM NON-ISOTHERMAL DATA-
METHOD OF FLYNN AND WALL

B.1 Introduction

In this appendix the results of the activation energy calculations by the method of Flynn
and Wall are presented. This method uses non-isothermal data for all the evaluations, The
data obtained from both chars is presented here. Evaluations were conducted between |

°C/min and 4 °C/min. For each char studied five figures were obtained since five different

partial pressures were studied.

On each figure there is a series of linear data fits, the slope of which provides the value of
the activation energy through easy manipulation, as was described in Chapter 3. Linear
fits are done for data at corresponding conversion levels, obtained from experiments at

different heating rates. A wide range of experimental conditions is therefore covered by a

single evaluation.
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B.1 Non-isothermal combustion of char A
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B.2 Nornisothermal combustion of char B
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APPENDIX C
EVALUATION OF THE CONVERSION MODEL

C.1 Introduction

In this non-isothermal work the function F(X) representing the char conversion
behaviour is fitted against p(y) which is a function of activation energy. The F(X) values
were obtained from the reaction controlled shrinking unreacted-core model. The results

are displayed for five oxygen partial pressures evaluated.

Each oxygen partial pressure consists of a presentation with four lines representing

different heating rates used. First, the experiments of char A are shown and char B

experiments follows them.
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C.2 Reaction model evaluations for char A
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C.3 Reaction model evaluations for char B
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APPENDIX D

EVALUATION OF THE OVERALL KINETIC RATE EQUATION FROM NON-
ISOTHERMAL DATA

D.1 Introduction

In this appendix the char experimental data is plotted against the calculated data from the
model evaluated. In this way the correctness and the validity of the model can be
assessed. Experiments were conducted for 21%, 40%, 60%, 70% and 100% oxygen

between 1 K/min and 4 K/min. For each oxygen concentration a plot of (1-X) versus

temperature at different heating rates is constructed.

First the burnoff behaviour for char A is shown for all conditions evaluated and then char

B results follows. For all results shown the shrinking unreacted-core reaction model was

used.
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D.2 Burnoff behaviow for char A
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D.3 Burnoff behaviowr for char B
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APPENDIX E

EVALUATION OF THE OVERALL KINETIC RATE EQUATION FROM NON-
ISOTHERMAL REGRESSION DATA

E.1 Introduction

In this appendix, the char experimental data is plotted against the calculated data from the
regression model evaluated. In this way the correctness and the validity of the model can
be assessed. Experiments were conducted for 21%, 40%, 60%, 70% and 100% oxygen
between 1 K/min and 4 K/min. For each oxygen concentration a plot of (1-X) versus

temperature at different heating rates is constructed.

First the burnoff behaviour for char A is shown for all conditions evaluated and then char

B results follows. For all results shown the shrinking unreacted-core reaction model was

used.
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E.2 Burnoff behaviour for char A
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E.3 Burnoff behaviour for char B
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APPENDIX F
CHAR CONVERSION BEHAVIOR UNDER CARBON DIOXIDE GASIFICATION

F.1 Introduction

In this appendix all the results from the isothermal CQ; gasification are presented in the
form of plots of conversion against time for various process temperatures. Experiments
were conducted for both char A and char B. All experiments were performed at

temperatures between 800°C and 950°C at various CO, concentrations. In this appendix

results obtained from both chars are presented.
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F.2 Bumnoff curves for char A CO, gasification
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F.3 Burnoff curves for char B CO, gasification
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APPENDIX G

VALIDATION OF THE SHRINKING UNREACTED-CORE REACTION MODEL
FOR CARBON DIOXIDE GASIFICATION

(.1 Introduction

In this appendix the shrinking unreacted-core reaction model is validated. This is done by
plotting the experimental data of conversion as a function of dimensionless time on the

same set of axis with the conversion-dimensionless time data based on the unreacted-core

shrinking model.

Plots were constructed for all CO; concentrations at different temperatures used. In the

first part of this appendix char A results are given followed by char B results.

