THE EVALUATION OF METAL ION COMPETITION ON
THE FLUORIDE REMOVAL FROM SOLUTIONS USING

NATURAL MOLECULAR SIEVE AND CALCITE

by

Qiangian Cai

B.Eng.

A thesis submitted for the degree of
Doctor of Philosophy
at the University of Newcastle
October, 2015



DECLARATION

| hereby certify that the work embodied in thisthesisisthe result of original
research and has not been submitted for a higher degree to any other University
or Institution.
| hereby certify that the work embodied in thisthesis contains published paper

of which | am ajoint author.

Qiangian Cai




Acknowledgements

First of all, 1 would like to express my sincereagpude to my supervisors, Dr.
Brett Turner, Professor Daichao Sheng, AssociabtéeBRsor Kristian Krabbenhoft
and Professor Scott Sloan for their constant suppocouragement and guidance.
Special thanks go to Dr. Brett Turner, without hpatient instruction, the
completion of this thesis would not be possiblej &nhas been my pleasure to
work with him.

| am grateful to Dr. Xianfeng Liu for his valuab&slvice in this project, and
thanks also to Dr. Shaun Manning, Dr. Michele Spadandy, Lachlan,

Shengyang and all other ED staff for their conttidtbuto my laboratory studies.

I would also like to acknowledge the financial sogpfrom the Australian
Research Council (ARC), Hydro Aluminium and the \msity of Newcastle.
Thanks to the X-Ray Unit at the University of Newtta for X-ray Diffraction

Analysis.

Many thanks go to all my friends met in AustralBecause of them, my life here
becomes more colourful and impressive. | appreciditthe experiences that |

came cross during the past four years.

Last but not least, my gratitude also extends to bwloved family for their

understanding, supporting and endless love.




Table of Contents

TABLE OF CONTENTS
LIST OF FIGURES .......ccuuuuiiiiiiiiieiiiiiiininieessiisinssessssssssssssssssssssss s s s s ssssssssssssnssssssssssssssssnnsssssssnnns Vil
LIST OF TABLES.....ccccotttiiiuttiiiinteiiisnneisissteessssssessssssesssssssessssssesssssssesssssssessssssssssssssessssssnssssnns XIv
ABSTRACT ...vvtiiiiiueeiiiinttiiitteiisitesissstessssseessssssessssssnesssssssessssssesssssssessssssssssssssnsssssssesssssanes Xvii
CHAPTER 1 INTRODUCTION ......ciiiiiiiiuniiiiiiiirineeiiiiiinressssssissinsssssssssssssmsessssssssssssssssssssssssssssesnns 1
CHAPTER 2 LITERATURE REVIEW .....ccuuuuiiiiiiiiiiiniiiiiiinnesssiissnnnsssssssssssnnssssssssssssssssssssssssssssssnss 6
2.1 ALUMINUM SMELTING 1eeeuteenreenreetesieesieesseesseeseeseessesseesseesseesseensesssesmsesmeesseesseenseenseensesnsesseenseennens 6
2.2 SPENT POT LINING (SPL) WASTE ..vveiiitteeeiitteeeeeiteeeseteeesssteeeesssessssssssessssessessssesssnssssesssessssssseesannes 7
2.2.1 Chemical COMPOSILION Of SPL .....coueeeeieeeeee ettt e e et e e e e e e e staaaaaaeeaeans 7
2.2.2 Disposal and treQtmMeENt Of SPL..........uueoeueeeeeeieieeeieeesteeeesteeeestea e e caeaaestaaaesntaaessnsees 8
2.2.3 SPL contamination near KUrri KUrfi............coocvvevviiiiniiiiiiniiiiiniiiciiicccniicccsinee e, 9
2.2.4 In situ remediation — permeable reactive barriers (PRBS) .........cccoeeveeeeeevieeeeecreaeeennnn. 14
2.3 FLUORIDE ...ttti ittt ittt sttt ettt ettt e st s e e s e e e s s bt e e s b b e e s abb e e s s bb e e e e b e e e s nae e e snreeeeas 16
2.3.1 Drinking Water StANAQIAS ..........ccccueeeeeeeieeeiieeesieeeeteeesee e ettt e e staaaesteaaesssteaeesnnees 17
2.3.2 Fluoride CONtAMINGLION. ...........cocuereenieieeieieeeeeeeesee et 17
2.3.3 Methods of flUOride remMOVAI ................ueeeeeeeeeieeee et e ee e csteaaaaeeeens 18
2.4 THEORY OF REMOVAL MECHANISMS .....vvteiiirieeeiriieesiirteesreeessnteessinee e seneeessnaeessssnaeessnnaeessanseeesas 20
2.5 SORBENT ..ttt et ettt st s e bt ettt e a e et e s b e bt e bt e et st s h e e sr e e bt enr e e e e e et e e b e e e bt e re e reeanesnnenae 23
I 2o (oLl ) =T (o Mol 1 Lo e =TS 24
2.5.2 Z80NIEE ... ettt 26
2.5.2.1 Zeolite - point Of ZEr0 ChArZE ...cccuuviiiiiiiciee ettt et e bae e s aaeaees 26
2.5.2.2 Cation (Metal I0NS) FEMOVAL.....c..icciiiiii ettt ettt et re e sraeebeesaaeeseas 27
2.5.2.3 Anion (flUOride) re@MOVAl........ueiiiieeeee ettt e et eeaae e e raeaeans 28
2.5.2.4 OrZaNICS MEMOVA cicuiiiiiiiieiiiiee et ettt ette e e st e e s sib e e sbteeestaeeesabeeesbteeeastaeeesabeeessaaesansaeanns 30
B30 X O 113 Yo 1 ] o 1 U 31
2.5.3 CAICIE .ottt 34
2.5.3.1 Metal i0NS FEMOVAN ......ovuiiuiiiiiieieeet ettt st st 34




