Liquid chromatographic
analysis of geological organic
substances of industrial

importance

By

Thelma-Jean Whelan

&

T UNIVERSITY OF

_\{; TECHNOLOGY SYDMNEY

This thesis is submitted in fulfilment of the requirements for
the degree of Doctor of Philosophy

2005




CERTIFICATE OF AUTHORSHIP

I herby certify that the work in this thesis has not previously been submitted for a
degree nor has it been submitted as part of requirements for a degree. I also certify that
this thesis has been written by me and that to the best of my knowledge it contains no
previously published material. Any help that I have received in my research work and
the preparation of this thesis itself has been acknowledged. In addition, I certify that all

sources of information and literature used are indicated in this thesis.

Signature of candidate

Production Note:
Signature removed prior to publication.

Thelma-Jean Whelan




ACKNOWLEDGMENTS

I would like to thank Professor Mick Wilson for his supervision, encouragement and
support over the past three years. I would not have gotten to this point without his
help. I will always be grateful for the opportunities you have given me and consider it a

privilege to have worked with you.

Dr Kamali Kannangara, thank you for all your help, support and friendship. It has been
a privilege working with you. To the past and present members of the research group,

thank you for your friendship and encouragement.

Dr Andrew Shalliker and his research group at UWS, thank you for your friendship,
support and encouragement. It has been great working with you all. Your advice and

guidance over the past year and a half have been very much appreciated.

I would also like to acknowledge my supervisor Brian Reedy for his contributions to
this project and to my colleagues at UTS, thanks for all your support and

encouragement over the years.

To my friends, thank you for your support, encouragement and for listening to me.

Your friendship is invaluable!

Most importantly I would like to thank my husband Lindsay and my Dad, Mum, Anna,

Andrew and my two nieces for their love, support, encouragement and for believing in

Liquid chromatographic analysis of geological organic substances of industrial importance



me. They have been with me throughout the three years and I could not have
completed this without them and their prayers. I am very blessed to have all of you in
my life. Thank you particularly to Lindsay, who over the last months of my thesis was
there with me, supporting me loving me and not letting me quit. Thank you for your

patience and for believing in me. I love you!

Finally, to my Lord and saviour, the creator of everything, thank you for giving me this
opportunity. All that I am and all that I do is because of you and the Grace that you

have shown me.

Do you not know? Have you not heard?

The Lord in the everlasting God, the Creator of the ends of the earth.
He will not grow tired or weary and his understanding no one can fathom.
He gives strength to the weary and increases the power of the weak.
Even youths grow tired and weary and young men stumble and fall;
but those who hope in the Lord will renew their strength.

They will soar on wings like eagles; they will run and not grow weary,

they will walk and not be faint.

Isaiah 40:28-31

Liquid chromatographic analysis of geological organic substances of industrial importance



TABLE OF CONTENTS

LIST OF FIGURES .......cccceeveeurennne ceesssssessntesanneseaneses cessessentesannesanee weeene VI
LIST OF TABLES........ccccccevvrnnncene teeereseresesnttnscssantnsessesnnsssssrensssessanannesasssnne X
ABSTRACT .....uueiiiieeicrnnecsnissssnscssssscssessssssssasene SR ceseseee XI
CHAPTER 1: INTRODUCTION......cccccvurensnicssanssssnscssassssnsesassssasssassssnes 1
1.1. ALUMINA INDUSTRY ...ooviiiiiiiiiiiiiiiiiiiiiicneneee e 2
1.1.1. The Australian alumina induStry..........ccceevueeeiiiieeneeiicceeceee e 2
11,20 BAUXIEE c.ovvieiieiieteiiieciciei ettt et ettt e et e b e et e eas e b e esseaeeraeanenas 3
1.1.3. BAYEI PIOCESS ....eieiiiiiieiiiiteiie ettt ettt sna e e 5
1.1.4. CrystalliSAtION .......cccoeiririiriiiieeeieeee ettt a e e 7
1.1.4.1. NUCIEALION ... 7
1.1.4.2. CrYStal GFOWER ...ttt 8

1.2. HUMIC SUBSTANCES ......ootitiiiiimiiteteiiientitereeesteresse st saessesseeeeesassensesessesesseneesens 10
1.2.1. Soil and aquatic humic SUDStANCES........ccccoerieieririerierieieieeee e 10
1.2.2. Bayer humicC SUDSLANCES .........ccoviuiiiiiiiiiiiiiienieceentc ettt 12
1.2.3. HOSt GUESE thEOTY .c..eiviiniiiieiieieeitee ettt 13
1.2.4. Organic Fractionation ..........ccccceceevieeiieriienieniesieesceeseeseeseeseesnesseessassesneennens 15
1.2.4.1. Organics in red MUd. ................c.cccooemiiiiiiiniaiisisieseseetee et 15
1.2.4.2. Other insoluble OFZANICS..............ccoceeeueiiuieiiiiiiii e 16

1.2.5. Organics N SOIULION .....ccueiiiriieniiieniecieietescee ettt 20
1.2.5.1. Process differences due to temperature...................c.ccovevencnenenenenanenn. 20
1.2.5.2. Small molecular weight molecules ...............c.ccocveeeeeeeceeveeiiieeireinnne. 23
1.2.5.3. Intermediate molecular weight molecules ..................ccccoueevcvcernninnnnne. 25
1.2.5.4. Large molecular weight molecules ................cccccocvveiiencinincniencnnnens. 26
1.2.5.5. Host guests in Bayer [iquor extracts.................ccccocevceroiicenccncncnecnnenn. 26

1.3. INSTRUMENTAL TECHNIQUES FOR THE ANALYSIS OF HUMIC SUBSTANCES.............. 28

1.3.1. Nuclear Magnetic Resonance spectroscopy analysis of humic substances ... 28

Liquid chromatographic analysis of geological organic substances of industrial importance



1.3.2. Pyrolysis-gas chromatography/mass spectrometry analysis of humic

SUDSEATICES ...ttt et et et eie et e b e e st e e etbe e ebb e e bt e eabeeeabeessbeembbeeaseesatessneennenneans 30
1.3.3. Infrared spectroscopy analysis of humic substances..........c.c.cccceerierieerrienncnne 32
1.4. LIQUID CHROMATOGRAPHY ....ovvvvieiiieeienirrreeeeeeeeeeeesessssssssesesseesessssmmsssssesessenssssees 34
1.4.1. Definition of chromatography..........cecceeererirrienenenieriereneneeeseeeeeseenens 34
1.4.2. Parameters Of HPLC ........ccoooiiiiiiiiiiiiiciecieetesreeee e 35
1.4.2. 1. ReIENIION FACIOF ......ccvveeeveeiiiieiiieeeiee e 36
1.4.2.2. SELECHIVILY ..ottt 36
1.4.2.3. EffICIENCY ..ottt 37
1.4.2.4. RESOIULION ...ttt eae et ere e 37
1.4.3. Liquid chromatographic modes of separation............ccceeveevveeveernicvenreereenenne. 38
1.4.3.1. NOYMAL DAASE............cceoonieiiiiiieieeeee et 38
1.4.3.2. ReVEFSEAd PRASE ...........ccoeveeiieiieiieiieeeseee et 39
1.4.3.3. JION-€XCRANGE.............cooieieiieieeeeceeeeet et 39
1.4.3.4. SiZ@-@XCIUSION...........ccoveieieeeeeeeeeeece e 40
1.4.4. Multidimensional Chromatography ............ccoeeveruivierierierieeireeeeeceieeeeeeeens 40
1.4.4.1. Limitations of one-dimensional HPLC separations ....................c........... 40
1.4.4.2. Multidimensional HPLC Separations ..............cc.ccccueevueeeveeeveeeceeereeinannns 42
1.4.5. Liquid chromatographic analysis of Bayer humic substances....................... 45
L5 THIS WORK ...ttt sttt ettt st sttt 47
CHAPTER 2: EXPERIMENTAL......cccccevreeerercnnne cesessesensssrensssrnnesssnsnnnnns 48
2.1. BAYER HUMIC SUBSTANCES .......coueutitiieiietiniententeeesensestessessessenseessesessessesesseneesens 49
2.1.1. Extraction of humic substances from the Bayer liquor................ccccvecvenenen. 49
2.1.2. Solvent extraction of Bayer humic substances...........c.cccceevueeveriesreenuereeeennn. 51
2.2. CHARACTERISATION OF BAYER HUMIC SUBSTANCES .....cccceetruieuiemieienenneneneniennes 52
2.2.1. Elemental ANALYSIS .....cccovvvriveriiinieniienienienieeiteesieesseesieesseesseesessaessessessssssensens 52
2.2.2. PH ANALYSIS.c..oiiiiiiiiiieieicieete ettt 53
2.2.3. ASh ANALYSIS ..ot 53
2.2.4. Fourier transform infrared SpectroSCOPY .......ccvevrvrrveeverevreeriereiecreeie e 54
2.2.5. Nuclear magnetic 1esonance SPECLIOSCOPY .....cevververererrerseruerieriereensensenseneenens 54
2.2.5.1. Solution state "H NMR............cccoocceorsreerimmereeeinessessssssessesseesssesssesnnns 54
2.2.5.2. Solution state "H-"H NMR ..............cccoovveermmurrermsneeeisssreressssessesssessennnnns 55




