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ABSTRACT

Glycerol, a carbohydrate substrate, is produced in large quantities by the burgeoning
biodiesel industry. The opportunity to produce synthesis gas (H»/CO mixture) from this
bioprocessing residue by steam reforming is a potential advantage in the future
integration of biorefineries with current petrochemical plants since syngas may be

converted to clean fuels via the Fischer-Tropsch process.

In this work, alumina supported catalysts comprising of bimetallic Co-Ni, alkaline
earth oxide (MgO, CaO, SrO, BaO) doped Co-Ni and lanthénide oxide (CeO,, Pr;0;,
Sm,03) doped Co-Ni, were synthesized by wetness co-impregnation technique and
assessed in a fixed-bed reactor over steam-to-glycerol ratio of 3.0<STGR<12.0 and

temperatures of 773 to 823 K.

Kinetic examination of glycerol steam reforming over Co-Ni catalyst gave an
activation energy of 63.3 kJ mol™. Mechanistic models were evaluated on the basis of
statistical adequacy and thermodynamic consistency. These criteria revealed that the
reaction was best characterized by a Langmuir-Hinshelwood (LH) bimolecular model
with associative adsorption of glycerol and steam on two different catalytic sites.
Carbon deposition during the reaction appeared to be responsible for the loss in surface
area and pore volume of the used catalysts. At least two types of carbonaceous species
were evidenced on the catalyst — a more reactive atomic carbon species deposited on the
metal-support interface while a less reactive carbon of the polymeric nature, was located

on the alumina support.

Interestingly, the acidity of doped Co-Ni ca'talysts decreased with Pauling
electronegativity of the dopants. In addition, the metal surface area of all doped
catalysts (0.8 to 1.1 m® gca{l) was considerably higher than the undoped catalyst (0.7 m?
gea') while lanthanide oxide doped-catalysts also increased the degree of reducibility of
Co-Ni catalyst. This study also disclosed that although carbon deposition is inevitable,
lanthanide oxide-doped catalysts decreased the carbon laydown (8-20%). The carbon-

resilient property of these catalysts was further substantiated through longevity tests.
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In the final phase of the work, H; and CO; were individually added as carbon
gasifying agents during the reforming. In particular, CO; could be tuned at selected

partial pressure and temperature to produce a syngas with more suitable H,:CO ratio for

the Fischer-Tropsch synthesis.

vii



LIST OF PUBLICATIONS

Original research articles:

1.

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Steam reforming of glycerol over
Ni/ALO; catalyst”, Catal. Today, [doi:10.1016/j.cattod.2011.07.011], Article in
press (2011). |

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Carbon deposition on bimetallic Co-
Ni/Al,O; catalyst during steam reforming of glycerol”, Catal. Today, 164(1), pp.
268-274 (2011).

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Hp-rich synthesis gas production over
Co/Al,O; catalyst via glycerol steam reforming”, Catal. Commun., 12(4), pp. 292—
298 (2010).

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Glycerol steam reforming over bimetallic
Co-Ni/ALOs”, Ind. Eng. Chem. Res., 49(21), pp. 10804-10817 (2010).

C.K. Cheng and A.A. Adesina, “Evaluation of Co-Ni/Al,O3 supported catalysts for
glycerol reforming”, Int. J. Chem. Eng., 2(2-3), pp- 235-245 (2009).

C.K. Cheng, S.Y. Foo, A.A. Adesina, E.M. Kennedy and B.Z. Dlugogorski,
“Glycerol steam reforming over Co-Ni/ALOs: Effect of alkaline earth and
lanthanide oxides on catalytic performance”, Biomass Bioenergy, Submitted for
publication (2011).

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Thermodynamic analysis of glycerol
steam reforming in the presence of CO, and H, as carbon gasifying reactants”, In

preparation (2011).

Peer-reviewed conference proceedings:

8.

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Thermodynamic analysis of glyceol
steam reforming in the presence of CO, and H, as carbon gasifying agents”, g™
European Congress of Chemical Engineerihg (ECCE), September 25-29 2011,
Berlin Germany.

CXK. Cheng, S.Y. Foo and A.A. Adesina, “Unsteady-state kinetic analysis of
glycerol steam reforming over alumina-supported nickel catalyst”, 8" European
Congress of Chemical Engineering (ECCE), September 25-29 2011, Berlin

Germany.

ix



10.

11.

12.

13.

14.

15.

16.

17.

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Deactivation behaviour of modified Co-
Ni/Al,Os catalysts for glycerol steam reforming”, 22™ North American Catalysis
Society Meeting (NAM), June 5-10 2011, Detroit MI USA.

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Application of Co/Al,Os catalyst in
steam reforming of glycerol”, CHEMECA 2010, Sept. 26-29 2010, Adelaide
Australia.

M.S. Johari, C.K. Cheng and A.A. Adesina, “Steam reforming of glycerol over
alkali-promoted Co-Ni/Al,O; catalysts”, CHEMECA 2010, Sept. 26-29 2010,
Adelaide Australia.

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Promotional effect of alkaline earth metal
and lanthanide in alumina supported Co-Ni catalyst for glycerol steam reforming”,
6™ International Conference on Environmental Catalysis (ICEC 2010), Sept. 12-15
2010, Beijing China.