Table of Contents

2.5.3.2 FIUOTIAE FEMOVEL .....uiiiiiiiiiiieeieee ettt sttt sb et s nesae et 35

2B KINETICS ettt ettt st sttt sttt sr e san e s r e e sab e s bt e saa e e san e e s an e e san e e s ar e e saneennn s 36
2.6.1 Rate 1aw Of Chemical r@ACLION. ..............ueeveeeeeeeeceeeeee e eeeectteeee e et e e e e e cteeaaaaeeeeans 38
2.6.2 KIiN@LIC MOGEIS........cooeeieieeeee ettt sttt 41
2.6.2.1 First order KINELICS ...cocviviiiiiiiiiiiiiiicice et 41
2.6.2.2 S6CONd OFAEE KINETICS...cveiueeiieiierieeieste ettt ettt st st e st st sbesbe e e s e besbee e 42
2.6.2.3 Pseudo-second order KiNEtiCS (PSO) .....ccveiveeiiieiireeeieecreesireesteesreeereesreeereeereesrnesbeesnseeseas 43
2.6.2.4 Intra-particle diffusion (IPD) ....cc.eccieiieeieiecieecee et ste e sbe e re e e re e sreeeabeesaaeereas 44
2.6.2.5 POWET MOEN....uiiiiiiiiieieieeeee ettt et b e s bbbt e b e sbe et e s seebesbeeneeas 44
2.6.2.6 EIOVICh MOGEL....iuiiiiiiiiiiiiiiiiciectcc et 44
2.6.2.7 HIll MOMEIS ...ttt sttt sttt b e sh e et sseebesbeeneeas 45
2.6.2.8 APPIICATIONS weeiiiiiiiciiie ettt et e e e e e e e et e e e ba e e e abeeeebaae e nraaaans 47

2.7 CONTAMINANT TRANSPORT ...cetiuurtieiirrtesiintteessrttessireee sttt e s sbae e e snsteesasaneessnbeesssnraeessanaeessanbeeesas 48
2.7 Z AGVECEION ...ttt sttt 49

B B D 1 X Lo B SR 50
BB B D 1o T-3 Y (o] s IS 51
2.7 4 REEATAGLION ...ttt sttt e 53
2.7.5 Transport MOAEIIING............coceeeeeeeieeeeeee ettt s e e et e e e e e s tae e e e staaeeeaees 55
2.7.5. 1 ADE MOAEI ...eiiiiiiiiiiiiiiciciet e e 56
2.7.5.2 Other MOTEIS ...ttt st b e s bbbt e b e sbe et e sbeenesbeeneeas 57

2.8 LABORATORY STUDIES. .. uveerureerureerureesreesreesreesineesreesaseesareesaneesineesaseesneesaneesaneesnneesaneessneesaneennnes 58
2.9 GEOCHEMICAL MODEL - PHREEQIC ......oiiiiiiiiiiiiiieiiiie sttt 59
2.L0 OBJECTIVES .uuttieiiirees ittt ee sttt e sttt s sttt e s s et e e ssa e e e st e e s s b et e e ssb b e e s eabe e e s sbb e e e e anba e e saanaeeesnbeeeeas 59
CHAPTER 3 MATERIALS AND METHODS 61
BLL IMIATERIALS. c.vee ettt sttt ettt sttt sttt sttt sar e e s aa e san e e sab e e s bt e saa e e s aa e e s an e e san e rr e e s neennr e 61
3.2 SYNTHETIC SOLUTIONS ..ccetiuttteeiurttetitteessstteeesbte e s sirt e e ssbe e e s sbae e e s bt e e seabe e e s snbeessanbaeesaanaeeesnneeeeas 62
3.3 EXPERIMENTAL METHODS. ...evtetiurtteinnreessiitteessrttesssire e e sibteessbae e s ssba s e ssanaeessnbeesssnnaeesaanaeessanneeesas 66
3.3.1 ZeOolite SUIfaCE CAGIGE........cccceeeeeeeeeeeee et e et ettt e e et e e e staa e e st e e e ssntaaenanseaas 66




Table of Contents

3.3.2 Batch reactor KiNEtiCS tESES........ccoouueeueiiiieeie ettt 67
3.3.3 COMUMN EESES ..ottt 69
3.3.4 Chemical GNd PH QNQAIYSIS .........eeeeeeeeeeeeeiseeeeeeeee e e et e e e e sta e e s e e e esrtaaessneaas 71
BLAIMIODELLING eetiuuttieiitteesiitte e sttt et e e sttt e e s et e e s bt e e s ab e e e s s b bt e e st e e e s aba e e s s bb e e e s ab e e e s rae e e sanae e e e 72
3. 4.1 KiNELiC MOAEIIING ......covveeaaneeeeeee et e e et e e e e e e ettt a e e e e e e sasanaaaaeeeians 72
3.4.1.1 Model fitting @ValUation ........cceieiiiiieiiiiiccciee e st e st e e sbe e e sabe e e e aree s 72