2.2.5.3. 80lid state PCNMR............ccooooooevvoereveeeisesseeeesees s 56
2.2.6. Gas chromatography/ mass spectrometry analysis ...........cccceeeervereenneenneenne. 56

2.3. ONE-DIMENSIONAL HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC ANALYSIS. 57

2.3.1. CREMICALS ... .evieiieieieteetee ettt ettt et te s sae e b e saeesbaensebeseeereensans 58
2.3.2. INStrUMENTALION ....eoveeireieeiieieeiieteeriee st eat et e ste et e esteesaaebeenbesbaessessesseeneensens 58
2.3.3. Sample preparation and chromatographic separation conditions .................. 58

2.4. REVERSED PHASE COLUMN STUDY FOR THE SEPARATION OF HUMIC STANDARDS .. 59

2.4.1. CREMICALS .....eevveenrieiieiieetete ettt ettt et sae et e s e e saeesraesaaeeaeeetaesbeereeseessesseessens 59
2.4.2. INSIUMENLALION ..c.vivvivieieirieiirieeesieete e et ereeee e eseeaesseesseeesbesaessesaeneeseesaesens 62
2.4.3. Sample preparation and chromatographic separation conditions .................. 62
2.5. TWO-DIMENSIONAL HPLC SEPARATION OF BAYER HUMIC SUBSTANCES............... 63
2.5.1. CREMICALS.....eevuieutieiieiieierteeee sttt e et et e saeeae e ae e s e s aeesteesseessessaessessessaessensans 63
2.5.2. INStrUMENTALION .....vieeiivereciieeeete ettt e saeeae et e e eteeeveeereeseersebeeseereesenaeas 63
2.5.3. Sample preparation and chromatographic separation conditions .................. 64

2.5.4. Liquid chromatography/ mass spectrometry analysis of two-dimensional
HPLC fraCtions ......couivuiieiiiesieieierieseiesie sttt sbesteesa s eseesesaesseneens 65

CHAPTER 3: CHARACTERISATION OF THE BAYER HUMIC

SUBSTANCES ....eeiivrercnsenccsannccssenes ceseesssssessssssssansnnnsssanns cessssssssssssssnsens e 67
3.1. INTRODUCTION ....cuiuiiierisiietesetesesesseseseesesaesessesesassessesessesassesessesessssessssesasesssseseses 68
3.2. ELEMENTAL COMPOSITION.....c..eeiterteiteritenteeneresseeseensessesnsessasssesseenseessessesesnsessens 68
3.3. ANALYSIS OF BAYER HUMIC SUBSTANCES BY NMR .......cccoviiniiiiniinieiencieenes 70

3.3.1. SOlution State "H NMR ......ocovivieeereeeeeeeeeeeeeeeseeeeeeseseeseeeesesessesseeseseesereseas 70
3.3.2. Solution state'H-"H NMR .............ccoovvurvrrrrrrerrserssssssasssssssssssessssssssessonns 72
3.3.3. Solid state PC NMR .........oervveerrierresreisssssesssssssssssaes st essssssesssens 76
3.4. ANALYSIS OF BAYER HUMIC SUBSTANCES BY FTIR .....ccccooviiiiiiiriiieciececeee, 79
3.5. CONCLUSIONS ...couiiiietienitesieesttessteeteesareseteesseessseessseessbeesssaesssessaesaseesssesseesseesses 81

CHAPTER 4: DEVELOPMENT OF A REVERSED PHASE HIGH-
PERFORMANCE LIQUID CHROMATOGRAPHIC METHOD FOR
THE ANALYSIS OF BAYER HUMIC SUBSTANCES.......cccceevuerurene. 82

4.1 TIETOAUCTION <.ttt ettt e e e e e e e e aeeeeeeeeeeeseesaaaaneseeeeaeeesssseaanneeeesaaaans 83




4.2. Reversed phase HPLC SEparation .........ccocceeeeerieniinieieieciincineinneciieeeee s 84

4.3. Ton-suppression HPLC Separation..........ccecevuerererineeniinineeieiene s 85
4.4. Ton-pair HPLC SEParation...........cccecceeviernierireniieneieeneeeineeaeeseeesnessesssensaessesnes 89
4.5. Solvent extraction of the Bayer humic substances............ccocvvervviiviveiciicennieennnnn, 97
4.6. CONCIUSIONS ..neeiiiiiiiieiieite sttt stt bttt ettt e sreesbe e beebe st e sbe e bsenbetesressesaes 114

CHAPTER 5: STUDY OF THE SELECTIVITY OF REVERSED
PHASE COLUMNS FOR THE SEPARATION OF SMALL

COMPOUNDS AS HUMIC MIMICS ..ccoveeeeerneecrssecoscoscsssesssssescossossssse 117
5.1 INTRODUCTION ....coiieiiiitiieieiete ettt se s s seeesereeeeseneessesasseeesereessssnsaninnes 118
5.2. COMPARISON OF RETENTION BEHAVIOUR ....cotetiieiemieieeeieeeeeeessseneeseeeeenesesennesans 120

5.2.1. Information thEOTY ........cccevieriieiiieie sttt 120
5.2.2. FACtOr @nalySiS....cccouirriiiiiiiiiniie ettt ettt sttt e eaae v e 125
5.2.3. Reversed phase column comparison using information theory and factor
ANALYSIS ...ttt ettt ettt sttt ekttt ebe bt entas 132
5.3. COMPARISON OF BAND SHAPE ....vvuututereteteeeieeeeeseseaeseesasesseseeeesrererereeseeessssssssnnanns 151
5.4. COMPARISON OF ELUTION ORDER .....uuuututrertterteeeessaresseereneeeeneesesssesaseeeeesessaneenes 157
5.5. REVERSED PHASE COLUMN SELECTION ....uuuttereieiererereeeeeeeeeereereeeereereeeeesrereresessenes 157
5.6. CONCLUSIONS ...oeetittiiitttteee ettt eeeees s ettt s ereeeseeesesseaas e seereseeesesssaanseaneesesasarens 162

CHAPTER 6: UNRAVELLING THE COMPLEXITY OF BAYER
HUMIC SUBSTANCES USING MULTIDIMENSIONAL HPLC ... 164

O.1. INTRODUCGTION .ottt ettt ettt e e e et eere s e e e e e s traieseseesaennesesesensrerenntnaraesassaenes 165

6.2. DEVELOPMENT OF A TWO-DIMENSIONAL HPLC SEPARATION FOR BAYER HUMIC

SUBSTANCES ...t ttuuttttt ittt ettt eettreeserenereaesertssenessasstnsstssessanessssssnesssnsssennesesnssrmaneessonnes 167
6.3. MASS SPECTROMETRY ANALYSIS OF SECOND DIMENSIONAL BANDS .......vevevveenen.. 175
6.4. SEPARATIONS AND HUMIC SUBSTANCES BEHAVIOUR ...ccvvvvneeeeieireieeeeeesesseneeneenes 184
6.5. CONCLUSIONS ...ovuttuutmriirettteeeesiereseeeesesaeestestereteterersreretetessresssnnnsssssnnnsrareresasesesens 191
CHAPTER 7: OVERVIEW. .....ttttercireeererseneseeeccsesssssesssssssssssssssssssssse 192