CXK. Cheng, S.Y. Foo and A.A. Adesina, “Carbon deposition kinetics during
glycerol steam reforming over Co-Ni/Al,Os catalyst”, 6" Tokyo Conference on
Advanced Catalytic Science and technology & 5" Asia Pacific Congress on
Catalysis (TOCAT6/APCATS5), July 18-23 2010, Sapporo Japan.

C.K. Cheng, S.Y. Foo and A.A. Adesina, “Kinetics of glycerol steam reforming
catalyzed by bimetallic Co-Ni/Al,05”, 21°" International Symposium on Chemical
Reaction Engineering (ISCRE 21), June 13-16 2010, Philadelphia PA USA.

C.K. Cheng and A.A. Adesina, “Evaluation of Ni-Co/Al,O3 supported catalysts for
glycerol steam reforming: Solid-state kinetic analysis”, CHEMECA 2009, Sept. 27—
29 2009, Perth Australia. ,

CXK. Cheng and A.A. Adesina, “Thermodynamic analysis of glycerol steam
reforming for H, production”, CHEMECA 2009, Sept. 27-29 2009, Perth Australia.



TABLE OF CONTENTS

COPYRIGHT STATEMENT ...ttt eaeeees ¥
AUTHENTICITY STATEMENT ..o e i1
ORIGINALITY STATEMENT ... i1
CURRICULUM VITAE ..ottt ei e v
N S 2N O A PP OUO PP PPP PRI vi
ACKNOWLEDGEMENTS ..ottt rner e viil
LIST OF PUBLICATIONS ..ottt et e 1X
LIST OF FIGURES .ottt ettt e st s X1X
LIS T OF T ABLLE S oottt e e e e et s ee e et s e rar s e e s e s s aanss XXV
NOMENCLATURE ..ottt et e et ree s e eian s sra s s eenes XXvill
CRAPLET T ..ottt 1
1.1 BACKZIOUN .....viiiieiiiietireie st e 1
1.2 Scope and Research Contribution.......... et te e e e e e areee—rte et it s re et nens 3
1.3 Structure of ThesiS ...ovvvvvrverrereeneirennins v 3
REEEIEIICES oot s o teeesesaeeeeaessrtnssaaeransansaaenneassestasesnrrrrnasaassrasenssssussiseens 5
2 B F1TR veTs 131635 To) s TRUVRURTVUUUT TR T U U U oo oo OPUP TSP PN PPIPPRS 6

X1



2.2.1 Physical PROPEITIES ..eovvevie et 13
2.2.2 Glycerol as feedStock ........cvvcmrmmrrrmeeoreeereeeeeoeosooooooo 16
2.3 Refprming OF GIYCEIOL ... 22
2.3.1 BaCKGrOUN.......ouvvrieieieceecee oo 22
2.3.2 Aqueous phase reforming of glycerol ... 25
2.3.3 Steam reforming of glycerol.................coooeomcomoi 30
2.3.4 Reaction pathway ............cceeeeeureeiieseooveeeeesoooesoe oo 36
2.3.5 Summary and experimental gap in glycerol steam reforming...................... 37
2.4 Thermodynamic Considerations in Glycerol Reforming............coccveveennn.... 38
2.5 Catalyst DeactiVation ...........cooeouevevevoieeeeeeseooeeooooooooo 43
2.5.1 Poisoning .................. e 44
2.5.2 SINETING ..ot 46
2.5.3 FOUING....cviiiiee oo 48
2.6 Carbon Deposition Phenomenon ...............coooooveomvoovooooo 50
REEIENCES ..o e 55
Chapter 3 ... 62
3.1 INrOAUCHON. ... 62
3. 1.1 CheMICAS .......couvvrmreerrieeceeeeeeeeeeee oo 62
3. 1.2 GESES ...t 63
313 GIYCEION ..voooeeeivcereiecoeseeeeeeeeeeeeee oo e 64

Xii



3.2 Catalyst Preparation ............coooeeeovoovvoeeremseoseoomosoooooo 64

3.2.1 Catalyst support.............. ettt 64

3.2.2 Catalyst metal introduCtion..............ceoeeooeovvvveeccorevomm 65
3.3 Catalyst Characterization.............c..o...coeoomomovvcommmoo 66
3.3.1 Surface area and pore volume............ovvvoeooevooeeroemoo 67
3.3.2 Hydrogen chemisorption ................vvveovovoemmooesoo 71
3.3.3 Temperature-programmed deSOTPHON. ....c.vevevreveeeeeeereeeeeoeo 75
3.3.4 Thermogravimetric analysis (gas-solid reaction StUAY) oo, 78
3.3.5 X-ray difftaction ...........coocveeeeemevooeeeeeeeeee oo 82
3.3.6 Fourier-transform infrared Spectroscopy (FTIR) ..ccc.vivouieeneeeeeeeeeeoe 83
3.3.7 Scanning electron microscopy (SEM)...oiieeeeeeeeee e, 84
3.3.8 Total organic carbon c’ontent (TOC) e, 85
3.4 Glycerol Steam Reforming Reaction ..............ooccommvveveooo 85
3.4.1 Glycerol reforming experimental SEL-UP oot 86
3.4.2 FiXed-bed r€aCtor ..........cruvrvvumrrrrnmrraeeeeeeeneee oo 87
REFEICNCES ..ov.vvii e 89
A1 INrOUCHON. ......ooo. e 90
4.2 System Calibration.............cccceeeueereeeeeoesieeereors oo 90
4.2.1 Glycerol-Water SYStem...............ovvvv.meeeoeeemreeeesosooooosoooooooooo 90
4.2.2 Product analysis ..............ooooovvvvoveeeeeeeomseeeos oo 91
4.2.3 GC Calibration..............ooveeeeeeoooeeeeeeesoseesssoeeooooooo 91