R I 0 B T o T = = 1Y RS 74
3.4.1.3 Confidence CONTOUN @NAIYSIS ....uuiiiiiieiiiiiiiiiie ettt e e e st e e sbe e e ssabee e eeree s 75

3. 4.2 Transport MOAEIING...............uveeeeeeeeeeeeeeeee et e e e e ettt a e e e e e et a e e e e e e s sasaraaaaeeesans 76
3.4.3 GeochemicQl MOAEIING..............ooeeeeeeeiiiee e e ettt a e e e e e s cteaaaaeeeenans 77
CHAPTER 4 BATCH REACTOR KINETICS TEST — ZEOLITE .....cccoviieiiiineeiiisneesiisneecsssseessssseesssnns 78
4.1 ZEOLITE PORE SIZE DISTRIBUTION AND SURFACE AREA.......eerueerueereereereseesieesmeesseenseenseensesnnesseesseensens 78
4.2 SURFACE CHARGE ...evtiiiitteeiittte sttt s sttt e e s sttt ssiae e st e s s e e e s eiba e e s s bb e e e s aba e e s sabaeessnbeeessnnaeesannaeas 78
4.3 THE EFFECT OF MIN®Y, CD**, BA™" METAL IONS ON DEFLUORIDATION «.v.veeeeveseseereseeeeseseeeeseseeseseseenenes 79
A3 1 VN e 79
B.3.2 CO™ oo 84
B.3.3 BA%" oo 86
4.3.4 Removal MECAGNISM ........cc.eeeiieiieiieieeee ettt 89

B A KINETIC MODELLING «..vteuttenteeteesteeutesieesmeesseesseesneessesseesseesmeesseesneemnesmnesmeesmeesneenneenseennesnnesnnenseennens 91
4.5 THE EFFECT OF STIRRING RATE «..uuteuteteeteenteeuteeutesstesseesbeansesaeesutesueasseeseeneesssesusesueenseensesnsesnsesues 101
4.6 CONCLUSION ...vieiiuirieeiirieeesrtteesirt e e st e e e s et e s s b e e e s b et e s s bb e e s ssaa e e saabe e e s sabaeesssnaeesanneeessbaeessanns 104
CHAPTER 5 BATCH REACTOR KINETICS TEST — CALCITE............. ....106
5.1 SPECIATION MODELLING. «..tteuteeureeuresueesueesseenseeneesresseesseesseesseeneessesasesseesmeesseeseenseensesnnessnesseensens 106
5.2 CALCITE SURFACE AREA ..cuuutiiiiiiitiesiittee ettt e s este e s site e s s iba e e saanaeessbae e s smaaeesambeeessbaeessnnaeesanbeeesas 108
BB KINETICS ottt et e e s s r e s b e e e s e e e a e s a e e e snre e e 109
5.4 CONFIDENCE CONTOUR ANALYSIS.c..eeuverueenreenreereeuresieesseesseesseeseesessesseesmeesseeseensesnsesseesseesseessens 115
5.5 EFFECT OF MINERAL IONS ON FLUORIDE REMOVAL KINETICS.....ceuvteuteereeutesueesueesseesseeseesneesasesueesseensens 116

\Y



Table of Contents

5.6 PHREEQEC MODELLING .uuvtttiitttesiittee ettt e st e st e s st eseins e e s sbae e s smaaeesanneeessabaeessnnaeesnneeesas 122
5.7 CONCLUSION «..ttnetenteeteesteete et st sieesseesreeseen et saeesbeesbe e b e eneeanesaeesmeesmeessee st enreennesnnesnnenreenneen 123
CHAPTER 6 COLUMN TEST ....cciiiiieeiiissnneiiissnneiiisneessssnessssssnessssssnessssssnsssssssesssssssessssssssssssssasses 125
6.1 ZEOLITE COLUMN TESTS uurtieiiunriesiinreesssrteessnaeessnteeesassasesamsaeessnaeessnaseesanneeessabasessnnaeesanseeesas 127
6.1.1 Experimental observation aNd CXTFIT ...........eeeeeeeeeecieeeeeeeeeeceeeeeeeeescceseaaaeeesesianens 127

6.1.2 PHREEQC MOelliNg: ZEOIE .....c.eeeveveeeieeeiieeeeeiee ettt 134

6.2 CALCITE COLUMN TESTS tuurteeiiunriessinreeessrteessneeessnteeessssaeesansaeessbaeessmnseesanneeessnaeessnnseesanseeesas 141
6.2.1 Experimental 0bservation aNd CXTFIT ...........eeeeeeeeeciieeeeeeeeeecieeeeeeeeeseceseaaaaeesesianens 141