Liquid chromatographic analysis of geological organic substances of industrial importance



7.1. DIFFICULTIES WITH ONE-DIMENSIONAL HPLC SEPARATIONS OF BAYER HUMIC
SUBSTANCES ...cettuttteeteeeeeetieeteeeteettteersateeeeeeterertatseertnreseseenesnsessssssesrsnnnaessseesseeneses 193

7.2. REVERSED PHASE COLUMNS FOR SEPARATIONS OF BAYER HUMIC SUBSTANCES.. 197

7.3. TWO-DIMENSIONAL HPLC SEPARATIONS OF BAYER HUMIC SUBSTANCES .......... 198
7.4. CONCLUSIONS ..ottt ittt ettt ete et st btenesaneassnenaens 203
REFERENCES .....cciviiiiniiinnnnnnennssseissseesssascsssssnssns cessssnnesssnnnsnesnsanes .207
APPENDIX A ..coouurivvnicnrcsnicsecsansnenns teeeesssssnntsssnsansssssanessasansssssasssasassnns 226
APPENDIX B .......cirneivinerisneecenee cesseesssssensanenecsssnnassaanes cesseeessnnnsssannsanns 227
APPENDIX C.uuueieriiiirnicsnnsanssseesssicssnsssssssnsssssssssssssssssassssasssasssasssssssasses 228

Liquid chromatographic analysis of geological organic substances of industrial importance



LIST OF FIGURES

FIGURE 2.1: Diagram illustrating the extraction and isolation of the Bayer humic
SUDSTANCES. ...ieiveiiiiiieieeeee sttt 50

FIGURE 2.2: Structures of the polycarboxylic acids and polyphenol compounds used in
reversed phase column study. ........ccccoeoviiiiiiiiiiiiiii 60

FIGURE 2.2 (CONTINUED): Structures of the polycarboxylic acids and polyphenol
compounds used in reversed phase column study. .........cceeerivrcienenienieennnns 61

FIGURE 3.1: Solution 'H NMR spectrum of the Bayer humic substances. Resonances A-
N are assigned in the teXt. ......ccceciiviniiiniiiiee e 71

FIGURE 3.2: 'H-'"H Homonuclear 2-D-correlation (COSY) spectrum of the aliphatic
region of the Bayer humic substances. Assignments are described in the

FIGURE 3.3: 'H-'H Homonuclear 2-D-correlation (COSY) spectrum of the aromatic
region of the Bayer humic substances. Assignments are described in the

FIGURE 3.4: Cross polarisation (contact time of 1 ms) '>C solid-state NMR spectrum of
the Bayer humic substances. Structural groups are assigned....................... 78

FIGURE 3.5: Fourier transform Infra-red (FTIR) spectrum of the Bayer humic
SUDSLANCES. ...vveiiriiiiiieie ettt st ettt et s rae e 80

FIGURE 4.1: HPLC separation of the Bayer humic sample using reversed phase
chromatography with a linear water/acetonitrile gradient at a rate of change
OF 1% MIN™ . AUZArBItIAry UNLS ....veevveeeeeeeeeeeeeeeeeeeeeseseeseseseeseesesessesseeseeeas 86

FIGURE 4.2: HPLC separation of the Bayer humic sample using ion-suppression
chromatography with a linear 1% formic acid/acetonitrile gradient at a rate
of change of 1% min™. AU=arbitrary Units ...........c..co.covevrevesversrrneererreseeenenn. 88

FIGURE 4.3: HPLC separation of the Bayer humic sample using ion-pair
chromatography with linear PIC A/acetonitrile gradient at a rate of change
OF 1% MIN™". AUZQIDITATY UNIES ..o veeveeveeeseeeesereesseeseeeesesseseseseesesessesesesees 91

FIGURE 4.4: HPLC gradient separation of the Bayer humic sample using ion-pair
chromatography with linear PIC A/acetonitrile gradient at a rate of change
Of 0.17% Min™" . AU=arbitrary Units ..........cveververureereerreeeeerserseeesnesseerseeseessesees 92

FIGURE 4.5: Development of a stepwise gradient for the separation of the Bayer humic
sample. Isocratic PIC A [S mM] for 30 min followed by a linear gradient
from 100 % PIC A [5 mM] to 20% acetonitrile at 0.10% min™', then the
gradient was held at 80% PIC A [5S mM] and 20% acetonitrile for 60 min,

Liquid chromatographic analysis of geological organic substances of industrial importance



the gradient was continued running from 80% PIC A [5 mM] and 20%
acetonitrile to 60% PIC A [5 mM] and 40% acetonitrile at 0.083% min™,
The gradient was then held for 120 minutes. AU=arbitrary units ................... 94

FIGURE 4.6: Optimum HPLC separation of the Bayer humic sample. Isocratic PIC A [5
mM]/acetonitrile for 10min followed by a linear gradient from 100% PIC
A[5 mM] to 18% acetonitrile at 0.056% min™', then 82% PIC A [5 mM] and
18% acetonitrile to 57% PIC A [5S mM] and 43% acetonitrile at 0.083% min
" then 50% PIC A [5 mM] and 50% acetonitrile for Smin. AU=arbitrary units.
* =50lVent Change artefact .........ccvveerrveeeeiiuienireersirieesiueesesreeessseessseessseesnseeesseens 95

FIGURE 4.7: FTIR spectra of the solvent fractions: (a) Bayer humic sample, (b) diethyl
ether fraction, (c) ethyl acetate fraction, (d) isopropyl alcohol fraction and
(€) Water fraction. ......cccuviiiiriiiiii ettt 100

FIGURE 4.8: Solution 'H NMR spectra of the solvent fractions: (a) Bayer humic sample,
(b) diethyl ether fraction, (c) ethyl acetate fraction, (d) isopropyl alcohol
fraction and (&) Water fraction...........ccevevuerieieenenienie e 102

FIGURE 4.9: Solution 'H NMR spectra of the solvent fractions — aliphatic region: (a)
Bayer humic sample, (b) diethyl ether fraction, (c) ethyl acetate fraction, (d)
isopropyl alcohol fraction and (e) water fraction..............c..coceevevivvenennnns 103

FIGURE 4.10: Solution 'H NMR spectra of the solvent fractions — aromatic region: (a)
Bayer humic sample, (b) diethyl ether fraction, (c) ethyl acetate fraction, (d)
isopropyl alcohol fraction and () water fraction..........ccccoecevervrrerreriennene. 104

FIGURE 4.11: GC/MS of methylated solvent fractions: (a) Bayer humic sample, (b)
diethyl ether fraction, (c) ethyl acetate fraction, (d) isopropyl alcohol
fraction and (e) water fraction. See Table 4.2 for chemical assignments. . 106

FIGURE 4.12: HPLC of fractions. (a) Blank, (b) Bayer humic sample, (c) diethyl ether
fraction, (d) ethyl acetate fraction, (e) isopropyl alcohol fraction and (f)
water fraction. *=solvent change artefact. ............cceevveerrrerreereerverreereereeseeenseenes 111

FIGURE 4.13: Diagrammatic representation of the proposed “hidden host guest model”
(a) and “micellar host guest model” (D). ......cccevvevieiiiiriiiiceeececeeeeeae 113

FIGURE 5.1: Geometric plot visually representing the practical or effective peak
capacity between the two chromatographic columns under comparison... 131

FIGURE 5.2: Structures of the polycarboxylic acids and polyphenol compounds used in
this study (repeat of Figure 2.2). .......cccoueveveececcriniiniinieicienenenienenienaee 136

FIGURE 5.2 (CONTINUED): Structures of the polycarboxylic acids and polyphenol
compounds used in this study (repeat of Figure 2.2). ........cccccoceveruenuenee. 137