Xiii



4.4 BLANK FUNS ..ot eveeeeeteeeeeeeeeeeeeseemeeertssasassssresssnnaassssaesrtssnnassssessesnnsssiseesrssssannnns 92

4.3 Transport Resistance Considerations ...........ccoveenvcinciincnnnine 93
4.3.1 External mass tranSTer ........coovevvverrineiiiiiiicite e 94
4.3.2 Pore (Intra-particle) diffusion imitation ........c..cocooevciiiiininnes 94
4.3.3 External heat tlransfer .................................................................................. 95
4.3.4 Intra-particle heat transfer ... 95
4.4 Thermodynamic Equilibrium Consideration.............coccovnrniininncnn 96
4.5 Fixed Bed ReaCtOr...ouuvviiiiieeeirie e e cnitiir s s s sin et e 97
4.6 Glycerol Steam Reforming Rate Calculation ..o, 97
4.7 REACHON MELTICS ... vvreneisiiiieenenisimnin s 98
RETEIEIICES .vvvveeeeeeeeeeesisteeeeeraneaeeasraeesreesssssbbbaeaaeaaaseessonasraees s asnre s e rbb st et 100
Chapter 5 .....ccocoviriiiiiniinnnnn. ettt 101
5.1 INEEOAUCHION. ....veeieeeieeereeeetieenieeereesit e e s e st e e b e e e ier et s et s st 101
5.2 Bimetallic Co-Ni/Al,03 Catalyst Characterization...........ccocccevveiiiiiiineenne 102
5.2.1 Physicochemical properties of fresh Co-Ni/ALOs catalyst......ccccocveeninns 102
5.2.2 Crystallographic StTUCTUIE........ovierveriiiniiiiiiiie s 102
5.2.3 Scanning electron MiCroSCOPY ...cceevveeersruvmmeriesinaasanniens JOR TP 103
5.2.4 Acid and base PrOPErties ........ccoviveevirrniirnieeiinenie i 104
5.3 Gas-Solid Reaction Kinetic Analysis.......cocovrveimmrvreieininniiine 107
5.4 Steady-state Reagtion ANALYSIS. ..eourieenienieeiiiinc e 112
5.4.1 Transient composition profiles .........coceeiniiiiini 112

Xiv



5.4.2 Product diStIIDULION . ..vveeeereeeeeeeeieeerttiiereererereenaeeeserassiniesseaeerennsssissssanennes 114

5.4.3 Power-law modelling ......c.coceeieeriiniiiniiiiiie e 118
5.4.4 Mechanistic CONSIAErations............ccovvivuriiieriniienininie e 122
5.5 CONCIUSIONS tviovveeietrieeitrieeieeereeenreessits e s sreessarae e stb e e baa e s st e e s snraessnr e et esnaess 131
References ......oovvevriveevnviciiiiniiieeniieeene B 132
CRAPLET 6 ...ttt 134
6.1 TNErOAUCHION. ..cvveieeeireeeiee et e et eerre et s st e e s et e bbb 134

6.2 Influence of Carbon Deposition on The Physical Properties of The Catalyst 135

6.3 Carbon FOIMAtion ......ccueeiurrereeriiennieciniee e st s 138
6.4 Temperature-programmed Removal of Deposited Carbon...........cccoovveeenne. 142
6.5 Catalyst Regeneration Analysis.........coccoviniiimiii e 146
6.6 FTIR and XRD ANAIYSES....cccccouivuiiiiiiiiiiiiieninit ettt 149
6.7 CONCIUSIONS ovvvviierreeesreeeiresreeesereeeereesseirteaaraas e reessbsetsoutte et enrts s rb s ebne st 151
References s 153
7.1 Introduction......cecveeeevecmeverecciisnnreninns ettt bttt 154
7.2 Catalyst Characterization..........c.ceeeeeemnneeiciinininminnnnnens e 155
7.2.1 Calcination Profiles ........cvvvvrniniiiniiniieas 155
7.2.2 Hp-TPR PrOfiles.....c.eovruiuiiiunriniimiiesenisieiiscneic st s 158
7.2.3 Physicochemical Properties .........cooeoueeuerrreieneiniiii s 160
7.2.4 XRD analysis on calcined catalysts .........coocooiiiini 165
7.3 REACHION SUAY ...eoovenreeeeeiriericiiie i ettt 167