6.2.2 PHREEQ MOdelling: CAICItE ...........covcveeesieeeiiieieeeiie ettt 151

5.3 CONCLUSION «..enetenteenieeteere et saeesieesree s st eneen e et e s e sbeesbe e b e e st eanesaeesmeesaeesree st eareennesnnesrnenreenneen 161
CHAPTER 7 CONCLUSIONS AND FUTURE WORK ......ciiiitiieeiiiiiiiirieneiiiininnessesssssnnsssssssssssnnns 163
7.1 CONCLUSIONS ...uutietiirieeesttte e sttt e sttt e st e s s bt e s st e e s sab e e e s sabae e s s ba e e e s b e e e seabaeessnbeeessanaeesannaees 163
7.2 RECOMMENDATIONS FOR FUTURE WORK....c..veueerueereereenreenresseesseesseesessesseesseesseesseensesnsesseesseensens 165
REFERENCES ......uuetiiiiitiiiiittiiiiiteiiisneeisisseeesissssessssssessssssnessssssesssssssessssssssssssssssssssssesssssssesssnes 167
APPENDIX A. JOURNAL PAPER (PUBLISHED)......cuctttiiiiiicrrnnrenessssscsssnneessessssssssnnsesssssssssssnnannnes 181
APPENDIX B. MANUSCRIPT (UNDER REVIEW) ....ccettiiiiiicnrnereeiinssissssnneessssssssssnnsesssssssssssnsnnnnes 193
APPENDIX C. PHREEQC INPUT FILE FOR SPECIATION DISTRIBUTION.........cccevviuueerrisunersssunnces 226
APPENDIX D. PHREEQC INPUT FILE FOR KINETIC MODELLING (BATCH TESTS) ..ccevveereiicnnnnnnnns 229
APPENDIX E. RESULTS OF SAMPLE ANALYSIS BY ICP-MS ......corvieeiiiiiiiiirinniinininnneeeessssnsneenaes 231
APPENDIX F. CXTFIT INPUT FILE.....cciiiiveeiiiineiiiiseniiisneeisiseeessssseessssssnessssssesssssssesssssssessssssnsses 235
APPENDIX G. XRD ANALYSIS OF ZEOLITES .....ccocovvuriiiiuneiiisnnniiisieniissssnesssssessssssnessssssessssssesses 243

VI



List of Figures

List of Figures

Figure 2. 1 Hall-Héroult aluminium electrolysisIcel...........ccccceviiiiiiiieniiiin, 7
Figure 2.2 SPL waste pile at Aluminium smelter iffedent time period: (A) 27
May 1975; (B) BMAY 1978........ocveeeee oo eeseeeseeseneeeesesessenes e en s eenans 12
Figure 2.3 The contaminant plume with groundwal@w fvectors (July 2010) on
Google Earth site map, the colour gets deeper enpllace that has a higher

contamination: (A) fluoride (mg:t) contaminant map; (B) pH contaminant map

Figure 2.4 Schematic of a permeable reactive barfigRB) (GW flow,
groundwater flow direction) (Powell et al., 1998)...........coooviriiiiiiiiiiiiiiiiieeenn. 16
Figure 2.5 (A) effects of dental fluorosis; (B)edts of skeletal fluorosis .......... 17
Figure 2.6 Probability of fluoride contamination tine groundwater around the
world (Amini et al., 2008) .........ccooiiiiiii e et e e 20
Figure 2.7 A schematic example of the zeolite erghgprocess between Cand
the counter-balanced ions (N@n the surface of zeolite (Lower, 2013) .......21
Figure 2.8 Various mechanisms of sorption of an a&nthe mineral/water
interface: (1) adsorption of an ion via formatidran outer-sphere complex (a); (2)
loss of hydration water and formation of an innginere complex (b); (3) lattice
diffusion and isomorphic substitution within themaral lattice (c); (4) and (5)
rapid lateral diffusion and formation either ofwaface polymer (d), or adsorption
on a ledge (which maximizes the number of bondthéoatom) (e). Upon the

particle growth, surface polymers end up embeddethe lattice structure (f);

VI



List of Figures

finally, the adsorbed ion can diffuse back in soluteither as a result of dynamic
equilibrium or as a product of surface redox readi(g) (Sparks, 2003)........... 23
Figure 2.9 Modified electrical double layer moder fcalcite surfaces is the

unsatisfied partial charge on the ions at the teateid surface of bulk solids;
stands for zeta potential;, is the potential of the Stern layer (Stipp, 1999ap4

Figure 2.10 An example of PZC for a hypotheticahenal (Railsback, 2006) ... 25
Figure 2.11 The fundamental building block of zeo(Margeta et al., 2013) .... 27
Figure 2.12 The exchange process betweeam& OH from zeolite surface (Liu
L= =Y 2 0 5 ) PP 29
Figure 2.13 The distribution of zeolite (MerchansBarch&Consulting, 2014) . 33
Figure 2.14 Transport process in a solid — ligwdtam: (1) transport in the
solution phase; (2) move across a liquid film a #olid — liquid interface; (3)
transport in a liquid — filled macropore; (4) swdadiffusion; (5) micropore
diffusion; (6) diffusion in the bulk of the solid\faroni and Sparks, 1991)........ 38
Figure 2.15 Simple rate laws for A converts to Bp&lo and Postma, 2005).... 40

Figure 2.16 Transport processes of contaminantsugetime along a flow path

(Merkel and Planer-Friedrich, 2008)..........cccoiiiiiiiiiiiiiiii e 49
Figure 2.17 Porosity and effective porosity (Hamdal4)............cccccceeeeeeennnn. 50
Figure 2.18 Diffusion process (KC, 2014)........ccooiiiiiiiiiiiiiiiiiiiinieee e 51