FIGURE 5.3: Normalised plot of the Luna C18 column versus the Luna Cyano column,
number according to order of elution on the Luna C18..............c..cveneene. 140

Liquid chromatographic analysis of geological organic substances of industrial importance



FIGURE 5.4: Geometric plot showing the practical peak capacity for the Luna C18
column versus the Luna Cyano column. .........ccocccevvviiiiviiiiiiniiiniiininnnnen. 142

FIGURE 5.5: Normalised plot of the Luna C18 column versus Waters XTerra™ RPg
column, numbered according to elution order on the Luna C18. .............. 144

FIGURE 5.6: Geometric plot showing the practical peak capacity for the Luna C18
column versus the Waters XTerra™ RPgcolumn. .......cooeevvvvvvveiviennennnnnnn. 145

FIGURE 5.7: Normalised plot of the Luna C18 column versus Aqua C18 column,
numbered according to elution order of the Luna C18.............cccueereennnnne. 147

FIGURE 5.8: Geometric plot showing the practical peak capacity for the Luna C18
column versus the Aqua C18 column. ........cccecueriirienieniiinieiicnenreneeee 148

FIGURE 5.9: Normalised plot of the Luna C18 column versus Synergi polar-RP column,
numbered according to the elution order of the Luna C18. ....................... 149

FIGURE 5.10: Geometric plot showing the practical peak capacity for the Luna C18
column versus the Synergi polar-RP column.............ccocevviiniiniiiniennnnne. 150

FIGURE 5.11: HPLC chromatograms for the separation of phthalic acid on (a) Luna
C18, (b) Luna cyano, (c) Xterra™ RP,3, (d) Aqua C18 and (e) Synergi
POLAT-RP. ..o e e 152

FIGURE 5.12: HPLC chromatograms for the separation of 1,2,4-benzenetricarboxylic
acid on (a) Luna C18, (b) Luna cyano, (c) Xterra™ RP,3, (d) Aqua C18 and
() Synergi polar-RP. ......ccccoiiiiiiiiiiiiitcieciecece e 153

FIGURE 6.1: Schematic diagram of two-dimensional HPLC column switching system,;
(a) System configuration for the separation of the Bayer humic sample on
BioSep-S2000 SEC; (b) system configuration for the “heart-cutting” of the
elution band in the first dimension and; (c) flushing of the sample loop onto
the Synergi polar-RP column. .........c.ccceeviiiniiniiiiiiicieeicceceece e 169

FIGURE 6.2: Separation of the Bayer humic sample on the BioSep-S2000 size-exclusion
column in the first dimension. AU=arbitrary units. .........cccecoeveeevvereenneeeneenns 171

FIGURE 6.3: Bayer humic fractions cut from the first dimension at 3.80min (a), 5.88min
(b) and 7.08min (c) and separated in the second dimension on the Synergi
polar-RP column. AU=arbitrary units. ..........cecueeeruveenieennireriieeniueenieeseessnennens 173

FIGURE 6.4: Three-dimensional surface representation of the three fractions cut from
the first dimension at 3.80min, 5.88min and 7.08min that were subsequently
separated in the second diMeNSION. ..........cccveercviiiiiieniiieniienieeree e eseeeens 174

FIGURE 6.5: HPLC chromatogram of the fraction cut at 6.92 minutes in the first
dimension that was subsequently separated in the second dimension. Bands
at 15.25 (1), 17.30 (2) and 20.20 (3) minutes were collected for further
analysis by mass spectrometry. AU=arbitrary Units. ..........cceeerverreerrrrrueriennens 176

Liquid chromatographic analysis of geological organic substances of industrial importance
VIII



FIGURE 6.6: Negative ion ESI mass spectrum of the band collected at 15.25 minutes

from the second dimension fraction cut at 6.92 minutes. ...........c.ccouenee.. 177
FIGURE 6.7: CID product ion spectra of band 1 collected at 15.25 minutes................ 178
FIGURE 6.8: Negative ion ESI mass spectrum of the band collected at 17.30 minutes

collected from the second dimension fraction cut at 6.92 minutes............ 180
FIGURE 6.9: CID product ion spectra of band 2 collected at 17.30 minutes................ 181
FIGURE 6.10: Negative ion ESI mass spectra of the band at 20.20 minutes collected

from the second dimension fraction cut at 6.92 minutes. ..............coc......... 182
FIGURE 6.11: CID product ion spectra of band 3 collected at 20.20 minutes. ............. 183

FIGURE 6.12: Contour plot of the fractions cut from the first dimension at 3.32, 3.64,
3.80, 4.20, 4.68, 5.08, 5.48, 5.88, 6.28, 6.68, 7.08, 7.48 and 7.88 minutes
that were subsequently separated in the second dimension. ...................... 185

FIGURE 6.13: Three-dimensional surface representation of the fractions cut from the
first dimension at 3.32, 3.64, 3.80, 4.20, 4.68, 5.08, 5.48, 5.88, 6.28, 6.68,
7.08, 7.48 and 7.88 minutes that were subsequently separated in the second
QIMENSION. ...ttt ettt et e b e sa e te s e e eseanenas 186

FIGURE 6.14: Chromatograms of consecutive fractions cut form the first dimension at
6.34 (a), 6.92 (b), 7.00 (c), 7.08 (d) and 7.16 (e) minutes and separated in
the second dIMENSION. .........ecvveriieriierieiieieee et 188

FIGURE 7.1: Optimum HPLC separation of the Bayer humic sample. Isocratic PIC A
[SmM]/acetonitrile for 10min followed by a linear gradient from 100% PIC
A[5mM] to 18% acetonitrile at 0.056% min™', then 82% PIC A [SmM] and
18% acetonitrile to 57% PIC A [SmM] and 43% acetonitrile at 0.083% min
" then 50% PIC A [5mM] and 50% acetonitrile for Smin. AU=arbitrary units.
* =golvent Change artefact. ..........ccvvvrrirrereeeeeeesiereeiiniiererrerreeeeeeeeseseessnsreeesennnns 195

FIGURE 7.2: Three-dimensional surface representation of the fractions cut from the first
dimension at 3.32, 3.64, 3.80, 4.20, 4.68, 5.08, 5.48, 5.88, 6.28, 6.68, 7.08,
7.48 and 7.88 minutes that were subsequently separated in the second
QIMENSION. ...ttt et sba s sa e e enaene e 200

Liquid chromatographic analysis of geological organic substances of industrial importance



TABLE 1.1:

TABLE 1.2:

TABLE 1.3:

TABLE 1.4:

TABLE 3.1:

TABLE 3.2:

TABLE 4.1:

TABLE 4.2:

TABLE 4.3:

TABLE 5.1:

TABLE 5.2:

TABLE 5.3:

TABLE 5.4:

TABLE 5.5:

LIST OF TABLES

3C CP/MAS NMR analysis of the insoluble organic matter in deposits from
a refinery operating at 250-255°%C ......cocovvienirienieeieeeciee e 17

3C CP/MAS NMR analysis of molecular weight fractions of soluble
organic matter from a refinery operating at 250-255°C ........ccoevvvevienreenne 21

Yields, pH and elemental analysis of the Bayer humic substances fractions
(dry ash free basis) from a refinery operating at 250-255°C. ...................... 22

Comparison of py-GC/MS data at 450°C between low molecular weight
(<1.2 kDa) fraction from a low temperature and high temperature Bayer

liquor. Selective relative abundance (%) to phenol. .............cccccvevveurennnnne 24
Elemental and pH analysis of the Bayer humic substances. ....................... 69
Estimates of the proportions of different carbon types in the Bayer humic
substances as measured by Solid-State ’C NMR SPECLrOSCOPY..ceervveernennnn. 77
Solvents used for the continuous solvent extraction of the Bayer humic
substances and the % yields. ........cccccevvereniiiieiieeeeeee e 98
GC/MS spectra chemical assignments for Bayer humic substances and
SOLVENE frACHIONS. ..ccveeiiiiiiieieeieee et et 107
Percentage composition of different carbon types in the Bayer humic
substances as measured by solid-state *C NMR SPECtroscopy. ....cccuenu.... 108
List of bonded stationary phase supports used in this study. .................... 133
System attributes used to determine the measure of orthogonality for the

four chromatographic columns compared with the Luna C18 column...... 138

Summary of the peak width at half height values for each of the
chromatographic columns studied. .........cccceeiieriiiniiienieeiie e, 155
Summary of the USP tailing factors for each of the chromatographic
COluMNS STUAIEA. ....ovieieiiiciicieiee e 156
Elution order comparison of the Luna C18 column with the four

chromatographic columns chosen for this study.........ccccoevveivvvieniienninnnnnn, 158