XV



7.3.1 Transient Profiles ........ccccocoviiiiiviiniiiiii e 167

7.3.2 Effect of steam to glycerol ratio........c.occcoveeeiiiniiiiiiniii e 169
7.3.3 Temperature-programmed carbon removal ..., 171
7.4 LONGEVILY RUNS ....covieiiiiriieiiiieiiiiiciiie ettt 176
7.4.1 Conversion Profiles .....ccceveriniiiiiiiii e 176
7.4.2 Product ratio profiles.......ccvvieiiiiiiiiniiiiie 179
7.4.3 Used catalyst characterization................................T .................................. 181
7.4.3.1 BET surface area and pore volume characterization..........cceecvvveneeenensne 181
7.4.3.2 XRD on selected used catalysts .........eevecviiiiriinmmieiiieeiicnn e 182
7.4.3.3 Total carbon content analysis........c.coccuviiiiiriiniinnierenic, 182
7.5 CONCIUSIONS .eeovvveieuerieeirreeireeseeeeeeesnnteeseteesnaaesensreesbbsseesarssessstesnns e st eiaes 183
RETEICIICES eveeeevieeeeieeetreeeeteeesireerteeesbeesaaseesbt e e s bt e e e srae e sb s e e bt e ae e sneenataentssaans 184
8.1 INtrOAUCHION. c.veiiiietireeceitiee et e sttt e e e e e e e be st ee e sna s et st e 186
8.2 Thermodynamic Analysis.........cocovieiieiiiiiiii e, 187
8.3 Equilibrium Constants (Kp)’ ................. e ——— i ta e e a et e e e narees et sraees 189
8.4 Product DisStribution ......ccovuverreeeiiirre ittt 191
8.4.1 Glycerol-steam reforming System........ccocvrviriiiineieniniiis 191
8.4.2 Glycerol-steam-H; reforming System.........c.ocovviinniiie 196
8.43 Glycerol-steain-COz reforming SYSteIM .......c.ovviiiriiiiiiniiinineec e 199
8.5 Carbon Deposition for Glycerol-Steam-Hz(CO2) Systems ........cococeoniiiens 202
8.6 Summary of Thermodynamic AnalysiS..........cooeoenmniriininiiii 205

Xvi



8.7 Experimental Study ............cooovereoooooooeroooooeo 206

8.7.1 Preliminary Work.............cooooovevevmovvioioomoeoo 206

Reforming Reactor...............ccccceeuvvvvveiimommmmmcooooo 206
8.7.2 Effect of temperature on carbon depoSition..........euevevveiioeere 207
8.7.3 Effect of partial pressure on carbon deposition ...............ocooeemeeroeo 210
8.7.4 Online mass spectrometric analysis of carbon-gasification products ......... 211
8.7.5 Transient profiles ...............coovovomreooioo e, 213
8.7.6 Reaction analysis for glycerol-steam-H, SYSLEIM ..o, 219
8.7.6.1 Influence of PIESSUIE .o 219
8.7.6.2 Temperature effect ..............o.uvvveeeoveoeeoeeoeoooooooo 222
8.7.7 Reaction study for glycerol-steam-CO, SYSIeM c.evvieiiiiiiniiiiiic e 224
8.7.7.1 Influence of Pressure .............vveeoveevereveomeeosoooooooooo 224
8.7.7.2 Temperature effect .........c..owvvuuirvvurioereeeeeeeeeeeeoooooooooooooo 227
8.8 CONCIUSIONS ..o e 229
References ............ccoooveueennn.. ) ......................................................................... 231
9.1 CONCIUSIONS ...t 232
9.2 RECOMMENAALIONS .........corveernrierneeeeeeeseeeeseeeeee oo 236
APPENAIX A ... 238
APPENAIX B ... 240
APPNAIX C ..o 244

Xvii



Appendix D

Appendix E

............................................................................................

.............................................................................................

xviii



LIST OF FIGURES

Figure 2-1 Average annual world prices in three decades, 1980-2035 (2008 dollars per

DAITEL) [4] 1onveevieeeee et bbb 7
Figure 2-2 Unconventional resources as a share of total world liquids production in

three cases, 2008 and 2035 (percent) [4] .....ooovviiiiiiiniiieii e 7
Figure 2-3 Map of biodiesel plants in Australia [27] ....c.coooeoiinniniinininn 8
Figure 2-4 Glycerol byproduct from methanolysis of vegetable oils............cccccoeiii 9

Figure 2-5 Simplified diagram of biodiesel production from methanol transesterification

................................................................................................................................... 10
Figure 2-6 Production and price trends of crude glycerol [34] ..o 11
Figure 2-7 Price trend (cent/Ib) of refined glycerin (99.5%) [35]..ccoconciniiiiininnns 12
Figure 2-8 Vapour pressure of pure anhydrous glycerol [38] ..o 14
Figure 2-9 Boiling point at 101.3 kPa and vapour pressure at 373 K for glycerol solution
[38 ] cveeetereree ettt ettt h e s 15
Figure 2-10 Vapour liquid equilibrium composition for glycerol/water binary system

I PO OO PP O TP PSP PP PP PRV P PP SP S PRSI SORS 16

Figure 2-11 Possible catalytic routes to convert glycerol into useful chemicals [32].... 17
Figure 2-12 Schematic of reaction pathway for catalytic dehydration of glycerol [32]. 19
Figure 2-13 Synthesis of monoglycerides [63] ........ccoivreneiniiiniiiiiis 20
Figure 2-14 Schematic representation of glycerol photo-reforming process [69] ......... 21
Figure 2-15 Reaction pathways involved in the reaction of oxygenated hydrocarbons
(e.g. carbohydrates) with water into H; and alkénes (Adapted from Ref. [71]) ............ 37
Figure 2-16 Values of AG®/RT for both steam reforming of hydrocarbons and APR of
oxygenated hydrocarbons (solid lines). Dotted lines for vapour pressure profiles [24]. 39

Figure 2-17 Thermodynamic equilibrium product mole fractions as function of T and