Figure 2.19 Longitudinal and transverse disperéippelo and Postma, 2005) 52
Figure 2.20 Retardation caused by sorption. CasacAadsorption occurs with
retardation equals to 1; Case B: sorption occuth Walf of total mass are lost,

retardation is 2 (Appelo and Postma, 2005) e ceevvevvviiieeeieiiiiiieeesennnnnn. .04

VIII



List of Figures

Figure 3.1 (A) schematic diagram for kinetics testup; (B) the experimental

setup in the lab, the atmosbag is used for gastiajereactions (not in this study)

Figure 3.2 (A) schematic diagram for column tesuge(B) the experimental
SetuP INthe 1Al ... 71
Figure 4.1 Point of zero charge (pbl of natural zeolite (<150m) ................. 79
Figure 4.2 The distribution of manganese speciatiothe KF (200 mg.L) and
MnCl, solution: (a) initial [MA"] is 10 mg.L*; (b) initial [Mn?*] is 100 mg.L*. 81
Figure 4.3 The effect of redox reactions on theceoirations of free M: (a)
and (b) initial [Mrf*] is 10 mg.L?; (c) and (d) initial [MA'] is 100 mg.L*......... 81
Figure 4.4 Fluoride removal kinetics with model 9&¥s using zeolite (<150 pm)
in the presence of manganese at°@0and stirring rate of 200 rpm. Initial JF
~200 mg.L*, and initial concentrations of Mhare 0 (blank), 10, 100 mgL
respectively. Data sampled every 10 seconds, &ritglevery 84 min points have
been plotted. For Mn~100 mg'Ldata sampled every 10 seconds and plotted
every 42 minutes (for 0<t<500 min) to show earlytphcurve.............cc.......e. 84
Figure 4.5 The distribution of cadmium speciationtiie KF (200 mg.t) and
CdCl solution: (a) initial [C4"] is 10 mg.L*; (b) initial [CF*] is 100 mg.L*.... 85
Figure 4.6 The effect of redox reactions on theceatrations of free Gt (a) and
(b) initial [Cd**] is 10 mg.LY; (c) and (d) initial [Cd7 is 100 mg.L*................. 85
Figure 4.7 Impact of cadmium (€Y on fluoride removal with 95% ClI's (<150
um) at 20°C and stirring rate of 200 rpm. Initial JF~200 mg.L*, and initial
concentrations of metal ions are 0 (blank), 10, b@@L" respectively. Data

sampled every 10 seconds, for clarity every 84 points have been plotted..... 86




List of Figures

Figure 4.8 The distribution of barium speciatiorttie KF (200 mg.L*) and BaCl
solution: (a) initial [B&"] is 10 mg.L; (b) initial [B&**] is 100 mg.L*............... 87
Figure 4.9 The effect of redox reactions on theceoirations of free B4 (a) and
(b) initial [Ba®"] is 10 mg.L*; (c) and (d) initial [B&] is 100 mg.L*.................. 87
Figure 4.10 Impact of barium (B2 on fluoride removal by zeolite (<150 pm) at
200 rpm. Initial [F] ~200 mg.L}, and initial concentrations of metal ions are 0
(blank), 10, 100 mg.E respectively. Data sampled every 10 seconds, l&mityc
every 84 min points have been plotted......cccoeeevviiiiiiiiiiie e 88
Figure 4.11 Pseudo-second order model (PSO), &l intra-particle diffusion
(IPD) model fits (<150 pm zeolite, 20 + B, 200 rpm): (a) blank; (b) 10 mg'L
Ba&": (c) 10 mg..* Mn**; (d) 10 mg.L* Cd*; (e) 100 mg.L* B&"; (f) 100 mg.L*
Mn®*: (g) 100 mg.[* Cd**. The observed Data sampled every 10 seconds, for
clarity every 84 min points have been plotted...........ccccooeiiiiiiiiiiiiiiiiiiiiii, 29
Figure 4.12 Pseudo-second order model (PSO), &l intra-particle diffusion
(IPD) model fits for the % removal steps of 100 mg'LB&* samples (<150 um
zeolite, 200 rpm): (a) 20 + 0.L; (b) 26 + 0.2°C. The observed Data sampled
every 10 seconds, for clarity every 84 and 31.5 paimts have been plotted for (a)
and (D) rE@SPECHIVEIY ... 99
Figure 4.13 Fits of the experiments (<150 um zeplio0 mg.[* B&*, 200 rpm)

to biphasic dose response (BiDoseResp) model:q&) @2°C; (b) 26 + 0.2°C.
The observed Data sampled every 10 seconds, fatycay every 84 min points

have Deen PIOLIEM..........eeeiie e eeeees 100




List of Figures

Figure 4.14 The first ~300 minutes fluoride remawathe 10 mg.[* Cof* sample
(Figure 4.7). Data sampled every 10 seconds, &oitglevery 8.3 min points have
DEEN PIOLIEA .....eee e ——— 101
Figure 4.15 Impact of stirring rate on fluoride @ral by zeolite (<150 um) at 20
°C. Initial [F] ~200 mg.L*, and stirring rates are 100, 200, 300 rpm respelgti