174



G.2 Model validation for char A CO; gasification
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G.3 Model validation for char B CO, gasification
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APPENDIX H

THE SHRINKING UNREACTED-CORE REACTION MODEL FOR CARBON
DIOXIDE GASIFICATION

H.1 Introduction
In this appendix the char conversion model plots are presented. The char conversion
model used is the shrinking unreacted-core reaction model. Experiments are presented for

char A and char B at temperatures between 800 °C and 950 °C. All experiments were
conducted at CO; concentrations between 20% to 100% COs.
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H.2 Char A conversion model for CO; gasification
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H.3 Char B conversion model for CO, gasification
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APPENDIX 1

VALIDATION OF CARBON DIOXIDE GASIFICATION KINETICS

1.1 Introduction

In this appendix all the obtained kinetic parameters were fitted into the derived
Langmuir-Hinshelwood model. This was done in order to predict accuracy of the kinetic
parameters calculated. For each experiment conducted a plot of X versus time is plotted

using the experimental data that is then fitted against the data predicted by the model.

Plots were constructed for temperature points between 800°C and 950°C at CO,

concentrations ranging from 20% to 100% CO;. Char A results are presented first and are
followed by char B results.
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1.2 Burnoff curves for char A CO; gasification at 800 °C

1
0.8
—~0.6

i
T

04
02
0

Time (min)

=

100 200

00 400

500

0

a0

100 150
Time (min)

200 250

=]

181



1.3 Burnoff curves for char A CO; gasification at 850 °C
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1.4 Burnoff curves for char A CO; gasification at 900 °C
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1.5 Burnoff curves for char A CO; gasification at 950 °C
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1.6 Burnoff curves for char B CO; gasification at 800 e
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1.7 Burnoff curves for char B CO; gasification at 850 °C
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1.8 Burnoff curves for char B CO; gasification at 900 °C
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1.9 Burnoff curves for char B CO, gasificationat 950 °C
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APPENDIX J
BURNOFF CURVES FOR STEAM GASIFICATION

J.1 Introduction

In this appendix the conversion as a function of time results for steam gasification are
shown. Experiments were conducted between 800 °C and 950 °C for both chars

investigated. The steam concentration was varied between 10% and 20% because of the

limitations of the instrument.
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1.3 Burnoff curves for char B steam gasification
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APPENDIX K

VALIDATION OF THE SHRINKING UNREACTED-CORE REACTION MODEL
FOR STEAM GASIFICATION

K.1 Introduction
In this appendix the reaction controlled SUCM is validated. This is done by plotting the

experimental data of conversion as a function of dimensionless time on the same set of

axis with the conversion-dimensionless time data based on the reaction controlled

shrinking unreacted core model.

Plots were constructed for all steam concentrations at different temperatures used. In the

first part of this appendix char A results are given followed by char B results.
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K.2 Model validation for char A steam gasification
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K.3 Model validation for char B steam gasification
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APPENDIX L

THE REACTION CONTROLLED SHRINKING UNREACTED CORE MODEL FOR
STEAM GASIFICATION

L.1 Introduction

In this appendix the char conversion model plot as a function time is presented. The char
conversion model used is the reaction controlled SUCM. Experiments are presented for
char A and char B at temperatures between 800 °C and 950 °C. All experiments were
conducted at steam concentrations between 10% to 20%. Char A results are given first

and are followed by char B results respectively.
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L.2 Char A conversion model for steam gasification
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L.3 Char B conversion model for steam gasification
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APPENDIX M

VALIDATION OF STEAM GASIFICATION KINETICS

M.1 Introduction

In this appendix all the obtained kinetic parameters were fitted into the derived
Langmuir-Hinshelwood model. This was done in order to predict validity of the kinetic
parameters calculated. For each experiment conducted a plot of X versus time is plotted

using the experimental data that is then fitted against the data predicted by the model.

Plots were constructed for temperature points between 800 °C and 950 °C at steam

concentrations ranging from 10% to 20%. Char A results are presented first and are

followed by char B results.
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M.2 Burnoff curves for char A steam gasification at 800 °C
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M.4 Burnoff curves for char A steam gasification at 900 °C
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M.6 Burnoff curves for char B steam gasification at 800 °C
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M.8 Burnoff curves for char B steam gasification at 900 °C
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