Psysiem/Puaterry for the APR of glycerol [97]...c.ovvvivveiiiiiciniiiis 40
Figure 2-18 Moles of (a) H; and (b) CO as function of water-glycerol-ratio and
temperature at 1 atm [100] ....c.oovereriiiiii 41
Figure 2-19 CO, reforming of 1 mol C;HzOs glycerol at 1 atm as function of CGR and
temperature to produce (a) CO, (b) Ha, (c) CHs and (d) carbon [114] ... 42
Figure 2-20 Conceptual model of catalyst poisoning [117].....cccccvvverminininniniennnnne. 45

Xix



Figure 2-21 Relative steady-state methanation activity profiles as function of gas phase
H,S concentration for different catalysts [121]......ccoovuniinieeonn 46
Figure 2-22 Two conceptual models for crystalline growth due to sintering by (A)
atomic migration or (B) crystalline migration (Adapted from [1 177) o, 47

Figure 2-23 Conceptual model of pore closure of support as an effect of sintering [128]

Figure 2-24 Fouling, crystalline encapsulation and pore plugging of a supported metal

catalyst due to carbon deposition ...............oeeervvveeooomicoomee 49
Figure 2-25 Coking and catalyst lifetimes [137T e 50
Figure 2-26 Formation, transformation and gasification of carbon nickel .................... 51

Figure 2-27 Formation and transformation of coke on metal surfaces (a, g, s refer to

adsorbed, gaseous and solid states respectively) [117] coooevomenieiioeeeeeeeeee 52
Figure 2-28 Carbon formation on supported Ni metal catalyst [127] ....c.cooouvvevenn. 54
Figure 3-1 Autosorb-1 Quantachrome instrument ... 69
Figure 3-2 Isotherm profile............oocuememvveoeivoeoeeoeeooooeoeooooooo 70
Figure 3-3 Autochem 2910 inStrument...................oooooommvceeomroo 72
Figure 3-4 Profile of pulse hydrogen chemisorption............c.o.oueueeeeeeeeeeesee 73
Figure 3-5 Typical spectrum of (a) NH;-TPD and (b) CO,-TPD profiles..................... 77
Figure 3-6 TGA inStrument.........c...ovvceevvrmevooneeeeeooeeeoeoooooooo 79
Figure 3-7 Typical catalyst weight profile during calcination...............ocooeeeerrooo. 80
Figure 3-8 Typical catalyst weight derivative profiles during calcination.................... 80
Figure 3-9 XRD Instrument in SSEAU UNSW (Adapted from [17]) vecooveeemeii 83
Figure 3-10 A typical FTIR spectrum ........... e 83
Figure 3-11 Nexus Thermo Nicolet FTIR .............ccooomoooo 84
Figure 3-12 Solid sample module SSM-5000A .........ooocoomoooo 85
Figure 3-13 Experimental set-up of glycerol steam reforming......cocoeeeviieviverieeeenn, 86
Figure 3-14 Schematic of the tubular reactor for glycerol steam reforming ................. 87
Figure 5-1 XRD pattern of calcined alumina at 873 K.......ooooocooooooooo 103
Figure 5-2 XRD reflectance of calcined Co-Ni/ALOs catalyst.......coooveevcevoeo 103

Figure 5-3 SEM micrograms for calcined Co-Ni/AL,Oj catalyst at 10 um scale......... 104
Figure 5-4 NH;-TPD shown for freshly-calcined (a) alumina and (b) Co-Ni/Al,O3... 105
F iguré 5-5 CO2-TPD shown for freshly-calcined (a) alumina and (b) Co-Ni/ALL,Os... 106
Figuré 5-6 Derivative weight profiles of temperature-programmed calcination at

different heating rates and (b) TPR profile at 10 K min™ ..., 108

XX



Figure 5-7 Example of transient solid conversion profile ............cccccoceviiiviieeiieeeeenns 110
Figure 5-8 Example of (a) calcination and (b) reduction model-fitting ...................... 112
Figure 5-9 Transient dry composition profiles of Hp, CO,, CO and CHj, in glycerol
steam reforming. Conditions: T = 823 K; Pgiycerol = 7.4 kPa, Pgieam = 88.3 kPa; GHSV =

5.0 X10T ML Gear B oottt n et 113
Figure 5-10 Transient profiles of H,:CO,, H,:CO, and H,:CH, ratios at 823 K ......... 114
Figure 5-11 Product ratio as function of (a) Pgiycerol With Psieam = 57.0 kPa and (b) Pgieam
with Pyjycerol = 7.4 kPa. Reaction temperature at 823 K......ooooooiiiiiiini 115
Figure 5-12 Yield of product as function of (2) Pgiycerol With Pgieam = 57.0 kPa and (b)
Pgieam With Pgiycerot = 7.4 kPa. Reaction temperature at 823 K., 116

Figure 5-13 Selectivity of product as function of (a) Pgjycerot With Psieam = 57.0 kPa and

(b) Psteam With Pgjycerot = 7.4 kPa. Reaction temperature at 823 K.......coooooiiiiieiines 117
Figure 5-14 Glycerol consumption rate as function of partial pressure of both reactants

AL 823 Koottt et s an s ee et 118
Figure 5-15 Parity plot showing comparison betwe‘en'predicted and measured specific

glycerol refOorming rate .........ccoceecivirriiniiiii 119
Figure 5-16 Residual plot for specific reforming rate of glyéerol (power-law model) 120
Figure 5-17 Parity plot showing comparison between predicted and measured formation
rates for Ha, CO,, CO and CHy .ooooiviiieieiie ettt e 121
Figure 5-18 Residual plot for specific formation rates (power-law model) ................ 121