Data sampled every 10 seconds, for clarity everyn8#points have been plotted

Figure 5.1 The effect of redox reactions on theceotrations of free metals: (a)
and (b) B&"; (c) and (d) C8"; (e) and (f) C&"; (g) and (h) MA". Initial [F] =
~200 mg.LY; initial [metaf] = ~0.2 mmOl.LY ..oveee e 107
Figure 5.2 The distribution of metal speciation; B&"; (b) C&™; (c) CF*; (d)
Mn?*. Initial [F] = ~200 mg.L*; initial [metaf*] = ~0.1 mmol.[%................... 108
Figure 5.3 The effect of metal ions €oMn**, Cd** and B&") and type of calcite
(stonedust and Iceland spar) on (a) fluoride rerhand (b) pH. Initial [ = ~200
mg.L™"; initial [metal] = 0 or 0.101 + 0.017 mmolt stirring rate of 200 rpm:;
initial pH=~6.6; temperature 20 + 62 Data sampled every 10 seconds, for
clarity any every 84 min points have been plottebhte that all the tests
conducted were using stonedust unless otherwisafigge................ccccevvveeeee 110
Figure 5.4 Fits of experimental data to the psesetmnd order (PSO), Hill 4, Hill

5 and intra-particle diffusion (IPD) model: (a) bka(stonedust); (b) Iceland spar;
(c) B&™; (d) CE™; (e) CF™; (f) Mn?*. The observed data sampled vary 10 seconds,
for clarity any every 84 min points have been giditinitial [F] = 200 mg.L";

[metaf*] = 0.101 + 0.017 mmol.t; temperature = 20 + 0%; stirring rate = 200

Xl



List of Figures

Figure 5.5 Iceland Spar two-dimensional confidenoatour plot showing the
dependence of the normalised reduced sum of sq(R&sm) on parameters
andE. Cross (+) in centre represents best fit ..o, 116
Figure 5.6 Far from equilibrium effects of metah$o(CS*, Mn?*, Cd** and B&")
on fluoride removal by calcite (stonedust and Iedlaspar): (a) system pH
evolution during the first 20 minutes of reactigh) F removal during first 60
mins. Initial [F] = ~200 mg.L*; initial [metal] = 0 or 0.101 + 0.017 mmol’t.
stirring rate of 200 rpm; initial pH=~6.6; tempearna 20 + 0.2C ..................... 122
Figure 5.7 PHREEQC modelling based on the parasefgnseudo-second order
kinetics model (PSO): (a) blank (stonedust); (g}dad spar; (c) BA: (d) Cd™: (e)

Cc?*; (f) Mn?*. For clarity any every 84 min points have beeritptbfor the PSO

Figure 6.1 General framework of PHREEQC input.file...........ccccceeeiieennnnnn. 126
Figure 6.2 Zeolite column test result of blank sempmitial solution: [F = ~200
mg.L'; [Br] = ~100 mg.L%. (a) effluent pH values; (b) breakthrough curve of
fluoride (F/R, versus pore volume); (c) breakthrough curve ofrbde (Br/Br,
VEISUS POIE VOIUME) ...t s e e e e e e e e e e eeeeeeeebnasmmnnneeees 128
Figure 6.3 Zeolite column test result of’Baample. Initial solution: [fF= ~200
mg.L"; [Br] = ~100 mg.L*:; [Ba®] = ~10 mg.L*. (a) effluent pH values; (b)
breakthrough curve of fluoride (R/Wersus pore volume); (c) breakthrough curve
of bromide (Br/Bg VErsus pore VOIUME).........uuuuuuireee s eeeeeeeeeeeeeeennnenns 129
Figure 6.4 Zeolite column test result of<Cdample. Initial solution: [F= ~200

mg.L'":; [Br] = ~100 mg.r%; [Cd?'] = ~10 mg.L*. (a) effluent pH values; (b)

Xl



List of Figures

breakthrough curve of fluoride (R/Wersus pore volume); (c) breakthrough curve
of bromide (Br/Bg VErsus pore VOIUME).........uuuuuuieeees s e e e eeeeeeeeeeevennnnnnns 130
Figure 6.5 Estimation dbs.rracer fOr zeolite column blank sample (no metals) by
fitting observed BrBTC to the Hill 5 model (R= 0.99)........ccovvveeoeererennn. 134
Figure 6.6 Calcite column test result of blank sEmmitial solution: [F = ~200
mg.L'%: [Br] = ~100 mg.[}. (a) effluent pH values; (b) experimental
breakthrough curve of fluoride (R/versus pore volume); (c) experimental and
CXTFIT fitted breakthrough curve of bromide (Br{Bfersus pore volume).... 143
Figure 6.7 Calcite column test result of"Baample. Initial solution: [ff= ~200
mg.L':; [Br] = ~100 mg.I*; [Ba?'] = ~10 mg.L*. (a) effluent pH values; (b)
breakthrough curve of fluoride (R/Wersus pore volume); (c) breakthrough curve
of bromide (Br/Bg VErsus pore VOIUME).........uuuuuueeeees s e eeeeeeeeeeeeeaennnnnnns 144
Figure 6.8 Calcite column test result of?Cdample. Initial solution: [fF= ~200
mg.L'; [Br] = ~100 mg.l}; [Cd®*] = ~10 mg.L*. (a) effluent pH values; (b)
breakthrough curve of fluoride (R/Wersus pore volume); (c) breakthrough curve
of bromide (Br/Bg VErsus pore VOIUME).........uuuuuuirreee e eeeeeeeeeeeeeeennnnnns 145