Liquid chromatographic analysis of geological organic substances of industrial importance



Abstract

ABSTRACT

Soluble organic species called humic substances are important in the Bayer process due
to their adverse effect on the industrial scale production of alumina from bauxite.
During the Bayer process the bauxite is subjected to a high temperature caustic
digestion using sodium hydroxide. Most of the organic matter associated with the
bauxite (up to 0.3%) ends up in the liquor. The soluble organic species can accumulate
in the process liquor as the caustic solution is recycled for the digestion of fresh bauxite
after the precipitation of the aluminium hydroxide trihydrate. In this work the humic
substances were extracted from the Bayer process liquor obtained from a refinery plant
operation at Kwinana Alcoa, Western Australia. The whole fraction as well as sub
fractions obtained from a continuous solvent extraction were characterised by elemental
and ash analysis, infrared spectroscopy, nuclear magnetic resonance spectroscopy and
gas chromatography/mass spectrometry.  High-performance liquid chromatography
was used to further investigate the composition and structure of Bayer humic

substances.

In this study a one-dimensional HPLC separation was developed for Bayer humic
substances that achieved a level of separation previously unreported in the literature.
The one-dimensional HPLC method separated the Bayer humic substances into
compound classes. The analysis of solvent fractions allowed further assignment of the
separation.  Small molecules and three discrete clusters of macromolecules were
observed that are believed to represent micellar like aggregates of different amounts of
polar groups as supported by the results of the NMR, FTIR and GC/MS analyses.

Within these clusters there was some degree of further resolution.  Certain stable
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configurations of molecular weights that are controlled by polarity through
intramolecular binding were observed which provided strong evidence for a
supramolecular structure to humic material rather than the existence of random

conformational material.

To further enhance the one-dimensional separation, model compounds were studied to
find the most appropriate reversed phase column for the separation of the type of
compounds found in humic substances. Five new generation columns were studied
with the Phenomenex Synergi polar-RP column found to offer the best performance in
terms of separation. This column was later used in the development of the two-

dimensional HPLC separation.

Finally, a two-dimensional reversed phase HPLC separation was successfully developed
for the separation of Bayer humic substances using novel methodology developed in our
laboratories, which successfully resolved uniform band profiles that showed promise of
being essentially pure individual components. With the aid of mass spectrometric
analysis of three second dimensional bands, the results of the separation strongly
supported a host guest model for these compounds. It was concluded that small
molecules are held in some way in some supramolecular structure by larger molecules
(host guest complexes). The results suggested that the lower molecular weight material
is capable of holding small guests more than larger molecular weight material making
the supposition that the micellar host guest model is more probable than a model where

hosts hide within the guests.
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1.1. ALUMINA INDUSTRY

1.1.1. The Australian alumina industry

Over the past decades the aluminium industry in Australia has emerged to become a
large industry of economic importance both in the national and international markets.
In 2001 Australia produced 39% of the world’s bauxite and almost 33% of the world’s
alumina, making it the largest producer of bauxite and alumina in the world [1].
Bauxite production in Australia in 2001 was in excess of 53.3 million tonnes of bauxite
and was the world's fifth largest producer of aluminium, accounting for 8.7% of world’s

primary aluminium production that year [1].

It was in 1955 that the Australian aluminium industry started production from a smelter
in Bell Bay, Tasmania using imported supplies of bauxite [2]. Not long after, bauxite
deposits of a sufficient size and grade to support an aluminium industry were discovered
and developed near Weipa in Queensland marking the beginning of the Australian
bauxite industry. It was estimated in 1988 that Australia had bauxite stocks of over
half a billion (10'%) tonnes with major bauxite reserves located in the Darling Ranges
(Western Australia), Gove (Northern Territory) and Weipa (Queensland) [2]. Today
the Australian aluminium industry consists of five bauxite mines, six alumina refineries,
six primary aluminium smelters, twelve extrusion mills and four rolled product (sheet,

plate and foil) mills [1].
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The six alumina refineries are located mainly in Western Australia with one each in
Queensland and the Northern Territory. In 2001, the six alumina refineries produced
over 16.2 million tonnes of alumina, which makes Australia the worlds largest alumina
producer [1].  Approximately 80% of Australia’s alumina is exported with the
remaining alumina shipped to Australian smelters. = The majority of the world’s
alumina (90%) is used to make aluminium however it does have several other uses
including applications in chromatography, water purification, pharmaceuticals, as a

catalyst in the formation of refractory materials and as a dehydrating agent [2].

1.1.2. Bauxite

In weathered materials aluminium accumulates in clay minerals or in purely aluminous
minerals such as gibbsite, boehmite and diaspore, which are the principal minerals of
bauxite. Bauxite is a general term for a rock composed of hydrated aluminium oxides
and is the material from which alumina is made. It was discovered 175 years ago by

Pierre Berthier, a French mineralogist and is the only workable ore of aluminium [3].

The most popular model proposed for bauxite ore genesis is that bauxite is a residual
sedimentary material formed by selective concentration of alumina after the dissolution
of carbonate and silicate rocks in subtropical regions.  High rainfall areas with
pronounced dry seasons such as tropical monsoon and some Mediterranean climates
produce saturation and drying of the surface, which results in intensive weathering.
This intensive weathering leaches most of the minerals from the top few metres of the

soil and leaves the insoluble components such as iron and aluminium oxides, clay
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minerals and quartz. This weathered product is termed laterite. Bauxite is laterite

enriched in aluminium and most deposits are of the post-Mesozoic age (225-70 Ma).

The quantity of the various minerals in bauxite deposits depends on age. Young
bauxite deposits are mostly gibbsite, and with age gibbsite changes to boehmite and
diaspore. Gibbsite occurs in monoclinic crystals in bauxites that are mostly of tertiary
(70 Ma) or younger age [3, 4]. Boehmite occurs in orthorhombic crystals in bauxites
that are found in deposits of Tertiary and Upper Cretaceous (100-70 Ma) age [3, 4].
Diaspore occurs in orthorhombic crystals in bauxites of older deposits and metamorphic

rocks formed by high pressure and elevated temperature [3, 4].

The mineralogical properties of bauxites largely determine the processing conditions for
the recovery of alumina. Diaspore is the most difficult to process, and boehmite is
more difficult to process than gibbsite. To be classified as economical to mine by
today’s technology, the bauxite grade must contain over 27% of aluminium oxides [3].
In addition, the amount of inert material, iron oxides, titanium dioxide and non-reactive
quartz determines the size of the separation circuits for the removal of this material
(collectively termed red mud). These circuits can be very expensive and hence have an
impact on economic viability. Furthermore, the quantity of kaolinite and reactive silica
largely determines whether bauxite is classified as commercial or not. At present if
bauxite contains more than 8% silica it is classed as ‘“not commercial” to process [5].
One final important consideration in bauxite processing is the organic matter content.
Significantly, Australian bauxite has the highest organic matter content in the world
(0.05-0.5% w/w) [2]. The organic matter has numerous adverse effects on the process,

which are discussed later in this chapter.
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1.1.3. Bayer Process

In 1888, an Austrian chemist named Karl Josef Bayer discovered the Bayer process and
patented it [2]. The Bayer process [2] is used for the industrial-scale production of
alumina from the ore bauxite.  This process involves a processing plant that is
essentially a three-stage device for heating and cooling bauxite in a large recirculating

stream of a highly alkaline solution.