Figure 5-19 Representative of Arrhenius plot for glycerol consumption rate and product

formation rates for feed with 30 wt% glycerol ..........cccoovviviiiiiiin s 122
Figure 6-1 Effect of TOC on BET su’rface area and pore volume e 135
Figure 6-2 BET surface area and pore volume of used catalyst as function of (a) Pgiycerol

and (b) Pgeam at reaction temperature of 823 K.....oooocooiiiiiiiiiininnn, e ———— 136
Figure 6-3 Modelling of BET surface and pore volume as function of Pgycerol --evvevvee. 137
Figure 6-4 Modelling of BET surface area and pore volume as function of Pgieam ... 138
Figure 6-5 SEM image of used Co-Ni/Al,O5 catalyst at 50 pm scale............cooueenein. 139

Figure 6-6 TOC concentration (%) as function of partial pressure of reactants at 823 K

Figure 6-7 Linear regression of average coking rate as function of (a) partial pressure at

823 K and (b) temperature of reaction with 30 Wt% glycerol.........c.cccovvevrcriininns 141

XXl



Figure 6-8 Temperature-programmed carbon removal profiles of (a) Calcined alumina
support and (b) Co-Ni/Al,Os after glycerol steam reforming at 823 K. Heating rate
during TPR and TPO regimes was 10 K min™ .......c.ccooouverrmmernrinniienss e 143
Figure 6-9 Derivative weight profiles for TPR-TPO with (a) TPR on used catalyst (b)
TPR on used alumina (c) TPO on used catalyst and (d) TPO on used alumina .......... 144
Figure 6-10 Mass spectrometer profiles showing product formation from carbon
gasiﬁbation on (a) used alumina and (b) used Co-Ni catalyst .........c...covvvvrrivrrnennee. 145
Figure 6-11 Derivatives weight changes of coked catalysts employing (a) TPO-TPR-
TPO-TPR cycles and (b) TPR-TPO-TPR-TPO cycles.......ccoevveurevervnreeiecreereereene 147
Figure 6-12 FTIR spectra for (A) Freshly calcined catalyst, (B) Used alumina support,
(C) Used Co-Ni catalyst for glycerol reforming and (D) Regenerated Co-Ni catalyst 150
Figure 6-13 X-ray diffractograms of freshly calcined catalyst (A), used alumina support
(B), used Co-Ni catalyst (C) and regenerated catalyst (D) ......cccccverveviierenrineencceneen. 151
Figure 7-1 Calcination profile representing (a) Mg, Ca, Sr, Ba and (b) Ce, Pr, Sm..... 157
Figure 7-2 TPR profile representing (a) alkaline earth metals and (b) lanthanide metals

Figure 7-3 NH;-TPD for (a) magnesia-doped catalyst and (b) ceria-doped catalyst ... 163
Figure 7-4 CO,-TPD for (a) magnesia-doped catalyst and (b) ceria-doped catalyst ... 164
Figuré 7-5 XRD pattern of (a) AEO and (b) LO compared to Co-Ni/Al,O;............... 166
Figure 7-6 Typical transient profiles of unpromoted Co-Ni/Al,O3;, AEO-promoted and

LO-promoted catalysts at 823 K .......cccccooiieiiiiniiiiii 167
Figure 7-7 Typical transient product ratio profiles (a) H,:CO, / H,:CO and (b) H,:CH,4

of unpromoted Co-Ni/Al,Os, AEO-p;romoted and LVO-promoted catalysts at 823 K... 168

Figure 7-8 Effect of STGR on specific glycerol consumption rate at 823 K .............. 169
Figure 7-9 Effect of STGR on specific CH,4 production rate at 823 | S 171
Figure 7-10 Effect of dopants on carbon deposition rate.............ccocevvverereieniniennnnn, 171

Figure 7-11 Temperature-programmed gasification of used catalyst employing TPR
(H,) and TPO (air) steps. Heating rate was at 10 K min™ ..........cc.ccoccoveuoerurrreerinnnnn, 173
Figure 7-12 Representative of mass spectrometry for (a)AEO-doped, (b)LO-doped
CALALYSE ...ttt et e e e ae b e te s be e s e b e et e e e etbeertaeearbeeraeete et enree e 174
Figure 7-13 Conversion of undoped and doped catalysts as function of time over 48 h
TETOrMING AUFALION ......c.vevieeeeee ettt s et 176
Figure 7-14 Normalized &’ and k4/k’ as function of (a) normalized acid site and (b)

normalized basic site of Peak II for AEO-doped catalysts ..........cocccuvemrercncrnccnnene. 178



Figure 7-15 Product ratio over 48 h of reforming reactions at 823 K.....cocoerninncnes 179

Figure 7-16 XRD on used catalysts after 48 h longevity TUNS .....c.ovvriurnieeinenieniiinins 182
Figure 8-1 Equilibrium constants of theoretically possible reactions during glycerol
steam reforming at different teMPEratures .......o.ovvvriemiinieisne e 189

Figure 8-2 Product yield of glycerol-steam reforming system at different temperatures
and STGR for (@) Ha, (b) CO, (¢) CO and (d) CHa.oovvevriiiiiiiieicicnnes 194
Figure 8-3 The profiles of (a) H2:CO; and (b) H2:CO for glycerol-steam reforming
systefn ...................................................................................................................... 195
Figure 8-4 The contour profiles showing the region of carbon deposition (carbon yield)
as function of reaction temperature and STGR for glycerol-steam reforming system. 196