Figure 6.9 SEM image (EDS spectra inset) of calexposed to tap water only

Figure 6.10 SEM image of calcite exposed to 5 mgdd”. Arrow indicates
1000X MAagGNIfICALION ......ccoiiiiiiiiiiiiitit e e e e e e e e e e e e eeeeeeeebeaen s 148
Figure 6.11 SEM image (back-scattered image, ED&tep inset) of calcite
exposed t0 5 ML CE ..o, 148

Figure 6.12 The impact of log_k solubility on E/ka) blank; (b) B&; (c) CF*

Xl



List of Tables

List of Tables

Table 2.1 Typical SPL compositions (Pong et alQ@Q.............ccoeeeiiiiiiiiiiiiinnnnes 8
Table 2.2 List of major metals and organics contemis in the SPL leachate
(JUIY 2000) i eeremmr e e e e e e e e e e nn— e aaane 12

Table 2.3 Fluoride limitation in drinking water aaduatic life (ANZECC, 2000;

Canada, 1987; CEC, 1978; WHO, 2011).......commeeeeeeeeeeeeeeeeeiiiiiiiinnn s 17
Table 2.4 Methodology for the measurement ofpH...............occoiiinin, 25
Table 2.5 Point of zero charge (pbl of zeolite via various methods............ 26.

Table 2.6 Removal efficiency of metal ions from teagter using natural zeolites
(Margeta et al., 2013). Note that the removal &fficy depends on many factors
such as initial concentration of metal ions in wasiter, pH value etc............... 32
Table 2.7 Differential forms and integrated fornisade laws (Vallance, 2008).40
Table 3.1 EXperiment [ISt.........coooiiiiiiceeeme e 64
Table 3.2 Chemical composition of the ZeO0lite . ..uveeeeeiiiiiiiieeeeiieeeeiii, 65
Table 3.3 Analysis result of groundwater from thgdkb Aluminium site. Metals
are total concentration (including the metal contesth dissolved in the solution
and present in the particulates in the solutian)............ccccoooeeeiiiiiiieiinnn, a5
Table 4.1 Hill model Monte Carlo 95% confidenceemals for zeolite (<150 pum),
20 £ 0.2°C, 200 FPIM 1ottt et e e e e et e e nteeeteeeneeeeaeeans 83
Table 4.2 Intra-particle diffusion rate constames(lts obtained under 20 + G,
USING <150 M ZEONLE) .uvvveriiieie et enaaeeees 94
Table 4.3 Pseudo-second-order rate constants t§eshthined under 20 + 0°Z,

USING <150 PM ZEONLE) .evvveeniiiiei e ennaneeees 95




List of Tables

Table 4.4 Hill 4 rate constants (results obtaineden 20 + 0.2C, using <150 um
=10 ] {1 () SRR 96
Table 4.5 Hill 5 rate constants (results obtaineden 20 + 0.2C, using <150 um
zeolite). Note that the minimum removal was corisé@D = 0 (mg.d)........... 97
Table 4.6 Intra-particle diffusion rate constards the blanks (no metals, results
obtained under 20 + 0°Z, using <150 UM Z€OMLE) ....c..ccvvrevveeeeeeersreerenns 103
Table 4.7 Pseudo-second-order rate constants ébldmks (no metals, results
obtained under 20 + 0°Z, using <150 UM Z€OMLE) ....c.cevvveeveeeeeeerereerenns 103
Table 4.8 Hill 4 rate constants for the blanks ifmetals, results obtained under 20
+0.2°C, uSing <150 UM ZEONLE) ....cvveeveeeeee ettt 103
Table 4.9 Hill 5 rate constants for the blanks ifmetals, results obtained under 20
+ 0.2 °C, using <150 um zeolite). Note that the minimunmoeal was
coNSLraiNEM = 0 (MG.G) «evveeeeeeeeee oottt e, 104
Table 5.1 Model selection criterion results (obtégirunder 20 + 0.2C). The
number of data points is 320%¥is the number of parameters ................... 112
Table 5.2 Information criterion weightsv(AIC) / wi(BIC)) and evidence ratio
(ER) FESUILS ...ttt e+ ettt ettt e e e e e e e e e e e e e eeeeeneaeeeeees 112
Table 5.3 Parameters of PSO, Hill 4 and IPD modalisthe results obtained
UNAEEN 20 £ 0.2C) .ottt ettt 113

Table 5.4 Parameters of Hill 5 model (all the resobtained under 20 + 0°2)

Table 5.5 Upper (U) and lower (L) Monte Carlo 956ffidence intervals (Cl) for
the “best” model as identified in Table 5.1 ..., 114