In the first major stage, bauxite is added to 3.5-5 M sodium hydroxide at high
temperatures (145-245°C) in sealed vessels, termed digesters. The product liquor,
which is supersaturated in sodium aluminate, is filtered to remove insoluble residues,
such as oxides of silicon, iron and titanium and a geo-organic fraction, humin. This
dark red residue is termed “red mud”. Although the insoluble organics (humin) are
removed in this fraction, alkali soluble organic degradation products remain in the

process liquor and accumulate on recycling [6-8].

For a Bayer process plant to operate cost-effectively, different temperatures and
molarities of sodium hydroxide are used due to the variability of alumina found in
bauxites (Equations (1.1)-(1.3)).  For gibbsite (y-Al,0;.3H,0), 3.5 M NaOH, and

temperatures of 135-150°C are used. Thus;

v-AL03.3H,0 + 2NaOH — 2NaAl(OH), (1.1)
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For boehmite (y-Al,03.H,0), 3.5 M NaOH and temperatures of 205-245°C are used.

Hence;

y-AL,03.H,0 + 2NaOH + 2H,0 — 2NaAl(OH), (1.2)

and for diaspore (a-Al,03.H;0), S M NaOH and higher temperatures are common.

Hence;

a-AL03.H,0 + 2NaOH + 2H,0 —> 2NaAl(OH),) (1.3)

Some modern plants are being designed for use at higher temperatures.

The next and most critical stage of the process involves cooling the product liquor to
approximately 90°C and seeding it to precipitate aluminium hydroxide ‘trihydrate’.
This involves careful control of conditions to achieve high yields and a good quality
product. It is at this point that soluble organic matter contributes detrimentally to the
process through suppression of precipitation yields, incorporation of sodium ions,
excessive liquor foaming, evolution of odours, increased liquor viscosity and density

and effects on alumina crystallisation and agglomeration [6-8].

After precipitation in the third and final stage, precipitated aluminium hydroxide is
calcined at 1200°C to produce alumina (Al,O3). Once again, the organics have an

adverse effect on the process causing dusting and decolourisation of the final product.

Liquid chromatographic analysis of geological organic substances of industrial importance



CHAPTER 1: Introduction

While a number of technologies have been considered for removing the organics such
as photoxidation, prior fractionation of bauxite and post liquor burning, they are all
expensive [2] even though organics have been estimated to be responsible for a loss of
as much as 20% of production. The organic matter affects the process at a number of

points in the Bayer process and these will be described in detail later in this chapter.

1.1.4. Crystallisation

Crystallisation of alumina from a strongly alkaline solution involves the conversion of
the aluminate ion (AlO4)" which has tetrahedral geometry to octahedral alumina
trihydrate Al,03.3H,0.  The process by which this occurs is poorly understood
although there has been suggestions that the aluminate ion dimerises and then addition

occurs across the dimer to form a species with octahedral coordination [9].

1.1.4.1. Nucleation

A greater understanding of the process can be gained by studying the formation of
alumina species at lower pH [10-11]. It is clear that species form polymers either in
mildly acidic or mildly basic solution. These alumina species may be specific such as
the Al species, which consists of one tetrahedral aluminium surrounded by twelve
octahedral species or long polymer chains some of which are colloidal i.e. nanoscale.
Five-coordinated aluminium may also be formed transitorily [11]. It would seem
logical therefore that nucleation occurs with a number of these species coordinating

together so that dimensions of molecules are microsize rather than nanosize. Organic
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matter with highly electronegative groups coordinate to AI** species thereby interfering

with the process.

1.1.4.2. Crystal Growth

A second source of interference occurs during the crystal growth. As the lattice forms,
organic molecules may adsorb on the surface and need to be displaced for further
aluminium species to precipitate.  These organic molecules may occlude thereby
creating lattice defects, or the displacement process may slow down the entire
crystallisation. Further, these organic molecules may act as nuclei for other impurities
or may prevent individual crystals agglomerating together. Thus some of the
compounds present hamper the precipitation of aluminium hydroxide by adversely
altering the desired product size distributions and by increasing the amounts of
impurities in the product crystals. Organic matter can also affect the crystallisation of

other materials in solution such as sodium oxalate, which needs to be removed.

The most important organic contaminant found in highest yield in Bayer liquors is
sodium oxalate [12]. There are numerous references in literature on the effects of
sodium oxalate on the Bayer process [6, 13-15]. At sufficiently high concentrations
sodium oxalate may precipitate as fine needles onto which the aluminium hydroxide
‘trihydrate’ co-precipitates. Once the concentration of sodium oxalate is high enough,
oxalate crystal nuclei form suddenly in the liquor resulting in what is termed “oxalate
showers”. These nuclei then allow for gibbsite nucleation onto the oxalate surface.

This results in a product that is considered useless. However the presence of some
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organic matter species in Bayer liquor are beneficial in this role (although detrimental in
others) in that they may stabilise the sodium oxalate in solution hence reducing the

likelihood of the above process.

Whilst it may be thought that oxalate removal can be achieved just by calcination since
oxalate can readily be decomposed by heat to carbon dioxide. In fact the sodium
oxalate is decomposed to carbon dioxide; however the final alumina product is
contaminated with high levels of sodium. This creates very small particles of alumina
as the sodium reduces proper calcined particle agglomeration and finely sized alumina

(<11 pm?) is not acceptable as a material for alumina production.

In order to control the sodium oxalate concentration a side-stream process in which
sodium oxalate is precipitated from the spent liquor is used. The liquor and precipitate
are vacuum filtered then passed through a fabric filter press. The resultant liquor now
has a sodium oxalate concentration of approximately 2.0 g/ compared with 4.0 g/L

prior to oxalate precipitation.

For the purposes of this study we were interested in analysing the sodium hydroxide
soluble geo-organic matter that accumulates during the Bayer process. This fraction is

referred to as Bayer humic substances.
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1.2. HUMIC SUBSTANCES

1.2.1. Soil and aquatic humic substances

Humic substances are vital to our environment, playing an important role in terrestrial
and aquatic ecosystems. The term ‘humic substances‘ is given to a mixture of
relatively high molecular weight, yellow to black organic compounds of aromatic and
aliphatic nature that are formed by secondary synthesis reactions (humification) during
the chemical and biological degradation of plant and animal litter and from synthetic

activities of microorganisms [16-18].

The exact structure of humic substances has been the source of much debate. Present
knowledge proposes humics as complex macromolecular substances that contain
aromatic, phenolic, quinonic, and heterocyclic building blocks that are randomly
condensed or linked by aliphatic, oxygen, nitrogen or sulfur bridges.  Aliphatic,
glucidic, aminoacidic and lipidic surface chains are present in the macromolecule in
addition to chemically active functional groups such as carboxylic, as well as phenolic
and alcoholic hydroxyls, and carbonyls, that make the humic polymer acidic [18-20].
Hydrophilic and hydrophobic sites are also present. Further studies have suggested that
within this macromolecular structure there are voids capable of occluding lower
molecular weight material. These small molecules appear to be held in the
macromolecular matrix by either hydrogen bonding or in the case of alkanes, trapped in

molecular voids, making them guests to the host structure (Host-guest theory) [21].
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Humic substances can be divided into three main fractions according to their solubility
in water at various pH’s. Fulvic acids are the fraction that is soluble at all pH’s and
consists on average of smaller molecular weight compounds. Humic acids are the
fraction that is soluble in dilute alkaline solutions and insoluble below pH 2, with higher
molecular weight compounds being present in this fraction. The last fraction is humin,

which is insoluble in both acidic and alkaline media [16, 18].

Humic substances have a number of valuable roles in nature. They are known to be
chelating agents, on occasions being responsible for the transport of a wide range of
metal ions both in soils and waters. They can have an impact on fertility by affecting
the availability of a wide range of cations [22]. The run-off of cations can be prevented
by the chelating nature of humic substances, allowing soils to store more useful cations
[21]. The presence of humic substances is not always of a beneficial nature. In water
they generate colour and affect taste and therefore need to be removed by purification.
In addition, due to their chelating capacity, industrial processes that involve surface

activity can be inhibited by the presence of humic substances.