Figure 8-5 Profiles of (a) H, yield, (b) CO; yield, (¢) CO yield and (d) CHy yield with

Hoy AAAIEON ©.veceieeeeeesereceeneter st bt 199
Figure 8-6 Profiles of (a) H> yield, (b) CO, yield (¢) CO yield and (d) CH, yield with
COy AAAITION ....o.evrvieeereeseeeieiemernrer e 202

Figure 8-7 The contour profiles showing the region of carbon deposition (carbon yield)
as fuﬁction of reaction temperature and reactant ratio for (a) glycerol-steam-H;

reforming system and (b) glycerol-steam-CO, reforming system at STGR of 0:1...... 204

Figure 8-8 Illustration of reactor configuration for H; and COz study........ccoovevveeenne 206
Figure 8-9 Carbon deposition at 823 K, 873 K and 923 K with STGR of 3.3:1 ......... 207
Figure 8-10 Arrhenius plot indicating good fitting of experimental results................ 209
Figure 8-11 Effect of hydrogen partial pressure on carbon deposition rate ................ 210
Figure 8-12 Effect of carbon dioxide partial pressufe on carbon deposition rate........ 211

Figure 8-13 Mass spectra analysis o)f CO; from parbon—gasiﬁcation for (a) glycerol-
steam, (b) glycerol-steam-{22.0 kPa Hy} and (c) glycerol-steam-{22.0 kPa CO,}
systems ...................... 213
Figure 8-14 Transient profiles showing product composition on dry basis for (a)
glycerol-steam, (b) glycerol-steam-H; and (c) glycerot-steam-CO; at 923 K. (@) Ho, (0)
CO,, (V) CO and (A) CHa.vovvenrecieiniiiiimiisiccnecns TPV URPPOP 215
Figure 8-15 Transient profiles showing product composition on dry basis for (a) |
glycerol-steam, (b) glycerol-steam-H; and (c) glycerol-steam-CO; at 973 K. (e) Ha, ()
COy, (W) CO and (A) CHigueeercriimrrinieiieiss i 216
Figure 8-16 Transient profiles showing product composition on dry basis for (a)
glycerol-steam, (b) glycerol-steam-H; and (c) glycerol-steam-CO; at 1023 K. (e) Hy,
(0) COy, (W) CO aNd (A) CHyvooeerreeieeenreisnssss s 218



Figure 8-17 Effect of hydrogen partial pressure on specific product formation rates at

(@) 923 K, (b) 973 K and (€) 1023 K ..euiiiiiiiiieiteeee et 220
Figure 8-18 Effect of Phygrogen On product ratio (at 973 K) ....oooeniiiniiiiniiiiin, 222
Figure 8-19 Effect of temperature on specific product formation (Phygrogen = 46.0 kPa)

................................................................................................................................. 222
Figure 8-20 Effect of temperature on product ratio (Phydrogen = 46.0 kPa)................... 223
Figuré 8-21 Effect of carbon dioxide partial pressure on specific product formation rates
at (a) 923 K, (b) 973 K and (c) at 1023 K.....oooviiiiiiiiiiiiiiiiiiins 225
Figure 8-22 Effect of Pcarbon dioxide ON product ratio (at 973 K)......coooevviviiiininnnn 227

Figure 8-23 Effect of temperature on specific reaction rate (Pcarbon dioxice = 46.0 kPa). 228
Figure 8-24 Effect of temperature on product ratio (Pcarbon dioxide = 46.0 kPa) ............. 229

XX1V



LIST OF TABLES

Table 2-1 Biodiesel plants in Australia, 2010 [27].....ccccoociiiiiiiiiiiiiiie, 9
Table 2-2 Distribution of glycerol consumption in different products and industries [31]
................................................................................................................................... 11
Table 2-3 Physical properties of glycerol [37]....ccccociiviiiiiiiiiiiiini 13
Table 2-4 Temperature-dependent heat of reaction for Eqns. (2-2) to (2-13) ............... 24
Table 2-5 Recent literatures on the aqueous phase reforming of glycerol .................... 27
Table 2-6 Recent literatures on the glycerol steam reforming...........cccceevvviiiininnnnnns 32
Table 2-7 Mechanisms of catalyst deactivation [117]......cccocvnuiiiviiiiiiiiiinninniiiinns 43
Table 2-8 Poisons of some industrial catalysts [120].......cccccocceviiiiiiiiniin. 44
Table 2-9 Factors affect'ing sintering of catalyst........ccceeveniiiiiiniiiiiii e, 48

Table 2-10 Forms and reactivities of carbon species formed by decomposition of CO on

MHCKEL [139] 1ottt e et 51
Table 2-11 Carbon species formed in steam reforming of hydrocarbons on nickel

CALALYSE [139] et 53
Table 3-1 List of chemicals used in this WOrk .........cccooiiiiiminiiin s 63
Table 3-2 List of gases used in this Work ... 64
Table 3-3 Composition of glycerol used in reaction study ...........ccooeriiininiiiininnne. 64
Table 3-4 Characteristics of alumina SUPPOTt .......ccovvererevrciiniiriiniiiiiein e 65
Table 4-1 Glycerol-water mass composition in terms of molar ratio............ccccoeeeeee. 90
Table 4-2 Parameter setting for GC'operation ............................................................. 91
Table 4-3 Retention time and response factors for product detection..........ooeeeeeenennnns 92