Table 5.6 Sample pH (initial and equilibrium) arltberved metal removal ..... 117

XV



List of Tables

Table 5.7 Metal i0niC radius ............oooicmmmmm it 117
Table 6.1 Laboratory column test conditions (comedainder the temperature of
25+0.2°C; column length = 29.4 cm; column cross secti@®= crd)........... 127
Table 6.2 F/F (the ratio of effluent Fconcentration and influent Eoncentration)
at different pore volumes for three zeolite colutests. One pore volume time
EOUAIS Q0 5ra0Er+++++vvvrrrrrrrrnnnnnnsassseeeeeessreeesessssrnnnnnsssssssnnnnsaasseeeeaeaeeeeesennnsnnnnnns 133
Table 6.3 Fluoride transport parameters calcultxted zeolite column tests... 134
Table 6.4 Transport parameters of tracer)(Bodelled by CXTFIT for the zeolite
(o101 1] 0] 0 N (=] £ PP TP PP PP PP 134
Table 6.5 Reactive and transport parameters fronREEQC modelling for
ZEOIITE COIUMINS. ...ttt st e e e e e e e e e e seer e 141
Table 6.6 F/F (the ratio of effluent Fconcentration and influent Eoncentration)
at different pore volumes for three calcite colutests. One pore volume time
LS T0 U= LS (0 1 oS PT 149
Table 6.7 Fluoride transport parameters calculatad calcite column tests... 150
Table 6.8 Transport parameters of tracer)(Biwodelled by CXTFIT for the calcite
(o0] (8]0 ] T (=2] £ 150
Table 6.9 Reduced sum of squarBSS) for calcite columns by changing log k
solubility. Bold and italic represent best-fit.............coooviiiiiiiiiiiiiiee, 158
Table 6.10 Reactive and transport parameters fretREEQC modelling for

CAlCITE COIUMINS .. e e 159

XVI



Abstract

Abstract

Industrial wastewaters often consist of a compldentical cocktail with
treatment of target contaminants complicated byeeskschemical reactions. The
impact of metal ions on the removal of fluoridermtural zeolite and calcite was
investigated in the present study via laboratongHhaeactor kinetics and column
tests.

In order to better understand the kinetics, theaiparticle diffusion (IPD),
pseudo-second order (PSO) and Hill (Hill 4 and BE)limodels were applied on
the basis of kinetics test resuli&s these models have different numbers of
parameters, model fitting was compared using thailé&k Information Criterion
(AIC) and the Schwarz Bayseian Information Criter{®IC) methods capable of
comparing models having different numbers of patamse The Hill models (Hill
4 and Hill 5) were found to be superior in desaripithe fluoride removal
processes which reflects the process of chemisormturing fluoride removal.
Results indicate that the presence of Mn (100 fig.énd Cd (100 mg.t)
respectively increase the rate of fluoride sorptignzeolite by a factor of ~28.3
and ~10.9, with the maximum sorption capacity iass®l by a factor ~2.2 and
~1.7. The presence of Ba (100 nmid)Lin the zeolite sample initially inhibited
fluoride removal and very poor fits were obtained dll models. Fitting was best
described with a biphasic sigmoidal model with tHegree of inhibition
decreasing with increasing temperature suggestintpast two processes are

involved with fluoride sorption onto natural zeelih the presence of Ba.
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Abstract

With calcite, results reveal that the presence @f @dversely affects the process
of defluoridation resulting in a lowest amount afdride removal in the order
Co?* < stonedust (a 99% pure natural calcite}df* < Mn?* < B&*. Calculation

of reaction half-lives (ts), a measure of the length of time required to neans0%
of the initial fluoride mass, showed thatst increased in the order Ba~
stonedust < Cd < Cd" < Mr?*, with Mrf* and C6' requiring ~95 and ~140
minutes more to achieve half their respective mtedifluoride removal.

Column tests studying the effect of metal ions @woride transport in the
presence of calcite or zeolite showed that thiidedfiation efficiencies of zeolite
and calcite are much lower than those in the bists, being only ~49% and ~20%
respectively. This is attributed to the fact tha¢ tontact between sorbent and
sorbate are temporal and spatial in column tedts the residence time much less
than experienced during kinetics tests. The additioBe* and Cd" in the zeolite
column sample respectively decreases the fluoedeoval by ~13% and ~10%
after four pore volumes had passed through thenwolvhile in the calcite sample,
Cd®* has similar defluoridation amount with the blamko (metals) and the
presence of B4 lowered the amount by ~8% at 4.5 PV. CXTFIT a paoy to
model 1D transport processes was used to fit theetr (Bf) data from each
column test. This allows the column characteristiosh as the effective porosity,
Darcy velocity, and dispersity to be calculated asdd to assess the retardation
of fluoride. PHREEQC geochemical modelling was a#gaplied to both the
kinetics data and the column experimental resMtzdelling of the column tests
using calcite required the addition of a hypothatiphase with a different

solubility than calcite. By varying log k, calciselubility can be changed with an
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Abstract

increasing log k indicating an enhanced calcitsaligion. It is found that the best
match achieved between the observed and modelleiteozolumn data when log
k is 1.1, 0.75, 1.2 for the blank, Baand Cd* samples respectively. This implies
that calcite dissolution is suppressed by the mesef B&", which is inconsistent
with the findings in the batch reactor kineticdge#s for the zeolite columns, the
log k of LinearF which defines the phases and the associated sfpzzth
reactions with Fis altered by trial and error until the best $itobtained. The log k
of LinearF used in the zeolite blank column is -100.05, whilehanges to -
100.22 in the presence of Band Cd*. Results show good fits with the observed
data. Geochemical modelling of the kinetics datadwer was more problematic
with the initial instantaneous sorption part of thedel curves closely matching
the observed data, however the final part of theleh@urves over predicted
fluoride removal. The initial development of thelREEQ geochemical model
presented here shows potential in being able wsbd as a predictive tool for the

design of fluoride remediation strategies sucheampable reactive barriers.
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