Humic substances comprise approximately 60-70% of the total organic carbon found in
soils and 40-60% of the dissolved organic carbon occurring in water [19].
Nevertheless, our knowledge of the structural features and conformational behaviour of
humic substances is still limited, with their basic chemical nature and reactivity poorly
understood [23]. Their physical and chemical properties are all closely related to their
functionality, size, molecular weight, molecular weight distribution and conformation.
Since the discovery of humic substances, structural, functional, compositional and

behavioural data has been collected using techniques such as nuclear magnetic
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resonance (NMR) spectroscopy [24-35], infrared spectroscopy (IR) [25-26, 28-29, 36-
38], elemental analysis [25-26, 28-29, 37], scanning electron microscopy (SEM) [25,
30, 37], gas chromatography/mass spectroscopy (GC/MS) [24, 29, 39-45], liquid
chromatographic methods such as capillary electrophoresis (CE) [46-48] and capillary

zone electrophoresis (CZE) [49-51], and size-exclusion chromatography (SEC) [52-66].

1.2.2. Bayer humic substances

As noted previously, the humics enter the Bayer process during the formation of
alumina from bauxite ore via dissolution in concentrated sodium hydroxide (3.5-5 M) at
high temperatures. Up to 3% of the organic matter associated with the bauxite ends up
in the liquor, although some insolubles are removed with the red mud [2]. The soluble
organic species can accumulate in the process liquor, as the caustic solution is recycled
for the digestion of fresh bauxite after the precipitation of the aluminium hydroxide

trihydrate.

The bauxite entering the process contains essentially two types of organic matter. The
first type is derived from large vascular plant root systems that penetrate deep into the
bauxite deposits from overlying trees. These systems contain largely lignin (up to 26%
w/w) and carbohydrates (up to 60% w/w). The dissolution of these components under

lower temperature Bayer process conditions has been reported [67-68].

The second type of organic matter is geo-organic matter/humic substances, which has

accumulated over the history of the bauxite deposit through geochemical and bacterial
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transformation of plant and animal matter [12, 52]. These include alkali soluble
species that enter and impinge on the process, and any alkali insoluble organic material
(humin) being removed with the red mud. These materials are not all plant derived, as
many other alkanes and alkenes, polycondensed aromatics, high nitrogen and long chain
fatty acids [12, 52, 67-71] can originate from bacteria and fungi. The presence of
charcoal-like material termed “char” from ancient forest fires has also been observed in
soils and humic extracts [69-71] and bauxite [72]. Tests carried out on one of the
“char” samples suggest that it is largely insoluble and is expected to be removed along

with red mud [72].

Given the significance of the organic matter content to the process, industrial
confidentiality restricts reports in open literature on organic matter distribution in
individual bauxite deposits throughout Australia. However there is at least one report

on the organic matter in bauxite and this shows it is similar to that found in many soils

[73].

1.2.3. Host guest theory

It is clear that a myriad of chemical compounds of different molecular weights make up
the organic matter in soils and would therefore end up in bauxite. For organic matter
produced in reducing environments, such as coal and lignite, a Host Guest theory has
been proposed based on solubility and reactivity [74-75]. 'H NMR spectral data also
revealed the existence of two groups of molecules in bituminous coals with different

molecular rigidities, i.e. rigid large hosts and smaller mobile guests, although there
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would be rapidly moving groups in hosts such as methyl groups which blur the

distinction.

It is also probable that these assemblies could exist in soils and in bauxite [21]. Despite
attempts to remove low molecular weight organic matter by dialysis, specific molecular
weight fractions have revealed the presence of low molecular weight organic matter
[21]. These host-guest interactions may occur in a variety of humic macromolecular
compounds in the environment. The exact mechanism of entrapment is not known but
it is likely that the organic guest molecules are included in the host molecule via
formation of intermolecular interactions such as hydrogen bonding [56, 65-66].

Physical entrapment in the large host structure is also possible.

Chelation to metal ions may be another method through which organic guest molecules
are entrapped. This may be a mechanism of breaking intra or intermolecular
interactions, which may create voids or indeed a mechanism of forming other voids.
Chelation to metal ions may release guests or entrap others.  Energetically the
destruction of host-guest complexes is expected to be less demanding than the
destruction of covalent bonds. Indeed it has been demonstrated that humic substances
undergo facile degradation with UV radiation rather than polymerisation [76-79]. It
can be envisioned that a series of events occur including oxidation of host component
phenols to quinones that removes any possibility of hydrogen bonding and then the

subsequent release of small molecular weight guests.
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1.2.4. Organic Fractionation

1.2.4.1. Organics in red mud

During the digestion stage of the Bayer process, most of the organics in the bauxite
dissolve but some organic matter is insoluble. The insoluble organic matter is removed
from the process with the red mud waste product as an organic rich material on heater
tubes in the shell-side of heat exchangers, or adsorbed on aluminium hydroxide
precipitate and the sodium oxalate by-product. Sometimes organic matter is also
observed in precipitation tank scale and with oxalate-gibbsite co-precipitated fine

particles.

It 1s worthwhile observing the differences in chemical structure between the organic
matter that was insoluble in sodium hydroxide that ends up in the red mud, with the
organic matter in the original bauxite as this provides an insight into the changes taking
place during digestion. However, simple pyrolysis-GC/MS is insufficient to compare
the two components in the red mud and bauxite because the iron oxide, not the alumina

species, catalyse the decomposition of the organics [80].

The methanol soluble products are different in the red mud and bauxite as shown by
pyrolysis analysis. The pyrolysis products from the methanol solubles from the red
mud has been shown to contain various alkanes, alkenes, aromatic carboxylic acids, and
aliphatic carboxylic acids. Some examples include methyl benzoate, methyl esters of

saturated C4 - Cy carboxylic acids and C;; - Cy; alkenes. Few aromatic compounds
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were seen in the extracts [80]. Some of the species released from the red mud have
also been found to be released from the bauxite when it was analysed under the same
conditions, however the compounds were present in very different amounts. These
results highlight that the composition of the organic matter in the bauxite and red mud

are intrinsically different.

It appears from the above results that the dissolution of organic matter in the Bayer
process is selective. That is, the molecular structure of the organic matter in the red
mud differs from that in the bauxite and from the soluble compounds that dissolve in the
Bayer liquor. It is particularly surprising that some of the most polar compounds
including the short chain carboxylic acids concentrate in the red mud despite their
solubility in sodium hydroxide. These results suggest that the red mud acts as an

adsorbent for these compounds.

1.2.4.2. Other insoluble Organics

Insoluble organic matter is removed at several other stages of the Bayer process
including as an organic rich material on heater tubes in the shell-side of heat
exchangers, on aluminium hydroxide precipitated crystals, the sodium oxalate by-
product, as well as in precipitation tank scale and with oxalate-gibbsite co-precipitated
fine particles. Table 1.1 summarises the results of the >°C CP/MAS NMR analysis of

insoluble organic matter removed during the Bayer process.

Liquid chromatographic analysis of geological organic substances of industrial importance
16



CHAPTER 1: Introduction

Table 1.1: °C CP/MAS NMR analysis of the insoluble organic matter in deposits from

a refinery operating at 250-255°C.

C-Alkyl O-Alkyl Aromatic Carboxylic Carbonyl
0-50 50-100 100-160 160-190 190-220
(ppm) (ppm) (ppm) (ppm) (ppm)
% % % % %
Deposits
Heat exchanger scale 60.0 0 40.0 0 0
Sodium oxalate 13.0 0 335 53.5 0
Aluminium hydroxide 22.5 0 355 42.0 0
Precipitation tank 28.6 0 55.8 15.6 0
scale
Oxalate-gibbsite co- 25.7 0 349 39.4 0

precipitation fines
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After digestion, the first cooling event occurs at the heat exchanger units. Here organic
matter forms on the shell-side of heater tubes and contains enough carbon to be
analysed by °C CP/MAS NMR. The material is highly aromatic, and the aromaticity
[fraction of carbon that is aromatic, (f,)] is 0.40 [80]. The absence of carboxylic carbon
at or about 175 ppm chemical shift shows that this material is not humic like.
Pyrolysis-GC/MS data on the same material identified the sample as having the

composition of a light pitch or tar.