Table 4-4 Comparison of product distribution obtained experimentally and at

thermodynamic equilibrium (823 K) ....cccoovvviiiiiiiiiii 96
Table 5-1 Physicochemical attribute of calcined ALO; support and bimetallic Co-

NI/ALO3 CALALYSE ...ttt 102
Table 5-2 Acid and base properties of fresh Co-Ni/Al,Os catalyst.........ocoovenncnnnn, 107
Table 5-3 Estimates of kinetic parameters for glycerol steam reforming rate............. 119

Table 5-4 Estimates of kinetic parameters for product formation from glycerol steam
reforming (nonlinear regressSion) .. ... veiveiiiie i 120

Table 5-5 Langmuir-Hinshelwood and Eley-Rideal rate models..............ccccoeininiine 127

XXV



Table 5-6 Estimates of glycerol steam reforming models for specific glycerol

consumption rates employing data at 823 K...ocoieiiminii s 128
Table 5-7 Parameter estimates of LH MOdelS ..o 129
Table 5-8 Estimates of Models 1-2 for BMV guidelines ..o 130
Table 5-9 Estimates of activation energy for Models 1=2.....ocooiiniciiniiiiinnens 130
Table 6-1 Physical properties of regenerated CALALYSTS.cveemvirienrinrinre e 148
Table 6-2 Physicochemical properties of regenerated catalyst after temperature-
progf_ammed AL HEEATIMIEIIE . vvevveeeevrevseseseeeeneseeaesseasse st et e s s s s et 149
Table 7-1 Comparison between experimental and theoretical weight changes during
CALCEMALION .. teveeseieeeseseesemasassses bbbt s 157
Table 7-2 Temperature-programmed reduction (TPR) profiles......cconeeiniimniininnienn. 160
Table 7-3 Physicochemical properties of doped catalysts .....coovneiiinmnnsseieeieneenes 162
Table 7-4 Product formation rates at different STGR ..coooooeiiiiiciiiniiicieees 170
Table 7-5 Activation energy values of carbonaceous species removal ..o 175
Table 7-6 Physical properties of regenerated used CatalystS....coovmerienmninniininennes 175
Table 7-7 Parameter estimates of Eqn. (7-21) at 823 K oo e e 177
Table 7-8 Non-linear regression results of 0z ..coovoieeniin e 180
Table 7-9 Non-linear regression results 0f 013 ..o 181
Table 7-10 Used catalysts’s physical properties ........cocoveieveimmmmnesnmissssensnesses 182
Table 7-11 Total carbon content of used catalysts after 48 h reaction .....c.coevvieenneens 183
Table 8-1 Standard Gibbs free energy of formation as function of temperature for
species involved in glycerol reformipg ...................................................................... 188
Table 8-2 Carbon deposition on Co-Ni/Al,O5 catalyst as function of temperature
without the presence of Hp or CO g eeeeeeieeereeree et sa e 207

Table 8-3 Carbon deposition on Co-Ni/Al,O5 catalyst for glycerol-siéam-Hz system 208
Table 8-4 Carbon deposition on Co-Ni/Al,O5 catalyst for glycerol-steam-CO; system

e eeeereeeteeeee e 208
Table 8-5 De-activation energy eStMAatES. ....eeuriiiiesmnstiessrsmsrss e 209

Table 8-6 Composition (% dry basis) of different reacting systems as a function of

BEITIPETALUTC. ... v vevevseeseseeeeesesesessns st se s ses s T 218
Table 8-7 Estimates of @ and b parameters in Eqn. (8-11) oo 220
Table 8-8 Estimates of r°coz and b parameters in Eqn. (8-12) e 221
Table 8-9 Estimates of parameters in Eqn. (8-14).....cocovvvciiiinmiiisnieeenees 224
Table 8-10 Estimates of aco and b parameters in EQn. (8-15) .covvcinsnnninnsnceeens 226



Table 8-11 Estimates of #° and b parameters in Eqn. (8-16) ..o 226

Table 8-12 Estimates of parameters in Eqn. (8-14)

xxvil



NOMENCLATURE

A = pre-exponential factor (mol m? s kpa#)
AEO = alkaline earth oxide

C = concentration of acid and basic sites (umol m?)
dorystatiiee = crystallite size (nm)

d, = particle size (um)

d, = diameter of reactor (m)

E, = activation energy

K¢ = glycerol adsorption constant (kPa‘l)

Kw = steam adsorption constant (kPa‘l)

k., = reaction rate constant (mol m? s kpa?M)
L =catalyst bed length (m)

LO = lanthanide oxide

MARI = most abundant reactive intermediates
P; = partial pressure

PR = product ratio

R = universal gas constant (8.314 ] mol” K)

iAf= specific reaction rate (mol m 2gh

S; = selectivity of product

STGR = steam to glycerol ratio

T = absolute temperature (K)

TOC = total organic carbon (%)

TPO = temperature-programmed oxidation
TPR = temperature-programmed reduction
w = instantaneous weight (g)

wy= final weight (g)

w; = initial weight (g)

Y; = yield of product

Greek

a = transient solid conversion

f = order of reaction

AH = enthalpy changes (kJ mol™)
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AS = adsorption entropy (J mol” K™

y = order of reaction

A = wavelength (nm)

¢ = full-width at half maximum of diffractogram
0 = diffraction angle

w = heating rate (K min™)

These descriptions are valid unless otherwise stated in the text
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