Solid-phase sodium oxalate plays a minor role in the sodium content of product
alumina, but it has a critical role in gibbsite nucleation in precipitation operations,
determining crystal size and particle numbers [20-21]. The presence of organic matter
in the Bayer liquor stabilises the oxalate in solution to some extent, however once
oxalate precipitation begins the oxalate surface adsorbs some of the organics from the
liquor promoting further precipitation. This phenomena, known as ‘oxalate showers’,
disturbs the orderly precipitation of aluminium hydroxide causing excess nucleation
leading to fines in the circuit and poor quality alumina with a high sodium content [20-
21]. Most alumina refineries use an oxalate removal circuit to control the process and
minimise the impact of this material. As a result, the crystallised oxalate is also a

material that removes insoluble organic material from the Bayer process.

Crystallised aluminium hydroxide also contains insoluble organic material.  These
aluminophilic organics play a role in the poisoning of the Bayer process by altering the
growth of gibbsite crystals from the Bayer liquor. The solid state >C NMR spectra of

the insoluble carbon in the sodium oxalate and aluminium hydroxide are similar. The

Liquid chromatographic analysis of geological organic substances of industrial importance
18



CHAPTER 1: Introduction

NMR spectra contain three main regions - a distinct aromatic region (100-150 ppm), a
less intense aliphatic region consisting of carbon substituted with electron donating
groups (50-100 ppm) and a series of peaks in the region between 160-180 ppm due to

the presence of carboxylic carbon and oxalate [80].

Sodium oxalate and aluminium hydroxide produced several common pyrolysis products
including alkanes, alkenes and long chain aliphatic carboxylic acids (predominantly
with Ci4to Cy carbon chain lengths), as well as short chain (C4-C5) aliphatic mono-, di-
and tri- carboxylic acids. = The main difference is that the aluminium hydroxide
pyrolysates also contain large amounts of fluorene, biphenyl and methyl-substituted
naphthalenes, as well as low concentrations of methyl-substituted phenanthrenes and

anthracenes and two alkanes, C,o and C;;.

Oxalate-gibbsite co-precipitation fines are a network of aluminium hydroxide and
sodium oxalate crystals that do not settle from the Bayer liquor. This product gives rise
to pyrolysis products including alkanes, alkenes, aromatic compounds including
substituted benzenes, alkylbenzenes, napthalenes as well as substituted anthracenes,
phenanthrenes and fluorenes.  The solid state '°C NMR spectrum of the oxalate-
gibbsite co-precipitation fines showed the presence of aliphatic and aromatic carbon.
NMR spectra of oxalate-gibbsite co-precipitation fines showed a range of structural
groups including aromatic and methoxy carbons [80]. The presence of such a wide
range of chemical groups may poison further precipitation and growth of the crystals.
This may explain why sodium oxalate fines prevent the growth of sufficiently large
enough crystals of aluminium hydroxide to be settled from the Bayer process by gravity

separation.
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Precipitation tank scale contains both precipitated sodium oxalate and aluminium
hydroxide. The "C NMR spectrum of the precipitation tank scale appeared quite
similar to the NMR spectra obtained for dissolved organic matter with the proportions

of the different carbon types also being similar [80].

1.2.5. Organics in solution

1.2.5.1. Process differences due to temperature

Typical concentrations of organics in Bayer liquors that are extracted from the bauxite
into the Bayer process liquor during digestion, range from a few grams per litre up to 40
g/L, [6] with molecular weights from less than 100 Da to greater than 300 kDa [24, 81].
As already noted this geo-organic matter causes numerous problems in the operation of
alumina refineries. = The compositions of organic materials obtained from a low
temperature Bayer refinery (145-150 °C) and a high temperature refinery (250-255 °C)

have been compared [24, 81].

Typical chemical compositions of the organic molecular weight fractions are detailed in
Tables 1.2 and 1.3 but they will vary with refinery [24, 81]. Table 1.3 also shows
elemental compositions of whole liquor organics prior (pregnant) and post (spent)
precipitation of alumina hydrate.  Table 1.3 shows the smallest molecular weight
fraction, <1.2 kDa, accounting for 87% of the recovered organic material from a
refinery operating at 250-255 °C. Structurally the <1.2 kDa fraction contains mainly

hydroxybenzene carboxylic acids [24, 81]. The 12-25 kDa and 25-50 kDa fractions
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Table 1.2: °C CP/MAS NMR analysis of molecular weight fractions of soluble organic

matter from a refinery operating at 250-255°C.

C-Alkyl 0-Alkyl Aromatic Carboxylic Carbonyl
0-50 50-100 100-160 160-190 190-220
(ppm) (ppm) (ppm) (ppm) (ppm)
% % % % %
Molecular weight fractions (kDa) in solution

<l.2 20.6 24 52.9 23.1 1.0
1.2-6 224 43 55.9 16.7 0.7
6-12 18.8 10.9 56.8 12.2 1.3
12-25 13.0 6.6 62.9 16.2 1.4
25-50 11.8 8.4 583 20.6 1.2
50-100 14.6 0.1 67.3 16.9 1.1
100-300 232 7.2 58.7 10.1 0.9
>300 26.3 6.9 58.7 7.8 0.4
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Table 1.3: Yields, pH and elemental analysis of the Bayer humic substances fractions (dry ash free basis) from a refinery operating at 250-

255°C.
Fraction Molecular %C %H %N %S %0 o/C H/C N/C S/IC pH at Mass yield
No. weight fraction Difference 5g/litre in (%)*
(kDa) water
PL® <1.2 to >300 56.32 | 3.67 0.36 0.23 39.42 0.53 | 0.78 | 0.0055 | 0.0015 243 100.00
SL? <1.2 to >300 53.13  3.58 0.11 0.11 43.07 0.61 0.80 | 0.0018 | 0.00078 2.39 100.00
1 <1.2 50.79 | 4.22 0.56 0.17 44.26 0.65 | 0.99 | 0.0095 0.0013 2.48 87.0
2 1.2-6 48.25 | 3.78 1.87 0.32 45.78 0.71 0.93 0.033 0.0025 2.96 33
3 6-12 5432 | 4.23 3.22 0.60 37.62 0.52 | 0.93 0.051 0.0041 3.39 0.6
4 12-25 53.87 | 3.67 1.39 0.44 40.62 0.57 | 0.81 0.022 0.0031 2.90 1.6
5 25-50 55.58 | 5.41 3.69 0.42 34.90 0.47 1.16 0.057 0.0028 3.79 1.0
6 50-100 48.85 | 4.05 4.92 0.68 41.50 0.64 | 0.99 0.086 0.0052 3.99 38
7 100-300 49.13 | 4.85 592 0.99 39.11 0.60 1.18 0.10 0.0075 4.64 0.7
8 >300 54.52 | 3.78 2.05 0.42 39.24 0.54 | 0.83 0.032 0.0029 4.36 2.0

a) The weight of fraction over total weight of material recovered. b) PL = pregnant liquors, SL = spent liquors
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appear to resemble material more akin to kerogen, while the highest molecular weight

organic material (>300 kDa) behaves as a soluble char [24, 81].

Table 1.3 shows that the pH of the organic fractions varies between 2.39 and 4.64. The
two whole organic fractions, from the pregnant and spent liquors, as well as the <1.2
kDa fraction are the most acidic. The pH of each fraction generally increases with
increasing molecular weight, however the 12-25 kDa fraction is an exception. The pH
of the fractions is an important factor during precipitation testing as this affects local
ionic strengths of the Bayer solutions, which has an impact on oxalate stability, and

precipitation yields.

1.2.5.2. Small molecular weight molecules

The amount of less than 1.2 kDa molecules is highly dependent on temperature, bauxite
geological history and species of native plant matter as previously described. This is
the most acidic fraction containing the highest proportion of carboxylic carbon (20%,
145 °C and 23.1%, 245°C), compared with >300 kDa higher molecular weights (9<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>